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Droplet-Based Microfluidic Platform for High Spatiotemporal
Resolved Single-Cell Signaling Profiling
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2 Linyi People’s Hospital, Linyi 276100, China
* Correspondence: syingnan@126.com (Y.S.); shushzhang@126.com or zhangshusheng@lyu.edu.cn (S.Z.)

Abstract: A small indentation embedded in a microchannel creates a surface energy well (SEW)
for a confined droplet due to surface energy release. Inspired by this, we developed a SEW-based
microfluidic platform to realize high spatiotemporal-resolved signal profiling at the single-cell level
applying droplet stimulus on a single chip. The method allows for controlled droplet replacement
within only 3 s with almost 100% exchange efficiency, reliable single-cell patterning of adherent cells
and successive treatment of adherent cells with reagent droplets. Furthermore, the PDGFR/Akt
pathway served as a model system for evaluating the performance of the SEW-based method in
determining the effects of ligand stimulation duration (3 s to 3 min) on receptor phosphorylation.
The novel strategy offers a general platform for probing the temporal dynamics of single cells, as well
for monitoring rapid chemical reactions in various applications.

Keywords: droplet microfluidics; single cells; cell signaling profiling; high spatiotemporal resolution

1. Introduction

Because the majority of important cellular processes involved in proliferation, differen-
tiation and reprogramming are transient in nature, functional temporal analysis with high
temporal resolution is being increasingly sought in research on signaling events involving
networks of diverse biochemical reactions that lead to diverse cellular responses depending
on stimulus duration [1–3]. Furthermore, because cells are highly heterogeneous and
dynamic in response to stimulus perturbation, single-cell analysis would contribute signifi-
cantly to advancing cancer research, since a drug targeted for one tumor cell phenotype
is not necessarily effective against other phenotypes [4–8]. The current, well-established
individual cellular analysis technologies involve dissociation and isolation procedures,
which can be roughly classified as flow/mass cytometry [9–11], and microfluidics-based
techniques [12–14]. However, a drawback of these methods is the inability to probe single-
cell events while retaining the adherent cell phenotype in situ with sufficient temporal or
spatial resolution required for characterizing the fast kinetics of cellular events [15–19].
Hence, robust temporal profiling of single-cell dynamics while retaining cellular spatial
configuration remains challenging for the majority of available techniques.

To overcome these limitations, several technologies have been successfully devel-
oped. These bridge the divide between temporal profiling of single cells with precise
spatial confinement and the phenotype of adherent cells, and achieve flow confinement
within a living cell. Specifically, these technologies can be broadly classified as flow-based
microfluidics comprising individual addressable cell culture chambers [20], digital microflu-
idics with electrode arrays for droplet manipulation [21], nanopipettes with asymmetric
nanopore electrodes for current amplification [22,23], atomic force microscopy (AFM) tips
with microchannels for force flow confinement [24,25] and micropipettes with electrodes for
hydrodynamic flow confinement [15,26]. All of these methods allow for the perturbation

Chemosensors 2022, 10, 521. https://doi.org/10.3390/chemosensors10120521 https://www.mdpi.com/journal/chemosensors
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and analysis of single adherent cells with high temporal resolution and controlled spatial
precision, an important property that is lacking in most analytical systems. Despite the
fact that the new detection strategies based on these platforms enable the acquisition of
detailed information on single cells with high spatial and temporal resolution, the fabri-
cation and assembly of extremely fine probes and auxiliary components for observation
and control remain challenging because of the stringent requirements for the construction
process and operational complexity. Furthermore, with the exception of microfluidics, other
in-situ technologies are not well suited for applications such as extracellular excitation and
imaging analysis, and their throughput is limited by the device complexity, configuration
and end-point detection mode. Therefore, the ability to perform multiple manipulation
procedures on living adherent cells with high spatiotemporal resolution at the single-cell
level remains limited.

An alternative droplet-based microfluidics system embedded with indentations in a
wide and low channel has been previously reported for sequential droplet manipulation,
including trapping and replacement, based on modulating droplet confinement [27,28].
Because the indentations are beneficial for surface energy release and capable of holding
droplets locally, herein they are referred to as “surface energy wells” (SEWs), in analogy
with particle trapping in potential energy wells, which have also been termed Hele-Shaw
cells or anchors in other studies [29,30]. This finding inspired us to explore whether
the SEW structure can be utilized to achieve rapid droplet replacement over living cells
for rapid biochemical reaction monitoring. To date, only one study has been reported
on the application of a SEW-based device on long-term cell culturing and controlled
stimulation, wherein adherent cells were confined within a gelation scaffold to resist the
flush of liquid flow and maintain in situ growth while various reagents were successively
introduced [31]. Although this platform is capable of monitoring cell death dynamics upon
various drug exposure regimes, a low time resolution of several minutes compromised its
quantification performance.

In this study, we extended the SEW-based droplet microfluidics approach to achieve
high spatiotemporal resolution for in situ single-cell signal profiling on a single chip, by
leveraging the SEW structure for droplet manipulation and single-cell patterning. To the
best of our knowledge, this study is the first comprehensive evaluation of the temporal
resolution and exchange efficiency of a chip entailing the SEW structure. Furthermore, in
comparison to the above-mentioned study [31], the SEW chip was designed and optimized
for achieving living adherent single-cell patterning without resorting to hydrogel scaf-
folds, as well as for tracing the rapid dynamics of protein phosphorylation events whose
unfolding is typically in the order of seconds.

The specific achievements of this study include the following: (1) A microfluidic chip
comprising dual inlets and a SEW array are controlled by varying only the flow rate of the
carrier oil. (2) Droplet replacement was evaluated as rapidly as 3 s and the content exchange
efficiency reached 100%, indicating that complete termination of the original stimulus can
be achieved with a single droplet replacement. (3) Adherent cells were cultured on the
floor of the chamber under continuous medium perfusion, and single-cell cultures were
achieved by harnessing the hydrodynamic flow variations in the SEW region. (4) The
well-established PDGFR/Akt pathway was chosen as a model system of fast cellular events
to monitor the dynamics of receptor phosphorylation in response to a cell stimulus with
a time resolution of seconds. Therefore, we propose that this method can potentially be
applied as an important new strategy for probing the temporal dynamics of fast cellular
events at the single-cell level in a wide range of applications.

2. Materials and Methods

2.1. Device Fabrication and Assembly

The materials for microfluidic device fabrication included an SU-8 2035 positive
photoresist (Microchem, Westborough, MA, USA), Si wafers (Shuguang, Tianjin, China),
and a polydimethylsiloxane elastomer kit (PDMS, Sylgard 184, Dow Corning). All tubing
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and fittings were acquired from Suzhou CChip. An SU-8 model with two patterns of equal
depth (35 μm high) was prepared employing soft photolithography on a silicon wafer.
Next, a PDMS layer was obtained by casting the PDMS precursor (base to curing agent
weight ratio of 10:1) onto the prepared SU-8 mold, followed by curing for 30 min at 85 ◦C.
Then, the cured PDMS layer was gently peeled off the mold to obtain a PDMS-negative
mode structure, followed by cutting into two parts along the borders, that is, the top and
bottom layers of the chip. The top layer comprised inlets, an outlet and an SEW array, and
the bottom layer contained fluidic channels for aqueous media and oil flow. After creating
the inlets and outlet in the top layer, the cross marks were aligned accordingly and the
two layers were bonded after 90 s of plasma treatment in the high-power mode (Harrick
PDC-002). In the final step, the chip was connected to the pressure pumps by tubing and
fittings for medium perfusion.

2.2. Surface Modification

For the chip to allow for both stable droplet generation and adherent cell growth, two
types of surface treatments were applied on separate sections of the internal microchannels.
(1) For the droplet generation section: to render the internal channel surface hydrophobic,
a dilute solution of 1H1H2H2H-perfluorodecyltrichlorosilane (Sigma-Aldrich) in FC40
oil (3M Fluorinert) (1% v/v, 10 μL) was injected via the inlet to fill the generation section
without entering the downstream trapping chamber. The chip was maintained at 20 ◦C for
approximately 20 min and then rinsed twice with pure FC40 to remove residual chemicals
and deliver a hydrophobic PDMS surface. (2) For the trapping chamber: to further acceler-
ate cell adhesion from the suspension onto the bottom of the chamber, a fibronectin solution
(15 μg/mL, 350 μL) (Solarbio, Beijing, China) was perfused into the trapping chamber via
the outlet without entering the upstream transporting channel [32]. The chip was incubated
overnight at 4 ◦C to allow fibronectin to coat the plasma-treated inner surface. The coating
solution was then removed from the chip via suction and the chip was washed twice with
PBS via the same outlet using a syringe.

2.3. Cell Culture and Viability

The MCF-7 and 4T1 cell lines used in this study were purchased from Beyotime (Shang-
hai, China). All cell culture reagents were purchased from Solarbio Science & Technology
(Beijing, China), including DMEM, fetal bovine serum (FBS), penicillin/streptomycin (P/S),
PBS and Trypsin-EDTA. Hoechst 33342 (Thermo Fisher, Waltham, MA, USA) and fluores-
cein diacetate (FDA, Sigma-Aldrich, St. Louis, MO, USA) were used as the cell staining
reagents The adherent cells were cultured in DMEM containing 100 U/mL P/S supple-
mented with 10% FBS and maintained at 37 ◦C in a humidified incubator containing 5%
CO2. Upon reaching 70–80% confluency, the cells were trypsinized and centrifugated,
and then resuspended in culture medium for cell seeding onto the chip. Similar to the
fibronectin coating operation, the cell suspension (~0.5–1 × 106 cells/mL) was injected
into the trapping chamber via the outlet without entering the upstream channel. The cells
were allowed to settle uniformly and attach slightly for 20 min under static conditions,
followed by continuous perfusion of fresh culture medium to ensure nutrient and air supply
for the cells in the narrow culture chamber. Importantly, the flow rate was maintained
at 1 μL/min for a duration of 2 h. Eventually, the cells were well-attached with visible
microvilli, appearing polygonal in shape. Hoechst 33342 (10 μg/mL) and FDA (5 mg/mL)
solutions were used in combination to asses cell viability. After incubation for 10 min, the
staining solution was removed by gentle washing with fresh growth media and recovered
for fluorescence imaging.

2.4. Single-Cell Immunocytochemistry

The cell immunocytochemistry reagents included: (1) fixing solution: 4% paraformalde-
hyde (Solarbio, No.P1110); (2) blocking buffer: 10% (v/v) normal goat serum (Solarbio,
No.SL038) and 0.3% (v/v) TritonX-100 (Sigma-Aldrich, No.T8787) diluted in PBS; (3) pri-
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mary antibody for Akt (Thr308): Phospho-Akt (Thr308) Rabbit mAb (CTS, No.13038T);
(4) primary antibody for Akt (Ser473): Anti-Akt1 (Phospho-Ser473) rabbit polyclonal anti-
body (BBI, No.D155022); (5) second antibody staining solution (second-Ab): Alexa Fluor
555-conjugated Goat anti-rabbit IgG (BBI, No.D110070); (6) ligand solution: recombinant
human platelet-derived growth factor-BB (PDGF-BB) (BBI, No.C600154).

Before stimulation, cells were pre-cultured with AKT inhibitor VIII in complete
medium (2 μM, Beyotime, SF2784) for 1 h. The immunocytochemistry procedure involved
ligand stimulation, fixation, permeabilization, blocking, staining and washing. Specifically,
ligand and fixing solutions were applied in the form of droplets, while the other liquids
were injected sequentially with continuous flow. Unless otherwise stated, droplet opera-
tions and immunocytochemistry incubations were performed inside a bench incubator. The
general procedure was as follows: (1) Single cells pre-inhibited with AKT inhibitor were
stimulated by transported droplets of ligand solution (10 ng/mL in serum-free DMEM);
stimulus duration was varied depending on the experiment. (2) Immediately after stimu-
lation, the ligand droplets were replaced by fixing solution droplets to fix the single cells,
followed by incubation for 10 min. (3) The fixing droplets were then flushed away with
blocking buffer, followed by incubation for 1 h. (4) The blocked cells were stained with pri-
mary antibodies by perfusing primary antibody Thr308 solution (1:800 dilution) followed
by incubation overnight at 4 ◦C. (5) The unbound primary antibodies were removed by
injecting PBS. (6) The primary antibodies were stained by secondary IgG555 antibodies by
injecting secondary antibody solution (1:200 dilution) and incubating for 2 h. Finally, the
cells were rinsed twice with PBS.

2.5. Experimental Setup

The entire microfluidic device functioned within a Dolomite microfluidic system
(Royston, UK), which was equipped with: (1) a high-speed digital microscope (Meros,
3200531) for capturing high-speed droplet production and replacement with a frame rate of
~4100 fps and an exposure time of 0.05 ms; (2) flow control center software (Basic, Dolomite)
for accurate and simultaneous control of Dolomite modules; (3) pressure pumps (Mitos
p-pump) with a wide flow rate range (from several nL/min to 1 mL/min) and a precise
pressure controller (from 0 to 10 bar) connected to flow sensors to allow for highly stable
pulseless liquid flow and instant responses. In addition, the bench incubator (WH-SCI-01,
Suzhou Wenhao, Suzhou, China) used for cell loading and culturing was connected to
the Dolomite system for continuous infusion and in situ observation. Microscopy images
were acquired using an inverted fluorescence microscope (IX73, Olympus, Tokyo, Japan),
and the grey values of the fluorescence images were processed and determined using
ImageJ software.

3. Results and Discussion

3.1. Chip Design for Single-Cell Stimulus

The SEW-based microfluidic platform described herein was designed to perform
droplet manipulation for in situ profiling of single-cell signaling with high spatiotemporal
resolution by controlling the oil flow rate. Figure 1 shows a detailed schematic of the
implementation principle and images of the device and droplet manipulation. The device
comprised of a bottom layer with microchannels and a top layer with an SEW array
(Figure 1a). For function partitioning, the device assembly included a generation section
with a flow-focusing junction, delivery section with a widened channel and a trapping
chamber with SEW structures. With regard to the SEW structure, the adjustment in the
height confinement of droplets enables their trapping in the chamber due to surface energy
release [24]. For a spherical droplet of constant volume, the surface energy is minimal and
increases as the droplet is squashed into a flattened shape because of the droplet’s surface
energy modulation forced by the reduction of the channel’s height. The flattened droplet
will then be temporarily trapped by an indentation (a portion in the channel with a larger
height) located downstream in the wide and thin channel. Therefore, the indentation can be
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named the surface energy well (SEW). Furthermore, droplet manipulation within the SEW
includes replacement, parking and passing modes, depending on the hydrodynamic drag
force of the carrier oil’s flow rate, which is proportional to its mean velocity. Figure 1b shows
the replacement mode functioning under an appropriate carrier oil flow rate voil (v1 < voil
< v2): droplet A is first trapped by an SEW until droplet B appears, collides with droplet A
and replaces it; the process is then repeated with droplet C replacing droplet B. On the other
hand, droplets under the SEWs undergo parking (voil < v1) or passing (voil > v2) modes
(Figure S2). It should be noted that the replacement mode enables high temporal and spatial
resolution, which has not been addressed in previous studies. A single substitution of one
droplet by another in the carrier oil under the SEWs is extremely rapid, allowing for the
instantaneous action of distinct reagent droplets on the same SEW region. Therefore, a series
of stimulus droplets can be trapped for a very short time over individual adherent cells
located in the corresponding position of an SEW and sequentially replaced with termination
droplets to achieve rapid immunocytochemistry at the single-cell level (Figure 1c). The
SEW configuration is depicted in Figure 1c: the channel height (H) and indentation depth
(h) were set to 35 μm, being considerably smaller than the channel width (W = 1.8 mm) and
length (L = 3 mm). A confined droplet with a volume larger than V1 and V2 (Figure S3)
adopts radius R, which is larger than the height of 35 μm. Furthermore, 200 μm center-
to-center spacing between two SEWs allowed for the simultaneous observation of single
cells. These dimensions were designed considering both droplet volume and oil velocity to
avoid sacrificing cell proliferation for high spatiotemporal resolved droplet manipulation.

The complete device shown in Figure 1d was fabricated by the successive application of
SU-8 monolayer photolithography, PDMS casting and plasma-assisted bonding. To further
render the surface of the generation section hydrophobic and promote cell adherence in
the trapping chamber, fluoroalkylsilane and fibronectin were injected and aspirated via
the inlet and outlet to modify the upstream and downstream regions, respectively. During
droplet operation (Figure 1b), the device operates within a Dolomite microfluidic system
equipped with a high-speed digital microscope and flow control center software (Figure 1e).
A bench incubator fitted to the Dolomite system (Figure 1f) provides a suitable environment
for cell growth. Furthermore, the carrier oil composition must be optimized with regard to
the oil and surfactant type and content to realize stable droplet formation, droplet fusion
resistance, biocompatibility and to prevent the oil from acting on adherent cells [33,34].
Herein, HFE 7500 oil containing 2% surfactant was adopted. The experiment commenced
with the generation of monodisperse aqueous droplets in carrier oil, followed by their
delivery downstream with the oil flow, and finally, their arrival in the trapping chamber to
be trapped by the SEW array (Figure 1g).
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Figure 1. (a) Chip design: schematic top view of the microfluidic chip showing the layout of the
bottom and top plasma-bonded layers, featuring dual inlets for two-phase flow. The bottom layer
comprises the generation section with a flow-focusing junction and a trapping chamber. The top
layer is composed of an SEW array, outlet, aqueous liquid and oil inlets for droplet generation and
flow rate control. (b) Replacement mode: schematic side view of droplets being trapped under the
SEW structure due to reduced surface energy. With an increase in the oil flow rate, the trapped
droplet (reagent A) is replaced by the oncoming droplet (reagent B), and the sequence is repeated
to replace droplet B with droplet C. (c) Side-view schematic showing adherent single cells cultured
on the bottom layer under the SEWs. The cells were probed for protein phosphorylation with high
spatiotemporal control: the ligand droplet (blue) becomes trapped by the SEW, thereby covering
the cells for several seconds, followed by replacement by the termination droplet (red). (d) Image
of the assembled chip filled with red ink. (e) Dolomite equipment comprising pressure pumps for
microfluidic chip operation and a high-speed digital microscope for observation. (f) Bench incubator
used for loading cells onto the microfluidic chip and incubation. (g) Sequential high-speed microscope
images of red ink droplets being generated, delivered to the trapping chamber and trapped (left to
right). Scale bars: 200 μm.

3.2. Trapping and Release Performance of the Chip

The dual-inlet configuration enables the simultaneous production of monodisperse
droplets with a specific volume, and droplet manipulation through delivery velocity control,
both of which are dependent on the oil flow rate. Consequently, the complexity of device
operation is reduced. However, a new challenge arises: ensuring a constant volume of
upstream droplets when the oil flow rate is changed to manipulate the downstream droplets.
Therefore, a feasible solution is provided by synchronously increasing or decreasing the oil
and aqueous flow rates within a certain range. As shown in Figure 2a, the droplet diameter
is positively correlated with the liquid velocity at a specific oil velocity. Figure 2b shows
generated droplets with diameters of 85, 95, 120 and 150 μm as examples, demonstrating
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that a roughly constant droplet volume can be achieved by simultaneously adjusting the
oil and liquid velocity.

Figure 2. (a) The droplet diameter can be kept constant by changing the flow rates of the two phases
simultaneously within a certain range, an important prerequisite for the dual-inlet design of the chip.
(b) High-speed microscopy images of droplets with specific diameters generated by applying varying
oil and liquid (red ink) flow rate combinations. Scale bars: 200 μm. (c) Circular SEW test: droplets
of equal size are pre-trapped by the circular SEWs at a low oil flow rate (t1). As the oil flow rate
gradually increases (t2~t5), the trapped droplets are sequentially released, starting from the smallest
SEW (10 μm radius), and finally from the largest SEW (50 μm radius). Scale bars: 100 μm. (d) The
same test was performed using hexagonal SEWs of varying sizes. It was clear that the critical oil rate
required for droplet release from the hexagonal SEWs was greater than that from the circular SEWs.
Scale bars: 100 μm.

To further determine the optimal oil velocity for cell profiling, SEWs with distinct
shapes were adopted to evaluate the corresponding hydrodynamic droplet capture force.
Specifically, circular and hexagonal indentations of varying radii were selected as charac-
terization parameters for analyzing droplet trapping and release. As shown in Figure 2c,
the droplets were maintained at a volume of roughly 0.8 nL by manipulating the oil and
aqueous flow velocities (vaqueous = 2 μL/min, voil = 2.15 μL/min). Initially, the droplets
are instantly captured by all of the circular SEWs and remain in place due to the low oil
flow rate. As the carrier oil velocity gradually increases to 7.4 μL/min, the droplets are suc-
cessively released from SEWs of increasing radius. In addition, the same droplet trapping
and release test was performed using hexagonal SEWs with circumradii of 35 and 50 μm.
Figure 2d shows that for hexagonal SEWs, the critical release velocity and fluctuations in
the release are considerably higher than for the circular holes, which hampers fast and
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accurate control of droplet replacement. Taking into account both the oil velocity and fluid
shear, the circular SEW with a radius of 50 μm was finally chosen for profiling single-cell
signaling to achieve both rapid and stable droplet replacement.

3.3. High-Spatiotemporal Replacement Performance

The developed SEW-based platform is capable of realizing droplet replacement with
both high temporal resolution and high content replacement efficiency, which are lacking
in most analysis platforms. Herein, we selected the replacement duration time and content
exchange ratio as characterization parameters to demonstrate the high spatiotemporal
control achieved with the SEW structure. Colored inks were used to aid in the visualization
of the rapid process, captured using a high-speed microscope. Figure 3a (top row) shows
rapid reagent replacement at a low oil flow rate (voil = 2.5 μL/min): the black ink droplet is
pre-trapped by an SEW, and the colorless PBS droplet is transported by the carrier oil. At
frame 46, the PBS droplet makes contact with the black droplet, gradually forcing it out
of the SEW until it completely dislodges it at frame 50; finally, the PBS droplet remains
parked on the SEW site while the black droplet flows away. Based on a frame rate of 24 fps,
one droplet replacement was calculated to be complete within 0.2 s. Furthermore, rapid
reagent replacement under a high oil flow rate (voil = 5.3 μL/min) is shown in Figure 3a
(bottom row), applying a frame rate of 96 fps (Figure S4): the red ink droplet replaces
the original black ink droplet from under an SEW site and parks there, with a temporal
resolution of only 0.04 s. The replacement duration was recorded for varying oil flow
rates at 10 positions and a column scatter plot was generated (Figure 3b). Furthermore,
the replacement time was determined for a single SEW structure, whereby the dark blue
droplet shown in Figure 3c was replaced by the light blue one, which was calculated to
be 1.25 s. In all of these cases, the spatial resolution of reagents was the coverage area of
a single sub-nanoliter droplet. Therefore, the spatiotemporal resolution of this platform
depends on the carrier oil velocity and droplet volume, and it is sufficiently high to enable
the rapid single-cell profiling of most transient cellular processes.

An important prerequisite for achieving high temporal resolution is ensuring a high
reagent replacement efficiency, ideally with 100% content exchange ratio; this was evaluated
based on the residual quantity of fluorescent dyes after droplet replacement. Figure 3d
shows the sequential replacement of fluorescent droplets under a 2 × 2 SEW array: red
fluorescent droplets (ROX, 50 μg/mL) were initially trapped by the SEWs, and then replaced
with green (FN-488, 30 μg/mL), followed by blue (7-Hydroxycoumarin, 25 mg/mL) and
finally non-fluorescent (PBS, 1×) droplets under an oil flow rate of 4.2 μL/min. Bright-
field and fluorescence images were recorded after each droplet replacement and ImageJ
software was used to split the fluorescence channels and determine their corresponding
gray values. Figure 3e shows the change in fluorescence with droplet replacement. Two
aspects of this histogram are worth noting: (1) At the beginning, the fluorescence image of
the ROX droplets exhibited low values in both the blue and green channels. (2) Finally, the
fluorescence image of the PBS droplet was obtained under UV excitation and the gray values
in all three channels were zero. Hence, the integrated analysis results implied that the gray
values of the two channels other than the dye fluorescence channel were neither residual
nor background fluorescence, but originated from the intrinsic luminescence spectrum of
each fluorescent dye. Accordingly, it can be concluded that single-drop reagent replacement
displaces nearly 100% of the original solution under the SEW structure. Notably, such a
complete exchange prevents cross contamination from successive stimulation exchanges,
and upon replacement with a termination reagent, allows for immediate and complete
termination. This feature is crucial for achieving high-time-resolution when monitoring
transient biochemical processes, in addition to profiling cell signaling networks.
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Figure 3. (a) Time lapse images of one SEW during the replacement of two aqueous droplets, black to
colorless, under a lower oil flow rate (top), and black to red under a higher flow rate (bottom). (b) Column
scatter plot of the replacement times at 10 positions under varying oil flow rates. (c) Time lapse images of
droplet replacement (dark blue by light blue) for a single SEW structure. (d) Sequential replacement of
differently colored droplets under an SEWs array (2 × 2). The top and bottom rows are the bright-field
and corresponding fluorescence images, respectively. At the appropriate oil flow rate, ROX droplets are
initially trapped under the SEWs, followed by successive replacement with FN-488, 7-Hydroxycoumarin
and finally PBS droplets. (e) Statistical distribution of the mean gray values of the fluorescence images for
three channels, split up and determined using ImageJ software. Scale bars: 100 μm.

3.4. Single Cell Patterning on the Chip

Another crucial step in the high spatiotemporal analysis of cells is obtaining both
favorable growth of adherent cells and single-cell patterns that correspond to SEW locations.
To achieve this, the cell suspension was loaded into the chamber, followed by the continuous
perfusion of fresh culture medium at an extremely slow flow rate to establish a long-
term culture of adherent cells in the narrow chamber (Figure S5). After culturing for a
period of time, the cells sedimented uniformly and their attachment was promoted by
the fibronectin coating (Figure 4a—1). Next, PBS was continuously perfused at a higher
flow rate to wash the chamber lightly by removing the residual suspension, and to detach
loosely attached cells outside the SEW regions (Figure 4a—2), thereby realizing single-cell
patterning corresponding to the SEWs array (Figure 4a—3). The fundamental principle
behind the formation of single-cell patterns entails the dissimilar vertical restrictions on
transverse liquid flow, arising from the height difference in the narrow channel, which
alters the flow velocity in the trapping chamber (Figure 4a). As a result, compared to the
SEW region where the channel height was 70 μm, the higher velocity in the region with a
height of 35 μm exerts a higher hydrodynamic drag force against the adherent cells, leading
to cell detachment. In this study, cell loading and long-term cultivation were performed
using a bench incubator with accessibility to medium perfusion and in situ observation.
MCF-7 cells with a seeding density ranging from 0.5 × 106 to 1 × 106 cells/mL (100 μL)
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were loaded (Figure 4b—t1) and allowed to adhere loosely on the bottom of the chamber
under a culture medium perfusion rate of 1 μL/min (Figure 4b—t2) to ensure appropriate
cell density and cell adhesion strength on the inner surface. After culturing for 3 h, the
PBS flow rate was increased to ~10–20 μL/min to obtain a single cell array (Figure 4b—t3)
that corresponded to the SEW array. Culturing was continued for an additional hour to
strengthen cell adherence.

Figure 4. (a) Schematic diagram of cell loading, sedimentation, adherence to the bottom of the
chamber and growth. Due to the oil flow velocity distribution, with an increasing flow rate of culture
medium, single cells are successfully patterned according to the SEW array. (b) The bright-field
pictures showed the adherence growth of MCF-7 cells on the fibronectin-modified surface. t1: cell
suspension was cultured in the chamber under continuous medium flow. t2: cells uniformly adhered
to the bottom under continuous medium flow at a relatively lower rate for 2 h. t3: after the culture
medium flow rate was increased, single cells appeared in an arrangement corresponding to the cells
marked by the dashed blue circles in t2. Scale bars: 100 μm. (c) Schematic diagram for staining
single cells by loading various staining droplets; the cells can be viewed directly using a microscope.
(d) The bright-field and fluorescence images of MCF-7 and 4T1 cell arrays were observed under a
10× objective lens, scale bar: 100 μm, while the merged images (marked by the dashed blue circles in
the first column) were observed under larger magnification (20× objective), scale bars: 50 μm. These
results provided early information on single cell morphology and viability. Bright droplet = staining
solution, blue = cell nuclei (stained by Hoechst) and green = live cells (stained by FDA).

10



Chemosensors 2022, 10, 521

Moreover, to probe the analytical capabilities of the droplet-based method, droplets
of cell viability reagents were generated (Figure 4c—5), subsequently trapped by the SEW
structures, thereby covering the cells, and then incubated for a certain duration for cell staining
(Figure 4c—6), followed by droplet release and fluorescence detection (Figure 4c—7). As shown
in Figure 4d, the bright-field photos in the first column indicated that the Hoechst and FDA
droplets were trapped by the SEWs on the roof of the chamber, while covering the MCF-7
cells on the bottom. The blue and green fluorescence images, observed under a 20× objective
lens, indicated successful nuclear staining and single cell viability of MCF-7. The combined
pictures in the right-most column observed under a 40× objective lens, indicated that the
single adherent cells maintained their morphological integrity and cell viability for subsequent
proliferation. Moreover, to demonstrate the versatility of the new method, 4T1 cells were
analyzed in the same manner. The images in Figure 4d show similar single cell patterning
under the SEWs with no significant impact on the cell viability. Notably, the successful cell
staining using droplets confirmed the feasibility and validity of treating adherent cells with
droplets because the SEW structure enables droplet manipulation (Figure S6).

3.5. Single Cell Immunocytochemistry on the Chip

Having established that the SEW-based microfluidics system allows for droplet replace-
ment with high spatiotemporal resolution and adherent cell staining with reagent droplets, we
chose the well-characterized PDGFR/PI3K/Akt pathway as a model system to evaluate the
performance of the SEW-based method for investigating fast cell signaling events [35–37]. The
diagram in Figure 5a illustrates signal transduction in the PDGFR/PI3K/Akt pathway: when
the ligand (PDGF) binds to the receptor (PDGFR), the tyrosine of the latter is phosphorylated,
serving as a binding site for phosphoinositide 3-kinase (PI-3K). PtdIns(3,4,5)P3 (PIP3) is then
generated in response to PI-3K activation, recruiting Akt to the plasma membrane and leading
to Akt phosphorylation; these processes have emerged as key regulators of downstream
cellular processes [38]. In this experiment, two Akt serine phosphorylation sites involving
Ser473 and Thr308 were probed both in MCF-7 and 4T1 cells to evaluate the time-dependent
effects of cellular stimuli [39].

Because Akt inhibition can block Akt activation in a concentration-dependent man-
ner [21], at the beginning of on-chip cell preparation, the culture medium was supplemented
with 2 μM AKT inhibitor VIII for 3 h to temporarily block the PI3K/Akt pathways in tumor
cells. Subsequently, phosphorylation of these inhibited cells was determined as described
in the Section 2.5 and schematically depicted in Figure 5b. It is worth mentioning that
stimulation and termination in the first two steps were performed using droplets to treat
localized cells after trapping, while the subsequent steps entailed solution perfusion. First,
under HFE oil (0.8 μL/min) and PDGF-BB solution (0.5 μL/min) flow, the ligand droplets
were generated and transported to the chamber at a relatively low speed and then parked
there separately for 0, 3 s, 5 s, 10 s and 3 min, then immediately replaced by fixation
droplets formed from HFE and formalin flow at rates of 2.2 μL/min and 1.7 μL/min
followed by 10 min of incubation. Subsequently, blocking solution (BSA), primary antibody
for phospho-Akt (Thr308) and secondary antibody (IgG-Alexa Fluor 555) were sequentially
perfused into the chamber for immunocytochemistry reagent exchange, rinsing with PBS
at each interval. Finally, the influence of stimulation time on the phosphorylation level was
determined based on the fluorescence of individual cells.
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Figure 5. Intracellular protein phosphorylation in the PDGFR/PI3K/Akt pathway induced by PDGF-
BB stimulation. (a) Schematic diagram illustrating the signal transduction pathway. (b) Schematic
diagram depicting single-cell treatment with the ligand and sequential immunocytochemistry steps
for probing protein phosphorylation. (c) 4T1 single cells were stimulated with PDGF-BB droplets
for varying time periods, followed by replacement with fixing droplets. Representative pictures of
the 4T1 cells under a SEW after the procedure: bright-field row: single cells remained intact and
adherent; Hoechst row: blue fluorescence was used for cell localization and validation; Alexa-555
row: the obtained red fluorescence intensities correspond to phosphorylation levels. (d) MCF-7 single
cells were subjected to the same immunocytochemistry steps. (e) The fluorescence intensities of five
single cells measured at each stimulus duration; the mean values are connected with a dashed line.
Scale bars: 50 μm.

As expected, the individual cells in the control group without PDGF-BB stimulus
did not exhibit receptor phosphorylation, as evidenced by the Hoechst(+) and Alex-55(−)
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fluorescence intensities shown in Figure 5c. Increasing the stimulation time to 3 s resulted
in the phosphorylation of PDGFR being triggered on the cell membrane, resulting in low
phosphorylation levels, as indicated by the weak red fluorescence in the second column
of Figure 5c. With a prolonged stimulation of 5 s, the red fluorescence of individual cells
was significantly enhanced, indicating a higher abundance of phosphorylated states. With
prolonged stimulation to 10 s, the red fluorescence of individual cells continued to be en-
hanced, indicating a sustained increase in phosphorylation level. In a long-term control
trial, the red fluorescence of single cells stimulated for 3 min did not change significantly
compared to that at 5 s, indicating that complete phosphorylation was achieved at approx-
imately 5 s; the response at the bulk or average level was detected using flow cytometry
(Figure S7). In addition, to prove the versatility of the SEW-based platform, MCF-7 cells
underwent the same protocol, with the exception of the Anti-Akt primary antibody for
Ser473 recognition, and similar phosphorylation results were obtained after 3 s, 5 s, 10 s
and 3 min of stimulus, as shown in Figure 5d. Figure 5e shows the fluorescence intensities
of the secondary antibody for five single cells measured at each stimulus duration, and
the mean values are connected with a dashed line. These results suggest that receptor
phosphorylation of PDGFR may be triggered within 3 s of ligand stimulation with PDGF-BB
and completed within only 10 s of stimulus time. Gaining insights into single-cell responses
to transient stimuli has not been feasible using traditional methods. Specifically, the result of
cell phosphorylation being completed within only 10 s of stimulus time is also found within
the previous literature report [23]. However, the initiation time of receptor phosphorylation
of PDGFR in a stimulated cell is as fast as 3 s, which to our knowledge is the first time
that this has been observed. Moreover, to evaluate the effects of the shear stress during
droplet replacement on the signaling pathway [40], Akt phosphorylation of MCF-7 cells was
also observed under ‘extreme’ conditions, whereby culture medium droplets containing
the inhibitor were trapped and replaced across single cells 240 times during 1 min. Figure
S8 shows that the phosphorylation response of cells treated in this manner did not differ
significantly from that of undisturbed cells, which further suggests that the SEW-based
strategy did not alter the signaling pathway. We propose that the SEW-based platform may
be an important new technique for probing temporal dynamics of fast cellular events at a
single-cell level for a wide range of applications.

4. Conclusions

In conclusion, with the aim of realizing droplet trapping and replacement using an
SEW structure, we have successfully constructed a multifunction droplet-based microfluidic
platform that allows for droplet manipulation, single cell patterning and high spatiotem-
poral resolved profiling of signaling in a single chip. The SEWs located on the roof of
the chamber not only enable droplet replacement with high spatiotemporal resolution,
but also near-complete exchange of reagent droplets. Furthermore, single-cell patterning
was reliably obtained on the floor of the chamber by harnessing the hydrodynamic flow
differences in the SEW region. Moreover, the ability to treat cells using trapped droplets as
described for the designed platform, would facilitate subsequent single-cell analysis accord-
ing to the immunohistochemistry protocol. Considering such advantages, the SEW-based
device was applied to analyze the phosphorylation states of PDGFR and the downstream
signaling protein Akt, and evaluate the effects of time-dependent stimuli on tumor cells.
The present study provides a general platform for investigating the temporal dynamics of
signal profiling at the single-cell level, based on adherent cell manipulation. Furthermore,
the new strategy also has significant potential for rapid chemical reaction monitoring for a
wide range of applications.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/chemosensors10120521/s1, Supplementary figures includ-
ing chip dimensions, passing and parking modes, critical volume, time resolution calculated using
varying frame rates, cell culture in droplets, cell staining with droplets, flow cytometry results and
the control test results involving continuous replacement.
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Abstract: As the most widely used disposable paper-based diagnostic tool in the world, immunochro-
matographic test strips (ICTS) have occupied more and more positions in the field of rapid diagnosis
due to their ease of operation and affordability. Therefore, the development of an easily prepared,
sensitive, and accurate signal reporter is of great significance for the detection of some low-abundance
biomarkers in clinical diagnosis. Herein, Mg/Fe layered double hydroxide nanoflowers (MF NFs)
were selected as adsorption templates and sulfhydryl-functionalized, followed by one-step loading
of hydrophobic CdSe/ZnS quantum dots in the organic phase via a metal-thiol covalent bond. After
coating the reporter with branched polyethyleneimine (PEI), a novel ICTS fluorescent reporter was
prepared. The modification of PEI not only improved the hydrophilicity of MF@CdSe/ZnS NFs but
also introduced amino functional groups on the surface of the reporter for subsequent conjugation
with antibodies. X-ray photoelectron spectroscopy, UV-vis absorption, X-ray diffraction, fluorescence
spectroscopy, and infrared spectroscopy were used to characterize the composition of MF@CdSe/ZnS
NFs. Under the optimal experimental conditions, the detection range of MF@CdSe/ZnS@PEI-ICTS
for the model analyte HCG was 0.1–500 mIU/mL, and the limit of detection (LOD) reached was
0.1 mIU/mL. The potential for practical application was validated by the detection of HCG in spiked
healthy human serum, showing overall recoveries between 90.48 and 116.1% with coefficients of
variation that ranged from 3.66 to 12.91%.

Keywords: layered double hydroxide nanoflowers; immunochromatography test strip; hydrophobic
CdSe/ZnS QDs; human chorionic gonadotropin

1. Introduction

POCT (point-of-care testing) is a test that can be performed on site or nearby, according
to medical and individual patient needs, without the constraints of place, time, testing
environment, and testing facilities. POCT currently facilitates in vitro testing of various
biological indicators, reduces the volume of samples tested, greatly shortens the turnaround
time of samples tested, and allows for flexible and versatile application scenarios. As a well-
known disposable paper-based diagnostic tool, immunochromatography test strips (ICTS)
occupy an increasingly high position in the field of rapid diagnosis, so they are widely used
in the qualitative, semi-quantitative, and even quantitative detection of various proteins
and small molecules [1,2]. The initial design of ICTS was first reported by Plotz and Singer
in 1956 and was widely employed in urine-based pregnancy recognition [3,4]. However,
due to the limited detection sensitivity of colloidal gold-based ICTS, they are usually used
to qualitatively detect some high-abundance biomarkers (>10−12 M), which largely limits
the application of ICTS in the field of low-abundance biomarker detection. In the case of
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the recent global COVID-19 pandemic, testing a single serological antibody or antigen can
only indicate a person’s past or recent exposure to SARS-CoV-2 and cannot identify the
“hot spot” of infection and effectively control the disease in a timely manner. Therefore,
multiple and extensive tests are necessary. Ideally, close contacts should be tested weekly
or daily to be promptly isolated and to minimize the spread of the virus in the community.
The main disadvantages of ICTS based on colloidal gold are low sensitivities, limited
precision quantification abilities, and low detection sensitivities. As a result, some false-
negative cases can be mistaken for being non-infectious, creating a significant risk of further
spreading in the community. In addition to colorimetric methods, signal types used in
ICTS include fluorescent reporters [5], phosphorescence reporters [6], magnetic signals [7],
and electrochemical signals [8]. Among them, the fluorescent reporter provides better
signal contrast and lower background interference, making it have higher sensitivity and
lower detection limits for the same detection time. Therefore, the development of higher
performance fluorescent labels will be of great benefit to ICTS in dealing with multiple and
complex detection.

Among the fluorescence reporter molecules, colloidal quantum dots (QDs) have the
advantages of wide absorption, a narrow emission band, size/shape, composition, and
surface properties that can be controlled artificially and accurately, and their luminous effi-
ciency is better than that of conjugated molecules (polymers) or inorganic phosphors [9,10].
Its applications in biomarkers, photovoltaic devices, and light-emitting diodes have been
extensively and deeply studied [11–13]. Foubert et al. conducted a comparative study of
colloidal gold and QDs as labels for multiplex screening assays for toxins, and the results
showed that QDs-based ICTS consume fewer immunological reagents, have a lower-false
negative rate (<5%), higher sensitivity, and better economic efficiency [14]. Deng et al. used
QDs to detect miRNAs rapidly and sensitively, and the results showed that the detection
method was also 10 times more sensitive than traditional colloidal gold-based miRNA de-
tection test strips [15]. Although studies have pointed out that ICTS based on QDs is more
sensitive than colloidal gold-based ICTS, it is still difficult to detect many low-abundance
biomarkers [16,17]. Embedding QDs in large numbers into individual nanoparticles is a use-
ful strategy for improving sensitivity [10,18,19]. At present, there are four main approaches:
in situ self-assembly [20,21], in situ polymerization [22], layer-by-layer assembly [23],
and porous nanoparticle-based incorporation [10,18]. Due to the presence of many alkyl
stabilizers on the surface of QDs, this type of quantum dot can only be dispersed in
non-polar solvents (chloroform, hexane, etc.). However, either in situ or template-based
assembly processes require pre-capped ligand exchange for nanocrystals because these lig-
ands on the surface of oil-soluble quantum dots are usually hydrophobic and lack reactive
functional groups [24,25]. This process may cause irreversible physicochemical damage to
QDs. Compared with the other three methods, the porous nanoparticle-based incorporation
strategy has the advantages of high loading capacity, good uniformity, and reduced aggre-
gation [26,27]. Several previous papers have demonstrated that nanoassemblies with high
homogeneity and surface loading density can be prepared directly in the organic phase by
ligand-driven assembly of metal-containing nanocrystals with thiol-capped colloids using
metal-thiol covalent bonding [28–30]. For instance, Hu et al. fully used dendritic SiO2 as
templates to enrich high-density hydrophobic QDs for the ultrasensitive determination of
C-reactive proteins [10].

Layered double hydroxides (LDHs) consist of stacked, positively charged, brucite-
like octahedral metal hydroxide layers and interlayer anions and water molecules. It is
a class of layered materials with positively charged metal hydroxide layers and charge-
balancing anions [31]. In recent years, due to its low toxicity, unique layered structure,
good biocompatibility, high anion exchange capacity, adjustable particle size, and other
advantages, have been widely studied in the field of biomedicine [32,33]. LDH nanopar-
ticles, especially spherical LDH particles with porous structures, have been proven to be
excellent adsorbents due to their low cost, large specific surface area, and strong adsorption
capacity [34–36]. Herein, for the first time, surface thiol-functionalized MF NFs (SH-MF)
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were employed as adsorption templates to load hydrophobic CdSe/ZnS QDs in an oil-
phase solvent. As illustrated in Figure 1, MF NFs were used as adsorption templates, and
many hydrophobic CdSe/ZnS QDs were loaded via thiol-metal covalent bonding. It is
necessary to transfer the MF@CdSe/ZnS NFs from the oil phase to the water phase. Some
studies have shown that coating or embedding oil-phase nanocrystals with hydrophilic
polymers is a feasible method to solve the above problems [37,38]. For example, Chen et al.
developed a novel ICTS system of QDs-doped polystyrene nanoparticles with satisfactory
recovery and reproducibility. The test strip can simultaneously detect cytokeratin-19 frag-
ments and carcinoembryonic antigens in human serum, with limits of detection of 0.16 and
0.35 ng/mL, respectively. Therefore, it is completely feasible to use an optimized amount
of branched polyethyleneimine (PEI) to modify the fluorescent reporter in this work. Fi-
nally, a novel high-density oil-phase CdSe/ZnS QD that incorporated MF NFs fluorescent
signal reporters (MF@CdSe/ZnS@PEI) was successfully prepared. These nanoflowers were
further bound to antibodies and successfully applied to the ICTS for the highly sensitive
detection of HCG.

 

Figure 1. Schematic illustration of MF@CdSe/ZnS@PEI-ICTS for HCG detection.

2. Materials and Methods

2.1. Reagents and Characterization

Mg (OAc)2·4H2O, FeCl3·6H2O, ethylene glycol, Cd (Ac)2, Zn (Ac)2, ethanol, am-
monia water, oleic acid (OA), selenium powder, sulfur powder, 1-octadecene KH2PO4,
Na2HPO4·12H2O, NaCl, KCl, Tween-20, and CHCl3 were purchased from Sinopharm
Chemical Reagent Co., Ltd. Tri-n-octyl phosphine, γ-mercaptopropyltrimethoxysilane, EDC·HCl
and Sulfo-NHS were purchased from Shanghai Aladdin Biochemical Technology Co., Ltd.
(Shanghai, China). Carbohydrate antigen 125 (CA125), alpha fetoprotein (AFP), carbohydrate
antigen 199 (CA199), and carcinoembryonic antigen (CEA) were purchased from Shanghai
Linc-Bio Science Co., Ltd (Shanghai, China). The anti-α-HCG (Ab1), anti-β-HCG (Ab2),
goat anti-mouse IgG antibodies, and the parts that make up the ICTS were purchased
from Shanghai Joey Biotechnology Co. Ltd (city, country). All buffers in this work
were prepared fresh at the time of use. A Bruker ASCENDTM 400WB spectrometer
(Bruker, Newark, DE, USA) was used to characterize the 13C CP/MAS NMR spectra of
thiol-modified MF NFs at 400 MHz, reported in parts per million (ppm). UV-vis absorp-
tion spectra were obtained on a Shimadzu UV 2600 spectropolarimeter (Kyoto, Japan)
and were used to characterize the absorbance values of hydrophobic CdSe/ZnS QDs,
MF@CdSe/ZnS NFs, and MF@CdSe/ZnS@PEI NFs. Scanning electron microscope (SEM)
photographs were taken under a field emission scanning electron microscope (Thermo
Scientific, Waltham, MA, USA) operating at 20 kV to characterize MF NFs. Transmission
electron microscopy (TEM) images were taken under a field emission high-resolution trans-
mission electron microscope Talos F200X (Thermo Scientific, Waltham, MA, USA) for the
characterization of hydrophobic CdSe/ZnS QDs, MF@CdSe/ZnS NFs, and MF@CdSe/ZnS
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@PEI NFs, and elemental analysis. Fourier transform infrared (FT-IR) spectra were collected
from a Nicolet 5700 (Thermo Nicolet Corporation, Waltham, MA, USA) infrared spectrome-
ter with a characterization range of 4000–400 cm−1 for the characterization of Mg/Fe NFs,
MF@CdSe/ZnS NFs, and MF@CdSe/ZnS@PEI NFs. Here, the surface potential character-
ization of hydrophobic CdSe/ZnS QDs, MF@CdSe/ZnS NFs, and MF@CdSe/ZnS@PEI
NFs at 25 ◦C was performed using a Zetasizer Nano-ZS from Malvern Instruments
(Malvern, UK). Powder X-ray diffraction (XRD) analysis of MF NFs and MF@CdSe/ZnS
NFs was performed using a Rigaku Ultima IV multifunctional horizontal X-ray diffractometer
(Rigaku, Tokyo, Japan). X-ray photoelectron spectroscopy (XPS, PreVac, Rogow, Poland)
studies were performed using the XPS-2 system to characterize the elemental composition
of MF NFs and MF@CdSe/ZnS NFs.

2.2. Preparation Procedures of the Red-Emitting Hydrophobic CdSe/ZnS QDs

The synthesis procedures for CdSe/ZnS QDs are based on previously reported litera-
ture with some minor changes [39]. An amount of 1.0 mmol Cd (Ac)2 (Sinopharm Chemical,
Shanghai, China) and 4.0 mmol Zn (Ac)2 (Sinopharm Chemical) were placed in a four neck
round bottom flask that contained 9 mL of OA (Sinopharm Chemical) and 10 mL of ODE
(Sinopharm Chemical). The mixture was first heated to 180 ◦C to form a homogeneous
solution, and after degassing at 150 ◦C, the mixture was heated to 300 ◦C. Then 0.4 mL of
TOP-Se solution (1 M) was rapidly injected into the mixture solution first, and then 4 mL of
TOP-S solution (1 M) was injected continuously at 30 s intervals. Finally, the temperature
was set at 280 ◦C for subsequent growth.

2.3. Preparation Procedures of MF@CdSe/ZnS@PEI NFs [36]

An amount of 50.0 mg of MF NFs were uniformly dispersed in absolute ethanol,
followed by 0.5 mL of ammonia water and 0.5 mL of γ-mercaptopropyltrimethoxysilane,
and the mixture was homogeneously sonicated and vigorously stirred at room temperature
for 6 hours. After the reaction, thiol-modified MF NFs (SH-MF) can be obtained by cen-
trifugation. The SH-MF product was thoroughly washed alternately with absolute ethanol
and deionized water to remove unreacted reagents and impurities, then redispersed in
50 mL of CHCl3, to which excess red-emitting hydrophobic CdSe/ZnS QD dispersion
was added, and the mixture was sonicated for 30 min to obtain a clear and transparent
solution. The complex was washed repeatedly with chloroform to remove unattached
CdSe/ZnS QDs. Afterwards, the obtained MF@CdSe/ZnS NFs were properly dried un-
der N2 flow and redispersed in 20 mL of CHCl3, which contained 2 mg of branched PEI,
under sonication for 30 min. After centrifugation and washing in deionized water, the
MF@CdSe/ZnS@PEI NFs were dispersed in the PBS solution (0.01 M, pH = 7.4) and stored
in a refrigerator for later use.

2.4. Preparation Procedures of Ab2-MF@CdSe/ZnS@PEI

Anti-β-HCG was assembled to form bioconjugates with MF@CdSe/ZnS@PEI via
EDC/NHS chemical cross-linking. Firstly, the freshly prepared MF@CdSe/ZnS@PEI NFs
(1 mg/mL) were dispersed in PBS solution (0.01 M, pH = 7.4), and a Sulfo-NHS solution
with a concentration of 5 mg/mL was added and shaken at room temperature for 4 h.
After the reaction was completed, MF@CdSe/ZnS@PEI NFs were washed several times
with ethanol and water to remove excess PEI and impurities and then redispersed in MES
buffer solution (0.01 M, pH = 6.0) for use. Next, the carboxyl-modified MF@CdSe/ZnS@PEI
NFs were dispersed into a 0.5 mL MES buffer solution (0.01 M, pH = 6.0) to prepare
a concentration of 2 mg/mL, followed by adding 4 mg EDC (Energy Chemical) and
6 mg Sulfo-NHS (Energy Chemical). The above mixture was shaken and reacted at room
temperature for half an hour. Afterwards, 100 μg of Anti-β-HCG (Ab2) was added and
incubated at 4 ◦C overnight. Finally, the Ab2-MF@CdSe/ZnS@PEI bioconjugates were col-
lected by centrifugation and washed several times with HEPES buffer solution (0.01 M,
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pH = 7.4) containing 1% BSA to remove unbound proteins. It was then redispersed in
HEPES buffer solution and stored in the refrigerator.

2.5. Fabrication Procedures of the MF@CdSe/ZnS@PEI-ICTS

The pretreatment steps and preparation processes of MF@CdSe/ZnS@PEI-ICTS are
basically consistent with those reported in our previous literature [40,41]. The test strip
is mainly composed of four parts: a pre-treated sample pad, an NC membrane, an ab-
sorbent pad, and a black polyvinyl chloride (PVC) back card. Anti-α-HCG (Linc-Bio, Ab1,
1.5 mg/mL) and goat anti-mouse IgG antibodies (Linc-Bio, 1 mg/mL) were applied to
NC membranes by fiber pen to constitute the test (T) and control (C) lines, respectively.
The prepared NC membranes were then dried at 37 ◦C overnight. Finally, the sample pad,
NC membrane, and absorbent pad were sequentially connected and laid on a black PVC
backing card, each adjacent section overlapping about 1–2 mm, and finally cut into pieces
with a width of about 3.9 mm by a chopper.

2.6. Detection of HCG Standard Samples with the MF@CdSe/ZnS@PEI-ICTS

Firstly, HCG standard solutions of different concentrations (0, 0.01, 0.1, 1, 10, 50, 100,
200, and 500 mIU/mL) were prepared, and 40 μL of each concentration solution and
20 μL of Ab2-MF@CdSe/ZnS@PEI NFs were premixed. After that, the mixture was added
dropwise to the sample pad of the test strip. Each concentration was tested 3 times in
parallel. After 15 min, under the excitation of a 365 nm UV lamp, qualitative results can be
obtained by observing the red band on the test strip. Photographs were taken with a mobile
phone camera for qualitative measurement, and the captured images were processed using
ImageJ software version 1.50d to obtain the intensities of the T- and C-lines [42,43].

3. Results and Discussion

3.1. Preparation and Characterization of MF@CdSe/ZnS@PEI NFs

As shown in Figure 2a,b, the MF NFs prepared in this work consist of many nanosheets,
which are interconnected to form an open structure with a size of about 260 nm. Mg (OAc)2·4H2O
and FeCl3·6H2O were used as precursors, and ethylene glycol was used as a solvent. MF
NFs were synthesized by the solvothermal method in an autoclave [44–46]. In addition,
we applied Fourier transform-infrared spectroscopy (FT-IR), X-ray diffraction (XRD), and
X-ray photoelectron spectroscopy (XPS) methods (Figure 3a,c and Figure S5) to characterize
the MF NFs prepared in this work, and the results showed that they were consistent with
the basic characteristics of LDH-like materials [35,36]. MF@CdSe/ZnS NFs can be obtained
by sonicating oil-soluble CdSe/ZnS quantum dots (7 nm, Figure S1) of uniform size with
SH-MF in chloroform solution for 30 min. As shown in Figure 2c, MF NFs as carriers
can bond high-density loaded hydrophobic CdSe/ZnS QDs via Cd-S covalent bonding.
After the MF@CdSe/ZnS NFs were modified with an optimized amount of branched
PEI, we employed energy dispersive X-ray spectroscopy (EDS) elemental mapping to
investigate its elemental composition. From Figure 2d–l, the elements contained in the
MF@CdSe/ZnS@PEI NFs composite were all determined, which can prove the success-
ful preparation of MF@CdSe/ZnS@PEI. In Figure 3a, the characteristic peaks located at
2920 cm−1 (-CH2), 1458 cm−1 (-CH2), and 1380 cm−1 (-CH3) are consistent with bare
CdSe/ZnS QDs (Figure S2), indicating that MF@CdSe/ZnS NFs were successfully prepared.
For MF@CdSe/ZnS@PEI, the characteristic peaks of amino groups at 3448 cm−1 and 1640 cm−1

indicate that PEI exists on the surface of MF@CdSe/ZnS NFs, implying the successful
introduction of amino functional groups. The UV-vis absorption data in Figure 3b show
that the absorption peaks of CdSe/ZnS QDs, MF@CdSe/ZnS, and MF@CdSe/ZnS@PEI
are all around 625 nm, which indicates that QDs loaded into MF NFs do not exhibit an
obvious absorption peak shift, and the properties are not affected. As shown in Figure 3c,
XRD measurements were applied to characterize the crystal composition of MF NFs and
MF@CdSe/ZnS NFs. As indicated by the black lines in Figure 3c, MF NFs have five main
peaks located at 9.26◦, 22.1◦, 34.1◦, 38.0◦, and 59.7◦, respectively, and the corresponding
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crystal planes are (003), (006), (012), (015), and (110) [36]. The three broad peaks located
at 26.1◦, 43.3◦, and 50.6◦ in the figure correspond to the (111), (220), and (311) plane
diffractions, respectively. These crystal plane data are generally consistent with the cubic
sphalerite structure of bulk CdSe (JCPDS file No. 88–2346) [47–49]. By observing Figure S3,
the chemical shift peaks of the methylene belonging to 3-MPTMS can be determined, which
are 17.30, 20.48, and 32.92 ppm, respectively, which indicates that PEI has been successfully
modified to the MF@CdSe/ZnS NFs. Meanwhile, it can be seen from Figure S4 that with
the loading of hydrophobic QDs, the zeta potential value changes from negative to positive;
this result further proves that the loading of hydrophobic QDs changes the surface potential
of MF NFs. We performed fluorescence characterization of hydrophobic CdSe/ZnS QDs,
MF@CdSe/ZnS, and MF@CdSe/ZnS@PEI NFs using a spectrofluorometer. Characteriza-
tion results show that the emission wavelength of CdSe/ZnS QDs is 642 nm, while the
emission wavelengths of MF@CdSe/ZnS and MF@CdSe/ZnS@PEI NFs are 658 and 662 nm,
respectively. Compared with CdSe/ZnS QDs, the emission wavelengths of MF@CdSe/ZnS
and MF@CdSe/ZnS@PEI NFs are about 20 nm redshifted we think this may be caused by
the larger overall particle size of oily quantum dots loaded by MF NFs. XPS was used to
characterize the main elemental composition of MF@CdSe/ZnS NFs, and it can be seen
from Figure 4a that C, O, Mg, Cd, and Zn elements were determined. High-resolution XPS
spectra of C 1s, O 1s, Mg 2p, Cd 3d, and Zn 2p are recorded in Figure 4b–f. Among them,
three peaks with binding energies of about 284.6 eV, 286.1 eV, and 288.0 eV can be seen in the
C 1s spectrum, which correspond to the C-C coordination of the surface adventitious carbon
and the C-O and C = O in the acetate anion, respectively. For O 1s, the peak at 531.4 eV
in the spectrum can be attributed to the C-O and C=O bonds of oleic acid, while 532.0 eV
corresponds to the bidentate carboxylate. Two peaks belonging to the Mg-OH (49.0 eV)
and Mg-O (50.0 eV) bonds can be found in the spectrum of Mg 2p, respectively. Figure 4e
shows that the characteristic doublets of the Cd 3d spectrum at 404.8 eV and 411.7 eV
come from Cd 3d5/2 and Cd 3d3/2, respectively. Among them, the binding energy of
Cd 3d5/2 is consistent with the value reported in the literature (the binding energy of bulk
CdSe is 405.6 eV). Figure 4f shows the noisy signal of Zn 2p, which was deconvolved into
two components. The peak at 1020.6 eV is related to Zn 2p3/2, and 1044.0 eV is related
to Zn 2p1/2.

 

Figure 2. (a,b) Field emission scanning electron microscope (SEM) and transmission electron microscope
(TEM) images of Mg/Fe LDH NFs. (c) TEM images of MF@CdSe/ZnS@PEI NFs. (d–l) EDS elemental
mapping images of MF@CdSe/ZnS@PEI NFs.
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Figure 3. (a) Fourier transform-infrared spectra of Mg/Fe LDH NFs, MF@CdSe/ZnS NFs,
and MF@CdSe/ZnS@PEI NFs. (b) UV-vis absorption spectra of hydrophobic CdSe/ZnS QDs,
MF@CdSe/ZnS NFs, and MF@CdSe/ZnS@PEI NFs. (c) XRD patterns of Mg/Fe LDH NFs and
MF@CdSe/ZnS NFs. (d) Fluorescence spectra of hydrophobic CdSe/ZnS QDs, MF@CdSe/ZnS, and
MF@CdSe/ZnS@PEI NFs. (Inset is the fluorescence photo of MF@CdSe/ZnS@PEI NFs solid and
dispersed in water).

 

Figure 4. (a) XPS survey spectrum of MF@CdSe/ZnS NFs. (b–f) High-resolution XPS spectra of C 1s,
O 1s, Mg 2p, Cd 3d, and Zn 2p.

3.2. Performance of MF@CdSe/ZnS@PEI-ICTS for HCG Detection

Before using MF@CdSe/ZnS@PEI-ICTS to detect different concentrations of HCG
standards, optimizing the concentration of branched PEI coated with MF@CdSe/ZnS is
critical to achieve the detection. It can be seen from Figure S6 that when the concentration
exceeds 0.5 mg/mL, it will cause the MF@CdSe/ZnS NFs to exhibit mutual adhesion. The
branched PEI concentration used in this work was finally determined to be 0.1 mg/mL.
MF@CdSe/ZnS@PEI-ICTS is based on the independent immunoreactions of T and C probes
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to realize the fluorescence detection of HCG with different concentration gradients. The
capture antibody Ab1, which specifically reacts with the antigen HCG, is painted on the
T-line, and goat anti-mouse immunoglobulin is painted on the C-line. The reaction on
the T-line is based on a probe-coupled antibody-antigen-coated antibody double-antibody
sandwich immunoreaction (i.e., Ab2-MF@CdSe/ZnS@PEI-HCG-Ab1), and the reaction
on the C-line is based on direct immunoreactivity with probe-conjugated secondary anti-
body and goat anti-mouse immunoglobulin (i.e., Ab2-MF@CdSe/ZnS@PEI-IgG). When
Ab2-MF@CdSe/ZnS@PEI was mixed with HCG samples of different concentrations and
then dropped on the sample pad, the droplets were chromatographed on the NC membrane
under capillary action. If there is HCG in the solution, Ab2-MF@CdSe/ZnS@PEI-HCG will
react with Ab1 to form Ab2-MF@CdSe/ZnS@PEI-HCG-Ab1. When the droplet continued
to flow to the C-line, Ab2-MF@CdSe/ZnS@PEI that was not bound to Ab1 would have a
direct immune reaction with goat anti-mouse IgG to form Ab2-MF@CdSe/ZnS@PEI-IgG.
The qualitative results of MF@CdSe/ZnS@PEI-ICTS were obtained based on the visual
observation of the line color on the NC membrane under a 365 nm UV lamp. After about
15 min, as shown in Figure 5a, the NC membranes of all test strips can display the C-line
normally, which proves that the detection results are valid. Visual inspection of the test
strips under UV light gives a limit of detection (LOD) of approximately 0.1 mIU/mL. At
the same time, with the increase in the concentration of HCG standard solution, the red
fluorescence color of the T-line on the NC membranes gradually deepened, which means
that more Ab2-MF@CdSe/ZnS@PEI was captured on the T-line. With the assistance of
ImageJ software version 1.50d, we can obtain the grayscale signal intensities of the detection
and control lines on the NC membrane. To compensate for potential intensity variations
caused by acquisition conditions such as lighting and camera settings, background sub-
traction is required, and the ratio of T-line intensity to C-line intensity (T/C) is used in
this work to quantify the signal (Figure S7). First, the RGB image taken by the phone
is converted to an 8-bit grayscale image type and inverted. Then, the rectangular box
tool is used to measure the average intensity of the T-line, C-line, and background areas.
Subtract the average intensity of the background area from the average intensity of the
T- and C-lines, take the T/C value as the ordinate, and take the HCG concentration as
the abscissa, and a linear relationship between the two can be fitted (Figure 5b). The
linear regression equation is y = 0.0957 × −0.139 (R2 = 0.98). In addition, we also veri-
fied the potential of MF@CdSe/ZnS@PEI-ICTS in clinical application by HCG standard
sample addition and recovery experiments. Healthy human serum was spiked with differ-
ent concentrations of HCG (10, 50, and 100 mIU/mL), and the experiment was repeated
three times on test strips. We selected a batch of serum from healthy people, added different
concentrations of HCG standard samples (i.e., 10, 50, and 100 mIU/mL) to them, and after
incubation with Ab2-MF@CdSe/ZnS@PEI, applied them to MF@CdSe/ZnS@PEI-ICTS to
detect the recovery rate of standard addition. As shown in Table S1, the spiked recov-
eries were between 90.48 and 116.1%, and the coefficient of variation was below 15%,
which indicated that MF@CdSe/ZnS@PEI-ICTS has the potential to be used in the analysis
of clinical samples [50]. In addition, we list and compare the analytical performance of
different HCG detection methods in Table S2. Compared with electrochemical and elec-
trochemiluminescence methods, the sensitivity of MF@CdSe/ZnS@PEI-ICTS appears to
be poor. However, as a POCT tool, MF@CdSe/ZnS@PEI-ICTS still has the advantages
of being fast and convenient, and it has a wider linear range and a lower detection limit
than similar testing methods. Finally, we selected four biomarkers (AFP, CA125, CA199,
and CEA) at a concentration of 1 μg/mL to evaluate and validate the cross-reactivity of
MF@CdSe/ZnS@PEI-ICTS. The results are shown in Figure S8. Except for HCG, other
biomarkers could not generate corresponding red fluorescence on the T-line, which proves
that MF@CdSe/ZnS@PEI-ICTS has good selectivity and low cross-reactivity.
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Figure 5. (a) Image of the MF@CdSe/ZnS@PEI-ICTS when detecting HCG standard solution
(0, 0.01, 0.1, 1, 10, 50, 100, 200, and 500 mIU/mL). (b) Linear response of MF@CdSe/ZnS@PEI-
ICTS for detection of HCG.

4. Conclusions

In conclusion, a novel fluorescent signal reporter that can be used in ICTS was pre-
pared by implanting hydrophobic CdSe/ZnS QDs into Mg/Fe LDH nanoflowers in one
step through the metal-thiol covalent bonds in the organic phase. By modifying the
MF@ CdSe/ZnS with branched PEI, which not only improved its dispersion in the buffer
but also introduced amino functional groups on the surface of the reporter to facilitate
subsequent antibody conjugation. Under optimal experimental conditions, HCG was used
as the model analyte with a linear detection range from 0.1 to 500 mIU/mL and a visual
limit of detection of 0.1 mIU/mL. Compared with commercial pregnancy diagnostic strips,
the addition of high-density hydrophobic CdSe/ZnS QDs greatly improved the detection
sensitivity of HCG. The potential for practical application was validated by detecting HCG
in spiked healthy human serum, showing overall recoveries of between 90.48 and 116.1%
with coefficients of variation between 3.66 and 12.91%. Moreover, the experimental results
found that MF@CdSe/ZnS@PEI-ICTS has good selectivity and little cross-reactivity with
AFP, CA125, CA199, and CEA. This work preliminarily explores the possibility of Mg/Fe
LDH NFs as signal carriers in ICTS, which greatly improves the practicality of ICTS.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/chemosensors11020114/s1, Figure S1: TEM images of oil-soluble,
red-emitting CdSe/ZnS QDs. Figure S2: FT-IR spectra of oil-soluble, red-emitting CdSe/ZnS QDs.
Figure S3: Solid-state 13C CP/MAS NMR spectrum of SH-MF NFs. Figure S4: ζ-potential results of
MF NFs, hydrophobic CdSe/ZnS QDs, MF@CdSe/ZnS, and MF@CdSe/ZnS@PEI NFs. Figure S5:
XPS spectra of (a) C 1s, (b) Mg 2p, (c) Fe 2p, and (d) O 1s of MF NFs. Figure S6: MF@CdSe/ZnS
NFs coated with different concentrations of branched PEI. Figure S7. Image processing procedures
of MF@CdSe/ZnS@PEI-ICTS. Step 1: convert the photo taken by the mobile phone into an 8-bit
grayscale image. Step 2: obtain the inverse image of the grayscale image by using the Invert option.
Step 3: define the average intensity of the T-line, C-line, and background regions in the inverse image.
Figure S8: Cross-reactivity of MF@CdSe/ZnS@PEI-ICTS for different biomarkers. Table S1: Recovery
efficiency and coefficient of variation (CV) for the MF@CdSe/ZnS@PEI-ICTS for HCG (mIU/mL)
to be detected in human serum samples (n = 3). Table S2. Summary of HCG detection with some
different detection methods [51–56].
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Abstract: The sensitive quantification of cardiac troponin I (cTnI) and myoglobin (Myo) in blood
is essential for an early emergency diagnosis of acute myocardial infarction (AMI). Attributed to
AuNPs and a titanium element on the surface of the AuNPs/Ti3C2-MXenes hybrid, each respective
aptamer strand can be immobilized on. In this work, a nanohybrid was deposited on amino-
functionalized indium tin oxide (ITO) via an Au–N bond; thereafter, it could catch cTnI-specific,
thiol-functionalized DNA aptamer through Au–S self-assembly or Myo-aptamer via adsorption and
metal chelate interaction between phosphate groups and titanium for specific recognition. Both
using [Fe(CN)6]3−/4− as a signaling probe, the differential pulse voltammetric (DPV) current of
the cTnI-aptasensor decreased after binding with cTnI, while the other responded to Myo via the
impedimetric measurement. These developed biosensors enable the response to the femtogram/mL
level cTnI or nanogram/mL level Myo. Remarkably, the proposed aptasensors exhibit high sensitivity
and specificity for targets and display great potential for applications in clinic diagnosis.

Keywords: electrochemical biosensor; aptamer; AuNPs/Ti3C2-MXenes; cardiac troponin I; myoglobin;
acute myocardial infarction

1. Introduction

With high fatal risk, acute myocardial infarction (AMI) seriously threatens human
lives as one of the most severe cardiovascular emergencies [1,2]. The early diagnosis of
AMI based on the detection of cardiac biomarkers in blood is critical to guarantee the
patient’s survival. Clinical cardiological studies have revealed that Cardiac Troponin I
(cTnI) is a gold standard biomarker due to its high cardiac specificity [3]. Compared to a
normal blood level (0 to 0.01 ng/mL), it rose significantly in peripheral blood in 3–4 h after
the start of an AMI attack and peaked at 12–14 h. Here, 0.01–0.04 ng/mL indicates minor
myocarditis, and over 0.06 ng/mL suggests myocardial necrotic damage [4]. However, one
issue is that the cTnI level is usually very low within first 2 h of the onset of symptoms and
impedes the early diagnosis of AMI [5]. Recently, the multiplexed cardiac biomarker assay
used in the early diagnosis of AMI has been proposed. Myoglobin (Myo) has received
much attention because it is quickly released into the blood within 1 h of AMI [6]. Its
concentration would drastically increase by up to 600 ng/mL within 4–5 h, while its normal
range is 6–100 ng/mL [7]. Therefore, the consolidated assay of cTnI and Myo can promote
responsivity in the early diagnosis of AMI [8]. In view of the nanogram-level concentrations
of cTnI and Myo in normal blood, the requirement of high sensitivity in the detection of
cTnI and Myo seems to be imperative.

The typical clinical practice method for their detection in blood is usually the enzyme-
linked immunosorbent assay (ELISA) [1]; however, this method is expensive, laborious,
and time-consuming. More methods such as surface-enhanced Raman spectroscopy [9],
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fluorescence [10], or electrochemistry [8,11] have been developed as alternatives in recent
years, including various sensing methods, and electrochemical aptasensors have gained
significant attention. The electrochemical techniques possess natural advantages origi-
nated from their uniqueness in principle. They generally have high sensitivity, and the
response only occurs on the tiny electrode surface; therefore, only a very small sample and
reagent consumption is needed, and thus the detection cost is extremely low. Moreover,
electrochemical testing only takes a few seconds to some minutes, which is faster than
other methods. Based on the high specificity of aptamer, the developed electrochemical
sensor is basically free from the interference of coexisting substances, therefore various
pretreating procedures can be ignored to directly determine the sample, which greatly
simplifies the operation.

Ti3C2-MXene nanosheets have been employed to improve the sensitivity of electro-
chemical biosensors, using their assimilating metallic conductivity and excellent catalytic
ability to amplify the electrical signal [12–16]. Chen et al. found that the immobilized tyrosi-
nase on Ti3C2-MXene nanosheets could support a mediator-free electrochemical biosensor
for an ultrasensitive and rapid detection of phenol [17]. Due to abundant transition metal
(e.g., titanium) on the basal plane of Ti3C2-MXenes, it provides the opportunity to interact
with ssDNA strands via chelation, making it a unique nano-bio-interface for biosensor
construction [18]. Li et al. demonstrated that Ti3C2-MXene nanosheets can catch tetra-
hedral DNA nanostructures (TDNs) onto its surface through the coordination between
titanium and phosphate groups of DNA for the highly sensitive detection of gliotoxin [19].
Recently, one report showed a more enhanced electrocatalytic activity of gold decorated
Ti3C2-MXene nanosheets (AuNPs/Ti3C2-MXenes) than itself [20]. This hybrid is more
likely to be a robust matrix for sensitive electrochemical detection.

The synthesized nanohybrid AuNPs/Ti3C2-MXenes in our previous work exhibits
excellent biocompatibility and electrocatalytical activity. The AuNPs are generated in
situ via the reduction of HAuCl4 by the reducibility of activated Ti species on the surface
of Ti3C2-MXene nanosheets [21]. The anchored AuNPs on the surface of Ti3C2-MXene
nanosheets ensure the hybrid with improved conductivity. Moreover, the decoration of
AuNPs can act as not only a spacer to prevent the pile-up of Ti3C2-MXene nanosheets from
irreversibly restacking, but also as a connector to fix enough cTnI aptamer through the Au–S
bond. Meanwhile, there is abundant titanium atoms on the basal plane of Ti3C2-MXene
nanosheets which strongly coordinate with phosphate groups of the Myo aptamer. All
these components present opportunities to construct biosensors with excellent performance.
Based on this, in this work, an ultrasensitive label-free cTnI and Myo aptasensing system
is developed using the leveraging of nanohybrids as the matrix for anchoring aptamer
strands (Scheme 1). The nanohybrid was deposited on amino-functionalized ITO via an
Au–N bond; then, the thiol-functionalized, cTnI-specific aptamer (SH-AptcTnI) was further
immobilized through Au–S self-assembly, as illustrated in Scheme 1A. It is found that, after
the specific binding of cTnI, the formed sensing interface showed high sensitive response
toward the redox of [Fe(CN)6]3−/4− as a probe. Thus, the quantitatively decreased DPV
signal is observed due to the protein layer, which inhibited the diffusion of the redox
probe. Again, the adsorption of ssDNA strands on Ti3C2-MXene nanosheets endows its
bio-affinity toward a DNA aptamer [19,22] to facilitate the development of an electro-
chemical aptasensor using the aptamer of Myo (AptMyo), as illustrated in Scheme 1B. The
impedance of the resultant sensor diminished quickly in the presence of Myo, since the
strong affinity of the specifically recognized Myo with an aptamer led to the formation of a
rigid structure, resulting in its release from the sensor surface. The change in impedance
bears the responsibility of the aptasensor’s response to Myo. This bifunctional label-free
electrochemical sensing strategy used in coupling the catalytic activity and physicochemical
property of AuNPs/Ti3C2-MXenes with two aptamers offers a new concept for the accurate
measurement of dual cardiac biomarkers in clinical diagnosis.
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Scheme 1. Diagram of the preparation and operation process of aptasensor for dual cardiac biomark-
ers based on nano-hybrid functionalized substrate electrode. “A” represents the preparation process
of the cTnI aptasensor using DPV current output upon scanning potential (V); “B” represents the
preparation process of the Myo aptasensor with AC impedance (Z) as output signal.

2. Materials and Methods

2.1. Materials

Cardiac troponin I (cTnI) was purchased from Abcam Co., Ltd. (Shanghai, China).
Cardiac myoglobin (Myo) was purchased from Nanjing Oukai Biotechnology Co., Ltd.
(Nanjing, China). ELISA Kit for cTnI and Myo assays were purchased from Dongshang
Co., Ltd. (Shanghai, China). Potassium ferricyanide (K3[Fe(CN)6], 99.5%), potassium
ferrocyanide (K4[Fe(CN)6].3H2O, 99.5%), and sodium chloride (NaCl) were purchased
from Macklin Biochemical Co., Ltd. (Shanghai, China). BSA was obtained from Shanghai
Sangon Biotech Co., Ltd. (Shanghai, China). 6-Mercapto-1-hexanol (MCH) was purchased
from Sigma–Aldrich (Shanghai, China). Chloroauric acid (HAuCl4·3H2O) was purchased
from Shanghai Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). Titanium Carbide
(Ti3AlC2, 98%) was purchased from 11 Technology Co., Ltd. (Jilin, China). Human serum
samples were collected in Second Affiliated Hospital of Soochow University (Suzhou,
China) and stored under −20 ◦C. All other chemicals and reagents were of analytical grade.
Ultrapure water (resistivity ≥18 MΩ cm−2) was obtained from a Milli-Q purification system
and used throughout the experiment. All oligonucleotides were synthesized by Shanghai
Sangon Biotech. Co., Ltd. (Shanghai, China). The sequences of cTnI and Myo aptamers are
as follows:

cTnI:
5′-SH-(CH2)6-CGTGCAGTACGCCAACCTTTCTCATGCGCTGCCCCTCTTA-3′ [23].
Myo:
5′-CCCTCCTTTCCTTCGACGTAGATCTGCTGCGTTGTTCCGA-3′ [22].
0.1 M PBS solution (pH 7.0) was prepared by the mix of stock solutions of 0.1 M

Na2HPO4 and 0.1 M NaH2PO4 in a specific proportion. The stock aptamer solution of
cTnI or Myo was prepared using the aqua solution containing 10 mM Tris-HCl and 50 mM
MgCl2 (pH = 7.4). The immobilization of the aptamer was manipulated afterwards to dilute
the stock solution with 0.1 M phosphate-buffered saline (PBS) (pH 7.0).

2.2. Apparatus

All electrochemical experiments were carried out using a conventional three-electrode
system with an ITO-based working electrode or sensor, a Pt wire counter electrode, and
a saturated calomel electrode (SCE) as a reference electrode. Electrochemical impedance
spectroscopy (EIS), cyclic voltammetry (CV), and differential pulse voltammetry (DPV)
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were enforced on an RST-5200 Electrochemical Workstation (Risetest Instruments of Suzhou,
Suzhou, China). All the electrochemical tests were carried out in 0.1 M PBS (pH 7.0) contain-
ing 5 mM [Fe(CN)6]3−/4− and 0.1 M NaCl. The CV measurements were implemented in a
potential range from −0.2 to 0.6 V with a canning rate of 50 mV/s. The DPV measurements
were performed in a potential range from −0.3 to 0.7 V under the following conditions:
a pulse amplitude of 100 mV, a pulse width of 20 ms, and a sampling width of 10 ms.
EIS measurements were performed in the frequency range of 0.1–105 Hz. The atomic
force microscopy (AFM) characterization was fulfilled using Dimension Icon Atomic Force
Microscopy (Brucker, Germany). Those images were taken in tapping mode using an RTP
cantilever (7 nm of tip radius, 2 N/m of elastic coefficient).

2.3. Fabrication of Aptamer/AuNPs/Ti3C2-MXenes Aptasensors

The synthesis of the AuNPs/Ti3C2-MXene hybrid, pretreatment of ITO glass, and
the preparation of amino-functionalized ITO (APTMS/ITO) all can refer to our previ-
ous paper [20]. For the fabrication of the aptamer/AuNPs/Ti3C2-MXene biosensors,
50 μL of as-prepared AuNPs/Ti3C2-MXene hybrid suspension was dropped onto the
surface of the APTMS/ITO electrode and left for 30 min at room temperature, which,
when followed by washing with ultrapure water and dried under N2 gas flow, gained a
AuNPs/Ti3C2-MXenes/APTMS/ITO electrode. Subsequently, 10 μL of aptamer solution
was cast onto it before waiting for 12 h at 4 ◦C to fix the aptamer (Apt/AuNPs/Ti3C2-
MXenes/APTMS/ITO). Thereafter, for the cTnI aptasensor, 10 μL of 10 mM MCH (in 0.1 M
PBS, pH 7.0) solution was necessary to treat the sensor for 30 min to block the unoccupied
sites and prevent the entanglement of ssDNA aptamers; moreover, for the Myo aptasensor,
10 μL of 3% BSA (in 0.1 M PBS, pH 7.0) solution was placed on the resulting electrode for
30 min to block the unoccupied sites. Lastly, the obtained aptasensors were stored at 4 ◦C
for further use.

2.4. cTnI and Myo Detection

A total of 10 μL of the sample solution was placed onto the aptasensor and incubated
at 25 ◦C for 60 min before being washed with 0.1 M PBS (pH 7.4). Then, the sensor was
imbedded into the electrochemical cell for DPV or EIS measurement.

3. Results and Discussion

3.1. Monitoring the Preparation of Aptasensors

The preparation and characterization of the AuNPs/Ti3C2-MXene hybrid, as well
as its use to prepare the basal electrode of the aptasensors, have been presented in our
previous paper [20]. Here, the interfacial character of the aptasensor in different preparing
steps was explored using AFM (Figure 1A). The AFM image of a bare ITO electrode shows a
grainy topology (Figure 1Aa) with an average surface roughness (R) of 5.74 nm. Thereafter,
it (Figure 1Ab) revealed a smoother surface with a decreased R value of 4.66 nm when the
ITO was covered using APTMS. After the AuNPs/Ti3C2-MXene hybrid was deposited on,
the surface became much rougher (Figure 1Ac), as indicated by a significantly increased
R value of 10.30 nm. The anchoring of the aptamer (as thiol–AptcTnI) induced a larger R
value (Figure 1Ad, 15.10 nm), proving that lots of aptamer strands were attached onto
the surfaces of the AuNPs/Ti3C2-MXenes through the Au–S bond [24]. As illustrated in
Figure 1Ae, after treatment with MCH, the R value increased by up to 23.10 nm, indicating
a much rougher morphology, which can be attributed to the fact that MCH would regulate
the orientation of the ssDNA aptamer, which tended to arrange them vertically [25]. After
this, to incubate the cTnI (Figure 1Af) on a sensor, a smoother morphology than the one
displayed in Figure 1Ae, with a decreased R value of 18.70 nm, was observed as a result of
the connection of globular and high molecular weight proteins [26]. The alteration of the
surface roughness of the electrode during the preparation process indicated the successful
construction of the aptasensor.
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Figure 1. (A) Three-dimensional AFM images and (B) EIS curves of (a) bare ITO, (b) APTMS/ITO,
(c) AuNPs/Ti3C2-MXenes/APTMS/ITO, (d) after to catch cTnI aptamer, (e) final cTnI sensor,
and (f) responded to cTnI, the inset in (B) shows the enlarged EIS curves (a) and (c); (C,D) EIS
curves and (E) CV curves of [Fe(CN)6]3−/4− on (a) bare ITO, (b) APTMS/ITO, (c) AuNPs/Ti3C2-
MXenes/APTMS/ITO, (d) after to catch Myo aptamer, (e) final Myo sensor, and (f) responded to
Myo, the inset in (D) is the TEM image of AuNPs/Ti3C2-MXenes.

Moreover, the EIS and CV can reflect the process of sensor preparation. As shown in
Figure 1B–E, the electron transfer resistance (Ret, it can be obtained from the equivalent
circuit of the semi-circular part of EIS, which represents the impedance of the electrode
surface for electron transfer) significantly increased, and the CV current obviously de-
creased after covering the bare ITO with hydrolyzed APTMS due to its electro-inactive
feature [27] (both curves a and b). In contrast, obviously decreased Ret and increased CV
currents (both curve c) were witnessed after the decoration of the AuNPs/Ti3C2-MXenes
(the microscopic image of TEM is presented in Figure 1D), suggesting better conductivity
and a larger specific surface area. Afterwards, the Ret values increased once more when the
aptamer (thiol–AptcTnI or AptMyo) was fixed (curve d), or when the CV currents decreased
in reverse after the successive linkage of the aptamer (as AptMyo) (curve d). When treating
the cTnI sensor with MCH or the Myo sensor with BSA (both curve e), the EIS of the former
increased due to the molecular orientation [25], and the latter experienced minor changes;
moreover, the CV current of the latter slightly decreased due to the hampered electron
transfer [28]. Finally, if the cTnI sensor had been used to detect the target, the readout signal
(EIS) would further increase according to the concentration (curve f in Figure 1B); whereas,
for the Myo sensor, the EIS decreased (curve f in Figure 1C), and the CV current recovered
in degree (curve f in Figure 1E). These results suggest that all components of the aptasensor
were successfully integrated and endowed with the desired sensing ability as expected.

3.2. Optimization of the Conditions for Sensor Preparation and Operation

The dosage of the AuNPs/Ti3C2-MXene hybrid significantly influences the perfor-
mance of the aptasensor [7]. As shown in Figure 2A (black curve), the DPV signal is elevated
along with the increasing dosage of the AuNPs/Ti3C2-MXene hybrid, reaching a maximum
of 0.25 mg/mL, when then declined if further enlarged. This implies that overdosing the
hybrid on the electrode surface would inversely impede the electron transfer, owing to
more serious interface resistance [29]. Using EIS, the dosage of the AuNPs/Ti3C2-MXene
hybrid can be optimized too, acquired a result of 0.25 mg/mL, which led to a smallest Ret
(Figure 2A, blue curve) that was totally identical to the results obtained using DPV.
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Figure 2. The optimization (A) and the content of AuNPs/Ti3C2-MXenes; (B) the concentration of
AptcTnI or AptMyo; (C) the time for cTnI or Myo incubation.

SH-AptcTnI is used as a recognitive host for cTnI, and its quantitative use also must
be optimized to achieve a maximal sensing outcome. As depicted in Figure 2B (black
curve), with the same used volume, the minimal DPV peak current of [Fe(CN)6]3−/4− was
observed when the concentration of SH-AptcTnI for enabling the sensor was 1.0 μM. This
means that this usage quantity is likely to ensure a binding saturation, and we speculate that
an excess of SH-AptcTnI is prone to lead to its detachment, eventually being detrimental
to the analytical performance of the resulting sensor [30]. Similarly, the most suitable
concentration of the AptMyo solution for Myo aptasensor construction was also 1.0 μM
(Figure 2B blue curve).

Meanwhile, the incubation time of the target of the corresponding aptasensor is also
an important factor when aiming to achieve the best sensing performance. As shown in
Figure 2C (black curve), a very significant decrease in DPV value occurs after the loading of
the cTnI sample solution within an incubation time of 60 min, suggesting that the binding of
cTnI on its aptamer reached a full equilibrium during this period [31]. The results indicate
that the longer time negatively affected the performance of the aptasensor. Consistently,
the optimal incubation time for the Myo aptasensor is also 60 min (Figure 2C blue curve).

3.3. The Analytical Performance of Prepared Aptasensors

Under the optimal conditions, the analytical performance of the proposed aptasensing
strategy was validated by detecting cTnI or Myo.

Figure 3A shows that the DPV current on the prepared AptcTnI sensor gradually
decreased along with elevating the cTnI concentration. This is attributed to the insulativity
of the formed aptamer–cTnI complex, which obstructed the electron transfer between
the electrochemical probe and the AuNPs/Ti3C2-MXene substrate electrode [8]. There
was a good linear regression of the DPV peak current upon the logarithm of the cTnI
concentration from 0.24 fg/mL to 24 ng/mL, as illustrated in Figure 3B, which perfectly
covers the clinically relevant range. The linear regression equation is I = 0.456 − 0.0177logC
(fg/mL) (R2 = 0.999), with a limit of detection (LOD) of 0.14 fg/mL (S/N = 3). Visibly, the
LOD of the prepared AptcTnI sensor lays well below the normal level of cTnI and can easily
identify the myocardial necrotic damage.

Table 1 lists the performance of the proposed aptasensor and offers a comparison
between it and other currently available cTnI sensors. The results reveal that the de-
veloped aptasensor possesses a higher sensitivity than all other reported ones. This is
mainly ascribed to the following aspects: (i) the superior electrochemical activity of the
AuNPs/Ti3C2-MXenes greatly promotes the electron transfer and amplifies the response;
(ii) the prepared AuNPs/Ti3C2-MXene hybrid has excellent biocompatibility, which can
strengthen aptamer anchoring using the Au–S bond; (iii) SH-AptcTnI possesses a highly
specific and sensitive recognition toward cTnI.

Surprisingly, after the Myo is specifically recognized by the aptasensor, the Ret value
decreased, whereas the CV current increased, respectively (curve f in Figure 1C,E). This
suggests that the electron transfer on the sensing interface was recovered. This can only
because the peeled off of AptMyo from sensor surface due to the formation of the aptamer–
Myo complex. As the result, the sensor can feasibly facilitate the highly sensitive detection
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capability of Myo because the degree of its output recovery strongly depends on the
concentration of the target.

Figure 3. (A) The DPV responses of AptcTnI sensor for detecting cTnI. (B) The linear relationship
between DPV current and the logarithm of cTnI concentration. (C) The EIS responses of AptMyo sensor
for detecting Myo. (D) The linear relationship between Ret and the logarithm of Myo concentration.

Table 1. Performance comparison of the developed sensor with those in the literature for cTnI and
Myo detection.

Electrode Materials Target Method Detection Range LOD Refs.

HsGDY@NDs

cTnI

EIS 0.01 pg/mL–100 ng/mL 6.29 fg/mL [8]
Fc-SiNP SWV 0.024 ng/mL–240 ng/mL 24 pg/mL [23]

Ti/AuNPs DPV 0.024 ng/mL–26.4 ng/mL 4.32 pg/mL [32]
Fc-COFNs DPV 10 fg/mL–10 ng/mL 2.6 fg/mL [33]

PCN-AuNPs SWV 0.1 pg/mL–103 ng/mL 0.01 pg/mL [2]
Au/Zr–C i-t 0.01 pg/mL-100 ng/mL 1.24 fg/mL [34]

Pt@Pd DNs/NH2-HMCS i-t 100 fg/mL–100 ng/mL 15.4 fg/mL [35]
AuNPs/Ti3C2-MXenes DPV 0.24 fg/mL–24 ng/mL 0.14 fg/mL This work

AuNPs/BNNSs

Myo

DPV 0.1 μg/mL–100 μg/mL 34.6 ng/mL [36]
DApt-CS conjugate DPV 1.67 ng/mL–666.67 ng/mL 0.45 ng/mL [37]

Poly-o-phenylenediamine DPV 10 ng/mL–1780 ng/ml 10 ng/mL [38]
AuNP-PEI SWV 9.96 ng/mL–72.8 ng/mL 6.29 ng/mL [39]

magnetic beads GMI 1 ng/mL–10 ng/mL 0.5 ng/mL [40]
AuNPs@rGO DPV 1 ng/mL–1400 ng/mL 0.67 ng/mL [41]

AuNPs/Ti3C2-MXenes EIS 1 ng/mL–70 ng/mL 0.2 ng/mL This work

The analysis of Myo was carried out under optimal conditions using the EIS test.
Figure 3C shows the EIS responses of aptasensor after being incubated with differently
concentrated Myo. It can be observed that the Ret value of the aptasensor is regressively
decreased upon increasing Myo concentration. In Figure 3D, a good linear relationship
(R2 = 0.999) was obtained between the Ret and the logarithm of the Myo concentration
(logCMyo) in a range of 1–72 ng/mL. The linear regression equation is Ret = 446 − 87.6logC
(ng/mL) with an LOD of 0.2 ng/mL (S/N = 3), which also lays well below the normal
value of Myo in blood. This AptMyo/AuNPs/Ti3C2-MXene-hosted sensor exhibits supe-
rior analytical performance compared with other bioassays for Myo, as listed in Table 1.
Remarkably, the low LOD of the designed aptasensor highlights the potential role of
AuNPs/Ti3C2-MXenes in biosensing territory.
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3.4. Specificity, Stability and Reproducibility of the Proposed Aptasensors

A diagnostic biosensor must possess high specificity for a target molecule against
other interfering materials. Therefore, the specificity of the AuNPs/Ti3C2-MXene-based
aptasensors for detecting their respective target were evaluated in the presence of 100-fold
high concentrated inspected materials, including C-reactive protein (CRP), Albumin (Alb)
and N-terminal pro-brain nitric peptide (NT-pro-BNP), as well as Myo or cTnI, and their
mixture with cTnI or Myo was also examined. Except the corresponding target, the response
of the coexistent biomolecules was almost zero, as illustrated in Figure 4A,D. These results
indicate the high specificity of both two electrochemical aptasensors, which is apparently
from the proper specific aptamer on the modified electrode.

Figure 4. The (A) selectivity (in the presence of 60 pg /mL CRP, Myo, Alb and NT-proBNP),
(B) stability and (C) reproducibility of the cTnI aptasensor for cTnI (600 fg/mL) detection, all detected
values are presented as blue bars. The (D) selectivity (in the presence of 50 ng/mL CRP, cTnI, Alb and
NT-proBNP), (E) stability and (F) reproducibility of the Myo aptasensor for Myo (5 ng/mL) detection,
all detected values are presented as red bars.

The storage stability of the developed aptasensors was examined by monitoring their
response toward cTnI or Myo once per day. The results show that they retained up to
86% to 87% of their initial responses after seven days of use, respectively (Figure 4B,E).
The aptasensors showed good reproducibility for 1.76% or 2.68% of RSD for five paral-
lel prepared sensors, respectively, as illustrated in Figure 4C,F. The appreciable stability
and reproducibility stem from the effective immobilization efficiency of aptamers on
AuNPs/Ti3C2-MXene-modified electrodes through interactions such as the covalent link-
age of Au–S and perhaps existing chelation between the Ti of AuNPs/Ti3C2-MXenes and
PO4

3− of the DNA aptamer.

3.5. Detection of cTnI or Myo in Human Serum Sample

To explore the practicability of developed aptasensors, they were used to detect cTnI
or Myo in real human serum samples, with the recovery test using a standard addition
method (Table 2). Plainly, the recovery of the cTnI aptasensor is in the range of 99.0–106%
(RSD in the range of 0.60–1.98%). The recovery for Myo ranges from 92.0% to 108% (RSD
in the range of 1.40–5.50%). The results demonstrate that the sensors were feasibly able to
determine cTnI or Myo in human serum. The accuracy of the designed aptasensors was
also verified by comparing the results with enzyme-linked immunosorbent assay (ELISA).
As listed in Table 2, the contents of cTnI and Myo in four human serum samples detected
using the proposed sensors were in good agreement with that of the ELISA.
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Table 2. Quantitative results of cTnI and Myo in human serum samples.

Sample
Found cTnI

(ng/mL)
Added cTnI

(ng/mL)
Total Detected cTnI

(ng/mL)
Recovery (%) ELISA (ng/mL) RSD (%)

1 0.0667 ± 0.0028 0.01 0.0773 ± 0.0015 106 0.07 1.98
2 0.110 ± 0.007 0.01 0.120 ± 0.001 100 0.09 0.61
3 0.0121 ± 0.0010 0.01 0.0220 ± 0.0020 99.0 <0.029 0.91
4 0.0243 ± 0.0021 0.01 0.0344 ± 0.0020 101 <0.029 0.60

Sample
Found Myo

(ng/mL)
Added Myo

(ng/mL)
Total Detected Myo

(ng/mL)
Recovery (%) ELISA (ng/mL) RSD (%)

1 15.5 ± 0.39 5.0 20.7 ± 1.13 104 15.7 5.50
2 24.9 ± 0.63 5.0 29.5 ± 0.75 92.0 25.0 2.54
3 69.6 ± 0.60 0.5 70.1 ± 0.98 100 70.1 1.40
4 14.1 ± 0.10 5.0 19.5 ± 1.06 108 14.1 5.43

4. Conclusions

The bifunctional and label-free electrochemical aptasensing strategy with AuNPs/Ti3C2-
MXenes as substrate has been investigated for the sensitive quantification of the dual
biomarkers of AMI disease, cTnI and Myo. The AuNPs/Ti3C2-MXene hybrid not only
serves as a matrix to anchor the aptamer, but also provides excellent electroactivity to
accelerate the electron transfer to promote the sensing ability of the aptasensors. Both using
[Fe(CN)6]4−/3− as redox probe, the cTnI aptasensor shows a high DPV response with a low
LOD of 0.14 fg/mL and a wide linear range; meanwhile, the Myo assay is successful from
the recovered EIS due to the detachment of the Myo aptamer, which acquired a low LOD
of 0.2 ng/mL. Of course, the specificity of the two sensors is also excellent because of the
high recognition of the target by the aptamer. Besides the high sensitivity and specificity,
what is more meaningful is that the designed aptasensors are label-free ones; thus, they
are simpler and quicker in response than that of the ELISA method, which was based on
the labeling technique. However, so far, we can only operate on two sensors separately,
due to the limitation of the function of the equipment. What we are reporting here is
only a phased work, and its purpose is to verify the feasibility of these dual biomarkers’
synchronous detection. As for its application in the real world, it still depends on further
development and research. This will not hinder the application of this technology, as long
as the equipment is upgraded. According to our study, an array composed of two sensors
can feasibly solve the problem of the synchronous detection of two biomarkers in a single
operation. Only needs an implemented macro instruction on the instrument to start each
sensor in a time-sharing with a jumper circuit which is used to realize the gating of the
sensors. Alternatively, the two sensors can be submerged totally with each other, because
they adopt a different driving principle and do not interfere with each other. This research
suggests that the proposed aptasensing strategy might be a promising platform for the
early and accurate screening and diagnosis of AMI in clinical applications.
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Abstract: In recent years, pollution incidents caused by red tide occur frequently, and the red tide
biotoxins brought by it make the food safety problem of seafood become a difficult problem to be
solved urgently, which has caused great damage to the mariculture industry. Red tide toxin is also
known as “shellfish toxin”. Saxitoxin (STX), is one of the strongest paralytic shellfish toxins and is
also one of the most toxic marine toxins, which is extremely harmful. Aiming at the problems existing
in the current research on the detection of red tide biotoxin in complex water bodies, this research
developed an aptamer sensor based on hybrid chain reaction and a CRISPR-Cas9 gene editing system
to detect the toxins of the clam and analyzed the feasibility of this method for the detection of the
toxins of the clam. The results showed that the linear range of this method is 5.0 fM to 50 pM, and
the detection limit is 1.2 fM. Meanwhile, the recovery rate of this sensor for the detection of toxins is
102.4–104.1% when applied in shellfish extract, which shows significant specificity and the reliability
of this detection method.

Keywords: hybrid chain reaction; CRISPR-Cas9; saxitoxin; fluorescent detection

1. Introduction

Since the 20th century, red tides have erupted frequently around the world. Biotoxins
produced by red tide organisms have not only seriously damaged marine fishery resources
and aquaculture, and worsened the marine environment, but also could be transmitted
to the upper layer through the food chain, directly affecting the food safety of marine
products [1]. The formation of red tide biotoxin is closely related to the red tide of toxic
algae in the sea and belongs to marine natural organic matter [2]. Therefore, the early
screening of marine products, water sources, etc., and the efficient and accurate detection
of various marine biotoxins have become the key link in the prevention of marine biotoxin
poisoning [3]. The eutrophication of water leads to the excessive reproduction of algae in
the water. Shellfish filter the toxic microalgae, and after bioaccumulation and amplification,
they are transformed into shellfish toxins. Therefore, red tide toxins, are also known as
“shellfish toxins” [4]. According to the symptoms caused by the toxins they produce, marine
biotoxins can be divided into the following categories: diarrheal shellfish poisoning (DSP),
paralytic shellfish poisoning (PSP), neurotoxic shellfish poisoning (NSP), and amnesic
shellfish poisoning (ASP), azaspiracid shellfish poisoning (AZP), ciguatera fish poisoning
(CFP) and other toxins [5]. Paralytic shellfish poisoning (PSP) is a kind of marine toxin
with the widest distribution, the highest frequency, and the greatest harm in the world that
is formed by the metabolism of marine poisonous flagellates. Its toxicology is mainly to
inhibit nerve conduction through the influence of the sodium channel [6]. When people
ingest food containing the paralytic shellfish toxin, the toxin will be released rapidly and
present toxic effects. The incubation period is only a few minutes or hours. Symptoms
include limb muscle paralysis, headaches, and nausea. In severe cases, muscle paralysis,
dyspnea, and even asphyxia lead to death [7].
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Saxitoxin (STX) is one of the most powerful paralytic shellfish poisonings and also one
of the most toxic marine toxins [8]. It can accumulate in bivalves and fiber fish through fiber
filtration, thus entering the food chain. When the toxin content exceeds the safety standard,
human consumption of such shellfish products often produces the risk of poisoning [9]. The
oral lethal dose for humans is 5.7 mg kg−1, therefore approximately 0.57 mg of saxitoxin
is lethal if ingested, and the lethal dose by injection is about 0.6 mg kg−1. The human
inhalation toxicity of aerosolized saxitoxin is estimated to be 5 mg min m−3. It is suggested
that saxitoxin can enter the body via open wounds, and a lethal dose is 50 mg per person
by this route [10].

At present, the conventional methods used for the detection of marine red tide tox-
ins mainly include biological and chemical methods [11]. Biological detection can detect
various algal toxins through the biological monitoring of mice. This method has obvious
disadvantages, for example, it can only measure the toxicity of the toxin, but cannot de-
termine its composition and content. Chemical detection is to know the type and toxicity
of toxins through the qualitative and quantitative analysis of the toxin components in the
samples [12]. Among them, enzyme-linked immunoassay is a widely used immunoassay,
which is widely used in the monitoring of red tide toxins, such as PSP, DSP, NSP, and
other biotoxins. However, due to the cross-reaction of antibodies, lack of standard toxins,
interference of analogs, and other factors, using these methods may occur false positive
results [13]. In recent years, instrumental analysis has been widely used because of its
sensitivity, accuracy, and rapidity, such as HPLC chromatography, is one of the most widely
used analysis methods of red tide biotoxin, with high accuracy, low detection limit, and
fewer samples used [14]. UV or fluorescence detectors are usually required for HPLC de-
tection. Due to the lack of UV chromogenic groups in many toxins and the lack of standard
samples of red tide biotoxins, the development of HPLC is greatly limited [15]. Liquid
chromatography–tandem mass spectrometry (LC-MS/MS) is a relatively new detection
technology that combines the advantages of chromatography and mass spectrometry. This
method first uses chromatography to separate compounds and then uses mass spectrometry
to detect them [16]. Compared with HPLC analysis, LC-MS/MS has no complex derivation
and sample purification process and can detect a wider range with a lower detection limit.
However, there are some challenges in this method, such as complex pre-treatments, and so
on. Capillary electrophoresis (CE) technology is actually a new type of detection technology
that combines electrophoresis and chromatography [17]. The above detection methods
have many shortcomings, and a new detection method needs to be developed urgently.

Biosensor is a new biological analysis and detection method that combines biotech-
nology and electronic technology [18]. In comparison to the commonly used chemical and
biological analysis methods, this method can accurately quantify, has low sample purity
requirements, saves sample pretreatment time, reduces detection cost, and effectively im-
proves the laboratory’s detection ability [19]. In addition, it also has good sensitivity and
specificity, is easy to operate, achieves miniaturization, and has other advantages. Therefore,
the application of biosensors to the detection of marine toxins has attracted more and more
attention [20,21]. In recent years, with the rapid development of biotechnology, material
science, and nanotechnology, and the emergence of technologies such as the systematic evo-
lution of ligands by exponential enrichment (SELEX), biosensors have made great progress
in both their theoretical basis and their design and processing [22]. By using this technology,
one can select a specific nucleic acid aptamer (aptamer) with a high affinity for the target
substance from the random single-stranded nucleic acid sequence library [23]. The nucleic
acid aptamer can bind with a variety of target substances with high specificity and selectiv-
ity after being screened and enriched by SELEX and can have the same sensitivity as an
antigen–antibody reaction, so it is widely used in the field of biosensors [24]. At the same
time, aptamers also have some very obvious advantages, as follows: (1) low cost, short
cycle, and easy access, (2) easy to modify, (3) it has good stability and good thermal and
chemical properties, (4) strong specificity compounds with very similar chemical structures
can be identified, (5) it has a small molecular weight, strong tissue penetration, and good
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biocompatibility, which are conducive to its fixation on the surface of the sensor [25,26].
Because of these advantages, more and more studies on aptamers have been carried out
in recent years, including in disease diagnosis, drug research and development, biochips,
and food detection [27,28]. Therefore, a nucleic acid aptamer biosensor has been rapidly
developed in recent years as a new method for detecting shellfish toxins [29,30].

The hybridization chain reaction (HCR) has attracted increasing attention because it
can occur under mild conditions without the use of enzymes. In a typical HCR, the initiator
triggers a cascade of hybridization events between two species of DNA hairpins, leading
to the formation of a nicked double helix with tens to hundreds of repeated units until
the hairpins are exhausted [31]. As a powerful signal amplification tool, HCR has been
used to construct a variety of simple, sensitive, and economical biosensors for detecting
nucleic acids, small molecules, cells, and proteins [32]. The characteristics of HCR, such as
no enzyme and constant temperature, enable the whole reaction process to be completed
through simple instruments, thus reducing the experimental cost [33]. In addition, HCR
has high sensitivity and specificity and specificity and has high compatibility with a variety
of detection technologies. These advantages make it play an increasingly important role in
the construction of biosensors [34,35].

Clustered regularly interspaced short palindromic repeats (CRISPR) regular clusters
of spaced short palindromic repeats and CRISPR associated (Cas) form a system, which is a
natural defense system used by bacteria to prevent bacteriophage DNA injection and plas-
mid transfer [36]. In 2012, the group of Doudna J A and Charpentier E demonstrated for the
first time that CRISPR-Cas9 can recognize and cleave target DNA in vitro [37]. The natural
CRISPR-Cas9 system is composed of three parts: SpCas9 (hereinafter referred to as Cas9),
crRNA, and CRISPR RNA (tracrRNA) [38]. The crRNA is homologous with the target
duplex DNA sequence and is partially complementary to the tracrRNA to form a complex
protein, guiding the Cas9 protein to recognize and cut the target duplex at specific sites.
The key to achieve this is the existence of a protospacer adjacent motif (PAM) sequence
on the DNA chain for the binding process to proceed smoothly [36,39,40]. To simplify the
process of gene editing, crRNA and tracrRNA are usually integrated into a single guide
RNA (sgRNA) to identify the target duplexes [39]. The PAM sequence is located upstream
of the DNA binding region and immediately adjacent to the binding region. The sequence
is composed of NGG3 bases, of which the type of the first base can be freely changed, but
the last two bases must be guanine. The modified CRISPR-Cas9 system has become an
important tool for researchers in gene editing [41,42]. The target sites for CRISPR-Cas9
system cutting are predetermined by sgRNA sequences to achieve more precise cutting,
and the cutting sequence is more flexible due to different sgRNA designs. The CRISPR-Cas9
system has been gradually developed as a new biosensor tool with its advantages of low
cost, convenient operation, high efficiency, strong specificity, and other advantages. Incor-
porating CRISPR-Cas systems with various nucleic acid amplification strategies enables the
generation of amplified detection signals, enrichment of low-abundance molecular targets,
and improvements in analytical specificity and sensitivity [43]. This detection system will
have great application prospects in disease diagnosis, environmental assessment, rapid
food quality assessment, environmental monitoring, and other fields [44].

Biosensors for detection based on nucleic acid isothermal amplification technology
and CRISPR-Cas system have been reported, such as strand displacement amplification
(SDA), rolling circle amplification (RCA), and loop-mediated isothermal amplification
(LAMP) [45–48]. However, a number of biosensors have been reported for the detection
of nucleic acid targets. The establishment of efficient methods for non-nucleic acid target
detection would further broaden the scope of this technique, but up to now, the concerning
research is limited. Based on the above research, this research will aim at the problems
existing in the current research on the detection of red tide biotoxins in complex water
bodies, and use the isothermal amplification technology and gene editing system to prepare
an aptamer sensor based on the hybridization chain reaction and CRISPR-Cas9 system to
detect the toxins in the clam, so as to realize the highly sensitive detection of micro or trace
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red tide toxins in complex biological systems and marine environments, which is a research
system of great research value.

2. Materials and Methods

2.1. Materials

All oligonucleotides were commercially synthesized by Sangon Biotech Co., Ltd.
(Shanghai, China). Other sequences were listed in Table 1. Magnetic beads (MBs) were
purchased from So-Fe Biomedicine (Shanghai, Beijing). Saxitoxin (STX), okadaic acid
(OA), yessotoxin (YTX), and pectenotoxin (PTX) standards were purchased from National
Research Council of Canada (Ottawa, Canada). Cas9 nuclease was purchased from New
England Biolabs (Beijing, China) Ltd. N-(3-Dimethylaminopropyl)-N′-ethylcarbodiimide
hydrochloride (EDC), and N-Hydroxysulfosuccinimide sodium salt (NHS) were purchased
from Shanghai Yuanye Bio-Technology Co., Ltd. (Shanghai, China).

Table 1. DNAs in this paper.

Name Sequence (5′-3′)
S1 5′NH2 C6-TTG AGG GTC GCA TCC CGT GGA AAC AGG TTC ATT G
S2 CAA TGA ACC TGT TTC CAC GGG ATG CGA CCC TCA A
H1 ATC CCG TGG AAA CAG GTT CAT TGA ACT CTC AAT GAA CCT GAT TCC A
H2 FAM- CAA TGA ACC TGT TTC CAC GGG A /iBHQ1dT/ TGG AAT CAG GTT CAT TGA GAG TT

sgRNA GCA AUG AAC CUG UUU CCA GUU UUA GAG CUA GAA AUA GCA AGU UAA AAU AAG
GCU AGU CCG UUA UCA ACU UGA AAA AGU GGC ACC GAG UCG GUG CUU UU

2.2. Instrumentation

F-4600 fluorescence spectrophotometer (Hitachi, Japan); PB-10 acidity (sartorius,
Beijing, China); KQ218 Ultrasonic cleaner (Kunshan, China); LX-200 Mini centrifuge
(Haimen Qer); VM-10 vortex oscillator (Beijing Plichi); WD-9413B gel imaging analyzer
(Beijing Liuyi Biotechnology Co., Ltd.); High-speed frozen centrifuge (Zhuhai dark horse);
PCR gene amplifier (Shandong Biologix Biotech Co., Ltd.); electrophoresis instrument,
electrophoresis tank (Beijing Liuyi Biotechnology Co., Ltd.); nanoparticle potentiometer
(Malvern, UK).

2.3. Preparation of MBs Aptasensor

Firstly, 2 μM S1 (aptamer sequence) and 2 μM S2 (aptamer complementary sequence)
were mixed in PBS annealing buffer (0.1 M, pH = 7.4), placed in a PCR gene amplifier, set
to 90 ◦C for 5 min and 65 ◦C for 10 min, then gradually cooled to room temperature and
stored at 4 ◦C in a refrigerator for storage.

Next, carboxy-modified magnetic beads were sonicated for 3–5 min, taken to 80 microliters
in centrifuge tubes, washed three times with 300 μL imidazole–HCl buffer solution (0.1 mM,
pH = 6.8), then added 100 μL NHS (0.2 M) and EDC (0.5 M), respectively, and incubated in a
37 ◦C incubator for shaking slowly for 40 min to activate the MBs.

Lastly, the activated MBs were washed with PBS (0.1 M, pH = 7.4), at 11,000 rpm for
5 min, repeated 3 times to remove NHS and EDC, added 200 μL of synthesized double-
stranded probes, incubated for 15 h with 37 ◦C oscillation, then removed the redundant
double-stranded probes by magnetic separation. The MB-aptamer probe was washed
3 times with 300 μL of PBS (0.01 M, pH = 7.4), resuspended in 200 μL, and stored at 4 ◦C in
a refrigerator for storage.

2.4. STX Detection

Firstly, 25 μL MBs solution and 25 μL of STX standard (4 nM) were taken in a centrifuge
tube, gently reversed and mixed, and incubated for 1 h at 37 ◦C. Then, the supernatant
solution containing S2 was separated from the MBs aptasensor by using magnetic sep-
aration, then a certain amount of S2 and the diluted H1 and H2 were annealed in PCR.
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The procedure was set to 95 ◦C for 5 min and gradually cooled to room temperature
for at least 1 h [47]. Then, the three components were mixed in a centrifuge tube with
a total volume of 20 μL, and the HCR reaction system was constructed for 1 h at room
temperature. A tube added a certain volume of Cas9 and sgRNA with a final ratio of 2:1,
1 × NEBufferTM 3.1, added DEPC water to the total volume of 20 μL. After incubation at
37 ◦C for 10 min, the HCR system products were added into it and then incubated for 1 h at
37 ◦C and 65 ◦C for 10 min to stop the reaction incubation. Lastly, the complex was diluted
to 200 μL and the fluorescence spectrum was measured by using an F-4700 fluorescence
spectrophotometer [48,49]. (Hitachi Co., Ltd., Tokyo, Japan).

3. Results

3.1. Scheme of the Developed MBs Aptasensor

As shown in Scheme 1, after the 5′ terminal amino modified aptamer chain (S1) and
complementary chain (S2) synthesized a double chain probe based on the principle of base
pairing, the MBs aptamer biosensor probe was constructed by reacting with the carboxyl
modified magnetic bead and fixed it on the surface of the MBs. When STX existed, the
aptamer S1 could be specifically recognized, and combined with it, the aptamer comple-
mentary chain S2 was released into the solution. The supernatant was taken out through
magnetic separation technology, then mixed with hairpin DNA1 (H1) and hairpin DNA2
(H2) (modified fluorescent agent and quenching agent). The aptamer complementary
chain S2 acted as a promoter to trigger the HCR reaction. Firstly, the H1 hairpin structure
was opened, thus promoting the self-assembly between H1 and H2, and formed a long,
discontinuous double-chain complex. After that, the Cas9-sgRNA complex was added.
Under the guidance of sgRNA, the discontinuous double chain complex was specifically
recognized, and the Cas9 protein played an active role to achieve accurate cutting, and
the quenching agent was separated from the fluorescent agent to achieve the effect of
fluorescence recovery. According to the mechanism of the proposed HCR, the sensitivity is
predominately determined by the HCR amplification efficiency. Therefore, the rate-limiting
step is the H1/H2 complementary reaction with S2, and the more thorough this reaction,
the higher the response signal.

Scheme 1. Schematic illustration of the aptasensor based on hybrid chain reaction and a CRISPR-Cas9
gene editing system.
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3.2. Characterization of MBs Aptasensor

In Figure 1A, the voltages of MBs and MBs + DNA were 22.4 mV and 25.1 mV,
respectively. The increase in charge was mainly due to the addition of a negatively charged
DNA probe to the surface of the MBs. The formed complex was loaded with the double-
stranded probe. The potential values of MBs + DNA were significantly lower than that of
MBs, demonstrating the successful synthesis.

Figure 1. (A) Zeta potential of MBs and MBs + DNA. (B) Agarose gel characterization of the HCR
products. (C) Fluorescence intensity after the introduction of CRISPR-Cas9.

3.3. Feasibility Analysis
3.3.1. Gel Electrophoresis Confirmation of the Assembly of dsDNAs by HCR

The dsDNAs formed by HCR were verified by 3% agarose gel electrophoresis with
TAE buffer as the running buffer at a constant voltage of 110 v. The agarose gels were
then counterstained and imaged with Redsafe. As shown in Figure 1B, from left to the
right, the lanes were S2, H1, H2, H1 + H2, S2 + H1 + H2, and marker. The mixed band
in lane 5 and the only band in the other lanes indicated the successful assembly of the
interrupted dsDNA after the HCR reaction. Notably, the bands H1 and H2 could be clearly
seen in lane 4, indicating that only the mixture of H1 and H2 would not self-hybridize
without promoters.

3.3.2. The Construction of the HCR and CRISPR-Cas9 System

As mentioned above, after the successful characterization of the HCR system, the
influence of fluorescence recovery after the addition of the Cas9-sgRNA complex was
studied. When the STX did not exist, the aptamer (S1) on the sensor did not specifically
bind to it, so the promoter (S2) could not be released into the supernatant. Because there
was no promoter (S2), the HCR reaction system cannot be triggered, and the fluorescence
intensity was low, as shown in Figure 1C (a). When the STX existed, the aptamer was
quickly recognized and specifically combined with it, and the promoter (S2) was released
into the supernatant and triggered the HCR reaction system, with a slight increase in
fluorescence intensity, as shown in Figure 1C (b). The continued addition of the preprepared
Cas9-sgRNA complex to the system is shown in Figure 1C (c). The fluorescence intensity
increased significantly, indicating that under the guidance of the sgRNA, the activity of the
Cas9 nuclease was triggered to achieve accurately cutting the dsDNAs, which had been
formed after the HCR reaction. Thus, the effect of fluorescence recovery was achieved.

3.4. Optimization of Reaction Conditions

Several conditions, such as the concentration ratio of Cas9 and sgRNA, the incubation
temperature, and the incubation time of the Cas9:sgRNA complex, were further optimized
to improve the detection sensitivity.
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Firstly, the influence of the ratios of Cas9:sgRNA from 1:4 to 4:1 on the formation
of the Cas9-sgRNA complex was investigated. Studies have shown that the higher or
lower proportion of the Cas9:sgRNA complex cannot achieve efficient assembly, which
affected the catalytic cleavage process of double chains and thus affected the magnitude
of fluorescence intensity. As shown in Figure 2A, the fluorescence intensity reaches its
maximum value at 2:1. Therefore, the ratio of 2:1 was selected as the optimal condition for
Cas9:sgRNA.

Figure 2. (A) Optimization of the concentration ratio of Cas9:sgRNA. The fluorescence intensity
reaches a maximum at a ratio of 2:1. (B) Optimization of the incubation time for the formation
of Cas9-sgRNA. The fluorescence intensity reaches a maximum at 10 min. (C) Optimization of
the incubation temperature for the formation of Cas9-sgRNA. The fluorescence intensity reaches a
maximum at 37 ◦C.

Next, the influence of the incubation time for the formation of the Cas9-sgRNA
complex was investigated. The incubation of the Cas9-sgRNA complex at different times
(0 min, 5 min, 10 min, 15 min, and 20 min) yielded different fluorescence intensities as
shown in Figure 2B. Without a prior incubation of both Cas9 and sgRNA for a certain
time, the Cas9-sgRNA complex did not achieve effective assembly, with a poor shear
effect and low fluorescence intensities. Continuing to increase the incubation time, the
fluorescence intensity increased significantly, reaching a maximum at 10 min, indicating
that both achieved efficient assembly after 10 min of incubation and the complex formed
was sufficiently stable for precise cutting. The decrease in the fluorescence intensity with
increasing time is due to the decreased specificity of the formed complex for recognizing
the duplex. Therefore, 10 min was chosen as the optimal incubation time.

Finally, the influence of the incubation temperature on the formation of the Cas9-
sgRNA complex was investigated. At low temperatures, the Cas9 protein fails to exert
full activity, and even loses activity, resulting in low fluorescence intensities. With the
increase in temperature, the fluorescence intensities increased gradually and reached the
peak at 37 ◦C, as shown in Figure 2C. Continuing to raise the temperature, the fluorescence
intensity was significantly reduced, and it was considered that the high temperature will
change the spatial structure of the Cas9 protein, thus affecting the activity. Therefore, 37 ◦C
was chosen as the optimal incubation temperature.

3.5. Analysis of STX Using the Developed Aptasensor

Under optimal conditions, the sensitivity of the method for STX detection at different
concentrations was evaluated. With the increasing of STX concentration, the fluorescence
intensity increased, and this aptasensor demonstrated great linear responses to STX in
the range of 5.0 fM to 50 pM, with the correlation coefficient (R2 = 0.995), and the limit
of detection (LOD) of 1.2 fM (Figure 3). In addition, as shown in Table 2, the LOD of
the developed aptasensor in this study was lower than that of most reported detection
methods for STX, and the linear detection range was relatively wider than that of the
reported methods [50–53].
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Figure 3. (A) Fluorescence intensity over a range of STX concentrations (5 fM, 50 fM, 500 fM, 5 pM,
50 pM). (B) The linear relationship between the intensity of fluorescence and the logarithm of STX
concentration. (C) Fluorescence intensity of the aptasensor in the presence of different marine toxins,
the concentration of STX is 50 pM, and others (OA, YTX, PTX) are 500 pM.

Table 2. Comparison of different aptasensor performances for STX detection.

Method LOD Linear Range References

Colorimetric aptasensor 42.46 pM 78.13–2500 pM [50]
SERS aptasensor 11.7 nM 10–200 nM [51]

Label-free colorimetric aptasensor 0.1423 nM 0.1457–37.30 nM [52]
Electrochemical aptasensor 0.03 nM 1.0–200 nM [53]

Fluorescent aptasensor 1.2 fM 5 fM–50 pM This work

3.6. Selectivity and Stability of the Aptasensor

In addition, in order to evaluate the selectivity of the aptasensor, other marine toxins,
including OA, YTX, and PTX were applied to the aptasensor to obtain the fluorescence
spectrum. As shown in Figure 3C, the fluorescence intensity of STX was significantly higher
than other marine toxins, indicating that the developed aptasensor had high specificity
and good selectivity. It should be noted that its specificity comes from (1) the recognition
function of the Cas9-sgRNA complex, and (2) the S2 being separated from the aptamer to
successfully initiate the HCR reaction.

To further assess the utility, accuracy, and repeatability of this aptasensor, three dif-
ferent concentrations of STX standard samples were added to the mussel tissue extraction
to analyze the developed aptasensor. As shown in Table 3, good mussel tissue extraction
recovery (102.4–104.1%) and low relative standard deviation (RSD) demonstrated the sen-
sor’s accuracy and reproducibility for actual STX samples. These results indicate that the
proposed biosensor could be successfully applied to real sample tests.

Table 3. The detection of recovery rate of three different concentrations of STX in mussel tissue.

Samples Spiked (pM) Fluorescence Intensity Rate of Recovery (%, Mean) RSD (%)

Blank 0 54.6 ± 5.3 — —
1 0.5 164.4 ± 4.1 104.1% 2.5%
2 5 201.5 ± 8.7 102.4% 4.3%
3 50 242.9 ± 3.3 103.2% 1.4%

4. Conclusions

In this study, signal amplification is achieved by introducing HCR and a CRISPR-Cas9
gene editing system for the detection of STX. Different from the previous reports that
directly cut a piece of double-stranded DNA using the characteristics of the CRISPR-Cas9
system, this study developed an efficient, specific, low detection limit and high selectivity
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detection method by precisely cutting the long discontinuous DNA after HCR construction.
With these strategies, the LOD is as low as 1.2 fM, which is lower than most reported STX
detection methods. The high recovery of STX detection in mussel tissue extract indicates
that the sensor can be used for actual sample detection. Therefore, this sensor has brought
innovative applications to marine biotoxin detection in various fields, such as water and
food quality control.
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Abstract: Metal-organic frameworks (MOFs) are famous for their large surface area, which is respon-
sible for the dispersed active sites and decent behaviors in gas adsorption, storage, and catalytic
reactions. However, it remains a great challenge to acquire a cost-effective and accurate evalua-
tion on the surface area for the MOFs. In this work, we have proposed cataluminescence (CTL)
to evaluate the specific surface area for the MOFs, based on the adsorption–desorption and the
catalytic reaction of ethanol. Aluminum-based MOFs with large-pore (lp), narrow-pore (np), and
medium-pore (mp-130, mp-140, and mp-150 synthesized under 130, 140, and 150 ◦C) have been
prepared. Distinguished CTL signals were acquired from ethanol in the presence of these MOFs:
lp > mp-150 > mp-130 > mp-140 > np. Note that the CTL intensities were positively correlated with
the specific surface areas of these MOFs acquired by the Brunauer–Emmett–Teller (BET) method.
The distinct specific surface area of MOFs determined the capacity to accommodate and activate
ethanol, leading to the varied CTL intensity signals. Therefore, the proposed CTL could be utilized
for the rapid and accurate evaluation of the specific surface area for MOFs. It is believed that this
CTL strategy showed great possibilities in the structural evaluation for various porous materials.

Keywords: cataluminescence; MOFs; structural evaluation; specific area

1. Introduction

Metal-organic frameworks (MOFs) are a class of crystalline coordination materials
that are composed of organic connectors and inorganic nodes [1,2]. MOFs have been
regarded as excellent candidates for gas adsorption, storage, and the corresponding catalytic
reactions [3,4]. The diverse functionalities of MOFs are highly dependent on their high
porosity and large surface area [5,6]. The variations in the pore structures of MOFs, such as
the known “breathing” behaviors, with the changed textural properties also manifesting as
the specific surface area [7–9]. It is noteworthy that the large surface area of MOFs favored
good dispersion of active centers, facilitating the adsorption, enrichment, and reaction
of analytes [10,11]. The value of the surface area has been regarded as the key factor to
determine the capacity of MOFs to accommodate and concentrate guest molecules for gas
adsorption and the subsequent reaction [12–15]. Moreover, the large surface area of MOFs
is beneficial for the synthesis reaction and functional modification, offering an infinite
platform to prepare MOF-based composites for different applications [11,16,17]. Therefore,
it is a topic of interest and significance to estimate the surface area of MOFs, in order to
analyze the adsorption, storage, and catalytic performances for MOFs.

The Brunauer–Emmett–Teller (BET) method is known as the most commonly applied
technique to evaluate the specific surface area and pore volume for a material [18–20].
The BET measurements are generally implemented through the isothermal adsorption
of nitrogen at 77 K, and the adsorption capacity of the material can be evaluated by the
adsorption–desorption curves [21–24]. However, N2 diffuses slowly in the samples at
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the low temperature ranges, around 77 K, and thus a long equilibration time is required
to achieve fully equilibrated nitrogen isotherms for data acquisition [21]. The complex
experimental equipment and time-consuming process have hampered the applications of
BET to evaluate the textural structure of the MOFs. Moreover, it usually requires large
quantities of samples to achieve accurate statistical results, and insufficient samples could
result in largely derived results [25]. These requirements mean that BET failed to provide
high-throughput analyses to meet the needs of the rapid development for MOFs in recent
years. Therefore, it is critical to establish an accurate and cost-effective strategy to evaluate
the surface area and adsorption capacity of MOF materials.

Cataluminescence (CTL) is derived from the luminescence emissions of the species
generated during a chemical reaction [26–28]. It requires a featured catalyst with a large
specific surface area and abundant active sites during a chemical reaction, and the CTL
emissions are dependent on the adsorption and catalytic behaviors of the catalyst [29–32].
Herein, we have employed CTL emissions to evaluate the surface area of MOFs, taking
the catalytic oxidation of ethanol as a model system. The aluminum-based MOFs with the
large-pore (lp), narrow-pore (np), and medium-pore phases synthesized under different
temperatures (short as mp-130, mp-140, and mp-150) were prepared. The CTL intensities
in the presence of these different MOF catalysts showed distinct, repeatable, and highly
sensitive signals, according to a tendency as follows: lp > mp-150 > mp-130 > mp-140 > np.
It should be noted that the CTL intensities of ethanol are highly correlated with the specific
surface areas acquired by the BET measurements for the MOFs (Scheme 1). A positive
relationship between the CTL intensity (I) and specific surface area from BET measurements
(SA) could be drawn as follows: I = −4.94 × 104 exp (4.39 × 10−3 SA) + 6.88 × 104. Such a
correlation could be ascribed to the distinct specific surface area of MOFs that is responsible
for the adsorption, desorption, and catalytic oxidation towards ethanol during the CTL
measurements. Therefore, we have proposed CTL as a fast, sensitive, and cost-effective
approach to screen the specific surface area of MOF materials in the absence of sophisticated
data analysis or a time-consuming process. Based on the distinct adsorption and catalytic
performances of a material with varied structures, it is anticipated that the CTL could be
further used to evaluate the structural variations of other materials.

 

Scheme 1. Schematic representation of cataluminescence to evaluate the specific surface area for
the MOFs.

2. Materials and Methods

2.1. Chemicals and Materials

All the reagents used in this work were of analytical grade and used without fur-
ther purification. Al(NO3)3·9H2O was provided by Beijing Chemical Works. AlCl3·6H2O
was purchased from Xilong Science Co., Ltd. N, N-dimethylformamide (DMF) was pur-

51



Chemosensors 2023, 11, 292

chased from Tianjin Fuyu Fine Chemical Co., Ltd. (Tianjin, China). 2, 2′-Bipyridine-
5, 5′-dicarboxylic acid (H2bpydc) was supplied by Shanghai Titan Scientific Co., Ltd.
(Shanghai, China). Acetic acid glacial was purchased from Tianjin Damao Chemical
Reagent Factory (Tianjin, China). NaOH was provided by Fuchen (Tianjin) Chemical
Reagent Co., Ltd. (Tianjin, China).

2.2. Synthesis of the Narrow-Pore (np) Form of Al-Based MOF

The Al2(OH)2(bpydc)·(H2O)0.5 (short as np) was synthesized by an environmentally
friendly hydrothermal method, and the unit cell parameters of np phase are a = 5.36 Å,
b = 4.58 Å, c = 26.76 Å, α = 90◦, β = 93.3◦, and γ = 90◦ [7]. Specifically, Al(NO3)3·9H2O
(0.1 mmol, 0.375 g) and H2bpydc (0.25 mmol, 0.061 g) were dissolved in H2O (12.5 mL)
containing 2.5 mmol of NaOH. The pH of the mixture was ~3.5. The mixture was placed
in a 23 mL Teflon-lined stainless autoclave and heated at 120 ◦C for 24 h. After cooling to
room temperature, the synthesized np was collected by centrifugation and dried at 60 ◦C.

2.3. Synthesis of the Large-Pore (lp) Form of Al-Based MOF

The macroporous Al(OH)(bpydc) (labelled as lp) was prepared through a hydrother-
mal method, and the unit cell parameters of the lp phase are determined as a = 23.59 Å,
b = 6.91 Å, and c = 19.84 Å [33]. Briefly, the mixture of AlCl3·6H2O (0.151 g, 0.625 mmol),
H2bpydc (0.153 g, 0.625 mmol), DMF (10 mL), and glacial acetic acid (859 μL, 15.0 mmol)
was placed in 23 mL of Teflon-lined stainless autoclave. The pH of the mixture was ~2.7.
This mixture was heated at 120 ◦C for 24 h, followed by the centrifugation and drying
procedure to acquire the MOFs with the lp phase. Note that the lp phase is the macroporous
form of np, and the lp phase can be converted to np phase after hydrothermal treatment in
water gradually [7].

2.4. Synthesis of the Medium-Pore (mp) Phase of Al-Based MOF

The medium-pore (mp) phases were synthesized by hydrothermal treatment of the
lp phase under different temperatures. In total, 0.15 g of the lp phase was dispersed into
15 mL of water and transferred into a Teflon-lined stainless autoclave. The hydrothermal
treatment was carried out at 150 ◦C, 140 ◦C, and 130 ◦C for 12 h, respectively. The as-
prepared mp phases were cooled to room temperature, centrifuged, and dried to acquire
mp-150, mp-140, and mp-130, respectively.

2.5. Apparatus and Characterization

The morphologies of the MOFs were investigated using a JEOL (JEOL, Akishima,
Japan) S-4700 scanning electron microscope (SEM). The crystalline structures of the MOFs
were characterized by X-ray diffraction (XRD) on Bruker (Karlsruhe, Germany) D8 AD-
VANCE equipped with graphite-monochromatized Cu Kα radiation (λ = 1.5406 Å).

2.6. Fourier Transform Infrared (FT-IR) Measurements

The FT-IR spectra for the samples before and after reactions were implemented on a
Nicolet 6700 FTIR spectrometer (Thermo, Waltham, MA, USA) with KBr particles, and the
spectra were collected in the range of 2200–400 cm−1. In-situ Fourier transform infrared
(FT-IR) spectra were acquired through a Nicolet 380 system (Thermo, Waltham, MA, USA)
containing a controlled environment chamber with a CaF2 window. The in-situ cell was
loaded with the sample and placed in the diffuse reflectance device. The temperature was
first programmed to 150 ◦C and maintained for 30 min under air purging. After cooling
down, a background in the range of 30–150 ◦C was collected. Afterwards, ethanol was
fed to the sample to reach an adsorption equilibrium, and the samples were purged until
no changes in the infrared spectra. The IR signals were scanned through a programmed
heating procedure from room temperature to 150 ◦C at a heating rate of 10 ◦C/min. The
spectra were collected in the range of 4000–650 cm−1, with a resolution of 8 cm−1 and an
integration order of 64.
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2.7. Gas Chromatography–Mass Spectrometry (GC–MS) Measurements

The oxidation products of ethanol by the MOF catalysts were investigated by gas
chromatography–mass spectrometry (GC–MS). It was performed on a Thermo Trace 1300-
ISQ GC-MS system (Thermo, Waltham, MA, USA) equipped with a TR-5MS column
(length of 30 m, inner diameter of 0.25 mm, and the film thickness of 0.25 μm). The tail
gas produced during the CTL reaction was collected through 10 mL of acetonitrile (liquid
chromatography gradient) for about 4 h.

2.8. Brunauer–Emmett–Teller (BET) Measurements

Desorption isotherms were measured at 77 K by the Brunauer–Emmett–Teller (BET)
method using an Autosorb-IQ-MP nitrogen adsorption device (Quantachrome, Boynton
Beach, FL, USA).

2.9. Thermogravimetric Analysis (TGA) Measurements

Thermogravimetric analysis (TGA) of the samples was performed on a simultaneous
thermal analyzer 6000 (PerkinElmer) at a heating rate of 10 ◦C/min in nitrogen from 30 ◦C
to 800 ◦C. The data were analyzed in the range of 45–450 ◦C in the supporting information.

2.10. Cataluminescence (CTL) Measurements

The CTL signals were detected by a biophysical chemiluminescence (BPCL) lumines-
cence analyzer (Institute of Biophysics, Chinese Academy of Sciences, Beijing, China), and
the volatile organic gases were transported by air pump (Beijing Zhongxing Huili Co., Ltd.,
Beijing, China). First, 0.01 g of MOF catalyst was dispersed into 200 μL of deionized water.
After ultrasonic treatment for 5 min, a uniform suspension was acquired. The suspension
was evenly spread onto the surface of the ceramic rod, followed by natural air-drying.
Afterwards, 50 μL of absolute ethanol was injected into the vaporization chamber, and
the reactant was brought into the reaction chamber by an air pump. The flow rates of the
carrier gas were set in the range of 160–400 mL·min−1, and the heating voltages of the
ceramic rod varied from 100 to 125 V. Finally, the CTL signals were output to the computer
for data analysis, with the voltage of the BPCL analyzer set at −1000 V and an integration
time of 1 s.

3. Results and Discussion

3.1. Structural and Morphological Characterization of Porous MOFs

Al-based MOFs with the different pore sizes were prepared through the hydrothermal
method, involving large-pore (lp), narrow-pore (np), and the medium-pore (mp) phases
synthesized under different temperatures. The crystallinity and structural integrity of
these MOFs were characterized by XRD. The characteristic peak of the typical (002) plane
in the np phase could be observed at 7.2◦ (Figure 1, black line), and this peak could be
utilized to evaluate the unit cell dimensions for MOFs [7,34]. For the lp phase, the typical
peak of the (002) plane shifted to 6.3◦ (Figure 1, purple line), suggesting varied cell sizes
for the lp phase. Both the lp and np phases showed phase purity as observed from XRD
patterns. The mp phases could be acquired by dispersing the lp phase in water, followed by
thermal treatment at 150 ◦C, 140 ◦C, and 130 ◦C (labelled as mp-130, mp-140, and mp-150),
respectively. It should be noted that two peaks appeared before 10◦ in the XRD patterns of
these mp phases, located at ~6.4/7.4◦, ~6.4/7.5◦, and ~6.4/7.5◦ for mp-130, mp-140, and mp-
150 (Table S1), respectively. These peaks suggested the gradual transformation between the
np and lp phases, and that different phases coexisted in the mp samples. The morphological
features of these MOF catalysts were observed by SEM images (Figure S1). The MOFs in
the lp phase showed a conical shape with a smooth surface. Cracks appeared for the mp
phases under the heating treatment, and the increased treating temperatures resulted in a
severe crack from the mp-130 to the mp-150. The np phase showed a cracked morphology.
Furthermore, TGA measurements were performed for these MOFs (Figure S2). It could
be observed that all the MOFs with different phases did not show significant weight loss
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until the loss of the organic ligands at the temperatures of 373–386 ◦C (Table S2). The lp
phase exhibited slight weight loss below 160 ◦C, attributing to the loss of water in the pore
channels. These results were in accordance with the previous reports [7], suggesting the
good thermal stability and potential applications of the MOFs in the CTL measurements.

Figure 1. XRD patterns of MOF materials with np, mp-140, mp-130, mp-150, and lp phases.

3.2. Cataluminescence of Ethanol Catalyzed by MOFs

The synthesized MOFs were coated on the ceramic heating rod, and ethanol (50 μL)
was injected into the flow path system to be catalyzed to emit luminescence. The catalumi-
nescence (CTL) signals for the MOFs with the different phases were monitored continuously.
Firstly, we have optimized the reaction temperatures and rates of carrier gas flow for the
CTL system, taking lp phase as an example. It could be observed that the CTL intensities
increased with the heating voltages, and the highest signal-to-noise (S/N) ratio can be
acquired at 115 V (Figure S3a). Similarly, the flow rate was chosen at 240 mL·min−1 with
the strongest CTL intensity and stable S/N values (Figure S3b). MOFs with the different
phases were used for the CTL measurements. Good repeatability and reproducibility
could be acquired from the parallel CTL experiments (Figure 2). These signals are stable
and repeatable. Taking the np phase as an example, the average value and the standard
deviation of the measurements were 23,715 and 259.72, respectively. It should be noted
that the CTL signals of ethanol changed significantly upon the catalytic reaction by the
MOFs with the different phases. Specifically, the CTL signal of ethanol catalyzed by the lp
phase reached ~67,560, while the intensity for the np phase was only ~23,715. The MOFs in
the mp forms showed the dependent CTL intensities on the varied treatment temperatures.
Accordingly, the CTL intensity variations of these MOFs followed the sequence as follows:
lp > mp-150 > mp-130 > mp-140 > np. These differences in the CTL measurements could be
ascribed to the distinct adsorption–desorption and oxidative reaction behaviors of ethanol
on the MOFs with differed structural features. Moreover, IR measurements for MOFs before
and after CTL measurements were implemented (Figure S4). It could be observed that the
absorption peaks at 1690 and 1310 cm−1 were attributed to the vibration of carboxylic acid
C=O and C−O bonds. The aromatic C=C bond appeared at 1430 cm−1, and the absorption
peaks at 1400, 1480, and 1590 cm−1 can be attributed to stretching of −CO2. After the CTL
experiments, no obvious changes could be observed from the IR spectra, illustrating the
stability and reusability of these MOFs as catalysts.
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Figure 2. Comparison of CTL intensities by ethanol catalyzed by the MOFs with the different phases
(air flow rate of 240 mL·min−1, working voltage of 115 V, and integration time of 1 s).

In order to explore the CTL mechanism of ethanol in the presence of MOFs, we have
recorded the CTL spectra of the reaction system under a series of wavelength filters. It is
evident that the maximum CTL intensities could be observed around 550 nm and 620 nm for
ethanol on the surfaces of lp, mp, and np phases (Figure 3a,b and Figure S5). These emissions
could be ascribed to the characteristic emission peak of CH3CHO*, according to literature
reports [30,35]. We have further studied the intermediates produced during the oxidative
reaction of ethanol by in-situ FT-IR spectroscopy. Taking the np phase as an example, the
absorbance bands ascribed to the −OH (at ~3300 cm−1) and the corresponding C−H tensile
vibration (at ~3000 cm−1) decayed gradually with the increased reaction temperatures
from 30 ◦C to 150 ◦C (Figure 3c). This decrease indicated the gradual consumption of
ethanol during the reaction. The peaks around 1735 cm−1 corresponded to the C=O peak
in the transition state of CH3CHO. These peaks showed a trend increase and subsequent
decrease during the reaction, suggesting that the CH3CHO acted as an intermediate. These
phenomena could also be validated by the GC–MS spectra with the peaks at 1.62/1.52 min
for CH3CHO (Figure S6). Moreover, the absorption bands at 1586 and 1513 cm−1 indicated
the formation of CH3COOH (Figure 3d), as an oxidized product of CH3CHO. Finally, these
intermediates were reacted to form gaseous CO2, manifested as the increased peak at
2356 cm−1 (Figure 3c,d). These results demonstrated an oxidative reaction mechanism of
ethanol catalyzed by MOFs (Scheme S1). Briefly, the adsorbed ethanol was firstly catalyzed
to generate the intermediate CH3CHO*. The intermediate CH3CHO* was transformed to
CH3CHO, followed by the conversion to the CH3COOH, and finally CO2. Therefore, the
reaction of ethanol in the presence of different MOFs could be revealed by the CTL signals.

3.3. Cataluminesence of Ethanol Catalyzed by MOFs

We have performed the BET measurements on the MOFs with the different phases. The
np and lp phases showed the characteristics of type I adsorption isotherms of microporous
substances (Figure 4a), and the pore structures were relatively regular. The N2 adsorption
curves of mp-150, mp-140, and mp-130 phases according to the type IV adsorption isotherms
of microporous substances, manifested as the irregular pore structures [21,24]. The N2 ad-
sorption curve of the mp phase belonged to the H4 type hysteresis loop, and the adsorption
branch was composed of the I-type microporous and II-type mesoporous isotherms [36,37].
This phenomenon could be ascribed to the fact that the framework transition of MOFs
was a gradual process instead of an abrupt change, and multiple phases coexisted in the
mp phases.
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Figure 3. CTL intensities of ethanol in the presence of (a) lp and (b) np phases. In−situ FT−IR spectra
in the range of (c) 4000−850 cm−1 and (d) 2500−1400 cm−1 for ethanol under increased reaction
temperatures during the oxidative reaction of ethanol in the presence of MOFs with np phase.

Figure 4. (a) N2 adsorption and desorption curves, (b) variations of CTL intensities and specific
surface area of different MOFs, and (c) correlation between the CTL intensities and specific surface
area of different MOFs.

The adsorption behaviors of these MOFs were further analyzed by the calculations of
pore size and specific surface area. The pore sizes of MOFs with the different phases have
been estimated (Figure S7). It could be observed that the lp phase showed the largest pore
sizes of 20.59 Å, corresponding to the highest CTL intensity of ethanol. The mp-150 showed
a prominent pore size of 19.16 Å, corresponding to a relatively strong CTL intensity of
ethanol. Moreover, although the mp-130, mp-140, and np phases shared similar pore sizes,
the CTL signal varied. These results suggested that the pore sizes of MOFs were not the
determinant factor for the CTL signals of ethanol. The specific surface areas of MOFs have
been further investigated. The values of specific surface area for these MOFs increased
from 2.66 m2/g for the np phase to 1024.88 m2/g for the lp phase, in accordance with
previous reports [7,38]. The values of the specific surface area of these MOFs accorded to a
tendency of np < mp-140 < mp-130 < mp-140 < lp (Table S3). It is noteworthy that the specific
surface areas of the MOFs were positively correlated with the CTL intensities of ethanol
(Figure 4b). The larger the specific surface area of the MOFs, the higher the CTL signal
intensities that could be acquired for the oxidation of ethanol. For a better illustration, a
quantitative relationship between the surface area and the activity of MOFs was generally
needed [39]. The CTL intensity (I) is positively correlated with the specific surface area
from BET measurements (SA): I = −4.94 × 104 exp (4.39 × 10−3 SA) + 6.88 × 104 (Figure 4c).
Such a correlation could be ascribed to the distinct adsorption–desorption behaviors of the
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MOFs towards ethanol. The different specific surface areas of the MOFs determined the
quantities of adsorbed ethanol and thus the varied CTL intensity signals. These results
demonstrated the ability of CTL measurement as an indicator to evaluate and discriminate
the specific surface area of the MOFs in a cost-effective approach.

The versatility of the proposed strategy on screening the specific surface area of MOFs
has been further validated by the other gas molecules, such as methanol and isopropanol.
It can be observed that the CTL signals of methanol and isopropanol increased from the np,
mp-150, to lp phases, in accordance with the signals of ethanol discussed above (Figure S8).
These results demonstrated the accuracy of the proposed CTL method to evaluate the
specific surface area of MOFs. Interestingly, the CTL intensity varied with the molecular
structures of alcohols in the presence of a same MOF material (Figure S9). Methanol, with
the smallest molecular size, showed the highest CTL intensity on these MOFs. With the
increase in molecular size from methanol to isopropanol, the CTL intensities decayed
accordingly. Therefore, it could be concluded that the highest CTL signal could be acquired
for the smallest methanol molecules in the presence of MOFs with the largest pore structures.
These results suggested the varied accommodation effect of guest molecules in the host
MOFs, leading to the distinguished adsorption–desorption behaviors in the MOFs with
different phases. It is anticipated that the proposed strategy could also be utilized to screen
the molecules with the different sizes by MOFs.

4. Conclusions

In summary, we have proposed the CTL strategy to screen and evaluate the surface
area of MOFs in an efficient and accurate approach. The CTL intensities from the reaction
of ethanol varied consistently with the surface area and the adsorption capacity for the
MOFs with different phases. The larger the specific surface area for MOFs, the higher the
CTL intensities of ethanol that could be acquired after a catalytic oxidation. This work has
successfully established an efficient platform to evaluate the structures of MOFs through the
luminescence signals from a catalytic chemical reaction. It is anticipated that our approach
could be utilized for the rapid screening on the structural and adsorption characteristics for
the porous materials.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/chemosensors11050292/s1. Figure S1: SEM images of (a) np,
(b) mp-140, (c) mp-130, (d) mp-150, and (e) lp phases of MOFs. Figure S2: TGA analysis for different
MOF materials. Figure S3: Comparisons of the cataluminescence (CTL) intensities and the signal-to-
noise (S/N) values of ethanol in the presence of the lp phase at (a) different temperatures (air flow
rate of 240 mL·min−1 and integration time of 1 s) and (b) different flow rates (working voltage of
115 V and integration time of 1 s). Figure S4: FT-IR spectra for different MOF materials before and
after CTL measurements. Figure S5: CTL spectrum for the oxidation of ethanol in the presence of
the mp-150 phase. Figure S6: Gas chromatography–mass spectrometry (GC–MS) measurements for
the reaction of ethanol by the (a) np, (b) mp-150, and (c) lp phases. Figure S7: Pore size distribution
analysis for lp, mp-150, mp-130, mp-140, and np phases. Figure S8: CTL intensities for (a) methanol,
(b) ethanol, and (c) isopropanol in the presence of MOFs with the different phases (the integration
time of 0.1 s). Figure S9: CTL intensity variations for methanol, ethanol, and isopropanol in the
presence of MOFs with the different phases (the integration time of 0.1 s). Scheme S1: Reaction
mechanism and corresponding measurements for the CTL emissions from oxidation of ethanol in
the presence of MOFs. Table S1: Peak position analysis for the MOFs with different phases from
XRD patterns. Table S2: Weight loss analysis for different MOF materials from TGA measurements.
Table S3: CTL intensities and specific surface areas acquired by the Brunauer–Emmett–Teller (BET)
measurements for different MOF materials.
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Abstract: Chloride and bromide are two of the most abundant anions found in seawater, and
knowledge of their concentrations is essential for environmental monitoring. However, the analysis
of chloride and bromide in seawater is challenging due to the complex nature of the seawater matrix.
From an electrochemical perspective, we investigate the suitability of three types of electrode (Au,
glassy carbon and Pt) for the analysis of Cl− and/or Br− in seawater. With the understanding of
their electrochemical behaviours in artificial seawater (ASW), optimal voltammetric procedures for
their detection are developed. The results show that the Au electrode is unsuitable for use as a Cl−

and/or Br− sensor due to its dissolution and passivation in ASW. The use of glassy carbon resulted
in poorly defined chloride and bromide signals. Finally, platinum was found to be a good candidate
for chloride detection in artificial seawater using square wave voltammetry, and the results obtained
in natural seawater via electrochemical measurement were in good agreement with those obtained
via ion chromatography. Platinum electrodes are also recommended for bromide analysis.

Keywords: electrochemical analysis; electrochemical sensor; platinum electrode; glassy carbon
electrode; gold electrode; chloride quantification; bromide quantification; amperometry; seawater

1. Introduction

Water scarcity is a worldwide concern, while climate change exacerbates the water
shortage problem [1]. As seawater consists of 96.5% of all known water on the earth
and covers 71% of Earth’s surface [2], desalinated seawater is a promising solution to the
freshwater shortage, and has been implemented in the Near and Middle East, North Africa,
North America and in Mediterranean countries [3]. Meanwhile, noting that the main
chemicals in resultant concentrated seawater, such as salt (sodium chloride), magnesium,
potassium and bromine, are basic raw materials for the chemical industry, extracting these
highly concentrated and stable chemicals from concentrated seawater reduces energy
consumption and makes comprehensive use of natural resources [4,5]. In this context, to
maximise efficiency and utility, an important step is measuring the concentration of targeted
ions in seawater before desalination. More generally, it is also meaningful to analyse the
compounds in seawater, which reveals the local environment, geology and potential impact
on humans. Chloride and bromide are the two anions addressed in this paper.

As shown in Table 1, chloride is the most concentrated anion in seawater. The con-
centration of chloride has been defined as ‘chlorinity’ [6,7], and it is so dominant that it
was originally used to estimate salinity (the total salts dissolved in seawater) [8]. Salinity is
an indicator of the ocean ecosystem, as the relative salt concentration within the body of
a creature living in the sea versus the water is what determines the direction of osmotic
pressure and the ease of water absorbed into or removed from the body [9]. Meanwhile,
measuring the specific chloride level in natural seawater systems is also necessary for both
environmental studies and corrosion science. First, toxic substances such as Hg (0) and
silver nanoparticles (AgNPs) are more prone to oxidation in the presence of a high concen-
tration of chloride, leading to soluble compounds [10–13]. Secondly, marine chloride can
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directly lead to metal corrosion [14,15], which is a major ongoing challenge in shipbuilding
and maritime transport.

Bromine is an essential chemical with wide applications, such as insecticides, flame
retardants, refrigerants, photosensitive materials and oilfield mining [16]. About 99%
of bromine on Earth exists in the form of Br− in seawater [17], and bromide is one of
the most concentrated anions in seawater (Table 1) [18]. With seawater containing about
89 trillion tonnes of bromine [19], it is one of the main sources of bromine, the extraction
of which needs to be informed by measurements of the local concentrations of bromide
in seawater. Meanwhile, a key step in seawater desalination is also to remove bromide
and check its concentration in the resultant water, because it is toxic and carcinogenic [20].
In addition, as the local concentrations of chloride and bromide depend on location and
season [21,22], the ratio between them in normal seawater is used to monitor pollution from
agricultural and industrial sources [23,24]. However, the levels of chloride are hundreds of
times higher than those of bromide by weight in natural seawater [25,26], which can lead
to challenges in the determination of Br− [27,28]. Thus, it is necessary to develop methods
that can measure Cl− and/or Br− sensitively and selectively in authentic seawater.

Table 1. Concentrations of major ions in surface seawater [18].

Ion Molar Concentration/mM

Na+ 4.81 × 102

Mg2+ 5.41 × 101

Ca2+ 1.05 × 101

K+ 1.05 × 101

Sr2+ 9.20 × 10−2

Cl− 5.59 × 102

SO4
2− 2.89 × 101

HCO3
− 1.89

CO3
2− 1.89 × 10−1

Br− 8.63 × 10−1

B(OH)4
− 8.39 × 10−2

B(OH)3 3.42 × 10−1

F− 7.00 × 10−2

As reported by Guo et al. [10], there are several well-established methods to measure the
chloride level in seawater. Traditionally, the argentometric method (Mohr’s method) [29,30]
and colourimetry using potassium chromate to indicate the endpoint of adding silver
nitrate [31] are applied for neutral solutions. Meanwhile, potentiometric titration using
silver nitrate [32–34] is considered to be easier and more precise than the colourimetric
method, but both involve large sample volumes and toxic chemicals. Thus, instrumental
rather than wet methods are currently commonly used for the measurement of chlorinity
(Cl, g kg−1). Notably, a salinometer based on the electrical conductivity of seawater,
together with temperature, provides salinity (S) readings. To be more specific, S is calculated
from the ratio of the conductivity of seawater to that of a KCl solution (32.4356 g/kg), with
both measurements made at 15 ◦C and under one-atmosphere pressure [7,35–37]. It can
then be converted to chlorinity using the Knudsen equation (Equation (1)) [6].

S
(

g Kg−1
)
= 1.80665 Cl

(
g Kg−1

)
(1)

However, there is necessarily a lack of accuracy, as it is an estimated value depending
on salinity that primarily indicates the overall ion concentration rather than the chemical
composition [7,35]. For bromide quantification, there are several techniques available, e.g.,
kinetic spectrophotometry [38–45], chromatography [46,47], capillary electrophoresis [48–52]
and electrochemistry [53–56], but they have drawbacks from different perspectives, which
have been discussed by Chen et al. [57]. In brief, kinetic spectrophotometry may not be
ideal for natural samples, as the oxidising agent could react with other ions present [38,43]
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and dilution of the sample is required [38]. Although chromatography and capillary
electrophoresis can result in relatively accurate quantification, they are costly and time-
consuming in terms of the equipment, sample preparation (dilution) and analysis [41,58].

Electrochemistry provides the benefits of robust, low-cost and simple instrumentation
with competitive selectivity and sensitivity, which makes it a good analytical method for
bromide and chloride quantification. Although potentiometry has been widely applied
as an electrochemical technique [53–56,59,60], the complexity of electrode fabrication [54]
and the logarithmic relationship between potential and the analyte make it challenging
to deliver a precise and sensitive detection. Meanwhile, for existing potentiometric mea-
surements, selectivity, especially for bromide detection with the presence of chloride at
hundreds of times the level in seawater, remains a challenge [53,54]. Indication of the mis-
function of potentiometric electrodes is another essential requirement that cannot be easily
met. Thus, amperometry is a technique that can avoid the drawbacks of potentiometry
mentioned above [61–65], but traditionally has required analytes with a low concentration
so that seawater cannot be directly used. Nevertheless, these problems have recently
been solved by Guo et al. [10] and Chen et al. [57], with the first two bespoke regent-free
amperometric sensors being proposed for chloride and bromide sensing, respectively, in
authentic seawater.

In this paper, we assessed, compared and contrasted different electrode materials for
the direct analysis of Cl− and/or Br− in seawater. Three electrodes, made of Au, glassy
carbon and Pt, were investigated, and the full voltametric responses seen in undiluted
seawater were described and analysed to understand their fundamental (electro-)chemistry
using both artificial seawater (ASW) and natural seawater (NSW). The implications for the
electrochemical detection of bromide and chloride were assessed, and through optimal
voltametric procedures, we identified two anions of interest.

2. Experimental Section

2.1. Chemicals and Reagents

Deionised water with a resistivity of 18.2 MΩ cm at 298 K (Millipore, Millipak Ex-
press 20, Watford, UK) was utilised to prepare all synthetic solutions. All the chemicals
used in the experiments were of analytical grade [66]. Artificial seawater (ASW, pH = 8.1)
was prepared using the composition shown in Table 2. For the chemicals used for ASW,
sodium bicarbonate (NaHCO3, 99.7%) was purchased from Acros Organics, UK, whereas
sodium chloride (NaCl, 99.5%), potassium chloride (KCl, 99.5%), magnesium chloride di-
hydrate (MgCl2 6H2O, 99.0%), calcium chloride dihydrate (CaCl2 2H2O, 99.0%), strontium
chloride hexahydrate (SrCl2 6H2O, 99.0%), sodium sulphate (Na2SO4, 99.0%), potassium
bromide (KBr, 99.0%), sodium fluoride (NaF, 99.0%) and boric acid (H3BO3, 99.5%) were
purchased from Sigma-Aldrich, UK. The “blank” solution with the same ionic strength as
seawater [66] was prepared using sodium nitrate (NaNO3, ≥99.5%), procured from Merck
KGaA, Germany.

Table 2. Chemical composition of synthetic seawater [66].

Composition Molar Concentration (mol dm−3)

NaCl 4.20 × 10−1

KCl 9.39 × 10−3

MgCl2 6H2O 5.46 × 10−2

CaCl2 2H2O 1.05 × 10−2

SrCl2 6H2O 6.38 × 10−5

Na2SO4 2.88 × 10−2

NaHCO3 2.38 × 10−3

KBr 8.40 × 10−4

NaF 7.15 × 10−5

H3BO3 4.85 × 10−5
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2.2. Electrochemical Apparatus and Methods

Electrochemical measurements were conducted using a μAutolab II potentiostat made
by Metrohm-Autolab BV in Utrecht, Netherlands. The experiments were performed using
a standard three-electrode set-up at a constant temperature of 25.0 ± 0.2 ◦C in a Faraday
cage. The reference and counter electrodes were a mercury–mercurous sulphate electrode
(MSE +0.64 V vs. SHE, BASi, West Lafayette, IN, USA) and a graphite rod in all experiments.
Three different working electrodes were used, namely, a gold macro-electrode (diameter of
1.60 ± 0.01 mm, geometric area of 0.02 cm2, BASi, West Lafayette, IN, USA), a glassy carbon
macro-electrode (GCE, diameter of 3.00 ± 0.01 mm, geometric area of 0.07 cm2, BASi,
West Lafayette, IN, USA) and a platinum macro-electrode (diameter of 1.66 ± 0.01 mm,
geometric area of 0.02 cm2, BASi, West Lafayette, IN, USA). Before each use, the working
electrode was polished with 1.0, 0.3 and 0.05 μm alumina lapping compounds from Bucher,
Germany. To remove oxygen from the solutions before electrochemical measurements,
high-purity N2 flow from BOC Gases plc, UK was used as needed. Cyclic voltammetry (CV)
was conducted to investigate the electrochemical behaviour of the three working electrodes
in ASW. Then, for the quantification of either bromide or chloride in ASW and/or natural
seawater, square wave voltammetry (SWV) was applied.

2.3. Sample Collection and Ion Chromatography Analysis

There were two authentic seawaters used in this study, and the collection of these is
described by Chen et al. [57]. Ion chromatography analysis was conducted using a Dionex
(Thermo Scientific, Sunnyvale, CA, USA) ICS-5000+ SP instrument, utilising a Dionex
IonPac AS23-4um analytical column for the separations. Before analysis, two seawater
samples were each mixed with deionised water with a resistivity of 18.2 MΩ cm at 298 K at
a dilution factor of 200.

3. Results and Discussion

In the following sections, the electrochemical behaviour of the gold electrode in ASW is
first reported and interpreted using observations from pure chloride and bromide solutions
reported in the literature. The inferred dissolution of gold in halide solutions is concluded
to make Au a less-than-optimal electrode material. Thus, glassy carbon electrodes (GCEs)
and Pt electrodes are then considered as alternatives for Cl− and/or Br− detection in ASW.
In addition to using cyclic voltammetry to assess the merits of the two electrodes as sensors,
square wave voltammetry is also attempted/implemented to enhance their sensitivity,
focussing particularly on using the GCE towards Br− and the Pt electrode towards Cl−,
leading to recommendations for the optimal electrode for and approach to each of the two
ions. Finally, a bespoke method using a Pt electrode for chloride sensing is applied for
quantitative analysis in two samples of natural seawater, while ion chromatography is
conducted for validation of the measurements.

3.1. Cyclic Voltammetric Study of a Au Electrode in ASW

The electrochemical behaviour of a Au electrode in simple halide solutions has been
widely studied since the last century [67–69], not least since gold is a noble metal, and
methods of extracting, refining, electroplating, electro-etching and electropolishing it have
been developed and optimised. As summarised by Nicol [68], chloride and bromide are
two ligands that, when present at the millimolar level, coordinate with gold cations and
decrease the potential for gold electro-solubilisation in acidic conditions [67,68]. To be
specific, during anodic voltametric scanning in solutions containing 0.1 M HClO−

4 with
either 10 mM Cl− or Br−, respectively, the oxidation of Au occurred at similar potentials,
ca. 1.0 V vs. SCE, with the voltametric peaks attributed to the conversion of Au into Au (I)
or Au (III) [67]. The general mechanism of the electrochemical dissolution of gold in halide
solutions is shown below [67,70]:

Au + X− �
(
AuX−)

ad (2)
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(
AuX−)

ad + X− �
(
AuX−

2
)

ad + e− (3)

(
AuX−

2
)

ad � AuX−
2 (dissolution) (4)

(
AuX−

2
)

ad + 2X− �
(
AuX−

4
)

ad + 2e− (5)

(
AuX−

4
)

ad � AuX−
4 (dissolution) (6)

where X represents Cl or Br. It is worth mentioning that the voltametric peak in perchloric
acid corresponding to the oxidation of gold to AuCl−2 or AuBr−2 significantly overlapped
the peak for AuCl−4 or AuBr−4 , respectively, and the relative amounts of Au(I) and Au(III)
formed during oxidation was reported to be hard to determine [67,68,70–72]. Meanwhile,
passivation due to the formation of an oxide film was also observed in both halide so-
lutions, at sufficiently positive potentials which were dependent on the pH of the solu-
tions [67,69,71,73,74]. From the perspective of sensing, the similarity between chloride
and bromide presents a significant challenge in terms of selectivity using a gold electrode.
Secondly, the unclear mechanism and corresponding species at different stages, namely
the dissolution and passivation of gold, make it hard to develop a reliable understanding
of the development of a sensor. Moreover, detection in seawater, which presents a much
more complex matrix, may be expected to involve further difficulty and uncertainty. Nev-
ertheless, in the following, we report the electrochemical behaviour of gold electrodes in
seawater, ultimately leading to confirmation of the conclusion that Au is a poor choice as a
Cl− and/or Br− sensor.

We next turn to experiments on the voltammetry at a gold electrode in seawater
where chloride is present at the hundred milli-molar level and the bromide concentration
is typically less than 1 mM. Cyclic voltammetric experiments were conducted using a Au
electrode in three degassed artificial seawater (ASW) samples (Figure 1). ASW1 contained
0.571 M chloride and 0.84 mM bromide (black line); ASW2 contained 0.484 M chloride and
0.84 mM bromide (blue line); and ASW3 contained 0.571 M chloride and 1.84 mM bromide
(green line). Note that for synthetic seawater, the recommended chloride level is in the
range of 0.484 M–0.593M [10,75,76] and the recommended bromide level is 0.84 mM [75].
The potential sweep started at −0.45 V vs. MSE, and swept towards 0.94 V before returning
to −0.45 V at a scan rate of 20 mVs−1.

For ASW1, the voltammetry in Figure 1 shows a large anodic peak with a peak
potential of 0.90 V vs. MSE, followed by abrupt passivation on the forward voltametric scan.
The peak is seen to have a shoulder at ca 0.59 V vs. MSE. The abrupt decrease in signal is
attributed to the formation of gold oxide on the electrode surface, inhibiting further electron
transfer. The main peak and the shoulder are tentatively assigned to the oxidation of Au
to AuCl−4 and AuBr−4 , and also possibly to the hidden oxidation to AuCl−2 and AuBr−2 ,
described by Equations (2)–(6) [67,70]. The dissolved gold was observed to be partly plated
onto the surface of the counter-electrode (Figure S1, Supporting Information Section S1)
and led to colouration of the solution (Figure S2, Supporting Information Section S1) after
20 repeats of the scan, confirming the dissolution of the gold electrode, which would be
a serious demerit in terms of its use as a sensor. On changing the scan direction from
anodic to cathodic, a small anodic Peak 2 was observed at 0.62 V vs. MSE due to partial
de-passivation following a loss of material via dissolution during the reverse scan. On
continuing to scan reductively, a broad peak (Peak 3) with splitting appears at ca. −0.1 V
vs. MSE, and is thought to be related to the solubilisation of the gold electrode. The other
two solutions shows qualitatively analogous responses, as seen in Figure 1. Comparison of
the voltammograms measured using the three different solutions suggests that the large
peak is chloride-related, with the size of the signal qualitatively (but not quantitatively)
increasing with the chloride levels. Note that because of the potential and concentration
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competition between chloride-driven electro-dissolution of the gold and the formation
of gold oxide, no simple linear relationship is expected, nor observed, between Peak 1
and the chloride concentration in the seawater. This further discourages the use of gold
electrodes for the quantification of chloride in seawater. No clear feature for the oxidation of
bromide is visible in any of the voltammograms recorded despite the difference in bromide
concentrations. This likely reflects the tiny bromide concentration in comparison with the
chloride levels so that any bromide signal is masked by the chloride response. The shoulder
noted on Peak 1 is ascribed in the literature to the onset of partial passivation [67,68,71,73],
not to bromide oxidation, but in either case, is too ill-defined to be analytically useful.

Figure 1. Cyclic voltammograms measured at a scan rate of 20 mV s−1 using the Au macro-electrode
in degassed ASW1 which contains 0.571 M chloride and 0.84 mM bromide (black line); ASW2
contains 0.484 M chloride and 0.84 mM bromide (red line) and ASW3 contains 0.571 M chloride and
1.84 mM bromide (green line). The start potential is −0.45 V vs. MSE, and the stopping potential is
0.94 V vs. MSE. Insert: an enlarged CV focusing on the reactivation and reduction peaks.

To summarize, the dissolution and passivation of a Au electrode in artificial seawater
were inferred from observations in pure chloride and bromide solutions. It is concluded
that a gold electrode is unsuitable for use as a Cl− and/or Br− sensor.

3.2. Cyclic Voltammetry at Glassy Carbon and Platinum Electrodes in ASW

Next, cyclic voltammetry of ASW using a glassy carbon electrode (GCE) and a Pt
electrode was investigated, building on an earlier report [57]. Cyclic voltammograms were
first recorded with a scan rate of 100 mVs−1 using either the Pt electrode or the GCE in
degassed ASW (see Figure 2a). For the Pt electrode, the potential sweep started at −0.45 V
vs. MSE, and swept towards 1.2 V before returning to −0.45 V (red line). For the GCE, the
voltammogram started at the same potential of −0.45 V vs. MSE, followed by an anodic
sweep up to 2.0 V followed by a cathodic scan to −1.3 V before a further anodic sweep
back to −0.45 V (blue line). The potential ranges were chosen to obtain both forward and
reverse peaks of the redox reactions assigned to the analytes, chloride and bromide, as
discussed as below, and to explore the anodic potential window before solvent oxidation.
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Figure 2. Cyclic voltammograms using a Pt electrode (red) and GCE (blue) in degassed ASW with
different scan rates of (a) 100 mVs−1 and (b) 20 mVs−1. Insert: expanded bromide oxidation peaks.
The start potential was −0.45 V vs. MSE.

The dominant oxidation peak (Peak 2) was observed at 0.94 V vs. MSE using the Pt
electrode; the corresponding feature appears as a shoulder on the solvent decomposition
at ca 1.66 V vs. MSE using the GCE. As the insert shows, a first oxidation peak (Peak 1)
was recorded at 0.59 V vs. MSE using the Pt electrode and 0.86 V vs. MSE using the GCE.
Referring to the previous study [57], Peak 2 is attributed to the oxidation of chloride with
the possible formation of hypochlorite/hypochlorous acid (HOCl/OCl−), and Peak 1 is
attributed to bromide oxidation with hypobromous acid (HOBr/OBr−), which is among
the possible products reported by Yu et al. [77]. The Peak 2′ corresponds to the reduction of
the products from the chloride and bromide oxidation. GC offers a wider anodic potential
window compared to platinum.

66



Chemosensors 2023, 11, 297

Inspection of the wave-shapes of the dominant peaks in Figure 1a shows that the
redox reaction of chloride is relatively much more electrochemically reversible on Pt than
on GC, as evidenced by the reduced peak-to-peak separation between the anodic and
cathodic peaks, and also the steepness of the current–voltage curves. The Tafel slopes were
calculated as described in Supporting Information Section S2 [78–81], with the β value
for chloride oxidation being 0.64 at the Pt electrode and 0.22 at the GCE. To confirm this
relative assessment of reversibility, cyclic voltammetry, with the same potential window
for each electrode, was conducted at a slower scan rate of 20 mVs−1 (see Figure 2b). For the
Pt electrode (red line), the oxidation of bromide (Peak 1) occurred at 0.59 V vs. MSE and
chloride oxidation appeared at 0.94 V vs. MSE (Peak 2), followed by a reduction peak at
0.60 V vs. MSE (Peak 2′). In contrast to the voltammogram of the Pt electrode that only
showed insignificant peak shifts when the slower scan rate was applied, that obtained at
the GCE showed more noticeable changes (blue line), with the peak-to-peak separation
decreasing with scan rate, as particularly seen in the peak potential of Peak 2′. Again, the
chloride oxidation of Peak 2 is heavily merged with the solvent decomposition and is not
resolved from it. These observations suggest that chloride oxidation is electrochemically
irreversible in GC but nearly reversible in Pt.

From the above, it can be seen that Pt and GC electrodes show signals of similar
magnitude (current density) for chloride oxidation, but the proximity of the voltametric
feature to solvent decomposition prevented the identification of a clear peak at the GC
electrode, especially at lower scan rates. For the Pt electrode, a plot of the peak current of
chloride oxidation obtained experimentally vs. the square root of the scan rate is shown in
Figure 3, where it is compared with the diffusion-controlled response calculated using the
Randles–Ševčík equation (Equation (7)) for an irreversible one-electron reaction at 298K:

Ip = 2.99 × 105
√

β
(

DCl−)1/2CCl−Av1/2 (7)

where the concentration of chloride in ASW is CCl− = 0.56 × 10−3molcm−3 [75], the
diffusion coefficient of chloride (DCl−) in seawater is 1.8 × 10−5 cm2/s [82] and the area (A)
of the electrode is 0.02 cm2. The transfer coefficient reported above (β = 0.64) was used.
Figure 3 shows a gradual increase in signal with scan rate, but less than expected for a
fully diffusional signal. This likely reflects the extremely high concentration of chloride,
resulting in currents in the order of milliamperes, where the oxidation rate may be largely
limited by the availability of adsorption sites for the likely chlorine atom intermediate,
together with a contribution to the current from migration effects, since electrolysis is
essentially ‘unsupported’.

In the case of bromide, signals are seen at less positive potentials for both electrode
materials, but these are much smaller in size relative to the chloride peak reflecting the
relative concentrations of the two species. Importantly, as the GCE leads to the bromide
oxidation peak being more separated from the onset of chloride oxidation compared to the
Pt electrode, this gives a superior resolution for Br− detection. Meanwhile, a Pt electrode
is preferable for chloride detection, with a well-defined chloride oxidation peak and a
greater degree of electrochemical reversibility. Thus, the use of a GCE for the analysis of
bromide ions in ASW was explored further, whilst the merits of using a Pt electrode for
the quantitative analysis of chloride were also investigated. In the following sections, the
behaviour of the GCE will be discussed first, followed by that of the Pt electrode.

3.3. Analysis of Bromide at the Glassy Carbon Electrode

In this section, a GCE is briefly assessed for the oxidation of bromide ions in ASW
from an analytical perspective. The study was carried out via cyclic voltammetry with
different scan rates of 20, 50, 100, 200 and 400 mVs−1, where the sweep of potential started
at −0.45 V vs. MSE, and then, swept towards 1.1 V before returning to −0.45 V. The
voltammograms are shown in Figure 4, where the two features identified above were again
observed, namely, bromide oxidation and the corresponding reduction. Although these
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increased with increasing scan rate, the oxidation of bromide cannot be distinguished from
the oxidation peak of chloride, which is also found to interfere with the oxygen evolution
reaction (OER). In addition to the proximity to chloride oxidation and the OER, the presence
of a pre-wave (see later) also prevented quantitative Tafel analysis and the application of the
Randles–Ševčík equation. Attempts were made to increase its resolution using square wave
voltammetry but, as reported Supporting Information Section S3, these were unsuccessful.
Our attention therefore returned to the cyclic voltammetric data and a standard addition
approach was adopted [58].

Figure 3. The plot of the peak current against the square root of the scan rate. Experimental data:
black squares. Estimated diffusion-controlled rate (red dotted line).

As shown in Figure 5a, voltammograms were recorded with a scan rate of 100 mVs−1

representing a compromise between a larger Faradaic signal and excessive capacitive charg-
ing. The potential scan of the voltammograms started at a potential of −0.45 V vs. MSE,
with a return potential of 1.1 V, before returning −0.45 V. Figure 5 shows that, as expected,
Peak 1 increases with the addition of bromide, whilst there is a clear pre-wave to Peak 1 at
potentials of around 0.54 V vs. MSE. Additions of 0.2–1.0 mM KBr to the ASW solutions
were conducted. The measurements taken with each addition were repeated three times.
To analyse the data, the oxidation peak currents of Peak 1 were recorded. Because of the
pre-wave to Peak 1, a baseline correction was required for each measurement, examples of
which are shown in Figure S5, Supporting Information Section S4. Figure 4b shows a plot
of peak current against the concentration of bromide added to the original ASW, indicating
good linearity (R2 = 0.996). As the intercept on the x-axis corresponds with the unknown
initial concentration of the analyte [58], the intercept of –0.84 ± 0.06 mM shows excellent
agreement with the known bromide concentration (0.84 mM [75]) in the ASW samples.

68



Chemosensors 2023, 11, 297

Figure 4. Cyclic voltammograms recorded at the GCE in degassed ASW at variable scan rates of 20,
50, 100, 200 and 400 mV s−1.

 

Figure 5. (a) Cyclic voltammograms recorded at the GCE in degassed ASW and with standard
additions at a scan rate of 100 mV s−1. The start potential was −0.45 V vs. MSE. (b) Graphical
analysis of standard additions.

Although this suggests the possibility of using a GCE as a bromide sensor, the proxim-
ity of bromide oxidation to that of chloride, and of the OER to Peak 2, and the challenges of
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making a suitable and unambiguous baseline correction, make this method less attractive
than the determination of bromide using a platinum electrode [57], where these problems
are mitigated.

We next consider the analysis of chloride in seawater using Pt.

3.4. Analysis of Chloride at the Platinum Electrode

As discussed previously, for chloride detection, Pt is a more suitable electrode material
compared to GC due to the distinct peak for chloride oxidation and the higher level of
electrochemical reversibility. Therefore, the quantitative analysis of chloride in ASW using
a Pt electrode was investigated next. This study was conducted in ASW with six levels
of chloride concentration from 0.484 M to 0.593 M, while the other components followed
a standard recipe (Table 2 [75,76]). Note that the detection range was expanded slightly
beyond the recommended range (from 32 g kg−1 to 37 g kg−1) to a range of 31 g kg−1 to
38 g kg−1 to obtain a potentially wider concentration range of the analyte [10]. To achieve
a best-resolved chloride signal, square wave voltammetry was implemented, with the
corresponding parameters optimised as shown in Supporting Information Section S5. A
step potential of 1 mV, a frequency of 5 Hz and an amplitude of 50 mV were then employed.
To obtain electroanalytical responses, the potential sweep started from −0.45 V and stopped
at 1.25 V vs. MSE for oxidative scanning in six ASW solutions of variable chloride content
in the range specified above (Figure 6).

Figure 6. Square wave voltammograms (step potential: 1 mV, frequency: 5 Hz, and amplitude:
50 mV) recorded at the Pt electrode in degassed ASW with various chloride concentrations ranging
from 0.484M to 0.593M. See text for details of the scan range and the start potential. The inset shows
the calibration curve of the chloride oxidation peak height against chloride concentrations, with a
regression coefficient R2 of 0.991. Each data point consists of 3 repeats.

The dominant chloride oxidation peak was recorded at 0.83 V vs. MSE. To analyse the
data, the oxidation peak currents of the chloride were measured. A plot of the peak current
against the chloride concentration in the ASW samples is shown in the insert of Figure 6.
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The peak height increased linearly in the concentration range of chloride studied (from
0.484 M to 0.593 M). The best-fit line (R2 = 0.991) was determined as follows:

Ip = 0.587
[
Cl−

]− 0.106 (8)

where Ip is the peak current (mA) of chloride oxidation and [Cl−] is the concentration (M)
of chloride in ASW.

3.5. Real Sample Analysis

To investigate the method in authentic seawater, an analysis of two different sam-
ples was performed. Ion chromatography measurements were first made for the chloride
concentration of the two samples, with a result of 0.579 ± 0.004 M for sample 1 and
0.580 ± 0.001 M for sample 2. The concentrations of chloride obtained via IC were then
compared as follows, with the values measured electrochemically, and as performed in
ASW via SWV with optimal parameters: a step potential of 1 mV, a frequency of 5 Hz and
an amplitude of 50 mV. As shown in Figure 7, voltammograms were conducted, starting at a
potential of −0.45 V and stopping at 1.25 V vs. MSE, to record the chloride oxidation signal.
The oxidation peaks of chloride in the three solutions all appear at 0.83 V vs. MSE, with no
additional features being observed in the real samples. With the three measurements, the
average oxidation peak currents of the chloride obtained in sample 1 and sample 2 were
recorded and analysed using the calibration made above in ASW (Equation (8)). The elec-
trochemically measured chloride concentrations in sample 1 and sample 2 are 0.579 ± 0.003
and 0.581 ± 0.005, respectively. The developed electrochemical analysis resulted in good
agreement with IC.

Figure 7. Square wave voltammograms (step potential: 1 mV, frequency: 5 Hz and amplitude:
50 mV) recorded at the Pt electrode in degassed sample 1 (red line), sample 2 (blue line) and ASW
with a chloride concentration of 0.571 M (black line). See text for details of the scan range and the
start potential.

4. Conclusions

In conclusion, three electrodes, made of Au, glassy carbon and Pt, were investigated
for the analysis of Cl− and/or Br− in seawater. First, the dissolution and passivation
of a Au electrode in ASW, which has a high chloride concentration, indicated that gold
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was an unsuitable electrode material. This agrees with independent studies on pure
chloride and bromide solutions. For GC, while the proximity of the voltametric feature
to solvent decomposition (OER) prevented the identification of a clear chloride oxidation
peak, the poorly resolved bromide signal from the chloride oxidation and the OER, and the
challenges of making an appropriate baseline correction, make the material less attractive
than using platinum for chloride detection in both ASW and NSW using SWV. The results
measured electrochemically in two real samples show a good match with those measured
independently via ion chromatography. Platinum electrodes are also recommended for
bromide detection using a previously developed method for seawater [57].
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Abstract: Neuron-specific enolase (NSE) has gained extensive attention as a reliable target for detect-
ing small cell carcinoma of lungs. In this paper, an electrochemical immunoassay method based on
molybdenum disulfide (MoS2) is proposed to detect NSE sensitively. By an in-situ growth method,
MoS2 and Au nanoclusters (Au NCs) were composited to form a MoS2@Au nanozyme, and then
the secondary antibodies were modified. Primary antibodies were immobilized on amino-reduced
graphene oxides to capture NSE. The flower-like MoS2 nanozyme provided abundant sites to load
Au NCs and catalyze the decomposition of H2O2, which were beneficial to amplify an amperometric
response as well as build up sensitivity. Under optimum conditions, the detection range of this
strategy was 0.1 pg·mL−1–10 ng·mL−1 and the limit of detection was 0.05 pg·mL−1. This sensing
strategy achieved the prospect of sensitively detecting NSE. Moreover, the prepared electrochem-
ical immunosensor provides a theoretical basis and technical support for the detection of other
disease markers.

Keywords: molybdenum disulfide; nanozyme; neuron-specific enolase; electrochemical immunosensor;
detection

1. Introduction

According to global cancer data compiled by the international agency for research on
cancer of the World Health Organization, there were 19.29 million new cancer cases around
the world in 2020. Lung cancer has a high incidence and ranks first among all cancer cases.
The proportion of early-onset cancers has been on the rise since 1990. The low cure rate of
cancer is mainly due to late clinical diagnosis, and it is extremely difficult for patients in
the advanced stage of cancer to be completely cured. Therefore, early diagnosis and the
treatment of cancer is a key factor in reducing fatality rates. Tumor markers as biomarkers
are very important for the early diagnosis of cancer. Lung cancer, with a high fatality rate, is
mainly divided into small cell carcinoma of the lung (SCLC) and non-small cell carcinoma
the lung (NSCLC) [1]. SCLC is an invasive neuroendocrine tumor with the characteristics
of rapid proliferation, swift division, and poor prognosis, resulting in a low early cure
rate of SCLC patients [2–4]. Therefore, early diagnosis is expected to improve the survival
rate of SCLC patients. Neuron-specific enolase (NSE) is a unique type of acidic protease
produced by neurons and neuroendocrine cells, and its normal level is 4–12 ng·mL−1 in
human serum [5–7]. The concentration of NSE in human serum can distinguish SCLC from
NSCLC and be adjunctive to clinical treatment in certain circumstances [8]. Therefore, the
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rapid and accurate detection of NSE is of great significance for the diagnosis and therapy
of lung cancer.

At present, the detection methods of NSE mainly include electrochemical analysis [9],
colorimetry [10], fluorescence analysis [11], liquid chromatography-tandem mass spec-
trometry [12], surface-enhanced Raman scattering [13], and immunochromatographic [14].
Xu et al. [15] designed a colorimetric analysis strategy to detect NSE, employing MnO2 as
label materials. MnO2 catalyzed the oxidation of 3, 3′, 5,5′-tetramethylbenzidine (TMB)
and gained blue oxidation products. In the light of this color reaction, visual detection of
NSE was realized. Gao et al. [13] introduced sandwich nanoparticles as surface enhanced
Raman scattering probes, which improved the stability of bare gold nanoparticles and
significantly improved the sensitivity in measuring actual samples. Xiao et al. [14] proposed
an immunochromatographic analysis platform that consisted of quantum dot beads and
nitrocellulose membranes to quantify NSE and CEA. The sensitivity of NSE detected by
this method was up to 97%. Among them, electrochemical immunosensors attracted more
attention from researchers on account of their merits, such as high specificity, fine accuracy,
and satisfactory stability [16]. The mechanism of the immunosensor for detecting NSE
is that the output signal can be recorded before and after the specific recognition of the
target through the sensor. In recent years, the performance of sensors has been greatly
improved owing to the application of functionalized nanomaterials. An immunoassay
strategy was proposed based on nitrogen-doped carbon quantum dots (N-CQDs) which
were prepared by hydrothermal carbonization. Reduced graphene oxide (rGO) modified by
N-CQDs effectively enhanced the luminescence intensity and improved the performance of
the immunosensor in measuring NSE [17]. Tang et al. designed N atom-doped graphenes
(NGR) functionalized with hollow porous Pt-skin Ag–Pt alloy as a signal amplification
platform [18]. The signal was amplified by the hollow Pt skins with abundant active sites
and NGR with well-catalytic activity. Electrochemical immunosensors are more prominent
in NSE detection because of their advantages of high sensitivity, simple operation, and
simple equipment. Amani et al. [19] synthesized poly p-phenylenediamine and graphene
(PPD-GR) nanocomposites for fabricating sensors. PPD-GR nanocomposites were modi-
fied in screen-printed electrodes and then PPD-GR electro-catalyzed oxidation of ascorbic
acid (AA) to amplify signal amplification. With high catalytic activity, PtCu nanoparticles
were utilized to catalyze the reaction of iodide and trigger cascade reactions, which could
improve the performance of immunosensors. Due to the PtCu nanoprobe reducing the
concentration of iodide in the solution, mercaptan substances in the electrode surface can-
not be catalyzed, resulting in an increase of the SWV signal. On the grounds of the above
mechanism, the immunoassay of NSE was realized. [20]. Yu et al. [21] obtained single-
walled carbon nanotubes-NSE (NSE-SWNTs) by immobilizing NSE in single-walled carbon
nanotubes (SWNTs) with ample antigen domains. When specific recognition occurred, free
NSE and NSE on NSE-SWNTs competed with NSE-Ab1, which resulted in a difference in
the amount of anti-NSE-Ab1 labeled by an enzyme on the electrode, leading to the change
of electrochemical signals. Given the above research, the application of nanomaterials was
crucial to improving the practicability and sensitivity of the sensors in the analysis and
detection of targets.

As a kind of special nanomaterials, nanozymes can mimic the activity of natural
enzymes and possess better application prospects than other nanomaterials in sensing
analysis, antibacterial performance, and other fields [22,23]. In addition, the activity of
nanozymes can be controlled by changing the size, morphology, and surface modification
of nanozymes. Nanozymes are favored by researchers for their outstanding environmental
adaptability, fine stability, and low cost [24,25]. Zhou et al. [26] prepared Cu/N co-doped
carbon-based nanozymes (Cu/N NS) by calcination, which catalyzed the decomposition
of H2O2 and obtained superoxide radicals that could oxidize TMB to oxTMB in blue. A
multi-enzyme cascade colorimetric sensing platform was designed based on a complex
consisting of Cu/NC NS, β-galactosidase, and galactose oxidase. Wang et al. [27] prepared
a hollow porous carbon-frame (Au/Co@HNCF) nanozyme modified with Au/Co bimetal-
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lic nanoparticles from zeolite imidazole frame-67 (ZIF-67) etched by pyrolytic Au (III).
Au/Co NPs with excellent uric acid (UA) oxidase activity catalyzed the oxidation of UA,
leading to significant changes in the electrochemical signal. Remarkably, the layered and
ordered porous carbon structure and interface characteristics showed high selectivity in
detecting UA in complex environments. Therefore, the constructed electrochemical analysis
platform based on Au/Co@HNCF realized the sensitive detection of UA. Yang et al. [28]
proposed a dual-model analysis strategy based on a bismuth-based MOF (BiO-BDC-NH2)
nanozyme for the detection of trace/ultra-trace Cr6+. The BiO-BDC-NH2 nanozyme with
peroxidase-like activity could effectively build up the properties of surface adsorption and
electron conversion, which was beneficial to efficiently catalyzing the color reaction of a
TMB-H2O2 system. As TMB was oxidized, the color of the solution became darker. Accord-
ing to this change, a colorimetric detection platform was established. In the meantime, the
electrochemical signal decreased as a result of the oxidization of TMB, which accomplished
a transformation from the visual colorimetric analysis platform to the electrochemical anal-
ysis platform. Bi et al. [29] designed a boron-doped graphdiyne (B-GDY) nanozyme as an
effective bactericidal agent. The change of the mimic activity of B-GDY was mainly related
to B doping. The change of the GDY electron cloud distribution was in favor of the rapid
transfer of electrons to H2O2, which caused the O–O bond to break easily. The introduction
of B atoms increased the number of defect sites of GDY and improved the adsorption
properties of hydroxyl radicals. Therefore, B-GDY could produce reactive oxygen species
(ROS) efficiently to achieve bacteriostasis. Analogously, •OH was produced in the process
of glutathione decomposition catalyzed by the PdFe/GDY complex nanozyme, which
effectively inhibited bacterial proliferation [30]. Biocompatibility is one of the problems
that limit the further application of nanozymes.

It was reported that a molybdenum-based nanozyme is the key to solving this problem.
In recent years, based on the strength of the multi-phase and polyvalence characteristics
of molybdenum-based nanomaterials, researchers have gradually applied them to catal-
ysis, energy storage, sensing, and other fields [31,32]. As the typical molybdenum-based
nanomaterials, molybdenum disulfide (MoS2) consisting of vertically stacked S–Mo–S
interlayers possesses a graphene-like 2D layered structure [33]. Owing to the weak interac-
tion forces between the interlayers, MoS2 is easily stripped into thin layers and facilitates
modification [34]. MoS2 owns multi-enzyme activities, which can catalyze diverse reactions
of different substrates [35]. Furthermore, abundant dangling bands at the edge of MoS2
are capable of providing plentifully active sites [36,37]. Benefiting from excellent biocom-
patibility, low levels of toxicity, and wonderfully enzyme-like activity, MoS2 is favored
by researchers in the fields of sensors and tumor therapy [38,39]. Ma et al. [40] employed
ultra-thin 2H-MoS2/Co3O4 nanocomposites to detect nitroaromatic compounds. Ultra-thin
2H-MoS2 possessed a nitroreductase-mimicking activity. After the modification of Co3O4
nanosheets, the oxygen vacancy of 2H-MoS2/Co3O4 was increased, thus improving the
nitroreductase-like activity. 2H-MoS2/Co3O4 provided the basis for the fabrication of an
electrochemical sensor. Zhang et al. [41] fabricated an aptamer sensor, applying MoS2
quantum dots and Cu nanowires composites (MoS2 QDs@Cu NWs) as the labeled mate-
rials to detect amyloid-beta oligomers (AβO). When AβO was not present, MoS2 QDs as
bio-enzymes catalyzed the reaction of produce 4-chloro-1-naphthol, producing precipitates,
which significantly reduced photocurrents. Cu NWs, as an LSPR sensitizer, and MoS2 QDs
amplified the signal together. The tubular C@MoS2 nanozyme owned a fine oxidase-like ac-
tivity [42]. Because of Hg-S chelation, the C@MoS2 nanozyme possessed an Hg2+-enhanced
oxidase-like activity. Based on this mechanism, C@MoS2 was used to construct a colorimet-
ric sensing strategy to detect Hg2+. Zhang et al. [43] proposed a cascade platform based on
antioxidant MoS2 nanosheets to inhibit the production of ROS and effectively alleviate the
process of hepatic fibrosis. MoS2, which mimics the activity of multiple enzymes, could
block the transfer of electrons from cytochrome c to H2O2 and remove excess ROS under
pathological conditions. Therefore, the MoS2 nanosheets reduced cell damage caused by
ROS. MoS2 loading in carbon nanotubes (CNTs@MoS2 NSs) combined with hydrogels to
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inhibit the reproduction of bacteria and promote wound healing [44]. The application of
CNTs and near-infrared light treatment significantly increased the peroxidase activity of
MoS2 NSs, resulting in the enhancement of antibacterial performance. In addition, because
of the superoxidase-like activity and catalase-like activity of the nanozyme, MoS2 catalyzed
the generation of O2, which was of benefit to effectively promote wound healing.

In this study, a MoS2@Au complex nanozyme was successfully synthesized for the
detection of NSE. The NSE secondary antibody (Ab2) was coupled with the MoS2@Au
nanozyme to form a MoS2@Au-Ab2 bioconjugate by electrostatic interaction between
Au and the amino group. A sandwich-type immunosensor was fabricated, in which an
NSE primary antibody (Ab1) was immobilized on the rGO-tetraethylene pentamine (rGO-
TEPA) bound in the electrode. Whereafter, NSE and the MoS2@Au-Ab2 bioconjugate was
successively modified on the electrode with antigen–antibody reaction. Ultimately, the
performance of the immunosensor was measured through catalytic signals toward H2O2.
Applications of the MoS2@Au nanozyme amplified the current response, and rGO-TEPA
provided abundant sites to anchor Ab1. The constructed immunosensor with fine selectivity
and reproducibility provided potential applications for the sensitive detection of other
disease markers.

2. Materials and Methods

2.1. Apparatus and Reagents

NSE and NSE antibodies were purchased from Linc-Bio Science Co. Ltd. (Shanghai,
China). Reduced graphene oxide-tetraethylene pentamine (rGO-TEPA) was purchased
from XFNANO Nanotechnology Co., Ltd. (Nanjing, China). Bovine serum albumin (BSA)
was purchased from Macklin Biochemical Co., Ltd. (Shanghai, China). HAuCl4·4H2O,
NaBH4, (NH4)6Mo7O24·4H2O, glutaraldehyde (GA), polyvinylpyrrolidone K30 (PVP),
and thiourea (CH4N2S) was purchased from Sinopharm Chemical Reagent Co., Ltd.
(Shanghai, China).

Electrochemical measurements were performed on a CHI760E electrochemical work-
station (Chenhua Instruments Shanghai Co., Ltd., Shanghai, China). X-ray diffraction pat-
terns (XRD) were obtained by the X-ray Powder Diffractometer (Rigaku, Japan). Scanning
electron microscopy (SEM) images and energy dispersion spectrum (EDS) were acquired
using a field emission SEM (ZEISS, Oberkochen, Germany).

2.2. Synthesis of MoS2 and MoS2@Au Nanozyme

Firstly, the MoS2 nanozyme was prepared through a hydrothermal process in the light of
the reported literature with some modifications [45]. Firstly, 1.05 g of (NH4)6Mo7O24·4H2O
and 2.28 g of CH4N2S was dissolved in 30 mL deionized water, and then the mixture
solution was transferred into a 50 mL Teflon-line autoclave. After 10 h of reaction at 180 ◦C,
the autoclave cooled to room temperature. The final product was washed with water and
ethanol successively. Additionally, it was collected after drying in a vacuum overnight.

Secondly, the MoS2@Au nanozyme was prepared by referring to the literature [46].
A total of 2 mg of MoS2 and 12 mL of ethanol containing 0.6 g of PVP were mixed. Af-
ter sonicating for 0.5 h, HAuCl4·4H2O (500 μL, 0.02842 mol·L−1) and NaBH4 (500 μL,
0.06 mol·L−1) were introduced into the above solution under magnetic agitation. Thirty
minutes later, the MoS2@Au nanozyme was washed with ethanol.

2.3. Fabrication of the Immunosensor

The preparation process of the MoS2@Au-Ab2 bioconjugate is shown in Scheme 1A.
Ab2 (200 μL, 10 μg·mL−1) was introduced into 2 mL of a phosphate buffered solution (PBS,
pH 7.4) which dispersed with 4 mg of MoS2@Au. After incubation at 4 ◦C for 12 h, the
MoS2@Au-Ab2 bioconjugate was washed at 4 ◦C. The obtained precipitate was redispersed
in 2 mL of PBS. Moreover, the mixture was stored at 4 ◦C.
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Scheme 1. Schematic diagram for the preparation of the MoS2@Au-Ab2 bioconjugate (A) and
fabrication of the electrochemical immunosensor (B).

The fabrication process of the immunosensor is shown in Scheme 1B. First of all,
aluminum oxide powder, with sizes of 1.0, 0.3, and 0.05 μm, was employed to polish
glassy carbon electrodes (GCE), while rinsing the powder off GCE with ultrapure water.
Subsequently, the bare GCE was modified by rGO-TEPA suspension (6 μL). A total of
40 min later, GA (6 μL, 2.5%) was dropped onto the modified GCE and kept for 1 h.
Afterward, Ab1 (6 μL, 10 μg·mL−1) was introduced onto the above modified GCE, while
incubating at 4 ◦C for 1.5 h. After that, 1% BSA was present on the surface of electrodes
to stem the nonspecific binding sites. After reacting at 4 ◦C for 1 h, the electrodes were
modified by different concentrations of NSE and stored at 4 ◦C for 2 h. Ultimately, the
MoS2@Au-Ab2 bioconjugate was introduced onto the surface of the modified electrodes
with incubating at 4 ◦C for 2 h. Whereafter, the electrodes were rinsed and then dried for
measuring subsequently.

2.4. The Detection of NSE

In all of the electrochemical measurements, this work adopted a conventional three-
electrode system, consisting of a modified GCE with a diameter of 4 mm, a saturated
calomel electrode, and a platinum wire, which was used as the working electrode, the
reference electrode, and the counter electrode, respectively. A total of a 5.0 mmol·L−1

of [Fe(CN)6]3−/4− solution with 0.1 mol·L−1 KCl was employed to measure the electro-
chemical impedance spectroscopy (EIS). The amperometric responses were recorded by
amperometric i–t curve. After stabilization of the background, 5 mmol·L−1 of H2O2 was
introduced into the PBS under stirring, while recording the current response.

3. Results and Discussion

3.1. Characterization of MoS2 and MoS2@Au Nanozyme

The XRD result of the prepared MoS2 is exhibited in Figure 1A. The diffraction peak at
32.6◦ and 58.3◦ corresponded to (100) and (110) crystal planes, respectively, which belonged
to hexagonal MoS2 (JCPDS 37-1492) [47–49]. In addition, the morphology of MoS2 was
characterized by SEM. Observed from Figure 1B, the MoS2 nanoflowers were stacked
by MoS2 nanosheets. The flower-like MoS2 also had some stacking. Flower-like MoS2
provided abundant sites to load Au nanoclusters (Au NCs) and catalyze the decomposition
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of H2O2. The raspberry-like Au NCs are exhibited in Figure 1C. Au NCs anchored on the
MoS2 nanozyme were composed of Au nanoparticles. In addition, the diameter of Au
NCs ranged between 45 nm and 100 nm, which were employed to immobilize Ab2. As
shown in Figure 1D(1–3), three elements were presented in the sample: Mo, S, and Au.
Figure 1C–E clearly show that the three elements were distributed evenly in the complex
nanozyme. In brief, the above analyses demonstrated that the MoS2@Au nanozyme was
synthesized successfully. Moreover, the characterization of the peroxidase-mimetic activity
of MoS2@Au and the i–t curve are shown in Figure S1.

Figure 1. XRD pattern (A) and SEM (B) of the MoS2 nanozyme; SEM (C) and EDS mapping images
of the MoS2@Au nanozyme (D), (1–3); EDS spectrum of the MoS2@Au nanozyme (E).

3.2. Optimization of Experimental Conditions

In order to obtain the optimum analytical performance of the immunosensor, this
work optimized the pH of the PBS solution (4.5, 5.7, 6.6, 7.4, and 8.3), the concentration
of rGO-TEPA (0.5, 1.0, 1.5, 2.0, and 2.5 mg·mL−1), and the incubation time of the NSE
antibody and NSE (0.5, 1.0, 1.5, 2.0, 2.5, and 3.0 h). In the process of optimization, the
immunosensors were fabricated with 1 ng·mL−1 of NSE. Under acidic conditions, MoS2
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owns a fine electrocatalytic activity; however, the NSE and NSE antibody can only maintain
excellent stability under near-neutral conditions [31]. In order to obtain the optimal pH
value, a PBS buffer solution in the pH range of 4.5 to 8.3 was configured for detecting
NSE. The measuring result is shown in Figure 2A, and the optimum amperometric re-
sponse occurred at pH 5.7. Hence, a PBS buffer solution with pH 5.7 was selected for the
subsequent study.

Figure 2. Effects of the pH value of PBS (A), the concentration of rGO−TEPA (B), the incubation time
(C), and the concentration of H2O2 (D) on the current responses of the immunosensor. Error bar = SD
(n = 5).

The amount of rGO-TEPA modified on the GCE is also a significant factor in current
responses. Observed from Figure 2B, as the concentration range is between 0.5 mg·mL−1

and 2.5 mg·mL−1, the current responses possessed a peak value, appearing at 1.0 mg·mL−1.
This may be attributed to the outstanding capability of electron transfer at 1.0 mg·mL−1.
Hence, 1.0 mg·mL−1 of rGO-TEPA was chosen for measurement throughout this research.

Moreover, the incubation time of NSE and the detector antibody also was investigated
in this work. Figure 2C shows that amperometric responses gradually increased with
the incubation time ranging from 0.5 h to 2.0 h. Nevertheless, amperometric responses
decreased inch by inch at an incubation time ranging from 2.0 h to 3.0 h. Based on the
above results, an incubation time of 2.0 h was chosen for follow-up testing. Addition-
ally, the impact of varying concentrations of both H2O2 and Au NPs was investigated
(Figures 2D and S2). The results have demonstrated that the optimal concentrations of
H2O2 and Au NPs were 5 mmol·mL−1 and 28.42 mmol·mL−1, respectively.

3.3. Characterization of the Immunosensor

Observed from Figure 3, EIS spectrum was composed of two parts: the semicircle
portion was on behalf of the electron transfer limited process, and the linear portion repre-
sented the diffusion limited process. [50,51]. Compared with the undecorated electrode
(curve a), the resistance of GCE decorated by rGO-TEPA (curve b) was barely changed,
which indicates that rGO-TEPA scarcely impeded the electrode conductivity. The SEM
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analysis of both the bare GCE and rGO-TEPA modified GCE was utilized to confirm the
successful modification of rGO-TEPA, as shown in Figure S3. After GA was modified on
the electrode (curve c), the resistance increased because of the ability to block the electron
transfer of GA. Subsequently, the resistance further increased with the immobilization of
Ab1 (curve d) by the reaction between amino groups which, respectively, belonged to GA
and Ab1. Afterward, the resistance was increased for introducing BSA (curve e). When
the Ab1 captured the NSE (curve f), the resistance increased significantly, proving that the
protein greatly hindered the transfer of electrons. In the end, owing to the outstanding ca-
pability of MoS2@Au, the resistance decreased with the modification of the MoS2@Au-Ab2
bioconjugate (curve g).

Figure 3. EIS recorded from 1 to 105 Hz for bare GCE (a), GCE/rGO−TEPA (b), GCE/rGO−TEPA/
GA (c), GCE/rGO−TEPA/GA/Ab1 (d), GCE/rGO−TEPA/GA/Ab1/BSA (e), GCE/rGO−TEPA/GA/
Ab1/BSA/NSE (f), and GCE/rGO−TEPA/GA/Ab1/BSA/NSE/MoS2@Au−Ab2 (g).

Under optimum conditions, a suite of electrochemical immunosensors was constructed
to detect different concentrations of NSE. Electrochemical signals of the immunosensor
were researched through adding the H2O2 into a continually stirring buffer. Observed
from Figure 4A, as the NSE concentration increased, the amperometric responses increased.
This could be attributed to the greater concentration of NSE and the more MoS2@Au-
Ab2 bioconjugate modification on the electrode through antigen- and antibody-specific
binding. Observed from Figure 4B, the current signal exhibited a linear relation toward
the logarithmic value of NSE concentrations varying from 0.1 pg·mL−1 to 10 ng·mL−1. I
regression equation was I = 3.07 lgc + 31.79, and the correlation coefficient was 0.998. The
low limit of detection (LOD) was 0.05 pg·mL−1, according to the definition of the detection
limit prescribed by the International Union of Pure and Applied Chemistry (IUPAC) [52].
The calculation could be acquired from the SI. Observed from Table 1, compared with
the reported methods, this proposed strategy exhibited satisfactory performances, such
as a lower LOD and reasonable sensitivity. This may be mainly ascribed to the following
reasons. In the beginning, a mass of Ab1 can be immobilized due to abundant amino groups
on rGO-TEPA [51]. Additionally, the MoS2@Au nanozyme provides ample sites to bind
with Ab2. Moreover, an unexceptionable capability in decomposing H2O2 is conducive to
improving the sensitivity of immunosensors.
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Figure 4. Current responses of the proposed immunosensor toward different concentrations of NSE
(A): a–g: 0.0001, 0.001, 0.01, 0.05, 0.1, 1, and 10 ng·mL−1; calibration curve of the immunosensor to-
ward different concentrations of NSE (B). Selectivity of the immunosensor for the detection of NSE (C):
NSE (a); NSE + CEA (b), NSE + cyfra21-1 (c), NSE + BSA (d), and NSE + CEA + cyfra21-1 + BSA (e).
Stability of the immunosensor (D). The values of (B–D) are absolute values. Error
bar = SD (n = 5).
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3.4. Reproducibility, Selectivity and Stability

In the case of evaluating the reproducibility of the proposed immunoassay, five
immunosensors were fabricated to measure 1 ng·mL−1 NSE under identical conditions.
The relative standard deviation (RSD) of the current response for the above immunosensors
was 1.51%, which demonstrated that the prepared immunosensor possessed satisfactory
reproducibility.

The cytokeratins21-1 (cyfra21-1), carcinoembryonic antigen (CEA), and BSA were
employed as interferences for the purpose of evaluating the selectivity of the proposed
immunosensor. In the process of this measurement, 0.1 ng·mL−1 NSE with a 10 ng·mL−1

interference was detected, and the results are exhibited in Figure 4C. Moreover, the response
to 10 ng·mL−1 interferences is shown in Figure S4. The current responses varied between
2% and 5%, demonstrating that the selectivity of this strategy was quite well.

The Stability of the proposed immunosensor was tested. As shown in Figure 4D, after
12 h at 4 ◦C, the amperometric response clearly decreased. However, the amperometric
response decreased tardily as the storage time increased, and 48 h later, the amperometric
response dropped to 87% of the initial amperometric response. Those above showed that
the immunosensor owned certain stability in 48 h.

3.5. Detection of NSE in Serum Samples

The concentration of NSE in the human serum sample was measured through the
standard addition method for evaluating the practicability of the proposed immunosensor.
The obtained serum sample was diluted 20 times with a PBS solution (pH = 7.4). Observed
from Table 2, the recovery was from 97.6% to 99.9% and the RSD ranged from 1.48% to
3.35%, manifesting that the proposed immunosensor was expected to monitor real samples.

Table 2. Detecting concentrations of NSE in the serum sample.

Concentration
of NSE in

Serum Sample
(ng·mL−1)

The Addition
Content

(ng·mL−1)

The Detection
Content

(ng·mL−1)

RSD
(%)

Recovery (%)

0.51
0.50
2.00
8.00

0.97, 0.96, 1.00,
1.02, 1.04

2.52, 2.46, 2.53,
2.55, 2.48

8.55, 8.35, 8.47,
8.22, 8.53

3.35
1.48
1.64

97.6
99.9
98.9

4. Conclusions

In brief, a sandwich-type immunosensor which employed the MoS2@Au nanozyme
was constructed to achieve sensitivity detection of NSE. The rGO-TEPA offered luxu-
riant sites for immobilizing enough Ab1. Furthermore, the catalase activity and struc-
tural properties of MoS2 efficiently amplified the amperometric response as well as en-
hanced the sensitivity of the proposed strategy. Under optimal experimental conditions,
the linear detection range was 0.1 pg·mL−1–10 ng·mL−1, and regression equation was
I = 3.07 lgc + 31.79, with a correlation coefficient of 0.998. This immunosensor possessed
low LOD (0.05 pg·mL−1), high interference resistance, and outstanding reproducibility,
which is expected to be applied to the early diagnosis of NSE. Furthermore, the proposed
immunosensor holds tremendous promise for determining other disease markers.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/chemosensors11060349/s1. Figure S1: (A) UV−vis absorption
spectra of TMB with different substrates. (B) The i−t curve of 0.5 mg·mL−1 MoS2@Au; Figure S2:
Effect of the concentration of Au NPs on the current responses of immunosensor; Figure S3: The SEM
of bare GCE (A) and rGO−TEPA/GCE (B−C); Figure S4: The response of immunosensor in detecting
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interference: (a) 10 ng·mL−1 CEA; (b) 10 ng·mL−1 cyfra21−1; (c) 10 ng·mL−1 BSA; (d) 10 ng·mL−1

CEA + 10 ng·mL−1 cyfra21−1 + 10 ng·mL−1 BSA. Calculation of detection limit.
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Abstract: Simultaneous and non-destructive quantitative detection of intracellular metal ions holds
great promise for improving the accuracy of diagnosis and biological research. Herein, novel mul-
ticolor DNAzymes-embedded framework nucleic acids (FNAzymes) were presented, which can
easily enter cells and achieve simultaneous and quantitative detection of intracellular physiologically
related Cu2+ and Zn2+. Two types of DNAzymes, specific to Cu2+ and Zn2+, were encoded in the
framework nucleic acids (FNAs) via self-assembly. With the formation of a well-ordered FNAzyme
nanostructure, the fluorophore and the quencher were close to each other; therefore, the fluorescence
was quenched. In the presence of Cu2+ and Zn2+, the integrated FNAzymes would be specifically
cleaved, resulting in the release of fluorophores in cells. Consequently, the fluorescence in living cells
could be observed by a confocal microscope and semi-quantitatively analyzed by flow cytometry with
low-nanomolar sensitivity for both metal ions. The FNAzymes have high uniformity and structural
accuracy, which are beneficial for intracellular detection with excellent reproducibility. This proposed
method offers new opportunities for non-destructive, semi-quantitative, multi-target detection in
living cells.

Keywords: Framework Nucleic Acids (FNAs); DNAzyme; metal ions; intracellular imaging; flow cytometry

1. Introduction

Physiologically related metal ions play a significant role in regulating cellular func-
tions and life activities [1]. Among these ions, Cu2+ and Zn2+ are the second and third
most abundant transition metal ions (after Fe3+) inside the human body, and they partici-
pate in a variety of intra- and extracellular physiological processes, such as neural signal
transmission, cellular metabolism, and respiration [2,3]. An increasing number of studies
have demonstrated that the concentrations of Cu2+ and Zn2+ in vivo are correlated with
many nutrition-related or enzyme-related diseases, such as genetic disorders, epilepsy,
Parkinson’s disease, and even cancers [4]. For instance, the relative concentration ratio
of Cu2+/Zn2+ has been considered to be an important indicator for numerous diseases,
such as colorectal cancer, lung cancer, and relapsing-remitting multiple sclerosis [5]. In
the cell signaling pathway, Cu2+ and Zn2+ always function complementarily to each other
to regulate biological processes [6]. Therefore, quantitative detection of Zn2+ and Cu2+

simultaneously at the cellular level holds great hope for better understanding the working
mechanisms of physiologically related metal ions in biological processes and has potential
in biomedical applications.
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The most widely used methods for conventional quantitative detection of metal ele-
ments involve inductively coupled plasma-mass spectrometry (ICP-MS) [7], inductively
coupled plasma-atomic emission spectrometry (ICP-AES) [8], and atomic absorption spec-
trometry (AAS) [9]. These methods are commonly cumbersome and cell-destructive, and
thus, they are not suitable for live-cell detection. In recent years, fluorescent sensors have
turned out to be powerful tools for intracellular and super-resolution imaging [10–12].
Great efforts have been focused on the development of fluorescent probes for the imag-
ing of intracellular metal ions such as Ca2+, Cu2+, Zn2+, and Mg2+ [13–15]. Nevertheless,
tedious organic synthesis steps are often required to fabricate these probes. Most small
molecule probe-based approaches can only detect an individual ion due to their limited
specificity towards metal ions, which restricts their applications in multiple detections.
Therefore, it developing effective techniques for the non-destructive quantitative determi-
nation of multiple metal ions in living cells with high sensitivity and selectivity is in high
demand.

DNAzymes are a class of functional nucleic acids that exhibit catalytic activity in the
presence of specific targets [16,17]. The biocompatibility, low cytotoxicity, and ease of coding
allow DNAzymes to be a powerful tool for intracellular analysis. Numerous DNAzymes
specific for various metal ions (such as Na+, Pb2+, UO2

2+, and K+) have been selected for
sensitive detection in vitro and in vivo [18,19]. However, due to the simple structure and
the existing RNA site, DNAzymes are vulnerable to nucleases in the cell environment. To
increase the stability of DNAzyme in living cells, nanocarriers have been used to assist the
transfer of DNAzyme into cells, such as gold nanoparticles, two-dimensional nanomaterials,
and polymers [20–22]. However, these assays also suffer from some inherent limitations.
For instance, the sizes of carriers, the number of signaling molecules on carriers, and
the carriers themselves could vary among different batches. Additionally, multiple-step
modifications of small molecules (such as thiolated probes, fluorescent probes, or other
probes) exacerbate the inhomogeneity between probes. Considering the complexity of the
intracellular environment, developing probes with high uniformity and structural precision
is urgent for improving the accuracy of quantification in living cells. Self-assembled
framework nucleic acids (FNAs) are nano-functional materials constructed by several DNA
strands through highly specific base-pairing, which have aroused widespread concern
due to their ease of designing, low cytotoxicity, and good stability [23–25]. Compared to
other nanocarriers, FNAs have high uniformity and structural accuracy, which is beneficial
for detection with excellent repeatability [26–28]. It has been demonstrated that FNAs
could penetrate cell membranes by a caveolin-dependent pathway without the assistance
of transfection agents and maintain good stability in living cells, which allows FNAs to be
powerful nanocarriers for intracellular applications [29].

In this work, we designed DNAzymes-embedded framework nucleic acids (FNAzymes)
for the simultaneous semi-quantitative determination and imaging of intracellular Cu2+ and
Zn2+. Cu2+-specific DNAzymes [30] and Zn2+-specific DNAzymes [31] were employed as
recognition elements, and tetrahedral FNAs were used as nanocarriers for cellular transport
(Figure 1A). Benefiting from the high structural uniformity of FNAs, the incorporation of
DNAzymes with FNAs might provide a platform for intracellular detection with enhanced
precision. The fluorescence inside cells was observed using a laser scanning confocal
microscope (LSCM). The fluorescence was analyzed using flow cytometry, which allowed
for the semi-quantitative determination of intracellular metal ions (Figure 1B).
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Figure 1. (A) Scheme of the assembly and metal ions in response to the multifunctional tetrahedral
DNA nanostructure-based nanoprobe with embedded DNAzymes (FNAzymes). (B) The simultane-
ous intracellular semi-quantification of Cu2+ and Zn2+ by flow cytometer.

2. Materials and Methods

2.1. Chemicals

DNA samples (listed in Table S1) were synthesized by TaKaRa Inc. (Dalian, China). Tris
(hydroxymethyl) aminomethane (Tris), NaCl, KCl, CaCl2, Cu(CH3COO)2·H2O,
Zn(CH3COO)2·2H2O, FeCl3, Mn(CH3COO)2·4H2O, MgCl2·6H2O, Cd(NO3)2·6H2O,
NiSO4·6(H2O), Co(CH3COO)2·4H2O, and diethylpyrocarbonate (DEPC) were purchased
from China National Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). Human
cervical cancer cell line (HeLa) was purchased from Jiangsu Keygen Biotech Corp. Ltd.
(Nanjing, China). Additionally, 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT) was purchased from Sigma-Aldrich (St. Louis, MO, USA). All solutions were
treated with DEPC-treated ultrapure water to prevent RNA degradation by RNA enzyme.
Buffer A: 20 mM Tris-HCl, 50 mM MgCl2, pH 8.0. Buffer B: 50 mM Tris-HCl, 100 mM NaCl,
2 mM MgCl2, pH 7.4.

2.2. Assembly of Multifunctional FNAzymes

The FNAzymes were prepared by adding the four DNA strands (strands S1–S4) in
equimolar quantities together in buffer A. The solution was heated to 95 ◦C for 10 min,
followed by rapid cooling to 4 ◦C. The FNAzymes were loaded onto an 8% polyacrylamide
gel electrophoresis (PAGE, 8%) and imaged using a GBOX-F3-E system (Syngene UK,
Massachusetts, England). The prepared FNAzymes were stored at 4 ◦C for further use.

2.3. AFM Imaging

The FNAzymes were diluted to 20 nM with Buffer A. Subsequently, 40 μL of APTES
(0.5%) was incubated on freshly cleaved mica for a duration of 5 min. Following this,
the mica surface was rinsed with Milli-Q water and dried using N2 gas. Next, 10 μL of
20 nM FNAzymes were incubated on the treated mica for 5 min. After thorough washing,
the assembly buffer was added to reach a final volume of 100 μL. The sample was then
subjected to scanning using a Jscanner attached to a Multimode NanoscopeIIIa AFM
(Vecco/Digital Instruments) operating in peak force mode.
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2.4. Simultaneous Detection of Cu2+ and Zn2+ In Vitro

FNAzymes were firstly diluted to a concentration of 50 nM in buffer B. Various
concentrations of Cu2+ and Zn2+ were then added and allowed to incubate together at
37 ◦C for 20 min. Fluorescence intensity of samples was recorded by RF-5301PC (Shimadzu,
Tokyo, Japan). For FAM, the excitation wavelength was 494 nm, and the fluorescence
spectrum was collected from 505 to 600 nm. For ROX, the excitation wavelength was
580 nm, and the fluorescence spectrum was collected from 595 to 660 nm.

2.5. Stability of FNAzymes

The FNAzymes were concentrated to 1 μM in 5 U/L of DNase I or 50% cell lysate and
incubated at 37 ◦C. The samples collected at different time points were characterized by
8% PAGE and analyzed using ImageJ software. For control, nude Cu2+-specific DNAzyme
was prepared by hybridizing Enzyme-1 and Substrate-1 in a 1:1 and incubated in 1 μM
concentration in 5 U/L DNase I or 50% cell lysate at the same conditions.

2.6. Cell Viability

The cytotoxicity of the FNAzymes was evaluated by an MTT assay. HeLa cells were
seeded in a 96-well plate at a concentration of 1 × 105 cells per well. The plates were
allowed to maintain in an air incubator containing 5% CO2/95% air at 37 ◦C for 24 h and
then rinsed with fresh medium. Different concentrations of FNAzymes (0, 1, 3, 5, 10, 20, 50,
80, 160, and 320 nM) were added for another 24 h incubation, followed by the addition of
0.5 mg/mL MTT (final concentration). Four hours later, the media containing MTT was
discarded by washing. The DMSO (150 μL) was then introduced to dissolve the formazan
crystals in each well. The absorbance at 490 nm was recorded using a microplate reader
(EL × 808, BioTek, Winooski, VT, USA) for the final product.

2.7. Confocal Fluorescence Imaging

HeLa cells were incubated in a cell culture dish (MatTek, Ashland, MA, USA) with
1.0 × 105 cells per well. Certain amounts of Cu2+ and Zn2+ were added to each well for a
1 h incubation and then washed with PBS buffer three times. Then, 50 nM of FNAzymes
were diluted in fresh medium and introduced for a 3 h incubation at 37 ◦C, followed by
washing with PBS buffer three times. Images were monitored using an FV1000 LSCM
(Olympus Optical Co., Ltd., Tokyo, Japan) with various laser transmitters.

2.8. Flow Cytometric Assay

HeLa cells were first treated with various concentrations of Cu2+ or Zn2+ (100, 200,
800, 3000, and 5000 nM) for 1 h, followed by incubating with 50 nM FNAzymes for another
3 h and washing with PBS buffer three times. Afterward, the HeLa cells were trypsinized
and suspended in a new medium. The fluorescence intensity was analyzed using a BD
FACSCanto flow cytometer (Merck Millipore, Darmstadt, Germany) in real time. The
fluorescence intensities of FAM and ROX were obtained by 488 nm and 561 nm excitation,
respectively.

2.9. Inductively Coupled Plasma-Mass Spectrometer (ICP-MS) Test

For the inductively coupled plasma-mass Spectrometer (ICP-MS) test, the trypsinized
cells were counted with a cell counter and then transferred to a centrifuge tube and collected
by centrifugation. After being dealt with aqua regia (3:1 hydrochloric acid/nitric acid,
200 μL) for 12 h, the cells were treated with ultrasound for 30 min to fully dissolve the two
kinds of metal elements for the ICP-MS analysis (NexION 300D, PerkinElmer, Waltham,
MA, USA). The concentrations of the two metal ions inside cells were calculated from the
result of ICP-MS detection.
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3. Results and Discussion

3.1. Simultaneous Detection of Cu2+ and Zn2+ In Vitro

As illustrated in Figure 1A, four strands (S1, S2, S3, and S4) containing Cu2+-specific
DNAzyme (marked in green on S3 and S4), Zn2+-specific DNAzyme (marked in yellow
on S1 and S2), fluorophores (FAM and ROX), and quenchers (Dabcyl and BHQ-2) are
self-assembled into a multifunctional FNAzyme by rapid thermal annealing. The formation
of a well-defined tetrahedral nanostructure brought the fluorophore and quencher together;
thus, the fluorescence of FAM and ROX was efficiently quenched by Dabcyl and BHQ-2,
respectively. In the presence of Cu2+ and Zn2+, specific cleavage sites can be identified,
and the site of an adenine ribonucleotide (rA) can be cleaved. Therefore, the fluorophore-
labeled portions of the substrate strands (S1 and S4) were released, and the corresponding
fluorescence was recovered.

The formation of FNAzymes was first determined by 8% native PAGE (Figure S1). The
relatively low mobility in band 1 suggested that a yield of over 90% of the nanostructure
was successfully formed with a single thermal annealing step. The monodispersed DNA
structure could be observed under AFM imaging (Figure S2). The feasibility of FNAzymes
in simultaneously responding to Cu2+ and Zn2+ in vitro was evaluated by fluorescence
measurement (Figure 2A,B). The well-defined nanostructure of FNAzymes brought the
fluorophores (FAM and ROX) quite close to the quenching molecules (DABCYL and BHQ-
2), resulting in high fluorescence quenching efficiency. In this state, the fluorescence of
fluorophores could not be detected (curve a colored gray in Figure 2A,B). In the presence of
400 nM Cu2+ and Zn2+, the observed fluorescence intensity of FAM at 520 nm (excited at
494 nm, curve b in Figure 2A) and ROX at 605 nm (excited at 580 nm, curve b in Figure 2B)
was significantly increased, suggesting that the cleavage of rA sites by target metal ions
caused the release of fluorophore-labeled substrate strands (S4 and S1 in Figure 2) and
the recovery of fluorescence. Kinetic studies in Figure 2C,D indicated that the FNAzymes
respond rapidly to the target Cu2+ and Zn2+ within 20 min, suggesting that the FNAzymes
were able to respond to the target Cu2+ and Zn2+ with a fast response. Considering the
fact that the change in fluorescence intensity is proportional to the change in concentration
at low concentrations (ΔF = kΔc), we measured fluorescence intensities to calculate the
cleavage ratio of probes. Fluorescence change (ΔF) was calculated as the fluorescence
following cleavage (signal) minus the fluorescence prior to cleavage (background). To
test the ratio and rate of the cleavage, FNAzymes with 50 nM free FAM or 50 nM free
ROX were assembled to simulate 100% cleavage. In detail, 50 nM FNAzymes-1 were
assembled by 50 nM S1, S2, S3, and S4-2 (without FAM labeling). In order to simulate 100%
cleavage, an amount of 50 nM of FAM-labeled DNA (F1) was added. The fluorescence at
520 nm was recorded, and the ΔF520 nm was calculated to be 98.2, while the ΔF520 nm in the
presence of 400 nM Cu2+ was 23.8 (20 min incubation), indicating ~24.2% cleavage ratio of
Cu2+-responsive DNAzyme (Figure S3). Similarly, 50 nM FNAzymes-2 were assembled by
50 nM S1-2 (without ROX labeling), S2, S3, and S4. To simulate 100% cleavage, an amount
of 50 nM of ROX-labeled DNA (F2) was added. The fluorescence at 605 nm was recorded,
and the ΔF605 nm was calculated to be 103.1, while the ΔF605 nm in the presence of 400 nM
Zn2+ was 32.4 (20 min incubation), indicating ~34.4% cleavage ratio of Zn2+-responsive
DNAzyme. The cleavage rates within the first 20 min were calculated to be 0.61 nM/min
for Cu2+-responded cleavage and 0.86 nM/min for Zn2+-responded cleavage.
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Figure 2. (A,B) Fluorescence response of the FNAzymes in the presence (a) or absence (b) of
(A) 400 nM Cu2+ and (B) 400 nM Zn2+. (C,D) Kinetics of the FNAzymes in the existence or ab-
sence of (C) 400 nM Cu2+ and (D) 400 nM Zn2+. Cu2+ (FAM), λex/λem: 494 nm/520 nm; Zn2+ (ROX),
λex/λem: 580 nm/605 nm.

Having demonstrated the feasibility of the simultaneous response of metal ions by
FNAzymes, the detection sensitivity and selectivity in vitro were further tested. The ob-
served FAM and ROX fluorescence increased gradually with the increase in concentrations
of the target Cu2+ and Zn2+ (Figues 3 and S4), respectively, suggesting that the cleavage of
DNAzyme by the corresponding target metal ions leads to fluorescence recovery. Strong
linear correlations were observed between the maximum fluorescence intensities and the
log C of the target metal ions ranging from 10 nM to 5000 nM with high correlation coef-
ficients (R2 = 0.9905 for Cu2+ and 0.9849 for Zn2+, respectively). The detection limits of
the FNAzymes for Cu2+ and Zn2+ were estimated to be 6.8 nM and 0.9 nM, respectively,
indicating that the FNAzymes showed excellent detecting performance. The selectivity
of FNAzymes was evaluated by detecting Cu2+ and Zn2+ in the presence of other rele-
vant metal ions (Mn2+, Li+, Ni+, Fe3+, Cr2+, and Co2+) at a concentration of 1000 nM. A
3.3~11.7-fold enhancement in the fluorescence signal was observed for the target Cu2+ and
Zn2+ compared to that for other ions (Figure S5). This indicated that DNAzymes could
differentiate the target ions from others. However, the selectivity for the target metal ions
was moderate or comparable as compared to other studies [32,33], which might be caused
by the relatively low cleavage ratio of FNAzymes in the presence of metal ions and the
relatively high background signal. Taken together, FNAzymes displayed good sensitivity
and selectivity in vitro in signaling the Cu2+ and Zn2+ ions.
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Figure 3. Plots of fluorescence peak intensities versus different concentrations of (A) Cu2+ and
(B) Zn2+. Insets are the corresponding calibration curve. Each experiment was repeated at least three
times. Cu2+ (FAM), λex/λem: 494 nm/520 nm; Zn2+ (ROX), λex/λem: 580 nm/605 nm.

3.2. Stability and Cytotoxicity of the FNAzymes

Since the nanoprobes will be applied in a complex biological environment, the
structural integrity of the FNAzymes was monitored in a DNase I solution and charac-
terized with PAGE gel analysis. DNase I is a well-known endonuclease that efficiently
digests single- or double-stranded DNA efficiently. From Figure 4A,B, a band of
FNAzymes was visible for 12 h, indicating that the rigid structure was maintained
against degradation by DNase I. As a control, the nude duplex Cu2+-specific DNAzyme
could not be visualized on PAGE gel after 8 h, indicating a much lower structural sta-
bility of the duplex structure. The enhanced stability of FNAzymes was in agreement
with recently published data, which was attributed to the enzymatic resistance ability
of rigid DNA nanostructures. These results further illustrated that the nude duplex
DNAzyme could not work for a long time in the complex biological environment with-
out protection due to its instability in cells [34,35]. Then, the stability of FNAzymes
was further investigated in 50% cell lysate (human cervical cancer) and characterized
by 8% PAGE gel analysis (Figure S6). The clear band observed after 12 h of incubation
also demonstrates the good biostability of FNAzymes in cellular components. Within
a period of three hours, it is possible that up to 80% of the structure would remain
intact, allowing for semi-quantitative imaging in living cells. As a comparison, the
nude duplex Cu2+-specific DNAzyme was significantly degraded after four hours.
Furthermore, the toxicity of the FNAzymes was evaluated by a standard colorimetric
MTT assay. The HeLa cells were incubated with various concentrations of FNAzymes
ranging from 0 to 320 nM at 37 ◦C for 24 h (Figure 4C). Even under the highest con-
centration at 320 nM, HeLa cells maintained high activity (>85%), indicating that the
FNAzymes appeared to have no obvious toxicity or side effects on the living cells. With
high stability in the cellular environment and low cellular cytotoxicity, the FNAzymes
were applicable for intracellular detection of Cu2+ and Zn2+.
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Figure 4. (A) Electrophoresis characterization for the stability of the FNAzymes (the upper row) and
the nude Cu2+-dependent DNAzyme (the lower row) treated with 5 U/L DNase I at 37 ◦C from 0
to 12 h. The concentrations of probes are all 1 μM. (B) Band intensity of FNAzymes (red dots) and
the nude Cu2+-dependent DNAzymes (black dots) after incubating with 5 U/L DNase I at 37 ◦C for
different times in gel image (A). (C) Viability of HeLa cells incubated with various concentrations of
FNAzymes for 24 h, respectively. Three experiments were conducted in each group, respectively.

3.3. Intracellular Imaging of Cu2+ and Zn2+ with FNAzymes

As demonstrated above, FNAzymes have the advantages of high sensitivity, high
selectivity, fast detection speed, low cytotoxicity, and satisfactory stability in an intracellular
environment. Hence, we aim to detect Cu2+ and Zn2+ in living cells using HeLa cells as
the model. Firstly, HeLa cells without metal ion treatment were observed by confocal
imaging. Under excitation of an appropriate voltage (590 V), almost no fluorescence signal
was observed for cells that had not been treated with metal ions (Figure 5A). To verify
that fluorescence was caused by metal ions in cells, HeLa cells were exposed to 5 μM Cu2+

or 5 μM Zn2+ for 1 h to enable the uptake of the metal ions, followed by incubation with
FNAzymes for 3 h and observation through confocal imaging under the same experimental
conditions. Cells incubated with Cu2+ ions showed bright green fluorescence (Figure 5B),
while those incubated with Zn2+ ions exhibited red fluorescence (Figure 5C). Then, HeLa
cells incubated with 5 μM Cu2+ and 5 μM Zn2+ were observed by confocal imaging. A
bright green fluorescence signal for Cu2+ could be seen in the “FAM” channel under 480 nm
excitation, and a red fluorescence signal for Zn2+ could be observed in the “ROX” channel
under 559 nm excitation (Figure 5D). The bright-field images in Figure 5 indicated that
HeLa cells were viable during the imaging process, while the overlap image confirms the
simultaneous intracellular detections of Cu2+ and Zn2+. From the inductively coupled
plasma-mass spectrometer (ICP-MS) results, the intracellular concentrations of Cu2+ and
Zn2+ under the experimental conditions are estimated to be 101.12 nM and 96.22 nM,
respectively (assuming 2000 μm3 as the volume of a cell) [22]. The results indicated that
FNAzymes performed well in imaging Cu2+ and Zn2+ simultaneously in single living cells.
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Figure 5. Fluorescence imaging of metal ions in living HeLa cells after treatment with (A) Cu2+ and
Zn2+; (B) Cu2+ only; (C) Zn2+ only; or (D) no metal ions and incubated with FNAzymes. The green
channel (the first row) is FAM fluorescence (λex: 480 nm), and the red channel (the second row) is
ROX fluorescence (λex: 559 nm). Scale bar: 50 μm.

3.4. Semi-Quantitative Detection of Cu2+ and Zn2+ in Living Cells

To semi-quantitatively detect physiologically related metal ions in cells, analytical
flow cytometry was employed to analyze the intracellular fluorescence intensity in a large
population of cells. Different concentrations of Cu2+ and Zn2+ ranging from 0 to 5 μM were
allowed to incubate with HeLa cells for 1 h, respectively. As the concentrations of metal ions
in the cells increased, the signal intensity peak in flow cytometry shifted accordingly, which
agreed with the corresponding fluorescence intensities observed in the confocal images
(Figure 6A,B). The results indicated that FNAzymes could effectively monitor intracellular
metal ions. The fluorescence signals were semi-quantified by the fluorescence intensities
of the flow cytometry and the added concentrations of Cu2+ and Zn2+ (Figure 6C,D). An
approximate linear relationship between fluorescence intensities and concentrations of
added metal ions was observed. The excellent reproducibility of imaging sensitivity was
proposed to be attributed to the high structural uniformity of FNAzymes, where signaling
molecules were attached to FNAzymes at a 1:1 ratio with high precision. These results
suggested that FNAzymes could be used as an effective tool for the semi-quantitative and
simultaneous determination of intracellular metal ions.
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Figure 6. Semi-quantitative detection of intracellular Cu2+ and Zn2+ with FNAzymes. (A,B) Flow
cytometry (left) and confocal images results (right) of HeLa cells incubated with 50 nM FNAzymes
and different concentrations (0, 200, 400, 1000, and 3000 nM) of (A) Cu2+ and (B) Zn2+. Scale bar:
25 μm. (C,D) Fluorescence intensity of the FNAzymes corresponding to various concentrations
of added (C) Cu2+ and (D) Zn2+. Error bars represented standard deviations of at least three
independent experiments.

4. Conclusions

In conclusion, we have proposed elaborate FNAzymes for the non-destructive simul-
taneous and quantitative detection of physiologically related Cu2+ and Zn2+ inside living
cells by combining the highly active DNAzyme and DNA tetrahedron with good intracel-
lular stability. As a promising nanocarrier for entering cells, FNAzymes with favorable
biocompatibility can be easily prepared in one step with a high yield of over 90%, making
them suitable for non-destructive intracellular detection. The excellent high structural
uniformity endows FNAzymes with excellent and highly reproducible detection properties,
which improve the accuracy of quantitative detection of intracellular ions. The excellent

99



Chemosensors 2023, 11, 358

high structural uniformity endows FNAzymes with excellent and highly reproducible
detection properties, which improve the accuracy of quantitative detection of intracellular
ions. Due to the amplification effect of DNAzymes, the assay displays low-nanomolar sen-
sitivity for signaling Cu2+ and Zn2+ with a fast response time within 20 min. Enhancing the
selectivity could be achieved by further designing a fluorescent probe with more efficient
quenchers or fluorophores. We envision that this method could offer great opportunities
for the quantitative detection of multiple targets in living cells and contribute to advancing
our knowledge and understanding of the functions of Cu2+ and Zn2+ in biological research.
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Abstract: Molecular recognition based on non-covalent interactions between two or more molecules
plays a crucial role in biological systems. Specific biological molecule recognition has been widely
applied in biotechnology, clinical diagnosis, and treatment. The efficiency and affinity of molecular
recognition are greatly determined by the spatial conformation of biomolecules. The designability
of DNA nanotechnology makes possible the precise programming of the spatial conformation of
biomolecules including valency and spacing, further achieving spatial pattern recognition regulation
between biomolecules. This review summarizes recent achievements with DNA-based molecular
spatial pattern recognition systems, the important factors affecting spatial pattern recognition, and
their applications in biosensing, bioimaging, and targeted therapy. The future challenges in and
development of this field are discussed and prospected. This review will provide valuable guidance
for the creation of new DNA tools to enhance the efficiency and specificity of biomolecular recognition.

Keywords: biomolecular recognition; DNA technology; spatial pattern; biosensing; targeted therapy

1. Introduction

In living organisms, molecular recognition based on the specific interaction between
molecules is a crucial foundation for maintaining life, as mutual recognition and interaction
between biomolecules are essential for processes such as cell signaling, metabolism, cell
proliferation, and differentiation [1]. For example, cell-surface receptor molecules can
interact with signaling molecules, triggering intracellular signal transduction to regulate
cellular physiology and metabolism [2,3]. Enzymes can recognize their substrate molecules,
catalyzing the conversion of the substrate [4,5]. In the field of biotechnology, specific
molecular recognition also has a wide range of applications in the diagnostic and biosensing
fields. For example, the recognition of specific proteins on the surface of tumor cells can
facilitate early diagnosis and targeted treatment of tumors [6,7]. Biosensors leverage
molecular recognition principles to identify particular molecules, harnessing the specificity
of enzymes to detect their corresponding substrates [8,9].

In biomolecular recognition, non-covalent interactions such as hydrogen bonds, ionic
interactions, and van der Waals forces between molecules in the binding site are usually
involved. These non-covalent interactions usually occur based on the spatial conformation
of biomolecules [10]. For example, proteins on the cell surface cluster into a specific pattern
and interact with ligands through specific structural domains, triggering downstream bio-
logical processes such as immune response and cell adhesion. Therefore, the conformation
of biomolecules plays an important role in biomolecular recognition. Recently, by linking
biomolecules to organic/inorganic or biological scaffolds, researchers have constructed ex
vivo molecular recognition systems. Various spatial conformations were constructed by
adjusting the valence and spacing of biomolecules on the scaffold [11]. Efficient biomolecu-
lar spatial pattern recognition and relevant applications, including targeted diagnosis, can
ultimately be achieved.
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In addition to polymers [12], nanoparticles [13], and dendritic polymers [14], nucleic
acids have emerged as novel scaffold materials for biomolecule coupling. With the de-
velopment of DNA chemical synthesis technology, various chemical groups, including
fluorescent dyes, thiols, and biotin, can be modified on DNA chains. Directional coupling
and the precise spatial arrangement of various biomolecules can be achieved. In addition,
DNA molecules have excellent biocompatibility and biological stability. In particular, DNA
technology enables a class of one-dimensional to three-dimensional nanostructures formed
by the precise Watson–Crick base pairing of DNA [15]. DNA nanostructures exhibit unparal-
leled monodispersity and atomic-level precision when compared to other nanoparticles [16].
Excellent chemical addressability, precise assembly, and highly ordered conformation make
DNA nanostructure the perfect template for a variety of nanoscale molecules, such as
small molecules, proteins, liposomes, and nanoparticles [17,18]. Thus, biomolecular spatial
pattern recognition can be easily programmed by DNA [19]. This review provides a compre-
hensive overview of DNA-based molecular spatial pattern recognition systems and DNA
biomolecule conjugation chemistry. We emphasize the crucial factors influencing spatial
pattern recognition and explore their applications (Scheme 1). Furthermore, we examine
the challenges encountered in the advancement of DNA-programmed biomolecular spatial
pattern recognition and propose future directions for this field.

 

Scheme 1. Schematic illustration of DNA-programmed biomolecular spatial pattern recognition.

2. Biomolecular Systems Based on Spatial Pattern Recognition

Specific recognition between antibodies and antigens is a common molecular recogni-
tion in biological systems and is typically used to recognize and clear foreign substances or
abnormal cells in living organisms (Figure 1a). Antibodies, which are proteins generated
by the immune system, possess the ability to identify and attach themselves to particu-
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lar antigen molecules, creating a complex interaction with the antigen. The recognition
and binding between antibodies and antigens are highly specific, with only antigens that
precisely match the antibody being capable of recognition and binding [20]. In addition,
antigen molecules on the surface of tumor cells or viruses are often multivalent and ar-
ranged into specific graphic patterns. For example, the number and arrangement of spikes
on the surface of enveloped viruses differ among various viral species, leading to distinct
characteristics in terms of infection mechanisms and behaviors. Therefore, multivalent
antibodies are often designed to match the spatial conformation of antigens to enhance
the affinity of antigens and antibodies through molecular spatial pattern recognition in
antibody-based virus neutralization and tumor therapy [21]. For example, the conformation
of complementary-determining regions (CDRs) of natural antibodies can be reconstructed
on gold nanoparticles to achieve a high binding affinity with target antigens [22].

 

Figure 1. Biomolecular spatial pattern recognition based on antibody–antigen (a), receptor–ligand
(b), and aptamer–target (c).

Receptor–ligand recognition is another ubiquitous molecular recognition in vivo
(Figure 1b). Receptors are proteins on the cell membrane that can bind to specific ligands,
triggering biological reactions inside the cell. Ligand molecules often include metal ions,
nucleic acids, proteins, etc. [23]. The recognition between receptor and ligand molecules is
highly selective. Ligands with specific chemical and structural features bind to specific re-
ceptors. This selectivity ensures the specificity and effectiveness of biological reactions [24].
Since the receptor molecules often cluster on the cell membrane, spatial pattern recogni-
tion between receptor and ligand has been applied in the studies of receptor-mediated
biological processes. Palma’s group proposed a biomimetic nanoscale array fabrication
strategy based on triangular origami. By assembling integrin-specific binding ligands and
epidermal growth factor (EGF) in a multivalent form in patterned nanoscale arrays, they
studied receptor–ligand recognition in the spread of cancer cells with nanoscale spatial
resolution and single-molecule control. They demonstrated that the synergistic effect of
integrin and EGF in the spread of melanoma cells is related to the number and ratio of
the two ligands [25]. Dutta et al. designed a six-helix DNA origami tension probe by
customizing different numbers of ligands on DNA origami. They used single-molecule
force spectroscopy to measure the tension signal of platelets and found that the total tension
signal of the platelets increases with the number of modified ligands on the probe [26].

Nucleic acid aptamers, characterized by unique secondary and tertiary structures,
are single-strand nucleic acid oligomers that possess the capability to selectively bind
to specific target molecules (Figure 1c). These aptamers are commonly referred to as
chemical antibodies and offer several advantages over traditional antibodies due to their
high specificity [27]. First, the molecular weights of nucleic acid aptamers are relatively
small and their structures are simple. Therefore, they penetrate cell membranes more easily
and can bind to target molecules within the cell. Second, aptamers are generated from an
in vitro process known as the systematic evolution of ligands by exponential enrichment
(SELEX), which is more economical and can be prepared on a large scale. Last, nucleic acid
aptamers can maintain their structural stability over a wide range of temperatures and
pH. Their resistance to degradation by proteases makes them well-suited for utilization in
intricate biological systems [28]. In addition, aptamers can be easily modified with different
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functional groups. Therefore, nucleic acid aptamers have been increasingly used in the
research and application of biomolecular recognition [29]. Significantly, drawing inspiration
from natural multivalent interactions, researchers have ventured into exploring multivalent
aptamers that exhibit enhanced binding affinity, heightened specificity, and extended
circulation duration compared to monomeric aptamers [30]. The rational conformational
design of multivalent aptamers is key to their target recognition. For example, human
thrombin aptamers with defined distances and orientations were established to study the
effect of the aptamer geometry on binding properties. It has been proven that optimization
of the spatial pattern of the aptamers can improve the affinity of binding efficiently [31].

3. Approaches for the Construction of DNA-Based Multivalent Biomolecules

When establishing a DNA-based biomolecular recognition system, the conjugation
of DNA and biomolecules is the first and most important step. There are several highly
specific and efficient methods for modifying biomolecules on DNA, including biotin–avidin
interactions, and click chemistry reactions. The approaches are mainly divided into non-
covalent conjugation and covalent conjugation based on the mechanism of the reaction
(Table 1) [32,33].

3.1. Non-Covalent Conjugation

The non-covalent conjugation between DNA and biomolecules is realized through the
interaction between the connecting molecules on DNA and ligands such as biotin–avidin,
Ni2+–NTA–Histag, etc.

The non-covalent interaction between biotin and avidin is a highly specific and
high-affinity binding interaction, commonly employed in the conjugation of DNA with
biomolecules. With the maturation of solid-phase DNA synthesis technology, biotin-
modified oligonucleotides have been commercialized. The common strategy is to conjugate
biotin-modified DNA with biomolecules modified with tetrameric streptavidin protein
under mild conditions. Using this strategy, different ligands have been ligated to DNA
nanostructures [34–36]. However, this method has some drawbacks. For example, the large
size of tetrameric streptavidin may cause steric hindrance, which will affect the efficiency
of ligation. The structure of the tetramer may lead to uncertain stoichiometry between
DNA and biomolecules. These problems may be solved by using monomeric avidin, but
the binding affinity would be weakened accordingly.

Ni2+–NTA–Histag non-covalent interaction is another commonly used linking strategy.
In the presence of Ni2+ ions, molecules labeled with multiple histidine residues (Histags)
are bound to NTA-labeled DNA to construct DNA–biomolecule complexes [37]. This inter-
action is reversible in the presence of strong chelators such as ethylenediaminetetraacetic
acid (EDTA). As the protein labeled with multiple histidine residues can be easily fused
with the target protein through protein engineering, this method is more commonly used
for the coupling of protein and DNA [38].

In addition, non-covalent interactions between proteins are also used to construct
DNA–protein complexes. Protein A/G is a protein ligand that binds specifically to the Fc
region of antibodies. The binding between protein A/G and the Fc region of antibodies is
achieved through a combination of electrostatic interactions, hydrophobic interactions, and
hydrogen bonding. These forces enable the formation of a stable complex between protein
A/G and the Fc region of antibodies. A ProA/G-dRep fusion protein was developed for
the conjugation of DNA and antibody with precise stoichiometry. In addition, protein-
binding cyclic peptides can also bind to certain proteins through non-covalent interactions.
Gothelf’s group selected the FC-III, a 13-amino-acid cyclic peptide binder of the human
immunoglobulin G (Ig G) Fc domain, to direct DNA protein conjugation. Quantitative
conversion of DNA is achieved at low stoichiometries and the reaction can be performed in
complex biological matrixes, such as cell lysates [39]. Although the non-covalent interaction
between proteins can precisely control the ratio of DNA to protein in conjugation, it is not
universally applicable to other biomolecules because such interactions occur mostly in
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antibodies. Some DNA binding proteins that bind to the DNA of specific sequences non-
covalently, such as Zinc-finger protein and transcription activator-like effector nucleases
(TALEN), also have potential in DNA biomolecule conjugation [40,41].

3.2. Covalent Conjugation

Compared with non-covalent conjugation, covalent conjugation provides a much
stronger binding between DNA and biomolecules, further improving the stability of DNA–
biomolecule complexes and promoting their applications in physiological environments.

The most commonly used strategy of covalent conjugation is to use the native func-
tional group on the biomolecules. For example, covalent reactions occur between the amine
group in lysine and different chemical groups modified on DNA, such as carboxyl. The
thiol group is also an active group for covalent reactions. In addition to direct reactions
such as acid–base condensation reactions, some heterobifunctional crosslinking agents,
such as succinimide 3 (-2-pyridyl dithionyl) -propionate (SPDP) and sulfonyl succinimide 4-
(n-maleimide methyl) cyclohexane-1-carboxylate (Sulfo-SMCC) were also introduced in the
conjugation of two different chemical groups [42,43]. The use of a native chemical group of
biomolecules for conjugation is simple but lacks selectivity. When more than one functional
group used for ligation exists in biomolecules, it is difficult to control the valency and
direction of the coupled DNA. Therefore, click chemistry with high selectivity, fast reaction
rates, and few side reactions has been more and more applied in the conjugation of DNA
and biomolecules [44,45]. Cu(I)-catalyzed azide–alkyne cycloaddition (CuAAC), the first
widely accepted click reaction, was first proposed by Sharpless in 2001 [46]. Alkyne-labeled
DNA strands have been conjugated with the genetically incorporated azide group on glyco-
proteins or enzymes to form DNA–biomolecule complexes. However, the requirement for
copper ions as a catalyst limits its application in vivo. Later, a copper-free click reaction was
proposed by Bertozzi and widely used for biomolecule conjugation [47]. One of the most
commonly used reactions is strain-promoted alkyne–azide cycloaddition (SPAAC), which
conjugates azide and dibenzocyclooctyne (DBCO). Knappe and colleagues developed a
versatile DNA origami functionalization platform based on SPAAC, realizing the in situ
conjugation of carbohydrates, small molecules, peptides, polymers, and proteins to DNA
scaffolds [48].

Another method for covalent linkage is to introduce a tag protein on the biomolecules,
which provides a self-catalytic reaction site for reaction with modified DNA. The com-
monly used tag proteins are O6-alkylguanine-DNA-alkyltransferase (SNAP-tag) [49] and
haloalkane dehalogenase (Halo-tag) [50]. SNAP-tag transfers the benzyl group on O6-
benzyl-guanine-modified DNA to cysteine, while phenylalanine in Halo-tag undergoes
displacement reaction with chlorine atoms on DNA, forming a covalent linkage between
the ligand and DNA. Since these two reactions are orthogonal, multiple biomolecules can
be simultaneously modified on DNA using different tags [51].

Table 1. Summary of approaches for the construction of DNA-based multivalent biomolecules.

Type Modification Reference

Non-covalent

Biotin–avidin interaction Biotinylated protein and
avidin-modified DNA [34]

Ni2+–NTA–Histag interaction
Protein bearing histidine clusters and

NTA-modified DNA [38]

Protein–protein interaction Protein A/G or protein binding
peptide-modified DNA [39]

Protein–DNA interaction Protein bearing Zinc-finger
protein/TALEN [41]

Covalent
Heterobifunctional crosslinking Amine and thiol modification [43]

Click chemistry Azide and alkyne modification [48]
Tag-protein-mediated conjugation Protein fused with SNAP-/Halo-tag [51]
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4. Factors Affecting Spatial Pattern Recognition

After conjugating DNA with biomolecules, the spatial conformation of these biomolecules
can be arranged precisely according to design. The interaction between receptor and ligand
molecules with different spatial conformations can be studied with the help of many tech-
niques including X-ray crystallography, nuclear magnetic resonance, and surface plasmon
resonance. So far, researchers have investigated several factors that influence spatial pattern
molecular recognition by leveraging the programmability of DNA. By optimizing these
factors, they have successfully achieved efficient molecular recognition.

4.1. Valency

Spatial pattern recognition often involves multivalent interactions between multi-
ple biomolecules. In nature, multivalent interactions are characterized by the binding of
multiple ligands on one biological entity with multiple receptors on another, exhibiting
characteristics that are not present in monovalent interactions [52,53]. In contrast to weak
monovalent binding, multivalent interactions substantially augment the molecular-level
binding between receptors and ligands. For example, the multivalent interaction between
a virus and its host cell allows the virus to stably adhere to the cell surface, achieving
efficient invasion [54]. Immunoglobulin M (IgM) is the first defense for the body against
foreign pathogens, typically binding to antigens in the form of pentamers, and subse-
quently activating the complement response [55]. Hence, through chemical synthesis that
mimics endogenous multivalent biomolecular arrays, researchers can investigate the piv-
otal role of multivalent interactions in molecular spatial pattern recognition. Moreover, it
becomes possible to construct novel multivalent biomolecular patterns that can alter the
efficiency of molecular recognition through mechanisms beyond the capabilities of natural
substances [56].

Low-valence multivalent biomolecules can be constructed by the site-specific conjuga-
tion of molecules on single- or double-strand DNA, which is also called DNA functional-
ization or modification. These multivalent biomolecules, such as proteins, small molecules,
and nucleic acids, can achieve the selective recognition and quantitative measurement of
the target molecules. In addition to single- and double-strand DNA, DNA nanostructures
are more widely used in the construction of multivalent biomolecules. DNA nanostructures
are self-assembled from multiple DNA strands with high precision and predictability, with
one-dimensional to three-dimensional sizes and geometries [15,16]. For example, the DNA
tetrahedron is a three-dimensional framework DNA nanostructure, usually formed by the
hybridization of four DNA single strands [57]. Small molecules, peptides, nucleic acids, and
other biomolecules can be ligated to the four DNA single strands through covalent or non-
covalent connections, forming multivalent biomolecules with different valencies (primarily
1–4 valence) [58–60]. Li et al. connected 1–4 unmethylated CpG oligodeoxynucleotide
sequences to the vertices of a DNA tetrahedron. The multivalent CpG specifically recog-
nizes Toll-like receptor 9 (TLR9) on the surface of macrophages and successfully activates
downstream immune regulatory functions [61] (Figure 2a). Other DNA nanostructures
composed of a few single-strand DNA materials such as DNA G-quadruplex and DNA tile,
can also be used as scaffolds for low-valence multivalent biomolecule construction. Liu
et al. designed trivalent and tetravalent nucleic acid aptamers based on the J1 connection
and 4 × 4 DNA tile structures, both of which showed strong affinity when binding to target
cells. Based on this, two types of nucleic acid aptamers were linked to the end of a DNA
tile dimer to construct an octavalent double-specific nucleic acid aptamer, which mediated
the connection between the two types of cells [62].

Sometimes, it is necessary to construct tens or even hundreds of multivalent biomolecules
for molecular recognition, where DNA origami serves as a good candidate for a multivalent
scaffold. DNA origami is a type of bottom-up synthesized nanostructure ranging in size
from tens of nanometers to sub-micrometers. A typical DNA origami structure contains
about 200 staple strands with unique sequences and positions. By conjugating biological
molecules to these staple strands, multivalent biomolecules with hundreds of valencies can,
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in principle, be constructed [63]. Song’s group precisely arranged 10 to 90 SARS-CoV-2
RBDs (receptor binding domains) on a ~74 nm DNA soccer-ball origami structure and stud-
ied the multivalent molecular recognition between RBD and ACE2 (angiotensin-converting
enzyme 2) on the host cell. It was found that both the affinity and the rate of the DNA-based
multivalent RBDs binding to the host cell increase with the RBD number [64] (Figure 2c).
Furthermore, certain DNA nanostructures, such as DNA tetrahedra, can serve as funda-
mental units for constructing higher-order nanostructures. By attaching biomolecules to
each DNA nanostructure monomer, multivalent molecular recognition can be achieved,
thereby expanding the capabilities and applications of these DNA-based architectures.
Yang’s group arranged sub-10 nm DNA tetrahedrons on a microfluidic chip and ligated
nucleic acid aptamers (SYL3C) to them. The multivalent nucleic acid aptamer formed on
the interface increased the affinity with human colon cancer cells (SW480) by about four
times compared to free nucleic acid aptamers [65]. DNA nanostructures self-assembled
via the hybridization chain reaction (HCR) or rolling circle amplification (RCA) can also
serve as multivalent nanoscaffolds. Tan’s group designed and constructed several nanos-
tructures with multivalent aptamers such as “nanocentipede” and “nanoflower”, which
specifically bind to target cells with high affinity through multivalent recognition [66,67]
(Figure 2b). Nonetheless, molecular recognition based on these structures can only be
studied qualitatively due to the unpredictable nature of the reactions.

 

Figure 2. Biomolecular spatial recognition based on valency regulation. (a) Schematic showing of
the assembly of a CpG-bearing DNA tetrahedron and its immunostimulatory effect. Reprinted with
permission from [61], copyright 2011, American Chemical Society. (b) The nanocentipede consists of
multivalent aptamers as a function of targeting moieties to target cells. Reprinted with permission
from [66], copyright 2016, American Chemical Society. (c) Schematic illustration for the assembly of
RBDs on a DSF and the interaction with the host cell. Reprinted with permission from [64], copyright
2022, American Chemical Society.
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In general, a higher number of valence states in biomolecules provides an advantage
in molecular recognition due to the multivalent synergistic effect. Nevertheless, several
studies have indicated the presence of a valence threshold in specific molecular recognition
systems, wherein the affinity no longer improves beyond a certain number of valence
states, despite an increase in their quantity. Consequently, it becomes desirable, from both
economic and practical perspectives, to determine the precise threshold of valence states
for optimal molecular recognition. In the DNA-based multivalent biomolecular systems
mentioned above, the structures formed through HCR and RCA result in a substantial
amplification of valence states due to the repetitive units of the structure. However, the
lack of control in their reactions hinders the assurance of precise and uniform valence
states. Conversely, multivalent biomolecules based on DNA tetrahedra and DNA origami
provide accurate manipulation of valence states, offering greater advantages in research on
biomolecular recognition that relies on spatial conformation.

4.2. Distance

The distances between molecules play a crucial role in molecular recognition, partic-
ularly in spatial pattern recognition, as they provide valuable information about specific
interaction patterns. Biomolecules, in particular, can exhibit even distribution on the cell
membrane or localize in microdomains due to the fluidity of the phospholipid bilayer. Con-
sequently, the distances between biomolecules can vary depending on the cellular state [68].
Understanding and analyzing these distances is essential for deciphering molecular recog-
nition processes and spatial patterns [69]. DNA nanostructures enable precise localization
of biomolecules. Among them, DNA origami with strong designability, span scales from
nanometers to hundreds of nanometers, perfectly matching the scale range of molecular
arrangements on the cell surface. In addition, the remarkable spatial addressability of
DNA origami allows for the precise anchoring of biomolecules at the nanometer scale.
These capabilities enable researchers to investigate biomolecular networks with controlled
distances, facilitating in-depth studies in distance-dependent molecular recognition.

In 2008, Yan’s group first utilized the spatial addressing ability of self-assembled
DNA nanoscaffolds to construct bivalent aptamers with different distance intervals for
recognizing thrombin protein and visualized this interaction at the single-molecule level.
The bivalent aptamers with the highest thrombin binding activity were found to have
a distance of 5.8 nm between the two aptamers [70] (Figure 3a). Similarly, Shaw et al.
modified DNA origami with the Eph receptor tyrosine kinase ligand ephrin-A5, and
constructed a series of “nano-rulers” with different ligand spacing to study the role of
distances between ephrin-A5 in Eph receptor recognition and receptor-mediated signal
transduction [71]. Furthermore, various biomolecules such as caspase-9 monomers and
cell-binding ligand RGD have been strategically positioned on diverse DNA nanostructures.
These investigations aim to elucidate the impact of spacing on the molecular recognition
capacity and the effectiveness of downstream signal transduction [72,73].

An antibody molecule typically consists of two antigen-binding fragments (Fab),
with each Fab region capable of binding to an antigen. Consequently, a single antibody
molecule can simultaneously bind to two identical or different antigens. This bivalent
binding mechanism plays a vital role in enhancing the antibody’s affinity and specificity,
thereby increasing its effectiveness in immune responses. As a result, the distance between
antigens becomes crucial in immune reactions. By precisely controlling the spacing of
antigen molecules, it is possible to optimize antigen–antibody recognition and interactions,
enhance the efficacy and selectivity of immune responses, and provide guidance and
principles for the design and optimization of molecular vaccines. For example, Shaw et al.
used DNA origami to precisely control the distance between antigens and characterized
the binding of antibodies with identical antigen-binding domains. They found that the
antibodies bound to two antigens at distances of 3–17 nm, and the binding affinity varied
with the distance between the antigens, with the highest affinity observed for antigens at a
distance of approximately 16 nm [74]. Fan’s group constructed artificial antigen epitopes of
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3–20 nm by anchoring antigens onto triangular DNA origami and used high-speed atomic
force microscopy to image the antigen–antibody interaction at the single-molecule level,
providing dynamic evidence for the antigen-binding process of IgG from monovalent to
bivalent [75] (Figure 3b). In addition to antibody binding, antigens can also activate B-cell
receptor (BCR) signaling pathways to activate antigen-specific B cells. To further explore
the effect of antigen spacing on IgM–BCR activation, Bathe’s group conjugated the clinical
vaccine immunogen eOD-GT8 (an HIV-1 glycoprotein-120 external domain) to the surface
of icosahedral and six-helix bundle DNA origami at different numbers and distances. It was
shown that the activation of B cells was maximized with an antigen spacing of 25–30 nm.
This work provides optimization principles for the design of molecular vaccines based on
B-cell immune responses [76] (Figure 3c).

Overall, the influence of spacing on biomolecular recognition varies according to
the specific recognition system. It is necessary to investigate the optimal distance within
specific types of recognition biomolecules and environments to attain the highest efficiency
in molecular recognition, which can ultimately be applied in biomedical fields such as
disease diagnosis, vaccine design, and other related areas.

Figure 3. Biomolecular spatial recognition based on distance regulation. (a) Schematic showing a
rigid DNA tile (blue) spatially separating two aptamers (red and green) at a controlled distance for
bivalent binding. Reprinted with permission from [70], copyright 2008, Springer Nature. (b) Snapshot
HS-AFM images of single IgGs captured by DNA origami epitopes with designed distances of 5, 8,
10, and 16 nm, respectively. Reprinted with permission from [75], copyright 2020, Springer Nature.
(c) TEM images of six-helix bundle DNA origami and the total calcium signaling in B cells stimulated
with DNA-eOD-GT8 dimers with inter-antigen distances between 7 nm and 80 nm. Reprinted with
permission from [76], copyright 2020, Springer Nature.
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4.3. Pattern Arrangement

Molecular recognition in the biological system is based on specific interactions between
ligands and receptors, which often occur on the cell membrane and exhibit topological
cluster characteristics. As an illustration, surface antigens found on viruses and bacteria
often exhibit a specific spatial topology [77]. Moreover, the response of T-cell receptors
(TCRs) to antigens is intricately linked to the precise positioning of the antigen in three-
dimensional space [78]. By orienting multiple biomolecules into a certain geometric pattern,
multivalent ligands with various topological structures can be formed and specifically
recognize target molecules. DNA nanostructures, ranging from one-dimensional to three-
dimensional architectures, offer unparalleled advantages over other materials when it
comes to the precise spatial arrangement of molecules. Through DNA structure design and
modification site engineering, biomolecular patterns of diverse shapes can be constructed.
Moreover, by precisely controlling the spatial arrangement of multivalent ligands on DNA,
the affinity with target molecules can be significantly enhanced.

The algebraic topology of biomolecules can be arranged on a DNA framework to match
the receptor patterns on the cell surface. Fan’s group topologically rearranged 1–3 aptamers
on a DNA tetrahedral framework including point, line, and surface configurations, targeting
overexpressed epithelial cell adhesion molecule (EpCAM) on tumor cell membranes. The
multivalent ligands distributed in a surface pattern showed the strongest ability to recruit
receptor aggregation on the cell membrane, with a 19-fold increase in affinity compared
to free aptamers [79] (Figure 4a). By utilizing DNA tetrahedral dimers, researchers were
able to broaden the topological configurations of the aptamers. This expansion resulted
in altered molecular recognition properties and binding strength by inducing receptor
aggregation on the cell membrane [80]. Shen and colleagues built a suite of nuclear pore
complex (NPC) mimics by programmably arranging multiple nucleoporin proteins on
DNA origami. They designed two octagonal-shaped DNA origami channels to mimic the
NPC’s eightfold rotational symmetry. Different numbers of nucleoporin proteins formed
different topologies in the structure and showed different binding affinity to the capsid
of human immunodeficiency virus 1 (HIV-1), which provides a mechanistic insight for
elucidating how viruses enter the nucleus [81] (Figure 4b).

Some biomolecules combine into unique shapes and configurations for the specific
recognition of target molecules. A noteworthy example is the diverse shapes of surface
antigens found on viruses. These epitope configurations serve as specific markers for
the viruses and play a vital role in enabling the immune system to recognize and mount
an attack against the viral pathogens. The precise design of DNA nanostructures can be
used to achieve a highly matched spatial conformation and achieve precise regulation of
molecular recognition. A star-shaped DNA nanostructure carrying 10 envelope protein
domain III (ED3) aptamers was developed to precisely match the trivalent and pentavalent
ED3 epitope on the dengue virus surface, which can be used for virus detection and
inhibition [82] (Figure 4c). The aptamers against the SARS-CoV-2 S protein were assembled
into a trimeric complex on a DNA nanocage to match the pattern of the S protein trimer in
the spatial arrangement, resulting in significantly higher affinity to the S protein trimer [83]
(Figure 4d).

Precisely modulating the spatial arrangement of multivalent biomolecules to match
the patterns of the target can maximize the strength of multivalent interactions and further
enhance the affinity between biomolecules. However, the precise spatial arrangement
of biomolecules on DNA nanostructures to achieve spatial pattern recognition can only
be accomplished when the exact distribution of target molecules is known. For target
molecules with unknown or imprecise distribution, a relatively flexible DNA scaffold
may be constructed to enable dynamic and adaptive matching of biomolecules, thereby
enhancing the affinity of biomolecular recognition.
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Figure 4. Biomolecular spatial recognition based on pattern arrangement. (a) Scheme of the DNA-
tetrahedra-based n-simplexes and recruitment-binding-induced EpCAM cluster on the cell membrane.
Reprinted with permission from [79], copyright 2019, American Chemical Society. (b) Design of DNA
origami channels as mimics of the NPC scaffold and the attachment of nup-DNA conjugates to a
DNA origami channel by DNA hybridization. Reprinted with permission from [81], copyright 2023,
Springer Nature. (c) Distribution of DENV ED3 clusters and the structure of the star-shaped DNA
nanostructure carrying 10 envelope protein domain III (ED3) aptamers. Reprinted with permission
from [82], copyright 2019, Springer Nature. (d) Spatially matched IDNA-30 against SARS-CoV-2.
Reprinted with permission from [83], copyright 2022, American Chemical Society.

5. Application of DNA-Based Spatial Pattern Recognition

DNA scaffolds have been utilized to precisely attach diverse biomolecules, enabling
spatially controlled molecular recognition characterized by specificity and strong affinity.
Since molecular recognition is crucial in many biomedical fields, such as immunology
and drug development, emerging studies have focused on developing DNA-programmed
multivalent biomolecules for biomedical applications, such as biosensing, bioimaging, and
targeted therapy.

5.1. Biosensing

Based on the interactions between biosensors and the target substance, biosensing
technology finds extensive application in the detection and analysis of target molecules
within biological systems. Efforts have been made to improve the efficiency and sensitivity
of the biosensor, such as developing new construction materials, optimizing the biorecog-
nition element, and introducing a signal amplification strategy [84–87]. Among them,
DNA-based biomolecular recognition can be conducive to highly sensitive biosensors in
detecting cancer biomarkers [88]. The overexpression of distinct membrane proteins in
tumor cells, which can be specifically recognized by corresponding ligands, plays a vital
role in the early diagnosis of cancer. As an illustration, in liquid biopsy, various membrane
proteins, such as EpCAM, which are overexpressed on the surface of circulating tumor
cells (CTCs), serve as novel biomarkers, offering a broader understanding of the primary
tumor tissue for precision medicine. Yang’s group combined microfluidic chips and DNA-
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tetrahedron-conjugated EpCAM aptamers to ensure highly ordered and perpendicular
ligand orientation at the nanoscale, avoiding the non-specific binding and crowding effects
of traditional microfluidic interfaces (Figure 5a). The chip they developed improved the
capture efficiency of circulating tumor cells (CTCs) by nearly 60% compared to chips with
monovalent ligand modification. Additionally, 83% cell release can be achieved by DNase
I treatment, with a cell survival rate of 91% [65]. In addition, the spatial topology of the
EpCAM aptamer was optimized with DNA tetrahedrons, and a capture efficiency of up to
97% for MCF-7 cells injected into whole blood was achieved, which was higher than the
antibody capture method (~50%). CTCs from the whole blood samples of cancer patients
were successfully captured, with 3–10 CTCs per milliliter for non-metastatic patients and
38–44 CTCs per milliliter for metastatic patients [79] (Figure 5b). In addition to DNA
tetrahedra, DNA-origami-based multivalent aptamers were also developed, which match
the spatial distribution of target protein clusters and detect CTCs with high affinity [89]. In
comparison to DNA tetrahedra, DNA origami employed in CTC detection offers more bind-
ing sites. This enables the conjugation of recognition molecules with higher valence and
different types. As a result, the affinity for binding with CTC is significantly enhanced. The
binding equilibrium constant Kd is reduced from 7 nM (for DNA tetrahedra) to 260 pM (for
DNA origami). However, the smaller size and greater flexibility of DNA tetrahedra make
them more amenable to be modified at the interface. By combining with a microfluidic
system, the thermodynamics of molecular recognition at the modified interface were greatly
improved. The strategy can be used in a wide variety of areas, including non-invasive
testing, and the interfacial regulation of cellular behavior.

Figure 5. Application of DNA-based spatial pattern recognition in biosensing. (a) Engineered
multivalent aptamers on the microfluidic interface for CTCs capture. (b) CTCs capture performance
of the chip with multivalent aptamers for clinical samples. Reprinted with permission from [65],
copyright 2020, John Wiley and Sons. (c) TK1 mRNA detection curve of a DNA-octahedron-based
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fluorescence nanoprobe. Reprinted with permission from [90], copyright 2018, American Chemical
Society. (d) DNAzyme walking and amplification imaging of miRNAs within living cells. Reprinted
with permission from [91], copyright 2019, American Chemical Society.In addition to biosensors that
directly detect molecules on the cell surface, high-affinity molecular recognition also mediates the
entry of biosensors into cells for the efficient detection of intracellular biomolecules. After binding
to specific molecules on the cell surface, DNA-based multivalent biomolecules can enter cells via
endocytosis and detect target molecules inside cells. Lu et al. constructed a DNA octahedron with a
divalent AS1411 aptamer, which can simultaneously detect and image two tumor-related mRNAs
in living cells, distinguishing target cancer cells from normal cells. The fluorescence signal of the
octahedron with the divalent AS1411 aptamer was stronger than that of the octahedron without
aptamers, indicating that the DNA-based biosensor can be more effectively taken up by cancer cells
through modification with the AS1411 aptamer [90] (c). Xue et al. integrated a DNAzyme walker into
a triangular DNA scaffold functionalized with multivalent aptamers for highly sensitive detection
of cell miRNA. The movement of the DNAzyme walker was activated by the target miRNA and
produced signal amplification [91] (d).

Despite its polyanionic nature, DNA can cross the negatively charged membrane to
enter living cells by assembling into specific nanostructures. It was reported that DNA
nanostructures approach the membrane primarily with their corners to minimize electro-
static repulsion and their binding affinity and cellular internalization frequency depended
on the corner angle of the structures [92,93]. Therefore, three-dimensional DNA nanostruc-
tures with corner structures, such as tetrahedra and octahedra, offer greater advantages for
intracellular sensing applications than two-dimensional planar structures such as triangles
and squares.

5.2. Bioimaging

Molecular recognition has a wide range of applications in biological imaging, includ-
ing cell imaging, tumor imaging, and molecular localization. Fluorescent probes can be
used to detect specific receptors on the surface of tumor cells, assisting in tumor diagnosis
and treatment. For example, EpCAM aptamers with different numbers and directions were
assembled on a DNA framework to construct a series of probes for the imaging of tumor
cells. The directional-yet-flexible probe exhibited adaptability to the receptor distribution
on cell surfaces and high affinity against target tumor cells and has the potential of becom-
ing an excellent imaging probe for EpCAM-positive tumors [94] (Figure 6a). Multicolor
probes were constructed by arranging different fluorescent molecules and aptamers on
DNA tetrahedra. Molecular recognition facilitated the achievement of multiplexed cell
imaging and classification of various tumor cells by harnessing the programmability of
fractal DNA frameworks [95]. In terms of tumor imaging in vivo, Ding’s research group
has employed rational design to create DNA-based probes that feature precisely organized
tumor-targeting components along with imaging molecules such as fluorescent groups
and magnetic resonance contrast agents. Through this approach, they have successfully
achieved specific and non-invasive tumor imaging in mouse models using DNA nanostruc-
tures [96,97] (Figure 6b).

The biology and chemistry of cells can also be studied by probes based on biomolecular
pattern recognition. For example, introducing imaging molecules into specific cellular
structures can help in understanding the distribution and dynamic changes of molecules
within cells. Xu’s group developed DNA-programmed plasma rulers for imaging the
dimerization of the RTK on the cell membrane. The binding of aptamers to cell-surface
receptors was regulated by DNA, further mediating the dimerization and dissociation of the
receptors. Real-time imaging of RTK dimerization and dissociation processes was realized
by detecting the scattered signal caused by the plasma coupling effect of gold nanoparticles.
This method provides a more persistent and higher resolution tool for studying protein
oligomerization, transport, and dynamics processes, which is of great significance for the in-
depth interpretation and precise regulation of cellular signal transduction [98] (Figure 6c).
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Overall, in biological imaging systems, DNA origami has an advantage in multimodal
imaging due to its numerous modification sites, by simultaneous modifications such as
fluorescence and radiolabeling. Conversely, DNA double strands and DNA tetrahedra are
more suitable for dynamic imaging due to their structural flexibility.

Figure 6. Application of DNA-based spatial pattern recognition in bioimaging. (a) MCF-7 imag-
ing with tetravalent aptamers and linear aptamer oligomer. Reprinted with permission from [94],
copyright 2022, John Wiley and Sons. (b) Imaging of a mouse bearing a human breast tumor before
and after intravenous injection of a Cy5.5-labeled nanorobot. Reprinted with permission from [96],
copyright 2018, Springer Nature. (c) Schematic illustration of DNA-programmed single-molecule
manipulation on giant plasma membrane vesicle and representative images of the vesicle over time
before and after the DNA strand displacement. Reprinted with permission from [98], copyright 2023,
American Chemical Society.

5.3. Targeted Therapy

One of the main challenges in the treatment of diseases, especially tumors, is the
lack of effective and precise targeted delivery systems. Molecular recognition can be used
to identify target molecules that are related to the occurrence of diseases. Consequently,
there has been extensive research on utilizing modified DNA as drug carriers for targeted
therapy, aiming at specific molecules.

Commonly used chemotherapy drugs such as doxorubicin (DOX) can intercalate into
DNA base pairs. Nucleotide drugs such as siRNA and antisense oligodeoxynucleotide
(ASO) can be hybridized with DNA by Watson–Crick complementary base pairing [99].
After being conjugated with ligands for recognition, DNA specifically delivers these drugs
into target cells, without toxic side effects on normal cells. Lin’s group ligated the nucleic
acid aptamer AS1411 to DNA tetrahedra (t-FNAs) to target the overexpressed nucleolin
protein on tumor cells. Compared to tetrahedra without AS1411, AS1411–tFNA accumu-
lated in the nuclei of MCF-7 cells. Through the additional loading of 5-fluorouracil (5-FU)
onto t-FNAs, the successful induction of apoptosis in MCF-7 cells was achieved [100].
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In addition to AS1411, other nucleic acid aptamers such as Gint4.T and GMT8 (which
specifically recognize platelet-derived growth factor receptor beta and human glioblastoma
cells U87MG, respectively) were also ligated to t-FNAs, and the loaded chemotherapeutic
drug paclitaxel was target-released in tumor cells [101]. Ge and colleagues reported a
DNA origami nanostructure modified with targeting ligand DUPA as an antibody–drug
conjugate (ADC) analog for the targeted therapy of prostate cancer. The platform effi-
ciently delivers DOX to prostate-specific membrane antigen (PSMA)-positive cells, and
the therapeutic effect is dependent on the number of ligands connected [102] (Figure 7a).
Compared to other organic and inorganic nanomaterials, DNA nanostructures demon-
strate significant advantages in the targeted delivery of drugs because they can provide
large payload capacity and improve cellular internalization with high specific recognition.
However, the expression of surface biomarkers on cancer cells is heterogeneous, which
causes the inaccurate identification of cancer cells by a single biomarker. To address this
issue, Ju’s research group developed a dual-receptor-mediated DNA nanocarrier for siRNA
delivery. DNA is self-assembled into a double-lock structure with aptamers Sgc8c and
Sgc4f that bind to two specific receptors on the cell surface. The delivery system is active
only when both of the aptamers were recognized by cells, thus improving the accuracy of
cell identification and greatly reducing the off-target toxicity [103].

Functional molecules can be simultaneously modified on DNA frameworks, providing
a powerful platform for multimodal cancer therapy. Zhang et al. combined a DNA
tetrahedron modified with a nucleic acid aptamer and a metal–organic framework (MOF)
nanoparticle to design a hybrid nanocarrier for loading DOX. The chemotherapy drug
was released in cancer cells rich in adenosine triphosphate (ATP) or vascular endothelial
growth factor (VEGF). At the same time, a photosensitizer, Zn (II) protoporphyrin IX (Zn
(II)-PPIX), was introduced to produce high-intensity fluorescence efficiently and selectively
in tumor cells, inducing the production of reactive oxygen species (ROS) and conducting
photodynamic therapy on malignant tumor cells [104]. A nanomachine for DNA logic gate
operation across cell membranes was designed, realizing precise photodynamic therapy
for solid tumors in vivo. This DNA nanomachine consists of upconversion nanoparticle
cores (UCNPs), DNA assemblies, and sgc8 aptamer. The overexpressed PTK-7 protein
on the cancer cell membrane and the high-expressed miRNA-21 inside the cancer cell
serve as two signals trigging the production of intracellular ROS [105] (Figure 7b). A DNA
nanorobot was constructed based on a rectangular DNA origami structure for delivering
and releasing thrombin in tumors. Thrombin molecules were placed inside the lumen of
the tubular DNA nanorobot and then closed by a predesigned anchor chain containing the
nucleic acid aptamer AS1411. The nucleic acid aptamer on the outer surface can guide and
trigger the release of thrombin, activating clotting at the tumor site and ultimately resulting
in tumor necrosis and growth inhibition [96]. The DNA-modified biomolecules not only
act as guides for targeted delivery but also function as triggers for drug release or ROS
production, thereby significantly enhancing the spatiotemporal control of targeted therapy.

Tumor immunotherapy, as an emerging method for cancer therapy, activates the
immune system for better recognition and attacking of cancer cells, inhibiting the growth
and metastasis of tumors. Tumor-specific antigens specifically expressed by tumor cells
can be recognized by the immune system as foreign and trigger an immune response
to eliminate these tumor cells. For example, T cells acquire adaptive immunity through
the binding of T-cell receptor (TCR) to the major histocompatibility complex (pMHC) on
the surface of antigen-presenting cells (APCs). By designing a series of DNA nanoscale
junctions (DNJs) based on DNA tetrahedra with different sizes, the intermembrane distance
at the interface of APC and T cells was precisely controlled. It was demonstrated that the
axial distance of the immunological synapse plays an important role in T-cell recognition
and activation, providing a basis for T-cell immunology research [106]. Recently, researchers
constructed a set of self-adjuvant carriers known as framework nucleic acids (FNAs), which
possess regulated rigidity and size. These FNAs were utilized to investigate the impact
of epitope spacing on the efficacy of peptide vaccines. When epitopes were assembled
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on FNAs of appropriate size, the recognition between the epitopes and B-cell receptors
(BCRs) as well as the immunogenicity, could be efficiently enhanced [107] (Figure 7c). The
recognition and activation of T cells and B cells with antigen epitopes can be regulated and
optimized through the design of DNA nanostructures. However, current research focuses
primarily on regulating distances and there has been a lack of investigations into patterned
arrangement recognition for immune cell activation.

In addition to the targeted treatment of tumors, molecular recognition also plays an
important role in targeted antiviral therapy. By interfering with the specific molecular
interactions between viruses and host cells, the infection of host cells by viruses could be
prevented. SARS-CoV-2 infection was inhibited by anchoring neutralizing aptamers on a
DNA scaffold in a pattern that matches the spatial configuration of the viral S protein [83].
Dietz’s group conjugated antivirus antibodies to a DNA icosahedral shell in a modular
fashion. Viruses were recognized and trapped in the shell, realizing the neutralization of
hepatitis B virus and adeno-associated virus [108] (Figure 7d). The virus-trapping strategy
mediated by DNA provides a novel approach to antiviral therapy. The use of DNA-based
agents potentially circumvents neutralization, phagocytosis, and degradation by pathways
of the innate and adaptive immune system targeting protein structures. However, nucleic-
acid-specific reactions, such as the activation of pattern-recognition receptors recognizing
DNA, may occur in vivo. Thus, assessing the potential adverse effects in organisms remains
to be an important challenge in application.

 

Figure 7. Application of DNA-based spatial pattern recognition in targeted therapy. (a) Schematic
illustration of the ligand-modified six-helical-bundle DNA origami as drug carriers and its working
principle. Reprinted with permission from [102], copyright 2020, John Wiley and Sons. (b) Structural
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diagram of the transmembrane DNA computation and in vivo fluorescence imaging of mice based on
different inputs. Reprinted with permission from [105], copyright 2021, American Chemical Society.
(c) Immune responses induced by FNA-constructed COVID-19 epitope vaccines. The significance of
difference was evaluated by p value; * p < 0.05, *** p < 0.001. Reprinted with permission from [107],
copyright 2023, John Wiley and Sons. (d) Negative stain TEM images demonstrating the capture of
AAV2 virus particles within antibody-modified DNA origami half shells and fluorescent microscopy
images showing the anti-infective effect. Reprinted with permission from [108], copyright 2021,
Springer Nature.

6. Conclusions and Perspectives

Advancements in DNA-programmed biomolecular spatial pattern recognition have
led to the synthesis of multivalent biomolecules that demonstrate enhanced affinity to
receptors, both in vivo and in vitro. These biomolecules exhibit exceptional performance
in various applications, including biological detection and targeted therapy. However,
DNA-based biomolecular recognition still faces many challenges in future applications:
(1) Due to the small differences in the expression levels of some biomolecules in different
cells, it is necessary to further optimize the spatial arrangement of biomolecules on DNA
scaffolds to achieve precise control of recognition affinity and improve the sensitivity of
molecular detection. (2) Presently, DNA-based multivalent ligands are capable of precisely
targeting receptors with predetermined conformations on the cell surface. Nevertheless, the
cell membrane exhibits mobility, and the distribution of receptors on its surface undergoes
dynamic changes. Consequently, the development of adaptive multivalent biomolecules
that leverage the adjustability of DNA to accurately match molecules on the cell membrane
surface remains an ongoing challenge. (3) In the specific detection of membrane proteins
on the cell surface, the cellular uptake of DNA scaffolds may affect the detection sensitivity.
To address this issue, spatial pattern recognition can be designed on interfaces such as
microfluidic chips and microbeads to eliminate the influence of cellular uptake. (4) Matrices
are complex in the biological system and the biomolecular recognition in vivo can be
affected by heterogeneity, steric hindrance, and so on. The factors that influence molecular
spatial pattern recognition have not been fully elucidated. Computational simulations,
such as the simulation of dissipative particle dynamics, may help the construction of a
biomolecular recognition model.

Despite these challenges, the studies of DNA-programmed biomolecular spatial pat-
tern recognition have provided compelling evidence for the power of this approach to
reveal important physiological processes in cells and promoted the development of biosens-
ing and drug delivery. We believe that with further developments in DNA nanotechnology,
synthetic biology, microfluidics, and information technology, more accurate and adaptive
control over biomolecular recognition will be realized, providing a powerful tool for the
clinical diagnosis and treatment of diseases.
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Abstract: It is crucial that simple and high-throughput methods for determining multiple, or groups
of, sulfonamides (SAs) be developed since they are widely used in animal husbandry and aquaculture.
We developed a paper-based multicolor colorimetric aptasensor to detect 3 SAs: sulfaquinoxaline
(SQ), sulfamethoxypyridazine (SMP) and sulfamethoxydiazine (SMD). Using a broad-specificity
aptamer as a bioreceptor, we reduced the growth of nicotinamide adenine dinucleotide I (NADH)–
ascorbic acid (AA)-mediated gold nanobipyramids (AuNBPs) to generate a multicolor signal. We
also used a paper-based analytical device (PAD) system to deposit AuNBPs for a sensitive color
signal read out. The aptasensor can detect more color changes corresponding to the concentrations of
SQ, SMP and SMD and has higher sensitivity, better specificity and stability. It can also be used to
determine SQ, SMP and SDM individually, or collectively, or any two together with a visual detection
limit of 0.3–1.0 μM, a spectrometry quantification limit (LOQ) of 0.3–0.5 μM and a spectrometry
detection limits (LOD) of 0.09–0.15 μM. The aptasensor was successfully used to determine SQ, SMP
and SDM in fish muscle with a recovery of 89–94% and a RSD n = 5) < 8%, making it a promising
method for the rapid screening of total SQ, SMP and SDM residue in seafood.

Keywords: aptasensor; antibiotics residue; seafood; sulfonamides; visual detection

1. Introduction

Sulfonamides (SAs), one of the oldest groups of synthetic antibiotics, offers low-cost
and broad-spectrum activity against bacterial infection [1,2], and up to now they have
been widely used as feed additives to treat infectious diseases in animal husbandry and
aquaculture [3–5]. However, the inappropriate or excessive use of SAs inevitably results
in excess residue in animal-derived food since animals cannot completely metabolize or
degrade SAs [6–8]. Such excess residue poses a danger to human health [9,10], and thus a
maximum SA residue limit (MRL) of 100 μg/Kg was established by the European Union
to ensure consumption safety [11]. At present, the groups contain 19 commonly used
SAs, and different SAs are usually used in rotation to avoid generating drug resistance.
(Their full names, abbreviations and chemical structures are summarized in Figure S1 in
Supporting Information, SI). Thus, it is essential to develop simple and high-throughput
assays to determine multiple SAs, preferably groups of SAs, to achieve the rapid screening
of residues in animal-derived food.

High-performance liquid chromatography–mass spectrometry (HPLC–MS) simultane-
ously determines groups of SAs with a high sensitivity, which makes it a main technique
for determining SA residues [12–15]. However, HPLC–MS requires time-consuming pre-
treatment of samples and a costly apparatus, which do not meet the requirements of rapid
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screening. An immunoassay, including enzyme-linked immunosorbent assay (ELISA), is
easy to use and does not require a costly apparatus. Thus, some immunoassays, including a
few high-throughput ELISAs that use broad-specificity anti-SA antibodies as bioreceptors,
have been developed for the rapid screening of multiple SA residues [16–21]. However,
immunoassays have obvious weaknesses such as poor thermal stability, higher cost and
risk of false positives. Compared to antibodies, aptamers offer advantages such as a similar
or higher affinity to target molecules, higher stability, lower cost, and ease of modification.
So far, some aptamer-based methods have been developed for the rapid determination
of SAs [22–32]. Unfortunately, most previous aptamer-based methods determined only
one kind of SA such as sulfadimethoxine (SDM) or sulfamethazine (SMZ) [22–32], not
multiple or groups of SAs, which means they did meet the requirements for the rapid
screening of SA residues in food. Recently, we isolated a broad-specificity SA aptamer
and further established a colorimetric method for the visual determination of multiple
SAs by using the isolated aptamer as bioreceptor together with dye displacement [33].
However, the high-throughput colorimetric method has poorer sensitivity because of the
dye displacement.

Gold nanobipyramids (AuNBPs) generate strong light absorption and vivid color
changes in response to the tunable aspect ratio due to localized surface plasmon resonance
(LSPR) [34,35]. Therefore, colorimetric assays based on AuNBPs can exhibit vivid multiple
color changes, which can be distinguished more easily by naked eye observation, giving
them higher visual sensitivity and accuracy [36,37]. In particular, AuNBPs with reduced
nicotinamide adenine dinucleotide I (NADH)–ascorbic acid (AA)-mediated growth have
more colorful and clearer color changes corresponding to AA concentrations in the lower
range [38], which provides a promising color signal for developing sensitive colorimetric
methods. Encouraged by the above results, we developed a paper-based multicolor col-
orimetric aptasensor based on a broad-specificity SA aptamer, the NADH–AA-mediated
AuNBP growth system with a paper-based analytical device (PAD), to provide a sensitive,
high-throughput assay for the rapid screening and semi-quantitative determination of
multiple SA residues in animal-derived food by naked eye observation.

2. Materials and Methods

2.1. Chemicals and Apparatus

The 19 commonly used SAs—sulfaquinoxaline (SQ), sulfamethoxypyridazine (SMP),
sulfamethoxydiazine (SMD), sulfachloropyridazine (SCP), sulfapyridine (SPD), sulfamet-
hazine (SMZ), sulfadimethoxine (SDM), sulfisomidine (SIM), sulfamonomethoxine (SMM),
sulfamerazine (SMR), sulfathiazole (ST), sulfabenzamide (SB), sulfadoxine (SDX), sulfadi-
azine (SD), sulfamethizole (SMT), sulfisoxazole (SIZ), sulfaguanidine (SG), sulfapyrazole
(SPA) and sulfacetamide (SAA)—and 6 other antibiotics—cefotaxime (CTX), tetracycline
(TC), enrofloxacin (ENR), kanamycin (KANA), ampicillin (AMP) and oxacillin (OXA)—
were purchased from Aladdin Biochemical Technology Co., Ltd. (Shanghai, China). All
oligonucleotides (see Table S1 in SI), which were purified with HPLC, were purchased from
Sangon Biotech Co., Ltd. (Shanghai, China). The ELISA Kit for detection of SQ and SMD
was obtained from Suzhou Kuaikang Biotechnology Co., Ltd. (Suzhou, China).

The buffers used in the experiment are as follow: TES buffer was a mixture of 10 mM
Tris, 1.0 mM EDTA and 2.0 M NaCl (pH 9.5); TEST buffer is the TES buffer contained 0.01%
Tween-20 (pH 9.5); binding buffer was a mixture of 10 mM Tris-HCl, 3.0 M NaCl, 10 mM
MgCl2 and 0.05% Tween-20 (pH 7.35–7.45); PBST buffer was a mixture of 2.0 mM KH2PO4,
10 mM Na2HPO4·12H2O, 137 mM NaCl, 3.0 mM KCl and 0.01% Tween-20 (pH 7.4); PBST–
BSA buffer was a PBST buffer containing 0.02% bovine serum albumin (BSA); substrate
buffer was a mixture of 0.6 M Tris-HCl buffer and 0.005% of BSA (pH 9.5). Other reagents,
materials and apparatuses used in the experiment are summarized in the SI.
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2.2. Fabrication of the Paper-Based Analytical Device (PAD) and Preparation of Gold Seeds

The PAD used in the experiment was fabricated according to the previous method
with a minor modification [39]. Briefly, a highly absorbent cotton layer and then a nylon
membrane were laid flat on an acrylic plate, and then a processed 96-hole acrylic plate was
placed on the top layer (see Figure S2 in SI).

The solution for the gold seeds was prepared using the previous method [40]. Briefly,
0.25 mL of 25 mM freshly prepared NaBH4 cold solution was fleetly added to a 10 mL
solution, of 50 mM hexadecyl trimethyl ammonium chloride (CTAC), 5 mM citric acid
and 0.25 mM HAuCl4, under vigorous stirring for 2 min. Subsequently, the solution was
incubated at 80 ◦C for 90 min to form gold seeds and then stored at 5 ◦C in the dark and
used within 60 days.

2.3. Detection of Multiple SAs with PAD-Based Multicolor Colorimetric Aptasensor

First, 1.5 μM of broad-specificity aptamer sequence (aptamer) and 1.5 μM of link
DNA 1 (cDNA-1) modified by a biotin on its 3’ end were mixed at equal volume in a TES
buffer, incubated for 10 min at 95 ◦C and naturally cooled to room temperature to form
the aptamer/cDNA-1 conjugate. Meanwhile, 3.0 μL of streptavidin-modified magnetic
beads (MBs, ~1 μm, 10 g/L) were taken, put into a vial, washed 3 times with 30 μL of
TEST buffer and re-dispersed in 30 μL of TES buffer. Then, 30 μL of aptamer/cDNA-1
conjugate was added, and the whole was incubated for 30 min at room temperature and
vigorously agitated to immobilize the aptamer/cDNA-1 conjugate on the MB surfaces
(aptamer/cDNA-1/MBs). The aptamer/cDNA-1/MBs were washed 2 times with 60 μL of
TEST buffer and then re-dispersed in 30 μL of binding buffer. The aptamer/cDNA-1/MBs
dispersion was stored at 5 ◦C for use within one month.

In another vial, 3.0 μL of the same MBs were added and washed 3 times with 30 μL of
TEST buffer and then re-dispersed in 30 μL of TES buffer. Subsequently, 30 μL of 2.0 μM
cDNA-1 solution (dissolved in TES buffer) was added, and the whole was incubated for
30 min under room temperature and vigorous agitation to immobilize cDNA-1 on the MB
surfaces (cDNA-1/MBs). The cDNA-1/MBs were then washed 2 times with 60 μL of TEST
buffer and then re-dispersed in 30 μL of binding buffer. The cDNA-1/MBs dispersion was
stored at 5 ◦C for use within one month.

To determine the target SAs (SQ, SMP and SMD), 30 μL of the above aptamer/cDNA-
1/MBs dispersion and 20 μL of target SAs standard or sample solution were mixed in
a vial for 45 min to perform the specific binding of the SAs and aptamer, which will
release SAs/aptamer complex into the solution from the aptamer/cDNA-1/MBs. The
solution was separated from the MBs by a magnet and collected into a vial. Subsequently,
30 μL of the cDNA-1/MBs dispersion, 50 μL of link DNA 2 (cDNA-2) modified with
biotin on its 5’ end, and 15 μL of binding buffer were added, and the whole solution was
incubated for 1 h under room temperature and vigorous agitation to obtain the conjugate
of cDNA-1/MBs, aptamer and cDNA-2 (cDNA-1/MBs/aptamer/cDNA-2), which was
separated and collected with a magnet. After being washed two times with 60 μL binding
buffer, the cDNA-1/MBs/aptamer/cDNA-2 was re-dispersed in 45 μL of PBST buffer.
Next, 15 μL of streptavidin-modified alkaline phosphatase (streptavidin-ALP) solution
was added, and the whole solution was agitated for 30 min to bind streptavidin-ALP
to cDNA-1/MBs/aptamer/cDNA-2 (cDNA-1/MBs/aptamer/cDNA-2/ALP), which was
washed 3 times with PBST-BSA buffer. Then 100 μL of 6.0 mM L-ascorbic acid 2-phosphate
trisodium salt (AAP) dissolved in substrate buffer was added, and the whole solution
was incubated for 20 min at 37 ◦C to perform the ALP enzymolysis of AAP to obtain AA.
Finally, 5 μL of 660 mM HCl was added to stop the enzymolysis, and the AAP solution was
separated and collected with a magnet.

In 86.4 μL of AAP enzymolysis solution, 86 μL of AuNBP growth solution (190 mM
cetyltrimethylammonium bromide, 730 μM HAuCl4, 200 μM AgNO3, 40 mM HCl, and
2.0 mM NADH) and 0.6 μL of the abovementioned gold seed solution were added. The
mixture was incubated for 15 min at 50 ◦C to obtain AuNBPs. After that, 120 μL of the
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AuNBPs solution was dropwise added to the PAD with 5 min standing to deposit AuNBPs
on a nylon membrane. After washing the membrane with pure water, the color of the de-
posited AuNBPs (in a wet state) was immediately observed by the naked eye and recorded
by a camera. Simultaneously, the AuNBP-deposited nylon membrane was positioned
in a 96-well plate frame, and the extinction spectra of the AuNBPs were measured by
a microplate reader in the range of 400–1000 nm. The concentration of target SAs was
calculated according to the AuNBPs color or the maximum localized surface plasmon
resonance absorption wavelength (λLSPR).

2.4. Detection of Fish Muscle Sample

The SAs in the fish muscle samples were extracted using the Industry Standards for
Entry-Exit Inspection and Quarantine of China (SN/T 5140-2019). Briefly, about 0.1 g
of dried fish muscle, vacuum freeze-dried at −46 ◦C, was extracted with 5 mL of ethyl
acetate for 10 min under ultrasonic agitation. Then, the extract was separated and collected
via centrifugation, and the residue was extracted once again in the same manner. The
two extracts were combined, and the total was evaporated to near dryness using a pressured
nitrogen blowing concentrator. After dissolving the residue with 2 mL of binding buffer,
5 mL of hexane was added, and the whole extract was fully vortexed for 2 min to remove
lipids by discarding the hexane solution. Finally, the remaining solution was filtered
through a 0.22 μm filter and then directly used for the colorimetric detection of SAs
according to the procedure in Section 2.3. The samples that spiked with SAs in advance
were also analyzed by the same procedure to investigate the recovery. The concentration
of each SQ, SMP and SMD in the sample was detected by using the corresponding SAs
as calibration. The sum of SQ, SMP and SMD or the sum of any two was screened or
semi-quantitatively detected using a mixture of SQ and SMD (1:1) as calibration.

3. Results and Discussion

3.1. The Principle of the PAD-Based Multicolor Colorimetric Aptasensor

The detailed strategy of the PAD-based multicolor colorimetric aptasensor is shown
in Scheme 1. A competitive aptamer-binding system was employed to recognize the
target SAs (SQ, SMP and SMD), a sensitive NADH-AA-mediated system was employed to
regulate AuNBP growth to generate vivid multicolor signals, and a PAD system was used
to deposit AuNBPs so that the color signals could be sensitively and stably read out. In the
competitive aptamer-binding system, Xu et al. [33] reported a broad-specificity SA aptamer
that was used as a bioreceptor and had binding affinity to SQ, SMP, SMD, SCP and SPD
(higher to SQ, SMP and SMD and lower to SCP and SPD). A link probe 1 (cDNA-1) modified
with biotin on the 3’ end, was designed to hybridize with part of the aptamer to form an
aptamer/cDNA-1 conjugate. This was immobilized on the MB surfaces (aptamer/cDNA-
1/MBs) via a specific interaction between the biotin and streptavidin to achieve convenient
separation/collection. Upon the addition of target SAs (SQ, SMP and SMD), the aptamer
specifically bound with the target SAs to form an SAs/aptamer complex and thus separated
from the aptamer/cDNA-1/MBs. By removing the excess aptamer/cDNA-1/MBs with a
magnet, the released SAs/aptamer in solution hybridized with the cDNA-1-modified MBs
(MBs/cDNA-1) and link probe 2 (cDNA-2), modified with biotin on the 5’ end, to form an
MB/cDNA-1/aptamer/cDNA-2 conjugate. It captured streptavidin-ALP via the biotin on
the 5’ end of cDNA-2 to form an MB/cDNA-1/aptamer/cDNA-2/ALP conjugate, which
specifically hydrolyzes AAP to generate AA. The presence of more target SAs resulted in
more MBs/cDNA-1/aptamer/cDNA-2-ALP, thus generating more AA.
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Scheme 1. Schematic illustration of the principle for the PAD-based multicolor aptasensor.

In the NADH-AA-mediated AuNBP growth system, the AA generated in a com-
petitive aptamer-binding system sensitively promoted AuNBP growth to generate AA-
corresponding colorful multicolor changes [38]. The PAD system was used to deposit
AuNBPs on a nylon membrane to concentrate and stabilize its colors to achieve a sensitive
read out of AuNBP multicolor changes. Thus, the combination of the above competitive
aptamer-binding system, NADH–AA-mediated AuNBP growth system and PAD system
provided high throughput and a sensitive and stable multicolor colorimetric sensing plat-
form to determine each SQ, SMP and SMD, or the sum of the 3 SAs or the sum of any two.

3.2. The Feasibility of the Experimental Strategy

In this study, the cDNA-1 and cDNA-2 were designed to hybridize from the 5′ and
3′ ends aptamer, respectively, to form the competitive aptamer-binding system. To con-
firm that the hybridization of the cDNA-1, cDNA-2 and aptamer was successful, gel
electrophoresis was used to characterize each hybrid product. The results in Figure S3
(see SI), show that, compared with cDNA-1 and aptamer separately, their hybrid products
showed a band on the site that had shorter migration distances (about 80 pb), indicating
that the hybridization was successful. Meanwhile, after the addition of a target SA (SQ), the
hybrid products of cDNA-1 and aptamer also showed a weak band on the near site of ap-
tamer, indicating that SQ could bind specifically with an aptamer to produce SA/aptamer.
Similarly, compared with cDNA-2 and aptamer separately, their hybrid products also
showed a band on the site with shorter migration distances of about 80 pb. The hybrid
products of cDNA-1, cDNA-2 and aptamer showed a band that had the shortest migration
distances (about 100 pb), indicating the successful hybridization among cDNA-1, cDNA-2
and aptamer. These experimental results demonstrated the feasibility of a competitive
aptamer-binding system.

The feasibility of the NADH-AA-mediated AuNBP growth system was confirmed by
regulating AuNBP growth with different AA concentrations and investigating the mor-
phologies of AuNBPs with transmission electron microscopy (TEM). The TEM images in
Figure 1 show that as the AA concentration increased from 38.5 to 227 μM, the shape of the
AuNBPs changed step by step from spheroid to rice-like oval, to truncated bipyramid, to
standard bipyramid. Correspondingly, the AuNBP solution exhibited vivid color changes
from pale pink to blue-green to brownish red. Meanwhile, the λLSPR of the AuNBP solution
gradually shifted from 504 to 796 nm, and the λLSPR showed a good linear relationship
with AA concentrations in the range of 56.0–90.5 μM (see Figure 2). All the above results
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demonstrated that the NADH-AA–mediated system can mediate AuNBPs growth sensi-
tively to generate many more color changes, which could make naked-eye observation
more accurate and sensitive.

Figure 1. TEM images of AuNBPs obtained from a NADH–AA-mediated growth system at different
AA concentrations. (A) 38.5, (B) 56.0, (C) 67.0, (D) 82.5, (E) 101, and (F) 227 μM. The inset is the color
of the corresponding AuNBPs deposited on the PAD.

Figure 2. Photographs (A) and the extinction spectra of AuNBPs (B) obtained from the NADH–AA-
mediated growth system at different AA concentrations (0.0, 38.5, 56.0, 67.0, 72.5, 82.5, 90.5, 101, 114,
157, 193 and 227 μM) and the variation of the λLSPR of AuNBPs versus AA concentrations (C). The
insert in (C) is the linear relationship between the λLSPR of the AuNBPs and AA concentrations in
range of 56.0–90.5 μM.

3.3. Optimization of PAD-Based Multicolor Colorimetric Aptasensor

In the NADH–AA-mediated AuNBPs growth system, acidity lowered the reduction
ability of AA, which affected the growth rate of the AuNBPs, which on turn affected the
λLSPR of the AuNBPs, i.e., the sensitivity of the multicolor colorimetric aptasensor. In this
study, HCl was used to control acidity, and the concentration was optimized in the range
of 440–880 mM. The experimental results (Figure S4 in SI) showed that the λLSPR of the
AuNBPs increased when the HCl concentration increased from 440 to 660 mM, whereas
it decreased when the concentration was higher than 660 mM. Thus, the acidity of the
NADH–AA-mediated AuNBP growth system was controlled by adding HCl in a final
concentration of 660 mM.
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The streptavidin–ALP concentration in the competitive aptamer-binding system di-
rectly affected the ALP amount loaded onto the MBs/cDNA-1/aptamer/cDNA-2/ALP,
which was used to hydrolyze AAP to generate AA and affecting the sensitivity and linear
range of the aptasensor. The streptavidin–ALP concentration was optimized in the range of
21–27 μg/L. The experimental results (Figure S5 in SI) show the λLSPR shift of the generated
AuNBPs:

ΔλLSPR = λLSPR(+) − λLSPR(−),

where λLSPR (+) is the λLSPR of the generated AuNBPs in the presence of target SAs, and
λLSPR (−) is the λLSPR in the absence of target SAs). The λLSPR shift had the largest value
when the streptavidin–ALP concentration was 25.3 μg/L, which was selected as the opti-
mal concentration.

3.4. Specificity of the Multicolor Colorimetric Aptasensor

As we mentioned above, the aptamer used in this study had a higher binding affinity
to SQ, SMP and SMD, and a relatively lower binding affinity to SCP and SPD [33]. To
evaluate the specificity of the multicolor colorimetric aptasensor to the targeted SAs (SQ,
SMP and SMD), it was used to test a 1.0 μM concentration of the 19 commonly used SAs
and a 100 μM concentration of the 6 types of antibiotics mentioned in Section 2.1. As
Figure 3 shows, only SQ, SMP and SMD induced an obvious λLSPR shift (ΔλLSPR) of the
AuNBPs, and exhibited a blue or blue-green color. The other 16 SAs (SCP, SPD, SMZ, SDM,
SIM, SMM, SMR, ST, SB, SDX, SD, SMT, SIZ, SG, SPA and SAA) exhibited the same color
(pale pink) as that of the control AuNBPs with no λLSPR shift (ΔλLSPR ≈ 0). In particular, the
6 other antibiotics also did not induce an obvious λLSPR shift, and they exhibited the same
color (pale pink) as that of the control AuNBPs even though the antibiotic concentrations
were much higher than those of the 3 target SAs (SQ, SMP and SMD). The above results
demonstrated that the proposed multicolor colorimetric aptasensor had good selectivity
for SQ, SMP and SMD, and thus could be used to detect them singly, or the sum of all three
or the sum of any two with no interference of other antibiotics.

Figure 3. The photographs and ΔλLSPR of multicolor colorimetric aptasensor for detecting 19 com-
monly used different SAs and 6 other types of antibiotics. The SA concentration was 1.0 μM, and the
that of the 6 other antibiotics was 100 μM.

3.5. Analytical Performance of the Multicolor Colorimetric Aptasensor

To investigate the analytical performance of the multicolor colorimetric aptasensor,
different concentrations of SQ, SMP and SMD were determined. As the photographs
and extinction spectra in Figure 4 show, when the SQ concentration increased from 0.0 to
2.5 μM, the colors of the AuNBPs changed step by step from pale pink to bluish violet, to
green-blue, to green, to atrovirens, to lime-green, to brownish red to deep brown, and were
accompanied by an AuNBP λLSPR of shift from 557 to 716 nm. When the concentration
of SQ was 0.3 μM, the color change int the AuNBPs could be clearly confirmed with the
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naked eye, i.e., the visual detection limit (LOD) of the aptasensor was 0.3 μM for SQ. The
good linear relationship between the λLSPR of the AuNBPs and SQ concentrations was
observed in the range of 0.3–1.0 μM; thus, the spectrometry quantification limit (LOQ)
was 0.3 μM (the lowest concentration in the linear range) and the spectrometry LOD was
0.09 μM (LOQ/3.3) for SQ (Table 1). As the concentrations of SMP and SMD increased, the
AuNBPs exhibited similar stepped color changes and were accompanied by a shift in the
AuNBP λLSPR from about 550 to 700 nm (see Figures S6 and S7 in SI). The visual detection
limit of the aptasensor was 0.5 μM for SMP and 1.0 μM for SMD. The spectrometry LOQ
was 0.3 μM for SMP and 0.5 μM for SMD, and the spectrometry LOD was calculated to be
0.09 μM for SMP and 0.15 μM for SMD (Table 1). The stability of the multicolor aptasensor
was investigated by repeatedly detecting 0.5 μM of SQ and SMP, and 2.0 μM of SMD 5 times.
The relative standard deviation (RSD, n = 5) was calculated to be 5% for SQ, and 6% for
SMP and SMD.

Figure 4. The photographs and UV-vis extinction spectra (A) of the multicolor colorimetric aptasensor
for detecting different concentrations of SQ (0.0, 0.3, 0.4, 0.5, 0.75, 1.0, 1.5 and 2.5 μM), and the variation
of the λLSPR of AuNBPs versus SQ concentrations (B). The insert in (B) is the linear relationship
between the λLSPR of AuNBPs and SQ concentrations in the range of 0.0–1.0 μM.

Table 1. Analytical performances of the proposed aptasensor for detecting SQ, SMP and SMD.

SAs Linear Equation Coefficient (R2) Linear Range Visual LOD
Spectrometry

LOQ LOD

SQ λ = 119.4 × C + 558.9 0.9912 0.3–1.0 μM 0.3 μM 0.3 μM 0.09 μM

SMP λ = 56.4 × C + 550.4 0.9941 0.3–1.0 μM 0.5 μM 0.3 μM 0.09 μM

SMD λ = 20.4 × C + 550.1 0.9951 0.5–5.0 μM 1.0 μM 0.5 μM 0.15 μM

As mentioned above, some aptamer-based colorimetric methods have been reported
for the rapid determination of SAs [22,32,33]. However, previous aptamer-based colorimet-
ric methods suffered from one or more following disadvantages: the ability to determine
only one kind of SA or color change and had lower sensitivity. Compared to previous
colorimetric methods, the multicolor colorimetric aptasensor developed in this study has
obvious analytical advantages such as the ability of determining multiple SAs and color
changes with a higher sensitivity (see Table S2 in SI).

3.6. Determination of SQ, SMP and SMD in Fish Muscle Samples

The applicability and reliability of the proposed PAD-based multicolor colorimetric
aptasensor was confirmed by determining SQ, SMP and SMD in fish muscle samples (Perca
fluviatilis) collected from coastal waters of Fujian in China. The samples, which previously
spiked with one or two or all three of SQ, SMP and SMD, were also determined in the
same manner to investigate recovery. The results from our method were compared with

130



Chemosensors 2023, 11, 386

those obtained by the commercial ELISA kit. As Table 2 shows, SQ, SMP and SMD were
determined by naked eye observation or UV-visible spectrometry with a recovery of 89–94%
and an RSD < 8% (n = 5). The results from the proposed colorimetric aptasensor were
consistent with those from the commercial ELISA kit. All the above results indicated that
our PAD-based multicolor colorimetric aptasensor is reliable and can be used for the rapid
screening or semi-quantitative determination of SQ, SMP and SMD individually, the sum
of all three or as the sum of any two.

Table 2. Analytical results of SQ, SMP and SMD in dried fish muscle samples.

Added SAs 1 Added Con. (μg/g)

2 SAs Detected

Our Multicolor Aptasensor
5 ELISA Kit
Con. (μg/g)Color

UV-Vis Spectrometry

Con. (μg/g) RSD (n = 5) Rec.

None 0.0
 

- - - -

SQ 3.6
 

3.4 5% 94% 3.7

SMP 5.7
 

5.2 6% 91% -

SMD 5.6
 

5.0 8% 89% 5.2

3 SQ + SMD 5.8
 

5.2 7% 90% 5.4

4 Mixture 4.6
 

4.1 6% 90% 3.3

1 The concentration of SAs in dried fish muscle sample; 2 The concentration of SAs obtained using our method
and commercial ELISA kit in a dried fish muscle sample; 3 The mixture of SQ and SMD in equal proportion;
4 Mixture of SQ, SMP and SMD in equal proportion. 5 The ELISA kit could only be used to determine SQ and
SMD, not SMP.

4. Conclusions

In summary, we developed a PAD-based multicolor colorimetric aptasensor to detect
3 different SAs (SQ, SMP and SMD) by using a broad-specificity SA aptamer, functionalized
magnetic beads as a bioreceptor, an NADH–AA-mediated AuNBP growth system to
generate color signals, and a PAD system that deposited AuNBPs more sensitively and
stably so that color signals could be read out. The colorimetric aptasensor had more color
changes corresponding to the concentrations of SQ, SMP and SMD; higher sensitivity;
better specificity and stability; and was used to determine SQ, SMP and SMD with a
visual detection limit of 0.3, 0.5 and 1.0 μM, respectively. The detection limits of UV-
visible spectrometry were calculated to be 0.09, 0.09 and 0.15 μM for SQ, SMP, and SMD,
respectively. By using the established aptasensor, we successfully determined SQ, SMP,
SMD, the sum of SQ and SMD, and the sum of all 3 SAs in the fish muscle samples with
a recovery of 89–94% and an RSD (n = 5) < 8%. This simple method provides multiple
color changes and higher sensitivity, which make it a promising method for the rapid and
instrument-free screening of the total residue of SQ, SMP and SMD in seafood.
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Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/chemosensors11070386/s1: Main chemicals and apparatus, sup-
plementary tables including detailed DNA sequences (Table S1) and comparison with previous
colorimetric aptasensors (Table S2), supplementary figures including chemical structures of the 19
commonly used sulfonamides and 6 other antibiotics (Figure S1), PAD structure (Figure S2), gel
electrophoresis analysis (Figure S3), optimization parameters (Figures S4 and S5), and photographs
and UV-vis extinction spectra for detecting SMP and SMD (Figures S6 and S7).
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4. Tačić, A.; Nikolić, V.; Nikolić, L.; Savić, I. Antimicrobial sulfonamide drugs. Adv. Technol. 2017, 6, 58–71. [CrossRef]
5. Sarmah, A.K.; Meyer, M.T.; Boxall, A.B. A global perspective on the use, sales, exposure pathways, occurrence, fate and effects of

veterinary antibiotics (VAs) in the environment. Chemosphere 2006, 65, 725–759. [CrossRef]
6. Hamscher, G.; Bachour, G. Veterinary drugs in the environment: Current knowledge and challenges for the future. J. Agric. Food

Chem. 2018, 66, 751–752. [CrossRef] [PubMed]
7. Suo, D.C.; Wang, P.L.; Xiao, Z.M.; Zhang, S.; Zhuang, H.T.; Li, Y.; Su, X.O. Multi-residue determination of 27 sulfonamides in

poultry feathers and its application to a sulfamethazine pharmacokinetics study on laying hen feathers and sulfonamide residue
monitoring on poultry feathers. J. Agric. Food Chem. 2019, 67, 11236–11243. [CrossRef]

8. Kim, Y.; Jung, J.; Kim, M.; Park, J.; Boxall, A.B.A.; Choi, K. Prioritizing veterinary pharmaceuticals for aquatic environment in
Korea. Environ. Toxicol. Pharmacol. 2008, 26, 167–176. [CrossRef]
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Abstract: Diabetes mellitus has increasingly become a threat to health all over the world. This review
focuses on the promoting effect of biosensing technology on the diagnosis and treatment of diabetes
mellitus. Types of diabetes and their corresponding pathogeneses are first introduced, followed by
the diabetes prevalence and research progress at home and abroad. To emphasize the importance
of diabetes diagnosis and treatment, we secondly summarize the breakthrough technology in this
field based on biosensing technology at the present stage. In terms of diagnosis, diversified ways of
blood glucose detection and multiple combinations of diabetes biomarkers are discussed, while a
variety of insulin administration routes and non-drug treatment means are presented in the aspect of
treatment. In conclusion, the prospect of the future development of diabetes diagnosis and treatment
is put forward at the end of the review.

Keywords: diabetes mellitus; bioelectronics; electrochemical sensor

1. A General Overview of Diabetes Mellitus

1.1. Types and Pathogenesis of Diabetes Mellitus

Diabetes Mellitus (DM) is a chronic metabolic disease, manifesting as metabolic dis-
orders of glucose, protein, lipid, and other substances within the body and persistent
hyperglycemia externally. It is caused by the lack of insulin secretion and/or insulin
resistance, which results from the combined effects of various factors.

Most DMs can be classified as type 1 diabetes mellitus (T1DM) and type 2 diabetes
mellitus (T2DM). In addition, there are monogenic diabetes mellitus, secondary diabetes
mellitus, gestational diabetes mellitus, and unresolved diabetes mellitus as a more refined
distinction. The classification of T1DM and T2DM is based on classic characteristics of early
understanding of DM, including the age of onset, degree of loss of β-cell function, degree of
insulin resistance, presence of diabetes-related autoantibodies, and insulin therapy required
for survival, etc. [1]. The World Health Organization has updated the classification standard
of DM by issuing guidelines regularly since 1965. However, with the increasing prevalence
of obesity in the young generation, the phenotypes of T1DM and T2DM are less obvious,
on the basis of which more types of diabetes subtypes are produced [2]. The combined
influence of multiple genes and factors has become a typical feature of contemporary
DMs, which makes it difficult for people to understand the whole spectrum of diabetes
phenotypes. Based on the classical diabetes model, only the known pathogenesis of classic
T1DM and T2DM is elaborated here.

T1DM is a kind of organ-specific autoimmune disease, the pathogenesis of which
is that the necrosis of pancreatic β cells in the autoimmune environment leads to the
decrease in insulin secretion in the body, resulting in metabolic disorders. At present,
T1DM accounts for about 5–10% of the total DM cases [3]. As early as 1974, the association
between T1DM and genetic factors was discovered by scientists, showing a pattern of multi-
gene inheritance. Further analyses conducted recently, locations of important, relevant
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alleles have been identified, and the mechanism of many cytokines directly related to T1DM
has been successfully explored, such as interleukin-1 (IL-1), interferon-γ (IFN-γ), tumor
necrosis factor (TNF), etc. [4]. In addition to cytokines, the formation of T1DM participates
more in the process of human immunity; therefore, polypeptides and proteins result in
the typical biomarkers, such as C-peptide, urinary haptoglobin [5] and zinc transporter
8 autoantibody (ZnT8A) [6].

T2DM accounts for about 90% of the total DM cases. The course of T2DM is char-
acterized by the co-existence of β-cell secretion dysfunction and insulin resistance. The
initial factors of the onset of T2DM are still controversial; however, it can be concluded
that the former is a necessary condition for the onset, while the latter is throughout the
course of T2DM. Both glucotoxicity and lipid toxicity can cause damage to pancreatic β

cells; therefore, long-term acquired high-carbohydrate and high-fat diet can promote the
onset of T2DM [7]. Further, related pathogenic genes (CDKAL1, CDKN2A, CDKN2B, etc.)
have also been found. Due to the high proportion of T2DM in diabetics and the complexity
of its causes, the biomarkers related to T2DM are diverse and involve various parts of
physiological processes. For example, glycation markers (such as albumin and cystatin C),
oxidation markers (such as apolipoprotein CI), and truncation markers (such as chemokine
CCL5) all have considerable reference values in the detection of T2DM.

1.2. Development Status of Diabetes Mellitus Worldwide

According to the 10th edition of the Global Diabetes Map [8] released by the Interna-
tional Diabetes Federation (IDF) in 2021, about 537 million adults worldwide were living
with DM. The prevalence rate reached 10.5%, indicating the fact that 1 in 10 people was
living with the disease (Figure 1a). The age range of diabetics is wide, covering people
aged 20–79 years. Prevalence increases with age, and a similar trend is expected to continue
till 2045. Further, the report estimates that for every 20 percent increase in the world
population, the number of diabetics increases by about 46 percent, which is expected to
rise to 643 million by 2030 and rise to 783 million by 2045. Excluding acute deaths due to
COVID-19, approximately 6.7 million people died from DM or its complications in 2021,
representing 12.2% of all deaths. Moreover, one-third (32.6%) of diabetes deaths occurred
in people younger than 60 years of age.

In such a global situation, the number of diabetics in China increased from 90 million
to 140 million in the past 10 years, ranking first in the total number of diabetics. The
number of undiagnosed diabetics and the number of diabetes-related deaths (Figure 1b)
also showed a rapid growth trend which simultaneously took the first place in the world.
Both the treatment conditions for diagnosed diabetes patients and the screening measures
for potential diabetes patients bring great pressure on the existing medical system [9].
Therefore, China is faced with a severe situation of DM prevention and control.

The data display that the number of research on DM is gradually increasing in the
world (Figure 1c). In recent 5 years, the number of articles published worldwide has been
on the rise, with the United States taking the leading position. Although the number of
articles published in Asian countries has been on the rise [10], it reveals the lack of influence
of articles published and the necessity to improve the article quality. In addition, comparing
the research emphases worldwide, it can be seen that, with diabetes complications as the
central axis, researchers abroad focus on effective correlation indicators such as blood
glucose detection and all-cause mortality, and more attention is paid to female patients. In
China, the research is more based on DM core mechanics, including blood glucose treatment
and intervention, self-health management, disease management, health education, etc.,
showing no obvious group research preference. Similar research directions exhibit in DM
information intervention and the emphasis of intelligent health management guided by
disease [11].
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Figure 1. Status of diabetes mellitus worldwide. (a) The estimated total number and global distribu-
tion of diabetics in 2021 [8]. (b) Top 10 countries or territories with the highest number of diabetics
in 2021 [8]. (c) Visualization analysis of the output of DM information literature in China3National
Knowledge Network (CNKI) database and Web of Science Core Collection database by country or
region [11]. All figures are licensed under an open-access Creative Commons CC BY license.

1.3. Importance of Diabetes Mellitus Diagnosis and Treatment

Complications developed in the late stage of DM will cause great harm to the human
body. Affected by excessive blood glucose environment, large, medium, small, and micro
blood vessels in the whole body could be injured, leading to various cardiovascular and
cerebrovascular diseases. The respiratory system and urinary system are also common
areas that suffer from complications, including tuberculosis and kidney failure. In addition,
DM has a great impact on patients’ eyes and feet. The complications in eyes often reflect in
diabetic fundus diseases, cataracts, and retinopathy, while diabetic foot shows infection,
diabetic foot ulcer (DFU), and gangrene as typical symptoms [12], which is the most
well-known complication in the public view [13]. Diabetic foot is one of the most serious
complications of DM, as well as the most common reason for hospitalization of diabetics
and one of the leading causes of amputation worldwide. For female diabetics, various risks
during pregnancy will be increased to some extent, followed by the increasing probability
of birth defects in the next generation [14].

According to the recovery situation of COVID-19 in the past two years, COVID-19
patients with underlying diseases often face more severe symptoms or deterioration of the
existing underlying diseases [15,16], most commonly seen in patients with cardiovascular
and diabetes diseases. This discovery indicates that DM undoubtedly interferes and hin-
ders the treatment and intervention of COVID-19 patients, and the complicated factors that
doctors need to consider in the treatment process have increased. The facts above confirm
the high proportion of deaths from DM and its complications mentioned in Section 1.2.
Therefore, reasonable prevention, diagnosis, and treatment of DM are significant for na-
tional health. What is noteworthy is that some data speculate that COVID-19 survivors
may be at an increased risk of developing new-onset DM, identified as a kind of post-acute
sequelae of COVID-19 (PASC) [17].

In order to deal with the current situation of diabetics with multiple subtypes and phe-
notypes mentioned in Section 1.1, researchers have constantly emphasized the importance
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of DM reclassification. With the support of the “palette model” theory [18], reclassification
was carried out based on topology-based analysis [19] and Bayesian non-negative matrix
factorization clustering method [20] to achieve personalized treatment at the level of precise
diabetology from pathogenesis [21] as much as possible (Figure 2). On the one hand, effec-
tive prevention of the formation of DM through genetic testing and lifestyle management
can improve the quality of life of the people, fitting right in the concept of “preventive
treatment of disease”, which is expected to achieve if further research and development of
early diagnosis technology of DM make great progress. On the other hand, for patients
already suffering from DM, small portable wearable devices helping in diabetes diagnosis,
multi-target and multi-channel diabetes treatment will effectively extend lives and improve
patients’ motivation facing the disease.

Figure 2. Future implications of precision diabetology based on novel diabetes subgroups [21]. SAID:
Severe autoimmune diabetes. SIDD: Severe insulin-deficient diabetes. SIRD: Severe insulin-resistant
diabetes. MOD: Mild obesity-related diabetes. MARD: Mild age-related diabetes. All figures are
licensed under an open-access Creative Commons CC BY license.

2. Diagnosis of Diabetes Based on Electrochemical Biosensing Technology

According to the distribution and total number of DM patients, the demand in the
global market for diabetes diagnostic equipment increased quickly, while the demand for
cost-effective, convenient, highly portable, and responsive medical equipment has also
increased year by year in the past decade. Both the rapid development of biochemical
technology and the increasing demand for a higher standard of living have contributed to
this scene.

The diagnosis of DM is inseparable from blood glucose detection, its original feature.
The earliest detection for blood glucose was developed in the early 1900’s by Canadian
surgeon Frederick Banting and his assistant Charles Best to measure glucose in blood and
urine. Clark and Lyons proposed the initial concept of a glucose sensor in 1962 [22] on the
basis of it, which explored the approach for people to study glucose detection technology.
After that, electrochemical technologies were introduced into the invention of sensors, and
electrochemical sensing components such as enzymes and electrodes [23] were added to
the detection chain to optimize the whole process. It was not until 1971 that Clemens in the
United States developed the first regular glucose monitor [24] (the Ames Reflectance meter),
which was a milestone in DM detection technology. Although the device was expensive and
cumbersome from the point of now, it undoubtedly brought together the best technologies
and efforts of numerous scientists at the time. During the evolution of the structure and
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mechanism of glucose meters, the successful application of screen-printing technology [25],
invented in 2004, made the mass production of electrochemical glucose sensors possible
and brought great efficiency improvement in the preparation of glucose sensing strips
for electrochemical devices. With the development of electrochemical technology, Abbott
launched the first electrochemical glucose monitor named ExacTech [26]. The clunky meters
have evolved into lighter and more sensitive combinations of strips and reagents.

Nowadays, electrochemical biosensors have been widely used in glucose detection
due to their high sensitivity and specificity, accounting for about 85% of the global biosensor
market [27]. They are iterating into more sophisticated instruments that can be adapted to
a wide range of needs.

2.1. Diverse Blood Glucose Detection

DM, as an endocrine disease, is characterized by hyperglycemia, indicating that its
most direct biomarker is blood glucose. During the development history of the glucose
meter mentioned, the glucose analyzer (known as Model 23A YSI analyzer) proposed by
Yellow Springs Instrument Company in the United States for the amperometric detection of
hydrogen peroxide was still used as a clinical diagnostic standard until the 21st century [28].
Although the model of glucose analysis has been changing, its basic chemical reaction
mechanism has not changed. Among them, the redox chemical chains based on glucose
oxidase (GOx) and glucose dehydrogenase (GDHs) are the most classic, which are still the
basis of many current glucose biosensors [29] (Figure 3a). These typical methods are highly
selective to glucose targets, and their disadvantages of oxygen dependence and electroactiv-
ity interference have also been further overcome by the breakthrough of the electrochemical
biosensing technology. So far, three generations of electrochemical glucose analyzers have
been developed, including enzymatic and non-enzymatic electrochemical glucose sensing
methods for applications in different fields according to the different electron transfer
mechanisms (Figure 3b). Enzymatic sensors are constructed by the combination of the im-
mobilized enzyme and electrodes, in which the enzyme is acted as the sensitive element of
the biosensor to realize the concentration monitoring of biomolecules. The first-generation
glucose-enzyme biosensors use oxygen molecules as electron acceptors. The catalytic
reaction of the enzyme will reduce oxygen in the solution and generate hydrogen peroxide,
which can measure the concentration of glucose indirectly through the detection of the
amount of oxygen reduction or the amount of hydrogen peroxide generated. The second-
generation biosensors make use of electron transport medium instead of oxygen as the
electron acceptor, overcoming the disadvantages of the first-generation biosensors which
are limited by oxygen. The electron transport medium refers to small volume of soluble
redox active molecules, such as ferrocene derivatives, ferrocyanide, conductive organic
salts and quinones, which are able to carry out a rapid reversible redox reaction to increase
the rate of enzymatic reaction. However, this kind of medium can be easily diffused from
the enzyme layer into the substrate solution, contributing to the instability of the whole
biosensor. Compared with previous two generations, the third-generation biosensors avoid
the need of oxygen molecules or electron transfer mediators as electron acceptors, but fix
the enzyme directly on the modified electrode. This change of environmental conditions
of catalytic reactions makes the active site of the enzyme close to the electrode, which
can directly carry out the electron transfer, improving the sensitivity and selectivity of the
glucose-enzyme biosensor. The materials used to fix enzymes are often organic conductive
composite films, metal or non-metallic nanoparticles. In addition to the enzymatic catalysis,
various technologies were applied to develop the non-enzymatic methods [30] to detect
glucose and corresponding mechanism has been found in the years of research. Chen and
his co-workers have demonstrated the electrochemical detection of glucose using nonen-
zyme mode, such as plasmon-accelerated electrochemical reaction [31], or on Cu2O/Au
nano-composite modified surface [32]. Further, the nanopipette confinement effect is used
to investigate the reaction in volume-confined glucose oxidase-based detection [33].
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Figure 3. Schematic diagrams of principle of (a) enzymatic and (b) non-enzymatic electrochemical
glucose sensors [29]. Reprint permission was requested from [29].

Blood is the most available body fluid for measuring glucose; therefore, most elec-
trochemical glucose analyzers rely on detecting glucose directly in the blood. Although
the electrochemical glucose analyzer has made a breakthrough in functionality, achieving
great success in the commercialization process, it still has limitations. On the one hand,
it is inconvenient that such methods have to pick the finger for sampling. On the other
hand, some drugs, metabolites and other blood components may interfere with the glucose
sensor [34]. Researchers began to explore wearable non-invasive technology, considering
the need for health and cleaning. These non-invasive methods mainly concern the physical
and chemical properties of internal and external biological fluids. A typical case of internal
fluids is the detection of metabolites in interstitial fluid (ISF). In daily life, the self-regulation
of physical and chemical components in ISF contributes to the homeostasis of glucose, Na+,

and K+ in the blood, which provides a new approach for people to measure blood glucose.
The emergence of flexible electronic devices, like microneedle patches [35], inspired re-
searchers who tried to use them to detect blood glucose through ISF. For example, a kind of
biosensor was designed to measure blood glucose which can change the osmotic pressure
of ISF by changing the electric field to induce glucose in blood vessels to seep into the skin’s
surface [36]. It completed the whole process by means of an electrochemical dual channel
generated by a paper battery under the skin, using blood glucose seepage and glucose
reverse ion electroosmosis, which showed a high correlation with the clinically measured
blood glucose level (>0.9). This kind of flexible electronic device removes interference from
the external environment to some extent and is one of the main directions of non-invasive
real-time glucose detection in the future.

In addition to the study of internal biological fluids, the measurement methods of
glucose in external biological fluids (tears, sweat, saliva, etc.) have also been developed.
These fluids are used as samples of glucose, whose specific component concentration is
determined by its association with the amount of glucose in the body (Figure 4); thus,
glucose concentration can be calculated through the information from these fluids. Saliva
contains biomarkers of clinical significance and is easy to obtain, which is of great im-
portance for monitoring physiological and metabolic status. Laura et al. [37] proposed
an integrated pacifier sensor (Figure 4b) for non-invasive chemical detection of newborn
saliva, whose results achieved a relative standard deviation of about 9%. Integrated dis-
posable PB electrodes by screen printing, which is modified with chitosan and GOx, were
used for in vitro analysis of glucose in saliva. It not only breaks through the traditional
thought of integrated physical parameters sensors but also avoids piercing the skin to
obtain tissue fluids, commonly used in neonatal care units, making the newborn in a safer
environment. The sweat can present a timely concentration tracking in various parameters
with the change of blood glucose concentration, including sweat glucose concentration
and pH value, although its concentration is much smaller than the glucose concentration
in the blood [38]. In a typical contribution, Lee et al. [39] developed a wearable sensor
for detecting glucose in sweat. When the glucose concentration of sweat was fed back,
the statistics of pH value, temperature, and humidity of sweat can assist in correcting the
result of it in real-time, forming a multi-mode accurate glucose concentration detection
(Figure 4d). This self-checking working system allowed it to measure blood glucose concen-
tration with low sweat volume (4 μL) in non-extreme environments, which showed almost
no significant deviation compared with direct blood detection. Further, glucose and lactate
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contained in tears can also reflect blood glucose concentration to a certain extent [40], and
contact lenses equipped with integrated lactate sensors have been invented. In terms of the
newly proposed contact lens that detected glucose in tears [41], the researchers realized the
detection accuracy of a wide range of concentrations, from the extremely low concentration
of 0.05 mM to the high concentration of 0.9 mM, which had a good reproducibility of the
results with a standard deviation of only about 4.5%.

Although the composition of biological fluids can indicate the blood glucose concen-
tration, considering the uncertainties of human activities (such as uncontrollable sweat
production and pollution risk of the unpredictable mix of new and old sweat in collection
pipelines [42]) and the effects of environmental changes (such as changes in ambient tem-
perature and humidity), biological fluids will inevitably be affected by the surrounding
parameters, which may not accurately reflect the data. Therefore, how to tackle these
extra problems becomes a further research topic. It is one of the development directions in
the future to integrate multiple detection technologies of biological fluid components for
multi-dimensional detection and calibration, which appears as multi-channel and multi-
substrate biosensors. Correspondingly, with the increase in biological fluid technologies
for collection and detection, researchers also need to overcome the barriers in computer
science of the stable algorithm [43] to predict the level of blood metabolites through various
kinds of data.

Figure 4. Some wearable non-invasive glucose sensor. (a) Tattoo glucose sensor based on ISF [45].
(b) Wireless glucose pacifier sensor [37]. (c) Electrochemical tear glucose sensor [46]. (d) Sensor arrays
for sweat glucose monitoring [39]. (e) Wearable biosensor device for wireless real-time detection
of the ISF glucose and sweat alcohol [44]. All figures are licensed under an open-access Creative
Commons CC BY license.

How to collect multiple types of external fluids simultaneously has great difficulty
in technology. For example, sweat and ISF can share the same sampling sites on the skin
surface; however, the methods used to collect them are different. When the method of sweat
stimulation is used, the perspiration production area cannot be controlled, which may result
in the mix of the two collection fluids and interference with the signals. As shown in Kim’s
work [44], positive and reverse iontophoresis (IP) was proposed to deal with the problem.
The two external fluids were obtained in parallel through the reverse IP of ISF in the cathode
chamber and the IP of transdermal pilocarpine delivery in the anode chamber. Under the
effect of electric repulsion, the anode delivered the pilocarpine with a positive charge and
caused the delivery area to produce sweat, which was located in the pilocarpine-loaded gel
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in the anode compartment. At the same time, because of the negative charge of the human
skin, a convective ionic electroosmotic flow to the cathode resulted in the migration of
positive ions and neutral molecules (such as glucose), excluding the interference of proteins,
other biomolecules, and some electroactive substances. Therefore, this system allowed
selective, simultaneous, and localized sampling to be performed on different electrodes,
avoiding mixing between samples (Figure 4e). The cathode side of the system is a biosensor
based on glucose oxidase (GOx), and the anode side is a biosensor based on an alcohol
oxidation reaction. The alcohol level (anode) and glucose level (cathode) of the blood can
be effectively detected, which can be used for the blood glucose diagnosis of DM and
the monitoring of the diabetic glucose curve after drinking, by completing the following
reactions (1) and (2), respectively on the biosensor. Thus, it may provide a facile strategy to
design a non-invasive epidermal sampling and analysis platform for effective evaluation of
physiological status.

Glucose + oxygen GOx→ hydrogen peroxide + gluconic acid (1)

Alcohol + oxygen AOx→ hydrogen peroxide + acetaldehyde (2)

2.2. Diverse Selections of Biomarkers for Diabetes

The diversity of the synergistic redox reactions makes it possible to detect various
biomarkers. On the one hand, there are many other biomarkers useful to indicate the
occurrence of DM, just like blood glucose can do, because the endocrine disorder is a
complex process. In traditional detections, biomarkers such as urine glucose, glycosylated
hemoglobin, serum insulin, and insulin antibody have been used to indicate DM [47]. Stud-
ies on metabolomics markers start from the direction of lipid and glucose metabolism and
have been reported that amino acids and their derivatives are significantly associated with
DM [48,49], such as glycine and glutamine, the content of which is negatively correlated
with the disease. In order to overcome the shortcoming that a single biomarker cannot
accurately indicate diseases, Borges et al. proposed an integrative method on the basis of
principal component analysis (PCA). Through the evaluation of the reliability of different
biomarkers for the diagnosis in patients, different combinations of diabetes biomarkers
were associated, and specific biomarker combinations, such as glycation markers and
oxidation markers, were obtained. The detection of a single biomarker was expanded into
the detection of a combination of biomarkers, which greatly improved the accuracy of DM
detection [50].

The study of molecular markers has also been developed since most types of DM
have been linked to genes. These markers are mainly microRNAs (miRNAs). For example,
miRNA-375 will be highly expressed during the onset of DM, while miRNA-23a will be
significantly reduced in the plasma of patients with T2DM. Recent studies have confirmed
that circRNA is another reliable molecular marker to indicate the occurrence of DM and its
related complications [51], which have been shown to be related to insulin regulation and
disease development in patients with T2DM [52]. Furthermore, these kinds of markers sug-
gest the occurrence of complications such as diabetic retinopathy and diabetic nephropathy,
more specifically [53], which provide a more effective way to predict complications for the
long-term treatment of DM patients and a new guiding basis for the comprehensive early
diagnosis of DM.

On the other hand, the evolution of electrochemical techniques would bring about the
way of biomarker detection updates. With researchers experimenting with new substrates
and electrochemical reaction chains, the quest for biosensors has never stopped. Newfound
reaction chains continuously improve the electrochemical detection scheme of various
biomarkers and simplify the reaction steps, which further increases the accuracy of results
and improves detection efficiency. For example, Esokkiya et al. reported an acetaldehyde
(AcH) ultra-trace detection sensor based on electrochemically activated copper nitroprus-
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side (CuNPr) in 2022 [54]. This method is expected to overcome the difficulty and high cost
of traditional breathalyzers with fuel cells for the accurate measurement of acetaldehyde.
Therefore, based on technological development, people will have more feasible sections
about biomarker detection objects and methods for DM in the future.

With the development of non-invasive detection, researchers found that reasonable
capture and analysis of volatile organic compounds (VOCs) in human breath can obtain
associated blood indicators, combined with the biochemical indicators of DM in body
fluids and current breath detection methods. The ease of access to breath samples is one
of the huge advantages of expiratory biochemical sensors. Acetone, acetaldehyde, carbon
monoxide, alkane, methyl nitrate, and other compounds in respiration have been proven to
have abnormal concentrations in patients with DM [55]. According to the method of PCA,
researchers further classified VOCs into different clusters (Table 1) to indicate the occurrence
of DM accurately [56]. On account of non-invasive breath testing, some researchers have
tried to develop a self-powered wearable breath biosensor based on the electrochemical
determination of acetone for non-invasive blood glucose monitoring. Su et al. [57] proposed
an electrochemical respiratory biochemical sensor based on a triboelectric nanogenerator
(TENG) (Figure 5). The periodic vertical contact and separation of the PTFE film and nylon
film acted as a self-powered device in the upper chamber. Patients’ breath entered the
lower reaction chamber, and then the acetone in the airflow reacted with the sensitive film
at the bottom of the chamber to produce electron exchange which changed the dielectric
constant of the gas so that the voltage generated by the upper self-powered chamber, which
would conduct to the copper electrode in the lower chamber, occurred different degrees
of attenuation. From the analysis of the final load voltage displayed by the device, the
acetone concentration in the breath and the breath state of the patients can be detected
simultaneously. In addition to the sensors of a single biochemical indicator, Wang et al. [58]
prepared a self-powered respiratory biosensor based on the transverse sliding mode of
a TENG for the multi-channel detection of gas molecules synchronously. The sensor set
up the sensing unit and the self-powered unit in a piece of the electronic sticker, which
could complete the whole sensing process through the displacement current caused by the
breakdown discharge. In a further study, researchers successfully adjusted the amplitude
and spectrum of the signal, making this self-powered wireless sensing e-sticker (SWISE)
realize the multi-point sensing behavior of gas sensing.

Table 1. VOC clusters for diabetes diagnosis *.

Biomarker Clusters
Healthy/T1DM/T2DM

Subjects
Method Used Research Outcome

Acetone, methyl nitrate,
ethanol, and ethylbenzene

17 healthy,
8 T1DM subjects Gas Chromatograpy

Mean Correlation Coefficients
All = 0.883

Healthy Subjects = 0.836
T1DM Subjects = 0.950

2-pentyl nitrate, propane,
methanol, and acetone

17 healthy,
8 T1DM subjects Gas Chromatograpy

Mean Correlation Coefficients
All = 0.869

Healthy Subjects = 0.829
T1DM Subjects = 0.990

Acetone, ethanol, and
propane

130 healthy,
70 subjects with diabetes

Analog Semiconductor
Sensors

Mean Correlation Coefficients
All = 0.25

Healthy Subjects = 0.97
Subjects with diabetes = 0.35

Isopropanol,
2,3,4-trimethylhexane,
2,6,8-trimethyldecane,

tridecane, and undecane

39 healthy,
48 T2DM subjects

Gas Chromatograpy—Mass
Spectrometry

Sensitivity = 97.9%
Specificity = 100%

* Data adapted from [56].
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Figure 5. Schematic diagram of self-powered wearable acetone breath biosensor [57]. Reprint
permission was requested from [57].

3. Novel Treatment of Diabetes Based on Electrochemical Biosensing Technology

Over the years, a variety of technologies have been applied in the treatment of DM,
aiming to inhibit the progression of DM based on blood glucose control and insulin reg-
ulation. Hypoglycemic drugs have the longest history. Metformin was first reported
in 1922 [59] and is currently the most classic hypoglycemic drug ingredient. From the
1920s to the 1960s, people gradually discovered the hypoglycemic ability of metformin in
animals [60] and humans [61]. It is surprising that the process of hypoglycemia is harm-
less to the body, both in animals and humans. With the development of drug extraction
technology, researchers discovered and prepared more components with hypoglycemic
effects, such as the genus Aloe [62] and tetrahydrocarbazole derivatives [63]. At the same
time, the discovery of insulin marked a major breakthrough in medicine and treatment for
DM. The deepening knowledge of the human body and physiology made people aware of
insulin [64] and its close association with DM. Therefore, in addition to controlling DM by
reducing blood glucose, researchers also shifted their attention to insulin levels, including
the improvement in insulin sensitivity [65], external insulin delivery, and the development
of insulin analogs [66]. Combination therapies with hypoglycemic drugs and insulin con-
trol were also being perfected. The variety of means of controlling the progression of DM
led to an increase in the life expectancy and the frequency of diabetes complications of
most people with DM. At present, the prevention and cure of diabetic complications have
become an important issue in improving the quality of life of DM patients. Researchers
are still struggling at the forefront of DM treatment, seeking the well-being of patients,
while patients’ demand for DM treatment has changed from blood glucose reduction and
regulation simply to diversified requirements such as portability, autonomy, and safety.

3.1. Insulin Administration Regimen

Oral hypoglycemic drugs and insulin administration are traditional methods of DM
treatment; however, both of them lack intelligent regulation of blood glucose levels, often
leading to poor blood glucose control and the risk of hypoglycemia. If the oral drug
administration schedule is fixed, it cannot be adjusted in time in the long-term development
of DM, which will result in problems such as a potential mismatch between the severity of
the disease and the schedule. Insulin administration is mostly limited to subcutaneous and
intravenous injections. Frequent injections may cause pain, and the injection site is prone
to inflammation, increasing the risk of infection [67].

The study of the microneedle patch greatly reduces the risk of infection during insulin
administration, and the environmental stimulus-responsive microneedle patch is more
efficient in regulating blood glucose levels. Glucose-responsive compounds with different
mechanisms (such as glucose oxidase (GOx), glucose-binding protein (GBP), etc.) are used
to construct biochemical cascade reactions with glucose in vivo so as to effectively stimulate
polymer dissociation in microneedles to release insulin and other glucose-regulating agents
when blood glucose concentration rises. At the same time, when the content is released
by the change of glucose, the internal environmental feedback can regulate the amount
of the content released. For example, the pH-responsive micellar complex developed by
Zhang [68] has a cascade reaction behavior triggered by changes in the pH of the environ-
ment. In the condition of hyperglycemia, the oxidation of the polymer and the reduction
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in the negative charge of insulin occur successively, which leads to the dissociation of the
complex on the microneedle and the subsequent release of insulin. This two-step cascade of
insulin release avoids the failure release of drugs in single acid environments and increases
the safety of drug delivery (Figure 6a). Similarly, oxidation-responsive polymer micronee-
dle patches were developed. Chen et al. [69] reported an intelligent insulin delivery device
based on dual mineralized particles containing exendin-4 (Ex4) and glucose oxidase (GOx).
While sensitive to blood glucose concentration, the patch device can achieve the transfor-
mation of glucose signal to H signal when blood glucose concentration rises, releasing
drugs specifically. After the blood glucose concentration gradually returns to normal level,
the release rate of drugs slows down, forming a long-term closed-loop regulation. Some
studies have proposed that glucose-responsive copolymers, which can be self-assembled
into nanocarriers, can decompose and release insulin in a high-glucose environment in the
body [70]. The researcher used polymer vesicles, a kind of carrier with a strong hollow struc-
ture and a large loading capacity of hydrophilic drugs, to improve the efficiency of insulin
use and its own biocompatibility to a certain extent. The carrier was self-assembled from an
amphiphilic triblock copolymer, poly(ethylene glycol)-b-poly(3-acrylamidophenylboronic
acid)-b-poly(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzyl acrylate) (PEG-b-PPBA-
b-PPBEM). The polymer vesicles have both functional groups of phenylboronic acid (PBA)
sensitive to glucose and phenylboronic acid pinacol ester (PBEM) sensitive to H2O2, which
have a dual cascade response to glucose after being coated with insulin and GOx. For
the selection of patch microneedles, researchers prepared soluble microneedles based on
poly(vinylpyrrolidone) (PVP) and (poly(vinyl alcohol)) (PVA), which can be inserted into
the skin cuticle to deliver internal reagents to the skin barrier not only noninvasively but
also safely dissolve in the skin tissue after the use. It had a practical significance that insulin
can release from vesicles in an incomplete state under normal glucose concentration, while
it is able to release a large amount of insulin promptly under high glucose concentration
according to the results of animal experiments, which better fulfilled the goal of rapid
response and long-term painless drug administration (Figure 6b). As described in Sec-
tion 2.1, with the improvement in glucose-related reaction chains, adjustable means of
insulin administration are gradually developed.

Figure 6. Schematic diagrams of glucose-responsive insulin delivery systems. (a) A nanoarray
transdermal microneedle patch with cascade reaction of H2O2 and pH [68]. Reprint permission was
requested from [68]. (b) Synthesis route of PEG-b-PPBA-b-PPBEM and its transdermal drug delivery
approach [70]. All figures are licensed under an open-access Creative Commons CC BY license.
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Insulin administration sources include external and internal routes. The external
routes, including oral medication, subcutaneous injection, and microneedle administration,
are discussed previously. Internally, the artificial pancreas (closed-loop glucose controller)
is created to deliver insulin as an implantable pump. The drugs in closed-loop control show
better blood glucose control compared to traditional insulin therapy (open-loop control).
In general, the closed-loop system includes an insulin pump, a continuous glucose monitor,
and a control algorithm [71] designed to measure and regulate blood glucose concentration
in vivo in real time. PID algorithm [72], model predictive control (MPC) [73], controller
based on pancreatic physiology (BiAP) [74], and other algorithms iteratively improve the
drug delivery scheme of an artificial pancreas. Through the integration of bioelectronics,
information engineering, and other disciplines, human identity as an important controller of
the external open loop is liberated, which is expected to achieve long-term operation by self-
help drug delivery depending on the changes of the organism’s environment. At present,
many varieties of closed-loop control systems have completed commercial applications.
Medtronic MiniMed 670 G (Minimed Medtronic, Northridge, California) [75] is the first
commercial hybrid closed-loop system. Although T1DM is treated by artificial pancreas far
more than T2DM and the algorithm is more mature, the plasticity of an artificial pancreas is
stronger than other open-loop controls when facing both T1DM and T2DM simultaneously.

3.2. Bioelectronic Medicine Based on Nervous System Regulation

Despite the widespread success of the drug approach in treating DM, many problems
remain, such as side effects, drug resistance, and patient compliance. The increase in treat-
ment resistance in many chronic diseases will further limit the use of drug therapies. Therefore,
people begin to explore alternative treatment strategies for chronic metabolic diseases.

Recent studies in the field of glucose homeostasis show that the nervous system is
greatly involved in the control of dietary intake (such as appetite) as well as the regulation
of hormone pancreatic secretion and insulin sensitivity [76], providing brand new thoughts
toward the treatment of DM. In the past, this type of electrostimulation therapy focused
on treating inflammatory diseases by interfering with the neuroimmune reflex and has
successfully improved the treatment of rheumatoid arthritis and colitis in clinical trials.

The success of electrical nerve stimulation has given researchers confidence that the
use of electrical stimulation in conjunction with nervous system therapy is expected to
be the non-drug treatment option. People try to abandon the traditional thinking of drug
therapy and look for ways to regulate the repair from the inside out: (1) Whether they
can record the electrical activity of peripheral nerves to extract metabolic information;
(2) Whether blood glucose fluctuations can be improved by regulating electrical activity.
This therapeutic approach, which alleviates metabolic dysfunction by stimulating relevant
nerves and silences or activating nerves to control organ and tissue function, is called
bioelectronic medicine [77].

Studies of the nervous system are gradually unraveling the question of how neural
circuits regulate blood glucose in the human body. On the one hand, pancreatic β-cells have
been found to be electrochemically active cells that are able to depolarize and release insulin
in response to glucose activation. Since adjacent pancreatic β-cells are connected through
the interstice, depolarization will spread throughout the network and islets. On the other
hand, the activity of pancreatic β-cell is also regulated by direct innervation. Acetylcholine
(ACh) released from nerve endings of efferent fibers in the vagus nerve increases insulin
release in response to glucose stimulation [78]. However, the complexity of the nervous
system also has resulted in its characteristics of multi-pathway, multi-target, and multi-
synergistic glucose regulation circuits. In addition to the neural pathways found around the
pancreatic β-cells, the central nervous system also plays a role in glucose homeostasis and
numerous peripheral nerves, which directly control the endocrine function of the pancreas.

To date, researchers have only a sketchy understanding of the physiological mecha-
nisms behind this neurometabolic interaction, while multicellular biological circuits are
expected to be properly designed to replace and restore the lost function, which diseased
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tissues operate to complete the body’s autonomous response in metabolic diseases. In
terms of DM, activation or inhibition of neural activity in specific groups of neurons can
be used to achieve glucose homeostasis. Over the past few years, new treatment strate-
gies for T2DM have been developed based on electrical stimulation of peripheral nerve
fibers. These studies focus on the effects of neural stimulation on food intake and insulin
sensitivity recovery [79]. Joana et al. used kilohertz frequency alternating current (KHFAC)
modulation to electrically stimulate the carotid sinus nerve (CSN). The glucose tolerance
and insulin sensitivity of mice were improved to a certain extent under the appropriate
KHFAC pulse frequency, which was designed in the form of rectangular pulses, with sev-
eral clinical experiments showing good responses. Therefore, bioelectronic medicine based
on nervous system regulation is expected to provide more entry points for DM treatment.

4. Summary and Prospect

The correlation between electrochemical biosensing technology and existing diagnosis
and treatment technology for DM indicates that electrochemistry plays an important
role in such processes, including reaction principle at the biochemical level in diagnosis
and treatment technology, signal transduction at the electronic level, or the construction
of dynamic models. It connects various technologies together to construct biological
signal transduction pathways with different functions and application scenes, making
contributions to the improvement in the efficiency, portability, timeliness, and safety of DM
diagnosis and treatment (Figure 7). This is of great significance at a time when the global
diabetes situation is becoming increasingly serious.

Figure 7. Diabetes theranostics based on biosensing technology.

4.1. Diagnosis of Diabetes

For diagnosis of diabetes, firstly, the diversified detection methods of blood glucose
and the relevant principles of mainstream blood glucose measurements (enzymatic and
non-enzymatic glucose electrochemical sensors) are introduced, including direct blood
collection and indirect analyses of external body fluids (tears, saliva, sweat, tissue fluid,
etc.). Followed by the proposal of unreliability and non-uniqueness of single indicators,
some biochemical indicators (metabolomics markers, molecular markers, etc.) that have
been proved to be associated with diabetes are listed on the basis of the principal ponent
analysis. Further, breath measurement methods are mentioned in detail as an application
of VOCs.

The development of glucose detection technology based on electrochemistry has made
great progress in the perspective of diabetes diagnosis. Researchers have expanded more
diversified diagnostic ideas based on traditional glucose-related electrochemical reactions,
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including but not limited to the joint application of new nanomaterial reaction chains and
enzyme electrodes, the integration of non-invasive/minimally invasive electrochemical
sensor platforms and wearable bioelectronics and self-powered biosensors. Although there
are some problems with the development of advanced material technology and compu-
tational models, such as accuracy, reliability, and environmental impact in the realization
process, it is expected to develop the sensor system with the more accurate functions re-
quired. In addition, as the limitations of single biomarker detection are gradually realized,
multi-biomarker analysis technology has come to the stage. Recently, the convergence of
technologies has become a trend that advance the integration of different surface chemical
compositions and detection principles in a single device. In virtue of methods for simplifica-
tion of the complexity in high-dimensional data, such as principal component analysis, the
detection techniques of different combinations of biochemical indexes become more and
more mature, preventing conflicting indicators from influencing results. Future diabetes-
related sensing strategies tend to focus on the improvement in cost performance, accuracy,
precision, selectivity, and stability, providing more comfortable and safe conditions for
patients. Advances with the concept of miniaturization and portability, better software,
and hardware facilities can be provided in booming electrochemical biosensing technology.

4.2. Treatment of Diabetes

Considering the demand for the treatment of diabetes, the advantages and disadvan-
tages of different drug delivery methods are introduced in Section 3, drawing forth the
typical cases of current controlled drug delivery methods (microneedle patch, artificial
pancreas, etc.) and their general principles. For non-drug treatment methods, we have
summarized the theoretical studies and empirical studies on the use of the nervous system
to regulate insulin secretion in DM.

The hygiene and regulation of dosage is very important in terms of the treatment of
diabetes. In view of the shortcomings of traditional oral drugs and subcutaneous injection,
glucose and its Gox-related reactions show the possibility of controlled insulin release,
which starts to build a long-term independent and sustained-release insulin delivery
channel. Researchers have paid more attention to microneedle patches recently due to
their low risk of infection and portable characteristics, promoting the progress of modified
polymer micelles/vesicles in controlled slow-release insulin delivery.

Generally, the emergence of resistance to the treatment of chronic metabolic diseases
prompts the urgent demand for new non-drug alternative therapies. Drawing inspiration
from the successful application of spinal cord electrical stimulation to treat chronic pain,
researchers turn their attention to electrotherapy based on continuous in-depth research
on human metabolic neural pathways. However, on account of the high complexity of the
human nervous system, the relevant neural pathways of blood glucose regulation have not
been sorted out until now. While neurotherapy is promising, there are still a lot of research
depths and hurdles to overcome. It is worth mentioning that the combination of existing
neural pathways and the closed-loop control of the artificial pancreas has become a new
direction, which is expected to simultaneously instruct the artificial pancreas to acquire
information and repair the body damage to reduce the amount of insulin administration to
a certain extent.

Funding: This research was funded by the National Natural Science Foundation of China (21974019,
82027806).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: No research data are available.

Conflicts of Interest: The authors declare no conflict of interest.

148



Chemosensors 2023, 11, 391

References

1. Leslie, R.D.; Palmer, J.; Schloot, N.C.; Lernmark, A. Diabetes at the crossroads: Relevance of disease classification to pathophysiol-
ogy and treatment. Diabetologia 2016, 59, 13–20. [CrossRef] [PubMed]

2. Adler, A.; Bennett, P.; Chair, S.C.; Gregg, E.; Narayan, K.M.V.; Schmidt, M.I.; Sobngwi, E.; Tajima, N.; Tandon, N.; Unwin, N.; et al.
Reprint of: Classification of diabetes mellitus. Diabetes Res. Clin. Pract. 2021, 108972. [CrossRef] [PubMed]

3. Burahmah, J.; Zheng, D.; Leslie, R.D. Adult-onset type 1 diabetes: A changing perspective. Eur. J. Intern. Med. 2022, 104, 7–12.
[CrossRef] [PubMed]

4. Zhang, L.W.; Ruan, M.H.; Liu, J.L.; He, C.H.; Yu, J.R. Progress on research and development in diabetes mellitus. Yi Chuan = Hered.
2022, 44, 824–839.

5. Bezen, D.; Vurgun, E.; Dursun, H. Evaluation of urinary haptoglobin level as a biomarker of diabetic nephropathy in children
with type 1 diabetes. Pediatr. Nephrol. 2023. [CrossRef]

6. Bhatty, A.; Baig, S.; Fawwad, A.; Rubab, Z.E.; Shahid, M.A.; Waris, N. Association of zinc transporter-8 autoantibody (ZnT8A)
with type 1 diabetes mellitus. Cureus 2020, 12, e7263. [CrossRef]

7. Liang, W. Type 2 Diabetes Pathogenesis and Treatment. Smart Healthc. 2021, 7, 43–45.
8. International Diabetes Federation. IDF Diabetes Atlas, 10th ed.; International Diabetes Federation: Brussels, Belgium, 2021.
9. Wang, L.; Gao, P.; Zhang, M.; Huang, Z.; Zhang, D.; Deng, Q.; Li, Y.; Zhao, Z.; Qin, X.; Jin, D.; et al. Prevalence and ethnic pattern

of diabetes and prediabetes in China in 2013. JAMA 2017, 317, 2515–2523. [CrossRef]
10. Ramachandran, A.; Ma, R.C.W.; Snehalatha, C. Diabetes in asia. Lancet 2010, 375, 408–418. [CrossRef]
11. Sun, X.R.; Yong, Q.M.; Peng, T.; Gao, W.J.; Yang, L. A visual analysis of the research progress in information technology-enabled

diabetes management in China and abroad. Chin. J. Clin. Healthc. 2022, 25, 662–666.
12. Kalish, J.; Hamdan, A. Management of diabetic foot problems. J. Vasc. Surg. 2010, 51, 476–486. [CrossRef]
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Abstract: Tumor cell-derived exosomes are considered a potential source of cancer biomarkers. Here,
we developed an electrochemical sensing platform for the rapid and simple detection of exosomes,
using the CCRF-CEM exosome as a model. The platform utilizes cyclic nicking enzyme cleavage and
a hybridization chain reaction (HCR) for dual-signal amplification. A hairpin aptamer probe (HAP)
containing an aptamer was designed for the assay. The specific binding between the aptamer and
PTK7, present on the exosome surface, causes a conformational change in the HAP. This facilitates
hybridization between the HAP and the linker DNA, which subsequently triggers cyclic cleavage
of the nicking endonuclease towards the linker DNA. Therefore, exosome detection is transformed
into DNA detection. By combining this approach with HCR signal amplification, we achieved
high-sensitivity electrochemical detection of CCRF-CEM exosomes, down to 1.1 × 104 particles/mL.
Importantly, this assay effectively detected tumor exosomes in complex biological fluids, demonstrat-
ing the potential for clinical diagnosis.

Keywords: exosomes; electrochemistry; cyclic enzyme scission; hybridization chain reaction

1. Introduction

Exosomes are small extracellular vesicles, ranging in size from 30 to 150 nm. They are
released by various cell types and are present in most body fluids including breast milk,
tears, blood, etc. [1,2]. Similar to cells, exosomes have a phospholipid bilayer structure
containing diverse proteins, nucleic acids (DNA and RNA), and lipids [3,4]. In body fluids,
exosomes act as carriers, transporting functional information to neighboring or distant cells
and facilitating cell-to-cell communication without direct contact. This communication
mode is crucial for the exchange of materials between cells [5,6].

Tumor cell-derived exosomes represent a potential source of cancer biomarkers and
can be utilized for tumor screening by detecting relevant exosomal information [7]. Addi-
tionally, the exosome surface contains various membrane proteins that can serve as markers
for tumor generation and reproduction [8,9]. Consequently, developing an efficient and
sensitive detection platform for analyzing tumor cell-derived exosomes and their surface
proteins is highly valuable for applications in areas such as basic research, clinical diagnosis,
and molecular therapy [10–12].

Currently, many methods have been developed for detecting exosomes, includ-
ing nanoparticle tracking analysis (NTA) [13], surface-enhanced Raman spectroscopy
(SERS) [14–16], fluorescence [17–19], and electrochemical methods [20–23]. Among these
techniques, electrochemical methods have gained considerable interest due to their sim-
plicity, portability, affordability, wide measurement range, and high sensitivity [20–24].
For instance, Wang et al. [20] immobilized DNA tetrahedrons containing aptamers on the
working electrode surface to capture exosomes derived from hepatoma cells, using the
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[Fe(CN)6]3−/4− redox couple for signal generation. Zhou et al. [21] immobilized thiolated
anti-EpCAM aptamers on the working electrode to capture exosomes and used electro-
chemical signal probes consisting of Ag nanoparticles modified with anti-EpCAM aptamers
and Cu nanoparticles modified with anti-PSMA aptamers for exosome detection. They also
compared the expression levels of EpCAM and PSMA on the exosomes.

To enhance sensitivity, various signal amplification strategies have been used, includ-
ing enzymatic amplification [25,26], DNA hybridization chain reaction (HCR) [27,28], DNA
primer exchange reaction (PER) [29], hemin/G-quadruplex [30] and nanoparticles [23].
However, most of these methods involve the direct capture of exosomes by aptamers or
antibodies on the electrode surface. The captured exosomes on the electrode surface can
hinder electron transfer, which is unfavorable to electrochemical detection. To address this
issue, several indirect detection methods have been developed. For example, our group [22]
converted exosomes detection into DNA detection by employing aptamer recognition of ex-
osomes. In this approach, the aptamer and partially complementary mDNA were modified
on magnetic beads. The exosomes could specifically bind to the aptamer, resulting in the re-
lease of triple the amount of mDNA to amplify the signal. The signal was further amplified
by adding exonuclease III for auxiliary circulation. This sensor offers a promising platform
for highly sensitive detection of exosomes derived from human prostate tumor cells, with a
detection limit of 7 × 104 particles/mL. Zhao et al. [31] have developed a signal amplified
electrochemical method for exosome detection. The electrochemical signal was amplified
by a three-dimensional DNA walker and exonuclease III-assisted signal amplification.

Herein, we report an electrochemical strategy for detecting tumor cell-derived exo-
somes using cyclic nicking enzyme cleavage and a hybridization chain reaction (HCR)
for dual-signal amplification. We used CCRF-CEM exosomes as a model, together with
tyrosine kinase-like 7 (PTK7), abundant on CCRF-CEM exosome membranes [32], as the
target protein. A hairpin aptamer probe (HAP) was designed to contain the aptamer
sequence sgc8 and a sequence complementary to the linker DNA, enabling conformational
changes triggered by the target protein. In the presence of CCRF-CEM exosomes, sgc8
specifically bound PTK7 on the exosome membrane, causing HAP conformational changes
that expose the hybridization region. The linker DNA hybridized to this HAP region,
initiating nicking endonuclease-assisted cycling cleavage. Thus, small exosome quantities
generated many cleaved DNA fragments (S1). Consequently, exosome detection became
DNA detection. Combined with HCR amplification, the highly sensitive electrochemical
detection of CCRF-CEM exosomes was achieved. Compared to previous work [22], this in-
direct detection strategy produces a signal DNA S1 based on HAP conformational changes,
eliminating magnetic bead modification, separation and washing as well as making the
method more convenient and concise. Additionally, this work has a lower detection limit
(1.1 × 104 particles/mL) and wider linear range (8.0 × 104~3.2 × 108 particles/mL).

2. Experimental Section

2.1. Materials and Reagents

Nicking endonuclease Nb.BbvCI and 10 × NEBuffer were obtained from New England
Biolabs (Ipswich, MA, USA). Tris (2-carboxyethyl) phosphine hydrochloride (TCEP) was
purchased from Aladdin (Shanghai, China). 6-Mercapto-1-hexanol (MCH) was obtained
from Sigma-Aldrich (St. Louis, MO, USA). The plasma samples from healthy mice were
obtained from Jiangsu KeyGen Biotech. Co., Ltd. (Nanjing, China). RPMI-1640 medium,
DMEM medium and the HPLC-purified synthetic oligonucleotides were obtained from the
Sangon Biotechnology Co., Ltd. (Shanghai, China). The sequences of these oligonucleotides
are listed in Table 1. All other chemicals used were of analytical grade.

A 0.1 M phosphate buffer solution (PBS) at pH 7.4, supplemented with 0.1 M NaCl, was
used as the immobilization buffer. A 10 mM PBS solution at pH 7.4 containing 0.1 M NaCl
was used for cleaning the gold electrode. A 10 mM Tris-HCl buffer at pH 7.4, supplemented
with 5 μM hexaammineruthenium(III) chloride (RuHex), was used for electrochemical
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detection. All aqueous solutions were prepared using 18 MΩ·cm deionized water from a
Millipore water purification system.

Table 1. The sequences of the DNA used in this work *.

Name Sequence (5′-3′)

HAP ATC TAA CTG CTG CGC CGC CGG GAA AAT ACT GTA CGG TTA
GAA AAA AAA AAA AAT CCT CAG CAG TTA

Linker DNA TCA GCA GGG AGG AAG ACA ATA TTA ACT GCΔT GAG GAT AAA CG

Capture DNA CGC AGT TAA TAT TGT C

Hairpin H1 TTC CTC CCT GCT GAC ACA GAT CAG CAG GG

Hairpin H2 TCA GCA GGG AGG AAC CCT GCT GAT CTG TG

* The sequence in bold is the sequence of aptamer sgc8. The sequence in italic is the recognition sequence of
nicking endonuclease Nb.BbvCI. “Δ” is the nicking site.

2.2. Apparatus

Exosome collection was performed by ultracentrifugation using an Optima XPN
(Beckman Coulter, Indianapolis, IN, USA). Transmission electron microscopy (TEM) was
performed using a JEOL-2010 microscope operating at 120 kV. Exosome was negative
stained with 3% uranyl acetate solution. Nanoparticle tracking analysis (NTA) was done
with a ZetaView from Particle Metrix, Germany. Polyacrylamide gel electrophoresis (PAGE)
used a JY600C electrophoresis apparatus and gel imaging with a Tanon-3500 system (Shang-
hai, China). Differential pulse voltammetry (DPV) was carried out on a CHI 760C elec-
trochemical system (Chenhua, Shanghai, China) using a three-electrode setup with a Pt
wire counter electrode, saturated calomel reference electrode (SCE), and modified gold
working electrode.

2.3. Cell Culture and Exosome Extraction

All cells were incubated under standard cell culture conditions (5% CO2 at 37 ◦C). CCRF-
CEM (T-lymphoblast, human acute lymphoblastic leukemia) and Ramos (B-lymphocyte,
human Burkitt’s lymphoma) cells were cultured in an RPMI-1640 medium, while HeLa (hu-
man cervix carcinoma) cells were cultured in a DMEM medium. Both culture media were
supplemented with 10% fetal bovine serum (FBS) and 100 IU/mL penicillin-streptomycin.
Exosomes from different tumor cells were extracted by ultracentrifugation [33,34] as follows:
After 48 h of culture in a serum-free medium, tumor cells were collected and centrifuged
at 300× g for 10 min to remove dead cells. The resulting supernatant was centrifuged at
16,500× g for 20 min and filtered through a 0.22 μm filter. To precipitate the exosomes,
the supernatant was ultracentrifugated at 110,000× g for 2 h and then washed with PBS.
Finally, the collected exosomes were resuspended in PBS and stored at −80 ◦C until use.
The plasma sample was subjected to ultracentrifugation at 110,000× g for 2 h, and the
supernatant was collected as exosome-free plasma. All centrifugation steps were performed
at 4 ◦C.

2.4. Detection Protocol

Before assembly, the 2 mm diameter gold electrode underwent pretreatment following
a previously published method [35]. Briefly, the gold electrode was firstly polished to
a mirror surface with 0.3 and 0.05 μm alumina slurry on a polishing cloth, followed by
ultrasonic cleaning in ethanol and deionized water, respectively. The gold electrode was
then immersed in a freshly prepared piranha solution for 15 min. After being washed
thoroughly with deionized water, the electrode was electrochemically cleaned in a 0.5 M
H2SO4 with a potential scan from −0.2 V to 1.7 V until a remarkable cyclic voltammetry
was obtained. Finally, the electrode was soaked in ethanol for 0.5 h and then rinsed with a
copious amount of deionized water and dried with nitrogen.

154



Chemosensors 2023, 11, 415

The HAP and linker DNA were heated to 95 ◦C for 5 min and cooled to room temper-
ature to facilitate formation of a stable hairpin structure. Next, 10 μL of 0.5 μM thiolated
probe DNA was dropped on the pre-treated gold electrode for assembly for 13 h at 4 ◦C.
The electrode was then thoroughly rinsed with 10 mM PBS buffer. Subsequently, it was
blocked with 1 mM MCH for 1 h at room temperature to eliminate nonspecific adsorption
on the gold electrode surface. After thorough washing with 10 mM PBS, the gold electrode
was stored at 4 ◦C for subsequent use.

The HAP (10 μM) and linker DNA (10 μM) were mixed with varying concentrations of
exosomes at room temperature for 1 h to form aptamer–exosome complexes. Subsequently,
10 U of Nb.BbvCI and 10 × NEBuffer were added and incubated for 1 h. The gold electrode
modified with probe DNA and MCH was then immersed in this solution and incubated
at 37 ◦C for 1 h. The electrode was then thoroughly washed with 10 mM PBS and dried
with nitrogen gas. Next, the electrode was immersed in 50 μL of freshly prepared reaction
buffer containing H1 (0.5 μM) and H2 (0.5 μM) and incubated at room temperature for 2 h.
After thorough washing with 10 mM PBS buffer, the electrode was immersed in Tris-HCl
buffer containing RuHex for electrochemical measurements. Differential pulse voltammetry
(DPV) measurements were performed by scanning the potential from −0.50 to +0.10 V,
with a pulse amplitude of 50 mV and pulse width of 10 ms.

3. Results and Discussion

3.1. Mechanism of the Assay

In this study, the CCRF-CEM tumor cell-derived exosome was chosen as a model for
the development of an electrochemical aptamer sensor. The detection mechanism is depicted
in Scheme 1. The HAP used in this assay consists of two parts: the aptamer sgc8 (purple
fragment) that specifically binds to the PTK7 protein (abundant on the CCRF-CEM exosome
surface), and the hybridization region (light blue fragment) for signal amplification.

 
Scheme 1. Schematic of exosomes assay.

If no CCRF-CEM exosome is present, the sgc8 sequence of the HAP remains enclosed
within the stem–loop structure, maintaining a stable configuration. Upon incubation with
the CCRF-CEM exosomes, the sgc8 sequence of the HAP binds specifically to the PTK7
protein on the exosome membrane, leading to the conformational changes in the HAP
and the release of the hybridization region. The released hybridization region opens
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the stem–loop structure of the linker DNA and hybridizes with it, forming a double-
stranded substrate for the nicking enzyme Nb.BbvCI. Nb.BbvCI cleaves the hybridized
DNA fragment [36,37], resulting in the release of the cleaved DNA fragment (S1) and
hybridization region into the solution. The free hybridization region can then hybridize
with more linker DNA to initiate the cyclic cleavage of Nb.BbvCI toward the linker DNA,
releasing numerous S1 sequences into the solution.

The cleaved DNA fragment S1 acts as the initiator for the HCR. It hybridizes with the
probe DNA on the working electrode, and in the presence of the auxiliary hairpin DNA H1
and H2, the HCR process occurs, resulting in the formation of a long DNA double helix.
RuHex, an electroactive substance, can be adsorbed onto the negatively charged DNA
double helix structure through electrostatic interactions, generating high electrochemical
signals [22,24]. The introduction of Nb.BbvCI-assisted cycling scission and HCR dual signal
amplification significantly enhances the detection sensitivity of the assay.

3.2. Characterization of the Exosomes

TEM analysis was conducted to characterize the size and morphology of the isolated
CCRF-CEM exosomes. As depicted in Figure 1A, the TEM image reveals that the exosomes
exhibit a characteristic cup-shaped morphology with an evident lipid bilayer membrane.
The diameter of the exosomes ranges from 30 to 150 nm, which is consistent with reference
values reported in the literature [31,34]. This confirms the successful collection of exosomes.

Figure 1. (A) TEM image and (B) particle size distribution of the extracted CCRF-CEM exosomes.

Additionally, NTA was employed to obtain the particle size distribution of the exo-
somes, as shown in Figure 1B. The y-axis represents the concentration of diluted exosomes,
while the original concentration of exosomes was determined to be 1.6 × 109 particles/mL.
The NTA results further support the successful isolation of exosomes.

3.3. Feasibility of the Assay

To evaluate the feasibility and effectiveness of the developed assay, the PAGE experi-
ment was conducted. The results are presented in Figure 2.

In Figure 2A, it can be observed that in the absence of CCRF-CEM exosomes (lane 3),
the HAP and linker DNA coexist without being cut by Nb.BbvCI, indicating that no
hybridization occurs between the HAP and linker DNA without the presence of the target
exosome. However, when CCRF-CEM exosomes were added and treated with Nb.BbvCI,
the band corresponding to the linker DNA almost disappeared, and a new band appeared
(lane 4). This observation suggests the target exosomes successfully trigger conformational
changes in the HAP, leading to the formation of the exosome–aptamer complex and release
of the hybridization region. Consequently, the stem of the linker DNA is opened by
the hybridization region, allowing it to hybridize with the exosome–aptamer complex.
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Nb.BbvCI then cleaves the hybridized DNA fragment, resulting in the release of S1 (new
band in lane 4).

Figure 2. Gel electrophoresis of different samples: (A) lane 1, HAP; lane 2, linker DNA; lane 3,
HAP + linker DNA + Nb.BbvCI; lane 4, HAP + linker DNA + Nb.BbvCI + CCRF-CEM exosomes;
(B) Lane 1, probe DNA; lane 2, linker DNA; lane 3, probe DNA + linker DNA; Lane 4, S1; Lane 5,
S1 + probe DNA; Lane 6, H1; Lane 7, H2; Lane 8, S1 + probe DNA + H1 + H2; Lane 9, HAP + linker
DNA + Nb.BbvCI + CCRF-CEM exosomes + H1 + H2; Lane 10, DNA marker. (C) DPV response of
gold electrode in different processes: (a) probe DNA/MCH-modified gold electrode; (b) incubation
with CCRF-CEM exosomes, HAP, linker DNA and Nb.BbvCI; (c) further incubation with H1 and H2;
(d) the probe DNA/MCH-modified gold electrode was treated with HAP, linker DNA and Nb.BbvCI,
and then treated with H1 and H2.

Figure 2B provides further evidence of the assay’s viability. Lane 3 is a mixture of the
probe DNA and linker DNA. It clearly shows that the probe DNA does not hybridize with
the linker DNA. However, in the presence of S1, hybridization occurs between the probe
DNA and S1 (lane 5). Subsequently, S1 can further hybridize with H1 and H2, resulting
in the generation of multiple new bands (lanes 8 and 9). This outcome confirms that the
presence of the target exosomes successfully triggers the HCR.

Overall, the results from the PAGE experiment provide strong evidence supporting
the feasibility of the proposed strategy for the detection of tumor cell-derived exosomes.

To further validate the feasibility of the developed strategy, DPV curves were recorded.
As shown in Figure 2C, the gold electrode modified with the probe DNA and MCH
exhibited a small cathodic peak (curve a). The small cathodic peak can be attributed to
the electrochemical reduction of adsorbed RuHex to the probe DNA through electrostatic
interactions [22,24]. After incubating the working electrode in the solution containing the
target exosomes, HAP, linker DNA, and Nb.BbvCI, a slight increase in the peak current was
observed (curve b). This increase is due to the successful triggering of HAP conformational
changes by the target exosomes. The HAP then hybridizes with the linker DNA to generate
the nicking site for Nb.BbvCI. Consequently, Nb.BbvCI cleaves the linker DNA, releasing
S1 [36,37]. The released S1 further hybridizes with the probe DNA on the working electrode,
and more RuHex molecules are absorbed, leading to an increase in the peak current.

Upon introduction of H1 and H2, a large cathodic peak is observed in curve c. This
increase in the peak current can be attributed to the successful occurrence of the HCR
triggered by the presence of S1. The HCR could result in the formation of a long DNA
double-helix structure, facilitating the adsorption of many RuHex molecules onto the DNA
through electrostatic interactions. This leads to a significantly amplified electrochemical
signal. In curve d, when the target exosome is absent, the peak current remains rela-
tively constant. This observation indicates that the HCR does not occur in the absence of
target exosomes.

The DPV curves demonstrate the feasibility of the prepared electrochemical aptamer
sensor for the detection of specific exosomes. The sensor utilizes the aptamer’s specificity
for the membrane protein of the exosomes, enabling the specific recognition and detection
of the target exosomes.
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Overall, the results from the PAGE and DPV experiments provide strong evidence
supporting the feasibility of the proposed strategy for detecting tumor cell-derived exosomes.

3.4. Optimization of Experimental Conditions

In order to achieve excellent performance, the concentration and incubation time of
Nb.BbvCI, as well as the concentrations of the probe DNA, H1, and H2, together with
the HCR reaction time, were evaluated. Figure 3A illustrates the variation in the current
with different concentrations of Nb.BbvCI. It can be observed that the current gradually
increases with the increase in Nb.BbvCI concentration, reaching a relatively stable plateau
at 10 U. Therefore, the optimal Nb.BbvCI concentration for the assay was determined to be
10 U.

Figure 3. DPV signal was plotted as a function of (A) concentration of Nb.BbvCI, (B) nicking time of
Nb.BbvCI and (C) concentration of probe DNA; (D) effects of H1 and H2 concentrations on HCR
amplification and (E) effect of hybridization time on HCR amplification.

Subsequently, the effect of the nicking incubation time of Nb.BbvCI on the current
was examined (Figure 3B). The current shows a significant increase with increasing incu-
bation time, reaching a relatively stable plateau at 60 min. Therefore, the optimal nicking
incubation time for Nb.BbvCI is determined to be 60 min.

In order to optimize the efficiency of the HCR, it is crucial to control the density of
the probe DNA on the gold electrode surface. This density affects steric hindrance and,
consequently, the efficiency of the hybridization process [38]. To determine the optimal
probe DNA concentration, different concentrations were tested (Figure 3C). It can be
observed that the peak current gradually increases with the increase in the probe DNA
concentration, until reaching a maximum at 0.5 μM. However, when the concentration
exceeds 0.5 μM, the peak current starts to decrease gradually. This decrease at higher probe
DNA concentrations can be attributed to the limited surface area available for hybridization
on the modified electrode, leading to a reduced HCR efficiency. Based on these results, the
optimal probe DNA concentration is determined to be 0.5 μM.

Furthermore, the concentrations of H1 and H2, as well as the hybridization time, play
a crucial role in the electrochemical signal generated by RuHex. Figure 3D demonstrates
that increasing the H1 and H2 concentrations led to a significant increase in the current
signal, reaching a maximum at 0.5 μM. Further concentration increases did not significantly
affect the current. Figure 3E shows that the current signal gradually increases with longer
hybridization time and eventually reaches a steady plateau after 2 h. Consequently, the
optimal conditions for the HCR reaction were determined to be 0.5 μM for both H1 and H2
concentrations and a 2-h hybridization time.
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3.5. CCRF-CEM Exosomes Detection

Under optimized conditions, various concentrations of CCRF-CEM exosomes were
examined using the designed assay. As depicted in Figure 4A, the DPV signal dis-
played a gradual increase as the exosome concentration increased from 8.0 × 104 to
3.2 × 108 particles/mL. Figure 4B demonstrates that the DPV peak current changes (ΔI) ex-
hibited a linear correlation with the logarithm of the exosome concentration, yielding a cor-
relation coefficient (R2) of 0.982. The linear regression equation was ΔI = –2.804 + 0.731lgc,
where ΔI represents the difference in the current signal between the initial and final states,
and c represents the exosome concentration. The assay achieved a detection limit of approx-
imately 1.1 × 104 particles/mL (3σ rule), indicating its sensitivity to CCRF-CEM exosome
detection. Additionally, the assay outperformed some previous methods in terms of a
broader linear range and lower detection limit, as summarized in Table 2. These findings
highlight the enhanced sensitivity and improved dynamic range of the assay developed for
exosome detection.

Figure 4. (A) DPV response of different concentrations of exosomes, the concentrations of exosomes
from a to j are 0, 8.0 × 104, 1.6 × 105, 4.0 × 105, 8.0 × 105, 1.6 × 106, 2.0 × 106, 8.0 × 106, 3.2 × 107,
3.2 × 108 particles/mL; (B) Linear relationship between DPV signal changes and the logarithm of
exosomes concentrations.

Table 2. Comparison of sensitivity and linear range of exosome detection methods.

Detection Method Linear Range (Particles/mL)
LOD

(Particles/mL)
Ref

electrochemical method 1.0 × 106~1.2 × 108 7.0 × 104 [22]
electrochemical method 1 × 106~1 × 1011 1.58 × 105 [23]

electrochemical method
2.47 × 108~1.23 × 109 9.3 × 107

[39]
2.47 × 108~2.47 × 109 7.1 × 108

colorimetric method 8.3 × 105~5.3 × 107 3.94 × 105 [40]
fluorescence method 1 × 107~5 × 108 3.12 × 106 [17]

electrogenerated chemiluminescence 1 × 105~1 × 108 3 × 104 [41]
surface plasmon resonance 1.00 × 105~1 × 107 1.00 × 105 [42]

electrochemical method 8.0 × 104~3.2 × 108 1.1 × 104 This work

3.6. Selective and Feasible Evaluation of the Proposed Strategy

To evaluate the selectivity of the developed assay, we conducted a specificity assess-
ment using exosomes obtained from Ramos and HeLa tumor cells, as well as a PBS buffer
solution as a control. Figure 5A illustrates that the PTK7 protein content in CCRF-CEM
tumor cell-derived exosomes is much higher compared to exosomes from Ramos and
HeLa tumor cells. Moreover, the DPV signal from the PBS solution, which lacks the PTK7
protein, was almost negligible, consistent with findings reported in the literature [32,43].
These results provide evidence of the assay’s excellent selectivity, specifically targeting the
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PTK7 protein in CCRF-CEM tumor cell-derived exosomes, and are potentially useful for
clinical diagnosis.

Figure 5. (A) DPV signal response of PTK7 content in different exosomes; (B) Analysis of the impact
of complex environment on exosomes.

Furthermore, the reproducibility of the assay was evaluated by detecting CCRF-CEM
exosomes at a concentration of 3.2 × 107 particles/mL using six parallel electrodes. The
relative standard deviation (RSD) was about 2.41%. The results demonstrate the excellent
reproducibility of the assay. This low RSD value highlights the consistency and reliability
of the developed method for exosome detection.

To assess the feasibility of the sensing platform in real samples, we conducted detection
and analysis using exosome-depleted plasma. In Figure 5B, we compare the DPV signals
obtained by adding the same number of exosomes to the PBS buffer solution and exosome-
depleted plasma under the same conditions. Remarkably, the current signal values detected
in both environments exhibit negligible differences. This observation suggests the excellent
feasibility and robust performance of the assay in complex biological matrices such as
plasma, demonstrating its potential for exosome analysis in real samples.

To further validate the reliability of the assay in practical applications, we conducted
tests by adding known concentrations of CCRF-CEM exosomes to exosome-depleted
plasma. The detected final concentrations were 3.06 × 107, 2.42 × 107, 1.35 × 107, and
5.90 × 106 particles/mL, respectively. The results presented in Table 3 demonstrate the
robustness of the assay in complex environments. The calculated recovery rates ranged
from 95.63% to 103.5%, indicating the accuracy of the method for quantifying exosome
concentrations. Additionally, the RSD, with values below 3.48% (n = 3), underscores the
excellent reproducibility of the assay in complex biological matrices. These findings further
support the reliability and practical applicability of the assay in real-world scenarios.

Table 3. Exosomes were analyzed in exosome-removed plasma.

Number
Added

(Particles/mL)
Count

(Particles/mL)
Recovery

(%)
RSD
(%)

1 3.20 × 107 3.06 × 107 95.63 1.38
2 2.50 × 107 2.42 × 107 96.8 2.85
3 1.30 × 107 1.35 × 107 103.8 3.48
4 6.00 × 106 5.90 × 106 98.3 2.34

4. Conclusions

In this study, an electrochemical sensing platform for the detection of CCRF-CEM
exosomes was successfully developed. The assay utilizes a dual signal amplification
strategy by a combination of a cyclic nicking enzyme and a HCR, eliminating the need
for exosome capture on the electrode surface. The method offers several advantages,
including a wider linear range, high selectivity, and good reproducibility. Notably, the limit
of detection was as low as 1.1 × 104 particles/mL. Importantly, the method demonstrated
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applicability in complex plasma conditions, highlighting its potential for exosome-based
research and diagnostic applications, especially in early clinical diagnosis of oncological
diseases. This innovative approach holds promise for advancing exosome analysis and
enhancing our understanding of tumor-related biomarkers.
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Abstract: Sensitive and accurate detection of biomolecules by multiplexed methods is important for
disease diagnosis, drug research, and biochemical analysis. Mass spectrometry has the advantages of
high sensitivity, high throughput, and high resolution, making it ideal for biomolecular sensing. As a
result of the development of atmospheric pressure mass spectrometry, researchers have been able to
use a variety of means to identify target biomolecules and recognize the converted signals by mass
spectrometry. In this review, three main approaches and tools are summarized for mass spectrometry
sensing and biopsy techniques, including array biosensing, probe/pen-based mass spectrometry, and
other biosensor–mass spectrometry coupling techniques. Portability and practicality of relevant mass
spectrometry sensing methods are reviewed, together with possible future directions to promote the
advancement of mass spectrometry for target identification of biomolecules and rapid detection of
real biological samples.

Keywords: biomolecules detection; mass spectrometry; biosensors; biometrics; clinical mass
spectrometry; ambient ionization mass spectrometry

1. Introduction

A biosensor is an analytical device consisting of a sensing element and a signal trans-
ducer. In a general biosensing process, a biological signal is recognized and amplified by a
sensing element, converted into a readable state by a signal transducer, and further pro-
cessed into a digital signal. The role of the sensing element is to recognize target substances,
mainly including antibodies, enzymes, nucleic acids, cells, and other biological substances,
and also some synthetic substances similar to biological substances, such as aptamers,
peptides, and MIPs (molecularly imprinted polymers) [1]. The function of a signal trans-
ducer is to convert the interaction between a sensing element and a target molecule into
an identifiable signal [2]. For example, enzymes catalyze chemical reactions with specific
substances and transform them into electrical signals; biological antibodies capture specific
antigens and convert them into optical signals through labeled fluorescence [3].

Mass spectrometry is a method to analyze target compounds based on their mass-to-
charge ratio. Mass spectrometry separates and detects the composition of substances by the
mass difference of the atoms, molecules, or molecular fragments of the substance through
the principle that charged particles are able to deflect in an electromagnetic field [4]. It
typically consists of four parts: injection system, ion source, mass analyzer, and detector.
With the advantages of high sensitivity, high resolution, and wide analytical range, mass
spectrometry can be used with specificity for chemical analysis in food, drugs, cellular
components, blood, and other fields [5]. For a classical biosensor system, mass spectrometry
is an excellent signal transducer. In addition, researchers have modified the ion source
or injection method of a mass spectrometry system to give it the ability to specifically
detect certain biomolecules or to enhance the signal response to certain biomolecules; this
process is used as a sensing element to form a mass spectrometry-based biochemical sensing
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system [6]. Especially after the first ambient ionization technique (Desorption Electrospray
Ionization, DESI) reported by Cooks in 2004 [7], ambient ionization mass spectrometry
(AMS) techniques have undergone rapid development, allowing the adaptation of multiple
types of mass spectrometry interfaces in the open air [8,9], greatly enhancing the application
of mass spectrometry in the field of biochemical sensing.

Depending on the device structure and ionization mechanism, mass spectrometry-
based biosensing technologies can be broadly divided into 1. biochip and mass tag-based
mass spectrometry sensing technology, 2. probe (pen) based mass spectrometry, and 3. in-
tegrating other biosensing technologies for mass spectrometry biosensors. Biochip-based
mass spectrometry sensing techniques enable targeted screening by coupling biomolecules
on a substrate, often in combination with matrix-assisted laser desorption ionization mass
spectrometry (MALDI-MS) [10], which has been an effective tool for studying biomolecules
since its introduction in 1987. Probe-based mass spectrometry biosensing techniques are
more in situ, in vivo, and clinical. Researchers collect biological samples through probes or
pens of different materials and structures, then conduct direct mass spectrometric detection
online [11]. In addition, the successful integration of biospecific interaction analysis based
on other biosensors (surface plasmon resonance (SPR), microfluidics) and mass spectrome-
try produces a powerful technique that couples the benefits of sensitive affinity capture
with the ability to characterize interacting molecules [12].

It is worth noting that the concept of mass spectrometry biosensing was proposed
and generalized by Ju’s group in 2021 [6], and this review expands and summarizes the
concept from different perspectives. The concept of mass spectrometry biosensors tends to
be less frequently mentioned, and this review classifies key technologies that improve the
mass spectrometric response of biochemical molecules or make them measurable by mass
spectrometry, as mass spectrometry-based biosensors. This review critically reviews mass
spectrometry-based biosensing technologies divided into three main sections. The first part
has an emphasis on explanations of biochip and mass tag-based mass spectrometry sensing
technology, including applications of microarray mass spectrometry and nanomaterial
mass tags, such as MALDI for biomolecular arrays. The second part covers various probes,
probe pen techniques for in situ biomass sensing, and the latest clinical references. The
third part covers some integrated techniques of biosensing and mass spectrometry.

2. Biochip and Mass Tag-Based Mass Spectrometry Sensing Technology

Laser desorption-based mass spectrometry techniques include matrix-assisted laser
desorption ionization (MALDI), surface-assisted laser desorption ionization (SALDI), and
ambient ionization mass spectrometry (AMS) techniques using UV or IR pulsed laser
ablation. All these techniques facilitate the desorption of the sample through a laser, and
the biosensing process is accomplished by transferring energy or electrons to the target
molecule through a specific matrix (small molecule, polymer, nanomaterial, etc.) to achieve
an increase in the signal intensity of the target biomolecule (Figure 1). Research on the use
of MALDI to measure biomolecules dates back to the 1990s [13] and was awarded the Nobel
Prize in 2002. Over the next 30 years, a number of variants of the technique were developed,
and they are used in various biochemical analyses [14–16]. With the development of laser
desorption-based mass spectrometry, researchers have found that the use of microarray
biochips can effectively target and detect biomolecules, including DNA, RNA, peptides,
sugars, proteins, etc. [6].
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Figure 1. Schematic representation of different sensing technologies (biochip [17], in vivo probe [18,19],
microfluidic [20], etc.) combined with mass spectrometry for different detection scenarios (biopsy [21],
clinical [18], etc.). Copyright with permission from Wiley, Royal Society of Chemistry, American
Chemical Society.

In 2002, Mrksich’s group discovered that when MALDI-MS combined with self-
assembled monolayers (SAMs) that are engineered to give specific interactions with
biomolecules, it is well suited for characterizing biological activities [10]. They first formed
SAM (self-assembled monolayers)-Au chips using oligoethylene glycol groups of alkanethi-
ols and peptides, proteins, or carbohydrates to achieve recognition of specific biomolecules,
named SAMDI-MS. Then they used SAMDI to provide ligands that interact with target
proteins and enzymes for enzyme activity studies and applied this method to screen a
chemical library against protease activity of anthrax lethal factor [13,22]. Becker et al. used
MS to detect Ras-protein-receptor interactions on protein-oligonucleotide affixes attached
to in silico sheets by DNA-directed immobilization in 2005 [23]. In 2007, Mrksich et al. ex-
pressed a membrane scaffold protein (MSP) with a hexahistidine (his6) tag at its N terminus
and prepared nanodiscs containing rhodopsin protein and the lipid 1-palmitoyl-2-oleoyl-
glycero-3-phosphocholine (POPC) based on the self-assembly of lipid molecules within the
membrane scaffold protein, producing a circular patch of a soluble lipid bilayer that can im-
mobilize transmembrane proteins for the screening and characterization of transmembrane
proteins [24]. Yeo et al. used gold particles carrying small molecules as reporters for target
proteins based on the oligoethylene glycol SAM target protein microarray and analyzed by
LDI-TOF-MS. As the number of small molecules far exceeded the number of cooperating
target proteins, the biosignal was amplified, enabling ultrahigh sensitivity detection in the
attomolar range [25]. In 2009, Min et al. used the MALDI laser for selective desorption on
the SAMs chip surface to create patterns of cell adhesion ligands on SAMs with simple
control over the ligand density [26].

After 2010, with the development of experimental instrumentation, more research
groups are involved in the field. Beloqui et al. immobilized lipid-labeled oligosaccharide
fragments onto MALDI sample plates by hydrophobic interactions compatible with the
solution-like enzyme activity on the chip, allowing easy sample cleanup and subsequent
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enzymatic interaction analysis by MALDI-TOF [12]. In subsequent work, they chose com-
mercially available ITO-coated glass sheets. Silylation with 3-aminopropyl-triethoxysilane
(APTES), followed by coupling with NHS-activated stearic acid, formed a hydrophobic
support layer that immobilized lipid-labeled biomolecules through hydrophobic interac-
tions, achieving highly sensitive detection of peptides, sugars, and other biomolecules [27].
In the same year, Kuo et al. analyzed deacetylase activity in cell lysates using peptide
arrays and SAMDI-MS [28]. Li et al. devised a method for detecting protein kinase A (PKA)
phosphorylated cysteine peptides using the nanostructure initiator mass spectrometry
(NIMS) technique [29]. Hong et al. used anti-Bcr on gold nanoparticles (AuNPs) and
anti-Abl on biochips to capture the Bcr/Abl chimeric protein and quantified them in cells
by LDI-TOF-MS [30]. Both et al. investigated the application of peptide microarrays in
sugar donor promiscuity of pp-a-GanT2 using the SAM chip tandem IM-MS technique [31].
In 2015, Ju et al. proposed a peptide-encoded microplate for MALDI-TOF-MS analysis
of protease activity with a low detection limit of 2.3 nM as well as good selectivity [32].
Lorey et al. proposed a new method for the analysis of antibody arrays using laser desorp-
tion/ionization mass spectrometry (LDI-MS) with “mass-labeled” specific small reporter
molecules to detect immunocapture proteins in human plasma, with detection limits much
lower than clinical methods [33]. Hu et al. proposed a MALDI-MS patterning strategy for
the convenient visualization of multiple enzyme activities by caspase-activity patterned
chip (Casp-PC) with ITO surface peptide arrays [34], and on this basis, they proposed
a quantitative method for a variety of enzyme proteins [35]. Xu et al. established an
array-based electrospray accelerated chip spray ionization device where gold nano-ions
and target proteins form an immune sandwich on an indium tin oxide glass chip for the
identification of membrane proteins in blood [36], and the throughput of the method was
improved in subsequent studies and applied to screening for cancer markers [37]. Mrk-
sich et al. used cysteine-terminated peptides to covalently capture metabolites bound
to CoA and immobilize them on self-assembled monolayer arrays. Thus, the captured
metabolites were rapidly separated from the complex mixture and directly quantified by
SAMDI-MS [38–40]. Gunnarsson et al. performed multiplex DNA detection using random
arrays to capture the binding of DNA-modified liposomes to surface-immobilized probe
DNA, forming sequences encoding unique target DNA sequences, and analyzed them with
SIMS-TOF [41]. Li et al. used peptide arrays of ITO slides for the study of thrombin activity
and screening of potential inhibitors [42].

In addition to microarray biochip mass spectrometry (Figure 2), the development of
nanomaterials has contributed to the refinement of mass spectrometry sensing techniques
These techniques currently utilize nanomaterials directly or small molecules as mass tags
and are categorized as nanomaterial-based mass tags (MT) mass spectrometry. Several
nanomaterials, including AuNPs, AgNPs, PtNPs [43–45], quantum dots [46], and metal
nanoclusters, can be effectively bound to specific biological moieties. This capability en-
ables the targeted labeling of biomolecules, allowing in situ multiplexed mass spectrometry
analysis of proteins [47], glycans [48], and other biomolecules [49] within biological sys-
tems [50–52]. It should be noted that Min’s team has recently provided an exhaustive
review on the topic of MT-encoded MS [53], thus this review will not delve into the field in
greater depth.

Overall, compared to traditional biomolecular analysis processes, biochip and mass
tag-based mass spectrometry sensing technology are characterized by high specificity
analysis, and highly sensitive detection of targeted biomolecules can be achieved through
mass tag amplification. However, there are limitations to this technology. For instance,
the preparation and pre-processing of bioarray chips are complex and time-consuming.
Antibodies utilized for specific recognition are susceptible to inactivation and damage
during the experimental process, resulting in a lack of robustness and making them chal-
lenging to recover for multiple analyses. Therefore, shortening the pre-processing steps
and enhancing the reliability and stability of sensing labels may represent the new direction
for development.
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Figure 2. Biochips on different substrates, including Au-based [10,26], ITO-based [27], silicon-
based [33,41], paper-based [37], and other nanomaterials-based [29]. Copyright with permission from
Wiley, Elsevier, Royal Society of Chemistry, American Chemical Society.

3. Probe/Pen-Based Mass Spectrometry Sensing Technology

With the development of atmospheric pressure mass spectrometry, several in vivo
mass spectrometry techniques are available for the detection of specific chemical infor-
mation contained in different tissues. Such techniques often require a tip or a smaller
area to keep the organism with low or no destruction. It is challenging to extract enough
chemical information from biological tissues at a low loss to access mass spectrometry
for accurate identification with high efficiency and throughput. We classify such online
mass spectrometry techniques into biosensing and provide a categorical overview of the
following two aspects: in vivo probe mass spectrometry (e.g., probe electrospray ionization,
PESI) and pen-based mass spectrometry modalities (e.g., rapid evaporative ionization mass
spectrometry (REIMS), MasSpec Pen, and SpiderMass).

3.1. In Vivo Probe Mass Spectrometry

Since the introduction of probe electrospray ionization technology in 2007 [54], re-
searchers have found that the use of probes can cause less damage to the organism while
extracting the target compound. PESI is widely used for in vivo non-destructive biological
mass spectrometry [55,56]. Chen et al. applied PESI directly to various biological samples
such as urine, mouse brain, mouse liver, and fruit, demonstrating that PESI is a practical
non-invasive biomolecular detection technique [57]. Yoshimura et al. performed a real-time
analysis of in vivo mice using PESI, revealing differences in hepatocyte lipid composition
between normal and steatotic mice, with no significant postoperative damage in the in vivo
mice [17]. Hsu et al. took advantage of the ultra-fine size of the probe tip to directly
extract and ionize a mixture of metabolites from live microbial colonies grown in Petri
dishes without any sample pretreatment [58]. Gong et al. used a 1 μm tungsten probe
inserted directly into live cells to enrich for metabolites and used PESI for elution and
ionization, resulting in the detection of single-cell metabolites [59]. Deng et al. designed a
surface-coated probe nanoelectrospray ionization mass spectrometry (SCP-nanoESI-MS)
based on SPEM for the analysis of target compounds in individual small organisms and
fish; probe tips are at the micron level and exhibit good linearity in the analysis of real

167



Chemosensors 2023, 11, 419

samples [60–62]. Zaitsu et al. applied PESI to the analysis of intact endogenous metabolites
in the liver and brain of living mice and achieved the detection of multiple metabolites,
including organic acids, sugars, and amino acids in 2015 [63]. Zaitsu et al. constructed a
high-throughput metabolic mass spectrometry platform by PESI, screened 72 metabolites
in mouse liver and brain, and built data processing software; in subsequent work, they
used the platform to analyze extracellular neurotransmitters in mouse brain with excellent
linearity and precision [64,65]. The in vivo online detection capability of PESI technology
has been well established and is of great value in the study of real-time metabolomics, but
the problems of low sampling efficiency of PESI probes, difficulties in the analysis of large
molecules, and lack of specific identification limit the wider application of the technology.

In addition to the classical PESI technique, numerous new material-based, solid-phase
microextraction (SPME)-based, and plasma-based in vivo probe mass spectrometry tech-
niques have been proposed in the last 5 years. Ngernsutivorakul et al. combined a sampling
probe with a microfluidic chip to achieve a 1000-fold increase in resolution over ordinary
microdialysis probes, enabling real-time chemical monitoring in vivo [66]. Lendor et al.
performed chemical biopsies of the brain by synthesizing SPME probes with functionalized
hydrophilic layers, allowing quantitative analysis of multiple neurotransmitters [67]. The
method is also combined with Paternò–Büchi (PB) reactions for in vivo, in situ, and mi-
croscale analysis of lipid species and C=C location isomers in complex biological tissues [68].
Lu et al. coupled a metal microprobe to a dielectric barrier discharge ionization (DBDI)
with a limit of detection as low as 8 pg/mL, and then they achieved the monitoring of drug
residues in different organs of live fish using this method [69]. Bogusiewicz et al. first used
SPME probe MS technology for biopsy sampling of the human brain, followed by metabolic
and lipidomic analysis, demonstrating higher concentrations and diversity of metabolites
in the white matter [70]. Mendes et al. performed direct analysis of fruit and mouse brains
using inexpensive and environmentally friendly pencil graphite rods as probes for mass
spectrometry biosensing [15]. Cheng et al. coupled SPME with nanoESI-MS, achieved by
surface-coated acupuncture needles, for the in vivo detection of small molecules, proteins,
and peptides in plants [71].

3.2. Pen/knife-Like Mass Spectrometry Sensing Technology

Real clinical testing has placed higher demands on key components of mass spec-
trometry sensing, and a number of new AMS technologies have been developed to meet
scenarios such as tumor margin detection during surgery. One of the more widely used is
rapid evaporative ionization mass spectrometry (REIMS), which is often integrated into
the clinic as a smart knife. This device cauterizes biological tissue (e.g., tumor margins) by
heating the tip and continuously collects a plume for chemical information acquisition [72].
Balog et al. used this technique to analyze various tissue samples from over 300 patients,
reflecting the lipidomic profile among different histological tumor types and between
primary and metastatic tumors [14]. Golf et al. constructed the REIMS imaging platform
for differentiating healthy/cancerous tissues and different bacterial/Fungi strains and built
a spectral library [73–75]. Manoli et al. combined REIMS technology with an ultrasonic
scalpel for real-time monitoring of lipid profiles during laparoscopic operations [76]. Over-
all, REIMS focuses on lipids with limitations in the detection of biochemical molecules
such as sugars and peptides. In addition, due to the destructive nature of cauterized tissue
and the relatively low spatial resolution, a high level of professionalism is required of
the operator.

Based on the limitations of REIMS, a series of new clinical biosensing mass spectrom-
etry techniques have been proposed. Fatou et al. proposed a new instrument named
SpiderMass for real-time in vivo mass spectrometry detection with a miniature probe de-
signed based on infrared laser ablation that is much less damaging than REIMS, enabling
minimally invasive in vivo online analysis [77]. Fatou et al. performed a real-time in vivo
pharmacokinetic study by SpiderMass, revealing the potential for DMPK (drug metabolism
and pharmacokinetics) and ADME (absorption, distribution, metabolism, and excretion)
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analysis with the technique [78]. Subsequently, SpiderMass and the variants have been
used in a variety of scenarios such as biofluidics, tumor margins, tissue biopsy, and skin
cancer [79–82]. Ogrinc et al. combined a SpiderMass probe with a high-precision robotic
arm to enable mass spectrometry imaging on arbitrary sample surfaces, paving the way for
surgical applications of excised edges [83]. Although the SpiderMass technology reduces
damage to biological tissue compared to REIMS, laser desorption still damages the sample
to some extent.

Therefore, a gentler in situ sampling technique called MasSpec Pen has been proposed,
which uses discrete droplets to collect chemical information from the tissue surface, and
since only droplets are used as a medium, the method is completely non-destructive to
the tissue. Using this technique, Zhang et al. analyzed 253 tissue samples from human
cancer patients and a variety of metabolites, lipids, and proteins were identified as potential
cancer biomarkers [84–86]. The MasSpec Pen was also transferred to the operating room,
performing tumor margin prediction during 18 pancreatic surgeries with an accuracy of
93.8% [87].

The studies referenced above have shown that a simple modification of the ion source
section can result in a mass spectrometry-based in vivo biosensing system for clinical,
cancer detection, tissue biopsy, and various other scenarios (Figure 3). Notwithstanding
the numerous inherent advantages associated with these techniques, they are not without
limitations. Firstly, their utilization necessitates a certain proficiency level in manipulation
skills. Secondly, most of these techniques are limited by the mode of ionization, where the
ionization capacity depends on the proton affinity potential, so only polar molecules can
be recognized.

 

Figure 3. Highlights of in vivo analysis using MS biosensor techniques. Probe mass spectrometry,
mainly PESI, for biopsies of various organisms [59,60,66] is shown on the left panel. The right
panel shows pen/knife-like in vivo MS technology including REIMS [14], MasSpec Pen [84], and
SpiderMass [80,83]. Copyright with permission from Wiley, Elsevier, American Chemical Society.
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4. Integration of Mass Spectrometry with Other Biosensors

In recent years, some classical biosensing systems have been coupled with mass
spectrometry to achieve complementary performance and functionality. The flexible modi-
fication of the interface between mass spectrometry sampling and ion source has given rise
to many new coupling methods, with the main difference being whether direct coupling,
indirect coupling, online, offline, etc. This chapter focuses on the integration methods
between various biosensors with mass spectrometry and their applications.

One of the more widely integrated sensors with mass spectrometry is the surface
plasmon resonance (SPR), and MS can provide molecular information that perfectly comple-
ments the SPR sensors [12,88]. A common offline coupling approach is to elute biomolecules
on the SPR sensing chip into the mass spectrometry test. For example, Hamaloglu et al.
used SPR and MALDI-MS together for the detection of Fab-anti-HSA (human serum al-
bumin) on MUA (Mercaptoundecanoic acid) molecules array platforms [89]. Yang et al.
used the SPR technique to screen TNF (Tumor Necrosis Factor) from angelicae pubescentis
radix extracts, followed by quantitation and evaluation via UPLC-MS/MS [90]. Castells
et al. used SPR and an approach that combines limited proteolysis mass spectrometry to
analyze in detail glycan−protein interactions [91]. Compared to such offline techniques,
the online coupling interface between mass spectrometry and SPR can improve detec-
tion speed and avoid sample denaturation, generating greater interest among researchers.
Marchesini et al. online coupled SPR-based inhibition biosensor immunoassay (iBIA)
with nano-liquid-chromatography electrospray ionization time-of-flight mass spectrom-
etry (nano-LC ESI TOF MS) for effective screening of small molecules in organisms [92].
Zhang et al. proposed an interface for online coupled SPR with direct analysis in real
time (DART) MS, and in subsequent work, a direct online coupling technology between
dielectric barrier discharge (DBD)-MS and SPR was proposed for the study of various
interaction of biomolecules [93,94]. Mihoc et al. used proteolytic epitope extraction mass
spectrometry combined with SPR biosensor analysis to determine the molecular epitope
structures and affinity of equine heme-myoglobin and apo-myoglobin to a monoclonal
antibody [95]. Joshi et al. developed a method to simplify the coupling of SPR and MS by
direct biochip spraying, which can selectively capture target small molecules on the SPR
surface and nebulize them directly into the mass spectrometry under high voltage [96]. The
combination of SPR and mass spectrometry provides protein specific binding recognition
ability and highly sensitive, precise qualitative analysis ability, providing an ideal analytical
tool for studying the interactions of biomolecules.

In addition to SPR, various other types of biosensors also exhibit different complemen-
tary advantages in coupling with mass spectrometry (Figure 4). For example, microfluidic
chips are widely used in conjunction with nano ESI to provide excellent performance
in reaction monitoring, sensitivity enhancement, biomolecule extraction, etc. [15,97–100].
Surface acoustic wave (SAW) devices are used for sample delivery and assisted ionization
to enable a real-time, high-throughput quantitative and qualitative analysis of heavy metals
and various biomolecules in human serum [101,102].
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Figure 4. Highlights of different sensor technologies coupled with mass spectrometry including
online and offline integration of SPR technology [91,93,96], combination of microfluidic sensing
chips [16,66,100], and integration of other biosensors [101–104]. Copyright with permission from
Wiley, Elsevier, Royal Society of Chemistry, American Chemical Society.

5. Conclusions

This review details several types of research in the direction of mass spectrometry-
based biosensing and summarizes advanced sensing techniques in combination with mass
spectrometry, including biochips, mass labels, in vivo probes, clinical biopsies, etc. Given
the advantages of mass spectrometry in molecular recognition, each type of technology can
exploit its specificity, such as mass-label type technology with flexible target recognition ca-
pability and in vivo probe/pen technology for clinical biopsy capability, while the coupling
with other sensors can produce functional complementarity. Although mass spectrometry
has the above-mentioned advantages, it still has the problems of large instrument size and
poor portability, and it cannot completely replace electrochemical and optical sensors. The
21st century is the era of cross-disciplinary development, and combining various analytical
methods to form a richer, more sensitive, and faster biosensing system may become the
new development direction. In addition, new mass spectrometry sensing systems with
greater sensitivity, better robustness, and higher throughput will be introduced and applied
in various fields of chemical analysis.
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Abstract: Electrochemiluminescence (ECL) has attracted increasing attention owing to its intrinsic ad-
vantages of high sensitivity, good stability, and low background. Considering the fact that framework
nanocrystals such as metal–organic frameworks and covalent organic frameworks have accurate
molecular structures, a series of framework-based ECL platforms are developed for decoding emis-
sion fundamentals. The integration of fluorescent ligands into frameworks significantly improves the
ECL properties due to the arrangement of molecules and intramolecular electron transfer. Moreover,
the various framework topologies can be easily functionalized with the recognition elements to trace
the targets for signal readout. These ECL enhancement strategies lead to a series of sensitive analytical
methods for protein biomarkers, DNA, small biomolecules, and cells. In this review, we summarize
recent advances in various functions of frameworks during the ECL process, and constructions
of framework-based ECL platforms for biosensing. The framework-based ECL nanoemitters and
enhancement mechanisms show both theoretical innovation and potential applications in designing
ECL biosensing systems. Perspectives are also discussed, which may give a guideline for researchers
in the fields of ECL biosensing and reticular materials.

Keywords: electrochemiluminescence; frameworks; biosensing; nanoemitters

1. Introduction

Electrochemiluminescence (ECL) is a classic and powerful analytical technique in-
volving a redox process at electrodes where excited states are electrochemically generated
and emit light [1,2]. Benefitting from its unique light-free luminescence mechanism, ECL
has many advantages for an analysis, such as a high sensitivity, good stability, and low
background [3]. Nowadays, ECL is widely applied in the areas of environmental moni-
toring [4], cell sensing [5], imaging [6], food [7], and water safety [8]. ECL-driven tumor
photodynamic therapy (PDT) was proposed through the effective energy transfer from ECL
emission to photosensitizer chlorin e6 [9]. With a high spatiotemporal controllability, stable
luminescence, and high photon flux of ECL, ECL microscopy may be more fascinating
than fluorescence [10], bioluminescence [11], and surface-enhanced Raman scattering [12].
Over several decades of research, the variety of ECL emitters has substantially increased,
and they can be broadly classified into an inorganic system (such as Ir or Ru complexes),
an organic system (such as luminols), and semiconductor nanomaterials [13]. Recently,
several novel nanomaterials have been used as luminophores in ECL, such as Au nanoma-
terials [14], quantum dots [15], and frameworks [16]. The combinations of ECL techniques
and these new materials broaden the scope of ECL applications.

Frameworks containing metal–organic frameworks (MOFs), covalent–organic frame-
works (COFs), and hydrogen-bonded organic frameworks (HOFs) have been developed
rapidly since the 21st century [17,18]. Owing to their flexible, synthetically controllable,
and adjustable structure, frameworks have been utilized in various areas such as energy
storage, sewage treatment, gas separation, catalysis, and biosensing [19]. Although there
are some deficiencies for electrochemical reactions in frameworks, such as an intrinsic
poor electroconductivity and low mass permeability [20], frameworks have been gradually
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regarded as one of the most promising nanomaterials in ECL assays. Different from other
ECL luminophores like metal complexes and quantum dots, predesignable structures of
frameworks make them more suitable and efficient in ECL processes. For example, Yin’s
group designed an ECL-active MOF by using a ruthenium complex as a ligand and more
intense ECL emission was observed with the aid of grapheme oxide [21]. By combining
a predesigned structure with post-modification, frameworks provide various strategies
to regulate their ECL signals for adapting the requirement. Furthermore, the structures
of frameworks are utilized dexterously to create novel ECL enhancement mechanisms for
developing sensitive and stable analytical methods. Overall, the variation of an ECL signal
highly depends on the optoelectronic properties of frameworks, which are adjustable with
designation or post-modification [22].

In order to design self-luminescent reticular nanoemitters, three types of methods
have been developed. First, frameworks can be synthesized with ECL-active luminophore
ligands, such as porphyrin [23], pyrene [24], and aggregation-induced emission lumino-
gen [25], for constructing emitters with an improved ECL efficiency. Second, the doping
of transition metal elements is a promising way to deal with an intrinsic low conductivity
of MOFs in ECL reactions. Classic Ru complexes [26] and novel lanthanide ions [27] are
already applied in biosensing with this method. Third, non-emitting monomers can be
endowed with intense ECL emission through a rational design. Typically, by utilizing well-
designed donor/acceptor units, a high ECL efficiency of COFs could be realized [28,29].

Therefore, integrating the frameworks and ECL methods is of great significance to
construct high-performance biosensing platforms. In recent years, the roles of frameworks
in ECL processes develop rapidly with multifunctions in biosensing. Initially, frameworks
were used as carriers of classic luminophores or catalysts to accelerate the ECL reactions,
but they later became ECL emitters for biosensing platform establishment, achieving a
successful analysis of proteins, nucleic acids, small molecules, and cells.

In this review, the various functions of frameworks in ECL emission are first analyzed
to show the rapid development in this area (Figure 1). Then, framework-enhanced ECL
biosensing applications in recent years are introduced and analyzed. Finally, perspectives
and potential issues are proposed, which may guide the great development of framework-
based ECL biosensing systems.

Figure 1. Schematic illustration of roles of frameworks in ECL processes and their ECL applications
in biosensing.

2. The Roles of Frameworks in ECL Processes

Although the combination of frameworks with ECL demonstrates great potentials in
signal readout, low conductivities and inert electrochemical properties of frameworks may
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result in a poor sensing performance. Therefore, frameworks were often used as a carrier of
efficient ECL emitters like quantum dots (QDs) or Ru complexes, or a catalyst to strengthen
ECL emission during the initial period. After the report of the electroactive MOF [16],
frameworks gradually began to be used as emitters in ECL processes and various ECL-
active frameworks were extensively applied in biosensing with several emerging signal
amplification strategies.

2.1. The Carriers of ECL Luminophores

The outstanding features of frameworks, such as an adjustable reticular structure,
large surface area, tunable pore sizes, and functionalized sites, make them competent to
be used as a carrier. In early reports, classic ECL luminophores (Ru complexes, luminol,
QDs, et al.) were integrated with frameworks using encapsulation or post-modifications.

The encapsulation of ECL luminophores into frameworks is a widely applied strategy
to make frameworks better in an ECL performance. Through introducing guest materials,
host frameworks receive an improved ECL efficiency while largely maintaining their own
original properties. Therefore, encapsulation gives a flexible way to prepare frameworks
with promising ECL activity. In view of the porous structure of frameworks, Qin et al.
prepared Ru(bpy)3

2+-functionalized MOF thin films using the self-assembly approach
(Figure 2a). Plenty of Ru(bpy)3

2+ molecules in Ru-MOF films showed an intense ECL
emission and excellent behavior in the detection of the human-heart-type fatty-acid-binding
protein [30]. Also, classic luminol-based frameworks are conducted through this method.
Tang et al. synthesized porous Zn-based MOF, which loaded a large amount of luminol by
encapsulating into its pores. The resulting Zn-MOF@luminol as the signal probe achieved a
strong ECL signal for detecting concanavalin A [31]. Furthermore, luminophores with large
sizes, such as QDs or g-C3N4, can be encapsulated in frameworks with high surface areas.
As shown in Figure 2b, Fe-MIL-88B-NH2@ZnSe was successfully prepared via the one-pot
method. By using Fe-MIL-88B-NH2 as an efficient coreaction accelerator, the biosensor
realized the sensitive detection of a squamous cell carcinoma antigen in human serum [32].
Qin et al. designed a triethanolamine-functionalized MOF on graphene oxide nanosheets
to accomplish creating a rapid label-free ECL immunosensor for the detection of human
copeptin [33].

Figure 2. (a) Schematic diagram of the synthesis of (Ru(bpy)3
2+)-functionalized MOF (Ru-MOF).

Reproduced from [30] with permission from the American Chemical Society. (b) Illustration for the
construction of Fe-MIL-88B-NH2@ZnSe/Ab. Reproduced from [32] with permission from Elsevier.

On the basis of porosity and a large surface area, frameworks are considered to be
suitable for post-modification with functional materials to obtain specific properties [34],
which can be conducted through covalent or noncovalent bonding. For example, Wang et al.
combined zeolitic imidazolate frameworks and luminol-capped Ag nanoparticles to form a
luminol-AgNPs@ZIF-67 system via electrostatic interaction, which had ~115-fold-enhanced
ECL compared to the luminol system [35]. In addition, QDs were merged onto MIL-53
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through noncovalent adsorption and the resulting MIL-53@QDs platform demonstrated a
large ECL intensity enhanced by the surface plasmon resonance process between AuNPs
and CdS QDs for kanamycin and neomycin biosensing [36]. Furthermore, Liu’s group
developed a nanoreactor based on Ru(bpy)3

2+-doped nanoporous zeolite nanoparticles
(Ru@zeolite) [37], in which frameworks not only served as a carrier of Ru complexes
through post-modification but were also spatially confined for efficient collision reactions
in in situ ECL reactions.

2.2. The Catalyst in ECL Processes

By integrating catalytically active components, frameworks have been utilized as
electrocatalysts, such as in an oxygen reduction reaction and CO2 reduction, for a long
time [38,39]. A more intense ECL emission will be observed when decisive elementary
reactions are accelerated during the ECL process. For instance, Zn tetrakis(carboxyphenyl)-
porphyrin (TCPP) linkers in MOF-525 acted as ECL active centers to facilitate the conversion
from dissolved oxygen to singlet oxygen for enhanced ECL (Figure 3a). Based on MOF-525-
Zn as signal amplifying probes, an ultrasensitive ECL sensor was proposed for the detection
of protein kinase A activity with a linear range from 0.01 to 20 U mL−1 and detection limit
of 0.005 U mL−1 [40]. Furthermore, the inorganic Zr–O clusters of MOF-525 simultaneously
served as the recognition sites of phosphate groups for a specific bioanalysis.

On the other hand, MOFs were utilized as a coreactant accelerator to enhance the ECL
of CdTe QDs through accelerating the generation of the sulfate radical anion (SO4

•−), which
is critical in producing excited states of QDs, further realizing an ultrasensitive bioanalysis
of the cardiac troponin-I antigen [41]. Similarly, 2D Fe-Zr metal–organic layers were applied
for the construction of an ECL immunosensor by utilizing their peroxidase-like activity,
which could effectively enhance the ECL signal of luminol through H2O2 catalysis [42].
Additionally, Song et al. designed a signal-amplified ECL sensor chip via the synergistic
catalysis of Au–Pd bimetallic nanocrystals and mixed-valence Ce-based MOFs for the fast
reduction of dissolved O2 (Figure 3b). By integrating a three-electrode detection system
into the self-assembled microfluidic chip, the developed sensor showed a high sensitivity
for procalcitonin detection with the automation and portability of the detection process [43].
In a word, by introducing active catalytic sites or utilizing intrinsic properties, frameworks
have nanozyme-like functions for ECL catalytic enhancement.

 
Figure 3. (a) Schematic illustration for the ECL catalysis mechanism of singlet oxygen based on
MOF-525. Reproduced from [40] with permission from the Royal Society of Chemistry. (b) Supposed
ECL catalysis mechanism for Au−Pd/O2 + Ce(III, IV)-MOF system. “*” represents the excited state.
Reproduced from [43] with permission from the American Chemical Society.

2.3. ECL Nanoemitters

Considering the structures of framework units, introducing ECL luminophores as
linkers is thought to be a proper approach to establish framework-based ECL emitters. Due
to intrinsic structural features, framework-based emitters are considered to be promising
material for ECL biosensing based on the combined advantages of framework emitters and
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ECL techniques [44]. Because of efficient energy migration [45], Ru-complex-based linkers
have been applied for designing ECL-active frameworks since 2010. Ru(II) bipyridine
(Ru(bpy)3

2+) derivatives as ligands can be synthesized into frameworks using coordination
with metal ions or clusters [46]. For example, functionalized Ru-based MOF nanosheets
comprising carboxyl-rich tris(4,4′-dicarboxylic acid-2,2′-bipyridyl) Ru(II) and Zn2+ nodes
exhibited a good water solubility and excellent ECL performance (Figure 4a). By employing
Ru-MOF as an ECL probe, a “signal-on” ECL immunosensor was designed for the selective
detection of cardiac troponin I in the range from 1 fg/mL to 10 ng/mL [47]. However,
Ru complexes are costly when adjusting their structures and large in steric size, which
inevitably restrict their application in direct framework synthesis. In fact, Ru complexes
are more often modified onto frameworks through a post-synthesized route, which makes
frameworks work like a carrier rather than a nanoemitter [48,49]. Meanwhile, other ECL-
active organic ligands, such as a porphyrin derivative, perylene-3,4,9,10-tetracarboxylate,
and 9,10-anthracene dibenzoate (DPA), were utilized in constructing MOF emitters for
proprotein convertase subtilisin/kexin type 9, microRNAs, and MCU1 detection, respec-
tively [50–52].

Inspired by aggregation-induced emission (AIE) luminophores, which show a stronger
photoluminescence in the aggregated state than that of the isolated one [53,54], frame-
works constructed with AIE molecules become attractive in ECL sensing. Typically,
tetraphenylethylene (TPE)-based AIEgens are mostly reported in recent research thanks to
designable molecular structures. For instance, a fiber-like MOF, synthesized with the coor-
dination of Zn2+ and 1,1,2,2-tetrakis(4-(pyridin-4-yl)phenyl)ethane (TPPE), showed a more
intense ECL emission than its ligand TPPE in the presence of 1,4-diazabicyclo[2.2.2]octane
(DABCO) (Figure 4b,c). More significantly, different from the constant ECL intensity using
a tri-n-propylamine (TPrA) coreactant, DABCO exhibited a time-dependent ECL inten-
sity due to the intrareticular electron transfer through coordination interaction between
DABCO and Zn2+ [55]. In another work, Wei’s group synthesized a dumbbell-plate-shaped
MOF consisting of 1,1,2,2-tetra(4-carboxylbiphenyl)ethylene and Zr(IV) cations, which
was utilized as an ECL tag for neuron-specific enolase detection with a sandwich-type im-
munoreaction [56]. In addition, a two-dimensional AIEgen-based MOF was also fabricated
into an efficient ECL biosensing platform [57], which restricted the intramolecular free
rotation and vibration of these ligands and then reduced the non-radiative transition. The
combination of AIE ligands and frameworks paved a potential way for better ECL sensors;
that is, the large surface area and porous properties of MOFs make ECL reactions more
effective while the AIE molecular motion is restricted by the rigid MOF structure, which
is theoretically beneficial to AIE emission [58]. Similar to the term aggregation-induced
emission, the strong ECL emission based on the restricted AIE molecules within MOFs has
been named ‘aggregation-induced ECL’ (AIECL) [59], which is also successfully used in
COFs [60] and polymers [61].

Identically, luminophores can be introduced into frameworks by serving as ion nodes.
Due to a good photoluminescent emission and successful applications in biosensing [62],
self-luminescent lanthanide MOFs (Ln-MOFs) are considered promising luminophores in
ECL reactions. Dai’s group synthesized La3+-BTC MOFs as an ECL emitter and highly
active reactor simultaneously to construct a gene sensor. With the assistance of crystal
violet, a good performance toward a p53 gene analysis was obtained through the co-
quenching effect mechanism [63]. Furthermore, Eu-based Ln-MOFs were prepared with
5-boronoisophthalic acid and Eu (III) ions. The ECL emission mechanism was identified to
be that 5-bop was excited with ultraviolet photons to generate a triplet state, which then
triggered Eu (III) ions for red emission. The Eu-MOFs showed a great sensitivity in an ECL
immunoassay for Cytokeratin 21-1 detection [64].
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Figure 4. (a) Schematic illustration for the fabrication process of a Ru-MOF nanosheet. Reproduced
from [47] with permission from the American Chemical Society. (b) The synthesis of and (c) SEM
image of Zn-tpMOF. Reproduced from [55] with permission from Elsevier.

In order to obtain a better biosensing performance, a higher ECL efficiency is urgently
needed. Conventional coreactant ECL is convenient in operation but inefficient in electron
transfer due to the intermolecular route. Thanks to a shortened pathway of mass transport
and electron transfer, the intramolecular electron transfer process is recognized as a promis-
ing solution [65]. Inspired by this theory, a mixed-ligand MOF (m-MOF) was designed for
proof of concept by integrating it with two ligands, one as a luminophore and the other
as a coreactant, on one metal node for self-enhanced ECL [66]. As shown in Figure 5a,b,
the resulting m-MOF had a highly ordered crystalline unit proved by comparing the ex-
perimental PXRD pattern and theoretical simulation. Then, the m-MOF exhibited greatly
enhanced ECL compared to its ligand and Zn-DPA MOF, indicating a high efficiency of
the intrareticular charge transfer process (Figure 5c). Finally, the proposed stepwise ECL
mechanism of the m-MOF was given as a result of local excitation in the DPA unit, which
was identified through a density functional theory calculation (Figure 5d). Overall, the
mixed-ligand approach successfully shortens the pathway of charge transfer, providing a
new idea in ECL platform designs.

Figure 5. (a) Three-dimensional structure of m-MOF. (b) PXRD pattern of m-MOF (black), simulated
result (red), and their difference (blue). (c) ECL curves of DPA-modified GCEs (red) in presence
of DABCO, and of DPA-(green), s-MOF-(blue), and m-MOF (orange)-modified GCEs in 0.1 M PBS.
(d) Stepwise ECL mechanism of m-MOF. “*” represents the excited state. Reproduced from [66] with
permission from American Chemical Society.
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As a novel member of frameworks, COFs gradually became fascinating in ECL appli-
cations. Firstly, Li et al. gave general advice on how to design COFs with highly efficient
ECL [67]. Meanwhile, Lei’s group provided a detailed mechanism on the enhanced ECL of
COFs [68]. Based on donor–acceptor (D-A) units, a luminescent t-COF was synthesized
as an ECL emitter by integrating triazine and triphenylamine as donor and acceptor units
in the reticular skeleton, respectively (Figure 6a). Revealed with a PXRD analysis, the
t-COF showed a crystalline structure with diffraction peaks at 2θ = 4.4, 7.7, 8.9, 11.8, and
22.5◦, which were assigned to the 100, 110, 200, 210, and 001 facets, respectively (Figure 6b).
Compared to the other two COFs, t-COF had a magnificent ECL performance in TPrA/PBS
(Figure 6c), indicating the importance of a D-A structure in t-COF during an ECL reaction.
The simulated charge density difference between the first excited state and ground state of
COF demonstrated an electron density loss on the triazine units and an electron density
gain on the triphenylamine units, confirming the charge transfer between triphenylamine
and triazine units (Figure 6d). Furthermore, the efficient charge transfer could be identified
with the movement of HOS/LUS to the Fermi level when holes/electrons were doped
(Figure 6e). Finally, the competitive oxidation mechanism involved the triazine unit gaining
electrons from TPrA• while the triphenylamine unit was oxidized by oxidative TPrA+•
(Figure 6f, left) or the electrode (Figure 6f, right), leading to dual ECL emissions.

Figure 6. (a) Structure of TFPA-based COFs. (b) PXRD patterns of t-COF and their difference. (c) ECL
curves of three COF-modified GCEs in the presence of 20 mM of TPrA. (d) The difference in charge
density between the first excited state and ground state of t-COF. (e) Density of states of t-COF doped
with different electron/hole numbers. (f) Competitive oxidation mechanism via intrareticular charge
transfer. Reproduced from [68] with permission from the Nature Publishing Group.

HOFs comprised solely of pure organic or metal–organic units connected by inter-
molecular H-bonds were also found to have ECL enhancement properties compared to
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their monomers. Zhang et al. synthesized a triazinyl-based HOF through N···H hydro-
gen bond self-assembly aggregation. The resulting HOF showed a highly enhanced ECL
efficiency (21.3%) relative to the Ru(bpy)3

2+ standard, and was applied for ultrasensitive
kanamycin biosensing [69]. Benefiting from the densely stacked structure, Lei’s group
proposed the HOF-based ECL enhancement mechanism via the intrareticular electron cou-
pling (IREC) pathway [70]. Utilizing multiple H-bonds and π-interactions, HOF-101 with
1,3,6,8-tetra(4-carboxylphenyl)pyrene as a ligand was synthesized (Figure 7a). Compared
with 1,3,6,8-tetracarboxypyrene-based HOF-100 and a bare electrode, HOF-101 modified
GCE showed significantly enhanced ECL in the presence of TPrA due to the IREC effect
(Figure 7b). Through model simulation, the charge density difference between S1 and S0
of HOF-101 was illustrated (Figure 7c), showing a mutual electron density depletion and
accumulation of vertical stacking units. This IREC pathway in HOF-101 achieves ECL
enhancement by accelerating electron transfer between anion radicals and cation radicals
(Figure 7d).

Figure 7. (a) Pore structure and stacking of HOF-101. (b) ECL curves of HOF-101 (purple), HOF-100
(blue), and a bare electrode (pink) in the presence of 20 mM of TPrA. (c) The difference of charge
density distribution between S1 and S0 of HOF-101. (d) IREC-driven ECL mechanism of HOF-101
with a neutral charge density difference. Reproduced from [70] with permission from the Royal
Society of Chemistry.

3. Framework-Enhanced ECL for Biosensing

The sensitive, specific, and reliable detection of tumor markers is vital for the early
diagnosis of cancer, which brings hope to human patients for cancer prevention. Based on
unique physical properties, chemical compositions, and functional methods, framework-
enhanced ECL may provide an ultrasensitive and comprehensive assay for monitoring
these markers. By combining with biological tools, framework-based biosensors can
distinguish various biomarkers such as proteins, nucleic acid, cells, and small molecules in
a clinical analysis.
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3.1. Proteins

Proteins are typical biomacromolecules that are generally analyzed through immunoas-
says. Once a protein is clinically certified as a disease-related biomarker for a diagnosis,
it will receive much attention in ultrasensitive detection. For example, to improve the
survival of patients, cancer markers are of great significance in the guidance of an early
tumor diagnosis and introducing appropriate targeted therapies [71]. Integrating with
highly specific immunoreactions, ECL immunoassays are powerful tools for protein de-
tections. Alpha-fetoprotein (AFP) is a well-known biomarker for the diagnosis of a liver
malignant tumor [72]. Zhao et al. synthesized bimetallic NiZn MOF nanosheets to amplify
cathodic luminol ECL through the synergistic effect of the bimetallic catalyst in AFP im-
munodetection [73]. Li et al. designed a signal-off ECL biosensor for AFP detection by
utilizing the MnO2 nanosheet/polydopamine dual-quenching effect towards a Ru(bpy)3

2+-
functionalized MOF [74].

Cytokeratin 19 fragment 21–1 is recognized as an essential biomarker of non-small-cell
lung cancer with a high specificity. Wei’s group constructed a “signal-on” ECL immunosen-
sor for this biomarker detection by using a copper-doped terbium MOF as a luminescent tag,
which exhibited a strong ECL emission with K2S2O8 as a coreactant through electrocatalyz-
ing the reduction of S2O8

2− [75]. In the same group, a biocompatible tris(4,4′-dicarboxylic
acid-2,2′-bipyridyl)ruthenium(II) [Ru(dcbpy)3

2+]-functionalized γ-cyclodextrin MOF not
only served as a carrier to immobilize the detection antibody via a Pd-N bond but also facil-
itated the electron transfer rate to amplify the ECL signal [76], providing the ultrasensitive
method for an early diagnosis of lung cancer.

Through potential-resolved ECL, a reticular biosensor could detect multiple protein
biomarkers in a single run. Zhang et al. developed a MOF-based ECL tag with both
anodic and cathodic emission [77]. A useful strategy with the isolated anodic and cathodic
coreactants was applied to improve the analytical performance of this potential-resolved
ECL sensor, leading to a successful analysis of a carcinoembryonic antigen (CEA) and
neuron-specific enolase (NSE) simultaneously.

According to the different roles of frameworks in ECL processes, various signal
transductions can be realized in an analysis of the same targets. For example, a hollow
hierarchical MOF was employed as a carrier to graft Ru complexes as a signal amplification
with the catalytic hairpin assembly strategy [78], showing an excellent selectivity and high
sensitivity for thrombin determination. By tuning the reaction time, a series of porphyrin
Zr-MOFs (PCN-222) with different specific surface areas, pore sizes, structures, and surface
charge states were synthesized (Figure 8a), which served as an ECL emitter, coreactant
promoter, and connection in the ECL immunoassay [79]. Furthermore, Xiao’s group
designed a COF-based ECL biosensor with conductivity- and pre-reduction-enhanced ECL,
which overcame the intrinsic poor conductivity of COF [80]. With the aid of the signal
amplification of the aptamer/protein-proximity-binding-induced 3D bipedal DNA walker,
the constructed ECL sensor realized the supersensitive detection of thrombin (Figure 8b).

In addition, some proteins can be detected by utilizing their bioactive properties. For
example, telomerase can extend the length of specific DNA, indicating its possible role as a
signal switch. By monitoring bioactivity, telomerase was already analyzed with several well-
designed ECL methods [81,82]. In Lei’s group, an ECL telomerase biosensor was proposed
with a BODIPY-based MOF nanoemitter composed of pyridine-substituted BODIPY, a
terephthalic acid ligand, and Zn nodes (Figure 9a) [83]. The BODIPY-based MOF showed
the P6/m trigonal crystal system, reducing the over-aggregation of BODIPY for enhanced
optical signals (Figure 9b). After an elaborative design, the BODIPY-based MOF ECL
sensors reached a good sensitivity under different telomerase concentrations (Figure 9c).
The mechanism of this sensor was that the DNA hairpin opened when telomerase appeared,
allowing the MOF to approach the electrode surface for ECL signal generation (Figure 9d).
Integrating with unique immunoreactions, framework-based ECL biosensors become
powerful for protein detection (Table 1).
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Figure 8. (a) Stepwise construction of PCN-222-based thrombin biosensor. Reproduced from [79]
with permission from American Chemical Society. (b) Preparation procedure and DNA walker
amplification principle of COF-based ECL sensor. Reproduced from [80] with permission from
American Chemical Society.

Figure 9. (a) Synthesis of the BODIPY-based MOF. (b) The spatial structure of MOFs. (c) ECL
response under different telomerase concentrations. (d) Schematic diagram of the stepwise telomerase
recognition. Reproduced from [83] with permission from the Royal Society of Chemistry.
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Table 1. A summary of framework-enhanced ECL for detection of proteins.

Targets Frameworks Linear Range LOD Ref.

AFP NiZn MOF 0.00005 to 100 ng/mL 0.98 fg/mL [73]
AFP Ru(bpy)3

2+@TMU-3 0.01 pg/mL to 5 ng/mL 10.7 fg/mL [74]
AFP Magnetic MOF@CdSnS 1 fg/mL to 100 ng/mL 0.2 fg/mL [84]

CYFRA21-1 Pd-ZIF-67 0.01 to 100 ng/mL 2.6 pg/mL [75]
CYFRA21-1 Ru@ γ-CD-MOF 0.1 pg/mL to 50 ng/mL 0.048 pg/mL [76]
Thrombin Ru-UiO-66-NH2 100 fM–100 nM 31.6 fM [78]
Thrombin PCN-222 50 fg/mL to 100 pg/mL 2.48 fg/mL [79]
Thrombin Conductive COF 100 aM to 1 nM 62.1 aM [80]

Telomerase BODIPY MOF 8.0 × 10−4 to 8.0 ng/mL 0.43 pg/mL [83]
PSA Ru-MOF 5 pg/mL to 5 μg/mL 1.78 pg/mL [85]
PSA MOF/Au/DNAzyme 0.5 to 500 ng/mL 0.058 ng/mL [86]
CEA N,B-doped Eu MOF 0.1 pg/mL to 1 μg/mL 0.06 pg/mL [87]
NSE J-aggregated MOF 10 pg/mL to 50 ng/mL 7.4 pg/mL [88]

Peptide Cu:Tb-MOF 1.0 pg/mL to 50 ng/mL 0.68 pg/mL [89]
ALP π-conjugated COF 0.01 to 100 U/L 7.6 × 10−3 U/L [90]

D-dimer RuZn MOFs 0.001~200 ng/mL 0.20 pg/mL [91]

3.2. Nucleic Acids

In the analysis of nucleic acids, signal amplification techniques such as a catalytic
hairpin assembly (CHA) [92], rolling circle amplification [93], and hybridization chain
reaction [94] have been widely used for a long time. The Crisper/Cas12a technique is
also utilized for an enhanced ECL signal in DNA biosensing [95]. Combined with these
powerful tools, a series of framework-based ECL genosensors are being developed rapidly
for ultrasensitive nucleic acid detection.

As noncoding RNAs, microRNAs (miRNAs) regulate the expression of messenger
RNA by binding to complementary sequences. Once alterations in miRNA expression
happen, messenger RNA expression is disrupted, which leads to potential oncogenic
changes [96]. Therefore, it is crucial to construct reliable and sensitive biosensors for
miRNA detection. With the structural development of frameworks, framework-based
ECL genosensors for a miRNA analysis were extensively investigated. For instance, Wang
et al. synthesized a Zn MOF as a self-enhanced ECL emitter with dual ligands of DPA and
N,N-diethylethylenediamine for miRNA-21 detection [97]. DPA is a typical luminophore in
ECL while DEAEA could be used as both a coreactant and a morphologic regulator, which
leads to a strong and stable ECL emission with the efficient intramolecular electron transfer
process. Based on CHA and ECL resonance energy transfer, this sensor realized ‘signal-off’-
mode signal amplification in the presence of miRNA-21. Similarly, Xue et al. developed a
microRNA-141 ECL bioassay by using a dual-ligand MOF, which simultaneously contained
a luminophore TPE derivative and a coreactant ligand (1,4-diazabicyclo[2.2.2]octane) in the
structural unit [98]. Using a DNA triangular prism as a signal switch to detect microRNA-
141, this ECL biosensor achieved a low detection limit at the level of 22.9 aM. Furthermore, a
dual-wavelength multifunctional ECL biosensor was established for the rapid simultaneous
detection of dual targets miRNA-141 and miRNA-155 [99]. As shown in Figure 10a, a Zr
MOFs@PEI@AuAg nanocomposite exhibited intense and stable dual-wavelength ECL
emissions. Since ECL emissions of the nanocomposite at two wavelengths of 535 nm and
644 nm were both quenched by resonance energy transfer, this sensor achieved a good
linear relation for the miRNA analysis at two different wavelengths (Figure 10b). The
experiment of ECL stability showed a low signal change, indicating a good accuracy and
convincing stability in the simultaneous detection of miRNAs (Figure 10c). In addition, the
classic-DNA-walker-based signal amplification strategy is also used for a MOF sheet-based
ECL sensor in the detection of oral cancer overexpressed 1 gene [100].
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Figure 10. (a) Schematic illustration of ECL biosensing platform based on Zr MOFs@PEI@AuAg
nanocomposite for simultaneous detection of dual microRNAs. (b) Plot of the ECL intensity as a
function of the logarithm of target miRNAs’ concentration at 535 nm and 644 nm. (c) ECL signal
stability. Reproduced from [99] with permission from Elsevier.

To overcome an intrinsic low conductivity in MOFs, a conductive NiCo bimetal–
organic framework nanorod was successfully applied in miRNA-141 detection, broadening
the horizon of conductive MOFs in ECL sensing applications [101]. Furthermore, with the
long-range orderly arrangement and effective intramolecular charge transfer, a pyrene-
based sp2 COF was synthesized as an efficient ECL emitter via the polycondensation of
tetrakis(4-formylphenyl)pyrene and 2,2′-(1,4-phenylene)-diacetonitrile. Because of topo-
logically linking pyrene luminophores and aggregation-induced emissive luminogens,
the luminescent COF showed a strong and stable ECL emission [102], leading to a highly
sensitive microRNA-21 biosensor.

As a great threat to health, viruses also receive much attention in ultrasensitive detec-
tion. For instance, the Zika virus, a member of the Flaviviridae virus family, is suspected to
be associated with severe congenital malformations [103]. Mao’s group quantified the Zika
virus based on Zr-based metal–organic gel and Fe-MIL-88 MOFs as an electrode matrix and
nanotag, respectively [104]. The double quenching effect originated from Fe-MIL-88 MOFs
as both an ECL acceptor and metal active centers to consume the coreactant, resulting in
a distinct turn-off signal in the presence of the virus. On the other hand, Shan’s group
designed a 2D MOF with an excellent ECL performance by combining the photosensitizer
ZnTCPP and electroactive [Co2(-CO2)4] secondary building units for a Sars-CoV-2 gene
analysis [105]. The ECL sensor achieved a rapid nonamplified detection of the RdRp gene
of SARS-CoV-2 with an extremely low limit of detection (30 aM). Furthermore, Wu et al.
designed an ECL biosensor using PCN-224/ZnO/polyacrylamide as signal tag for an accu-
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rate analysis of the HPV-16 virus [106]. With the aid of multiple target-cycling amplification
technologies and HCR reactions, this method achieved a rapid and effective “signal-off”
detection of the target with the detection limit of 0.13 fM.

Overall, by integrating appropriate frameworks with well-designed DNA sequences,
these above methods show a great performance in a nucleic acid analysis, which expands
the application of frameworks in biosensing.

3.3. Small Molecules

Compared to traditional analytical methods like chromatography and enzyme cataly-
sis, framework-based ECL methods are more sensitive and convenient for small molecule
detection. For the determination of small molecules, utilizing specific recognition between
an aptamer and target is the most common strategy. For instance, the transduction of ap-
tamer configurations alters the distance between a signal promoter and ECL luminophores,
resulting in a signal change by introducing target molecules (Figure 11a). A plasmon-
enhanced ECL aptasensor displayed highly sensitive detection for lincomycin [107]. Based
on a suitable aptasensor, a wide range of molecules can be efficiently detected, such as
kanamycin [108], sulfadimethoxine [109], and isocarbophos [110]. Apart from the aptamer,
a competition-type ECL immunosensor using Pt NPs@MOFs for the quantitative detection
of trenbolone was successfully constructed, demonstrating the simplicity of framework-
based ECL systems [111].

Figure 11. (a) Stepwise illustration of Eu MOF-based aptasensor for lincomycin detection. Repro-
duced from [107] with permission from American Chemical Society. (b) Quenching mechanism of
dopamine ECL detection. (c) Variation of ECL intensity at different concentrations of dopamine: 0,
0.01, 0.1, 1, 10, 100, and 1000 μM from (a) to (g). Reproduced from [55] with permission from Elsevier.

Based on the quenching effect between MOF radicals and oxidized dopamine (Figure 11b),
dopamine can be analyzed without the aid of an aptamer [55]. This hindrance to ECL
was highly relevant to the dopamine concentration, and then was applied to construct an
ECL method for the highly sensitive detection of dopamine in serum samples (Figure 11c).
Similarly, uric acid [112], rutin [113], and deoxynivalenol [114] can also be directly mea-
sured with framework-based ECL sensors. In addition, a MOF/COF-mixed emitter with
dual-color ECL was prepared [115]. Based on a π–π interaction between targets and a
MOF/COF, diclazepam can not only be absorbed but also selectively quench ECL, achiev-
ing sensitive detection.

Furthermore, metal ions with potential harm to human health are generally analyzed
with inductively coupled plasma mass spectrometry, ion chromatography, and atomic
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absorption spectroscopy, requiring expensive instruments and staff costs. The inhibition
effect of metal ions towards ECL makes them detectable through well-designed framework-
based ECL sensors [116].

3.4. Cellular Analysis

ECL-based cellular analyses [117], such as circulating tumor cells (CTCs) [118] and
the cell matrix [119], have been developed for several decades. With the combination of
ECL biotechnology, framework-based ECL sensors for a cell-related analysis gradually
emerge. In a typical manner, Liu’s group realized single-molecule movement visualization
at the cellular membrane through capturing photoluminescence signals of the designed
Ru(bpy)3

2+-embedded MOF complex (RuMOF) [120]. With the aid of the nanoconfinement
effect within frameworks, RuMOFs had a splendid ECL intensity at the single-molecule
level, which was conducive to visualize the distribution of RuMOF-labeled-membrane
PTK7 proteins at low-expressing cells, demonstrating a great potential of framework-based
ECL systems in cellular monitoring.

Bacteria may cause great harm to health while existing in the human circulatory
system, indicating the importance of sensitive detection. Utilizing steric hindrance on
electron transfer, Vibrio parahaemolyticus [121] and Escherichia coli [122] can be success-
fully analyzed with ECL sensors based on Ru-MOF and NH2-MIL-53(Al) signal reporters,
respectively. In addition, an exosome as a subcellular structure is also accurately detected
using well-designed ECL sensors with a different signal transduction. For example, Cui’s
group constructed a label-free HepG2-derived exosome ECL sensor based on the selectivity
of the CD63 peptide in recognizing CD63 proteins on the exosome surface and strong
coordination interactions between the Zr4+ of Zn-TCPP/UiO-66-NH2 and the phosphate
head of exosomes (Figure 12). The ECL biosensor exhibited a good sensitivity with a
detection range from 1.00 × 104 to 3.16 × 106 particles/μL, which is better than most of the
existing label-free methods for detecting exosomes [123], showing the great prospects of
framework-based ECL in sensitive bioassays.

Figure 12. ECL biosensor construction and detecting HepG2-derived exosomes. Reproduced
from [123] with permission from American Chemical Society.

4. Conclusions and Perspectives

Frameworks are a kind of widely used material in an ECL analysis owing to the flexible
structure, long-range ordered units, and controllable modification with some recognition
elements. According to the functions in the ECL process, frameworks have been exploited
as a carrier of luminophores, a catalyst of ECL reactions, and crystalline emitters. Based on
the innovation of ECL mechanisms, reticular biosensors gain a more efficient ECL for signal
amplification, which improves the sensitivity of biosensing. Different from MOFs, metal-
free COFs and HOFs have been rapidly developed and constructed lots of biocompatible
analytical methods. To date, framework-based ECL biosensors have been successfully
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utilized in the detection of proteins, nucleic acids, small molecules, and cells by integrating
specific functional materials, facilitating the further development of ECL techniques.

Actually, the research on framework-based ECL systems is much more mature than
several years ago but challenges still exist. To further expand their application and improve
their biosensing performance, some aspects should be deliberated in future works. (1) It is
crucial to explore near-infrared ECL-active frameworks for developing in vivo biosensing
and bioimaging because of a good penetrability and low scattering in NIR [124]. (2) The 3D-
sp2-carbon-conjugated COFs may accelerate charge transfer through the largely conjugated
electron structure, resulting in a high ECL efficiency. (3) In order to develop a single-
molecule ECL imaging technique [125], frameworks at the nanoscale with an intense ECL
emission are promising crystalline nanoemitters. (4) The framework characteristics of self-
luminescence such as the orthogonal luminescence lifetime [126] can be endowed through
the introduction of lanthanide elements, which may be used for designing ECL sensors.
(5) Multivariate MOFs containing multiple metals have a greater selectivity in catalysis
for the acceleration of charge transfer, which improves the efficiency of ECL reactions,
leading to a strong ECL emission [127]. (6) New types of methods for reticular nanoemitter
construction should be discovered, which may simplify synthesis. (7) The conductivity
of framework-based emitters should be improved by integrating the redox-active ligands
in the frameworks [128]. In a word, the key of ECL techniques relies heavily on the
improvement of emitters, suggesting that ECL-active frameworks with a good stability,
easy accessibility, and high ECL efficiency are urgently required in future research.
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Abstract: Epigenetic modifications are closely related to diseases and physiological health, mainly
including DNA methylation, RNA methylation, histone acetylation, and noncoding RNA. Recently, a
large amount of research has been conducted on the detection of epigenetic modifications. Electro-
chemical biosensors, with their low cost, high sensitivity, high compatibility, and simple operation,
have been widely used in the detection of epigenetic biomarkers. This review discusses the detection
of epigenetic biomarkers using different electrochemical sensing methods. Here we discuss various
aspects, including free labels, signal labeling, signal amplification, nano-based electrodes, and the
combined use of other methods. By summarizing the existing electrochemical detection methods for
epigenetic modifications, this review also proposes future development trends and challenges for
electrochemical biosensors in this field.

Keywords: epigenetic modifications; electrochemical biosensing; signal amplification; nanostructure
modified electrodes

1. Introduction

Epigenetics is a discipline that studies the inheritance of genetic information through
DNA methylation or chromatin conformation changes without altering the DNA se-
quence [1]. Epigenetic phenomena include DNA methylation, genomic imprinting, mater-
nal effects, gene silencing, RNA editing, noncoding RNA, and more [2,3]. Currently, there is
extensive research on the modifications of DNA, RNA, and histones [4–6]. The modification
of DNA and RNA mainly includes DNA methylation, DNA hydroxymethylation, and RNA
methylation [4,7–9]. Research on the modification of RNA and DNA mainly focuses on
the modification of nucleic acid bases and sugars [10]. Research on histone modifications
is also extensive, mainly focusing on histone phosphorylation and acetylation [5,11–13].
In addition to directly studying the changes in epigenetic genetic information, enzymes
related to the modification of RNA, DNA, and histones are also being studied.

Abnormal DNA and RNA methylation and histone acetylation can lead to various
diseases [10,14–16]. Abnormal methylation of RNA and DNA and histone acetylation
are closely related to the occurrence of various cancers and can also cause metabolic and
neurological diseases [17–19]. Due to the close relationship between epigenetic modifica-
tions and various diseases, epigenetic modifications has been widely studied. By detecting
epigenetic biomarkers, researchers can gain a deeper understanding of the mechanisms
and progression of diseases, providing more accurate and precise methods for early di-
agnosis and treatment. For example, detecting DNA methylation levels can improve the
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sensitivity and specificity of tumor detection, providing more reliable methods for early
diagnosis [20]. In addition, for some difficult-to-diagnose diseases such as autism and
schizophrenia, the detection of epigenetic biomarkers can provide new diagnostic and
treatment approaches [21,22]. Therefore, the detection of epigenetic biomarkers is of great
significance for the prevention, diagnosis, and treatment of diseases. The conventional
detection methods for epigenetic substances are already mature, and commonly used meth-
ods include radioanalysis [23], chromatography [24–26], immunological analysis [27], and
single-molecule sequencing [28–30]. Radioactive methods require labeling of the detection
substance, which may produce harmful radiation to humans and the environment. Chro-
matography and sequencing analysis have the disadvantage of being time-consuming and
tedious. These detection methods also require expensive instruments and are not suitable
for on-site testing in complex environments.

Electrochemical biosensors do not require complex equipment, and only an elec-
trochemical workstation, electrodes, and a computer are needed to complete the detec-
tion of target analytes [4,31]. Compared with complex detection methods such as fluo-
rescence [32,33], surface plasmon resonance [34,35], and surface-enhanced Raman spec-
troscopy [36,37], electrochemical biosensing detection methods have the advantages of
simple operation, low equipment cost, and high sensitivity [38]. They have been developed
to detect various forms of epigenetic modifications in recent years [39–41].

The principle of electrochemical biosensors for epigenetic modification detection is
to use electrodes as conversion elements and immobilization carriers, and to immobilize
bio-sensitive substances such as antibodies and capture probes, or biomolecules themselves
as sensitive elements on the electrodes, and to convert the signals of target molecules
and their reactions into electrical signals such as current, capacitance and conductivity
through specific recognition between biomolecules, so as to detect epigenetic modifications
qualitatively or quantitatively. PCR methods for detecting epigenetic modifications can
only be suitable for DNA or RNA, but not suitable for epigenetic-related enzymes and
histone modifications. Thus, electrochemical biosensors have a wider range of applications.
While PCR methods are sensitive but require complex instrumentation and equipment,
electrochemical biosensors are easier to implement than PCR for in situ detection because
they are sensitive, simple, affordable, easy to miniaturize, multiplex, multiplex and timely
medical compatible, and can achieve the advantage of field detection in complex environ-
ments. Obviously, electrochemical biosensors are a powerful tool for quantitative analysis
of various biomarkers. In particular, the integration of electrochemical sensors into portable
devices makes point-of-care testing (POCT) possible, which may provide new approaches
to medical diagnostics, especially in low-resource settings.

This review provides an overview of electrochemical detection methods for epigenetic
modifications. It introduces the label-free method of using electrochemical detection for
epigenetic modifications, the method of using signal probes based on label modification,
the electrochemical detection method based on signal amplification, and the method of
using nanostructure-modified electrodes. We will review the principles, characteristics,
and applications of these electrochemical biosensors and discuss challenges and future
development directions in this field.

2. Label-Free Methods

The direct detection method without labeling utilizes electrochemical impedance
spectroscopy (EIS) detection in electrochemistry to directly read electrical signals without
any modification or amplification. The direct label-free detection methods mainly include
EIS and the method using electrochemically active substances as indicators. EIS is mainly
based on the principle that the signal is generated by the increase of electrochemical
impedance after the analyte binds to the capture material on the electrode, which is then
used to quantify the analyte. The use of electrochemically active substances as indicators is
based on the fact that these substances can bind with the analyte due to electrostatic forces.
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The more the analyte presents, the more electrochemically active substances will bind, and
the larger the electrical signal generated, which can then reflect the content of the analyte.

DNA methylation is the most common type of epigenetic modification. There have
been many reported methods for detecting DNA methylation. Most DNA methylation
detection methods rely on the principle of base complementary pairing. Sheppard’s Group
developed a biological platform that takes advantage of the stability of double-stranded
targets (Figure 1) [42]. A denaturation step is added prior to detection to take advantage
of the sensitivity and selectivity of the single-stranded DNA (ss-DNA) target and probe
hybridization for the detection of the ss-DNA target. The authors used conductive polymer
materials to modify the electrode and covalently attached probes for bio-recognition on
the modified electrode surface. Due to steric hindrances presented by methyl groups, that
methylation can affect the hybridization rate. EIS was used to detect the signal generated
by the potassium ferricyanide reduction reaction to study the hybridization kinetics of
double-stranded DNA to detect DNA methylation. This method detects target methylation
through the kinetic changes in methylation DNA hybridization, providing a design concept
for future methylation biosensors.

Figure 1. Schematic representation of DNA sensor based on ECP, including steps of electrocopolymer-
ization, probe attachment, and hybridization with (a) methylated and (b) unmethylated denatured
ds-ON target [42]. Copyright 2015, Elsevier.

Currently, in contrast to the extensive research on DNA methylation, there are rel-
atively fewer reports on RNA modification detection methods because the content of
abnormal RNA in total RNA is particularly low and difficult to detect. Since the content of
RNA is relatively lower than that of DNA, more sensitive detection methods are needed to
detect RNA. N6-methyladenosine (m6A) is a common RNA methylation modification in
epigenetics. There have been a few reports of using electrochemical biosensors combined
with competitive degradation to quantify such kinds of RNA methylation.

Xie’s group developed a sensitive and label-free electrochemical immunosensor for
m6A-RNA detection, utilizing the advantages of the sensitivity and selectivity of elec-
trochemical biosensing technology (Figure 2) [43]. The key to achieving sensitivity and
specificity in the developed method is the use of the specific interaction between antibody
(Ab) and antigen (Ag). The authors used recombinant proteins tagged with histidine to
modify the gold electrode surface. Histidine binds to the gold electrode surface, allowing
the recombinant protein to be oriented. The specificity of the Ab crystal region and recom-
binant protein binding was then used to expose the Ab binding site, thereby improving the
binding efficiency of the Ag-Ab, enhancing the detection signal, and enabling the detection
of low-abundance m6A-RNA. The anti-m6A-Ab used in this method can bind to both m6A-
RNA and m6A-DNA. M6A-DNA serves as a signaling molecule and participates in the
reaction together with m6A-RNA. After binding to the Ab, RNase A is used to hydrolyze
the bound m6A-RNA. The amount of m6A-RNA is quantified by the decrease in the EIS
signal. The linear range of detection can be improved by using a method of competition
reaction with m6A-DNA and m6A-RNA, followed by degradation. Finally, the EIS signal of
the detection electrode is detected, and the decrease of signal intensity is proportional to the
abundance of m6A-RNA, while the intensity of the signal is inversely proportional to the
amount of m6A-RNA in the sample. This biosensor has the advantages of simplicity and
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sensitivity, with a wide detection range and a sensitivity of up to 0.016 nM. This method
for detecting RNA methylation is not affected by chain length or base sequence and has a
certain degree of universality.

Figure 2. The procedures for fabricating the immunosensor [43]. Copyright 2018, Elsevier.

The above two methods use the principle of base complementary pairing to detect
DNA methylation or RNA methylation. The methods can only detect methylated nucleic
acids as epigenetic markers, and the methods can only detect single biomarkers. Electro-
chemical sensing methods can not only detect nucleic acids in epigenetics but also use
Ag-Ab interactions to detect proteins. They can not only detect single biomarkers but also
perform multiple detections of two different types of biomarkers. Due to their cell-type
specificity, robustness, and ability to be released into body fluids, DNA methylation and
histone acetylation can serve as biomarkers for cancer diagnosis in vitro.

Sheppard’s group used graphene screen-printed electrodes to detect DNA and chro-
matin, because graphene screen-printed electrodes have the advantages of low cost, high
signal-to-noise ratio, and no need for surface preparation [44]. The surface of the screen-
printed electrode was coated with polyaniline, a conductive polymer, to avoid the influence
of defects on the graphene surface while also allowing the Ab to be surface-functionalized.
The anti-5-methylcytosine Ab, which specifically binds to DNA methylation, and the
anti-acetylated histone H3 Ab, which specifically binds to histone acetylation, were then
directly coupled to the polyaniline-modified graphene screen-printed electrode surface.
This label-free method uses EIS to detect DNA and chromatin. The authors used the devel-
oped biosensor to detect endometrial cancer cell and breast cancer cell systems and found
that there is no difference in total DNA methylation, but there is a difference in histone
acetylation. Unlike other methods that are time-consuming or require expensive hardware,
electrochemical biosensors have the advantages of simplicity, sensitivity, and portability
and can be used as important tools for DNA and histone detection. The biosensor devel-
oped by the authors can simultaneously detect two epigenetic markers. It can also be used
to observe the therapeutic effect of epigenetic drugs by detecting cells in vitro. This method
demonstrates the potential of using the same sample for multiple epigenetic detections.

In addition to using EIS to directly detect the binding of analytes to the electrode
surface, there are also some detection methods that use electrochemically active substances
as indicators. Ai’s group used methylene blue as an indicator to detect DNA methylation
and methyltransferase activity [45]. Methylene blue can be inserted into the double-
stranded DNA, providing a reliable electrochemical signal. Methylated DNA can be
selectively cleaved, reducing the amount of methylene blue and producing a decrease in
the electrochemical signal. Li’s group chose the electroactive complex [Ru(NH3)6]3+ as a
signal converter [46]. The electroactive complex can bind to double-stranded DNA through
electrostatic forces. Similar to methylene blue as an indicator, it can also detect methylated
DNA and has a signal amplification effect, with the ability to sensitively detect DNA
methylation. The activity of DNA adenine methylation methyltransferase was detected by
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signal closure. Nie’s group prepared a coenzyme A silver ion-coordinated polymer with
high electrocatalytic activity as a signal probe for high-sensitivity detection of coenzyme A
and histone transferase activity [47].

Direct and label-free epigenetic detection methods have the advantages of being
simple and easy to operate. The methods rely on the specificity of Ag-Ab binding or
DNA base complementary pairing. As the sensitivity of all methods that use EIS to detect
biomarkers is often not enough, conductive material modification or interface orientation
methods have been used to improve the Ab coverage and binding efficiency on the electrode
interface to some degree. Direct detection of DNA methylation distinguishes between
methylation patterns based on the kinetics of hybridization, while RNA methylation is
quantified based on changes in electrochemical impedance caused by enzyme degradation
after competition. DNA methylation and histone acetylation are detected through Ag-Ab
binding. The detection methods are similar and the quantification principle is based on the
signal change of the potassium ferricyanide reduction reaction. However, although direct
detection methods are simple, their sensitivity is not enough. Even though the sensitivity
has been improved by interface modification, it is still not sufficient for the detection of
some low-abundance epigenetic modifications.

3. Methods with Labeled Signal Probes

Due to the low sensitivity of direct detection methods, they are not suitable for the
detection of all epigenetic markers, especially in the detection of low-abundance DNA and
RNA modifications. Even with the use of electroactive indicators, it is still challenging to
meet the high sensitivity requirements for detection. Therefore, there is a need to develop
more sensitive detection methods to improve the performance of electrochemical biosensors.
Common methods to enhance sensitivity involve the use of signal probe labeling. The
methods of signal probes for electrochemical biosensing detection of epigenetic markers
mainly include chemically modifying specific sites, using protein interactions to bind
signals, and employing signal probe methods.

Chen’s group took advantage of the high sensitivity of electrochemistry and used
a signal labeling strategy to detect low-abundance 5-formyluracil (5fU), which is closely
related to the function of DNA (Figure 3) [48]. The most critical step of this method is
to signal-modify the target site of 5fU-DNA. The authors first used the azide derivative
of (2-phenylimidazole) acetonitrile and the aldehyde group of 5fU to form a covalent
bonding through a chemical reaction. Then, DBCO-PEG4-biotin was connected to the
target DNA through a copper-free click chemistry reaction. Next, T4 polynucleotide kinase
was used to catalyze the target DNA to generate a sulfhydryl group at the 5′ end. The
target DNA containing 5fU can be assembled on the electrode surface by the interaction
of Au-S bond. Finally, specific recognition between biotin and streptavidin was used
to label horseradish peroxidase onto the surface of the above electrode. Horseradish
peroxidase catalyzed the oxidation and reduction of hydroquinone to generate an electric
current signal. Differential pulse voltammetry (DPV) was used to detect the current
and enable high-sensitivity detection of 5fU. The specificity of detection comes from the
specific recognition of azide to 5fU. Introducing a biotin label at the position of 5fU and
then combining it with streptavidin-horseradish peroxidase can significantly improve the
detection sensitivity. Using T4 polynucleotide kinase to directly connect the target DNA
onto the electrode through a covalent bond is more direct and does not require a capture
probe. This method can avoid interference from 5-formylcytosine and apyrimidinic sites in
the detection of 5fU. At the same time, this direct bonding method also avoids the sequence
matching problem caused by the use of capture probes in traditional connection methods.
This method has a good linear range and a low detection limit.
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Figure 3. Schematic illustration of the electrochemical detection of 5fU [48]. Copyright 2021, American
Chemical Society.

The chemical modification of signal probes requires the use of toxic chemical reagents
and involves multiple steps of manipulating the target DNA during the labeling process.
The labeling process may cause some loss of targets, which can introduce bias in the
upstream analysis and affect the accuracy of the experimental results. Although the
method uses chemical substances to recognize specific sites and achieve specific labeling,
the drawbacks of the method are also evident. The complex processing steps limit the
practicality of this method. Compared with the method of modifying DNA using chemical
reagents, the specific binding of biological proteins is safer and more reliable. Biological
proteins can selectively bind to specific groups without the need for complex processing
steps, and they do not have toxic effects on the operator, making them a safer and more
reliable modification labeling method.

Ai’s group developed a biosensor to detect cytosine methylation of CpG dinucleotides
and the activity of methyltransferase (MTase) in DNA, using a methyl-binding domain
(MBD) protein that can specifically bind to CpG dinucleotides and Coomassie brilliant blue
G250 (CBB-G250) as the signal label (Figure 4) [49]. This sample method can also be applied
to screen for MTase inhibitors. The process of this method is to fix the capture DNA probe
on the electrode using the Au-S bond firstly and then hybridize the target DNA with the
capture DNA probe. Treatment of the hybridized DNA with M.SssI-MTase in the presence
of the methyl donor S-adenosylmethionine can methylate CpG dinucleotide specific sites.
The methylated CpG region can be specifically recognized and bound by the MBD protein.
CBB-G250 can bind to the MBD protein through intermolecular forces. CBB-G250 is a
common electroactive molecule that can provide redox signals to methylated DNA. When
the CCGG symmetrical sequence of the hybrid molecule is specifically recognized and cut
by the Hpall restriction endonuclease, it cannot be methylated by MTase. The amperometric
current method is used to detect the redox signal of CBB-G250, and the obtained current
signal can reflect the level of DNA methylation and the activity of MTase. The authors
developed a simple, portable, and sensitive biosensor that can be used to detect DNA
methylation and MTase activity, and it can also screen for methylation inhibitors.
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Figure 4. Schematic representation of the developed method for detection of DNA methylation and
assay of M. SssI MTase activity [49]. Copyright 2013, Elsevier.

In addition to detecting DNA methylation, the above methods can also be used to
detect DNA MTase. The detection of enzymes related to epigenetic nucleic acid markers
is also essential for studying epigenetics. Detecting DNA MTase is different from directly
detecting nucleic acid markers, as it requires a reactive subject. Using the specific binding
ability of biological proteins and the non-specific binding method of specific groups and
Coomassie blue does not directly combine with the label. The binding between the label
and the electrode is not specific, which may result in insufficient accuracy in actual sample
detection. Developing a method that can directly and specifically bind to the electrode
can improve accuracy and sensitivity. The use of unique hairpin probes to generate
capture probes and then combine them with signal probes can increase the specificity of
the recognition process. It is also important to detect MTase for epigenetic research.

Yan’s group developed a sensitive and simple method for detecting MTase activity
using hairpin DNA probes (Figure 5) [50]. The key design of this method is the elaborate
design of the hairpin DNA probe. The 5′ end of this hairpin DNA probe is modified with
a sulfhydryl group, which can directly generate an Au-S covalent bond with the gold
electrode, fixing the probe on the electrode surface. The hairpin DNA probe also has a
methylation recognition site. After treatment with MTase or restriction endonucleases such
as Dam MTase and Dpn I that can recognize methylated sites, the hairpin DNA probe is
cleaved. The remaining DNA fragments after cleavage are still left on the electrode as a
capture probe that can hybridize with a signal probe. The signal DNA probe is modified
with methylene blue, which can undergo redox reactions on the electrode surface. Unlike
conventional detection methods where the signal is directly labeled on the target molecule,
this method cleverly designs the capture probe to release and bind with the signal probe.
When the hairpin DNA probe cannot be cleaved due to methylation, the capture probe
cannot be released and cannot bind with the signal probe, avoiding false-positive results.
This method is simple to prepare and easy to operate, and it has good selectivity and
high sensitivity. The detection limit for Dam MTase using this method is 0.07 U/mL. This
method can also be applied to the screening of inhibitors and the discovery of anticancer
drugs. Yuan’s group evaluated the activity of DNA transferase using a commercial blood
glucose meter [51]. This method used biotin-avidin-peroxidase as a label to achieve sucrose
catalytic hydrolysis and used a blood glucose meter to convert the signal for detection.
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Figure 5. Schematic representation of the electrochemical sensor for the assay of MTase activity [50].
Copyright 2012, Elsevier.

Most of the label-based electrochemical detection methods for epigenetics use sub-
stances with electrochemical activity, such as CBB-G250, methylene blue, or enzymes that
catalyze reactions such as the biotin-avidin-peroxidase system. The changes in current
in the electrochemical or enzyme-catalyzed redox reactions are used for detection. This
method has higher sensitivity and specificity compared to direct detection methods. It
can detect not only epigenetic biomarkers but also enzymes that cause abnormal changes,
making the range of substances detected wider and the sensitivity higher. However, the
labeling method is cumbersome and may have multiple synthesis steps. The storage time
of the labeled target is also greatly limited.

4. Methods Based on Signal Amplification

Signal labeling methods can improve detection sensitivity, enabling quantitative de-
tection of low-abundance 5-methyluracil and expanding the range of electrochemical
detection. However, the signal labeling operation itself involves multiple steps, increasing
the complexity of actual detection operations. Additionally, the limited storage time of
the target may restrict the practical application of the method. Considering that the signal
labeling method has limitations in improving sensitivity, it still lacks detection capabilities
for ultra-low-abundance epigenetic biomarkers. Developing a method for ultra-sensitive
detection of ultra-low-abundance markers is crucial. Signal amplification methods can
effectively solve this problem. Signal amplification methods mainly include using a dual
signal amplification strategy combining PCR and CRISPR/Cas12 systems, redox signal
amplification combined with enzyme-catalyzed amplification, and a multi-step circuit
amplification design. Detection methods based on signal amplification can significantly
improve detection sensitivity.

Liao’s group used the difference in the thermodynamic stability of hybridization
between a xeno nucleic acid (XNA) probe with m6A-RNA and A-RNA to develop a specific
reverse transcription polymerase chain reaction for m6A-RNA (Figure 6) [52]. Combined
with the CRISPR/Cas12a signal amplification strategy, m6A modification can be detected
with high sensitivity. In the detection process, RNA is extracted from cells to obtain RNA
containing m6A-RNA and A-RNA without methylation modification. XNA probes are used
to hybridize with RNA. Non-methylated RNA and XNA are more stable after hybridization,
and the strand displacement reactions (SDR) with the reverse transcription primer occur
slowly. Due to the hybrid of m6A-RNA and XNA being unstable, the m6A-RNA can
preferentially undergo SDR with the reverse transcription primer. The reverse transcription
of non-methylated RNA is blocked by the XNA probe, directly magnifying the minute
differences between m6A-RNA and A-RNA. The single-stranded DNA obtained from the
reverse transcription of m6A-RNA is PCR amplified to generate double-stranded DNA,
which is positively correlated with the m6A fraction. The authors utilized the differences in
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thermodynamic stability between m6A-RNA and RNA hybridization with XNA and the
difficulty of SDR to amplify the small differences in the first step after PCR amplification.
Then, the CRISPR/Cas12a system is used to amplify the signal. The CRISPR-derived RNA
(crRNA) in the designed CRISPR can specifically target the m6A RT-PCR amplification
fragment. The CRISPR/Cas12a system is activated by the specific double-stranded DNA
generated in the reverse transcription polymerase chain reaction and the realized signal
amplification output. A methylene blue-modified DNA probe is immobilized on the gold
electrode surface, and the remaining bare area of the Au electrode is blocked by MCH
before adding the activated Cas12 reaction system. After the DNA probe is cut away
from the electrode surface, the methylene blue molecules on the electrode are released.
The abundance of m6A-RNA is quantified by detecting the decrease in the square wave
voltammetry signal. In this study, the authors used a dual signal amplification system.
After amplifying the signal with RT-PCR, the CRISPR/Cas12a system was used to further
amplify the signal. The m6A-RNA can be detected with ultra-high sensitivity and can
sensitively detect 1% m6A sites.

 
Figure 6. Schematic illustration of the MsRT-PCR and CRISPR/Cas12a integrated detection system.
(A) The principle of MsRT-PCR. (B) The procedure of dsDNA products activated CRISPR/cas12a
system for signal amplification [52]. Copyright 2023, Elsevier.

The method of using RT-PCR and the CRISPR/Cas12a system amplification can
achieve ultra-sensitive detection of extremely low-abundance m6A-RNA. However, the
principle of realizing specific detection using this signal amplification method is based on
the difference in complementary pairing with exogenous nucleic acid fragments. Nucleic
acid-based complementary pairing detection has strong sequence specificity and can only
detect nucleic acids with specific sequences. The CRISPR/Cas12a system also requires
a specific sequence design to complete the dual signal amplification. Through the dual
specificity recognition of exogenous nucleic acid probes and crRNA, as well as the combined
signal amplification of PCR and CRISPR/Cas12a, the specificity and sensitivity can be
significantly improved. However, this method can only detect m6A-RNA with specific
sequences, which also has certain limitations.

Compared with the dual signal amplification method based on nucleic acid comple-
mentary pairing, the following signal amplification method based on magnetic separation
does not require a specific sequence design or signal labeling and can achieve signal
amplification for the detection target. Zhang’s group developed an unlabeled electro-
chemical magnetic biosensor for the quantitative detection of 5-hydroxymethylcytosine
(5-hmC) DNA, which is closely related to cancer and is an important epigenetic biomarker
for tumorigenesis (Figure 7) [53]. The core of this method is coupling with the terminal
deoxynucleotidyl transferase (TDT) enzyme-catalyzed amplification and Ru(III) redox
cycling, a dual signal amplification system, to significantly improve the sensitivity of the
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detection. In the detection process, 5-hmC is first modified and enriched. The 5-hmC
specific site in the non-paired double-stranded DNA is modified by a biotinyl-cysteine
derivative. After purification using a Micro-Bio-Spin P6 column, biotin-coupled 5-hmC
double-stranded DNA is obtained. Because biotin has good specificity with streptavidin,
the biotin-coupled double-stranded DNA is bound to magnetic beads coated with strepta-
vidin, which links the double-stranded DNA and magnetic beads to achieve the enrichment
effect. The magnetic beads linked with double-stranded DNA are elongated by terminal
deoxynucleotidyl transferase treatment. Ru(NH3)6

3+ is positively charged, which can be
electrostatically attracted to the negatively charged phosphate backbone of DNA. They can
be combined through electrostatic interaction, allowing Ru(NH3)6

3+ to reach the vicinity
of the DNA main chain. The magnetic beads linked with DNA double-strands can bind
to the screen-printed electrode surface through magnetic force without immobilization.
Fe(CN)6

3− is negatively charged and repels the DNA main chain, making it difficult to
contact. Ru(NH3)6

3+ directly participates in the electrochemical redox process. With Ru(III)
being reduced to Ru(II), Ru(II) can react with Fe(CN)6

3−, causing Ru(II) to be oxidized to
Ru(III) again. The regenerated Ru(III) can continue to bind with DNA to participate in
the redox cycle. The redox process of Ru can further amplify the electrical signal. This
electrochemical biosensing detection method has good specificity and can significantly
distinguish 5-hmC from 5-methylcytosine. This method does not require specific templates
or a special sequence design and is not limited to DNA with specific base sequences. Am-
plification is performed through molecular interactions without signal labeling. The dual
signal amplification system enables a detection limit as low as 9.06 fM.

Figure 7. Schematic illustration of a label-free and immobilization-free electrochemical magneto-
biosensor for 5-hmC assay [53]. Copyright 2019, American Chemical Society.

Although the electrochemical magnetic biosensor method does not require signal
labeling and is not limited to specific base sequences, the detection process involves column
separation technology and magnetic enrichment technology, making the steps relatively
complex. The above method uses terminal deoxynucleotidyl transferase treatment, which
is an enzyme-dependent and magnetic-dependent complex detection technology. Although
it greatly improves detection sensitivity, the implementation of magnetic separation tech-
nology also requires specific modifications and column separation treatment for specific
sites. The more complex and cumbersome the operation step, the more potential biases
may be introduced. Chemical modification of specific sites requires the use of chemical
reagents and long reaction times. In contrast to the above-mentioned magnetic separation
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technology, the use of multi-step circuit amplification technology achieves an enzyme-free
and treatment-free process. Using the multi-step circuit cycling to achieve signal ampli-
fication does not require special chemical treatment and long reaction times, making the
detection process as simple as possible while improving sensitivity. In addition to direct
detection and signal labeling methods, signal amplification methods have also been used
for sensitive detection of DNA methylation.

Based on a multi-step DNA amplification circuit design, Wang’s group developed a
sensitive proportional electrochemical biosensor for detecting methylated DNA (Figure 8) [54].
The multi-step circuit amplification design, which is a non-enzymatic amplification design,
can use the product upstream as the initiator of the downstream circuit, effectively achieving
signal amplification. The core of the non-enzymatic electrochemical biosensor designed
by the authors is the design of multi-step circuit amplification, mainly including three
cycles. Introduction of methylated target DNA in the first cycle triggers a Mg2+-dependent
DNA enzyme cycle, causing the hairpin structure to break and generate HP1*. The HP1*
generated in the first cycle can act as an initiator for the second cycle, starting the CHA-1
cycle. QHP2/HP3 produced by the CHA-1 cycle can initiate the third cycle CHA-3, ul-
timately generating the four-way junction QHP4/QHP5. The multi-step amplification
circuit is triggered by methylated target DNA and generates a DNA four-way junction after
three cycles. The gold electrode surface is fixed with a capture probe, which binds to the
signal probe of methylene blue. The DNA four-way junction can bind to the capture probe,
undergo strand displacement reaction, replace the original signal probe of methylene blue,
and connect the DNA four-way junction to the electrode interface. The DNA four-way
junction has sufficient sites to introduce doxorubicin molecules. By detecting the ratio of
doxorubicin and methylene blue signals using electrochemistry, the methylated target DNA
can be sensitively detected. The ratiometric method is a way to detect biomarkers based on
the ratio of two independent signals, rather than using a specific signal output value. Using
the ratio of two signals to detect can significantly improve the accuracy and precision of
detection. The oxidation-reduction of doxorubicin and the signal probe of methylene blue
can be used as a pair of signal reporters. Although the ratiometric method produces stable
and repeatable signals, amplification methods are used to increase the limited sensitivity.
The multi-step circuit amplification method exhibited high sensitivity for target analysis
with a detection limit of 4 aM.

 
Figure 8. Schematic illustration for the ratiometric electrochemical detection of methylated target
DNA based on multistep DNA amplification circuits [54]. Copyright 2022, Elsevier.

Ai’s group developed an electrochemical detection method for DNA hydroxymethy-
lation based on alkaline phosphatase-catalyzed signal amplification [55]. This method
involves specific modification of the group with glycosylation and bridging with 1,4-
phenylene diboronic acid to capture alkaline phosphatase. Signal amplification is achieved
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through enzyme-catalyzed generation of p-nitrophenol. This method can detect 5-hmC
with high selectivity and sensitivity. Xie’s group developed a method combining m6A-
sensitive DNA enzyme and three-way junction-mediated isothermal exponential CRISPR
amplification to identify methylated RNA by using deoxyribonuclease for specific cleavage
of non-methylated RNA and three-way junction. Isothermal CRISPR amplification can
amplify the signal to achieve high-sensitivity detection of low-abundance m6A-RNA [56].
Zhao’s group combined sodium bisulfite conversion and PCR amplification and devel-
oped an electrochemical biosensor with methylation specificity using PCR amplification
and enzyme-catalyzed signal amplification to quantitatively detect methylation of tumor
suppressor gene promoter [57]. Our group developed a method combining glycosylation
modification and enzyme-catalyzed signal amplification to detect 5-hmc DNA [58]. The
developed electrochemical biosensor has high specificity and is multiplexed, capable of
detecting multiple samples simultaneously. Li’s group used the peroxidase property of
G-quadruplex-Cu(II) metalloenzyme to catalyze hydrogen peroxide for signal amplification
to electrochemically detect histone acetyltransferase activity [59].

Direct detection and labeled detection can detect epigenetic markers with high abun-
dance, but there are still many biomarkers with extremely low abundance that are difficult
to detect by simple signal labeling. The signal generated by a single label is not suffi-
cient to meet the detection requirements. Signal amplification methods provide a good
solution for this problem. Signal amplification methods can further amplify the signal
when combined with other methods. For example, in m6A-RNA detection, PCR and the
CRISPR/Cas12a system can be combined, or an amplification circuit and ratio signal can be
combined, or magnetic bead enrichment and Ru oxidation-reduction signal amplification
can be combined. Signal amplification technology is no longer just using signal labeling but
also combining multiple technologies to achieve electrochemical detection methods with
improved sensitivity. Compared with conventional detection methods, signal amplification
technology is more complex, but it provides more accurate and precise measurements, and
has greater specificity, which can detect specific targets at specific sites. More importantly,
signal amplification technology greatly improves detection sensitivity.

By amplifying the signal, the sensitivity and detection limit of the sensor can be im-
proved, enabling the detection of low-concentration target substances. In addition to using
signal amplification methods, interface modification methods can also be used to enhance
the stability, selectivity, and biocompatibility of biosensors, to improve signal transmis-
sion efficiency, and to reduce background noise, thereby improving the sensor’s detection
performance. Electrochemical biosensor interface modification and signal amplification
play different roles. Signal amplification is mainly used to enhance the detection signal of
the target analyte. Interface modification mainly focuses on improving the sensor surface
to enhance sensor performance. They each have their advantages, but in some aspects,
interface modification may be more advantageous than signal amplification. Interface mod-
ification can improve the stability of the sensor, allowing it to maintain performance over
long periods of use or under different conditions, while signal amplification may introduce
additional instability factors, such as enzyme inactivation or aggregation of nanomaterials.
Interface modification can improve the selectivity of the sensor by modifying specific
recognition elements, enabling the sensor to better distinguish between target analytes and
interfering substances. In some cases, interface modification can achieve simpler operation
and fewer steps, thereby improving the ease of the practical use of biosensors.

5. Methods Based on Nanostructured Modified Electrodes

As designing various signaling methods is necessary to improve the sensitivity of
epigenetic analysis, developing high-performance electrodes is extremely important for
electrochemical biosensing methods, providing both high sensitivity and high signal-to-
noise ratio. The development of nanostructured modified electrodes becomes a more
acceptable choice because nano-biomaterials and interfaces show unique performance
for biosensing applications. The method of modifying nanostructures on the electrode
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surface is simpler and requires less sample processing. It can improve the sensitivity
without complicated processing, making the detection method more concise in operation
while meeting the sensitivity requirements. Nanostructure modification methods can
significantly improve the signal-to-noise ratio and enhance the interference resistance of
biosensors. Using nanostructure-modified electrodes can compensate for the interface
defects of electrochemical biosensors, making the interface more regular, facilitating the
binding of target molecules, and reducing background noise. The core of electrochemical
biosensing lies in the binding of capture probes and analytes, and modifying the interface
with nanomaterials is more conducive to capturing target substances. Currently, commonly
used nanostructure-modified electrode methods include modifying the electrode surface
with alloy nanostructures, directly generating nanostructures on the substrate surface and
combining them with metal nanoparticles, modifying the electrode surface with composite
materials, modifying the electrode surface with gold nanoparticles, and modifying the
electrode surface with DNA tetrahedra.

Recent studies have shown that noncoding RNAs play an increasingly important role
in the regulation of epigenetics. Noncoding RNAs are functional RNA molecules that
cannot be translated into proteins, and some common regulatory noncoding RNAs include
small interfering RNAs, miRNAs, piRNAs and long-stranded noncoding RNAs [60]. MiR-
NAs are short endogenous noncoding RNAs that control epigenetic remodeling. Shiddiky’s
group designed a gold-loaded nanoporous superparamagnetic iron oxide nanocubes as a
nanomaterial to improve the performance of the electrochemical biosensor to detect miRNA
(Figure 9) [61]. This nanomaterial is highly porous and has an exposed gold surface, which
binds to DNA or RNA more efficiently through affinity interactions, thereby increasing the
binding efficiency with ribonucleotides. This nanocube has catalytic activity towards Ru(III)
and is an electroactive material that can amplify detection signals through catalytic redox
processes. The iron oxide material is paramagnetic, which enables magnetic separation for
sample enrichment and separation. In the specific detection process, RNA is first extracted
from the sample, and the target RNA is extracted using the specific interaction between the
streptavidin-modified magnetic beads and the biotin-modified capture probe. The extracted
miRNA is then magnetically separated and released. The released miRNA is adsorbed onto
the gold-loaded iron oxide nanocube. Since RNA molecules contain a negatively charged
phosphate backbone, they can bind with positively charged Ru(III) through electrostatic
interaction, resulting in a large number of Ru(III) molecules on the RNA molecules. The
Ru(III) redox process is coupled with the [Fe(CN)6]3−/4− redox system to further amplify
the signal. The quantitative information of miRNA can be obtained by detecting the Ru(III)
bound to the electrode surface using chronoamperometry. This method solves the problem
of amplifying miRNA that cannot be achieved by other methods and can achieve highly
specific and sensitive detection even at low abundance and in the presence of similar
RNA interference. This method uses nanomaterials to modify the electrode interface and
combines multiple electrochemical signal amplification systems to achieve ultra-sensitive
detection of miRNA with a detection limit of 100 aM.

The method of modifying electrodes with iron oxide nanocubes loaded with gold
can detect miRNA without amplification. MiRNA binds to iron oxide nanocubes loaded
with gold through affinity interactions. The nanoparticles themselves do not have specific
binding capabilities and do not have interference resistance to other RNAs. In the detec-
tion process, the target miRNA needs to be processed first by using magnetic separation
and enrichment, and then the specific capture probe is used to extract and release the
target miRNA.
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Figure 9. Schematic illustration of electrocatalytic detection of miR-107 using gold-loaded nanoporous
superparamagnetic iron oxide nanocubes (Au-NPFe2O3NC) [61]. Copyright 2018, Elsevier.

Lim’s group develops an electrochemical biosensor for the detection of 5-hmc using a com-
bination of zinc oxide nanorods (ZnO NRs) and gold nanoparticles (Au NPs) (Figure 10) [62].
Compared to iron oxide nanocubes loaded with gold, the generated ZnO NRs loaded with
Au NPs have a certain ability to distinguish target molecules. The difference in adsorption
properties can effectively distinguish between target molecules and interfering molecules
without additional extraction and enrichment steps. The direct generation of ZnO NRs also
makes the process between nanoparticles and electrodes interference-free, resulting in a
more stable electron transfer process.

Figure 10. Schematic of the fabrication process of the Au NPs/ZnO NRs nanostructure-based sensor
for 5hmC detection [62]. Copyright 2021, Wiley.

The core of the biosensor is the construction of nanostructures to detect 5-hmC, which
is closely related to cancer epigenetics. AuNPs serve as excellent platforms to detect
a variety of biomolecules because of their excellent biocompatibility, conductivity, and
diverse surface functionalization options. The affinity of 5-hmC and 5-mC for Au is
different, and their different adsorption and affinity abilities can be used for label-free
electrochemical detection and quantification. ZnO NRs have good biocompatibility and
are widely used in biochemical-related detection. ZnO NRs can be directly grown and
synthesized on the electrode and can directly contact the electrode, avoiding interference
from other substances and providing a stable connection for electron transfer, thereby
improving sensing performance. They also have a large surface area that can be used
for modification and connection. First, they sputtered ultrathin ZnO quantum dots as a
seed layer sputtered onto indium tin oxide glass substrate. Then, they fabricate the hybrid
structure by the vertical hydrothermal growth of ZnO NRs on the zinc oxide film. Finally,
they modify gold nanoparticles onto the surface of the ZnO NRs resulting in the direct
generation of nanomaterials on the electrode surface. Because the adsorption of 5-hmC
on the gold surface is lower than that of 5-mC, a larger current signal is generated during
current detection. The biosensor developed by the authors can also distinguish different
levels of 5-hmC DNA very well. This method avoids selective modification of the sample
and instead constructs nanostructures on the electrode surface and modifies the surface of
the biosensor in a controllable manner by directly growing nanostructures on the substrate.
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At the same time, the surface of the ZnO NRs can also be modified with gold nanoparticles,
which can reflect the good performance and structure of the surface nanostructures. Instead
of loading another capture probe on the surface, the distinction between 5-hmC and
interference is based on the adsorption properties of the nanostructures.

The two methods mentioned above utilize the affinity interaction between miRNA
and iron oxide nanocubes loaded with gold, as well as the adsorption property of 5-hmc
on ZnO NRs modified with AuNPs, to successfully bind target molecules to the electrode
surface. Both of these binding methods do not have high specificity, so pre-extraction and
enrichment are required, or they can only distinguish between one interfering molecule and
the target molecule. Compared to using the inherent affinity or adsorption of nanoparticles
to directly bind to the analyte, nanoparticles can also provide a stable structural foundation
for the electrode surface. The use of composite materials, such as Graphene oxide-Fe3O4-β-
cyclodextrin(GO-Fe3O4-β-CD), can provide a stable cavity nanointerface for the electrode
surface, increasing the surface area of the electrode and providing stable binding sites for
specific capture antibodies. Subsequently, the specific binding of antigens and antibodies
is used to detect DNA methylation of unknown sequences in the target. The specific
interaction method that connects target molecules and electrodes significantly improves
the specificity of detection.

Chen’s group developed an electrochemical immunosensor that can use antibodies to
recognize DNA bases to detect DNA methylation of unknown sequences (Figure 11) [63].
They prepared a GO-Fe3O4-β-CD nanocomposite material, which combines the advantages
of GO-Fe3O4, which has good biocompatibility, a large specific surface area, and good
dispersion, with β-CD, which has a hydrophobic cavity that can form stable host-guest
complexes. The authors dropped the synthesized GO-Fe3O4-β-CD composite nanomaterial
on the glassy carbon electrode surface, forming a stable nanointerface with a large number
of cavities, which increased the surface area of electrode and provided many antibody
binding sites. Then, they immobilized the antibody for 5-mC on the formed nanointerface.
Through the specific interaction between the antigen and antibody, the target gene can be
captured. After methylation DNA binds to the antibody, the Ru(NH3)6

3+/Fe(CN)6
3− redox

amplification system is used for current amplification, significantly increasing the sensitivity
of detection. The current detected by the electrochemical biosensor is related to the amount
of methylated DNA. The method of modifying the interface using nanomaterials can
achieve a detection limit of 0.0825 pm. Using capture antibodies instead of specific sequence
DNA as capture probes can detect DNA methylation of unknown sequences, but there is an
issue of poor detection specificity. The combination of electrochemical detection methods
and nanotechnology can achieve high sensitivity.

Figure 11. Schematic representation of the electrochemical immunosensor for detection of MGMT
gene methylation [63]. Copyright 2022, Elsevier.
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Our group used the ordered orientation, controllable spacing, good biocompatibil-
ity, and high stability of framework nucleic acids to develop electrochemical biosensors
for the detection of DNA methylation (Figure 12) [64,65]. By using the nanostructure of
DNA framework nucleic acids, the probe and surface can be separated from each other,
making it easier to bind with the analyte in the solution, achieving high sensitivity detec-
tion of DNA methylation. We developed the method that first extracts and amplifies the
circulating methylated DNA in trace plasma, with single-copy sensitivity and ultrahigh
specificity. Subsequently, biotin-labeled methylation-specific primers are used for asymmet-
ric methylation-specific PCR amplification of methylated DNA, generating a large number
of biotin-labeled single-stranded amplicons. Self-assembled DNA tetrahedra modified on
the gold electrode immobilize the DNA nanostructured probes on the electrode surface
to capture the amplicons. Finally, horseradish peroxidase-avidin and biotin-avidin bind
together, and horseradish peroxidase catalyzes the redox process to produce an electro-
chemical signal. The use of DNA tetrahedra-modified electrodes provides stable support
for the capture probe, achieving orientational order and distance control, increasing target
polarizability, and reducing non-specific adsorption of byproducts, resulting in efficient
and specific hybridization with a significantly reduced signal-to-noise ratio. We used the
developed method to determine the DNA methylation of the p16INK4a gene promoter
in trace plasma samples from lung cancer patients, and the results demonstrated good
consistency with clinical diagnosis.

Figure 12. Schematic representation of the sequential discrimination–amplification strategy [64].
Copyright 2017, Royal Society of Chemistry.

Huang’s group developed a highly sensitive electrochemical gene sensor for detect-
ing cancer long noncoding RNA using a composite interface of graphene-like tungsten
disulfide/dendritic gold nanostructures [66]. The composite nanointerface ensures the
biological recognition ability of the target and capture probes. Zhang’s group developed an
electrochemical immunobiosensor for m6A-RNA detection using a glassy carbon electrode
modified with gold nanoparticles [67]. Ai’s group used a gold electrode modified with
gold nanoparticles as the substrate to develop an electrochemical immunosensor for m6A-
RNA detection [68]. The developed electrochemical biosensors have high sensitivity and
specificity for target detection. Raouafi’s group conducted simple and sensitive detection
of miRNA-21 on the surface of electrode structures modified with gold nanoparticles [69].
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6. Other Electrochemical Biosensing Methods

Electrochemical biosensing technology can also be combined with other techniques
to detect epigenetic biomarkers. When there are many interferences in the sample, pre-
processing or amplification of the sample can be chosen before electrochemical detection.
Matson’s group has reported using high-performance liquid chromatography (HPLC) to
separate trace amounts of 7-methyl guanine and then using electrochemical detection to as-
sess DNA methylation levels in Huntington’s disease [70]. This method takes full advantage
of the powerful separation capability of HPLC and the high sensitivity of electrochemical
sensors to quantify trace base changes. Lu’s group used electrochemical and linker-PCR
technology coupling to detect the methylation of the 5′-CpG islands of the human p16Ink4a
gene [71]. The PCR was used to synthesize and purify target DNA fragments, which were
then detected using DNA biosensors for hybridization. This electrochemical biosensor has
the advantages of fast speed, high sensitivity, and low cost. Toumazou’s group applied
semiconductor technology to the electrochemical detection of cancer DNA methylation,
using Ion-Sensitive Field-Effect Transistors in real-time DNA methylation detection for
the first time through experimental verification [72]. The introduction of semiconductor
technology in disease detection can provide new solutions for disease detection.

Table 1 summarizes the methods for detecting epigenetic modifications by electro-
chemical biosensors mentioned above.

Table 1. Recent studies on electrochemical methods for detecting epigenetic modifications.

Epigenetic Mark Technique Linear Range LOD Ref

dsM25T DNA EIS - - [42]
m6A-RNA EIS 0.05–200 nM 0.016 nM [43]

5-mC DNA and acH3 EIS
DNA (4.8 pg/μL–75 ng/μL)
Chromtin (8.6 pg/mL–134

ng/μL)
- [44]

5fU-DNA DPV 0.1–10 nM 0.075 nM [48]
MDNA and MTase EIS 0.1–40 U/mL 0.04 U/mL [49]

MTase ACV 0.1–1.0 U/mL 0.07 U/mL [50]
m6A-RNA SWV 0.01–0.2 0.01 [52]

5-hmC DNA DPV 0.01–1000 pM 9.06 fM [53]
MDNA SWV 10 aM–to 20 pM 4 aM [54]
miR-107 CC 100 aM–1.0 nM 100 aM [61]

5-hmC DNA CV - - [62]
5-mC DNA DPV - 0.0825 pM [63]

MDNA CA 3–150 pg - [64]
ACV: Alternating current voltammetry. SWV: square wave voltammetry. CC: chroncoulmetric. CV: Cyclic
Voltammetry. CA: Chronoamperometry.

7. Conclusions and Prospect

Since the association between epigenetic modifications and cancers came into the
spotlight in 1964, epigenetic modifications have been the subject of investigation. In this
field, the great advantages of electrochemical biosensors in terms of high sensitivity, easily
operated instrumentation, and loss cost have converted them in promising tools. In this re-
view, we have classified and summarized the methods of using electrochemical biosensors
for detecting epigenetic modifications and explained the applicable scope and character-
istics of different detection methods, pointing out the advantages and disadvantages of
these methods.

Simple, direct, and label-free electrochemical methods can solve some epigenetic
problems, but due to their insufficient detection sensitivity and accuracy, they are not
suitable for detecting low amounts of RNA. The use of signal labeling, which can modify
the biomarkers, improves the electrochemical biosensing sensitivity of detection. However,
the labeling process is complex and can introduce bias, which can affect the detection results.
Moreover, the labeling signal also has certain limitations and cannot detect markers with
extremely low sensitivity. Electrochemical detection methods based on signal amplification

213



Chemosensors 2023, 11, 424

strategies can detect low-abundance RNA, and some methods can achieve sensitivity
of aM. However, signal amplification strategies require high specificity and need to be
designed ingeniously, and they can only detect specific epigenetic biomarkers. The method
of modifying the electrode surface with nanostructures can solve the problem of insufficient
sensitivity. Nanoparticles have superior conductivity and high surface area, which can
provide more binding sites to improve detection sensitivity.

It is now clear that electrochemical biosensing methods can improve the sensitivity
of epigenetic analysis through signal label modification, signal amplification, or electrode
surface modification with nanomaterials. However, most of the methods described in the
literature were only used for proof-of-concept validation and had not yet been applied to
real-life samples. Real biological samples are more complex, with excessive interference,
making accurate analysis challenging. Current electrochemical biosensing methods for
epigenetics mainly focus on research related to DNA methylation, with fewer reports on
other epigenetic modifications and a limited research scope. In the future, it is necessary
to expand the detection of other epigenetic modifications. The abundance of epigenetic
biomarkers in the body is very low, and there are few detection methods that can achieve
high sensitivity at low abundance. To meet the detection requirements, signal amplification
and nanomaterial modification remain the main research directions for the electrochemical
detection of epigenetic biomarkers. For the interference problem in the detection of real-life
samples, it is necessary to consider using simple and reliable specific recognition methods
while also achieving signal amplification. This will be a major focus of future research.
Current detection methods are mainly focused on single epigenetic molecules, with fewer
reports on the combined detection of multiple related epigenetic biomarkers. It is hoped
that in the future, the high-throughput advantage of electrochemical biosensors can be
developed to enable rapid and multiplex detection of epigenetic biomarkers.

With the development of technology, people have higher requirements for high sen-
sitivity and high specificity while hoping that the detection methods can meet the needs
of portability, simplicity, and ease of operation. The development of nanotechnology and
electrochemical technology will promote the development of electrochemical detection of
epigenetics. Ultimately, the development of these detection methods needs to solve practi-
cal problems, and the future clinical application of electrochemical detection of epigenetics
can be rapidly developed.

Author Contributions: Writing—original draft, Z.H.; writing—review and editing, S.S.; figures, Y.D.;
literature retrieval, Z.H., Y.D. and J.S.; funding acquisition, S.S.; supervision, S.S. and T.L. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was supported by the National Science and Technology Foundation (21974147;
32000921).

Institutional Review Board Statement: The study did not require ethical approval.

Informed Consent Statement: This study did not involve humans.

Data Availability Statement: Data are available upon request.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Waterland, R.A.; Michels, K.B. Epigenetic epidemiology of the developmental origins hypothesis. Annu. Rev. Nutr. 2007, 27,
363–388. [CrossRef]

2. Kim, J.K.; Samaranayake, M.; Pradhan, S. Epigenetic mechanisms in mammals. Cell Mol. Life Sci. 2009, 66, 596–612. [CrossRef]
3. Wu, Y.L.; Lin, Z.J.; Li, C.C.; Lin, X.; Shan, S.K.; Guo, B.; Zheng, M.H.; Li, F.; Yuan, L.Q.; Li, Z.H. Epigenetic regulation in metabolic

diseases: Mechanisms and advances in clinical study. Signal Transduct. Target. Ther. 2023, 8, 98. [CrossRef] [PubMed]
4. Campuzano, S.; Pedrero, M.; Yánez-Sedeño, P.; Pingarrón, J.M. Advances in Electrochemical (Bio)Sensing Targeting Epigenetic

Modifications of Nucleic Acids. Electroanalysis 2019, 31, 1816–1832. [CrossRef]
5. Chen, Y.; Zhou, Y.; Yin, H. Recent advances in biosensor for histone acetyltransferase detection. Biosens. Bioelectron. 2021, 175,

112880. [CrossRef]

214



Chemosensors 2023, 11, 424

6. Hulshoff, M.S.; Xu, X.; Krenning, G.; Zeisberg, E.M. Epigenetic Regulation of Endothelial-to-Mesenchymal Transition in Chronic
Heart Disease. Arterioscler. Thromb. Vasc. Biol. 2018, 38, 1986–1996. [CrossRef]

7. Chen, X.; Sun, Y.Z.; Liu, H.; Zhang, L.; Li, J.Q.; Meng, J. RNA methylation and diseases: Experimental results, databases, Web
servers and computational models. Brief. Bioinform. 2019, 20, 896–917. [CrossRef] [PubMed]

8. Xie, S.; Chen, W.; Chen, K.; Chang, Y.; Yang, F.; Lin, A.; Shu, Q.; Zhou, T.; Yan, X. Emerging roles of RNA methylation in
gastrointestinal cancers. Cancer Cell Int. 2020, 20, 585. [CrossRef]

9. Zhu, H.; Zhu, H.; Tian, M.; Wang, D.; He, J.; Xu, T. DNA Methylation and Hydroxymethylation in Cervical Cancer: Diagnosis,
Prognosis and Treatment. Front. Genet. 2020, 11, 347. [CrossRef]

10. Chen, Y.; Hong, T.; Wang, S.; Mo, J.; Tian, T.; Zhou, X. Epigenetic modification of nucleic acids: From basic studies to medical
applications. Chem. Soc. Rev. 2017, 46, 2844–2872. [CrossRef]

11. Bhaumik, S.R.; Smith, E.; Shilatifard, A. Covalent modifications of histones during development and disease pathogenesis. Nat.
Struct. Mol. Biol. 2007, 14, 1008–1016. [CrossRef] [PubMed]

12. Bird, A. Perceptions of epigenetics. Nature 2007, 447, 396–398. [CrossRef] [PubMed]
13. Shi, Y.J.; Matson, C.; Lan, F.; Iwase, S.; Baba, T.; Shi, Y. Regulation of LSD1 histone demethylase activity by its associated factors.

Mol. Cell 2005, 19, 857–864. [CrossRef]
14. Jones, P.A.; Baylin, S.B. The fundamental role of epigenetic events in cancer. Nat. Rev. Genet. 2002, 3, 415–428. [CrossRef]

[PubMed]
15. Lu, X.; Wang, L.; Yu, C.; Yu, D.; Yu, G. Histone Acetylation Modifiers in the Pathogenesis of Alzheimer’s Disease. Front. Cell.

Neurosci. 2015, 9, 226. [CrossRef]
16. Yang, M.; Zhang, Y.; Ren, J. Acetylation in cardiovascular diseases: Molecular mechanisms and clinical implications. Biochim.

Biophys. Acta Mol. Basis Dis. 2020, 1866, 165836. [CrossRef]
17. Chen, D.; Wu, Y.; Tilley, R.D.; Gooding, J.J. Rapid and ultrasensitive electrochemical detection of DNA methylation for ovarian

cancer diagnosis. Biosens. Bioelectron. 2022, 206, 114126. [CrossRef]
18. Campuzano, S.; Barderas, R.; Pedrero, M.; Yanez-Sedeno, P.; Pingarron, J.M. Electrochemical biosensing to move forward in

cancer epigenetics and metastasis: A review. Anal. Chim. Acta 2020, 1109, 169–190. [CrossRef]
19. Chen, C.; Liu, J. Histone acetylation modifications: A potential targets for the diagnosis and treatment of papillary thyroid cancer.

Front. Oncol. 2022, 12, 1053618. [CrossRef]
20. Campuzano, S.; Pingarrón, J.M. Electrochemical Sensing of Cancer-related Global and Locus-specific DNA Methylation Events.

Electroanalysis 2018, 30, 1201–1216. [CrossRef]
21. Diwadkar, V.A.; Bustamante, A.; Rai, H.; Uddin, M. Epigenetics, stress, and their potential impact on brain network function: A

focus on the schizophrenia diatheses. Front. Psychiatry 2014, 5, 71. [CrossRef]
22. Eshraghi, A.A.; Liu, G.; Kay, S.S.; Eshraghi, R.S.; Mittal, J.; Moshiree, B.; Mittal, R. Epigenetics and Autism Spectrum Disorder: Is

There a Correlation? Front. Cell. Neurosci. 2018, 12, 78. [CrossRef]
23. Horiuchi, K.Y.; Eason, M.M.; Ferry, J.J.; Planck, J.L.; Walsh, C.P.; Smith, R.F.; Howitz, K.T.; Ma, H. Assay development for histone

methyltransferases. Assay. Drug Dev. Technol. 2013, 11, 227–236. [CrossRef]
24. Peng, S.-Y.; Zhang, J.; Tian, M.-P.; Wang, Z.-L.; Shen, H.-Q. Determination of Global DNA Methylation in Biological Samples by

Liquid Chromatography-Tandem Mass Spectrometry. Chin. J. Anal. Chem. 2012, 40, 1201–1206. [CrossRef]
25. Rozhon, W.; Baubec, T.; Mayerhofer, J.; Mittelsten Scheid, O.; Jonak, C. Rapid quantification of global DNA methylation by

isocratic cation exchange high-performance liquid chromatography. Anal. Biochem. 2008, 375, 354–360. [CrossRef] [PubMed]
26. Ye, X.; Zhang, L.; Chen, B.; Li, J.; Yang, Q.; Huang, Q.; Zhang, J.; Gao, Y.; Li, Z.; Cai, C. A quantitative method for detecting DNA

methylation over targeted genomic regions using isotope dilution liquid chromatography tandem mass spectrometry. Talanta
2017, 169, 136–140. [CrossRef]

27. Ghadiali, J.E.; Lowe, S.B.; Stevens, M.M. Quantum-dot-based FRET detection of histone acetyltransferase activity. Angew. Chem.
Int. Ed. Engl. 2011, 50, 3417–3420. [CrossRef]

28. Choy, L.Y.L.; Peng, W.; Jiang, P.; Cheng, S.H.; Yu, S.C.Y.; Shang, H.; Olivia Tse, O.Y.; Wong, J.; Wong, V.W.S.; Wong, G.L.H.; et al.
Single-Molecule Sequencing Enables Long Cell-Free DNA Detection and Direct Methylation Analysis for Cancer Patients. Clin.
Chem. 2022, 68, 1151–1163. [CrossRef] [PubMed]

29. Han, Z.W.; Ma, F.; Zhang, C.Y. Methylation-sensitive transcription-enhanced single-molecule biosensing of DNA methylation in
cancer cells and tissues. Anal. Chim. Acta 2023, 1251, 340996. [CrossRef]

30. Shipony, Z.; Marinov, G.K.; Swaffer, M.P.; Sinnott-Armstrong, N.A.; Skotheim, J.M.; Kundaje, A.; Greenleaf, W.J. Long-range
single-molecule mapping of chromatin accessibility in eukaryotes. Nat. Methods 2020, 17, 319–327. [CrossRef] [PubMed]

31. Bartosik, M.; Hrstka, R. Bioelectrochemistry of nucleic acids for early cancer diagnostics—Analysis of DNA methylation and
detection of microRNAs. Rev. Anal. Chem. 2017, 36, 20160022. [CrossRef]

32. Wang, G.L.; Luo, H.Q.; Li, N.B. Gold nanorods-based FRET assay for ultrasensitive detection of DNA methylation and DNA
methyltransferase activity. Analyst 2014, 139, 4572–4577. [CrossRef]

33. Wei, W.; Gao, C.; Xiong, Y.; Zhang, Y.; Liu, S.; Pu, Y. A fluorescence method for detection of DNA and DNA methylation based on
graphene oxide and restriction endonuclease HpaII. Talanta 2015, 131, 342–347. [CrossRef]

215



Chemosensors 2023, 11, 424

34. Pan, S.; Xu, J.; Shu, Y.; Wang, F.; Xia, W.; Ding, Q.; Xu, T.; Zhao, C.; Zhang, M.; Huang, P.; et al. Double recognition of
oligonucleotide and protein in the detection of DNA methylation with surface plasmon resonance biosensors. Biosens. Bioelectron.
2010, 26, 850–853. [CrossRef]

35. Li, X.; Song, T.; Guo, X. DNA methylation detection with end-to-end nanorod assembly-enhanced surface plasmon resonance.
Analyst 2015, 140, 6230–6233. [CrossRef] [PubMed]

36. Ishwar, D.; Venkatakrishnan, K.; Tan, B.; Haldavnekar, R. DNA Methylation Signatures of Tumor-Associated Natural Killer Cells
with Self-Functionalized Nanosensor Enable Colorectal Cancer Diagnosis. Nano Lett. 2023, 23, 4142–4151. [CrossRef]

37. Zhang, Y.; Zhan, D.S.; Xu, X.Y.; Zhang, Z.; Hafez, M.E.; He, Y.; Li, Y.; Li, D.W. Label-free detection of DNA methylation by
surface-enhanced Raman spectroscopy using zirconium-modified silver nanoparticles. Talanta 2023, 253, 123941. [CrossRef]
[PubMed]

38. Zhang, Q.; Wu, Y.; Xu, Q.; Ma, F.; Zhang, C.Y. Recent advances in biosensors for in vitro detection and in vivo imaging of DNA
methylation. Biosens. Bioelectron. 2021, 171, 112712. [CrossRef] [PubMed]

39. Li, C.C.; Wang, Z.Y.; Wang, L.J.; Zhang, C.Y. Biosensors for epigenetic biomarkers detection: A review. Biosens. Bioelectron. 2019,
144, 111695. [CrossRef]

40. Krejcova, L.; Richtera, L.; Hynek, D.; Labuda, J.; Adam, V. Current trends in electrochemical sensing and biosensing of DNA
methylation. Biosens. Bioelectron. 2017, 97, 384–399. [CrossRef]

41. Hossain, T.; Mahmudunnabi, G.; Masud, M.K.; Islam, M.N.; Ooi, L.; Konstantinov, K.; Hossain, M.S.A.; Martinac, B.; Alici, G.;
Nguyen, N.T.; et al. Electrochemical biosensing strategies for DNA methylation analysis. Biosens. Bioelectron. 2017, 94, 63–73.
[CrossRef]

42. Zhu, B.; Booth, M.A.; Shepherd, P.; Sheppard, A.; Travas-Sejdic, J. Distinguishing cytosine methylation using electrochemical,
label-free detection of DNA hybridization and ds-targets. Biosens. Bioelectron. 2015, 64, 74–80. [CrossRef]

43. Dai, T.; Pu, Q.; Guo, Y.; Zuo, C.; Bai, S.; Yang, Y.; Yin, D.; Li, Y.; Sheng, S.; Tao, Y.; et al. Analogous modified DNA probe and
immune competition method-based electrochemical biosensor for RNA modification. Biosens. Bioelectron. 2018, 114, 72–77.
[CrossRef]

44. Teixeira, S.R.; Abreu, C.M.; Parkes, L.; Davies, J.; Yao, S.; Sawhney, M.A.; Margarit, L.; Gonzalez, D.; Pinto, I.M.; Francis, L.W.; et al.
Direct monitoring of breast and endometrial cancer cell epigenetic response to DNA methyltransferase and histone deacetylase
inhibitors. Biosens. Bioelectron. 2019, 141, 111386. [CrossRef] [PubMed]

45. Xu, Z.; Wang, M.; Zhou, T.; Yin, H.; Ai, S. Electrochemical biosensing method for the detection of DNA methylation and assay of
the methyltransferase activity. Sens. Actuators B Chem. 2013, 178, 412–417. [CrossRef]

46. Wang, G.L.; Zhou, L.Y.; Luo, H.Q.; Li, N.B. Electrochemical strategy for sensing DNA methylation and DNA methyltransferase
activity. Anal. Chim. Acta 2013, 768, 76–81. [CrossRef] [PubMed]

47. Hu, Y.; Chen, S.; Han, Y.; Chen, H.; Wang, Q.; Nie, Z.; Huang, Y.; Yao, S. Unique electrocatalytic activity of a nucleic acid-mimicking
coordination polymer for the sensitive detection of coenzyme A and histone acetyltransferase activity. Chem. Commun. 2015, 51,
17611–17614. [CrossRef] [PubMed]

48. Tang, J.; Zou, G.; Chen, C.; Ren, J.; Wang, F.; Chen, Z. Highly Selective Electrochemical Detection of 5-Formyluracil Relying on
(2-Benzimidazolyl) Acetonitrile Labeling. Anal. Chem. 2021, 93, 16439–16446. [CrossRef] [PubMed]

49. Yin, H.; Zhou, Y.; Xu, Z.; Chen, L.; Zhang, D.; Ai, S. An electrochemical assay for DNA methylation, methyltransferase activity
and inhibitor screening based on methyl binding domain protein. Biosens. Bioelectron. 2013, 41, 492–497. [CrossRef]

50. Su, J.; He, X.; Wang, Y.; Wang, K.; Chen, Z.; Yan, G. A sensitive signal-on assay for MTase activity based on methylation-responsive
hairpin-capture DNA probe. Biosens. Bioelectron. 2012, 36, 123–128. [CrossRef]

51. Chen, Y.; Yi, H.; Xiang, Y.; Yuan, R. Commercial glucometer as signal transducer for simple evaluation of DNA methyltransferase
activity and inhibitors screening. Anal. Chim. Acta 2018, 1001, 18–23. [CrossRef]

52. Pu, Q.; Ye, Y.; Hu, J.; Xie, C.; Zhou, X.; Yu, H.; Liao, F.; Jiang, S.; Jiang, L.; Xie, G.; et al. XNA probe and CRISPR/Cas12a-powered
flexible fluorescent and electrochemical dual-mode biosensor for sensitive detection of m6A site-specific RNA modification.
Talanta 2023, 252, 123754. [CrossRef]

53. Cui, L.; Hu, J.; Wang, M.; Li, C.C.; Zhang, C.Y. Label-Free and Immobilization-Free Electrochemical Magnetobiosensor for
Sensitive Detection of 5-Hydroxymethylcytosine in Genomic DNA. Anal. Chem. 2019, 91, 1232–1236. [CrossRef]

54. Zhou, H.; Shen, H.; Dou, B.; Feng, Q.; Han, X.; Wang, P. Construction of a sensitive ratiometric electrochemical sensing platform
for DNA methylation detection based on the design of multistep DNA amplification circuits. Sens. Actuators B Chem. 2022, 370,
132491. [CrossRef]

55. Zhou, Y.; Yang, Z.; Li, X.; Wang, Y.; Yin, H.; Ai, S. Electrochemical biosensor for detection of DNA hydroxymethylation based on
glycosylation and alkaline phosphatase catalytic signal amplification. Electrochim. Acta 2015, 174, 647–652. [CrossRef]

56. Yu, H.; Pu, Q.; Weng, Z.; Zhou, X.; Li, J.; Yang, Y.; Luo, W.; Guo, Y.; Chen, H.; Wang, D.; et al. DNAzyme based three-way junction
assay for antibody-free detection of locus-specific N(6)-methyladenosine modifications. Biosens. Bioelectron. 2021, 194, 113625.
[CrossRef] [PubMed]

57. Liu, S.; Zhang, X.; Zhao, K. Methylation-specific electrochemical biosensing strategy for highly sensitive and quantitative analysis
of promoter methylation of tumor-suppressor gene in real sample. J. Electroanal. Chem. 2016, 773, 63–68. [CrossRef]

58. Chen, S.; Dou, Y.; Zhao, Z.; Li, F.; Su, J.; Fan, C.; Song, S. High-Sensitivity and High-Efficiency Detection of DNA Hydroxymethy-
lation in Genomic DNA by Multiplexing Electrochemical Biosensing. Anal. Chem. 2016, 88, 3476–3480. [CrossRef]

216



Chemosensors 2023, 11, 424

59. Cheng, W.; Ma, J.; Zhang, Y.; Xu, C.; Zhang, Z.; Hu, L.; Li, J. Bio-inspired construction of a semi-artificial enzyme complex for
detecting histone acetyltransferases activity. Analyst 2020, 145, 613–618. [CrossRef]

60. Islam, M.N.; Masud, M.K.; Nguyen, N.T.; Gopalan, V.; Alamri, H.R.; Alothman, Z.A.; Hossain, M.S.A.; Yamauchi, Y.; Lamd, A.K.;
Shiddiky, M.J.A. Gold-loaded nanoporous ferric oxide nanocubes for electrocatalytic detection of microRNA at attomolar level.
Biosens. Bioelectron. 2018, 101, 275–281. [CrossRef] [PubMed]

61. Wu, G.; Jose, P.A.; Zeng, C. Noncoding RNAs in the Regulatory Network of Hypertension. Hypertension 2018, 72, 1047–1059.
[CrossRef] [PubMed]

62. Sideeq Bhat, K.; Kim, H.; Alam, A.; Ko, M.; An, J.; Lim, S. Rapid and Label-Free Detection of 5-Hydroxymethylcytosine in
Genomic DNA Using an Au/ZnO Nanorods Hybrid Nanostructure-Based Electrochemical Sensor. Adv. Healthc. Mater. 2021, 10,
e2101193. [CrossRef] [PubMed]

63. Yang, H.; Ren, J.; Zhao, M.; Chen, C.; Wang, F.; Chen, Z. Novel electrochemical immunosensor for O(6)-methylguanine-
DNA methyltransferase gene methylation based on graphene oxide-magnetic nanoparticles-beta-cyclodextrin nanocomposite.
Bioelectrochemistry 2022, 146, 108111. [CrossRef] [PubMed]

64. Wang, X.; Chen, F.; Zhang, D.; Zhao, Y.; Wei, J.; Wang, L.; Song, S.; Fan, C.; Zhao, Y. Single copy-sensitive electrochemical assay
for circulating methylated DNA in clinical samples with ultrahigh specificity based on a sequential discrimination-amplification
strategy. Chem. Sci. 2017, 8, 4764–4770. [CrossRef]

65. Chen, S.; Su, J.; Zhao, Z.; Shao, Y.; Dou, Y.; Li, F.; Deng, W.; Shi, J.; Li, Q.; Zuo, X.; et al. DNA Framework-Supported
Electrochemical Analysis of DNA Methylation for Prostate Cancers. Nano Lett. 2020, 20, 7028–7035. [CrossRef]

66. Li, X.; Peng, G.; Cui, F.; Qiu, Q.; Chen, X.; Huang, H. Double determination of long noncoding RNAs from lung cancer via
multi-amplified electrochemical genosensor at sub-femtomole level. Biosens. Bioelectron. 2018, 113, 116–123. [CrossRef]

67. Yin, H.; Zhou, Y.; Yang, Z.; Guo, Y.; Wang, X.; Ai, S.; Zhang, X. Electrochemical immunosensor for N6-methyladenosine RNA
modification detection. Sens. Actuators B Chem. 2015, 221, 1–6. [CrossRef]

68. Li, Z.; Li, B.; Yin, H.; Zhang, Q.; Wang, H.; Fan, H.; Ai, S. Electrochemical immunosensor based on hairpin DNA probe for specific
detection of N6-methyladenosine RNA. J. Electroanal. Chem. 2017, 804, 192–198. [CrossRef]

69. Zouari, M.; Campuzano, S.; Pingarron, J.M.; Raouafi, N. Amperometric Biosensing of miRNA-21 in Serum and Cancer Cells at
Nanostructured Platforms Using Anti-DNA-RNA Hybrid Antibodies. ACS Omega 2018, 3, 8923–8931. [CrossRef]

70. Thomas, B.; Matson, S.; Chopra, V.; Sun, L.; Sharma, S.; Hersch, S.; Rosas, H.D.; Scherzer, C.; Ferrante, R.; Matson, W. A novel
method for detecting 7-methyl guanine reveals aberrant methylation levels in Huntington disease. Anal. Biochem. 2013, 436,
112–120. [CrossRef]

71. Hou, P.; Ji, M.; Ge, C.; Shen, J.; Li, S.; He, N.; Lu, Z. Detection of methylation of human p16(Ink4a) gene 5′-CpG islands by
electrochemical method coupled with linker-PCR. Nucleic Acids Res. 2003, 31, e92. [CrossRef] [PubMed]

72. Kalofonou, M.; Toumazou, C. Semiconductor technology for early detection of DNA methylation for cancer: From concept to
practice. Sens. Actuators B Chem. 2013, 178, 572–580. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

217



Citation: Li, J.; Liang, F.; Han, L.; Yu,

X.; Liu, D.; Cai, W.; Shao, X.

Determination of Extra- and

Intra-Cellular pH Using

Characteristic Absorption of Water by

Near-Infrared Spectroscopy.

Chemosensors 2023, 11, 425.

https://doi.org/10.3390/

chemosensors11080425

Academic Editor: Matjaž Finšgar

Received: 23 June 2023

Revised: 19 July 2023

Accepted: 29 July 2023

Published: 1 August 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

chemosensors

Communication

Determination of Extra- and Intra-Cellular pH Using
Characteristic Absorption of Water by
Near-Infrared Spectroscopy

Jiani Li 1,2, Fanfan Liang 1,2, Li Han 1,2, Xiaoxuan Yu 1, Dingbin Liu 1, Wensheng Cai 1,2 and Xueguang Shao 1,2,*

1 Research Center for Analytical Sciences, Tianjin Key Laboratory of Biosensing and Molecular Recognition,
State Key Laboratory of Medicinal Chemical Biology, College of Chemistry, Nankai University,
Tianjin 300071, China; jnli@mail.nankai.edu.cn (J.L.); 2120220973@mail.nankai.edu.cn (F.L.);
1120180241@mail.nankai.edu.cn (L.H.); 2120210817@mail.nankai.edu.cn (X.Y.); liudb@nankai.edu.cn (D.L.);
wscai@nankai.edu.cn (W.C.)

2 Haihe Laboratory of Sustainable Chemical Transformations, Tianjin 300192, China
* Correspondence: xshao@nankai.edu.cn; Tel.: +86-022-23503430

Abstract: Accurate determination of extra-cellular pH (pHe) and intra-cellular pH (pHi) is important
to cancer diagnosis and treatment because tumor cells exhibit a lower pHe and a slightly higher pHi
than normal cells. In this work, the characteristic absorption of water in the near-infrared (NIR) region
was utilized for the determination of pHe and pHi. Dulbecco’s modified eagle medium (DMEM)
and bis (2-ethylhexyl) succinate sodium sulfonate reverse micelles (RM) were employed to simulate
the extra- and intra-cellular fluids, respectively. Continuous wavelet transform (CWT) was used
to enhance the resolution of the spectra. Quantitative models for pHe and pHi were established
using partial least squares (PLS) regression, producing relative errors of validation samples in a
range of −0.74–2.07% and −1.40–0.83%, respectively. Variable selection was performed, and the
correspondence between the selected wavenumbers and water structures was obtained. Therefore,
water with different hydrogen bonds may serve as a good probe to sense pH within biological
systems.

Keywords: near-infrared spectroscopy; water structure; extra-cellular pH; intra-cellular pH; partial
least squares regression

1. Introduction

Cells are the basic structure and functional unit of organisms, and pH is one of the most
significant physiological parameters that governs cellular activities and behaviors [1,2].
Even a slight change in pH can impact the activity of biological enzymes, which affects life
processes such as ion transport, nucleic acid formation, and the release of metabolites [3].
Compared to normal cells, tumor cells exhibit a lower extra-cellular pH (pHe) and a
slightly higher intra-cellular pH (pHi) [4,5]. Consequently, monitoring the pHe and pHi not
only provides valuable insights into cellular behavior but also plays an important role in
guiding the clinical diagnosis, treatment, and evaluation of the effectiveness of anticancer
drugs [6,7].

Water is the primary component of living cells. Water molecules form a complex
and flexible hydrogen bond network [8], which is highly sensitive to external factors such
as pH, temperature, and solute concentration [9]. Near-infrared (NIR) spectroscopy has
emerged as a powerful tool to investigate water structures [10–12] and has been well studied
in experimental [13–15] and theoretical calculations [16–18]. Six absorption peaks were
obtained from derivative spectra, corresponding to the rotational vibrational peak of water
molecules (Sr) and the characteristic peaks of water molecules with zero to four hydrogen
bonds (S0–S4) [19]. Gaussian fitting of NIR spectra was performed using a knowledge-based
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genetic algorithm, and the spectral features of nine water structures were obtained [20]. In
addition, water can be applied as a probe to sense the structural variations of solutes [21–23].
Water structures in embryos with different bioactivities were investigated [24]. An increase
in weakly hydrogen-bonded water molecules at lower embryonic bioactivity was found,
which coincides with the changes in protein secondary structure from α-helix to β-sheet.
Tsenkova et al. [25] explored the mechanism of prion protein (PrP) fibrosis induced by
Mn and Cu ions through the spectral changes of water, and the PrP-Cu complex was
found to prevent Cu from interacting with water, leading to an increase in protein stability,
whereas PrP-Mn does not [25]. Water structures during the aggregation of the R2/wt
fragment of the tau protein were investigated. It was revealed that the dissociation of
hydrated water near the NH group on R2/wt facilitates the formation of β-sheet between
the amide groups [26]. The nucleation of insulin fibers [27] and the diagnosis of soybean
mosaic disease [28] were also studied by analyzing changes in the NIR spectra of water.
In addition, water can also be used as a probe for the quantitative determinations of pH,
temperature, and concentration [29–31]. Spectral changes of water were captured from
temperature-dependent NIR spectra using multilevel simultaneous component analysis
(MSCA). The quantitative spectra–temperature relationship (QSTR) and the quantitative
spectra–concentration relationship (QSCR) were established [32]. Furthermore, MSCA was
also utilized to quantitatively detect the isoelectric point, concentration, and temperature
by extracting the spectral changes of proline solution [33].

In this work, the characteristic absorption of water was utilized for the determination
of pHe and pHi by NIR spectra. Dulbecco’s modified eagle medium (DMEM) and bis
(2-ethylhexyl) succinate sodium sulfonate reverse micelles (RM) were used to simulate
extra- and intra-cellular fluids, respectively. The quantitative models for pHi and pHe were
established using partial least squares (PLS) regression, and pH-dependent wavenumbers
were selected to study the relationship between pH and the structures of water.

2. Materials and Methods

2.1. Reagents and Sample Preparation

DMEM (D5523) was produced from Sigma Aldrich. Fetal bovine serum (FBS) and
penicillin-streptomycin solution (PS) were produced from Invitrogen Gbico. NaH2PO4·2H2O
(99.9% purity) and Na2HPO4·12H2O (99% purity) were obtained from Macklin and Aladdin,
respectively. Bis (2-ethylhexyl) succinate sodium sulfonate (AOT, 99% purity) from Klamar
and isooctane (IO, >99.5% purity) from Concord were used. Water was purified using the
Advantage A10TM ultra-pure water instrument (Millipore, Molsheim, France).

Three groups of samples were prepared in this study. The first group consists of
38 DMEM samples with different pH values. Firstly, 50 g of DMEM powder was dissolved
in ultra-pure water, followed by the addition of 10 mL PS and 50 mL FBS to prepare
a DMEM solution with a total volume of 1000 mL. Secondly, phosphate buffer (PB) so-
lutions with different pH values were obtained by mixing 0.1 mol·L−1 Na2HPO4 and
NaH2PO4 in different volume ratios. Finally, a total of 38 DMEM samples with different
pH values were prepared by mixing PB with the DMEM solution in the volume ratio of
V[PB]:V[DMEM] = 1:4.

The second group consists of 34 RM samples. Firstly, 0.2 mol·L−1 AOT/IO solution
was prepared by dissolving AOT in IO. Subsequently, a total of 34 RM samples encapsu-
lating PB solutions with different pH values were prepared by mixing PB with AOT/IO
solution in the molar ratio of n[PB]:n[AOT] = 30.

The third group consists of three DMEM samples that have been used for cell cul-
tivation. Three kinds of cells, namely 5637, N2A, and HUEVC, were cultured using the
prepared DMEM solution. After 24 h of incubation, three DMEM samples were collected
separately by centrifuging the cells.
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2.2. Spectral Measurement

All NIR spectra were measured using a Vertex 70 spectrometer (Bruker Optics Inc.,
Ettlingen, Germany) equipped with a tungsten-halogen light source and InGaAs detector.
The measurements were conducted using a quartz cuvette with an optical path of 0.5 mm.
The measured spectra ranged from 12,000 to 4000 cm−1 with a resolution of 4 cm−1. The
background spectrum was collected using an empty cuvette. To improve the signal-to-noise
ratio, the number of scans was set to 64. The temperature control of the instrument was
achieved using a temperature controller (Bruker Spectral Instruments, Ettlingen, Germany)
equipped with a 2216e temperature module, ensuring a constant temperature of 30 ◦C
throughout the measurement.

2.3. pH Measurement

The pH values of the samples were measured using a PHS-3E pH meter (Shanghai
Leici Scientific Instrument Co., Ltd., Shanghai, China) equipped with an E-301-QC pH
triple composite electrode. Before measuring pH of the samples, a calibration process was
conducted using standard solutions of pH 4.00, pH 6.86, and pH 9.18.

The pH of the first and third group samples was directly measured using the pH meter,
considering it as pHe. For the second group, the pH of PB solution was measured before
being encapsulated within AOT RM, considering it as pHi. The variation in pHi before
and after encapsulation is small enough to be neglected [34,35]. The measurement was
performed three times for each sample, and the average value was taken as the final result.

The pH values of the first and second groups are from 8.03 to 5.78 with a mean and
standard deviation of 6.89, 0.66, 6.90, and 0.67, respectively. The pH values of the three
DMEM samples are 6.49, 6.32, and 6.22, respectively.

2.4. Calculation Method

Continuous wavelet transform (CWT) was utilized to enhance the spectral resolution
and remove the background in the spectra [36]. A Symmlet filter with a vanishing moment
of 4 (Sym4) was adopted, and the scale parameter was set to 40 for enhancing the smooth
effect. CWT with Sym4 filter is an approximate equivalence of the fourth derivative [12,37].

PLS regression was used to establish the quantitative models. The first and second
groups were used separately to develop models for pHe and pHi, respectively. The third
group served as an external validation for the pHe model. The performances of models were
evaluated by correlation coefficient (Rcv) and root mean squared error of cross validation
(RMSECV). The prediction accuracy was evaluated by correlation coefficient (R) and root
mean squared error of prediction set (RMSEP) [12,38,39]. The calibration and validation sets
were divided by using the even distribution of the pH values. The ratio of the calibration
set to the validation set was around 5:1.

Monte Carlo uninformative variable elimination (MC-UVE), randomization test (RT),
and competitive adaptive reweighted sampling (CARS) were employed for the selection
of variables, aiming to reduce the interference of uninformative variables and select the
pH-dependent variables [40–42].

3. Results and Discussion

3.1. Spectral Analysis

Figure 1 shows the NIR spectra of water, DMEM, AOT/IO, and RM. In the spectra
of water and DMEM, two main absorption peaks can be observed at 6900 and 5200 cm−1,
corresponding to the first overtone of OH stretching and the combination of OH bending
and stretching vibrations, respectively [19]. The peak around 6900 cm−1 is an overlapping
absorption arising from OH groups in water molecules with different hydrogen bonds,
which is sensitive to changes in concentration, temperature, and pH. Therefore, the subse-
quent analysis was mainly focused on the peak at 6900 cm−1. In the spectra of AOT/IO
and RM, the water content is significantly reduced, which leads to weaker signals at 6900
and 5200 cm−1. The peaks around 5800 and 4312 cm−1 contain the vibrational absorption
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of CH groups in AOT and IO [43]. It is difficult to perform further analysis due to the
broadness of the peaks. Resolution enhancement is needed.

 
Figure 1. NIR spectra of water, DMEM, AOT/IO, and RM. The inset shows the enlarged spectra in
the range of 7500–6000 cm−1.

CWT was used to enhance the resolution of spectra and remove the background [36,37].
Figure 2 presents the transformed spectra of water, DMEM, and water inside RM. The insert
exhibits the enlarged spectra in the range of 7500–6500 cm−1, which mainly corresponds to
the characteristic absorption of water. In the spectra of water and DMEM, three peaks were
observed at 7110, 6976, and 6840 cm−1, which can be assigned to the absorption of OH
in non-bonded (NHB), weakly hydrogen-bonded (WHB), and strongly hydrogen-bonded
(SHB) water molecules, respectively [44,45]. The intensity of the peak at 7110 cm−1 in
the spectrum of DMEM slightly exceeds that of water, while the intensity of the peak
at 6976 cm−1 is slightly lower than water, which may be attributed to the hydrophobic
interaction of organic compounds in DMEM [46]. In the RM system, the weak absorption
of water is covered by the strong C-H absorption. To extract the absorption of water in
RM, the transformed spectrum of AOT/IO was subtracted from the spectrum of RM. The
blue curve in Figure 2 represents the amplified difference spectra, which mainly reflect
the absorption of water inside RM. The peaks at 7110, 6976, and 6840 cm−1 remain and
correspond to the absorption of NHB, WHB, and SHB water inside RM, respectively.

 
Figure 2. Transformed spectra of water, DMEM, and water inside RM. The inset shows the enlarged
spectra in the range of 7500–6500 cm−1.
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3.2. Quantitative Models and Validation

The quantitative relationships between the spectra of DMEM and pHe, as well as
the spectra of water in RM and pHi, were established using PLS regression. Different
spectral ranges were used to develop optimal PLS models, including the original spectra
in the full range and in the range of 7500–6500 cm−1 and CWT spectra in the full range
and in the range of 7500–6500 cm−1. Variable selection was performed by MC-UVE, RT,
and CARS. Table 1 summarizes the PLS models and corresponding prediction results.
Generally, a better model should have a higher value of R/Rcv and a lower value of
RMSEP/RMSECV [12]. As shown in Table 1, for both pHe and pHi prediction, the CWT-
MC-UVE, CWT-RT, and CWT-CARS models exhibit better performance compared to other
models. In this study, the CWT-CARS models were adopted because of the fewest variables
and good predictive performance.

Table 1. Parameters for the calibration and validation performance of PLS models.

Methods
Spectral

Range (cm−1)
nVar 1 nLV 2 Rcv RMSECV R RMSEP

pHe
None Full spectra 4148 7 0.9775 0.14 0.9787 0.15
None 7500–6500 520 7 0.9816 0.12 0.9903 0.10
CWT Full spectra 4148 7 0.9743 0.15 0.9731 0.17
CWT 7500–6500 520 7 0.9853 0.11 0.9848 0.11
CWT-MC-UVE 7500–6500 95 4 0.9853 0.11 0.9910 0.09
CWT-RT 7500–6500 101 4 0.9861 0.11 0.9906 0.09
CWT-CARS 7500–6500 28 4 0.9890 0.08 0.9854 0.11
pHi
None Full spectra 4148 4 0.9046 0.26 0.9240 0.24
None 7500–6500 520 4 0.9623 0.17 0.9611 0.15
CWT Full spectra 4148 4 0.9628 0.17 0.9626 0.17
CWT 7500–6500 520 5 0.9639 0.16 0.9630 0.17
CWT-MC-UVE 7500–6500 119 5 0.9787 0.13 0.9795 0.12
CWT-RT 7500–6500 127 4 0.9802 0.12 0.9828 0.12
CWT-CARS 7500–6500 21 4 0.9834 0.11 0.9807 0.12

1. Number of spectral variables; 2. number of latent variables.

To evaluate the prediction performance of the pHe and pHi models, internal validation
was performed using 16 and 14 samples, respectively. The relationships between the
reference and predicted pH are shown in Figure 3. It can be seen that both quantitative
models exhibit a strong linear correlation between the reference and predicted values,
despite the slight deviation between the fitted line and the diagonal line. The values of
R and RMSEP for the pHe model are 0.9854 and 0.11, respectively. The values of R and
RMSEP for the pHi model are 0.9807 and 0.12, respectively. For a more detailed analysis of
the prediction results, the reference pH, predicted pH, absolute error, and relative error for
each validation sample were listed in Table 2. For the pHe model, the absolute errors of the
samples range from −0.05 to 0.16, with corresponding relative errors varying from −0.74%
to 2.07%. For the samples repeated three times, the maximum value of the relative standard
deviation (RSD) is 1.70%. For the pHi model, the absolute errors of the samples range from
−0.09 to 0.06, with relative errors varying from −1.40% to 0.83%. For the samples repeated
three times, the maximum value of RSD was 1.47%. The values of relative errors and RSD
indicate that both models have good prediction performance and excellent repeatability.
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Figure 3. Relationships between the reference and predicted values of the pHe (A) and pHi
(B) models. The red line represents the linear fit of all points, and the gray dashed line represents the
diagonal. The maximum value of RSD is labeled in the figure.

Table 2. Predicted results for the validation samples *.

Sample
Number

Reference Prediction
Absolute

Error
Relative
Error (%)

RSD (%)
n = 3

pHe
1 7.96 8.12 0.16 2.07 -
2 7.65 7.66 0.01 0.13 1.70
3 7.19 7.17 −0.02 −0.28 1.36
4 6.80 6.75 −0.05 −0.74 1.07
5 6.38 6.45 0.07 1.10 1.66
6 5.97 6.02 0.05 0.84 0.84
7 6.49 6.36 −0.13 −2.00 -
8 6.32 6.26 −0.06 −0.95 -
9 6.22 6.41 0.19 3.05 -

pHi
1 7.89 7.80 −0.09 −1.18 -
2 7.60 7.51 −0.09 −1.18 0.35%
3 7.22 7.28 0.06 0.83 1.47%
4 6.84 6.85 0.01 0.15 1.45%
5 6.42 6.33 −0.09 −1.40 0.42%
6 5.98 5.99 0.01 0.17 -

* For the pHe model, samples 1–6 are used for internal validation, and samples 7–9 are used for external validation;
repetition (3 times) was conducted for samples 2–6 and 2–5, respectively, for pHi and pHe models.

To assess the practicality of the pHe model, external validation was conducted using
three DMEM samples that had been used for cell cultivation, and the results were listed in
Table 2. The absolute errors of the three samples are −0.13, −0.06, and 0.19. The relative
errors are −2.00%, −0.95%, and 3.05%. The result indicates the good practicality of the pHe
model. Due to the difficulty in obtaining actual intra-cellular fluid samples, no external
validation for the pHi model was performed.

3.3. pH Dependence of Selected Wavenumbers

To better understand the selected variables (wavenumbers) by MC-UVE, RT, and
CARS, the attribution of these wavenumbers was performed. Figure 4A shows the selected
wavenumbers for the pHe model. Among the common variables selected by the three
methods, 6671, 6828, 6916, and 7110 cm−1 are consistent with the peak positions of water
molecules with three hydrogen bonds (S3), two hydrogen bonds (S2), one hydrogen bond
(S1), and no hydrogen bond (S0), respectively [19,47–49]. Figure 4B depicts the selected
wavenumbers for the pHi model: 6661, 6719/6823, 6904, and 7095 cm−1 belong to the
common variables selected by the three methods and correspond to the peak positions
of the S3, S2, and S1 water molecules, respectively [19,47–49]. In our previous studies,
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AmDn was used to describe water structures [20], where A and D represent the proton
acceptor and proton donor, respectively, while m and n indicate the number of hydrogen
bonds (m, n = 0, 1, or 2). Therefore, nine water structures can be defined, namely A0D0,
A0D1, A1D0, A0D2, A1D1, A2D0, A1D2, A2D1, and A2D2. The possible AmDn water
structures corresponding to the selected wavenumbers were summarized in Table 3. The
correspondence between the water structure and the selected wavenumbers demonstrates
that water molecules with different hydrogen bonds may serve as a probe to sense pH
within the biological system.

Figure 4. Selected wavenumbers for the pHe (A) and pHi (B) models. The blue curve represents the
average spectrum of samples, and the short line represents the selected wavenumber.

Table 3. Possible water structures corresponding to the selected wavenumbers.

Wavenumber (cm−1)
Water Structure

pHe pHi

6671 6661 S3 (A2D1)
- 6719 S2 (A2D0)

6828 6823 S2 (A1D1)
6916 6904 S1 (A0D1)
7110 7095 S0 (A0D0)

In order to investigate the pH dependence of wavenumbers listed in Table 3, the varia-
tions in peak intensities with pH were plotted in Figure 5, and a linear fit was performed.
Figure 5A–D represent the variations in intensities at 6671, 6828, 6916, and 7110 cm−1

with pHe, and R-squared (R2) values are 0.8278, 0.8730, 0.9438, and 0.9458, respectively.
Figure 5E–I depict the variations in intensities at 6661, 6719, 6823, 6904, and 7095 cm−1

with pHi, and R2 values are 0.8139, 0.8983, 0.8005, 0.8513, and 0.9464, respectively. All R2

values exceed 0.80, indicating a good linear relationship between intensities and pH. It is
demonstrated that the selected wavenumbers do have a good pH dependence. Obviously,
the intensities at 7110 and 7095 cm−1 show a strong linear relationship with pH, with R2

close to 0.95, suggesting that the S0 water molecules may exhibit a greater accuracy and
sensitivity than S3–S1 water molecules. However, due to the complexity of the spectra and
overlapping of the peaks, the spectral intensities can only show an approximate depen-
dency on pH, and the precise relationship between water structure and the respective pHe
or pHi cannot be obtained. Additionally, considering the disparity between pHe and pHi
systems, it is reasonable that the variation trends of peak intensities with pH for the same
structure are different.
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Figure 5. Relationships between pH and intensities of the peaks at 6671 (A), 6828 (B), 6916 (C),
and 7110 cm−1 (D) for the pHe model, and the peaks at 6661 (E), 6719 (F), 6823 (G), 6904 (H), and
7095 cm−1 (I) for the pHi model. The red line represents the linear fit of all points.

4. Conclusions

The characteristic absorption of water in the NIR region was applied to detect pHe and
pHi. DMEM and RM were used to simulate the extra- and intra-cellular fluids with different
pH values, respectively. With the help of CWT and CARS, optimal quantitative models
for pHe and pHi were built separately and exhibited good prediction performance and
excellent repeatability. The correspondence between the selected wavenumbers and S0–S3
water structures can be found, and the good pH dependence of the selected wavenumbers
was demonstrated. The findings indicate that water with different hydrogen bonds may be
used as a probe to sense pH within biological systems.
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Abstract: In this work, a fluorophores-assisted excitation/emission matrix (EEM) fluorescence
method was proposed to trace the origin of lily in the Chinese market. There are few active com-
ponents in lilies that have fluorescent signals, and too few characteristic variables may lead to
unsatisfactory accuracy in the subsequent classification. Therefore, three fluorophores, 2-Aminoethyl
diphenylborinate (DPBA), o-Phthalaldehyde (OPA) and Rhodamine B (RB), were used to enrich the
information of the fluorescent fingerprint of lily, which can improve the classification accuracy. The
lily samples were characterized by using EEM fluorescence coupled with the alternating trilinear
decomposition (ATLD) algorithm, which was able to extract information of various fluorophores in
lily samples. Two chemical pattern recognition methods, principal component analysis-linear dis-
criminant analysis (PCA-LDA) and partial least squares-discrimination analysis (PLS-DA), were used
to model and trace the origin of different lilies. When the fluorophores were added, the accuracy of
the test set and prediction set obtained by the classification model increased from 71.4% to 92.9% and
66.7% to 100%, respectively. The proposed method combined fluorophores-assisted EEM fluorescence
with multi-way chemometric methods to extract comprehensive information on the samples, which
provided a potential method for the origin traceability of traditional Chinese medicine.

Keywords: lily; fluorophores-assisted excitation-emission matrix fluorescence; alternating trilinear
decomposition; chemometrics; fluorophores

1. Introduction

Lily, the dry fleshy scales of Lilium lamcifolium Thunb, Lilium broumii F.E. Brown var.
viridulum Bake or Lilium pumilum DC., is a traditional Chinese medicine used for both
medicine and food [1]. In recent years, the lily has received more and more attention in
the fields of clinical medicine and health food. Its main active ingredients are steroidal
saponins, phenolic acids, polysaccharides and so on [2–4]. It has anti-inflammatory, anti-
tumor, anti-depression and anti-bacterial biological activity [5–9], among others. Therefore,
the lily is widely used in clinical Chinese medicine formula and Chinese patent medicine.
In China, lilies are grown in a wide range of areas, mainly in Hebei, Shanxi, Henan,
Shaanxi, Hubei, Hunan, Jiangxi, Anhui and Zhejiang. The quality of the lily is affected
by the growth environment, such as soil quality and climate, and there are large regional
differences [10]. Qin et al. [11] have proved that the chemical components of lily grow in
different regions and therefore result in there being huge differences between the lilies
studied and collected from different origins. There are huge differences in the prices
of lilies from different production areas, which has led to some unscrupulous traders
making profits by pretending to have high quality lilies. However, in Hunan province and
the surrounding area, lilies from different production areas are often sold together. The
Longshan lily, as a geographical protection product, is usually counterfeited by lilies taken
from other neighboring regions. Therefore, the traceability of lilies in a certain production
area has significance, but their similarities will pose greater challenges to classification.
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Traditional identification always relies on sensory indicators, such as appearance,
color and smell, to realize the identification and analysis of origin and quality. As a
result, a sensory evaluation that is based on manual experience cannot achieve fast and
accurate detection. In addition to the traditional manual identification methods, a large
number of strategies combining modern analytical instruments and chemometric methods
have also been reported for the origin traceability and quality evaluation of the lily, such
as high-performance capillary electrophoresis (HPCE) [12], near-infrared spectroscopy
(NIR) [13], ultra-high performance liquid chromatography coupled with hybrid quadrupole
time-of-flight mass spectrometry (UHPLC-QTOF-MS) [14], liquid chromatography-mass
spectrometry-mass spectrometry (LC-MS-MS) [15], gas chromatography(GC) [16,17], etc.

Compared to other modern instruments, fluorescence has the advantages of a fast
analysis speed, simple operation, low cost and high sensitivity. At the same time, the EEM
fluorescence data generated by it contain more information than traditional fluorescence
spectra, and it can be decomposed by multi-way analysis algorithms to obtain detailed
qualitative and quantitative spectral information of analytes in complex systems [18]. The
combination of EEM spectroscopy and chemometrics can give the component information
of the samples and improve classification accuracy. However, the fluorescent composi-
tion of lilies has few fluorescent components, which presents a difficulty in fluorescent
classification methods.

In this work, the ATLD algorithm was used to decompose the EEM fluorescence data
of pure lilies. Then, PLS-DA and PCA-LDA were chosen to build classification models
based on the proposed features, respectively. Due to the few extracted features, the built
models may not trace the origin of lilies accurately. Thus, three fluorophores, 2-aminoethyl
diphenylborinate (DPBA), o-Phthalaldehyde (OPA) and Rhodamine B (RB), were added to
react with the lily samples to increase the qualitative information of the lily samples, so as
to improve the classification accuracy of origin traceability. ATLD was used to decompose
the obtained EEM fluorescent data of the lilies added with fluorophores. Then, PLS-DA and
PCA-LDA were used to build classification models based on the extracted features, and
the built models were also used to trace the origin of other lily samples. Finally, the origin
traceability results obtained by the pure lilies and the lilies added with three fluorophores
were compared to choose the best strategy. The specific workflow is shown in Figure 1.

Figure 1. The workflow of experiment.
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2. Materials and Methods

2.1. Sample Collection and Preparation

Sixty lily samples from four different origins were collected, and the detailed informa-
tion is summarized in Table 1. Firstly, the surface soil of the fresh lily bulb samples was
washed with running water, then the lily scales were split into pieces, placed in 100 ◦C
water for 5 min, removed and the water drained, before being dried with hot air at 60 ◦C,
crushed, and then passed through an 80-mesh sieve to obtain lily powder.

Table 1. Information of lily samples.

Place of Origin Variety Sample Size

Pingjiang, Hunan province (PJ) a Long Ya lily (annual) 24
Zhuzhou, Hunan Province. (ZZ) Unknown 13
Longshan, Hunan Province. (LS) Long Yu lily 12
Wanzai, Jiangxi Province. (WZ) long Ya lily 11

a Abbreviations of places of origin are presented in the parentheses. Pingjiang: PJ, Zhuzhou: ZZ, Longshan: LS,
Wanzai: WZ.

Among the total of 60 lily samples, 9 samples were collected additionally as the pre-
diction set to prove the practicality of the classification models. The remaining 51 samples
were split into two parts by a random sampling method: 37 samples were selected as the
training set to build models and optimize model parameters; and 14 samples were selected
as the test set to test the classification performance of the established models.

An extract was prepared for each lily sample using the following method: 50 mg of the
lily powder sample was placed in 2 mL of methanol aqueous solution (CH3OH:H2O = 6:4),
ultrasonicated for 30 min, and then centrifuged at 4000 r/min for 10 min. Subsequently,
200 μL of the supernatant was placed into a 10 mL volumetric flask, which was then diluted
to 10 mL with methanol aqueous solution (CH3OH:H2O = 6:4). For the lily supernatant
with fluorophores, appropriate amounts of fluorophores were also added.

2.2. Chemicals and Reagents

L-Lysine, DL-Homocysteine, Chlorogenic acid, Kaempferol, 2-Aminoethyl diphenyl-
borinate (DPBA), o-phthalaldehyde (OPA) and rhodamine B (RB) were purchased from
Sigma-Aldrich. The methanol was chromatographic grade and purchased from OCEAN-
PAK Company (Germany). Nitrogen standard solutions of Cu and Ca were purchased
from the National Nonferrous Metals and Electronic Materials Analysis and Testing Center.
Ultrapure water was produced by a Milli-Q instrument.

Firstly, 2.3 mg of DPBA, 5.8 mg of OPA and 4.6 mg of RB were weighed in 10 mL
volumetric flasks and diluted with ultrapure water, respectively. After that, 40 μL of DPBA,
15 μL of OPA and 3 μL of RB solutions were added into each lily supernatant and diluted
to 10 mL.

2.3. Instrument, Software and Their Parameters

The fluorescence detector used in this experiment is the Hitachi F-7000 fluorescence
spectrophotometer. All samples were assayed using a 1.00 cm quartz cell. The instrument
parameters are as follows: a test voltage of 700 V, scanning speed of 30,000 nm per minute
and step size of 5 nm to obtain fluorescence signals in the excitation wavelength region
of 200–600 nm and emission wavelength region of 250–650 nm; and the excitation and
emission slit width is 5 nm.

All experimental data were processed in a MATLAB environment. PCA-LDA [19],
PLS-DA [20,21], ATLD and other codes of this study were written by our group based
on the original literature.. Data and other homemade codes pertaining to this study are
available from the corresponding authors upon reasonable request.
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2.4. Theory
2.4.1. Trilinear Component Model

The size of the EEM fluorescence data array generated by each sample is I × J, where
I is the number of excitation wavelengths and J is the number of emission wavelengths.
The stacking of K samples can obtain a three-way data matrix X(I × J × K), according to
the theory of the trilinear component model, and the three-way array X (I × J × K) can be
expressed as:

xijk =
N

∑
n=1

ainbjnckn + eijk (i = 1, 2, . . . , I; j = 1, 2, . . . , J; k = 1, 2, . . . , K) (1)

where i, j and k represent the excitation wavelength point, the emission wavelength point
and the sample number, respectively; xijk is the element in X, which represents the fluores-
cence intensity under the corresponding i, j and k; N is the number of components in the
system; and ain, bjn and ckn are the elements of three profile matrices (A, B and C), which
record the excitation spectrum profile information, emission spectrum profile information
and relative concentration information of each component, respectively.

2.4.2. Alternating Quadrilinear Decomposition

Wu et al. firstly proposed the Alternating Trilinear Decomposition (ATLD) algo-
rithm [22]. The ATLD algorithm updates three profile matrices (A, B and C) by alternately
minimizing the following three objective functions using the Moore–Penrose generalized
inverse based on singular value decomposition:

σ(A) =
I

∑
i=1

∥∥∥Xi.. − Bdiag(aT
(i))C

T
∥∥∥2

F
(2)

σ(B) =
J

∑
j=1

∥∥∥X.j. − Cdiag(bT
(j))A

T
∥∥∥2

F
(3)

σ(C) =
K

∑
k=1

∥∥∥X..k − Adiag(cT
(k))B

T
∥∥∥2

F
(4)

The reason why ATLD is widely used is that it converges quickly and can still give
accurate analytical results when the component numbers are overestimated. More detailed
information and applications can be found in related references [22,23] and will not be
repeated here. In this work, ATLD is used for the decomposition of the three-way EEM
data array, thereby providing the qualitative and relative concentration information of all
fluorophores with physical/chemical significance. Matrix A corresponds to the normalized
excitation spectrum, matrix B corresponds to the normalized emission spectrum and matrix
C corresponds to the relative concentration.

Partial least squares-discrimination analysis (PLS-DA) is a classical supervised classifi-
cation method. When the number of variables is large and the number of samples is small,
it is often a preferred option. Ten-fold cross-validation is often used to determine its model
complexity, i.e., the number of latent variables. Its main modeling and prediction steps are
as follows: (1) modeling process: set the Y-block as a dummy matrix with one-hot encoding,
in which 1 means the sample belongs to the designated class and 0 means the opposite.
Then, the PLS model for classification purposes can be built. (2) Prediction process: the test
data matrix is used as the input, and then the attribution of the sample can be determined
according to the return values based on the principle of maximum value.

PCA is an important method used for data dimensionality reduction and feature
extraction. It applies the principle of variance maximization to project high-dimensional
data into a low-dimensional data space to achieve the purpose of dimensionality reduction.
LDA achieves sample classification by minimizing the intra-class variance and maximizing
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the inter-class variance after projection. When the above two methods are combined, then
supervised classification-based principal components can be achieved.

To further evaluate the overall performance of the proposed classification models, the
correct classification rate (CCR) was described as follows:

CCR =
∑G

g=1 ngg

N
(5)

where each element ngg represents the number of samples belonging to class g and assigned
to class g, G represents the number of classes and N represents the total number of samples.

For each class, Ture positive (TP) means positive samples were predicted to be positive
by the model, Ture negative (TN) means negative samples were predicted to be negative by
the model, False positive (FP) means negative samples were predicted to be positive by the
model and False negative (FP) means positive samples were predicted to be negative by
the model.

3. Results and Discussion

3.1. Experiment Principle

In order to improve the selectivity of the classification model for lilies from various
origins, it is necessary to increase the fluorescence spectral information required for classifi-
cation. Lilies contain many chemical active ingredients, such as steroidal saponins, phenolic
acids, alkaloids, polysaccharides, amino acids and so on. Some active components have
fluorescent signals while others have no fluorescent signals, and their EEM fluorescence
spectroscopy is shown in Figure 2a. It can be seen from the figure that the endogenous
fluorescent components in lilies are indeed relatively small, and it is difficult to provide
sufficient information. Therefore, three fluorophores, DPBA, OPA and RB, were chosen
to solve this problem. Their EEM fluorescence spectrum is shown in Figure 2b–d. DPBA
is often used as a receptor to recognize sugar molecules. It can combine with some sugar
molecules in lilies to form five-membered or six-membered rings, which leads to a shift
in fluorescence peaks and a decrease in fluorescence intensity [24]. OPA is a common
amino acid derivatization reagent which can react with the amino group on the amino acid
in lilies to form a condensation product with strong fluorescence [25]. RB is a common
fluorescent probe with a strong fluorescent signal. When it reacts with some anions and
cations in the solution, the fluorescence intensity will change [26]. Many components in
lilies do not have endogenous fluorescence, but they will interact with RB, such as L-Lysine,
DL-Homocysteine, Cu2+, Ca2+, Chlorogenic acid and Kaempferol. Their effect on the
fluorescence intensity of RB was also tested and the detailed information is shown in the
Supplementary Material, Figure S1 and Table S1. On the basis of the fluorescence spectrum
of pure lily, three fluorophores were combined to form a sensor array to obtain a fluorescent
fingerprint with richer classification information of the lily, as shown in Figure 2e. More-
over, the peak intensities of pure lily (a), DPBA (b), OPA (c), RB (d) and fluorophores-lily
(e) at different excitation/emission wavelengths were also listed in Table 2. It can be seen
from the table that when three fluorescent probes reacted with lily, its peak intensities were
not the linear sum of the four substances’ peak intensities, and some of the peak intensities
(e.g., 225/330 nm and 260/565 nm) were also reduced. Meanwhile, the spectral changes of
adding fluorophores and reactions were also analyzed, and the results are shown in the
Supplementary Material, Figure S2. Those data results showed that three fluorophores
interacted with substances in the lily, thus changing and enriching the fluorescence spectral
signal of the lily.
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Figure 2. EEM fluorescence after removing scattering: (a) pure lily; (b) DPBA; (c) OPA; (d) RB;
(e) fluorophores-lily.

Table 2. The peak intensities of pure lily, DPBA, OPA and RB at different excitation/emission
wavelengths.

Subgraph in Figure 2 280/330 nm 225/330 nm 335/425 nm 260/565 nm 550/565 nm

a 4604 4503 364.2 113.1 3.055
b 311.9 572.4 33.72 79.44 3.850
c 99.97 187.8 56.85 157.2 3.202
d 97.41 155.1 37.99 1970 3475
e 5450 3810 564.6 2079 4192

3.2. Component Analysis and Origin Traceability of Lily

It can be seen from Figure 2a that the fluorescence signals of components in the
lily overlapped significantly, and the direct modeling and classification based on the EEM
fluorescence cannot accomplish the characterization and feature extraction of the fluorescent
components in lily at the same time. In addition, Rayleigh scattering and Raman scattering
in the spectrum will affect the trilinear structure of the EEM data. Firstly, the effect of Raman
scattering was eliminated by subtracting the average value of three blank sample data, and
then the interpolation method [27] was used to eliminate Rayleigh scattering. The whole
process is shown in the Supplementary Material, Figure S3. Finally, ATLD was used to
decompose the three-way fluorescence data array generated by the lily samples. The size of
the three-way data array generated by 60 lily samples is 81 × 81 × 60. The Core Consistency
Diagnostic (CORCONDIA) was used to estimate the number of components in the lily
samples before ATLD decomposition. After calculation, the number of components in the
lily is two, and the components here represent one or more real fluorescent molecules, which
have similar structures and fluorescent properties. In addition, non-negative constraints
are applied to all data in the calculation process to ensure reasonable results.

After ATLD decomposition, (a) the normalized excitation spectrum, (b) normalized
emission spectrum and (c) relative concentration diagram of each component in the lily were
shown in Figure 3. Component 1 presents its fluorescence peak at the excitation/emission
wavelength of 335 (290)/425 nm. At the same time, the excitation spectrum has many shoul-
der peaks, which may be estimated to be ferulic acid and caffeic acid [28,29]. Component
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2 presents its fluorescence peak at the excitation/emission wavelength of 280 (225)/330 nm,
and the peak is relatively broad, which may be estimated to be catechin and epicatechin [30].
It can be seen that the decomposition of excitation and emission spectra by ATLD is useful
for the characterization of active components in the lily. In addition, the relative concen-
tration of each component reflects the concentration difference of this component among
different lilies, which is an important basis for completing the origin traceability of lilies.

 

Figure 3. The resolved (a) normalized excitation profiles of pure lily; (b) normalized emission profiles
of pure lily; (c) relative concentration profiles of pure lily; (d) normalized excitation profiles of
fluorophores-lily; (e) normalized emission profiles of fluorophores-lily; (f) relative concentration
profiles of fluorophores-lily by ATLD algorithm.

The lily EEM fluorescence data were obtained based on the pure lilies’ extract. After
ATLD decomposition, the relative concentration information of two components (ATLD
scores) was extracted for subsequent lily classification. Based on this, two classic chemo-
metric classification algorithms, PLS-DA and PCA-LDA, were used to build classification
models and realize the origin traceability of different lilies. Firstly, the parameters of the two
models are optimized. The number of latent variables (LVs) for PLS-DA and the number
of principal components (PCs) for PCA-LDA were optimized according to the best correct
classification rates (CCRs) obtained by 10-fold cross-validation. The optimization process
of LVs for PLS-DA and PCs for PCA-LDA has been shown in the Supplementary Material,
Figure S4. When LVs = 1 and PCs = 1, PLS-DA and PCA-LDA models are the best, re-
spectively. After that, the CCR of cross-validation for PLS-DA was 59.5%, and that of
PCA-LDA was 48.7%. In addition, these models were used to validate the categories of
training set samples and prediction set samples, and the results are summarized in Table 3.
According to the results, the two models built by EEM for lily origin traceability could not
meet expectations, which may be due to the fact that there are few fluorescent components
in the lily. Figure 4a is the scores plot of PLS-DA. The corresponding scatter diagram is
drawn by using the scores of the first two latent variables (LVs) of PLS-DA. From the figure,
all kinds of lilies are mixed together and cannot be distinguished, which also proves that
the model built by EEM cannot complete the classification task.
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Table 3. CCR (%) of cross-validation and each dataset, parameters (LVs for PLS-DA, PCs for PCA-
LDA) of each classification model.

Method PLS-DA PCA-LDA

LVs CV Training Test Pre PCs CV Training Test Pre
EEM 1 59.5 67.6 71.4 66.7 1 48.7 56.8 50.0 66.7

F-EEM 4 94.6 97.3 92.9 100.0 4 89.2 94.6 92.9 88.9

Figure 4. The plots of the scores based on the first two latent variables (LVs) of PLS-DA in EEM (a)
and F-EEM (b).

In order to solve the problem of insufficient fluorescence information in EEM, three
fluorophores that can react with fluorescent substances in lilies are used. Firstly, a certain
concentration of the three fluorophores was mixed with the pure lily sample solution, and
then the EEM fluorescence data were obtained by the F-7000 fluorescence instrument, and
the obtained EEM fluorescence spectrum was shown in the Figure 2e. Likewise, the Core
Consistency Diagnostic (CORCONDIA) was used to estimate the number of components
in the lily samples before the ATLD decomposition of the data. After calculation, when
three fluorophores react with the lily, the number of components increased to five, which
is just equal to three fluorophores plus two components in the pure lily. In addition, non-
negativity constraints are also placed on all data during calculations to ensure reasonable
results. Then, the ATLD algorithm is used to decompose the three-way fluorescence data,
and the detailed decomposition results are shown in Figure 3d–f. In order to qualitatively
analyze the decomposed components, they were compared with the fluorescence spectra of
pure DPBA, pure OPA, pure RB and pure lily. The results show that when DPBA, OPA and
RB reacted with lilies, the generated three-way fluorescence data array can be decomposed
by ATLD to obtain five components, which correspond to the two components obtained
from the pure lily samples and three fluorophores. Their spectra are almost in perfect
agreement. At the same time, after the reaction of fluorophores with pure lily samples,
the concentration information for some components without fluorescent response is also
displayed in Figure 3f.

In F-EEM, DPBA-OPA-RB-Lily EEM fluorescence was obtained based on the lilies’
extract added with three fluorophores. After ATLD decomposition, the relative concentra-
tion information of all five components (ATLD scores) for the subsequent lily classification
was extracted. Immediately after, PLS-DA and PCA-LDA were used to build classification
models based on the obtained ATLD scores. Firstly, the parameters of the two models were
optimized. The number of latent variables (LVs) for PLS-DA and the number of principal
components (PCs) for PCA-LDA were optimized according to the best correct classification
rate (CCR) obtained by 10-fold cross-validation. When LVs = 4 and PCs = 4, PLS-DA and
PCA-LDA can achieve the best results, respectively. The cross-validation CCR of PLS-DA
is 94.6%, and the cross-validation CCR of PCA-LDA is 89.2%. In addition, these models
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were also used to validate the classes of training set samples and test set samples, and
the results are summarized in Table 3. The CCRs of the training set and test set obtained
by the PLS-DA model are 94.6% and 97.3%, respectively. The CCRs of the training set
and test set obtained by the PCA-LDA model are 89.2% and 94.6%, respectively. This
shows that the proposed methods can realize the origin traceability of different types of
lilies based on the fluorophores-assisted EEM fluorescence, and the obtained results are
satisfactory. In order to externally validate the model, an additional 9 lily samples that
were not involved in the modeling were collected as the prediction set, and the obtained
CCRs were also satisfactory; the CCR of PLS-DA was 100.0% and the CCR of PCA-LDA
was 88.9%. This also shows that the adaptability of the above models is satisfactory. In
contrast, the model built by PLS-DA can trace the origin of lilies more accurately. In order
to further understand the classification performance of the model built by PLS-DA, its
detailed classification performance parameters, including the sensitivity and specificity of
cross-validation and the training set and test set, are summarized in Table 4, and Table 5
lists the confusion matrix of the train set and test set. This is helpful for us to explore the
main categories of misclassification. Figure 4b provides the scores plot of PLS-DA. The
sample data can be visible based on the scores of the first two LVs of PLS-DA, which shows
the distribution of different samples in a two-dimensional space. Figure 4 demonstrates
that there is almost no overlap between different types of lilies, and lilies of the same type
are basically clustered together, which also means that the classification model has good
classification performance.

Table 4. Sensitivity and specificity of cross-validation and each dataset obtained by PLS-DA based on
F-EEM.

Model Validation CCR (%) Sensitivity a Specificity b

PJ ZZ LS WZ PJ ZZ LS WZ
Cross-validation 94.6 93.3 100.0 85.7 100.0 100.0 96.6 100.0 96.7

Training set 97.3 100.0 100.0 85.7 100.0 100.0 100.0 100.0 96.7
Test set 92.9 100.0 100.0 66.7 100.0 100.0 100.0 100.0 90.9

a The sensitivity is equal to TP/(TP + FN), TP means true positives and FN means false negatives. b The specificity
is equal to TN/(TN + FP), TN means true negatives and FP means false positives.

Table 5. Confusion matrix of train set and test set obtained by PLS-DA based on F-EEM.

Train Set TEST SET

Predicted Predicted
PJ ZZ LS WZ PJ ZZ LS WZ

Actual

PJ 15 0 0 0 5 0 0 0
ZZ 0 8 0 0 0 3 0 0
LS 0 0 6 1 0 0 2 1

WZ 0 0 0 7 0 0 0 3

4. Conclusions

In this work, the combination of fluorophores-assisted EEM fluorescence and multi-
way chemometrics was successfully applied to the characterization and origin traceability
of lilies from different origins. The EEM fingerprint of pure lily contains less fluorescent
information, and after ATLD decomposition, only two components with clear chemical
meaning can be obtained. Too little classification information made the established clas-
sification model unable to complete the accurate origin traceability of the lily, and the
CCRs were all lower than 71.4%. In order to solve this problem, three fluorophores which
can react with lilies were chosen to enrich its EEM fingerprint. After decomposition by
ATLD, the number of chemically meaningful components obtained increased to five. Com-
pared to the classification models based on the EEM fluorescence data of pure lily extract,
the classification accuracy of the classification model established by PLS-DA based on
fluorophores-assisted EEM fluorescence data was greatly improved. The classification

236



Chemosensors 2023, 11, 426

accuracies of cross-validation and the training set, test set and prediction set are all above
92.9%. The experimental results prove that when the studied sample contains endogenous
fluorescence components, the qualitative information can be enriched by EEM scanning and
adding appropriate fluorophores, thereby improving the accuracy of the built classification
model. This F-EEM is expected to be more widely used in the rapid classification and
authenticity identification of weakly fluorescent or even non-fluorescent systems.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/chemosensors11080426/s1, Figure S1: EEM fluorescence after
removing scattering: (a) RB-L-Lysine; (b) RB-DL-Homocysteine; (c) RB-Cu2+; (d) RB-Ca2+; (e) RB-
Chlorogenic acid; (f) RB-Kaempferol; (g) RB; Figure S2: EEM fluorescence after removing scattering:
(a) DPBA; (b) OPA; (c) RB; (d) DPBA-lily; (e) OPA-lily; (f) RB-lily; (g) pure lily; Figure S3: The
elimination of non-bilinear factor (Rayleigh scattering) for the EEM fluorescence data of fluorophores-
lily: (a) raw data with visible Rayleigh scattering; (b) gapped data with scattering being removed
in the regions; (c) repaired data fitted by an interpolation method; Figure S4: The number of latent
variables (LVs) for PLS-DA and the number of principal components (PCs) for PCA-LDA were
optimized according to the best correct classification rates (CCRs) obtained by 10-fold cross-validation:
(a) Fluorophore-lily-PLS-DA; (b) Fluorophore-lily -PCA-LDA; (c) Lily-PLS-DA; (d) Lily-PCA-LDA;
Table S1: The intensities of pure RB and RB added with different chemical components at different
excitation/emission wavelength.
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Abstract: Surface-enhanced Raman scattering (SERS), a powerful spectroscopic technique owing
to its abundant vibrational fingerprints, has been widely employed for the assay of analytes. It
is generally considered that one of the critical factors determining the SERS performance is the
property of the substrate materials. Apart from noble metal substrates, non-noble metal nanostruc-
tured materials, as emerging new substrates, have been extensively studied for SERS research by
virtue of their superior biocompatibility, good chemical stability, outstanding selectivity, and unique
physicochemical properties such as adjustable band structure and carrier concentration. Herein,
in this review, we summarized the research on the analytical application of non-noble metal SERS
substrates from three aspects. Firstly, we started with an introduction to the possible enhancement
mechanism of non-noble metal substrates. Then, as a guideline for substrates design, several main
types of materials, including carbon nanomaterials, transition metal dichalcogenides (TMDs), metal
oxides, metal-organic frameworks (MOFs), transition metal carbides and nitrides (MXenes), and
conjugated polymers were discussed. Finally, we especially emphasized their analytical application,
such as the detection of pollutants and biomarkers. Moreover, the challenges and attractive research
prospects of non-noble metal SERS substrates in practical application were proposed. This work
may arouse more awareness of the practical application of the non-noble metal material-based SERS
substrates, especially for bioanalysis.

Keywords: surface-enhanced Raman scattering; detection; non-noble metal nanomaterials substrate

1. Introduction

Surface-enhanced Raman scattering (SERS) has become an ideal approach for the
real-time detection of various samples due to the advantages of unique fingerprint iden-
tification, no sample pretreatment, rapid detection, and low reagent consumption [1–4].
In fact, of the various factors that affect SERS performance, the design and fabrication of
high-performance SERS substrates are the most critical to promoting the development of
SERS technology. Traditionally, noble metal nanomaterials of different shapes and sizes
have always been employed as SERS substrates, which can induce prominent localized
surface plasmon resonance (LSPR) under electromagnetic radiation, generating huge elec-
tromagnetic field nearby, thereby drastically enhancing Raman signals of target molecules
to achieve ultra-high SERS sensitivity [5,6]. As a promising complement to noble metal
substrates, the introduction of non-noble metal nanostructures has injected new vitality
into the traditional SERS and is of great significance for expanding the application of SERS.

So far, various non-noble metal nanomaterials with the advantages of high unifor-
mity, good chemical stability, and significant biocompatibility have been widely studied
as SERS substrates [7,8]. Compared to noble metal SERS substrates, they can not only
achieve efficient electromagnetic enhancement (EM) with a low damping rate and reduced
Ohmic loss [9–11] but also could adjust the charge transfer to achieve enhanced Raman
scattering [12]. Moreover, recent studies have also shown that chemical enhancement

Chemosensors 2023, 11, 427. https://doi.org/10.3390/chemosensors11080427 https://www.mdpi.com/journal/chemosensors



Chemosensors 2023, 11, 427

(CM) usually coexisted with EM in non-noble metal substrates, which indicated that the
substrates effectively combined with the two mechanisms were expected to achieve highly
sensitive SERS detection [13–15]. As a unique characteristic of non-noble metal nanomate-
rials, it can hinder the combination of electrons and holes by effectively transferring free
electrons. Thus, the fluorescence background of probe molecules was destroyed, further
improving the resolution of SERS detection [16,17]. Moreover, the high selectivity owing
to the CM effect of non-noble metal SERS substrates can distinguish specific molecules
from complex environments [18,19]. Based on this, non-noble metal nanomaterials, as the
promising candidate nanomaterials for SERS substrates, show a huge application prospect
in SERS detection. However, most reviews regarding non-noble metal SERS substrates are
focused on the summary of the material engineering, such as the category of substrates
and approaches to boost SERS performance, including morphology design, size adjust-
ment, defect engineering, crystallinity, and phase structure [10,12]. In fact, non-noble metal
SERS substrates also have practical application potential in many fields, but this aspect is
often ignored.

In this review, we concentrate on the latest application progress of SERS active non-
noble metal nanomaterials, as presented in Figure 1. Firstly, the enhancement mechanism
of non-noble metal materials was discussed briefly. Subsequently, several main types of
non-noble metal materials were introduced. Finally, as an important part of the review,
various promising applications of non-noble metal SERS substrates for the detection of
pollutants and biomarkers were summarized. Moreover, we proposed current challenges
and future perspectives of non-noble SERS substrates in practical detection with a view to
maximizing their great potential.

 
Figure 1. Overview of non-noble metal nanomaterials employed in SERS detection.

2. Raman Enhancement Mechanism of Non-Noble Metal SERS Substrates

Due to the wide variation in material preparation and properties, the mechanism
of non-noble metal SERS substrates is relatively complex. According to the existing re-
search results, the two key mechanisms that are widely accepted for describing the SERS
enhancement effect include EM and CM [20,21].

EM is generally believed to result from the enhancement of local electromagnetic field
generation by the collective oscillations of plasma nanoparticles or rough surfaces with
surface roughness ranging from tens to hundreds of nanometers due to surface plasmon
resonance (SPR) [9,22,23]. For most non-noble metal nanomaterials, the surface plasma
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frequency (ωsp) rises in proportion to the electron density [24,25]. However, the electron
density is presumed to be small in the conduction band of them. Thus, it is often stated that
ωsp lies in the infrared. Fortunately, the bandgap and carrier concentration of most non-
precious metals is adjustable, resulting in an LSPR effect in the visible region. Meanwhile,
Mie scattering can enhance the electric field in non-noble metal micro- or nanostructures
at certain diameters. When the molecules adhered to the surface of non-noble metal
materials satisfy the excitation conditions of Mie resonance, the generated electric near-field
significantly enhances the coupling between the incident wave and the molecules, thereby
enhancing the Raman signal of the absorbed molecules [24–26]. Compared to EM, CM
mainly relies on the amplification of the Raman polarization tensor by chemical adsorption
of molecules on the surface of non-noble metal nanomaterials and plays a more critical
role in the Raman enhancement of non-noble metal SERS substrates. For the molecular-
non-noble metal nanomaterial system, the enhancement of CM mainly comes from charge
transfer (CT), which depends on the energy levels between a molecule and the substrate,
which results in the enhanced selectivity of the substrates towards the molecules [27,28].
When the CT occurred between the molecule and the substrate material, the molecular
polarizability and electron density distribution changed, resulting in the SERS effect [29].

In order to further improve the SERS performance of non-noble metal substrates, a
“coupled resonance” effect was proposed. It requires that the selection of the substrates-
molecule system and relevant experimental parameters must conform to the SERS rules
of producing synergistic resonance effects, including molecular resonance, substrates-
molecular CT resonance, and exciton resonance [30]. It is worth mentioning that exciton
resonance is also a unique electronic property of most non-noble metal materials, and the
SERS performance is also improved when the frequency of the incident light is close to the
exciton resonance frequency.

3. Classification of Non-Noble Metal SERS Substrates

As promising complements to the current most popular plasmonic metal SERS sub-
strates, non-noble metal materials have attracted more and more researchers to engage in
the SERS field due to their many appealing attributes. Firstly, we classified and summa-
rized non-noble metal SERS substrates, including carbon nanomaterials, transition metal
dichalcogenides (TMDs), metal oxides, metal-organic frameworks (MOFs), transition metal
carbides and nitrides (MXenes), and conjugated polymers.

3.1. Carbon Materials-Based SERS Substrates

Carbon materials have been widely employed as the SERS active substrates due
to their excellent surface uniformity and enhancement efficiency [31]. Graphene, as a
typical carbon material, is prone to coupling with biomolecules and aromatic chemicals
due to the presence of a large delocalized π bond and shows obvious merits as a SERS
substrate [32]. Ling et al. [33] first reported the SERS phenomenon on graphene surfaces
using phthalocyanine (Pc), rhodamine 6G (R6G), protoporphyrin IX (PPP), and crystal violet
(CV) as probe molecules in 2010 (Figure 2). Researchers have fabricated graphene with
higher SERS activity by doping or forming heterojunctions. For example, Feng et al. [34]
prepared nitrogen-doped graphene as a SERS substrate and confirmed that this substrate
had a lower SERS detection limit than graphene. Ghopry et al. [35] reported a graphene
heterostructure SERS substrate with high sensitivity. The detection range of R6G obtained
on the substrate is 5 × 10−11~5 × 10−12 M. In addition to graphene, its oxidized derivatives,
such as graphene oxide (GO), can also be used as SERS substrates. Singh et al. [36] used
GO and RGO sheets with large areas as SERS substrates for the detection of rhodamine B.
The result exhibited a high EF of 104 and a low detection limit of 10 nM.
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Figure 2. Schematic illustration of the molecule on graphene and a SiO2/Si substrate, and the
comparison of Raman signals of phthalocyanine deposited on graphene (red line) and on the SiO2/Si
substrate (blue line) at 632.8 nm excitation. Reprinted with permission from [33]. Copyright 2010
American Chemical Society.

3.2. TMDs-Based SERS Substrates

TMDs can be represented by a general formula MX2, in which M is a transition
metal atom (group III B-VIII), and X is a chalcogen atom (S, Se, Te). It has tunable optical
and electronic properties, resulting in many excellent photoelectric properties, including
SERS [37,38]. Molybdenum disulfide (MoS2) is the most typical material in TMDs. It was
also the first TMDs with SERS activity found by Ling et al. [39]. However, its enhancement
effect was low. Therefore, researchers have proposed different strategies to improve the
SERS performance of MoS2. Considering the layer-dependent effect of two-dimensional
(2D) MoS2, Lee et al. [40] demonstrated that the monolayer MoS2 produced the most
obvious Raman enhancement than 3 L and bulk MoS2. Moreover, Li et al. [41] achieved
efficient CT from MoS2 to probe molecules by adjusting the interlayer distance of MoS2 and
obtained an EF as high as 5.31 × 105 (Figure 3). Majee et al. [42] prepared interconnected and
vertically oriented few-layer MoS2 nanosheets (NTNs) as an ultrasensitive SERS substrate
by adjusting the growth arrangement mode of MoS2. In addition to the above methods,
other methods, including defect/active site induction [43], chemical doping [44], and
heterostructure design [45], are also useful in improving the SERS performance of MoS2.
The study of MoS2 SERS activity has opened the way to study the SERS enhancement of
TMDs. Subsequently, a series of TMDs with complex band structures and rich electronic
states have been explored, such as SnS2, MoTe2, NbTe2, and so on [46–48].
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Figure 3. Scheme of the Raman enhancement and difference of total electron density distributions
between MoS2-0.62 (MoS2-0.87 or MoS2-1.12) and 4-MBA/4-MPy/4-ATP. The red (green) distribution
stands for electron accumulation (depletion). Reprinted with permission from [41]. Copyright 2014
American Chemical Society.

3.3. Metal Oxide-Based Substrates

The promising properties such as physio-chemical stability, high uniformity, high
refractive index, and tunable band gap of metal oxide make them excellent SERS sub-
strates [49]. As early as 1982, Yamada et al. observed the SERS effect on the surface of
NiO and TiO2 [50,51]. With the continuous gushing of metal oxides, it was proved that
many metal oxide materials exhibit SERS activity, including ZnO, Fe3O4, Cu2O, MoO2,
WO3, VO2, Nb2O5, Ta2O5, Ti3O5, etc. [10]. Among them, MoO2 is considered to be an
ideal material for SERS substrate because it has a large number of free electrons, which
can lead to the formation of the LSPR effect [52]. Wu et al. [53] synthesized ultrathin
MoO2 nanosheets (NTNs) as a SERS substrate; they demonstrated that the substrate has
superior signal uniformity in the whole area with a limit of detectable concentration down
to 4 × 10−8 M and EF up to 2.1 × 105. Moreover, Miao et al. [54] revealed enhanced SERS
signals of probe molecules on defect-rich VO2 NTNs. Moreover, Li et al. [55] obtained
novel quasi-metallic γ-Ti3O5 with a strong LSPR effect by reducing TiO2 microspheres
and using it as a SERS substrate. The results showed that the reduced γ-Ti3O5 showed a
10,000-times increase in SERS sensitivity compared to TiO2 microspheres, and the lowest
detectable limit is up to 10−10 M (Figure 4). In fact, in addition to fabricating novel metal
oxide substrates with high SERS activity, it is also an effective strategy to explore their
enhancement mechanism to improve their sensitivity. The crystallinity of metal oxides can
affect SERS performance by adjusting the CT process. Compared with crystalline metal
oxides, amorphous structures are more conducive to the electron transfer process [10,56].
This could be ascribed to the fact that amorphous structures can reduce electron confine-
ment, improve light scattering (such as ZnO nanocages), or enhance molecular adsorption
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(such as MoO3−x quantum dots). In addition, the SERS substrates of sub-stoichiometric
metal oxides have rich defect electronic states associated with surface oxygen vacancies,
which can synergistically enhance excitons and CT resonance, providing new and efficient
charge escape, thus improving SERS sensitivity [57,58].

 

Figure 4. By introducing oxygen vacancies, TiO2 semiconductors with wide-band gaps are trans-
formed into quasi-metals γ-Ti3O5 with rich free electrons. Reprinted with permission from [55].
Copyright 2019 American Chemical Society.

3.4. MOFs-Based Substrates

MOFs are a new class of hybrid organic-inorganic supramolecular materials that
have a large surface area, porous properties, chemical stability, and uniform and tunable
nanostructured cavities, which strongly favor potential use as a substrate [59–61]. Although
the SERS phenomenon based on noble metals and MOF hybrids has been discussed [62–64],
MOF materials are generally regarded as a template to load tightly ordered and well-
dispersed SERS-active NPs, and it is believed that the SERS enhancement resulted from the
contributions of noble metal particles. Until Yu et al. [65] reported the SERS enhancement
phenomenon of methyl orange molecule on the surface of MOFs in 2013 (MIL-100 and
MIL-101), thereafter, with the continuous exploration of MOF materials, the exploration
of their SERS activity also received attention. Sun et al. [66] achieved the transformation
of MOF materials from non-SERS active substrates to SERS active substrates by careful
modulation of metal centers, organic ligands, and framework topologies and obtained an
EF of up to 106 (Figure 5). Moreover, Fu et al. [67] reported MIL-100 (Fe) as a SERS substrate
with high SERS activity.

 
Figure 5. Schematic illustration of the molecule on MOFs substrate and the comparison of Raman
signals of R6G deposited on Co-MOF-74 and on the TCPP-based MOF compounds with different
metal ions. Reprinted with permission from [66]. Copyright 2018 American Chemical Society.
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3.5. MXene-Based Substrates

MXenes, composed of transition metal carbides/nitrides, is a kind of semi-metal
material with high electric conductivity and has the ability to generate plasmon resonance
in the visible or near-infrared range. These unparalleled properties render them promising
candidates for SERS substrates [32,68,69]. Sarycheva et al. [69] first demonstrated that 2D
Ti3C2Tx MXene as a SERS substrate exhibited good SERS activity with an EF of up to 106.
An important potential advantage of MXenes is the ability to deposit materials on different
substrates, including flexible materials. Soundiraraju et al. [70] prepared different SERS
substrates based on paper, silicon, and glass by loading Ti2NTx onto them. The results
showed that Ti2NTx had the highest enhancement efficiency up to 1012 on paper-based
substrates (Figure 6). In addition, Yang et al. [71] introduced ultraflexible characteristics of
Ti3C2Tx MXene into SERS microfluidic chips, which significantly improved the detection
sensitivity of SERS microfluidic sensors. Although the development of MXene-based
substrates is still in the first stages, according to the current reported results, MXene
materials will become promising novel SERS substrates.

Figure 6. Illustration of the preparation of Ti2NTx and the detection of analysis. Reprinted with
permission from [70]. Copyright 2017 American Chemical Society.

3.6. Conjugated Polymers-Based Substrates

Conjugated polymers are organic macromolecules that have attractive optical proper-
ties due to the delocalized π electron cloud on their main chain [27,72]. It is considered a
promising new type of non-noble metal SERS substrate. Among them, covalent organic
frameworks (COFs), as a newly emerging material of conjugated polymer, have been
widely concerned by researchers in the SERS field due to their high specific surface area,
excellent thermal stability, and abundant surface functional groups [73,74]. In particu-
lar, small molecule screening can be realized based on the synergistic effect of pore and
surface functional groups of COFs materials. It was helpful to improve the selectivity of
SERS detection. Nevertheless, the Raman enhancement ability of COFs substrates is much
lower than inorganic and noble metal SERS substrates. At present, in order to gain a high
analytical sensitivity, metal-COFs composites were introduced into SERS-based assays.

4. Non-Noble Metal Materials for Analytical Application

Non-noble metal nanomaterials have recently been widely used as SERS substrates
in various fields due to their particular advantages. For example, they have abundant
surface sites that are different from noble metal materials, which provide a large number of
coordination sites for the modification and functionalization of other molecules. Meanwhile,
the combination of the two can further improve the stability of the modified molecules on
the non-noble metal materials surface. In addition, non-noble metal materials can also be
used as flexible substrates, which makes it possible to in situ detect pesticide residues on the
surface of fruits and vegetables. The good biocompatibility of non-noble metal substrates
especially makes them produce great breakthroughs in bioimaging, cancer diagnosis, and
treatment [75–77]. It should be mentioned that the unique catalytic properties of non-noble
metal materials also enable the development of renewable materials. Herein, in this section,
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we will give a detailed introduction to the recent application of non-noble metal materials
as SERS substrates in different fields.

4.1. Detection of Pollutants

The increase in pollutants such as volatile organic compounds (VOCs), heavy metal
ions, and antibiotics every year has created an enormous burden threatening ecological
cycles and public health. Thus, the detection of them was given high priority. SERS,
as a universal analytical technique, has been considered a label-free and ultra-sensitive
detection tool for the detection of a wide range of adsorbent molecules [78–80]. As SERS
substrates with important and promising at present, non-noble metal nanomaterials have
the advantages of being environmentally friendly, non-energy intensive, nontoxic, and
cost-friendly, and have wide application prospects in pollutant detection. Some of these non-
noble metal SERS substrates have a large surface area, which can achieve high enrichment
of heavy metal ions and gases, thus improving their detection sensitivity. In addition, the
inter-band-gap states electrons of non-noble metal substrates with band gaps can promote
the reduction of the redox potential of the ions couple, resulting in the change of valence
states of heavy metal ions so as to achieve the selective detection of them.

4.1.1. Detection of VOCs

Yang et al. [71] prepared SERS substrate by adhering ultraflexible Ti3C2Tx MXene
onto the surface of three-dimensional (3D) honeycomb arrays and introduced them into
microfluidic chips (Figure 7a). Ti3C2Tx MXene has a universal high adsorption efficiency
of various gases, and its super flexible well retained the sophisticated nanomicrostructure
that generated the vortex fields to extend the molecule residence time and kept the analytes
inside the SERS-active hot spots, leading to the increased sensitivity. Thus, three typical
VOCs with different functional groups, including 2, 4-dinitrotoluene (DNT), and benzalde-
hyde and indole, can be achieved by the SERS-vortexene chip with high repeatability. The
LODs for DNT, benzaldehyde, and indole were about 10, 10, and 50 ppb, respectively.

4.1.2. Detection of Heavy Metal Ions

Lead, arsenic, mercury, and other heavy metals are not only the most toxic contami-
nants but they are considered human carcinogens [81,82]. In order to effectively monitor
the above-mentioned heavy metal pollutants, a great deal of work based on SERS detection
has been reported. For example, Zhang et al. [83] prepared ZnO submicron flowers (ZnO
SFs) as a substrate for sensitive detection of Pb2+. The ZnO SFs substrate exhibited a
narrower energy band, which promoted the coupling resonance of the molecular-substrate
system, thus improving the CT efficiency and achieving a significant SERS enhancement
effect. Furthermore, by utilizing the free-legged DNA walker amplification strategy, an
ultrasensitive biosensor was constructed to monitor Pb2+. The experimental data demon-
strated that this biosensor could efficiently determine Pb2+ with a low detection of 3.55
pM. Similarly, Parveen et al. [84] used ZnO nanoparticles (NPs) functionalized single-wall
carbon nanotubes (SWCNTs) as a nanocomposite SERS sensor for the detection of Pb2+ ions
in an aqueous medium. The prepared sensor exhibited high selectivity and low limit of
detection for Pb2+ ions (0.225 nM). In addition, a dye-sensitized non-noble metal colloid
system can also show synergistic effects in the detection of metal ions. Ji et al. [85] reported
an example of using alizarin red S (ARS) sensitized colloidal TiO2 NPs as a SERS substrate
for the detection of Cr (VI) in water. In the presence of Cr (VI), the ARS molecule stably
adsorbed on the surface of colloidal TiO2 NPs can achieve self-degradation, leading to the
decrease of SERS signal intensity. The detection of Cr (VI) can be achieved by monitoring
the SERS intensity of the ARS probe molecule. This ARS-TiO2 complex could be further
applied to the detection of Cr (VI) in environmental samples.
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4.1.3. Detection of Antibiotics

Antibiotic chemicals are not only an important source of water pollution, but also
the existence of excessive antibiotics can cause the problem of antibiotic resistance, which
poses a serious threat to human and animal health [86,87]. Therefore, ensuring the ra-
tional use of antibiotics and effective monitoring has always been the focus of research.
Recent studies have shown that antibiotics can be effectively detected by non-noble metal
SERS substrates. For example, Wang et al. [48] prepared 2D niobium ditelluride (NbTe2)
nanosheets (NTNs) for the detection of ciprofloxacin (CIP) and enrofloxacin (ENR) antibi-
otics molecules (Figure 7b). Based on the fluorescence quenching effect of NbTe2 NTNs
and CT between the analytes, the ultrasensitive detection of CIP and ENR was achieved.
The LODs were 35.1 and 35.9 ppb, respectively. In addition, Singh et al. [88] synthesized
3D MoS2 nanoflowers (NFs) with tunable surface area (5–20 m2/g) as a SERS substrate to
realize ultrafast SERS detection of various antibiotics. In particular, MoS2 NFs have a nar-
row bandgap and high specific surface area, which significantly enhances light-harvesting
and adsorption capability, leading to the improvement of their photodegradation behavior.
Therefore, the photocatalytic degradation experiment-based SERS monitoring was real-
ized. The results showed that even a very low amount (0.025 mg) of MoS2 NFs (20 m2/g)
can tremendously decompose oxytetracycline hydrochloride (OTC-HCl) molecules within
60 min under visible light.

4.1.4. Detection of Pesticide Residues

The excessive use of pesticides has gained increasing attention in recent years owing
to their enormous menace to human health. SERS is a useful ultrasensitivity detection tool,
which is of great significance for the monitoring of pesticide residue levels. As excellent
SERS substrates for the detection of pesticide residues, non-noble metal nanomaterials not
only exhibited trace level SERS response but also could be used for in situ detection of
pesticide residues on the surface of fruits and vegetables. For example, Zhang et al. [89]
prepared a plasmonic MoO2 nanosphere as a highly sensitive SERS substrate for the
detection of various pesticides (Figure 7c). In order to verify the feasibility of this substrate
in practical application, clenbuterol hydrochloride (CH), methyl parathion (MP), and 2,
4-dichlorophenoxyacetic acid (2, 4-D) were chosen as pesticide models. Experimental
data indicated that this substrate could achieve the quantification of the above pesticide
models with a LOD of 10−7 M. Another balsam pear-shaped CuO with dense nanoparticle
protuberance was reported by Liang et al. [90]. In their work, the paraquat solution
was taken as an example. Attributed to the CuO substrate’s unique shape and rough
surface, more “hot spots” were generated on the particle surface, which significantly
enhanced the SERS effect. This substrate could detect paraquat with a detection limit
of 275 μg L−1. Moreover, Quan et al. [91] successfully prepared MoS2/TiO2 substrate
(MTi20) assembled from MoS2 nanoflowers (NFs) and TiO2 NPs, which exhibited ultra-
high SERS response to α-endosulfan, the LOD of α-endosulfan can reach 10−8 M. In
addition, Gokulakrishnan et al. [92] fabricated a flexible rGO SERS active substrate for
in situ detection of thiabendazole (TBZ). Owning to the large surface area, the flexible
rGO SERS substrate could detect TBZ with a LOD of 1 nM. Furthermore, they further
demonstrated that the flexible SERS substrates could also be used for detecting pesticides
on target surfaces with complex geometries like fruits, leaves, and vegetables.

Table 1 summarizes the SERS detection results of non-noble metal substrates for
various pollutants above-mentioned, such as VOCs, heavy metal ions, antibiotics, and
pesticide residues.
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Figure 7. (a) Schematic diagram of multiplex VOCs mixture detection. (b) Schematic illustration of
the ultrathin NbTe2-based SERS experiment and SERS measurement of ciprofloxacin and enrofloxacin
antibiotics molecules adsorbed on NbTe2 NTNs substrates. (c) Schematic diagram of the SERS
experiment and SERS spectra of methyl parathion on the MoO2 substrates. (a) Reprinted with
permission from [71]. Copyright 2021 American Chemical Society. (b) Reprinted with permission
from [48]. Copyright 2020 American Chemical Society. (c) Reprinted with permission from [89].
Copyright 2017 American Chemical Society.

Table 1. A summary of non-noble meta-based SERS substrates for pollutant detection is mentioned
in this review.

SERS
Substrate

Enhancement
Mechanism

Target
Linear
Range

LOD Ref

Honeycomb-like
3D Ti3C2Tx

Synergistic effect of strong
adsorption capacity of substrate
and EM

Benzaldehyde
2, 4-dinitrotoluene

indole
/

10 ppb
10 ppb
50 ppb

[71]

ZnO SFs Synergistic effect of CT and Mie
resonance enhancement Pb2+ 10 pM–100 μM 3.55 pM [83]
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Table 1. Cont.

SERS
Substrate

Enhancement
Mechanism

Target
Linear
Range

LOD Ref

ZnO@SWCNTs

Synergistic effect of “hot spot”
generated by intertube and
interparticle coupling, as well as
CT enhancement

Pb2+ 0.01–100 μM 0.225 nM [84]

ARS-TiO2
complexes CT enhancement Cr (VI) 0.6–10 mM 0.6 mM [85]

NbTe2 NTNs
Synergistic effect of CT
enhancement and fluorescence
quenching effect of substrate

Ciprofloxacin
enrofloxacin 351 ppm–35.1 ppb 35.1 ppb

35.9 ppb [48]

3D-MoS2 NFs
Synergistic effect of effective
enrichment capability of
substrate and CT enhancement

Oxytetracycline
hydrochloride / / [88]

MoO2
nanospheres

LSPR effect in the visible and
near-infrared (NIR) range

Clenbuterol hydrochloride
methyl parathion

2,4-
dichlorophenoxyacetic acid

10−7–10−4 M 10−7 M [89]

Balsam
pear-shaped CuO

Synergistic effect of EM and
CT enhancement Paraquat 10−7–10−3 M 10−7 M [90]

MTi20 Interfacial CT enhancement α-endosulfan 10−8–10−4 M 10−8 M [91]

Flexible rGO
Synergistic effect of effective
enrichment of substrate and
CT enhancement

Thiabendazole 10−9–10−3 M 10−9 M [92]

4.2. Detection of Biomarkers

Currently, cancer remains one of the most serious health problems in the world
and the leading cause of death [93,94]. Therefore, the realization of cancer screening is
particularly important, which can help find early cancers and improve survival. Among the
many detection techniques, SERS is a trace detection technique with a unique fingerprint
spectrum, and its application can even be extended to a single molecule detection level.
As a good candidate for studying and simulating biological reactions, non-noble metal
SERS substrates can not only serve as a potential interface for immobilizing biomolecules
but also maintain their biological activity. In this way, tumor markers, including protein,
nucleic acid, and circulating tumor cells (CTCs), can be monitored by non-noble metals
SERS substrates to achieve early screening of cancers.

4.2.1. Detection of Protein Tumor Markers

As an example of carbohydrate antigen 19-9 (CA19-9), which has been a widely used
clinical protein marker of cancer in human serum, Jiang et al. [16] designed a SERS-based
immunoassay mediated by MoS2 for the sensitive and specific monitoring of carbohydrate
antigen CA19-9. In their work, the corresponding antibodies absorbed on the MoS2 NTNs
and MoS2 NFs modified by the probe molecule R6G, respectively. Thus, a sandwich
immunostructure was constructed by the specific recognition of anti-CA19-9 and target
CA19-9. The concentration of target CA19-9 was indirectly reflected by the intensity
variation of the SERS signal of R6G. The sandwich immunostructure could detect target
CA19-9 with a LOD of 3.43 × 10−4 IU·mL−1. Furthermore, it could also be used for target
CA19-9 detection in several clinical patient serum samples, which had higher sensitivity
compared with the conventional chemiluminescent immunoassay (CLIA) strategy. Using
a similar principle of specific recognition, Liu et al. [95] designed methylene blue (MB)
modified aptamer attached to the tungsten trioxide (WO3) film for the SERS detection
of glioblastoma biomarkers vascular endothelial growth factor (VEGF) in human serum
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samples. In their work, MB-modified aptamer serves as a SERS signal source. After the
aptamer specifically linked to VEGF, it folded into a conformationally restricted stem-loop
structure, forcing the MB molecule to contact the substrate, which leads to a significant
enhancement of SERS signals, thus achieving sensitive detection of VEGF. The proposed
aptasensor could detect VEGF with high selectivity, while the detection limit was down to
8.7 pg·mL−1.

4.2.2. Detection of MicroRNAs

MicroRNAs (miRNA) is a noncoding single-stranded RNA molecule with approx-
imately 18–25 nucleotides and has been verified as promising biomarkers for cancer di-
agnosis [96,97]. For example, Jiang et al. [98] developed a 3D WO3 hollow microsphere
as a SERS-active substrate for miRNA 155 detection (Figure 8a). The 3D WO3 hollow
microsphere with a small band gap and rich surface defects promoted an increase in CT,
resulting in a large SERS enhancement. Then, by employing a catalytic hairpin assembly
(CHA) strategy, a SERS biosensor based on a 3D WO3 hollow microsphere was constructed
for the sensitive detection of miRNA 155 with a LOD of 0.18 fM. In order to verify the
feasibility of this biosensor, miRNA 155 from HeLa (cervical cancer cells) and MDA-MB-231
(human breast cancer cells) were chosen as models. Experimental data proved that this
biosensor could achieve the detection of miRNA 155 in actual samples. Similar to the above
miRNA 155 detection, Liu et al. [99] developed a multifunctional SERS platform composed
of hexagonal boron nitride nanosheets (h-BNNS), HG DNA oligonucleotide, and copper(II)
phthalocyanine (CuPc) (CuPc@HG@BN) for the detection of miR-21. Benefiting from the
circle amplification of miRNA and the high SERS effect of hBNNS, the detection of miR-21
in live cells can be realized as low as 0.7 fM.

4.2.3. Detection of Cancer Cells

Circulating tumor cells (CTCs) are shed by the primary tumor, representing the charac-
teristics of a certain tumor and playing a central role in tumor dissemination and metastases.
Therefore, their detection and analysis can be very valuable in the early diagnosis of can-
cer [100,101]. Recently, Xu et al. [102] reported a TiO2-based nontoxicity SERS bioprobe
for CTCs detection. They used reduced bovine serum protein (rBSA) and folic acid (FA)
to functionalize TiO2 NPs and used 4-mercaptobenzoic acid (4-MBA) adsorbed on the
surface of TiO2 NPs as a signal molecule. Benefiting from the high targeting ability of
FA towards cancer cells overexpress FR, the proposed SERS bioprobe can be effectively
identified different kinds of cancer cells in rabbit blood, which has a LOD of 1 cell/mL.
Due to the high efficiency of interfacial photo-induced charge transfer (PICT) and strong
vibration coupling effect, the amorphous nanomaterial-molecular system has significant
SERS activity. Inspired by this, Lin et al. [56] designed black TiO2 NPs (B-TiO2 NPs) with
crystal-amorphous core–shell structures for the precision diagnosis and treatment of cancer.
The feasibility of applying the high-sensitivity SERS bioprobe based on B-TiO2 NPs modi-
fied with Alizarin red (AR) signal molecule, polydopamine (PD) layer, and an antibody (AB)
was verified by the detection of MCF-7 drug-resistant (MCF-7/ADR) breast cancer cells
(Figure 8b). Based on of FA specific recognition and ultrahigh SERS activity of B-TiO2 NPs,
a novel strategy that combined microfilter CTC isolation and SERS bioprobe detection for
in situ isolating and directly detecting CTCs from peripheral blood at single-cell resolution
was proposed by Xu et al. [103] The SERS bioprobe was composed by Raman reporting
molecule AR and FA functionalized B-TiO2 NPs. Benefiting by rapid separation of microfil-
ters and the high sensitivity of SERS spectroscopy, the SERS bioprobe of B-TiO2-AR-PEG-FA
could distinguish FR-positive CTCs from peripheral blood cells efficiently within 1.5 h,
and the LOD of CTCs in rabbit blood can reach to 2 cells/mL. Furthermore, this strategy
has also been successfully detected in blood samples from cancer patients. In addition,
Feng et al. [104] fabricated ternary heterostructure Fe3O4@GO@TiO2 (MGT) NC and used
it to develop a robust SERS probe for the sensitive and selective detection of triple-negative
breast cancer cells (TNBCs). In their work, Abs can adsorb on the surface of MGT, and the
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cancer cells can be specifically captured by MGT-ABs. The introduction of CuPc molecules
can reflect the SERS signals in the detection system. In this way, TNBCs models such as
HCC38, MDA-MB-231, and MCF-7 detection can be monitored by the MGT-Abs-CuPc
nanoprobe, and the LOD of HCC38 cell was calculated to be ~3 cells. Different from the
above studies on TiO2-based CTC SERS detection, Haldavnekar et al. [105] introduced a
quantum-size 3D ZnO SERS probe for the first time in the study of labeling-free in vitro
diagnosis of cancer. Due to the significant reduction of the probe size, the surface defects,
such as oxygen vacancies and stacking faults, resulted in a unique exponential increase in
SERS. The in vitro sensing of the 3D ZnO SERS probes was demonstrated by successfully
distinguishing between cancer and non-cancer cells based on the ratio of peak intensities of
lipids and proteins (I1445/I1654).

4.2.4. Detection of Other Biomarkers

SERS is very promising for identifying disease markers due to its unique fingerprint
spectrum, high sensitivity, and large dynamic range detection [106]. To pursue more excel-
lent biocompatibility with biological samples and spectral stability as well as reproducibility,
non-noble metal substrates have been gradually applied to detect various disease markers.
Huang et al. [107] implemented a signal enhancement strategy featuring graphene as a
substrate for the label-free detection of key blood constituent hemoglobin (Hb) and albumin
(Alb) (Figure 8c). This is the first time demonstrated that the Raman signal of biomolecules
was enhanced when contacted with graphene. Similarly, Dharmalingam et al. [108] pro-
posed the concept of atomic defect enhancement for quantum probe Raman scattering
(DERS) at the molecular level detection. They significantly improved the sensitivity of
DERS probes by introducing high concentrations of atomic scale defects into non-plasma
quantum size probes (TiO2-x). Thus, the obtained DERS probes could be used for the
label-free Raman detection of biomarkers such as ATP and EGFR peptides with low Raman
cross-sections. Moreover, graphene-like nanomaterials such as MoS2 have been used to
detect biomolecules. Typically, Su et al. [109] successfully synthesized Ni-doped MoS2
NFs (Ni-MoS2 NFs) for bilirubin detection in serum. The experimental analysis results
showed that the Ni-MoS2 NFs SERS substrate could detect bilirubin in serum samples with
a detection limit as low as 10−7 M. In addition to the detection of biomarkers in the blood
samples, Fu et al. [67] prepared an excellent SERS active substrate MIL-100 (Fe). Because of
MIL-100 (Fe) unique “array sensing” characteristics, it has been successfully used for the
sensitive detection of gas biomarkers of lung cancer, such as 4-ethylbenzaldehyde, acetone,
and isopropanol.

Severe acute respiratory syndrome-coronavirus-2 (SARS-CoV-2) is a highly infectious
virus serious that poses a serious threat to human health [110,111]. Therefore, achieving
rapid, ultrasensitive, and highly reliable detection of SARS-CoV-2 in patients’ bodies is of
great significance for controlling the epidemic. Peng et al. [46] designed a spherical SnS2
with the “nano-canyon” morphology as a SERS substrate for the detection of SARS-CoV-2
S protein and RNA to recognize and diagnose SARS-CoV-2. Benefiting from the unique
nano-canyon structure, the capillary effect generated on the surface of SnS2 microspheres
can significantly enrich the detection molecules. At the same time, the synergistic effect
of CM can achieve the EF of MB up to 3.0 × 108 and can identify various physical forms
of SARS-CoV-2 with high sensitivity. This result exhibited that the EF and LOD achieved
here even much better than most reported noble metal-based SERS substrates (Table 2).
In addition to the SnS2 microspheres mentioned above, Peng et al. [15] also reported
semi-metal material Nb2C and Ta2C MXenes with remarkable SERS enhancement as SERS
substrates for SARS-CoV-2 spike protein detection. As compared with Nb2C, the Ta2C
substrate had a better selective SERS-enhanced effect on molecules. Therefore, Ta2C was
chosen as a model substrate for the detection of SARS-CoV-2 S protein. The detection limit
of SARS-CoV-2 S protein was as low as 5 × 10−9 M. Similarly, Fraser et al. [47] prepared few-
layered MoTe2 films as a SERS substrate for β-sitosterol detection in a complex cell culture
media. Among others, Li et al. [112] reported 2D hafnium ditelluride (HfTe2) as a new
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label-free SERS substrate to detect trace uric acid, the important biomarker for gout disease,
which demonstrated a reliable LOD of 10−4 M. In addition, Sun et al. [113] proposed to
use the photo-excited D-MIL-125-NH2 material, which could obtain stable photo-induced
oxygen vacancy (PIVo) defect as a SERS substrate for the detection of disease markers. In
order to evaluate the SERS activity of the D-MIL-125-NH2 substrate, dopamine was chosen
as a probe molecule. It was reported that the detection of dopamine has been linked to
the diagnosis of various diseases, such as Parkinson’s disease [114,115]. The experimental
data demonstrated that this SERS substrate could efficiently determine dopamine with a
detection limit of 6.6 × 10−7 M, which were two orders of magnitude lower than the lowest
concentrations of dopamine detected on photo-excited TiO2 particles.

 

Figure 8. (a) Schematic diagram of the SERS Biosensor for the detection of miRNA 155. (b) Schematic
diagram of the design process for B-TiO2 bioprobe and their application. (c) Illustration of the GERS
measurement and the Raman spectra of hemoglobin in contact with and in absence of graphene
measured under 633 nm excitation laser. The graphene G bands at around 1582 cm−1 are labeled with
“*”, and the second-order modes of Si substrate are labeled with “**”. (a) Reprinted with permission
from [98]. Copyright 2022 American Chemical Society. (b) Reprinted with permission from [56].
Copyright 2019 American Chemical Society. (c) Reprinted with permission from [107]. Copyright
2018 American Chemical Society.
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Table 2. SERS-active substrates used for the detection of SARS-CoV-2S protein and reported
SERS performance.

SERS Substrates Target LODs

Reported
SERS Performance Ref

Molecules EF

SnS2 microspheres

SARS-CoV-2S
protein

10−14 M MB 3.0 × 108 [46]

Ta2C 5 × 10−9 M CV 1.4 × 106 [15]

Bumpy core–shell
Au NPs 7.1 × 10−16 M 4-NBT 2.1 × 108 to

2.2 × 109 [116]

Au/MgF2/Au 3.7 × 10−12 M MB 2.0 × 105 [117]

Au NPLs/PDMS 2.6 × 10−10 M R6G 6.4 × 107 [118]

Au-TiO2 10−10 M R6G / [119]

Au–Ag
hollow nanoshells 7.5 × 10−15 M 4-MBA / [120]

Table 3 summarizes the SERS detection results of non-noble metal substrates for the
above-mentioned biomarkers.

Table 3. A summary of non-noble meta-based SERS substrates for biomarkers detection mentioned
in this review.

SERS
Substrate

Enhancement
Mechanism

Target
Linear
Range

LOD Ref

MoS2 NFs
Synergistic effect of effective
enrichment of substrate and
laser-induced CT resonances

CA-199 5 × 10−4–1 × 102

IU·mL−1 3.43 × 10−4 IU·mL−1 [16]

WO3 film CT enhancement VEGF 10–250 pg/mL 8.7 pg/mL. [95]

3D WO3 hollow
microsphere CT enhancement miRNA 155 1 fM–100 pM 0.18 fM [98]

CuPc@HG@BN Interface dipole interaction miR-21 1.6 fM–2.8 pM 0.7 fM [99]

TiO2-AR
-rBSA-FA

Synergistic effect of strong
vibration coupling resonance and
PICT enhancement

SY5Y
H226KYSE-150

HeLa
/ 1 cell/mL [102]

B-TiO2-AR-PD-PEG-
AB

Synergistic effect of interfacial
PICT and PICT resonance as well
as strong vibronic coupling in
amorphous shell-molecule system

MCF-7MCF-7
drug-resistant

(MCF-7/ADR) breast
cancer cells

/ / [103]

B-TiO2-AR
-PEG-FA

Synergistic effect of interfacial
PICT and PICT resonance as well
as strong vibronic coupling in
amorphous shell-molecule system

MCF-7(folate
receptor (FR)

positive),
A549

Raw264.7
(FR negative)

1–100 cells/mL
(MCF-7) 2 cells/mL (MCF-7) [56]

MGT-ABs-CuPc
Synergistic effect of enrichment
from a porous TiO2 shell and CT
enhancement

HCC38
MDA-MB-231

MCF-7

5 × 102–5 × 105 cells
5 × 102–106 cells

5 × 103–5 × 104 cells

3 cells
/
/

[104]

3D ZnO quantum Synergistic effect of SPR effect
and CT enhancement

MDAMB231
HeLa

NIH3T3
/ / [105]

Graphene
Synergistic effect of CT
enhancement and π-π interaction
between probe and graphene

Hemoglobin
albumin / / [107]

Quantum-size TiO2-x

Synergistic effect of effective
enrichment of substrate and
laser-induced CT resonances

ATP
EGFR / / [108]
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Table 3. Cont.

SERS
Substrate

Enhancement
Mechanism

Target
Linear
Range

LOD Ref

Ni-MoS2 NFs

Synergistic effect of effective
enrichment of substrate and CT
enhancement as well we interface
dipole–dipole interaction

Bilirubin 10−7–10−3 M 10−7 M [109]

SnS2 microspheres
Synergistic effect of the molecular
enrichment caused by capillary
effect and CT enhancement

SARS-CoV-2 S
protein,

SARS-CoV S protein,
SARS-CoV-2 RNA

10−14–10−6 M
104–107 copies/mL
104–106 copies/mL

10−14 M
107 copies/mL
106 copies/mL

[46]

Ta2C Synergistic effect of PICT
resonance enhancement and EM

SARS-CoV-2 S
protein / 5 × 10−9 M [15]

1T′-MoTe2 CT enhancement β-sitosterol 10−9–10−4 M 10−9 M [47]

Few-layered HfTe2 CT enhancement Uric acid 100 μM–1 mM 100 μM [117]

D-MIL-125-NH2

Photo-induced oxygen vacancy
detection in D-MIL-125-NH2
results in modified energy bands
to boost both the inter-valence CT
within MOFs and interfacial
CT transitions

Dopamine 6.6 × 10−4–6.6 ×
10−7 M 6.6 × 10−7 M [118]

5. Conclusions and Prospects

Non-noble metal nanomaterials have become the most promising SERS substrates
due to their unique physicochemical properties. Although significantly fewer studies
have been focused on their practical application compared with noble metals-based SERS
substrates, they have shown their own advantages in addressing the challenges related to
conventional SERS substrates and expanding the scope of SERS detection. In this review,
we briefly summarized the enhancement mechanism of non-noble metal SERS substrates.
Several main types of materials were also briefly reviewed. The latest application progress
of non-noble metal materials based on SERS technology for the detection of pollutants
and biomarkers in recent years is highlighted and discussed in detail. Although many
innovative works have been completed, non-noble metal SERS substrates are still facing
many limitations and require perpetual efforts in SERS detection. The following three
aspects should be considered for the design of non-noble metal SERS substrates.

(1) The lower detection sensitivity of most non-noble metal SERS substrates compared
to noble metal SERS substrates (Au and Ag) is the main limiting factor for their
applications. Therefore, the development of non-noble metal SERS substrates with
high sensitivity can be made possible through the ability to rationally tune the multi-
parametric combination of resonance conditions for the target;

(2) The enhancement mechanism of non-noble metal SERS substrates is still needed to
fully understand. Although more and more non-noble metal nanomaterials have been
proposed, their enhancement mechanisms are different due to their various nanos-
tructure and physicochemical properties. So far, the understanding of enhancement
mechanisms is far from enough. In order to accurately control the SERS enhance-
ment of non-noble metal nanomaterials, it is important to systematically research the
enhancement mechanism of various non-noble metal nanomaterials;

(3) In complex environments, background interference caused various characteristic
peaks in the SERS spectrum, resulting in difficult-to-distinguish characteristic peaks
of analytes. In addition to the specific recognition strategies of binding antigens and
antibodies as well as aptamers to improve the selectivity of detection, various func-
tionalized SERS tags that have aroused widespread interest in SERS anti-interference
detection may alleviate this dilemma.
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Although there is still a certain gap between the detection of non-noble metal SERS
substrates in the lab and practical application, the development of novel SERS-active non-
noble metal nanomaterials are meaningful to enrich the development of high-performance
SERS substrates and to expand the practical application range of SERS. Especially given
the development of detection strips, microfluidic chips, and kits based on non-noble
metal nanomaterials combined with portable Raman may be a focus of future research. In
addition, non-noble metal SERS active materials with good biocompatibility, low biotoxicity,
and good spectral stability have also been proven to have imaging functions. This not only
provides a new strategy for the development of a SERS platform for tumor diagnosis but
also expands the application of SERS platforms based on non-noble metal nanomaterials
in the accurate diagnosis and treatment of cancer. We believe and expect that with the
development of related research, non-noble metal materials will eventually become the
next generation of multifunctional SERS substrates for overcoming various challenges in
practical applications.
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Abstract: Metal–organic frameworks (MOFs), constructed by coordination between metal-containing
nodes and organic linkers, are widely used in various fields due to the advantages of tunable pores,
diverse functional sites, stable structure, and multi-functionality. It should be noted that MOF-based
materials play a major role in glucose detection, serving as a signal transducer or functional substrate
for embedding nanoparticles/enzymes. Diabetes is one of the most common and fast-growing
diseases worldwide, whose main clinical manifestation is high blood sugar levels. Therefore, accurate,
sensitive, and point-of-care glucose detection is necessary. This review orderly introduces general
synthetic strategies of MOF-based materials (pristine MOF, nanoparticles, or enzymes-modified
MOF and MOF-derived materials) and detection methods (electrochemical and optical methods) for
glucose detection. Then, the review refers to the novel MOF-based glucose detection devices (flexible
wearable devices and microfluidic chips), which enable non-invasive continuous glucose monitoring
or low-cost microscale detection. On the basis of describing the development of glucose sensors
based on MOF materials in the past five years, the review presents merits, demerits, and possible
improvements of various detection methods.

Keywords: metal–organic frameworks (MOFs); glucose detection; synthesis; electrochemical sensor;
optical sensor; wearable sensor

1. Introduction

Glucose is an indispensable small molecule for human life, which not only provides
energy for the human body but also controls cell activities by regulating the intracellular
glucose level. For example, one of the important methods to treat cancer is blocking in-
tracellular glucose uptake, which can effectively inhibit the activity of cancer cells [1,2].
Meanwhile, glucose is also an important intermediate of metabolism. When the blood
glucose level deviates from the normal range, serious damage to the human body may be
caused, including tissue damage, stroke, renal, heart attack, etc. [3]. Moreover, diabetes, a
common metabolic disease, is mainly characterized by high blood glucose levels. The blood
glucose disorder also occurs in pancreatic exocrine (pancreatitis, cystic fibrosis, etc.) and en-
docrine diseases (Cushing syndrome, acromegaly, etc.) [4]. Nowadays, the self-monitoring
of blood glucose levels is the most efficient way for the management of diabetes and other
related disease [5]. Except for the above-mentioned applications, glucose detection is also
applied in artificial taste sensors and quality control of food and drinks [6].

The glucose sensors on the market quantify the glucose by measuring the biochem-
ical reaction products generated from glucose with the catalysis of enzymes, including
glucose oxidase-peroxidase (GOD-POD), glucose dehydrogenase (GDH), and hexokinase
(HK) [7]. The GOD-POD method is usually utilized in portable glucose meters (finger-prick
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blood testing) and self-monitoring blood glucose meters (interstitial fluid detection), which
are based on the product (H2O2) and the electron transfer during the glucose oxidation
reaction [8]. The HK method is highly accurate and precise but needs large and expen-
sive equipment, which is commonly used in hospital and laboratory research. In the HK
method, the phosphorylation product of glucose catalyzed by hexokinase can react with
nicotinamide adenine dinucleotide phosphate (NADP+) under the cascade catalysis of
glucose phosphate dehydrogenase (G6PDH) and generate a chemiluminescence signal [9].
Although these methods are widely reported and even commercialized, their sensitivity,
stability, and non-invasion detection are still challenged. Consequently, an accurate, se-
lective, stable, and non-invasive glucose detection method is highly demanded. With the
advancements in material science, emerging functional materials with superior glucose
detection performance have been increasingly reported.

Due to the tunable pores, diverse functional site, high specific surface area, and
stable structure, metal–organic frameworks (MOFs), constructed by connecting metal-
containing nodes with organic linkers through coordination bonds, have received extensive
attention in various detections, especially in glucose detection (Figure 1) [10–14]. MOF-
based materials in glucose sensors can be divided into three types, including pristine
MOF, modified MOF, and MOF-derived material. Pristine MOF with inherent redox
properties that catalyze the reaction of glucose is mostly utilized in non-enzymatic glucose
detection. The desired detection properties can be obtained from appropriate ligands and
metal ions, and it is also related to the degree of conjugation and coordination of MOF.
The modification of MOF with nanoparticles and enzymes can also endow MOF-based
materials with catalytic properties and improved detection ability. In addition, after the
thermal or solvent treatment, the MOF-derived materials can achieve novel pore structure
and detection properties. The detection mechanism of MOF-based glucose sensors can
be divided into electrochemical and optical methods based on the types of output signals.
The electrochemical detection is based on the redox reaction between glucose with MOF
or the modified materials. The optical methods utilize the optical signal produced by the
interaction with the glucose and the modified fluorescent probe, enzymes, or MOFs. The
preparation strategy (pristine MOF, nanoparticles in/on MOF, enzymes in/on MOF, and
MOF-derived materials) and detection mechanism (electrochemical and optical detection)
of MOF-based sensors are also inseparable; therefore, this review will introduce MOF-based
materials for glucose detection mainly from these two aspects: the preparation strategies
and the detection methods.
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Figure 1. Different types of MOF-based materials for glucose detection. Pristine MOFs: Cu-BTC
(benzene-1,3,5-tricarboxylate) (reproduced with permission from [15], copyright © 2013, Royal Society
of Chemistry), ZIF-67/8 (reproduced with permission from [16], copyright © 2022, Elsevier); NPs
modified MOFs: AgNPs@ZIF-67 (reproduced with permission from [17], copyright © 2018, Elsevier),
Pt/Fe-MOF (reproduced with permission from [18], copyright © 2021, Springer Nature); Enzymes
modified MOFs: GOx&Luminol@ZIF-67 (reproduced with permission from [19], copyright © 2023,
Elsevier); MOF-derived materials: Ni/NiO (reproduced with permission from [20], copyright © 2020,
Springer Nature), ST-Co3O4 (reproduced with permission from [21], copyright © 2021, John Wiley
and Sons). The typical works of electrochemical methods (reproduced with permission from [22],
copyright © 2018, Elsevier) and optical methods (reproduced with permission from [23], copyright
© 2019, John Wiley and Sons) for glucose detection with MOF-based materials. Furthermore, the
flexible wearable sensors (reproduced with permission from [24], copyright © 2022, Elsevier) and
microfluidic chips (reproduced with permission from [25], copyright © 2022, Elsevier) for MOF-based
glucose detection.

2. Synthesis Strategy of MOF-Based Materials

2.1. Pristine MOF

The pristine MOF with a large specific surface area and structural diversity is com-
monly utilized in nonenzymatic electrochemical detection, which avoids restricting de-
tection and storage requirements [26]. In electrochemical detection, the valence of metal
ions in pristine MOF is changed, resulting in a redox reaction. The MOF-based electrodes
not only have excellent electrocatalytic performance for glucose but also have remarkable
selectivity and stability. The pristine MOF used in glucose detection can be divided into
single metallic MOF, like Fe [26,27], Co [28], Cu [29,30], and Ni-MOF [31,32], and bimetallic
or multivalent metallic MOF. Due to the different ligand coordination abilities, valence
states, and ionic radii of the two metals, the substitution of the second metal to the host
metal happens, and the crystal structure, morphology, and catalytic properties are changed.
On the one hand, the addition of the second metal could improve the catalytic ability
and bring other unique properties. On the other hand, the extensive substitution of the
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second metal may lead to crystal distortion and structural collapse. The synergism and
competition between the two metals improve the bimetallic MOF electrodes and increase
the number of structure defects, which endow the electrodes with more binding sites
and stronger electrocatalytic performance [33]. Ma et al. synthesized a novel stylophora
coral-like furan-based Ni/Co-MOF (Ni/Co-FAMOF) through the simple solvothermal
method [34]. Ni/Co-FAMOF, combined with bimetal Ni/Co and furan dicarboxylic acid
ligand, has a high specific capacitance, capacity retention rate, and good electrochemical
glucose detection performance. The excellent performance of the Ni/Co-FAMOF electrode
derived from (1) ligand with rigid furan ring skeleton, which has high molecular stacking
properties; (2) bimetal-containing nodes, which combine the high electrocatalytic activity of
Ni and oxygen adsorption ability of Co; and (3) unique stylophora coral-like morphology,
which greatly increases the active sites on the surface.

2.1.1. Hydrothermal/Solvothermal Synthesis

Hydrothermal/solvothermal synthesis is one of the most commonly employed meth-
ods to synthesize pristine MOF for glucose detection. Hydrothermal/solvothermal syn-
thesis typically reacts the metal salts and organic ligands in a closed system, such as a
Teflon-lined steel autoclave, with water or organic solvent at a relatively high temperature
(100–1000 ◦C) and pressure (1 MPa–1 GPa). The medium provides a favorable reaction
environment to promote the generation of desired products, which inhibits the formation of
undesirable products. Therefore, hydrothermal/solvothermal synthesis has the advantages
of high purity of products, efficiency, simplicity, versatility, and large-scale preparation [35].

The mechanisms of crystal growth by hydrothermal/solvothermal growth are dissolve
crystallization and in situ crystallization (Table 1). Dissolve crystallization: the dissolved
precursor mixture reaches a subcritical or supercritical state under high temperature and
pressure and converts to the final product for the different solubility between product and
precursor [36]. Ramaprabhu et al. synthesized copper-terephthalate (CuBDC) MOF by
solvothermal method with different time durations [37]. When the reaction time exceeded
6 h, Cu-BDC started agglomerating, and the morphology changed from flat, rod-shaped
into a cuboidal solid block-shape with stacked layers, which completely changed after 48 h.
The changes in the morphology greatly increased the specific surface area and active sites,
which further improved the detection performance in glucose detection.

In situ crystallization: in the presence of precursors (such as graphene, carbon cloth,
metal nanoparticles, etc.), MOF crystals are promoted to in situ grown at active sites formed
by the dehydration of precursors [38]. As shown in Figure 2A, Yang et al. used the in situ
growth method to prepare NiCo-BTC nanosheets on the surface of the precursor carbon
cloth (CC) with oxygen-containing functional groups [39]. The application of CC not
only improved the distribution of NiCo-BTC and avoided aggregation but also increased
the active site to oxidize glucose. The electrochemical performance for glucose detection
was further improved, attributing to the positive synergistic effect of bimetal. Wang et al.
successfully in situ grew bimetallic CuCo-MOF on nickel foam (NF) through a facile one-pot
hydrothermal treatment [40]. With the positive synergistic effect of Co and Cu, CuCo-MOF
obtained enhanced sensitivity of electrodes from Co and broadened linear range from Cu.
The microflower-like morphological structure further improved electrochemical glucose
detection properties.
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Figure 2. Synthesis methods of the pristine MOF. (A) Solvothermal synthesis of NiCo-BTC/CC
(reproduced with permission from [39], copyright © 2022, American Chemical Society). (B) Room-
temperature synthesis of 2D Fe-BTC (reproduced with permission from [41], copyright © 2013, Royal
Society of Chemistry). (C) Microwave-assisted synthesis of ZIF-67/8 (reproduced with permission
from [16], copyright © 2022, Elsevier). (D) Electrochemical deposition synthesis of Cu-BTC on
SWCNTs/GCE (reproduced with permission from [42], copyright © 2020, Elsevier).

Table 1. MOF synthesized by hydrothermal/solvothermal synthesis for glucose detection.

Sample Solvent Method Morphology Ref

Ni/Co-FAMOF H2O Dissolve crystallization Stylophora coral-like [34]
Co-MOF ChCl Dissolve crystallization Nanoparticles [43]
Co-BTC DMF, Ethanol Dissolve crystallization Cuboid [44]

NiCu-MOF DMF Dissolve crystallization Nanosheets [45]
NiCo-BTC/CC Ethanol In situ crystallization Nanosheets [39]

Co/Cu-MOF/NF H2O In situ crystallization Microflowers [40]
Ni/Co(HHTP)MOF/CC H2O In situ crystallization Thick rods [46]

CuCo-MOF/CFP DMF In situ crystallization Book-like [47]
BTC: benzene-1,3,5-tricarboxylate. DMF: N, N-Dimethylformamide. HHTP: triphenylene-2,3,6,7,10,11-hexaol.
CFP: carbon fiber paper.

In addition to solvothermal/hydrothermal synthesis, ionothermal synthesis was also ap-
plied to synthesize MOFs for glucose detection. Compared with solvothermal/hydrothermal
synthesis, which uses water or an organic solution as a solvent, ionothermal synthesis uses
ionic liquids as reactants, which could also act as structure-guiding agents and charge-
balancing agents. The ionic liquids, which have unique ionic composition, low freezing
point, strong solubility, and good electrical conductivity, incubate the ionothermal synthesis
with high safety and green environmental protection. Jiao et al. utilized the deep eutectic sol-
vent choline chloride (ChCl) as a solvent to synthesize Co-MOF, [Ch]2[Co3(BDC)3Cl2] [43].
The detection performance of the synthesized [Ch]2[Co3(BDC)3Cl2] electrode towards
glucose is excellent, with a rapid response.

2.1.2. Room-Temperature Synthesis

The room-temperature synthesis strategy, which reacts under room temperature and
mild conditions, is simple and facile. Moreover, room-temperature synthesis is suitable
for industrial large-scale production to eliminate unstable factors, including the heating
and pressurization process [48]. Wang et al. prepared an electrode with Co-MOF on CC,
which was fabricated by the room-temperature liquid-phase deposition strategy [49]. The
room-temperature liquid-phase deposition strategy avoided post-coating procedures with
polymeric binders that inevitably reduced the active surface area and the rate of charge
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transfer. Furthermore, the ultrathin two-dimensional (2D) Co-MOF nanosheets with well-
aligned open-shelled MOF nanoarrays on CC promoted the penetration of electrolytes
and the diffusion of small molecules and improved the oxidation efficiency of glucose,
which endowed the electrode with excellent catalytic performance. As shown in Figure 2B,
Huang et al. synthesized Cu(HBTC) using the room-temperature synthesis strategy, and
Fe3+ ions were added to replace the Cu2+, obtaining Fe-BTC with peroxidase activity. The
2D nanosheets of Fe-BTC offered higher diffusion efficiency and more active sites than three-
dimensional (3D) bulk crystals, which improved the glucose detection performance [41].
Additionally, NiCo-MOF [50,51], Cu-MOF [52–54], ZIF-67 [55], and other MOFs were also
synthesized using the room-temperature synthesis strategy to detect glucose.

2.1.3. Microwave/Ultrasound-Assisted Synthesis and Mechanochemical Synthesis

With the assistance of high-energy ultrasonic and electromagnetic waves to increase
the reaction energy, respectively, microwave/ultrasound-assisted synthesis has the advan-
tages of high efficiency, rapid reaction, uniform particle morphology, and high phase purity.
In microwave-assisted synthesis, the interaction between the electromagnetic field of the
microwave and electrons, the precursors which receive the energy from the microwave,
are heated uniformly and rapidly to accelerate nucleation and crystal growth [56]. The
ultrasound-assisted synthesis is based on the effect of the acoustic cavitation; the bubbles
are continuously generated, grown, and collapsed in a hot spot, where the temperature
reaches 5000 °C, the pressure is 1000 atm, and the heating/cooling rate is above 1010 K/s,
inducing local heating and pressurization. The high temperature and pressure promote
the growth of the surrounding crystal nucleus [57]. Compared with traditional hydrother-
mal/solvothermal synthesis, microwave/ultrasound-assisted synthesis greatly reduces
the reaction time, even just in a few minutes. As shown in Figure 2C, Ni et al. used a one-
pot, rapid microwave-assisted method to synthesize bimetallic ZIF-67/8 that only needs
20 min [16]. The same method was also used to synthesize Ni-MOF by Sargazi et al. [58].
The synthesized Ni-MOF electrode with a high surface area of 1381 m2/g had high sensi-
tivity and accuracy in glucose detection.

Except for microwave/ultrasound-assisted synthesis, mechanochemical synthesis is
also used to synthesize MOF-based materials in glucose detection. After applying appropri-
ate mechanical force, the fluidity at the molecular level of the reactants is increased, which
results in the breaking of intramolecular bonds and accelerating the chemical reaction [59].
Moreover, mechanochemical synthesis requires no external heat, which is simple, green,
and rapid. Lee et al. introduced an innovative rapid agitation-induced synthesis route
to synthesize Ni-MOF at 10,000 rpm, which only needs 5 min [60]. The synthesized 2D
ultrathin Ni-MOF nanosheet has a good electrocatalytic activity for glucose detection.

2.1.4. Electrochemical Deposition Synthesis

The electrochemical deposition method, which deposits MOF directly on the conduc-
tive substrates, effectively eliminates the decrease of charge transfer efficiency caused by
the use of adhesives, such as Nafion. This strategy has the advantages of mild reaction and
easy treatment, which also can effectively eliminate the influence of countering ions [61,62].
Meanwhile, changing the electrolyte and current density can effectively control the shape,
size, and distribution of MOF. As shown in Figure 2D, Tominaga et al. electrodeposited
three-dimensional (3D) nucleated microparticles like Cu-BTC directly on glassy carbon elec-
trode (GCE) with single-walled carbon nanotubes (SWNTs) [42]. Hosseini et al. formed a
crystalline rectangular bar-shape Co-BTC on rGO/GCE by depositing nano-flake Co(OH)2
intermediates on rGO/GCE and rapidly conversing Co(OH)2 to Co-BTC [63]. Compared
with the one-step electrochemical deposition method, the multi-step electrochemical depo-
sition method, intermediate deposition, and conversion can more effectively control the
growth and distribution of MOF and improve the adhesion of MOF to the electrode.
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2.2. Nanoparticles-Modified MOF

Compared with pristine MOF, MOF modified with other materials, including nanopar-
ticles (NPs) and enzymes, can achieve diverse functions and properties for glucose detection
(Table 2). Most pristine MOF was applied in electrochemical detection, and the choice
of metal in MOF is limited to redox metals, such as Fe, Co, Cu, and Ni. Excitingly, the
modified MOF broadened the choice of metals, ligands, and detection methods [64]. Be-
cause of the pore osmotic adsorption of porous MOF materials and the interaction between
functional groups on MOF and NPs (van der Waals force, hydrogen bonding, electro-
static adsorption, etc.), nanoparticles can be stably and uniformly dispersed in the pores of
MOF and prevent the aggregation [65]. Hereafter, the synthesis of two types of NP/MOF
composites for glucose detection was reviewed (Figure 3).

Figure 3. The synthesis of NPs-modified MOFs. NPs coated on MOFs: (A) AuNPs/N-GQDs coated on
P-MOF as a substrate (reproduced with permission from [66], copyright © 2022, Elsevier); (B) PtNPs
coated on Fe-MOF as a catalyst (reproduced with permission from [18], copyright © 2021, Springer
Nature). NPs encapsulated in MOFs: (C) BODIPY encapsulated in Eu-MOF by one-pot synthesis
(reproduced with permission from [67], copyright © 2022, Elsevier); (D) AgNPs encapsulated in
Co-MOF by in situ growth (reproduced with permission from [68], copyright © 2019, American
Chemical Society).

2.2.1. NPs Coated on MOFs

NPs, including noble metal nanoparticles, metal oxides, quantum dots, etc., were
usually used to modify MOFs to improve detection performance [69]. According to the role
played by MOFs, NPs-coated MOFs can be divided into two categories: (1) MOFs were
applied as substrates to immobilize NPs with catalytic properties. (2) MOFs were used
as catalytic materials, and the coated nanoparticles interacted with MOFs to improve the
catalytic performance.

MOFs as Substrates

The NPs can be absorbed in the pores or on the surface of MOFs, which prevents the
aggregation and reduction of the catalyst activity. Meanwhile, MOFs also can promote
contact between the active site and the substrate, which is very suitable to be used as the
substrate of NPs. As shown in Figure 3A, Wu et al. used the PEI functionalized MOF as
the substrate to physically absorb AuNPs/N-GQDs on the surface [66]. PEI-functionalized
Fe-MOF provides a large specific surface area for AuNPs/N-GQDs and facilitates the
contact between uniformly dispersed active sites and the electrode surface. The enzyme-
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linked reaction of AuNPs/N-GQDs with peroxidase mimics (AuNPs) and nitrogen-doped
graphene quantum dots (N-GQDs) realized the glucose detection.

MOFs as Catalyst

Besides simply being a substrate, MOFs also possess diverse properties, especially
catalytic activities, including peroxidase activity, electrocatalytic activity, etc. Thus, MOFs
can also be used in glucose detection and the detection performance as catalysts to further
improve the detection performance. Lu et al. utilized the coordination between PtNPs and
Fe-MOF to stabilize PtNPs on the surface of Fe-MOF (Figure 3B) [18]. The electrons on
PtNPs can induct to transfer to Fe, which accelerates the redox cycle of Fe3+/Fe2+, which
significantly improves the efficiency of the peroxidase reaction of Fe-MOF. There are many
NPs on MOFs synthesized by similar methods, such as N-Co-MOF@PDA-AgNPs [70],
α-CD-rGO/Ni-MOF [71], RhB-CDs@MOF-808 [72], etc.

2.2.2. Nanoparticles Encapsulated in MOFs

Except for coating NPs on the surface of MOFs, encapsulating NPs in MOFs also can
be used for glucose detection, including in situ encapsulation and in situ growth [65].

As for the in situ encapsulation method, the NPs are encapsulated in MOFs by adding
the pre-synthesized NPs into the mother solutions of MOF, and the MOF crystalizes
around the NPs, which act as crystal nuclei [64]. For instance, Bagheri et al. synthesized
CeO2@NH2-MIL-88B by a room-temperature one-pot strategy to form a colorimetric de-
tection system for glucose detection [25]. The CeO2 enhanced the peroxidase activity of
NH2-MIL-88B, exhibiting faster response speed and stronger colorimetric signal compared
to horseradish peroxidase (HRP).

The in situ growth method requires two or more steps for preparation. First, the precur-
sors of NPs, such as metal salts and polymer monomers, are encapsulated or immersed into
the pores of MOF. Next, NPs are formed in situ by polymerization or redox reaction [69],
generating relatively small NPs with homogeneous distribution and improved stability. Lu
et al. in situ polymerized polypyrrole (PPy) in Co-Ni(Fe)-MOF nanosheets to fabricate the
Co-Ni(Fe)-MOF/PPy electrode [73]. The Fe3+ catalyzed the in situ polymerization of PPy,
avoiding the addition of additional oxidants and improving the conductivity and electro-
catalytic performance of composite electrodes. Wang et al. used the in situ growth method
to embed highly conductive and biocompatible AgNPs into Co-MOF (Figure 3D) [68]. The
encapsulation of AgNPs enhanced the conductivity and electrocatalytic activity of the
Ag@Co-MOF electrode.

Table 2. MOFs modified with NPs for glucose detection.

Sample NPs Function Method Ref

P-MOF AuNPs/N-GODs Substrate Physical adsorption [66]
UiO-66-NH2 PPG@Ru Substrate EDC/NHS [72]

Fe-MOF PtNPs Improve performance Coordinate bonds [18]
N-Co-MOF@PDA AgNPs Improve performance Surface growth [70]

Ni-MOF αCD-rGO Improve performance Surface
electrodeposition [71]

Eu-MOF BODIPY Improve performance In situ encapsulation [67]
NH2-MIL-88B CeO2 Improve performance In situ encapsulation [25]

ZIF-67 Ag@TiO2 Improve performance In situ encapsulation [74]

CoNi(Fe)-MOF PPy Improve performance In situ
polymerization [73]

ZIF-67 AgNPs Improve performance In situ generation [17]
Cu-TCPP(Fe). AuNPs Improve performance In situ generation [75]

Co-MOF CuNPs Improve performance In situ generation [76]
PPG: poly (N-phenylglycine). EDC/NHS: cross-linker. PDA: polydopamine. αCD-rGO: α-cyclodextrin function-
alized reduced graphene oxide. BODIPY: boron-dipyrromethene. TCPP: Fe(III) tetra(4-carboxyphenyl)porphyrin.
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2.3. Enzymes-Modified MOFs

Compared with nanozymes, nature enzymes have the advantages of high catalytic
efficiency and selectivity. However, natural enzymes are easily denaturalized by high
temperatures, acid or alkali environments, and organic solvents, which limits their practical
application. As shown in Figure 4, MOFs with a high specific surface area and stability
are ideal substrates for the immobilization of enzymes, and they can not only protect the
structure of enzymes from adverse conditions but also improve the selectivity of enzymes
to the substrate through pore confinement [77,78]. The Immobilization methods of enzymes
on MOFs are summarized in Table 3. Moreover, the fluorescence, magnetism, catalysis,
and selective adsorption properties of MOFs can be combined with enzymes to achieve
abundant expansive functions.

Figure 4. The synthesis of enzymes-modified MOFs. Enzymes coated on MOFs: (A) GOx-Fe3Ni-
MOF by physical adsorption (reproduced with permission from [79], copyright © 2022, American
Chemical Society); (B) GOx&Hemin-ZIF-67 by the coordination between the Co2+ and the carbonyl
group of the proteins (reproduced with permission from [24], copyright © 2022, Elsevier). Enzymes
encapsulated in MOFs: (C) HRP-PAA@ZIF-L (reproduced with permission from [80], copyright ©
2022, Elsevier); (D) GOx@FCM (reproduced with permission from [81], copyright © 2012, Royal
Society of Chemistry).

2.3.1. Enzymes Coated on MOFs

Similar to the modification of NPs on the surface of MOFs, enzymes can also be
modified on MOFs by physical adsorption and covalent bonding [82]. Wang et al. prepared
bimetallic Fe3Ni-MOFs by solvothermal synthesis, and glucose oxidase (GOx) was coated
on the surface of MOF by simple physical adsorption (Figure 4A) [79]. Fe3Ni-MOF can
not only protect GOx and improve its stability but also has excellent peroxidase activity,
benefiting from the bimetal sites. Zhang et al. also coated hierarchically porous HPPCN-
222(Fe) with GOx by physical adsorption [83].

In addition, MOF with abundant functional groups on the surface and pores can
also bond with biomolecules through covalent bonding and hydrogen bonding. Kim et al.
made use of the pore adsorption of Co-MOF and hydrogen bonding, which formed be-
tween the carboxyl functional groups of the enzyme and the imine group of the ligand,
2-methylimidazole (2-MIM), to load GOx on Co-MOF successfully [84].
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2.3.2. Enzymes Encapsulated in MOFs

In situ encapsulation, by which the enzyme encapsulation and MOF crystallization
occur at the same time, requires mild synthesis conditions to maintain the activity of
the enzymes [85]. Meanwhile, the selection of MOFs with hydrophilic skeletons and the
creation of a suitable enzymatic microenvironment are more beneficial to improve the
activity and loading efficiency of the enzyme during in situ encapsulation. Yang et al.
enhanced the hydrophilicity of the enzyme microenvironment in ZIF-L by grafting short-
chain polyacrylic acid (PAA) onto GOx (Figure 4C) [80]. PAA not only promoted the
diffusion of substances by forming mesopores in ZIF-L through competitive coordination
but also reduced the influence of interfacial interaction on enzyme conformation.

MOFs with peroxidase activity can also be utilized to construct enzyme-linked reaction
systems with GOx, which can reduce the types of encapsulated enzymes and simplify the
synthesis. Yu et al. in situ encapsulated GOx in FeCo-MOF with peroxidase activity. The
layered structure of MOF, treated with tannic acid, not only protected GOx but also reduced
its hindrance to material diffusion (Figure 4D) [81].

Table 3. MOFs modified with enzymes for glucose detection.

Sample Enzymes Function Method Ref

Fe3Ni-MOF GOx Protection, Nanozyme Physical adsorption [79]
HPPCN-222 GOx Protection, Nanozyme Physical adsorption [83]

ZIF-8 GOx, BHb Protection MIP [86]
UiO-66-NH2 GOx Protection Glutaraldehyde fixation [72]
NiCu-MOF GOx Protection, Nanozyme Glutaraldehyde fixation [87]

Co-MOF GOx Protection, Nanozyme Hydrogen bond [84]
HP-MIL-88B-BA GOx Protection, Nanozyme Specific identification [88]

Fe-MOF GOx Protection, Nanozyme EDC/NHS [89]
Co-TCPP(Fe) GOx Protection, Nanozyme EDC/NHS [90]

dZIF-8 GOx, HRP Protection In situ encapsulation [91]
ZIF-L PAA-GOx Protection In situ encapsulation [80]

Fe/Co-MOF GOx Protection, Nanozyme In situ encapsulation [81]
ZIF-67 GOx, HRP Protection, Nanozyme In situ encapsulation [19]

BHb: bovine hemoglobin. MIP: molecular imprinting polymers. HP: hierarchically porous. BA: boronic acid.

2.4. MOF-Derived Materials

In order to increase the catalytic rate of the catalyst, MOF-derived materials with
large pore structures are synthesized. MOF-derived materials with different functions
can be obtained through different treatments (thermal treatment, solvent treatment, etc.),
such as metal and metal ox-ide/hydroxide (pyrolysis), metal sulfide (sulfurization) and
metal oxide/carbon composites (carbonization), and so on. The recent related studies were
listed out in the Table 4. Due to their outstanding catalytic properties, metal and metallic
oxide are widely utilized in glucose detection [92,93]. Nowadays, the traditional synthesis
method, including hydrothermal synthesis and electrodeposition, are very sophisticated,
but the properties of the synthesized materials still remain to be improved [94]. The
metallic materials derived from MOFs can not only retain the morphological and structural
characteristics of MOFs precursors but also have the advantages of large specific surface
area, abundant active sites, and high porosity [95]. Moreover, MOF-derived materials can
obtain additional properties from doped non-metallic elements and effectively avoid the
aggregation of particles [96]. In addition, MOF-derived materials have higher stability and
response ability than the original neat MOFs by creating atomically active sites, exposing
more oxygen vacancy, and increasing the mobility of molecules at the solid/liquid interface,
resulting in enhanced glucose detection performance.

2.4.1. Thermal Treatment

MOFs contain both inorganic metal-containing nodes and organic ligands; therefore,
they possess not only metallic elements but also various non-metallic elements, such as
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C, H, N, O, P, S, etc. In order to obtain the desired MOF-derived materials, the undesired
element components should be removed by post-processing. One of the most commonly
used methods is thermal treatment at a specific temperature and atmosphere [97]. As
shown in Figure 5A, Qin et al. synthesized CuO/C core-shell nanoparticles by calcinating
Cu-MOF as sacrificial templates at 400 ◦C in air [98]. The interaction between the carbon
shell and CuO core increased the charge transfer efficiency and the oxygen vacancy content,
which endowed the catalytic oxidation capacity of CuO/C for glucose. Fransaer et al.
formed Co3O4-NiO/C composites with a “yolk-albumen-shell” structure (YASNiCo@C)
by carbonization of bimetallic CoNi-MOF (Figure 5B) [99]. Furthermore, MOF-derived
materials synthesized by pyrolysis also include CuO/NiO-C (Cu/Ni-MOF) [100], CuO
(CuBTC) [101], and NiFe2O4 (NiFe-MOF) [102], etc.

Figure 5. (A) The synthesis strategy of CuO/C (reproduced with permission from [98], copyright
© 2022, Springer Nature). (B) The synthesis strategy of YASNiCo@C (reproduced with permission
from [99], copyright © 2020, Royal Society of Chemistry).

2.4.2. Solvent Treatment

In addition to pyrolysis, MOF-derived materials can also be obtained by solvent
treatments, i.e., reacting MOFs with specific etching solutions and obtaining doped metal
compounds with special morphology and structure. Jiang et al. prepared nanorod-like
porous nickel phosphate NiPO derived from spherical Ni-MOF [103]. The addition of
nickel ion controlled the etching degree of Ni-MOF, and the construction of nickel phos-
phate conversed to flower-like, rod-like, and ribbon-like. Liu et al. formed hydrophilic
hierarchically-porous nanoflowers (HHNs) by etching hydrophobic ZIF-8 with an organic
weak acid, gallic acid (GA) [104]. The synergistic effect of GA with a conjugate rigid plane
and free protons combined with nitrogen atoms of ZIF-8 resulted in partial damage of
ZIF-8. Therefore, the HNNs kept a 3D hierarchically porous structure consisting of a 2D
sheet-like structure and exposed more active sites. With the incorporation of CuNPs into
the pores of HHNs, the Cu@HHNs-based electrode obtained superior catalytic activities
for glucose electrocatalytic oxidation in glucose detection.
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Table 4. MOF-derived materials for glucose detection.

Derivative MOFs Method Ref

CuO/NiO-C Cu/Ni-MOF Carbonization (430 ◦C, N2) [100]
Co/MnO@HC MnCo-MOF-74 Carbonization (900 ◦C, N2) [105]
NiO/Co3O4/C NiCo-MOF Carbonization (500 ◦C, Ar2) [106]

Ni/NCNs Ni-MOF Pyrolysis (500 ◦C, N2) [107]
Fe3O4 Fe-BDC Pyrolysis (500 ◦C, N2) [108]
NiO MOF-74 (Ni) Pyrolysis (400 ◦C, N2) [109]

ZnCo2O4 ZnCo-MOF Pyrolysis (400 ◦C, air) [110]

Ni3S2@NCNT Ni-MOF Carbonization (700 ◦C, H2/Ar2),
Sulfurization (Solvothermal) [111]

E-CuO Cu-MOF Etch, Pyrolysis (550 ◦C, air) [112]
HHN ZIF-8 Etch (gallic acid) [104]

Co-CuS Cu-Co MOF Sulfurization (Solvothermal) [113]
Ni-HHTP Ni-MOF Etch (Solvothermal) [114]

HC: hierarchical carbon. NCNs: nanoporous carbon nanorods. BDC: benzene-1,4-dicarboxylic acid. NCNT:
N-doped carbon nanotube. HHTP: 2,3,6,7,10,11-hexahydroxytriphenylene.

3. Detection Mechanisms for MOF-Based Glucose Sensors

The previous section introduced four kinds of MOF-based materials for glucose de-
tection. Different types of materials have different functions, and the response signals to
glucose are also diverse. Depending on the type of response signal, detection methods
can be divided into electrochemical and optical methods. The electrochemical methods
include chronoamperometry (CA), linear sweep voltammetry (LSV), cyclic voltammetry
(CV), differential pulse voltammetry (DPV), amperometry (AMP), etc. Optical methods
include colorimetry, fluorescence (FL), chemiluminescence (CL), surface-enhanced Raman
scattering (SERS), etc. In this section, the recent progress on MOF-based electrochemical
and optical glucose sensors was reviewed and discussed.

3.1. Electrochemical Methods

Electrochemical detection is a redox-based method where an electric potential is
applied between the working and reference electrodes, driving an electrochemical reaction
on the surface of the working electrode [115]. This method has gained significant popularity
in analytical science due to its high sensitivity, low cost, and ease of operation, making it a
powerful tool for various applications [116]. In the following sections, we will discuss recent
research advances in electrochemical glucose sensors based on different electrochemical
detection methods.

3.1.1. Chronoamperometry

The CA method is a commonly used electrochemical method in which the electric
potential of the working electrode is stepped [117]. One of the applications of CA is
controlled-potential chronoamperometry. During this process, a constant potential tested
from CV measurement is applied to the working electrode, and the current is monitored
over time, accompanied by the oxidation or reduction of electrochemically active sub-
stances in a solution [118]. Huang et al. successfully electrodeposited MOF (Cu) onto
a single-walled carbon nanotube (swnt)-modified gold wire electrode (gwe) to form a
composite electrode named swnt-MOF(Cu)@gwe, which has good electrical conductivity
(Figure 6A) [119]. Using the chronoamperometric technique to determine glucose, the
linear range of modified electrodes was from 1 μM to 3 mM and the limit of detection
(LOD) was down to 0.16 μM (S/N = 3).
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Figure 6. (A) Mechanism of glucose oxidation at swnt-MOF(Cu)@gwe and corresponding CA
curves for glucose detection (reproduced with permission from [119], copyright © 2023, Elsevier).
(B) Mechanism of glucose electrocatalytic oxidation at Ni@Cu-MOF nanocomposite and correspond-
ing CV curves of glucose detection (reproduced with permission from [120], copyright © 2020,
Elsevier). (C) Fabrication of NPC-Co3O4 composite and corresponding DPV curves for glucose detec-
tion (reproduced with permission from [22], copyright © 2018, Elsevier). (D) Synthesis of core-shell
UiO-67@Ni-MOF composites and corresponding AMP curves for glucose detection (reproduced with
permission from [121], copyright © 2020, Elsevier).

Although noble metals and their alloys offer a high catalytic activity for glucose
oxidation, their high cost and limited availability hinder their widespread use. In con-
trast, transition metal materials (e.g., Mn, Fe, Co, Ni, and Cu) are more affordable and
abundantly available on Earth [122]. In recent years, bimetallic transition materials have
received increasing attention due to their unique properties, including versatility, efficient
catalytic activity, selectivity, and stability, which often exceed monometallic materials in
various applications [123]. Muthurasu et al. used bimetallic MOF to detect glucose. Due
to the synergistic effects between metals, bimetallic materials often exhibit enhanced cat-
alytic activity compared to their monometallic counterparts [124]. Finally, they obtained a
bimetallic nitrogen-doped carbon nanotube (NCNT) MOF CoCu nanostructure through
high-temperature calcination. The CA study demonstrates that the bimetallic NCNT MOF
CoCu nanostructure substantially increases the catalytic activity towards glucose. This
sensor provides a linear range from 0.05 to 2.5 mM, a sensitivity of 1027 μA·mM−1·cm−2,
and a LOD of 0.15 μM (S/N = 3). The same group also constructed a bimetallic Cu@Ni
organic framework electrode, which also used the CA method for sensitive and selective
detection of glucose [123]. CA provides a better signal-to-noise ratio in comparison to other
amperometric techniques [125], but it shows a relatively slow measurement speed that
requires 10 s or longer [126].

3.1.2. Linear Sweep Voltammetry and Cyclic Voltammetry

When the potential changes with time, the analyte in a solution will generate a current
due to an oxidation or reduction reaction on the electrode surface at the characteristic
potential. If a scanning potential changes linearly, it is called LSV; if a scanning potential
changes linearly and reverses at a certain time, it is called CV.

Ozacar et al. synthesized a MOF-based composite named GOx-reduced graphene
oxide (rGO)/Pt NPs@Zn-MOF-74, where rGO/Pt NPs were deposited on Zn-MOF-74
through π−π interactions, and GOx was immobilized on rGO/Pt NPs@Zn-MOF-74 via
hydrogen bonds [127]. The porous structure of GOx-rGO/Pt NPs@Zn-MOF-74 allowed
the substrate to be easily accessible to GOx, improving the electrochemical response. LSV
curves of the electrodes indicated that the modified electrode lowered the detection po-
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tential for H2O2 compared to the bare glassy carbon electrode, which oxidized H2O2 only
above 0.8 V. Kuang et al. grew the GOx@Cu-MOF packaging structure on the surface
of a 3D porous conducting copper foam (CF) electrode by a one-step electrochemically
assisted biomimetic mineralization method [128]. In the GOx@Cu-MOF/CF electrode, the
embedded GOx catalyzes the conversion of glucose into gluconate and H2O2, and the
H2O2 is immediately electrocatalytically reduced by Cu-MOF, resulting in an increase in
the reduction current that is measured by CV. A clear linear relationship can be established
between the reduction current and the glucose concentration in the concentration range of
0–6 mM. Zhao et al. successfully prepared a nickel-modified Cu-based MOF nanocompos-
ite electrode (Ni@Cu-MOF) as an electrochemical detector for glucose (Figure 6B), with a
sensitivity of 1703.33 μA mM−1 cm−2, a linear range between 5 and 2500 μM, and a LOD
of 1.67 μM (S/N = 3) [120]. However, CV is not an ideal technique for quantitative analysis
because the limits of detection and quantification are higher than those of other types of
voltammetry [129].

3.1.3. Differential Pulse Voltammetry

DPV is a technique involving the application of an amplitude potential pulse to
a linear ramp potential [130]. The current is measured before the potential pulse and
at the end of the pulse, and the difference between the two currents is recorded as the
response [117]. Generally, pulsed techniques (e.g., DPV) are more responsive than linear
scanning methods because the capacitive current is minimized, and CV is more commonly
used for exploratory analysis [130].

Han et al. developed the nanoporous carbon and cobalt oxide (NPC-Co3O4) composite
through the heat treatment of a MOF precursor, ZIF-67 (Figure 6C) [22]. DPV analysis of
NPC-Co3O4/GCE with different glucose concentrations was performed at a scan rate of
0.1 V s−1 and a given potential range of 0.2–1.0 V in 0.1 M KOH. The differential pulse
voltammetry response of NPC-Co3O4/GCE has a linear relationship with the glucose
concentration. The sensor enables glucose detection in the concentration range from
5 × 10−12 to 2.05 × 10−10 M and a LOD of 2 pM (S/N = 3). It is worth noting that the
sensitivity reaches up to 0.14 μA pM−1 cm−2.

Wang et al. grew Cu-trimesic acid (Cu-BTC) MOFs on 3D-macroporous carbon (KSCs)
electrodeposited Au NPs on the integrated electrode and then fixed GOx by a Au-S bond.
GOD/AuNPs/Cu-BTC MOFs/3D-KSCs were obtained to construct a proportional elec-
trochemical glucose biosensor [131]. Cu-BTC MOF can catalyze glucose oxidation and
convert Cu(II) to Cu(I), which enhances the reduction peak of Cu(I) when glucose is added.
The DPV response of the O2 reduction peak current also decreases with the addition of
glucose. In order to obtain good selectivity and reproducibility, jO2/jCu-BTC was used as
the response signal. The sensor enables glucose detection in the concentration range from
44.9 μM to 19 mM and a LOD of 14.77 μM (S/N = 3). Ramaprabhu et al. fabricated a copper
terephthalate (CuBDC) MOF-modified GCE to construct a non-enzymatic glucose biosensor
with a sensitivity of 37.09 μA μM−1 cm−2 and a LOD of 0.077 μM (S/N = 3) [37]. Compared
with the CV technique, the DPV technique displays lower signal background and better
sensitivity, resulting in higher resolution at lower concentrations of an analyte [84].

3.1.4. Amperometry

AMP has become a commonly used detection method. In 1956, Clark developed the
first bio-amperometric sensor for measuring dissolved O2 in the blood consumed in an
enzymatic reaction catalyzed by GOx [132]. AMP involves applying a constant reduction or
oxidation potential on the working electrode and then measuring the resulting steady-state
current [133].

ZIF-67-derived materials are currently used as efficient catalysts for sensors such as
glucose, 4-nitrophenol (4-NP) [134], acetaminophen [2], SO2 [135], and so on. Ruan et al.
synthesized a novel N-doped carbon dodecahedron embedded with Co nanoparticles
(Co@NCD) by pyrolyzing ZIF-67 in a reductive atmosphere [136]. ZIF-67-derived electro-
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catalysts obtained from high-temperature carbonization have improved conductivity, large
surface area, and active non-precious Co and N-doped carbon heterojunctions. By using
Co@NCD/GCE to detect glucose, two linear ranges were obtained from current–time
curves; one was 0.0002–1.0 mM with a sensitivity of 125 μA mM−1 cm−2 and the other
was 1.0–12.0 mM with a sensitivity of 23 μA mM−1 cm−2. The LOD was calculated to be
0.11 μM (S/N = 3). Aside from that, Yin et al. prepared Au@NiCo LDH via etching ZIF-67
and reducing HAuCl4 at a high temperature to construct glucose-sensing electrodes with a
sensitivity of 864.7 μA mM−1 cm−2 and a LOD of 0.028 μM (S/N = 3) [137].

The use of core-shell MOF@MOF materials offers several advantages by combining
the chemical, physical, and structural properties of both MOFs, leading to unexpected
synergistic effects [138]. Wang et al. first synthesized the core-shell UiO-67@Ni-MOF
material [121]. The composite material was synthesized by an internal extended growth
method under polyvinylpyrrolidone (PVP) regulation. The pre-prepared UiO-67 was
used as the growth core of shell Ni-MOF (Figure 6D). In this study, UiO-67 was selected
for its expansive specific surface area and good conductivity, which facilitated efficient
electron transfer within the UiO-67@Ni-MOF composite. On the other hand, Ni-MOF
exhibited excellent electrochemical activity for glucose oxidation, rendering it an ideal
electrocatalytic material. The findings demonstrated that the UiO-67@Ni-MOF composites
displayed significantly enhanced electrocatalytic activity for glucose oxidation compared
to the individual UiO-67 and Ni-MOF structures. Ni2+ from Ni-MOF is oxidized to Ni3+

in the −0.43 V alkaline electrolyte. Ni3+ then oxidizes glucose molecules at a voltage of
0.5 V and produces glucolactone. AMP curves show that the sensor has a fast response
(<5 s), wide linear range (5 μM–3.9 mM), and low LOD (0.98 μM, S/N = 3). It has good
reproducibility (RSD = 1.1%), repeatability (RSD = 1.9%), and long-term stability. It should
be noted that the sensitivity and selectivity of the amperometry method are influenced by
many factors, such as electrode material, electrolyte solution, temperature, oxygen, etc.,
and therefore need to be optimized and controlled according to the actual situation.

In addition to being classified by the electrochemical detection method, common
electrochemical glucose sensors can also be divided into two types: enzymatic and non-
enzymatic sensors (Tables 5 and 6). The glucose biosensor based on enzyme promotion
is based on the specific reaction between glucose and active enzymes, which causes the
change of an electrical signal so as to realize the detection of glucose. The electrical
signals in enzymatic sensors can be generated through various processes, including O2
consumption, electrooxidation of H2O2, electroreduction of H2O2, and oxidation of H2O2
by peroxidase [139]. However, enzymatic sensors may be affected by several factors, such
as pH, temperature, and the presence of detergents [140]. Enzyme-free electrochemical
sensors, in contrast to active enzyme-based sensors, utilize substances with glucose cat-
alytic activity directly at the electrode to oxidize glucose. MOF-based materials have been
shown to exhibit high electrocatalytic activity [141]. The presence of OH− ions on the
electrode surface increases the local pH, creating an alkaline microenvironment that en-
hances glucose oxidation [37]. This process involves the catalytic oxidation of glucose to
gluconolactone, followed by further hydrolysis to gluconic acid. The porous structures
and large active surface area of MOF-based materials significantly enhance their analytical
performance [137]. Moreover, unique morphologies of MOF-based materials expose more
active sites, thereby increasing the contact area with glucose and facilitating faster charge
transfer. Additionally, incorporating mixed-valence metal ions or organic ligands into the
MOF structure can further enhance the conductivity, catalytic activity, and, therefore, the
detection performance of MOF-based materials [142].
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Table 5. MOF-based non-enzymatic electrochemical glucose sensors.

Electrode
Material

Electrochemical
Method

Electrolyte
Linear
Range
(μM)

LOD
(μM)

Sensitivity
(μA mM−1

cm−2)
Ref

Ni-MOF CA 0.1 M NaOH 10–2000 1.16 3.03 [143]
Ni3(HITP)2

MOF CV 0.1 M KOH 0–10,000 − − [144]
Ni-MOFN AMP 0.1 M KOH 25–3150 0.6 402.3 [60]

r-NiPO AMP 0.1 M NaOH 1–3 1 3169 [103]
NiO/Co3O4/C AMP 0.1 M NaOH 0.2–10,000 0.045 2820 [106]
Ni/Co-FAMOF AMP 1 M KOH 6–1004 2 366 [34]
Ni/Co(HHTP)

MOF/CC AMP 0.1 M NaOH 0.3–2312 0.1 3250 [46]
CC@MOF-

74(NiO)@NiCo
LDH

AMP 1 M KOH 10–1100,
1500–9000 0.278 1699 [109]

NiCu-MOF-6 AMP 0.1 M NaOH 20–4930 15 1832 [45]
Ni@Cu-MOF CV 0.1 M NaOH 5–2500 1.67 1703.33 [120]
NiCoBP-Br AMP 0.1 M NaOH 0.5–6065.5 0.0665 1755.51 [47]

Ni-Co
MOF/Ag/rGO/PU AMP 0.1 M NaOH 10–660 3.28 425.9 [140]

YASNiCo@C AMP 0.1 M NaOH 5–5000 0.75 1964 [99]
bimetallic

Cu@Ni organic
framework

CA 0.1 M NaOH 0–5000 0.4 496 [123]

UiO-67@Ni-
MOF AMP 0.1 M NaOH 5–3900 0.98 − [121]

Cu-MOF DPV 0.01 M NaOH 0.06–5000 0.01 89 [145]

CuBDC12E DPV 0.02 M PBS (pH
7.4) 0–2000 0.077 37,090 [37]

Cu-MOF/CF AMP 0.1 M NaOH 1–950 0.076 30,030 [146]
CuO nanorod CA 0.1 M NaOH up to 1250 1 1523.5 [147]

swnt-
MOF(Cu)@gwe CA 0.1 M NaOH 1–3000 0.16 − [119]

CuO/C AMP 0.1 M NaOH 5–25,325 1 244.71 [98]

Cu2(NDC)2/PDHP AMP
electrolyte-
simulated

sweat
5–1775 2 1690 [148]

CuO polyhe-
drons/CC AMP 0.1 M NaOH 0.5–800 0.46 13,575 [15]

Cu@Co-MOF AMP 0.01 M NaOH 5–400 1.6 282.89 [76]
bimetallic

NCNT MOF
CoCu

nanostructure
CA 0.1 M NaOH 50–2500 0.15 1027 [124]

E-NiCo-BTC
MOF AMP 0.1 M NaOH 1–1780 0.187 1789 [149]

NPC-Co3O4 DPV 0.1 M KOH
5 ×

10−6–2.05 ×
10−4

2 × 10−6 0.14 μA
pM−1 cm−2 [22]

Co-MOF CA 0.01 M NaOH 5–900 1.6 169 [150]
Co@NCD AMP 0.1 M NaOH 0.2–12,000 0.11 125,23 [136]

Au@NiCo LDH AMP 1.0 M NaOH 5–12,000 0.028 864.7 [137]
Co/MnO@HC AMP 0.1 M NaOH 50–900,

1900–6900 1.31 233.8 [105]

HITP: (2,3,6,7,10,11-hexaiminotriphenylene)2. MOFNs: MOF nanosheets. r-NiPO: nanorod-like nickel phosphate.
LDH: layered double hydroxides. BP: 4-bromopyridine. NDC: naphthalenedicarboxylic. PDHP: pencil drawing
hydrophobic paper. E-NiCo-BTC: nickel–cobalt–benzene tricarboxylic acid.

Table 6. MOF-based enzymatic electrochemical glucose sensors.

Electrode
Material

Electrochemical
Method

Mechanism pH
Linear
Range
(μM)

LOD
(μM)

Sensitivity
(μA mM−1

cm−2)
Ref

PDA-GOx-
HKUST-1-

MWCNTs/Pt/Au
AMP electrooxidation

of H2O2
7.0 5–7050 0.12 178 [151]

GOD-GA-
Ni/Cu-MOFs-

FET
AMP electrooxidation

of H2O2
7.4 1–100 0.51 26.05 [87]

rGO/Pt
NPs@Zn-MOF-

74
LSV electrooxidation

of H2O2
7.4 6–6000 1.8 64.51 [127]

GOX-AuNPs/N-
GQDs-P-

MOF@GCE
AMP electroreduction

of H2O2
4.0 2–10,

20–3000 0.7 1512.4 [66]
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Table 6. Cont.

Electrode
Material

Electrochemical
Method

Mechanism pH
Linear
Range
(μM)

LOD
(μM)

Sensitivity
(μA mM−1

cm−2)
Ref

GOx/Hemin@NC-
ZIF AMP

oxidation of
H2O2 by

peroxidase
7.2 0–20,000 10 − [24]

GOx@Cu-
MOF/CF CV electroreduction

of H2O2
7.4 0–6000 − − [128]

GOD/AuNPs/Cu-
BTC/3D-KSCs DPV O2 depletion

monitoring 7.0 44.9–4000,
4000–19,000 14.77 − [131]

MWCNTs: multi-walled carbon nanotubes. GA: glutaraldehyde. FET: field-effect transistor.

3.2. Optical Methods

Optical methods for sensing glucose have been extensively studied and developed,
such as colorimetry, FL, CL, SERS, etc. The optical glucose sensors based on MOF-based
materials provide a visualized and cost-effective way to measure glucose concentrations
compared to electrochemical glucose sensors that need relatively expensive and compli-
cated instruments, as well as being prone to interferences [152]. However, the long-term
stability and reusability of MOF-based optical glucose sensors are the major challenges
for future applications. Hereafter, some typical and important optical glucose sensors are
introduced and classified into colorimetry, FL, CL, and SERS-based methods (Table 7).

Table 7. MOF-based optical glucose sensors.

Materials
Detection
Method

Linear Range
(μM)

LOD (μM) Ref

dZIF-8 BH colorimetry 50–4000 − [91]
G&L@ZIF@Paper colorimetry 200–2000 120 [19]

GOx/Hemin@NC-ZIF colorimetry 1000–20,000 10 [24]
Aga/GOD@Cu-hemin

MOF/TMB colorimetry 30–800 10 [49]

GOx@FCM-TA colorimetry 5–750 0.94 [81]
Fe3Ni-MOF colorimetry 2–1000 1 [79]

5R@Eu-MOF FL 0–6 0.00692 [67]
Ni-MOF FL 8–30 4 [153]

Pt/Fe-MOF colorimetry 3900–6400 2.3 [18]
MOF@GOx@BHb-MIPs colorimetry 0.5–20 0.4 [86]

GOx@MOF-545(Fe) colorimetry 0.5–20 0.28 [154]

GOx@MAF-2 CL 20–200,
500–30,000 1.4 [23]

Cu(bpy)2(OTf)2
nanosheets FL 10–1000 0.41 [155]

In-aip nanosheets FL 0–160 0.87 [156]
boric-acid Eu-MOF FL 0.1–4 0.0643 [157]

Co-
TCPP(Fe)@Luminol@GOD CL 0.177–30.53 0.0592 [90]

Co-MOF CL 0.04–8 0.012 [158]
AuNPs/Cu-TCPP(Fe) SERS 160–8000 3.9 [75]

MBs@MIL-100(Fe)@Ag SERS 20–1000 15.95 [159]
Ag NPs/UiO-66-NH2 FL 1–200 0.5 [160]

MOF-235/β-CD CL 0.01–3 0.01 [23]
ficin@MOF colorimetry 1–140 0.12 [161]

GOx@Zr-PCN-222 (Fe) colorimetry 0–5000 250 [162]
CeO2@NH2-MIL-

88B(Fe) colorimetry 200–15,000 80 [25]

Aga: agarose hydrogels. FCM: Fe/Co-MOF. R: BODIPY. bpy: 4,4-bipyridine. OTf: trifluoromethanesulfonate.
aip: aminoisophthalic.
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3.2.1. Colorimetry

Colorimetry is a fast and effective method for analyzing colored solutions or any
colored substances. It is usually measured using a spectrophotometer. The need for point-of-
care tests (POCT) has led to the invention of paper-based colorimetric methods, smartphone-
based analyses, etc., in the last two decades [163]. The advantages of colorimetry are the
convenience of use, high sensitivity, and satisfactory repeatability.

Wang et al. focused on the development of bimetal–organic frameworks (FexNiy-
MOF) as catalysts with peroxidase-like activity (Figure 7A) [79]. By introducing nickel
(Ni) into the framework, they achieved enhanced redox capacity and accelerated electron
transfer between TMB and H2O2. The improved conversion efficiency between Fe3+ and
Fe2+ ions, coupled with the promotion of ·OH generation, led to a significant increase in
peroxidase-like activity. Based on the excellent activity of Fe3Ni-MOF, one-step colorimetric
detection of glucose is achieved by immobilizing GOx on Fe3Ni-MOF through physical
adsorption. The linear range of the glucose biosensor is 2–1000 μM, and the detection limit
is 1 μM (S/N = 3).

Moving on to Chen et al.’s work, they presented a biohybrid hydrogel system encapsu-
lating GOx and HRP in a morphology-adjusted defective ZIF biohybrid hydrogel (dZIF-8
BH) [91]. This unique system utilized the biocatalytic cascade involving the conversion
of glucose into gluconic acid and H2O2 by GOx. The generated H2O2 further oxidized
ABTS (single molecule 2,2’-azino-azinobis(3-ethylbenzothiazoline-6-sulfonic acid)) into
ABTS·+ through the peroxidase-like activity of HRP (Figure 7B). The encapsulation within
the hydrogel not only provided a stable and confined microenvironment for enzymatic
reactions but also facilitated the accumulation of catalytic products, resulting in a stronger
color signal for glucose detection. Moreover, the integration of a smartphone with the
biosensor opens up the possibility of point-of-care diagnostics and remote monitoring
of glucose levels. The dZIF-8 BH portable biosensor provides a glucose detection range
from 0.05 to 4 mM. Further, Song et al. developed an integrated agarose-based hydrogel
film (Aga/GOD@Cu-hemin MOF/TMB) with a linear range from 30 μM to 0.8 mM and
a LOD of 0.01 mM (S/N = 3) [49]. Liu et al. encapsulated GOx and luminol in ZIF-67
to form the GOx&luminol@ZIF-67@Paper (G&L@ZIF@Paper) chip (Figure 7C) [19]. The
G&L@ZIF@Paper could achieve highly sensitive and specific measurements for glucose
with a linear range from 0.2 to 2 mM and a limit of detection of 0.12 mM (S/N = 3). The
combination of one-pot synthesis and one-pot detection greatly improved the convenience
of detection and the possibility of subsequent industrialization. Besides these advantages,
the unevenness of color, susceptibility to interference, and relatively low sensitivity of the
colorimetric method still need to be improved in order to achieve sensitive and accurate
quantification detection of glucose.

3.2.2. Fluorescence and Chemiluminescence

Fluorescence (FL), a form of photoluminescence (PL), widely exists in gas, liquid, and
solid chemical systems. This method involves the absorption and re-emission of photons by
materials, where electrons absorb photons, transition to higher energy levels, and return to
the ground state while emitting photons [164]. The FL method has emerged as a powerful
tool in qualitative and quantitative analysis due to its rapid detection, reproducibility, high
sensitivity, and selectivity.

Among FL sensors, single-emission fluorescence probes encounter challenges related
to probe concentration changes, sample light scattering, excitation light fluctuations, and
emission collection efficiency [165]. To address these limitations, researchers have turned
to dual-emission ratio fluorescence probes, offering higher resolution and improved vi-
sualization. For example, Yin et al. developed a ratiometric fluorescence probe using
Eu-MOF hollow spheres, exhibiting dual emissions at 370 nm and 623 nm, respectively
(Figure 8A) [157]. This probe showed sensitive responses to glucose concentration changes
through interactions with the boric acid group and H2O2, enabling glucose detection within
the range from 0.1 μM to 4 μM with a LOD of 0.0643 μM (S/N = 3). In addition, an increase
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(on) of one signal (354 nm) and a decrease (off) of the other (624 nm) caused the solution
color to change from bright red to blue. Similarly, Ke et al. crafted a ratiometric fluorescence
sensor by grafting an R photosensitizer on Eu-MOFs, enabling the detection of F-, H2O2,
and glucose in water solutions and living cells [67].

Figure 7. (A) Schematic diagram of the synthesis of Fe3Ni-MOF/GOx and the reaction mechanism for
the cascade oxidation of glucose (reproduced with permission from [79], copyright © 2022, American
Chemical Society). (B) Schematic representation of the preparation of dZIF-8 BH and the colorimetric
sensing mechanism based on the biocatalytic cascade of dZIFs BH (reproduced with permission
from [91], copyright © 2022, American Chemical Society). (C) Schematic illustration of the principle
of glucose detection by G&L@ZIF@Paper and the step-by-step flow for detecting glucose in saliva
(reproduced with permission from [19], copyright © 2023, Elsevier).

Despite the potential of MOF-based FL sensors, their limited water stability has hin-
dered widespread use. To overcome this challenge, Wang et al. utilized UiO-66-NH2,
known for its excellent stability in water and organic solvents, to design a dual-emission ra-
tiometric fluorescence probe based on the inner filter effect (IFE) for glucose and cholesterol
detection (Figure 8B) [160]. In the presence of GOx, glucose is converted to H2O2, which
etches Ag NPs into silver ions (Ag+), leading to fluorescent 2,3-diaminophenazine (DAP)
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generation from o-Phenylenediamine (OPD). The emission spectrum of Ag NPs/UiO-66-
NH2 and the excitation spectrum of DAP produce an effective overlap. The fluorescence
intensity ratio (F555 nm/F425 nm) increases with the target concentration, and the color of
the solution changes from blue to yellow-green, enabling higher resolution color variance
and better visualization. Furthermore, the reaction reagent is integrated into filter pa-
per, creating a user-friendly test paper that reads RGB values using a smartphone-based
portable platform.

Dai et al. introduced a novel concept by combining a responsive MOF with a MOF-
enzyme composite, creating a multifunctional “all-in-one” particle that incorporates both
catalytic and luminescence capabilities [23]. They successfully encapsulated GOx molecules
within the O2-sensitive, luminescent CuI triazolate MOF (MAF-2), named GOx@MAF-2
(Figure 8C). This innovative composite offers a noble metal-free solution and provides
a single particle with diverse functionalities. The increasing concentration of glucose
accelerated the consumption of dissolved oxygen, resulting in the enhancive luminescence
intensity of GOx@MAF-2 suspension. The luminescence intensity of the suspension shows
good linearity with the logarithmic concentration of glucose in the ranges of 20–200 and
500–30,000 μM, and the detection limit is approximately 1.4 μM (S/N = 3).

The difference between CL and FL is that CL is a luminescence phenomenon in which
the outer electrons of a molecule absorb the energy of a chemical reaction and are in
an excited state, and return to the ground state by a radiative leap [166]. CL reaction
involves two key steps, namely chemical excitation and luminescence. The CL reaction
between luminol and H2O2 is generally slow and inefficient, but the reaction rate can be
greatly enhanced when there are certain catalysts. CL analysis possesses the advantage
of high sensitivity, fast responsibility, easy operation, inexpensive instrumentation, low
background signal, and so on [158].

In 2018, Huang et al. successfully prepared β-Cyclodextrin functionalization of the
metal–organic framework MOF-235 [23]. Due to the synergistic interaction between β-CD
and MOF-235, the MOF-235/β-CD hybrid exhibited high catalytic activity on the luminol-
H2O2 system. Compared to the luminol-H2O2 system, the CL response of the system using
MOFs was enhanced more than 30 times, resulting in much lower detection limits for H2O2
and glucose (5 nM and 10 nM, respectively) (Figure 8D). Following in 2019, Zhang et al.
synthesized a 2D-MOF nanosheet with peroxidase activity and sequentially labeled luminol
and GOx on the 2D-MOF nanosheet to obtain a simple CL-functionalized glucose sensor
(Co-TCPP(Fe)@Luminol@GOD) (Figure 8E) [90]. When GOx oxidizes glucose to produce
gluconic acid and H2O2, 2D-MOF can catalyze the decomposition of H2O2, further oxidize
luminol to generate a strong CL response, and finally realize the rapid detection of glucose
with a LOD of 10.667 μg/L (~0.0592 μM).

All in all, future research is likely to focus on enhancing the water stability, dispersibil-
ity in solvents, and fluorescence performance of MOF-based FL and CL sensors under
real-time environments (pressure, temperature, and mechanical stress) through improved
synthetic strategies.

3.2.3. Surface-Enhanced Raman Scattering

SERS is a sensitive analytical technique that can significantly enhance the Raman
signal of molecules adsorbed on the surface of precious metal nanomaterials by either
electromagnetic enhancement (EM) or chemical enhancement (CM) mechanisms [167].
By introducing MOFs, there are two main factors that improve the stability of the SERS
substrates: firstly, the large specific surface area of MOFs provides an abundance of sites
to capture target analytes; secondly, the MOFs shell protects the NPs from oxidation and
corrosion [168]. Thus, the research on the synthesis of SERS substrates based on MOFs has
become more and more active in recent times.
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Figure 8. (A) Reaction mechanism of FL detection of glucose based on an Eu-MOF (reproduced with
permission from [157], copyright © 2019, Elsevier). (B) The smartphone-based Ag NPs/UiO-66-NH2

and OPD composite film for glucose detection (reproduced with permission from [160], copyright ©
2021, American Chemical Society). (C) Synthesis of the GOx@MAF-2 composite and its application in
glucose detection (reproduced with permission from [23], copyright © 2019, John Wiley and Sons).
(D) CL enhancement mechanism of the luminol-H2O2 system by MOF-235/β-CD composite (repro-
duced with permission from [23], copyright © 2018, Elsevier). (E) Principle of the novel CL sensor for
one-step ultrasensitive glucose detection (i) preparation of Co-TCPP(Fe)@luminol@GOD; (ii) process
of one-step detection for glucose (reproduced with permission from [90], copyright © 2019, American
Chemical Society). (F) Fabrication and detection principle of MMA (reproduced with permission
from [159], copyright © 2022, Springer Nature).

Yang et al. modified AuNPs on the 2D metalloporphyrinic MOF (Cu-tetra(4-carboxyphenyl)
porphyrin chloride(Fe(III)), Cu-TCPP(Fe)) in situ, named Au NPs/Cu-TCPP(Fe) [75]. Au
NPs converted glucose in saliva to H2O2, and then H2O2 can be catalyzed by Cu-TCPP(Fe)
nanosheets to oxidize leucomalachite green (LMG) into the malachite green (MG), which is
a Raman-active molecule. Subsequently, the detection of MG could be performed using
SERS. SERS activity is also enhanced in the presence of Au NPs. The linear range of glucose
detection is 0.16–8 mM, and the LOD is 3.9 μM (S/N = 3) without interference from fructose,
lactose, and maltose in saliva.

Cui et al. developed a highly sensitive SERS probe named MBs@MIL-100(Fe)@Ag(MMA)
(Figure 8F) [159]. This probe demonstrated excellent SERS activity and peroxidase-like
catalytic activity, making it ideal for glucose detection. The probe utilized the catalytic cas-
cade reaction between MMA and GOx using TMB molecules enriched by MMA as Raman
beacons, resulting in remarkable sensitivity in detecting glucose. Based on the enrichment
and size screening capabilities of MIL-100(Fe), MMA has excellent anti-interference proper-
ties, allowing it to specifically enrich indicator molecules even in non-ferrous beverages or
complex biological fluids (saliva) while excluding the influence of other impurities (dyes,
proteins, etc.). In addition, the self-cleaning properties of MMA permitted the recycling of
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the probe for detection, which reduced the cost of the solution and provided a new versatile
strategy for the accurate detection of glucose in complex samples such as biofluids and
food and beverages.

The preparation process of MOF-based SERS substrates is simpler than the conven-
tional SERS substrate preparation process. However, the SERS-enhanced mechanism of
MOF-based substrates is still unclear. Further research is needed regarding practicality,
portability, and commercialization.

4. Novel MOF-Based Glucose Detection Devices

4.1. Flexible Wearable Devices for Glucose Detection

Compared to traditional glucose sensors, flexible wearable devices have emerged as
highly promising tools for in situ biomarker analysis in body fluids, such as sweat and
interstitial fluids, providing a means to monitor blood glucose levels [169]. Sweat glucose
has shown a qualitative correlation with blood glucose levels [170], and the integration
of flexible electrodes with printed circuit boards (PCBs) has enabled the development
of complete wearable devices. When coupled with mobile devices using wireless com-
munication technology, these wearables allow for real-time data collection, transmission,
and analysis [171]. It has been reported that there are about 450 million cases of diabetes
worldwide, and the number may reach 700 million by 2045 [172]. Compared to traditional
glucose testers, flexible wearable glucose-sensing devices offer the advantages of portability,
comfort, and real-time monitoring, making them highly desirable for the growing number
of diabetes cases worldwide [163].

Hu et al. developed a highly stretchable wearable electrochemical sensor called
NCGP fiber for tracking glucose levels in sweat [140]. The sensor was based on a Ni-Co
metal–organic framework/Ag/reduced graphene oxide/polyurethane (Ni-Co MOF/Ag/
rGO/PU) composite, which was prepared using an improved wet spinning technique. The
Ni-Co MOF nanosheets were coated onto the surface of reduced graphene oxide/polyurethane
fiber (rGO/PU), along with conductive Ag glue (Figure 9A). This NCGP fiber sensor
exhibited excellent electrocatalytic performance for glucose detection, with a linear range
from 10 μM to 0.66 mM, a sensitivity of 425.9 μA mM−1 cm−2, and a low limit of detection
(LOD) of 3.28 μM (S/N = 3). Similarly, Liu et al. successfully manufactured a MOF film
using a “coffee ring”-inspired approach, creating a hierarchical and oriented pore structure
for improved electron transport efficiency (Figure 9B) [148]. The resulting MOF film-based
sweat sensor demonstrated a linear range from 5 μM to 1775 μM, a sensitivity of 1.69 mA
mM−1 cm−2, and a LOD of 2 μM (S/N = 3). These innovative approaches offer promising
solutions for non-invasive glucose monitoring, showcasing the potential of MOF-based
materials in wearable sensing devices.

Wu et al. developed a multi-enzyme system by immobilizing highly loaded enzymes
in a nanocage-based zeolite imidazole framework (NC-ZIF) using a dual restriction strategy
to obtain GOx/Hemin@NC-ZIF [24]. The enzyme protection has two lines of defense,
the outer shell of NC-ZIF and the inner nanocage of NC-ZIF. In addition to preventing
enzyme leakage, the commodious internal space refrains from disrupting enzyme primitive
conformation. The resulting GOx/Hemin@NC-ZIF multi-enzyme system exhibits 8.3- and
16-fold higher catalytic cascade activity than free enzymes in a solution in colorimetric and
electrochemical sensors for glucose detection, and it also demonstrates long-term stability,
excellent selectivity, and reusability (Figure 9C). At an applied potential of 0.6 V, the system
showed a good linear range of 50–600 μM and a LOD of 2 μM (S/N = 3). Continuous
glucose monitoring of sweat was successfully achieved by integrating an enzyme@NC-ZIF-
based sensor and PCB into the sweatband and connecting it to a smartphone via Bluetooth.

In addition to detecting glucose in sweat, a MOF-based mouthguard sensor can also be
developed to detect glucose in saliva. Moreover, MOFs and their carbon derivatives possess
excellent electron-capture capacities and multifunctional structures, making them ideal as
active electrode materials for triboelectric nanogenerators (TENG) [173]. By incorporating
MOF-based TENG into the design of flexible wearable devices, the potential of self-powered,
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environmentally friendly, and powerful wearable glucose-monitoring devices becomes
promising [174]. Another avenue for improvement lies in refining the wearable device from
the software side. By combining flexible wearable devices with deep learning algorithms,
meaningful information can be extracted from the collected data to predict subsequent
blood glucose levels with greater accuracy and efficiency [175,176].

 

Figure 9. (A) Schematic illustration of (i) production of rGO/PU fiber, (ii) manufacturing process of
the NCGP working electrode and Ag/AgCl fiber reference electrode, (iii) the NCGP glucose sensor
integrated into the elastic fabric, and (iv) the physical image of the device attached to the volun-
teer’s arm (reproduced with permission from [140], copyright © 2021, American Chemical Society).
(B) The fabrication process of biomimetic Murray Cu2(NDC)2/PDHP (reproduced with permission
from [148], copyright © 2018, John Wiley and Sons). (C) (i) Schematic illustration of the synthetic
route of GOx/Hemin@NC-ZIF; (ii) Left: A photograph of a sweatband integrated with the portable
prototype glucose sensor. Middle: Scheme of the GOx/Hemin@NC-ZIF catalytic cascade reaction
based on the electrochemical biosensor and the all-integrated sensor fabricated on a polyimide (PI)
sheet. Right: A photograph of the smartphone with an app for the perspiration analysis (reproduced
with permission from [24], copyright © 2022, Elsevier).

4.2. Microfluidic Chips for Glucose Detection

The miniaturized total analytical system (μTAS), sometimes called lab-on-chip (LOC),
integrates the operations of chemistry and/or biology experiments (e.g., sample handling,
separation, reaction, testing, etc.) on a small chip for fast and accurate analyses of a
handful of samples [177]. The first microfluidic paper-based analytical device (μPAD) was
proposed by Whitesides et al. in 2007, and since then, μPADs have become one of the
most popular POCT platforms [178]. A μPAD is typically made of paper with a liquid
channel and a reaction zone that allows a sample to be injected into the paper and moved
to the reaction zone for analysis through capillary force and absorption by the paper fibers.
Moreover, it is cost-effective and easy to read [179]. In the POCT process, the analyte is
sensed by the functionalized paper, and then the color signal is reported [163]. Gomez et al.
utilized Fe-centered porphyrinic Zr-PCN-222(Fe) MOF for encapsulating GOx to make
well-based and lateral-flow assay (LFA)-based μPADs [162]. Employing the peroxidase-
like activity of Zr-PCN-222(Fe), MOF can achieve colorimetric detection of glucose on
these purpose-made μPADs (Figure 10A,B). The well-based μPAD, where reaction, mixing,
and analysis are all conducted in a single “well”, prevents sample loss and has a lower
detection limit compared to the LFA-based μPAD. However, well-based and LFA-based
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μPADs take too long to detect glucose, 3.5 and 2 h, respectively, and there is subjective
uncertainty in the assessment of color by the naked eye. As traditional spectrometers
struggle to identify paper colors, many people tend to use mobile apps. Al Lawati et al.
designed a disposable 3D μPAD that can use a smartphone to record the color of a paper
chip after sample injection within 3–40 min (Figure 10C) [25]. The CeO2 NPs@NH2-MIL-
88B(Fe)/TMB/specific enzyme complex was loaded in each detection zone. Simultaneous
quantification of glucose, fructose, sucrose, and maltose in food and biological samples was
successfully achieved by using a distribution layer to disperse samples from the sample
injection layer to the four detection zones of the detection layer.

Thin, soft, skin-compatible microfluidic systems have rocketed to popularity in recent
years, which are composed of inlet/outlet ports, microfluidic channels, microreservoirs,
and colorimetric sensors to collect, capture, store, and analyze sweat [180]. Apart from the
paper base, combining skin-interfaced microfluidic systems with MOF-based colorimetric
devices may also be a good solution for glucose detection.

Figure 10. (A) (i) Schematic of the well-based μPAD; (ii) well-based μPAD layers; and (iii) assembled
chip. (B) (i) Schematic of LFA-based μPAD; (ii) layers; and (iii) assembled chip (reproduced with
permission from [162], copyright © 2019, Elsevier). (C) Schematic design for the simultaneous
determination of different sugars using a CeO2@NH2-MIL-88B(Fe)-modified paper-based analytical
device (reproduced with permission from [25], copyright © 2022, Elsevier).
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5. Conclusions

In this review, we summarized the various preparation strategies for four types of
MOF-based materials utilized in glucose detection: pristine MOFs, nano-particles in/on
MOFs, enzymes in/on MOFs, and MOF-derived materials. We have also explored the two
primary mechanisms for MOF-based glucose sensors: electrochemical and optical methods.
Notably, this review highlights the significant advancements in flexible wearable sensors
and microfluidic chips for glucose sensing. The exceptional properties of MOF materials,
such as their large specific surface area, tunable pores, abundant active sites, and diverse
capabilities (including catalysis and fluorescence), play crucial roles in the development of
glucose sensors. For instance, for electrochemical-based glucose sensors, the large specific
surface area of MOFs aids in the immobilization of GOx or promotes the conductivity of
modified electrodes. On the other hand, optical-based glucose sensors benefit from the
enzyme-like activities or fluorescence properties of MOFs, enabling a more visualized and
convenient glucose-detection process. As we move forward, the potential of MOF-based
electrochemical flexible wearable devices, such as sweatbands and mouthguards, along
with optical skin-like biosensors and skin-compatible microfluidic systems, appears highly
promising for the future of glucose and other biological analyte detection.
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Abstract: Electrochemiluminescence (ECL) is a light-emitting process triggered by the high energy
redox between electrochemically oxidized and reduced luminophores or some coreactive interme-
diate radicals, representing a blooming hot topic over decades with a wide variety of bioanalytical
applications. Due to the superb sensitivity, ultralow background noise, specificity, ease of integration,
and real-time and in situ analysis, ECL has been developed as a convenient and versatile technique for
immunodiagnostics, nucleic acid analysis, and bioimaging. Discovering highly-efficient ECL emitters
has been a promising subject that will benefit the development of sensitive bioanalytical methods
with prominent potential prospects. To date, the interdisciplinary integrations of electrochemistry,
spectroscopy, and nanoscience have brought up the continuous emergences of novel nanomaterials
which can be flexibly conjugated with specific bio-recognition elements as functional ECL emitters
for bioassays. Therefore, a critical overview of recent advances in developing highly-efficient ECL
emitters for ultrasensitive detection of protein biomarkers is presented in this review, where six kinds
of the most promising ECL nanomaterials for biosensing and imaging of various disease-related
protein biomarkers are separately introduced with references to representative works. Finally, this
review discusses the ongoing opportunities and challenges of ECL emitters in developing advanced
bioassays for single-molecule analysis and spatiotemporally resolved imaging of protein biomarkers
with future perspectives.
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1. Introduction

Electrochemiluminescence (ECL) is an electrically stimulated chemiluminescencent
event that involves the excitation of luminophores through efficient redox reactions along
with light emissions [1–3]. Benefiting from the unification of the high sensitivity of chemilu-
minescence and spatiotemporal controllability of electrochemistry, ECL has been developed
as a powerful technique that not only needs no external light excitation but also perfectly
avoids high-power laser irradiation and auto-photoluminescence with a high signal-to-
noise ratio and almost zero background signal [4,5]. The ECL principles have been explored
for over half a century since the 1960s, which can be generally categorized into two types:
annihilation and coreactant ECL mechanisms [6,7]. Both of these two mechanisms require
the efficient conversion of electrical energy into radiative energy that can be further ex-
ported as readable signals by ECL analyzers [8]. Usually, coreactant ECL performs stronger
ECL emission in narrower potential windows than the self-annihilation pathway, which
has promoted the application scope of the ECL technique from fundamental research to
clinical diagnosis. Till now, coreactant ECL systems have stimulated the growing devel-
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opment of commercialized ECL instruments and facilities as powerful diagnostic tools in
medical institutions.

As well known, ECL emitters with high luminous efficiencies play crucial roles in
ECL analytical systems since their qualities directly dominated the signal transduction
efficiencies of the developed biosensors [9]. With the developments of nanoscience and
nanotechnology, more and more attractive nanomaterial-based ECL emitters have been
developed for bioassays, which greatly enriched the existing pool of ECL luminophores
where classic ECL reagents including highly ECL-active ruthenium complexes, luminol
with its derivates and iridium complexes are the mainstream choices for commercialization
and fundamental researches. Nanomaterials with merits of large specific surface areas,
high conductivities, tunable optical properties, and excellent electrochemical activities
have opened new possibilities for the explorations of newly patterned mechanism models,
constructions of ultrasensitive biosensors, and novel single-cell bioimaging probes for ECL
bioanalysis. Those nanomaterials with outstanding quantum efficiencies can be directly fab-
ricated and employed as promising ECL emitters for signal transduction or image probing.
For those nanomaterials with large specific surface areas or porous nanostructures, such
as mesoporous silica nanospheres (MSNs) [10–13], multiwall carbon nanotubes [14–16],
graphene oxide [17–20], Ti3C2 MXene [21–23], and Au nanoparticles (NPs) [24], they can
be utilized as the carriers to stabilize luminophores and developed as ECL emitters for
biosensors. Unlike self-annihilation ECL pathway, a proper coreactant reagent is essentially
required for coreactant ECL since it can generate abundant electro-active intermediates to
promote the production of excited states, thus achieving stronger ECL intensity [25–27]. In-
stead of being carriers, nanomaterials with excellent electrical conductivity, electrochemical
and catalytic activities can be utilized as coreaction accelerators to facilitate electron-transfer
during the oxidation/reduction of coreactants to produce more radical intermediates, thus
obtaining better signal amplification and higher sensitivity [28–30].

By virtue of the unique combination of ECL emitters with biorecognition elements such
as antibody, nanobody, DNA, and aptamer, various ECL transducers have been established
for ECL immunoassay, nucleic acid analysis, and cell imaging [7,31–33]. Biomarkers, con-
sidered as quantifiable indicators for some certain biological states of human bodies, hold
enormous potential in diagnosing various severe diseases to human health [34,35]. Protein-
based biomarkers are recognized as golden indicators for diagnosing various cancers such
as carcinoembryonic antigen (CEA) [36–38], prostate-specific antigen (PSA) [39–41], alpha
fetoprotein (AFP) [42,43], mucin 1 (MUC1) [44–46], and cytokeratin 19 fragments (CYFRA
21-1) [47–49]. Benefiting from the remarkable intrinsic features of ECL technique, more
and more novel ECL nanomaterials have been diversely prepared and biofunctionalized as
novel ECL emitters for detecting protein biomarkers of different diseases [33,50].

This review aims to provide a fresh summarization of key advances in the delicate
fabrication of different kinds of novel nanomaterial-based ECL emitters along with devel-
oped biosensing and imaging strategies for analyzing protein biomarkers from cancers and
non-cancer diseases. First, the recently reported novel nanomaterial-based ECL emitters
were classified into different categories including quantum dots (QDs), metallic nanocrys-
tals (MeNCs), metal–organic frameworks (MOFs), covalent organic frameworks (COFs),
hydrogen-bonded organic frameworks (HOFs), and polymer dots (Pdots). Then, the
most advanced sensing methods including self-enhanced ECL, aggregation-induced ECL
(AIECL), ratiometric assay, ECL-resonance energy transfer (ECL-RET), or quenching-typed
ECL biosensors are summarized, followed by a brief but informative sketch of recent
advancements in ECL microscopy (ECLM) techniques for membrane imaging of protein
biomarkers. In the final section, the ongoing challenges and opportunities are carefully
addressed with future perspectives for readers as well. Though this review was delicately
organized as comprehensively as possible, the readers are still suggested to refer to other
excellent reviews and those unintentionally uninvolved works out of this review to deepen
the understanding of current advances and future trends in the ECL domain.
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2. Nanomaterial-Based ECL Emitters

To date, the family of ECL emitters has been expanded from classical ECL reagents
such as Ru(bpy)3

2+ and luminol to advanced nanomaterial-based emitters such as QDs,
MeNCs, MOFs, COFs/HOFs, and PdotsQDs, MeNCs, MOFs, COFs, HOFs, and Pdots.
It is worth noticing that the above six kinds of nanomaterial-based ECL emitters can be
recategorized into two major types: inorganic and organic ECL emitters. Obviously, QDs
and MeNCs belong to the inorganic ECL emitters while the other four kinds including
MOFs, COFs, HOFs, and Pdots belong to the organic ECL emitters. As for the latter type of
organic ECL emitters, more specific types can be classified considering the complexities
in their structural components during preparation. For instance, the ECL emission in
MOFs can be further categorized into three main pathways, such as guest-encapsulation
in MOFs induced by ECL, ligand-induced ECL in MOFs, and metal ion-induced ECL in
MOFs [51–53]. In this section, efforts are made to cover every sub-type of each kind of
nanomaterial as much as possible along with representative and elegant examples that
have been recently published and mostly cited to date.

2.1. Quantum Dot-Based ECL Emitters

Quantum dots (QDs), as one type of zero-dimensional nanomaterials, have been vari-
ously developed as attractive participators for photocatalysis, cell imaging, light-emitting
diodes, and biosensors by virtue of their structural, optical and electrical properties, high
photoluminescence quantum yields (QY), excellent luminesce stability, ease of hybridizing
with other components, and so on [54–57]. The first nonaqueous ECL study of silicon
QDs was reported in 2002 [54]. After that, a wide variety of III-V and II-VI QDs includ-
ing Cd-based QDs, Mo/W/Sn-based QDs, carbon QDs, and perovskite QDs gradually
emerged as promising ECL luminophores. As previously reviewed by Zhou et al. [55],
the ECL mechanism for QDs normally involves high-energy electron transfer along with
the formation of radicals to generate pure ECL emission via the self-annihilation and
coreactant pathways. Cd-based QDs include CdSe [56,57], CdS [58,59], CdTe [60–62], and
core-shell CdTe@ZnS QDs [63]; CdSe@ZnS [64] have been exploited as ECL emitters in
the last decade since this family usually owns narrow emission and size-dependent ECL
with high stability in the aqueous phase and an ease of surface modification with other
components. The hybridization of Cd-based pure QDs with other beneficial nanomaterials
have been investigated for promoted ECL behaviors. For example, Liu et al. [65] recently
prepared CdS QDs hybridized porphyrinic Zr-MOFs (PCN-224/CdS QDs) as cathodic ECL
emitters for Sa-16S rDNA detection using K2S2O8 as the coreactant. It was claimed that
the electro-active PCN-224 with large specific surface area not only provided abundant
sites to anchor CdS QDs stably but also functioned as a coreaction accelerator to facilitate
the reduction of S2O8

2– for ECL amplification, thus achieving a high detection sensitivity.
However, Cd-based QDs showed limited applicability due to the environmental toxicity,
complex preparation process, and poor biocompatibility [66]. To satisfy the demand of
biological applications, outer-capping by a biocompatible shell on the external surface of
Cd-based QDs has been developed as a doable solution to improve the biocompatibility.
Pan et al. [67] prepared SiO2-capped CdTe QDs hybrids (SiO2@CdTe) as ECL emitters
for biosensor construction. The SiO2@CdTe showed a lowered cytotoxicity due to the
encapsulation of the biocompatible SiO2 shell, which endowed the biosensor a better per-
formance for biological detection. Otherwise, some attractive QDs such as SnS2 [68,69]
MoS2 [70], EuS [71], AgBr [72], SnO2 [73], and black phosphorus (BP) [74,75] QDs contain-
ing no heavy-metal elements have also been developed as ideal alternatives for Cd-based
QDs. As previously reported, Lei et al. [69] developed a green hydrothermal method
to prepare heavy metal-free SnS2 QDs which showed favorable cathodic ECL emission
using S2O8

2– as the coreactant. To achieve stronger ECL signals of SnS2 QDs, Li et al. [76]
used polyethyleneimine (PEI) functionalized titanium dioxide hollow spheres (THS) to
stabilize large amounts of SnS2 QDs, the formed hybrids exhibited stronger ECL emission
for ultrasensitive detection of chloramphenicol. Hua et al. [71] first revealed the cathodic
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ECL property of EuS QDs whose emission can be specifically quenched by Hg2+, based
on which, a facile and sensitive Hg2+ sensor was developed for seafood monitoring. Re-
cently, Yu et al. [74] discovered a dual excited states-dominated ECL mechanism of the
BPQDs prepared with an average size of 4 nm (Figure 1A). The surface oxidation defects of
BPQDs were effectively passivated by externally modified arginine (Arg) moieties. It was
highlighted that the electron transition channels of BPQDs can be modulated by those Arg
moieties to generate significantly enhanced ECL emission using K2S2O8 or N2H4·H2O as
the coreactant (Figure 1B). Moreover, Arg moieties endowed BPQDs with greatly improved
biocompatibility, thus BPQDs were applied as ECL emitters for the sensitive analysis of
integrin inhibitors on cell surfaces, resulting in a well-evaluated inhibiting efficiency. New
synthetic strategies have been exploited to fabricate ECL-active multinary QDs such as Ag-
GaInS QDs [77], CuInS2/ZnS QDs [78], and ZnAgInS/ZnS [79] through efficient interfacial
engineering on the interior inorganic structures and inorganic–organic interfaces, which
also injected new insights for the developments and regulations of more highly-efficient
QDs in ECL bioassays.

Benefiting from the low toxicity, good biocompatibility, sturdy chemical inertness, and
easy of functionalization, carbon-based QDs including carbon QDs (CQDs), graphene QDs
(GQDs), Ti3C2 MXene QDs, and graphitic carbon nitride QDs (g-CNQDs) have gained
considerable attention as a class of promising ECL emitters for bioassays [66,80]. With the
aim of improving the ECL efficiency of pure CQDs, nitrogen (N) doping was observed as
an efficient strategy to lower the oxidation potential of CQDs with a significantly boosted
anodic ECL emission. Chen et al. [81] prepared N-doped CQDs by a solvothermal method
(Figure 1C). It was found that after lots of N atoms were doped into the graphitic cores
of CQDs, which promoted positive shift of highest occupied molecular orbital (HOMO)
to an upper energy level, thus achieving a 2.5-fold increased ECL efficiency at a rather
low excitation potential of +0.11 V. Meanwhile, efforts such as the co-doping of multi-
atoms have also been devoted to enhancing the ECL efficiency of pristine CQDs. Chen
et al. [82] prepared biocompatible and water-dispersive nitrogen/sulfur (N/S) co-doped
CQDs (NS-CQDs) by using cysteine and tryptophan as the precursors, which exhibited
high photoluminescence QY of 73% for ECL application. In addition, Liu et al. [83] prepared
highly electronegative fluorine/nitrogen (F/N) co-doped CQDs (FN-CQDs) via a one-step
solvothermal method for HIV DNA fragment detection (Figure 1D). Since phosphorus
(P) possesses a larger atom radius with a higher electron-donating ability than N, it can
potentially be used as a dopant for CQDs to improve the ECL efficiency. Therefore, Yang
et al. [84] developed the P/N co-doped CQDs (P/N CQDs) as efficient ECL emitters which
showed eight-fold enhanced ECL intensity than N-doped CQDs for the sensitive detection
of the mutant BRAF gene.

2.2. Metal Nanocluster-Based ECL Emitters

Metal nanoclusters (MeNCs), entailing a metal core consisting of a few atoms pro-
tected by a peripheral ligand shell, have become a scientific interest in the ECL domain
over the last decade due to the merits of their molecule-like structure, intense quantum
size effect, tunable luminescence, stable electronic and physicochemical properties, good
electrocatalytic activity, and low biotoxicity [85–87]. Chemical reduction and electrochemi-
cal reduction have been the most used preparation methods for ECL-active MeNCs which
usually involve the formation of a metallic core capped by a shell made of thiol ligands such
as glutathione (GSH), 3-mercaptopropionic acid (MPA), and dithiothreitol (DTT) [87]. In
2009, the pioneering work on MeNCs was conducted by Díez et al. [88] who first revealed
the tunable ECL emission of silver nanoclusters (Ag NCs). Since then, the fundamental
knowledge of synthetic procedures and optimized ECL emission by ligand engineering
on MeNCs has been gradually enriched. To date, monometallic, bimetallic. and MeNC-
derived composites have become the three most investigated categories in the exploration
of novel ECL-active MeNCs. Au NCs are the most well-known, popular, and representative
monometallic MeNCs among such hot topics in the ECL realm. How to improve the
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dispersion, stability, and quantum yield of Au NCs in the water phase is still a challenging
issue. To embrace this challenge, Wang et al. [89] prepared self-enhanced Au NCs by the
covalent conjugation of co-reactive N,N-diethylethylenediamine (DEDA) with Au NCs
(Au-LA-DEDA). The well-matched redox activity between DEDA and Au NCs in one hy-
brid structure gave rise to significantly boosted ECL emission due to the shortened electron
and mass transportations. Li et al. [90] and Fang et al. [91] successively investigated the
cathodic and anodic ECL properties of BSA-stabilized Au NCs in aqueous media. Notably,
the efficient external encapsulation of a layer of BSA shell endowed the pristine Au NCs
with a well-improved water dispersity and stability for aqueous bioassay. In addition, Kim
et al. [58] prepared glutathione-stabilized Au NCs which not only owned good dispersion
and stability in water but also generated strong near-infrared ECL (NIR-ECL) emission for
bioassays. Meanwhile, Peng et al. [59] prepared the methionine-capped Au NCs which
performed strong anodic NIR-ECL emission with a dramatically increased ECL quantum
yield of 66%. After that, the NIR-ECL Au NCs including Au18 [92], Au21 [93], and Au38 [94]
NCs were comprehensively investigated by Ding’s group. For example, Hesari et al. [93]
prepared two Au21(SR)15 NCs of Au21

hcp,0 and Au21
fcc,0 whose electrochemistry behaviors

and ECL mechanisms with tri-n-propylamine (TPrA) were studied in detail (Figure 2) which
was quite informative for understanding the basic characteristics and ECL mechanisms of
Au NCs with wide scopes of NIR-ECL applications.

The controllable formation of bimetallic NCs (BNCs) was reported as an effective
strategy for ECL optimization of individual metallic counterparts due to the triggered
synergetic effects [95]. To date, Pt [96], Pd [97], and Ag [98,99] have already been doped
with Au NCs to form BNCs with boosted ECL emission and lower biological background
interferences for biosensing than pristine Au NCs. Chen et al. [98] prepared rod-shape
bimetallic Au12Ag13 NCs which exhibited 10-fold enhanced self-annihilation ECL efficiency
and 400-fold enhanced coreactant ECL efficiency using Ru(bpy)3

2+-TPrA as the reference.
It was claimed that the ECL enhancements were attributed to the stabilization of charges on
the LUMO orbital by the 13th Ag atom at the central position which made Au12Ag13 NCs
more rigid in their core to reduce the nonradiative decays. Guo et al. [100] prepared well-
confined ECL emitters of Au–Ag bimetallic NCs (Au–Ag NCs) capped by GSH stabilizers
whose ECL emission was linearly and selectively enhanced by the exogenously added
spermine, thus making Au–Ag NCs perfect ECL emitters for sensitive detection of spermine
in practical applications.

Though ligand engineering or formation, bimetallic crystallization can effectively
regulate the ECL efficiency of MeNCs; it is still challenging to endow them with a uni-
form distribution on substrates to decrease self-aggregation induced ECL quenching [101].
Therefore, conductive nanomaterials with large specific surface areas are employed as
carriers to anchor MeNCs in a uniformly distributed manner; this has become a promising
option to eliminate the ACQ effect. Previously reported works showed that Au NCs or
Pt NCs can be anchored on the graphene oxides (GO) to act as luminous substrates for
ECL detections [102,103]. Nie et al. [101] employed the GSH-protected Au NCs as building
blocks that can assemble with Zn2+ to form the ECL-active Au NCs@ZIF-8 MOFs. It should
be noted that the ordered distribution of Au NCs in MOF structure triggered a 10-fold
stronger ECL emission than individual Au NCs in the water phase, thus a quenching-typed
biosensor was constructed for the label-free detection of rutin with high sensitivity.
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Figure 1. (A) Transmission electron microscopy image and high-resolution (inset) image (scale bar:
5 nm) of BPQDs; and the (B) cathodic and anodic ECL mechanisms for Arg-modified BPQDs/GCE
using the K2S2O8 and N2H4·H2O as coreactants. Reprinted with permission from Ref. [74], Copy-
right 2022 Springer Nature. (C) Preparation of blue NHCDs. Reprinted with permission from
Ref. [81], Copyright 2020 American Chemical Society. (D) Preparation of the FNCDs. Reprinted with
permission from Ref. [83], Copyright 2023 Elsevier.

2.3. MOFs-Based ECL Emitters

Metal–organic frameworks (MOFs), as an emerging class of crystalline networks with
high surface area and porosity, are formed by the ordered assembly of organic ligands
with inorganic metal ions which have become promising candidates in chemical sensing,
energy storage, adsorption and separation, catalysis, and luminescence [104,105]. Most
of the members in the MOFs family can be further classified into three tailorable spatial
dimensions (1D, 2D, and 3D) in terms of framework topologies and intricate skeletons [106].
To date, MOFs with different dimensions have been employed as carriers or scaffolds to
stabilize ECL luminophores including Ru(bpy)3

2+, luminol, and its derivatives as emitters
for ECL biosensing applications [107]. To date, the feasibilities of UiO-66 [108], UiO-66-
NH2 [109], ZIF-8 [101], UiO-67 [110–112], MIL-101 [113], MOF-5 [114], PCN-222 [115],
and PCN-777 [116] as carriers or scaffolds have been exploited; among these, Zr-based
MOFs yield higher popularity due to their desirable physicochemical stabilities, porous
features, and electrochemical activities [106]. Meanwhile, some Fe-/Co-based MOFs with
enzyme-mimicing properties can catalyze the generation of ROSs for signal amplification
of H2O2-based ECL systems [117–119]. In-depth studies were focused on how to conquer
the unnecessary leakage of ECL luminophores from MOFs during real applications. One is
to use those ECL luminophores as ligands to fabricate MOFs while the other one is to use
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ECL-active metal ions to assemble with proper ligands. Until now, Ru(bpy)3
2+ [110] and the

derivatives of 9,10-di(pcarboxyphenyl)anthracene (DPA) [120], perylene [121], pyrene [122],
porphyrins, and tetrakis (4-carboxyphenyl) porphyrin (TCPP) [123,124] have been served
as ECL-active ligands to prepare MOFs. As a brave attempt, Zhu et al. [120] hired two
different kinds of ligands to design a highly ECL emissive mixed-ligand MOF (m-MOF) in
Figure 3A. These two ligands including DPA as a ECL luminophore and 1,4-diazabicyclo
[2.2.2] octane (D-H2) as the perfectly matched coreactant were well confined in the same
reticular structure which was attributed to achieve a 26.5-fold ECL amplification via a
newly demonstrated intra-reticular charge transition pathway (Figure 3B). Meanwhile,
along with vigorous developments in aggregation science, aggregation induced emission
(AIE) has injected new vitality into the preparation of highly-emissive ECL probes to avoid
the unnecessary aggregation-caused quenching (ACQ) effect [125]. Reports also show that
some planar AIEgens can serve as ligands whose intramolecular motions can be confined
inside of rigid crystal MOF nanostructures to generate much stronger ECL emissions than
their monomers, defined as aggregation induced ECL (AIECL) [126]. Notably, the AIE star
molecule of tetraphenylethene (TPE) as well as its various derivatives of 1,1,2,2-tetra(4-
carboxylbiphenyl)ethylene (H4TCBPE) [45,125] and 1,1,2,2-tetrakis(4-(pyridin-4-yl)phenyl)-
ethene (TPPE) [127] have all been explored as AIECL ligands to fabricate ECL-active MOFs
for biosensing. As an attempt, Li et al. [125] prepared a green emissive Zr-MOF using the
H4TCBPE as AIECL organic ligands which was proved to perform an efficient coordination-
triggered ECL (CT-ECL) emission that can be quenched by the AuPd@SiO2 in a signal-off
mode for sensitive immunoassays of neuron-specific enolase (NSE). A possible AIECL
mechanism was mainly due to the restriction of intramolecular motions of H4TCBPE
in the rigid MOF matrix which efficiently reduced non-radiative decay for high ECL
emission [126].

Recently, self-luminous lanthanide MOFs (Ln-MOFs) with unique antenna effects,
a strong energy-transfer capability, and tunable luminescence properties are considered
as promising ECL emitters for developing solid-state biosensors [107]. The pioneering
studies on the luminescent Ln complexes were carried out by Bard et al. [128] in 1996. Ln3+

with a strong positive charge and large radius can collaborate with strongly absorbing
organic ligands to display variable coordination configuration, thus increasing the structural
tailor-ability and application scope of Ln-MOFs [129,130]. The so-called antenna effect in
Ln-MOFs could be triggered when organic ligands absorb photons and act as an antenna to
produce triplet states (T1) through intersystem crossing (ISC), sensitizing Ln3+ ions for ECL
emission [48]. Different ECL-active lanthanide elements, including those already reported
ones, namely Eu- [47,107,131–133], Ce- [45], Tb- [134–136], La- [137], and Yb- [138] based
MOFs, have already been investigated for ECL applications. Until now, different Eu-based
MOFs with excellent ECL properties were fabricated by sensitizing the Eu3+ with different
ligands [47,107,131–133]. For example, Zhao et al. [47] prepared a mixed valence Eu-MOF
by the coordination of Sr(HCOO)2 ligands with Eu2+/Eu3+ (Figure 3C). The antenna effect
of the Eu-MOFs guaranteed the effective sensitization of Sr(HCOO)2 toward Eu2+/Eu3+,
thus generating high ECL efficiency by transferring the energy from the 4f 65d1 level of Eu2+

to the 5D0 level of Eu3+ (Figure 3D). It is also quite innovative to design ECL-active Ln-MOFs
with a self-triggered signal-amplification function by equipping some positive accelerators
into the MOF structures. In addition, since the redox pair of Cu2+/Cu+ can efficiently
catalyze the reduction in coreactants of S2O8

2− for ECL amplification, a hollow and porous
Cu2+ doped Tb-MOF (Cu:Tb-MOF) was thus prepared by Wang et al. [136] as self-enhanced
ECL emitters for sensitive immunoassays of pro-gastrin-releasing peptide (ProGRP) which
indicated that introducing a redox-active pair such as Cu2+/Cu+, Ce3+/Ce4+, or Co3+/Co4+

might be a potential and doable strategy to regulate and improve the ECL efficiency of
Ln-MOFs for biosensing application.

299



Chemosensors 2023, 11, 432

 
Figure 2. (A) One-step synthesis of Au21

hcp,0. (B) Synthesis route of Au21
fcc,0. (C) Differential pulse

voltammograms (DPVs) of a 0.10 mM solution of Au21
fcc,0 in dichloromethane containing 0.1 M

TBAPF6. (D) Anodic ECL mechanism of Au21
fcc,0 on a Pt electrode. Reprinted with permission from

Ref. [93], Copyright 2021 American Chemical Society.
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Figure 3. (A) Paddlewheel unit and (B) stepwise ECL mechanism of m-MOF via a dual intrareticular
oxidation pathway. Reprinted with permission from Ref. [120], Copyright 2021 Springer. (C) The
synthesis route of Sr(HCOO)2:Eu2+/Eu3+and (D) simple models for the antenna effect of ligand to
Eu2+ and the sensitization of Eu2+ to Eu3+. Reprinted with permission from Ref. [47], Copyright 2023
Elsevier.

2.4. COFs/HOF-Based ECL Emitters

Though MOFs have gained considerable attention in the ECL domain, more and
more concerns have been aroused from this hot topic, especially the underlying ECL
quenching problem induced by the used metal ions or the ACQ effect of used planar ECL
ligands [139,140]. By removing metal ions, covalent organic frameworks (COFs) have
developed as a new class of fascinating metal-free crystalline porous ECL emitters which
are attracting wide attention by virtue of their ultrahigh surface areas, favorable biocom-
patibility, adjustable porosity, and tunable physicochemical or luminescence activities that
are on a par with MOFs [104,141]. Previous reports claimed that the ACQ effect of tradi-
tional planar luminophores in coordination polymers can be reduced or even eliminated
by conjugation with AIEgens which will realize the ACQ-to-AIE transformation to obtain
dramatically enhanced ECL emission [142]. Zhang et al. [143] reported a pyrene-based sp2

carbon-conjugated covalent organic framework (COF) nanosheet (Py-sp2c-CON) which
was constructed by the C=C polycondensation of 2,2′-(1,4-phenylene)diacetonitrile (PDAN)
and tetrakis(4-formylphenyl)pyrene (TFPPy). Topological attachment of TFPPy to PDAN
in COFs can efficiently decrease the ACQ effect to fulfill an enhanced ECL efficiency. In
addition, Luo et al. [144] designed the donor–acceptor (D–A) COFs with triphenylamine
and triazine units which functioned by the tunable intrareticular charge transfer (IRCT)
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in Figure 4A. The IRCT dominated dual oxidation was proved to be an efficient ECL
mechanism which resulted in an approximate 123-fold ECL enhancement compared to the
benzene-based COFs (Figure 4B). Meanwhile, Li et al. [145] developed a scalable method to
design Olefin-linked donor- and acceptor-conjugated COFs where different donors and
acceptors were restricted in different electron configurations, forming highly transferred
intramolecular electronic networks for stronger ECL emission in the presence of no exoge-
nous poisonous coreactants (Figure 4C). Cui et al. [146] assembled an electron-withdrawing
monomer of 2,4,6-trimethylbenzene-1,3,5-tricarbonitrile (TBTN) into the COFs structures
conjugated with electron-donating olefin molecules which endowed the non-ECL emissive
TBTN monomer with a favorable ECL activity through efficient intramolecular electron-
transfer mechanism. Similarly, Li et al. [147] used olefin-linked COFs to fabricate a highly
aligned array substrate where donors and acceptors were co-crystallized and stacked into
COFs structure. By using 2,4,6-trimethylbenzene-1,3,5-tricarbonitrile (TBTN) as the ac-
ceptor, tunable ECL emissions of different non-ECL donors were triggered in the formed
electron freely-transported networks. For realizing better electrochemical behavior, the poor
conductivity of COFs were carefully dealt with in the following studies. For instance, Zhang
et al. [148] prepared a conductive COF by using two large π-conjugated planar ligands of
2,3,6,7,10,11-hexahydroxytriphenylene (HHTP) and 2,3,6,7,10,11-hexaaminotriphenylene
(HATP) as dual ECL luminophores. The formed conductive porous framework of HHTP-
HATP-COF performed significantly improved electronic conductivity and accelerated the
mass–transport ratio, resulting in strong cathodic ECL emission along with outstanding
aqueous stability.

In addition to MOFs or COFs, hydrogen-bonded organic frameworks (HOFs) are an-
other vibrant class of crystalline porous ECL emitters based on the non-covalent hydrogen-
bonding interaction. The building motifs of HOFs usually contain scaffolds covered with
abundant hydrogen-bonding interacting sites and some linkers to form rigid HOF back-
bones [149–151]. Due to the high electrochemical activity and π–π interaction propensity in
those HOFs networks, the IRCT efficiency for amplifying ECL emissions can be guaranteed
by efficient electron coupling effect [151]. For example, Hou et al. [151] reported two HOFs
(HOF-100 and HOF-101) which were separately prepared by using 1,3,6,8-tetracarboxy
pyrene (TCPY) and 1,3,6,8-tetra(4-carboxylphenyl)pyrene (TCPPY) as two building blocks
through multiple π–π and hydrogen bond interactions. Owing to more efficient electron
coupling effect, HOF-101 showed a 440-fold enhancement in ECL intensity compared with
HOF-100, which indicated that establishing a tunable electron-coupled ECL system might
light up a new way for investigating the intricate emission mechanism of HOFs. Like MOFs,
HOFs can also be utilized as scaffolds to stabilize ECL luminophores to achieve signal-
amplification. For instance, Shen et al. [152] prepared an ECL-active HOF by stabilizing
abundant isoluminol molecules onto a self-assembled 2,4,6-tris(4-carboxyphenyl)-1,3,5-
triazine (TATB) structure. TATB can catalyze the production of highly active oxygen-
containing radicals (OH• and O2

1 radicals) for 23.4-fold signal amplification. Though the
ECL studies on HOFs are still at the initial stage, it can be envisioned that more related
investigations on ECL-active HOFs will be conducted in the future.
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Figure 4. (A) Synthesis of three TFPA-based COFs and (B) schematic illustration of ECL mechanisms
of COFs via the intrareticular charge transfer pathway. Reprinted with permission from Ref. [144],
Copyright 2021 Springer Nature. (C) DFT calculations of COFs prepared by different organic building
blocks with information on their corresponding HOMOs, LUMOs, calculated energy gaps, and t
indexes. Reprinted with permission from Ref. [145], Copyright 2021 Springer Nature.

2.5. Polymer Dot-Based ECL Emitters

Since the first study of polymer dots (Pdots) by Bard et al. [153] in 2008, organic
semiconductor Pdots as a kind of conjugated polymer nanoparticles (CNPs) have attracted
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extensive attention for their excellent fluorescence behaviors, bright luminescence, desirable
biocompatibility, and superb photostability [154]. Direct polymerization of low molecular
weight monomers and post-polymerization of high molecular weight polymers have been
recognized as two major synthetic procedures for Pdots [155]. Post-polymerization methods
including microemulsion and reprecipitation are the most used techniques for Pdots prepa-
ration nowadays. Compared to those QDs-based ECL emitters, Pdots have superiorities
of excellent biocompatibility and easy functionalization with versatile synthetic strategies,
which making them a promising type of ECL emitter for biosensing and imaging [156].
Nevertheless, strong ECL emission for most Pdots can be only observed in organic solvents
and their excitation potentials are high in the aqueous, thus their applications in aque-
ous bioassays are restricted [157]. To deal with this challenge, Dai et al. [158] fabricated
hydrophilic Pdots by using triton X-100 as a capping regent to encapsulate poly[2-methoxy-
5-(2-ethylhexyloxy)-1,4-phenylenevinylene] (MEH-PPV) via a reprecipitation method. The
resulting Pdots performed good aqueous ECL emission via anodic, cathodic, and annihila-
tion routes. As expanded research, electron-withdrawing cyano (CN) groups were attached
to the MEH-PPV by Feng et al. [159] to act as block copolymers for preparing Pdots. The
obtained CN-PPV Pdots performed significantly enhanced coreaction and annihilation ECL
efficiencies in aqueous media. To date, some commercially available polyfluorene polymers
such as poly (9,9-di-n-octylfluorenyl-2,7-diyl) (PFO) and poly[(9,9-dioctylindole-2,7-diyl)-
co-(1,4-benzo-{2,1′-3}-thiadiazole)] (PFBT) have been used to prepare highly ECL-active
Pdots for biosensing [160–162] and PFO Pdots [163,164]. Moreover, Ru(bpy)3

2+, luminol,
and other traditional ECL regents have also been employed as luminous units to fabricate
ECL-active Pdots. For instance, 1354 Ru(bpy)3

2+ molecules were averagely doped into a car-
boxylated conjugated polymer by Feng et al. [165] to obtain a highly ECL-active RuPdot for
detecting single-nucleotide polymorphism. Then, a potential/color-resolved ECL bioassay
was established by Wang et al. [166] using the luminol-doped polymer dots (L-Pdots) and
diethylamine-coupled Pdots (N-Pdots) as dual ECL emitters for the simultaneous analysis
of multiplex microRNAs. Considering the indispensable role that coreactant plays in ECL
generation, it can be envisioned that high ECL efficiency can also be fulfilled by conjugating
coreactant-active moieties with Pdots in shortened electron-transfer in one structure with
less consumed radiative energy for ECL enhancement. More importantly, this strategy
needs no exogenous coreactants which can be both eco-friendly and cost-effective. For the
very first time, Wang et al. [167] fabricated a coreactant-free TEA-PFBT Pdot by attaching
two tertiary amine (TEA) groups to the side chain of PFBT, which generated 132-fold
boosted ECL emission through a dual intramolecular electron transition pathway without
any exogenous coreactants, which emphasized the advances of fabricating coreactant-free
ECL Pdots with extraordinary luminous efficiencies for bioassays.

Another interesting topic in this direction is the combination of conjugated polymer
backbones with attractive AIEgens to prepare AIE-active Pdots [168,169]. As shown in
Figure 5A, an AIE-active Pdot was synthesized by Wang et al. [168] through a Suzuki reac-
tion between the boron ketoiminate (BKM) monomers and the AIEgen of TPE followed by
nanoprecipitation of poly(styreneco-maleic anhydride) (PSMA). The obtained AIE-active
Pdot was used as an ECL emitter which showed sensitive response to UO2

2+ in water envi-
ronments. As shown in Figure 5B, Zhang et al. [169] incorporated AIE-active TPE moieties
into the benzothiadiazole-based Pdots prepared by poly[4-(4-(2,2-bis(4-(octyloxy)phenyl)-
1-phenylvinyl)phenyl)benzo-[c] [1,2,5] thiadiazole]. Benefiting from the AIECL property of
TPE moieties, the prepared Pdots showed favorable sensing performances for nucleic acid
detection. Notably, most of the reported methods for Pdots require nanoprecipitation of
copolymers like PSMA with ECL-active moieties through weak noncovalent interactions.
One should be concerned with the instability of the formed Pdots because of the possible
desorption of those ECL-active moieties [170]. To further promote the advancement and
application of Pdots-involved ECL sensing systems, covalent functionalization or some
specific interactions with high affinities are expected to be introduced prior to or after the
formation of Pdots, achieving better ECL stability for better sensing performances [171,172].
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Figure 5. (A) Synthetic routes of AIE-active TPE-Pdots for electrode modification. Reprinted with
permission from Ref. [168] Copyright 2020 Wiley. (B) Synthesis route of AIE-active iridium(III)-Pdots.
Reprinted with permission from Ref. [169] Copyright 2021 American Chemical Society.

3. Application of ECL Emitters for the Analysis of Protein-Based Biomarkers

Biomarker, a kind of substance (gene, protein, polysaccharide, etc.) with valuable
medical or biological significance, is generated from a normal physiological process or a
biochemical pathway in the human body [34]. Pathologically related biomarker can give
doctors insightful information about the health status of the body with minimal interference
and less effort or warnings that a possible disease might be evolving, which is of great
importance for patients to get the medical cure with efficient control of the disease in
the early stages [173,174]. Biomarkers can be classified into imaging and non-imaging
types. The former type is usually required in the X-rays or MIR imaging of diseases
while the latter usually functions as a measurable indicator (protein, nucleic acid, small
metabolite, cytogenetic, or cytokinetic factors) in body fluids or tissues that is closely relate
to a certain disease. Among those types, protein-based biomarkers have been recognized
as golden indicators for diagnosing various diseases in the early stages with trustful
prognostic values [175–177]. As for the point-of-care detection of protein biomarkers with
low abundance, great challenges are ahead due to the limited sensitivity of traditional
assays, high background signals make it difficult to capture the accurate information
of target protein rapidly in crude and complex samples without highly expensive and
sophisticated instrumentations. ECL is now considered one of the most promising analytical
techniques, owning superior sensitivity and ultralow background signals for biological
applications with an ease of operation and rapid responses in real-time. With the aim of
improving detection sensitivity and the reliability and accuracy in the diagnosis of protein
biomarkers, a variety of promising and highly-efficient ECL nanomaterials were fabricated
and employed as emitters of biosensors over the past decades.
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3.1. Protein-Based Cancer Biomarkers

Protein biomarkers such as alpha fetoprotein (AFP), prostate-specific antigen (PSA),
carcinoembryonic antigen (CEA), mucin 1 (MUC1), and cytokeratin 19 fragment (CYFRA 21-
1), as recently studied by using advanced ECL emitters and biosensing strategies [173,175].
CEA as a broad-spectrum protein biomarker of malignant tumors is commonly related
to potential pancreatic, colorectal, or breast cancer in human bodies [170]. To date, ECL
biosensors have been developed as highly-sensitive tools for the clinical diagnosis of CEA-
indicated cancers. For instance, the Zn2+-doped Au NCs (Zn2+-AIE-Au NCs) with AIE
activity were prepared by Gao et al. [178] using mercaptopropionic acid as a capping
regent. The Zn2+-AIE-Au NCs as monochromatic (FWHM < 40 nm) emitters with high
ECL efficiency were further integrated with the dual-stabilizer-capped CuInS2@ZnS NCs
to establish a spectrum-resolved ECL biosensor for multiplexing bioassay in real samples.
In the assay, CEA was sensitively determined with an LOD of 0.3 pg/mL. Then, Zhang
et al. [179] reported a band-edge effect-induced ECL immunosensor using the silica inverse
opal photonic crystals (SIOPCs) for CEA incubation. The radiative transition probability
was increased due to the formation of high density states at the band-edge in SIOPCs, which
enhanced the photon extraction during propagation and achieved strong ECL outputs for
CEA detection with an LOD of 0.032 pg/mL. To guarantee high accuracy, establishing a
potential/wavelength- based ratiometric ECL assay is usually a preferred choice since it can
provide self-calibration to decrease systematic errors and improve the detection reliability
for CEA detection. As previously reported, Huang et al. [180] developed a dual-potential
ECL immunoassay by using the highly ECL emissive luminol and CdS QDs as anodic and
cathodic emitters, respectively. The assay showed ratio-metric ECL emission at −1.5 V and
+0.3 V (vs. Ag/AgCl) using H2O2 as the coreactant which realized sensitive and accurate
detection for CEA with an LOD of 0.62 pg/mL. With concern to the possible interferences
between the two different ECL emitters in conventional ratiometric biosensors, Shang at
al. [38] designed a potential-resolved ECL immunoassay by utilizing single emitters of
luminol as the cathodic and the anodic emitter (−0.2 to 0.45 V, vs. Ag/AgCl). In this
ratiometric assay, Pd NCs modified substrates could quench the anodic ECL (Ianodic) and
amplify the anodic ECL (Icathodic) of luminol −0.2 to 0.45 V, thus the detection results
(Icathodic/Ianodic) can be self-calibrated to endow the biosensor a stronger reliability for
CEA detection with an ultralow LOD of 87.1 ag/mL. Obviously, ratiometric-typed ECL
biosensors still hold great potential for the ultrasensitive detection of low-abundant protein
biomarkers in complex samples in the future.

Recently, bipolar electrode (BPE) device as one of the most attractive electronic con-
ductors based on bipolar electrochemistryhas attracted extensive scientific interest in the
field of biosensing for protein biomarkers [181]. Li et al. [182] constructed a gold nanowire
array-based BPE system using Ru(bpy)3

2+-wrapped SiO2 nanoparticles (Ru@SiO2) as ECL
emitters. The facile BPE sensing device realized sensitive detection of AFP expressed by
the HepG2 cell surface with an LOD of 6.71 pg/cell. Meanwhile, Yu et al. [183] developed a
near-infrared ECL immunoassay by using the biocompatible and environmentally friendly
methionine-stabilized Au NCs as ECL emitters for AFP detection. The assay performed a
good selectivity for AFP in complex samples with an ultralow LOD of 1 fg/mL, which was
much lower than those reported ECL biosensors.

PSA, as a single-chain glycoprotein, is regarded as the most representative indicator
for the early diagnosis of prostate cancer, the second most fatal cancer for men [184].
Qin et al. [185] developed a dual-quenching ECL immunoassay for PSA detection on
a solid-state platform fabricated by the modification of an AIE-active layer of 6-aza-2-
thiothymine capped Au NCs (ATT-Au NCs). The ECL emission of ATT-Au NCs can be
regulated by the CeO2-PEI@Ag probe via resonance energy transfer, thus achieving a
sensitive detection of PSA with an LOD of 2.2 fg/mL lower than previously reported works.
Wang et al. [184] designed a label-free PSA aptasensor based on the luminol-functionalized
molecularly imprinted polymers (MIP) of electropolymerized dopamine (DA) film. Relying
on the specific interaction of PSA with aptamer-covered imprinted cavities, the aptasensor
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exhibited gradually decreased ECL signals along with increased PSA concentration in the
linear range of 5 pg/mL–50 ng/mL, achieving a low LOD of 3.0 pg/mL with acceptable
stability and reproducibility. Considering the limited sensitivity of the label-free sensing
format, as a following work, Wang et al. [40] further developed an ECL quenching strategy
by using the carboxylated graphitic carbon nitride nanosheet as the donor and Ru@SiO2
as the acceptor. Through the efficient electron-transfer mediated quenching mechanism,
high sensitivity was achieved for PSA determination along with a rather low LOD of
1.2 fg/mL. In addition, an efficient ECL-RET aptasensor for PSA detection was constructed
by Zhao et al. [186] using the Cys-[Ru(dcbpy)3]2+ as ECL emitters whose emission could be
flexibly quenched by the ZnS QDs loaded mesoporous silica nanocontainers (ZnS@SiO2)
via a controlled releasing strategy (Figure 6). Due to the efficient ECL-RET between Cys-
[Ru(dcbpy)3]2+ and ZnS@SiO2, the detection sensitivity and accuracy for PSA detection
were desirable, showing a low LOD of 1.01 fg/mL. Besides, other promising highly ECL-
emissive NCs such as dual-stabilizer-capped InP/ZnS NCs and Ag-Ga-In-S NCs have also
been fabricated as ECL emitters for PSA detection by Zou’s group [77,187], which highly
indicated the promising application potential of multinary NCs in the clinical diagnosis of
protein biomarkers.

Figure 6. (A) Preparation procedures of Cys-[Ru(dcbpy)3]2+ and ZnS@SiO2-ssDNA/apta. (B) Fabrica-
tion process of constructed aptasensor for PSA detection. Reprinted with permission from Ref. [186],
Copyright 2023 American Chemical Society.

Lung cancers, including small cell lung cancer (SCLC) and non-small cell lung cancer
(NSCLC), have become the primary worldwide cause of cancer mortality with the fastest
growing incidence rate nowadays. Biomarkers for lung cancer including CEA, CYFRA
21-1 squamous cell carcinoma antigen (SCCA), and neuron-specific enolase (NSE) have
exhibited tremendous potential as trustful indicators for lung cancer diagnosis in early
stages [170]. To date, various ECL biosensing systems have been established for NSE detec-
tion [114,188–190]. For example, Dong et al. [114] prepared a Ru(bpy)3

2+ functionalized
Zr-MOF (Ru-MOF-5) as a dual-signal ratiometric ECL platform, achieving efficient dual-
potential ECL emission for detecting NSE lower to 41 fg/mL along with self-calibrated
detection accuracy. Furthermore, Han et al. [190] developed a sensitive NSE immunoas-
say by utilizing the nitrogen-doped CQDs (N-CQDs) as ECL emitters. The sensitivity of
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this assay was enhanced by introducing the coreaction accelerator of molybdenum sul-
fide/ferric oxide (MoS2@Fe2O3) nanocomposites as an incubation substrate, achieving an
ultralow LOD of 6.30 fg/mL with favorable performance. CYFRA 21-1 is a trustful protein
biomarker for non-small cell lung cancer (NSCLC) which holds great reference value in
the early stages of NSCLC. Recently, great efforts have been devoted into developing
CYFRA 21-1 immunoassays with higher sensitivity and accuracy [191–193]. For example,
Yang et al. [193] fabricated an AIE-active biocompatible ECL emitter by encapsulating
fac-tris(2-phenylpyridine)iridium(III) complexes [Ir(ppy)3] into an apoferritin (apoFt) cavity
for CYRFA 21-1 detection based on a conductive and electroactive substrate of Fe2N and Au
NP-loaded rGO (Fe2N/rGO/Au). Li et al. [194] proposed a BPE-assisted ECL immunoassay
based on the glucose oxidase and horseradish peroxidase loaded ZIF-67@CaO2 composites.
ZIF-67@CaO2 can in situ produce coreactants of O2 and H2O2 to promote ECL reaction of
luminol to realize the sensitive detection of CYFRA 21-1 with favorable performance.

3.2. Protein-Based Non-Cancer Biomarkers

Instead of focusing on cancer biomarkers, ECL biosensing systems have been devel-
oped for various protein biomarkers of other major diseases such as Alzheimer’s disease
(AD), cardiovascular diseases, sepsis, and so on [108,136,195–197]. AD has become a world-
wide brain disease that threatened the physical health of the aged [197]. How to protect
them from the AD attack and obtain timely medical treatment in the early stage is of great
importance. Amyloid-β protein (Aβ1–42) was recognized as the most critical and predic-
tive protein biomarker for diagnosing AD. ECL-based biosensing strategies have been
developed for the specific and sensitive analysis of Aβ1–42 [27,108,198,199]. Recently, Qin
et al. [200] proposed dual-wavelength ratiometric ECL immunoassays for Aβ1–42 analysis
based on twoECL emitters including Ru@TiO2@Au (620 nm) and AuNPs-modified g-C3N4
(460 nm) with different emission wavelengths. By virtue of the ECL-RET between these two
emitters, sensitive detection of Aβ1–42 was achieved with an ultralow LOD of 2.6 fg/mL in
cerebrospinal fluid. Also, Tan et al. [198] developed an advanced ECL aptasensing system
by combining affinity screening of aptamers and size screening of silica nanochannels. The
sensing mechanism was operated by the steric hindering formed by the specific interaction
of Aβ1–42 on the aptamer in arrayed nanochannels, which blocked the mass transport of
luminol and led to ECL reduction in corresponding to the Aβ1–42 concentration. Recently,
Alzheimer-associated neuronal thread protein (AD7c-NTP) was found in the CSF, blood,
and urine of AD patients and can be regarded as a new and trustful biomarker for AD
diagnosis [201]. However, only enzyme-linked immunosorbent assays (ELISA) were used
for AD7c-NTP detection. To obtain higher sensitivity than ELISA, the superior ECL tech-
nique was more suitable for ultra-trace analysis of AD7c-NTP. Liang et al. [202] recently
constructed a dry chemistry-based BPE device for the ECL assay of AD7c-NTP. This device
was composed of a screen-printed fiber chip filled with a Ru(II)-poly-L-lysine complex for
immunoreaction where self-enhanced ECL detection can be completed in 6 min with an
LOD of 0.15 pg/mL in human urine samples.

Heart diseases including acute myocardial infarction (AMI) and heart failure (HF)
have comparable mortality rates to that of cancers and have become the most concerning
class of disease that severely threatens the body health of human beings all around the
world [203]. C-reactive protein (CRP) and cardiac troponin I (cTnI) are two common
protein biomarkers for AMI and cardiovascular diseases [204]. Yang et al. [205] synthesized
a series of novel multicolor iridium(III) complexes, among which the adap-based Ir(III)
complexes exhibited a good binding affinity with β-cyclodextrin (β-CD) due to the strong
hydrophobic interaction and acted as ECL emitters for aqueous-phase detection of CRP
with an LOD of 72 pg/mL. Hong et al. [206] developed an ECL combined lateral flow
immunoassay (ECL-LFI) which was suitable for full-range analysis of physiological CRP
levels. This assay involved the usage of Ru(bpy)3

2+-labeled AuNPs as CRP probes which
plays an important role in the test line of the strip to achieve a sensitive and rapid read-out
with a low LOD of 4.6 pg/mL in the clinical diagnosis of AMI. Guo et al. [207] designed
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an ECL emitter-free and disposable biosensor based on the quenched cathodic signal
of porous TiO2 microspheres by the ferrocene labeled Y-shaped probes. This efficient
signal “off-on” assay showed good linearity in 100 fg/mL–100 ng/mL with a low LOD
of 30.1 fg/mL for cTnI detection in human serum. Heart failure, as the result of the
systolic or diastolic dysfunction of the heart, is usually regarded as the terminal stage of
many cardiovascular diseases [196]. N-terminal pro-brain natriuretic peptide (NT-proBNP)
has been established as a key biomarker which owns prognostic importance for heart
failure and other cardiovascular diseases [170]. Luo et al. [195] proposed a simple and
sensitive ECL-sensing device by using luminol functionalized AuNPs/ZIF-67 as an ECL
emitter which can achieve sensitive NT-proBNP detection lower to 0.74 pg/mL with good
specificity and stability. Ji et al. [208] designed a dual-signal ECL immunoassay by using
the Ru(bpy)3

2+@HKUST-1 as anodic ECL emitters and Ce2Sn2O7 nanocubes as the cathodic
emitters in which the detection accuracy for NT-proBNP was well improved, benefiting
from the self-calibration of anodic and cathodic ECL responses (Figure 7).

Figure 7. (A) Schematic illustration of a dual-signal ECL immunosensor for NT-proBNP detection.
(B) Dual-signal and (C) single-signal ECL mechanisms. Reprinted with permission from Ref. [208]
Copyright 2023 Royal Society of Chemistry.

Sepsis is a systemic response to infection most often caused by bacteria and results in
life-threatening inflammation throughout the body. Procalcitonin (PCT) secreted by thyroid
C cells has shown a strong correlation with the severity of sepsis, which is recognized as
a representative biomarker in the early diagnosis of sepsis. Xu et al. [209] developed a
quenching-typed ECL immunosensor based on ferrocene carboxylic acid (Fca) quenching
the ECL of the Ru(bpy)3

2+ and TPrA co-encapsulated ECL SiO2 NPs. In this assay, good
sensitivity for PCT detection was achieved by an electron-transfer mediated quenching
mechanism which contributed to the low LOD of 0.85 pg/mL. Instead of the quenching
method, ECL-RET was also recognized as a highly sensitive technique for PCT detection.
Song et al. [210] designed an ECL-RET immunosensor by employing the carbon nanotubes
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(CNT) and Au-functionalized graphitic carbon nitride (g-C3N4–CNT@Au) as the ECL
donor and CuO nanospheres-polydopamine (PDA) layer (CuO@PDA) as the receptor,
respectively. High RET efficiency from g-C3N4–CNT@Au to CuO@PDA was occurred
for sensitive detection of PCT lower to 25.7 fg/mL in human serum. In addition, Wang
et al. [211] prepared a dual-emitting ECL immunosensor by employing MnO2 nanoflowers
(NFs) and ZnS QDs as dual ECL emitters with S2O8

2− as the coreactant which exhibited a
good linearity in the range of 0.1 pg/mL to 100 ng/mL with an LOD of 0.033 pg/mL for
PCT detection in serum. Most recently, Song et al. [212] designed a ternary ECL sensing
system using lipoic acid (LA) capped Ag NCs as cathodic ECL emitters in S2O8

2– containing
electrolytes. In this assay, ligand-to-metal charge transfer between LA and Ag NCs induced
ideal ECL emission which endowed the PCT immunosensor a low LOD of 3.56 fg/mL.

3.3. ECL Imaging

In recent years, ECLM as a fascinating optical microscopy technique has gained dra-
matically increased scientific interest in spatiotemporally resolved imaging of single NP or
cell indicated by some specifically triggered ECL processes at the electrode surface [96,213].
Compared with traditional optical microscopy, ECLM owns superior features includingspa-
tiotemporally controlled high resolution and high throughput r bioimaging of various
membrane molecules at single-cell level [5,214]. More importantly, ECLM needs no extrin-
sic illumination source, which can eliminate those potential local photothermal effects and
background noises for high-quality imaging [215]. Uniquely from serum analysis, specific
visualization of protein biomarkers on cell membranes provides paramount information
for elucidating molecular mechanisms in a wide variety of diseases [216]. To date, ECLM
protocols have been gradually established to evaluate expression levels of protein biomark-
ers on cell membranes. Lu et al. [217] designed an efficient ECL nanoreactor for direct
visualization of single membrane epithelial cell-adhesion molecule (EpCAM) proteins
on heterogeneous MCF-7 cells by employing the Ru(bpy)3

2+-loaded nanoporous zeolite
nanoparticles (Ru@zeolite) as imaging probes (Figure 8). In the assay, nanoconfinement-
enhanced ECL emission of Ru(bpy)3

2+-TPrA was triggered in every single nanoreactor,
which was conducive to achieving high-resolution ECL imaging of membranal biomark-
ers including AFP, PSA, and CEA. Liu et al. [10] proposed an ECL imaging strategy by
using Ru(bpy)3

2+-doped silica/Au NPs (RuDSNs/AuNPs) as probeswhich could create
surface-confinement-controlled ECL enhancement for realizing single-molecule imaging
of a protein biomarker of cytokeratin 19 at the electrode surface and cellular membrane.
Liu et al. [218] developed a potential-resolved ECL imaging method for the diagnosis of
apoptosis at the single-cell level. In the method, the epidermal growth factor receptor
and phosphatidylserine were visualized on the surfaces of normal and cancer cell samples
using g-C3N4 and Au@L012 as dual imaging probes. The assay not only offered a reliable
imaging technique for the detection of various membrane biomarkers at the single-cell level,
but also contributed to the guidance of rational drug applications for medical treatments.
As well known, the addition of exogenous coreactants such as H2O2 or TPrA might induce
potential cytotoxicity, thus making it quite urgent to design coreactant-free ECL emitters
for cell imaging [219]. Wang et al. [167] designed coreactant-embedded polymer dots (TEA-
Pdots) for in situ ECL imaging of single membrane protein without exogenous coreactant
via an efficient intramolecular electron transfer mechanism. In addition to fabricating
coreactant-embedded ECL emitters, developing biocompatible ECL coreactants is another
doable and promising option. Chen et al. [219] prepared a guanine-rich DNA-aptamer
complex that can not only function as the biocompatible coreactant for Ru(bpy)3

2+ emis-
sion via a catalytic pathway but also specifically interact with overexpressed CEA on cell
membranes for ECL imaging. Moreover, some it has been proved that high resolution for
ECL imaging of membrane proteins can also be achieved without the direct utilization
highly emissive probes. The pioneering work was reported by Zhang et al. [220]. They
established capacitance-based ECL microscopy for the high-resolution imaging of low
abundance CEA on the cellular plasma membrane without using any imaging probes. The
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system was dominated by the principle of locally dropped capacitance upon the binding
of target proteins to the surface or cellular membrane without using any ECL emitters
which opened up a brand-new avenue for efficient ECL bioimaging of membrane protein
biomarkers in a label-free manner.

 

Figure 8. (A) Scheme for the nanoconfinement-enhanced ECL reaction at single nanoreactors.
(B) Dual-signal (FL and ECL) imaging procedures 1©– 3© for individual protein analysis. (C) ECL imag-
ing of a single protein on the cell membrane. Reprinted with permission from Ref. [217] Copyright
2023 American Chemical Society.

Despite that some advanced progress has been achieved in ECL imaging of protein
biomarkers at the single-cell level, ECLM can also be employed as a powerful technique
for other biological applications such as photodynamic therapy (PDT) and cell-adhesion
visualizations. For instance, Chen et al. [221] established an ECL-driven PDT system
which was dominated by the ECL-RET mechanism using Ru(bpy)3

2+ as the donor and
photo-sensitizer of chlorin e6 (Ce 6) as the acceptor. The mechanism revealed that the
ECL emission of Ru(bpy)3

2+ could sensitize the surrounding O2 to produce ROSs to kill
cancer cells. Moreover, ECLM has also been applied to investigate the cell matrix adhesion
process in a visual view [222,223]. Ding et al. [222] reported a label-free strategy to image
the cell-matrix adhesion of living cells on a silica nanochannel membrane-based electrode
at the single-cell level. The ECL reaction was triggered between freely diffused Ru(bpy)3

2+

and coreactants, which showed a direct visualization of different adhesion sites of living
cells, thus offering more precise information for imaging cellular orientations during the
collective migrations in a label-free manner. Moreover, Ding et al. [223] proposed a surface-
sensitive ECLM imaging method to evaluate possible impacts of different chemically
modified substrates on cell adhesions. As observed from the statistical analysis of spatial
distribution, area, and strength of cell adhesion, Arg–Gly–Asp (RGD) modified electrodes
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can mediate robust cell matrix interactions. This work showcased that ECLM can be
a qualified tool to analyze other cell behaviors during cancer metastasis on different
microenvironments with high sensitivity and resolution.

4. Summary and Perspectives

Applying a highly-efficient emitter is the core of an ECL analytical system to obtain
the high sensitivity and accuracy for target detection. Along with the interdisciplinary
integration of electrochemistry, spectroscopy, and nanotechnology, various nanomaterial-
based ECL emitters were developed and injected numerous vitalities into ECL bioassays
with significantly improved analytical performances. In this review, we mainly focused on
the recently reported fabrication of some attractive ECL emitters including QDs, MeNCs,
MOFs, COFs/HOFs, and Pdots and their advances in sensitive ECL sensing and spatiotem-
porally resolved imaging of protein-based biomarkers. Through decent designation, high
ECL efficiencies can be easily achieved among these ECL emitters. As for the preparation
methods, QDs, MOFs, COFs, HOFs, and Pdots often require complicated organic synthetic
procedures to obtain needed ligands or hydrothermal processes with high temperatures
and pressures. Water stability issues for QDs, MeNCs, and MOFs should also be carefully
concerned for aqueous application. Those nanosized QDs, MeNCs, and Pdots possess
greater potential for high-resolution bioimaging than MOFs and COFs/ HOFs with larger
sizes. Instead, MOFs, COFs/HOFs with large specific areas and electrochemical activity
can be flexibly employed to develop promising ECL solid-sate devices for point-of-care ap-
plication. In order to aim for higher-level advancements, opportunities and challenges are
considered and addressed in this section to obtain a clear understanding of development
trends in the future.

Obtaining extraordinary ECL efficiency via a newly established excited-state gener-
ation mechanism is becoming one of the most promising directions for exploiting high-
quality ECL emitters. As for those above-mentioned QDs, MeNCs, MOFs, COFs, HOFs, and
Pdots, most of their triplet excitons were consumed via nonradiative decay; only ~25% of
the generated singlet excitons were decayed radiatively with a low ECL efficiency. Paving a
new way to promote the utilization rate of triplet excitons with a proper theoretical model
is urgently demanded. Some advanced efforts in the antenna effect, thermal activation of
delayed luminescence, and triplet–triplet annihilation on this topic have been gradually
exploited with significantly increased ECL efficiencies which injected new insights of the
investigations on new ECL mechanisms.

Considering that most of the ECL bioassays are developed following the sandwich-
typed format, efficient bioactivity maintenance of biomolecules in this format is of great
importance. Interferences from the sensing substrate, probe, and electrolytes including pH
and ionic strength toward the bioactivity of used biorecognition molecules like antibodies
or aptamers should be carefully evaluated to guarantee the accuracy and practicability of
immunosensors. Therefore, constructing more biocompatible interfaces on ECL emitters
and substrates with vigorous and anti-interferent biorecognition molecules is becoming
another attracting direction in which more endeavors are suggested to be devoted to
establishing more robust specific interactions to capture the detection targets effectively.
In this way, we believe that the developed ECL biosensor will perform better specificity,
reproducibility, and reliability for practical applications.

In addition, a variety of advanced imaging methods combined with promising ECL
emitters were displayed for membrane protein sensing at a single-cell level. No one
can deny that the ECL imaging technique combined with immunoassays for the high-
throughput detection of membrane biomarkers will become one of the most attractive
microscopic branches in the future. Though some grounding breakthroughs have been
achieved, no one can deny that the conventional Ru(bpy)3

2+-TPrA system is mostly used
for ECL imaging. To obtain stronger intensity, Ru(bpy)3

2+ molecules are usually stabilized
in a biocompatible carrier like SiO2 NPs to act as imaging probe while the cell-incubated
substrate is still immersed into electrolytes containing TPrA whose biotoxicity on cell
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viability is inevitable. Obviously, designing biocompatible coreactant is a doable idea
to embrace the challenge. Also, preparing self-enhanced ECL emitters by implanting or
modifying the coreactant-active moieties with luminophores can be regarded as an ideal
alternative which needs no exogenous coreactant to directly contact the live cells. It can be
envisioned that coreactant-free sensing strategies will present great application potential
toward the development of eco-friendly ECL immunoassays or bioimaging in the future.

To summarize, the fabrication and application of novel and highly-efficient ECL
emitters for biosensing and imaging are still incredibly exciting. They enriched the resources
of synthetic routes for different kinds of nanomaterials, wide applications for various
disease-related protein biomarkers, and advanced imaging techniques with high spatial-
temporal resolution. ECL biosensors with advantages of being miniaturized, portable,
easy to integrate with other devices, are still highly encouraged to create a bridge between
lab research and commercialization. We believe that the remarkable ECL technique will
open more scientific possibilities for the establishment of sophisticated mechanism models,
achieving widely expanded applications in biosensing and imaging with favorable social
and economic benefits.
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Abstract: The pathological process involves a range of intrinsic biochemical markers. The detection of
multiple biological parameters is imperative for providing precise diagnostic information on diseases.
In vivo multichannel fluorescence biosensing facilitates the acquisition of biochemical information at
different levels, such as tissue, cellular, and molecular, with rapid feedback, high sensitivity, and high
spatiotemporal resolution. Notably, fluorescence imaging in the near-infrared-II (NIR-II) window
(950–1700 nm) promises deeper optical penetration depth and diminished interferential autofluores-
cence compared with imaging in the visible (400–700 nm) and near-infrared-I (NIR-I, 700–950 nm)
regions, making it a promising option for in vivo multichannel biosensing toward clinical practice.
Furthermore, the use of advanced NIR-II fluorophores supports the development of biosensing with
spectra-domain, lifetime-domain, and fluorescence-lifetime modes. This review summarizes the
versatile designs and functions of NIR-II fluorophores for in vivo multichannel biosensing in various
scenarios, including biological process monitoring, cellular tracking, and pathological analysis. Ad-
ditionally, the review briefly discusses desirable traits required for the clinical translation of NIR-II
fluorophores such as safety, long-wavelength emission, and clear components.

Keywords: NIR-II fluorophore; multichannel biosensing; spectra-domain mode; lifetime-domain
mode; fluorescence-lifetime mode

1. Introduction

Fluorescence biosensing is a widely employed technique in the field of life sciences
due to its ability to visualize multiplexed physiological and pathological information with
rapid feedback, high sensitivity, and high spatiotemporal resolution [1–3]. Multichannel
biosensing is particularly significant for the development of biomedicine in both funda-
mental research and clinical practice [4,5]. It is capable of monitoring multiple processes
or quantitatively/qualitatively detecting biomarkers, providing accurate and valuable
diagnostic information on tissue, cellular, and molecular features [6,7]. Nevertheless, multi-
channel fluorescence biosensing in the visible (400–700 nm) and first near-infrared (NIR-I,
700–950 nm) region encounters poor photon penetration depth in mammalian tissues due
to the substantial photon scattering/absorption and the interferential autofluorescence
(Figure 1a) [8–10]. In contrast, fluorescence imaging in the second near-infrared window
(NIR-II, 950–1700 nm) can offer deeper penetration depth and better clarity owing to the
suppressed photon scattering (us’∝λ-α; u: scattering coefficient; λ: wavelength; and α:
constant) and reduced tissue autofluorescence (inversely proportional to wavelength) com-
pared with the visible and NIR-I regions (Figure 1b,c) [11–14]. Thus, the advancement of
new NIR-II fluorescent probes is necessary to support the development of deep-tissue and
multichannel fluorescence biosensing.
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Figure 1. NIR-II fluorophores for deep-tissue multichannel biosensing in versatile modes at a
multiscale level: (a–c) light–tissue interactions including tissue penetration depth of light (visible,
NIR-I, NIR-II), tissue scattering spectra in 400–1700 nm, and tissue autofluorescence: (a) reproduced
with permission from [10], copyright 2020, Wiley-VCH; (b,c) reproduced with permission from [8],
copyright 2017, Springer Nature; (d–f) schematic illustration of multichannel biosensing on the
spectra-domain, lifetime-domain, fluorescence-lifetime modes; (g) schematic illustration of multiple
fluorescent probes (QD, RENP, and organic dye) for biosensing at the multiscale level (organ, cell,
molecule).

NIR-II fluorophores, mainly including organic dyes [15,16], quantum dots
(QDs) [17,18], and rare-earth-based nanoparticles (RENPs) [19,20], have been developed for
multichannel fluorescence imaging using spectra-domain, lifetime-domain, and fluorescence-
lifetime modes (Figure 1d–f). The fabrication of these fluorophores, which exhibit nonover-
lap emissions–excitations or distinguishable fluorescence lifetimes, is crucial for enabling
multichannel biosensing applications [21,22]. To facilitate the qualitative and quantita-
tive analysis of niduses, organic dyes may be designed to control their chemical groups
and conjugation units, thereby regulating their fluorescence emissions–excitations and
responsiveness to pathological environments [23,24]. QDs may be tuned via the regulation
of their size and chemical structure (e.g., core–shell structure and heteroatom doping)
to alter their fluorescence emissions [17,25]. RENPs can be modified by doping with
various sensitizers/activators and by altering their core–shell structures (e.g., interlayer
and shell thickness), resulting in changes in their fluorescence emissions–excitations and
lifetimes [19,26]. These fluorescent probes, possessing unique fluorescence and lifetime
properties, can be utilized as a versatile toolbox to fulfill the demands of multiscale and
multichannel biosensing in a variety of scenarios (Figure 1g).

This review focuses on the advanced development of in vivo multichannel biosensing
in the NIR-II window for improvement in biomedical diagnostics. We highlight the multi-
faceted designs and properties of NIR-II fluorophores for in vivo multichannel biosensing,
which can be utilized in a variety of modes, namely the spectra-domain mode (utilizing
cut-off excitation–emission wavelengths), the lifetime-domain mode (using differential
fluorescence lifetimes), and the fluorescence-lifetime mode (utilizing the decoding of fluo-
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rescence signals via the time-gating technique). We also highlight a selection of their dis-
tinctive bioapplication scenarios, including biological process monitoring, cellular tracking,
and pathological analysis. Ultimately, we conclude by discussing the merits of multichan-
nel biosensing modes, enabled by the use of versatile NIR-II fluorophores, as well as the
outlook for potential challenges and opportunities in multichannel biosensing.

2. Near-Infrared-II Fluorophores

Since the discovery of single-walled carbon nanotubes (SWNTs) with NIR-II fluo-
rescence by the Dai group in 2009 [27], NIR-II fluorophores have flourished. To deploy
fluorescence multiplexing for in vivo multichannel biosensing, NIR-II fluorophores de-
mand tunable optical properties in the NIR-II window. Typical fluorophores (QDs, RENPs,
and organic dyes) with tunable NIR-II fluorescence are described in subsequent sections.

2.1. QDs

As a class of semiconductor nanocrystals with radii smaller than the excitation Bohr
radius, the size and chemical structure of QDs can be easily tailored to tune their fluores-
cence emission. Lead sulfide (PbS) QDs have size-dependent fluorescence throughout the
entire NIR-II region owing to their narrow bandgap and large Bohr radii [28,29]. Bruns et al.
designed a series of InAs-based core–shell-structured QDs with narrow and tunable NIR-II
emission. Notably, the PLQY (photoluminescence quantum yield) of the core–shell QDs
could reach up to 30% in aqueous media compared with PbS QDs (4%) [17]. In addition
to shell wrapping, the Wang group reported a cation exchange strategy to boost the PL
efficiency of Ag2E (E = Se and Te) QDs. With the incorporation of gold (Au) atoms into the
crystal lattice, alloyed silver gold selenide (AgAuSe) QDs achieved an absolute PLQY of up
to 65.3% at 978 nm, and Au:Ag2Te achieved a calculated PLQY of 6.2% at 1490 nm [11,30].
These versatile NIR-II QDs provide a toolbox for fluorescence multiplexing.

2.2. RENPs

The large quantum numbers of 4f electron configurations provide lanthanide ions
(Ln3+) with a wealth of optical properties. By simply changing the dopants in RENPs,
their emission wavelength can be effectively tuned over the NIR-II region. For instance,
Naczynski et al. found that the typical Yb3+-sensitized Ln3+ (Ln = Er, Ho, Tm, and Pr)
in RENPs could produce differential emissions (Ho3+: 1185 nm; Pr3+: 1310 nm; Tm3+:
1475 nm; and Er3+: 1525 nm) after absorbing 980 nm photons [31]. In comparison, for a sys-
tem highly doped with Er3+, RENPs possess multiwavelength excitations (980 nm, 808 nm,
and 658 nm) and NIR-II emission (1550 nm) after inert shell coating to alleviate surface and
concentration quenching effect [32]. In addition to the tunable multiwavelength excitation–
emission, the long luminescence lifetime is also one of the intrinsic properties of RENPs.
Tailoring the structural parameters of core–shell RENPs, including the concentrations of
dopants, the thicknesses of interlayer and inert shell and the crystal phase of host matrixes
could effectively tune the NIR-II lifetime of Ln3+ activators with different proportions [33].
These feasible pathways to achieve NIR-II RENPs with highly distinguishable fluorescence
wavelengths and lifetimes favor the development of advanced multiplexing modes.

2.3. Organic Dyes

Organic dyes with NIR-II fluorescence have been synthesized based on cyanine dyes
(D-π-A) or donor–acceptor–donor (D-A-D) structures by tailoring their chemical groups
or conjugation units. Cyanine dyes typically consist of two heterocyclic end groups con-
nected by a length-tunable polymethine chain [34]. Lengthening the polymethine chain or
modifying heterocycle can endow cyanine dyes (Flav7, IR-1061, IR-26, and FD-1080) with
tunable NIR-II fluorescence by enhancing the π-conjugate strength [35,36]. The first NIR-II
organic dye based on the D-A-D structure, CH1055, was reported by the Dai group, which
is composed of a benzobisthia diazole acceptor and a triphenylamine donor [37].
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Although organic dyes generally face the problem of aggregation-caused quench-
ing (ACQ) in biological environments, mainly due to the strong intramolecular π–π in-
teractions [38], Tang et al. have discovered and explored a type of luminogens with
aggregation-induced emissions (AIEgens) since 2001 [39,40]. Tailoring the electron donors
(D) and electron acceptors (A) of AIEgens can extend their emissions to the NIR-II win-
dow, such as D-A-structured 2TT-oC26B molecules [41,42]. More prominently, AIEgens
are capable of multiphoton absorption, enabling multiphoton fluorescence bioimaging to
decipher deep-tissue biological structures via NIR-II excitation [43–45]. Typical approaches
such as tailoring D-A structures and expanding the conjugation length could enhance the
multiphoton absorption cross-sections of AIEgens [46]. In addition, the highly ordered as-
sembly of organic dyes provides an effective avenue to achieve longer wavelengths beyond
1500 nm. J-aggregates with head–tail molecular stacking of organic dyes resulted in strong
red-shifted absorption–emission (approximately 300 nm) and boosted fluorescence inten-
sity of FD-1080 compared with that of the dye monomer [14]. These versatile approaches
to obtaining NIR-II organic dyes with brightness and differential excitation–emission
wavelengths are beneficial for the development of fluorescence multiplexing methods.

3. Spectra-Domain Multichannel Biosensing

The implementation of in vivo multichannel fluorescence biosensing requires a metic-
ulous selection of nonoverlap excitation–emission wavelengths for the use of NIR-II fluo-
rophores. To achieve simultaneous visualization/tracking of multiple analytes at the tissue
or cellular level, fluorophores with varying excitation–emission properties are necessary
to bind specific targets. On the other hand, in order to quantitatively measure analytes
at the molecular level, ratiometric fluorophores with multiple excitation–emission wave-
lengths are typically required to enable selective responsiveness. The rational designs and
bioapplications of these NIR-II fluorophores will be elucidated in-depth in subsequent
sections.

3.1. Excitation–Emission Multiplexed Biosensing

In order to facilitate the visualization of multiple pathological or physiological pa-
rameters at the tissue or cellular level, it is essential to use fluorophores with nonoverlap
excitation–emission spectra that enable to simultaneously tag and visualize them in the
NIR-II imaging window (Figure 2a,b). Recently, Cosco et al. tuned the absorption prop-
erties of flavylium polymethine dyes utilizing flavylium heterocycles, which allowed for
the real-time excitation multiplexing of living mice at the tissue level using NIR-II emitters
(MeOFlav7: 980 nm excitation; JuloFlav7: 1064 nm excitation) [36]. However, the long-term
retention of these molecules has the potential to induce toxicity in major organs. To over-
come this limitation, Yao et al. designed a series of highly efficient renal clearance and
long blood circulation aza-boron-dipyrromethene (aza-BODIPY) NIR-II macromolecular
fluorophores (FBP790: 730 nm excitation, 950 nm long-pass optical filter; FBP1025: 980 nm
excitation, 1200 nm long-pass optical filter) and applied them for excitation multiplexed
imaging of tumors and surrounding vessels [47]. Nevertheless, these NIR-II organic fluo-
rophores are restricted to the emission wavelength range of 1000–1500 nm, thereby limiting
their utility in achieving high-resolution NIR-IIb fluorescence imaging (1500–1700 nm)
with millimeter-scale penetration depth and micron-level resolution [48–50]. Although
AIEgens (DCBT dots) with multiphoton absorption could obtain fine structures of brain
vasculatures of mice and macaque by using three-photon fluorescence bioimaging with
NIR-IIb excitations (1550 nm), their progress in the field of excitation–emission multiplexed
biosensing remains sluggish [51–53].

To date, only a handful of NIR-IIb fluorophores have been developed for multichannel
fluorescence biosensing, including rare-earth-based nanoprobes and colloidal QDs [54,55].
Given the intrinsic location of 4f energy levels of lanthanides, Er(III) is the mainstream
activator generating NIR-IIb emission (around 1530 nm) under varied excitation sources
(650 nm, 808 nm, and 980 nm) [32,56–58]. To expand the range of small-molecule lanthanide
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complexes for biosensing, Wang et al. developed a hybrid Er(III)-bacteriochlorin complex
(EB766) with 760 nm excitation and bright luminescence at 1530 nm [59]. Compared
with typical co-doped lanthanide nanoparticles (ErNPs: NaYF4:20%Yb,2%Er@NaYF4), the
nonoverlap excitations of EB766 (760 nm) and ErNPs (980 nm) facilitate robust NIR-IIb
multiplexed biosensing for deciphering multiple tissue structures (such as lymph nodes
and lymph vessels in jaw and footpads) with superior signal-to-background ratios (SNRs:
3.92–22.79) (Figure 2c). Alongside lanthanides, colloidal QDs, such as PbS QDs with a
narrow bandgap and large Bohr radius, offer tunable emission coverage of the NIR-II
region via size control [60,61]. By synthesizing NIR-IIa and NIR-IIb fluorescent PbS/CdS
core–shell QDs functionalized with Gr-1 and CD-1b antibodies, respectively, Yu et al. ex-
ploited this emission multiplexing strategy for in vivo colocalization of myeloid-derived
suppressor cells (MDSCs). By connecting the unique emission properties of these QDs to the
targeted MDSCs, this approach holds significant potential for enhancing immunotherapy
(Figure 2d) [21]. Overall, these results demonstrate that the excitation–emission multiplex-
ing approach is highly suitable for a real-time diagnosis of tissue lesions and therapeutic
feedback at the cellular level.

 

Figure 2. Excitation–emission multiplexed biosensing: (a,b) schematic illustration of
NIR-II fluorophores enabled excitation–emission multiplexing; (c) excitation multiplex-
ing biosensing to decipher multiple tissues of living mice using NIR-IIb lanthanide-
based probes (EB766: 760 nm excitation, 1530 nm emission; DCNP: 980 nm excitation,
1530 emission). Reproduced with permission from [59], copyright 2021, Springer Nature; (d) emis-
sion multiplexing to target MDSCs using size-varied PbS/CdS QDs. Reproduced with permission
from [21], copyright 2019, American Chemical Society.

3.2. Ratiometric Fluorescence Biosensing

In addition to multichannel biosensing utilizing multiple fluorophores, fluorophores
with the capacity to emit or excite at different wavelengths have the potential to enable
the quantitative measurement of pathological parameters at the molecular level. For this
purpose, the fluorophores must possess an emission–excitation pattern that responds solely
to the analyte (such as reactive oxygen species, enzymes, and pH), while the other remains
inert and acts as a reference signal (Figure 3a,b). To achieve this, Lan et al. designed
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a series of responsive NIR-II probes (enzyme-responsive Rap-N, ROS-responsive Rap-
R, and pH-responsive Py-H; ratiometric emission: 945 nm/1010 nm) based on the Py-2
molecular platform for ratiometric fluorescence biosensing [24]. These single-component
NIR-II dyes have the potential to selectively visualize and quantitatively measure en-
zymes and small molecules in living mice with significant ratiometric fluorescence signals
(Fl900LP/Fl1000LP). Additionally, NIR-II organic nanosensors for ratiometric fluorescence
imaging can be designed based on intramolecular Förster resonance energy transfer (FRET).
To create the NIR-II ratiometric fluorescent dyes, Yu et al. covalently linked an asymmetric
aza-BODIPY with an ONOO−-responsive meso-thiocyanine, known as the aBOP-IR1110
(ratiometric emission: 950 nm/1110 nm). This process results in ONOO−-altered in-
tramolecular FRET, which generates a linear ratiometric response (Fl950LP/Fl1100LP) [62].
The aBOP-IR1110 can withstand biological media, thereby preventing spectral shift and dis-
tortion and facilitating the dynamic monitoring of oxidative stress in traumatic brain injury
and evaluating therapeutic efficiency with high in vivo sensing accuracy. However, the
currently available organic ratiometric fluorophores have a limited emission wavelength
that falls short of 1500 nm, along with a small Stokes shift, thereby limiting their usability
in deep-tissue biosensing.

 

Figure 3. Ratiometric fluorescence biosensing: (a,b) schematic illustration of NIR-II fluorescent
nanocomposites enabled ratiometric fluorescence biosensing; (c) emission-responsive NIR-II hy-
brid nanosensor for ratiometric fluorescence imaging of inflammation using A1094-RENPs hybrid
nanosensor. Reproduced with permission from [63], copyright 2022, American Chemical Society;
(d) excitation-responsive NIR-II hybrid nanosensor for ratiometric fluorescence imaging of NK cell
viability using IR780-RENPs hybrid nanosensor. Reproduced with permission from [64], copyright
2021, Wiley-VCH.

Hybrid ratiometric nanosensors offer a variety of options for emission wavelength and
responsive substances, thus enabling quantitative in vivo biosensing. Sun et al. developed
a NIR-II ratiometric nanocomposite by coupling the dual-emission (1060 nm and 1525 nm)
RENPs (NaErF4@NaYF4@NaYF4:10%Nd@NaYF4) with ONOO−-responsive A1094 organic
dyes (absorbance:1094 nm). The FRET between them allowed for the rapid and sensitive
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in vivo detection of ONOO− levels (Figure 3c) [63]. Since ROS/RNS levels are highly
correlated with the activation and viability of immune cells, in vivo molecular analysis can
provide valuable feedback during cancer immunotherapy [65,66]. Liao et al. developed a
NIR-II ratiometric nanocomposite by coating dual-excitation (ex: 808 nm and 980 nm; em:
1525 nm) RENPs with IR786 dyes. The degradation of ROS-responsive dyes solely activates
the 808 nm excitation channel through the absorption competition-induced emission effect
(ACIE) [64]. Therefore, the hybrid nanosensor can evaluate the cell viability of natural killer
(NK) cells by measuring the excess generation of ROS, while simultaneously tracking the
NK cells via the stable signal excited at 980 nm (Figure 3d). Such intracellular ROS-induced
ratiometric NIR-II fluorescence biosensing has the potential to pave the way for in vivo
companion diagnostics in cancer immunotherapy.

3.3. Spectra-Domain Multichannel Biosensing in Various Scenarios

In the field of oncology, mapping the heterogeneity of primary and metastatic tu-
mors is vital for precision medicine [4]. Detecting the metastasis of cancer cells and the
migration of immune cells is essential from a fundamental research perspective, as it
can help identify the most effective therapies [67,68]. To study cellular behavior in live
animals, intravital microscopic multiplexing is essential [69]. Wang et al. developed a
cell tracking probe (CT1530) for intracellular delivery, comprising the cell-penetrating
peptide HIV-TAT-conjugated EB766–bovine serum albumin (BSA) complex [59]. Using
fluorescence signals (green, 1100–1300 nm) from Cy7.5 phospholipid micelles to high-
light the cerebrovascular system, the researchers found that cancer cells were arrested
in vessel bifurcations through physical occlusion via the nonoverlap fluorescence (red,
1400–1600 nm) from CT1530-labeled 143B cells (Figure 4a). On the other hand, evaluating
the infiltration of immune cells into tumors is crucial for determining therapeutic efficacy.
Hao et al. developed a NIR-II emission multiplexing strategy to visualize the recruitment
of NK cells into the tumor via the programmable administration of Ag2Se-QD-based nan-
odrug (em: 1350 nm) containing SDF-1α (stromal-cell-derived factor-1α, the chemokine
of NK-92 cells) and Tat-Ag2S QDs-labeled NK-92 cells (em: 1050 nm) (Figure 4b) [70].
This multichannel biosensing strategy has significant implications not only for precision
medicine but also for individual therapeutic schedules and companion diagnostics [4,71]

Figure 4. Cont.
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Figure 4. Spectra-domain multichannel biosensing in versatile scenarios: (a) intravital multiplexed
imaging of cancer cell metastases in mouse brain. Reproduced with permission from [59], copyright
2021, Springer Nature; (b) NIR-II fluorescence multiplexed imaging to program the chemotherapy
and immunotherapy against breast cancer. Reproduced with permission from [70], copyright 2018,
Wiley-VCH; (c) NIR-II emission multiplexing imaging for surgical navigation using QDs and D-A-D
dye. Reproduced with permission from [72], copyright 2020, Wiley-VCH; (d) NIR-IIb ratiometric
imaging for allograft rejection diagnosis using granzyme-B-responsive ErGZ nanosensor. Reproduced
with permission from [73], copyright 2023, Wiley-VCH.

In clinical practice, a first-in-human study has demonstrated the potential of intra-
operative NIR-II fluorescence imaging in guiding liver tumor surgery [5]. In addition to
primary tumors theranostics, detecting and monitoring cancer metastasis is critical for
tumor staging, therapeutic decision making, and prognosis. For instance, in the case of
breast cancer, multiorgan metastasis often leads to a median survival rate of fewer than two
years for patients. Lymph nodes (LNs) are frequently the primary site of tumor cell dissem-
ination, which can disrupt the immune microenvironment [74]. To enable precise surgical
resection, Tian et al. developed an emission multiplexing approach that simultaneously
labels the metastatic tumor (IR-FD dye) and tumor metastatic proximal LNs (PbS/CdS
QDs) (Figure 4c) [72]. Meanwhile, diagnosing allograft rejection to improve the immune
management of transplant recipients in the early stages is also essential, as transplantation
can cause severe postoperative complications [75,76]. Chen et al. developed a responsive
NIR-II fluorescent nanosensor by linking ErNPs (NaErF4@NaYF4: 980/808 nm excitation;
1550 nm emission) with ZW800 dye, allowing for the ratiometric biosensing of granzyme
B, which is overexpressed in recipients’ T cells during the onset of allograft rejection, in
contrast to the gold-standard biopsy (Figure 4d) [73]. This strategy could also be applied to
in situ monitoring of tissue regeneration. Pei et al. integrated 3D-printed bioactive glass
scaffolds with a responsive NIR-II fluorescent nanosensor, enabling in situ monitoring of
early inflammation, angiogenesis, and implant degradation during mouse skull repair [77].
These results illustrate the potential of spectral-domain fluorescence multiplexing in clinical
translation.

4. Lifetime-Domain Multichannel Biosensing

As fluorescence imaging involves real-time light irradiation, it inevitably leads to
tissue scattering and autofluorescence. However, the use of cut-off wavelengths allows
for fluorescence multiplexing through optical filters, while simultaneously filtering out
scattering light. Although tissue autofluorescence is significantly attenuated in the NIR-II
region, this often compromises the contrast and sensitivity of fluorescence imaging [78,79].
To achieve background-free multiplexed imaging, manipulating the fluorescence lifetime
of fluorophores matters. Fluorophores with longer lifetimes than tissue autofluorescence
(0.1–5 ns) can provide a luminescence signal even after the laser is turned off
(Figure 5a) [9,80]. This time-gating technique can eliminate interference from the excitation
light to improve the contrast of fluorescence imaging [81]. To enable this lifetime-domain
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multichannel biosensing, it is essential that the fluorophores have a tunable lifetime distinct
from that of tissue autofluorescence, which is mainly limited to RENPs, known as t-dots
(Figure 5b).

 

Figure 5. Lifetime-domain multichannel biosensing: (a) fluorophores with long lifetimes en-
able background-free fluorescence imaging through time-gated gear; (b) schematic illustration of
fluorescence-lifetime-tunable RENPs; (c) fluorescence-lifetime-tunable NaYbF4@CaF2 by modulat-
ing shell thickness for tagging Hela cells. Reproduced with permission from [82], copyright 2019,
Springer Nature; (d) lifetime-engineered ErNPs with versatile antibodies (ER, PR, and HER2) binging
for in vivo lifetime-domain multiplexing to identify tumor subtype in living mice. Reproduced with
permission from [33], copyright 2018, Springer Nature.

RENPs boast a flexible fluorescence lifetime ranging from microseconds to millisec-
onds, which can be easily tuned based on various structural parameters such as dopants,
their concentrations, and relay–inert layer thickness [83–85]. Gu et al. achieved a highly
efficient conversion of pulsed excitation into long-decaying NIR luminescence without
energy loss by using a NIR light transducer (NaYbF4@CaF2 core–shell RENPs) [82]. The
optically inert CaF2 shell encapsulating the Yb(III) signal transducers allowed for the tun-
able lifetime of RENPs spanning from 0.033 to 2.2 ms (emission: 980 nm) by adjusting the
shell thickness (Figure 5c). Unlike fluorescence imaging, lifetime-domain multichannel
imaging demonstrated the ability to distinguish two different types of nanoparticles with
unique lifetimes (0.84 and 1.45 ms, respectively) utilized for labeling HeLa cells (Figure 5c).
Meanwhile, Fan et al. systematically modulated the energy relay in ErNPs (Er-doped
RENPs) to enable fluorescence imaging with tunable lifetimes, spanning three orders of
magnitude (from microseconds to milliseconds) with 1525 nm emission [33]. Moreover,
by conjugating lifetime-discriminating ErNPs (Er-τ5, Er-τ9, and Er-τ13) with antibodies
that target various breast cancer receptors, including estrogen receptor (ER), progesterone
receptor (PR), and human epidermal growth factor receptor 2 (HER2), in vivo fluorescence-
lifetime multiplexing was utilized to identify the precise tumor subtypes in living mice
(Figure 5d).
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5. Fluorescence-Lifetime Multichannel Biosensing

Spectra-domain multiplexing is often hindered by errors in penetration depth that
arise from wavelength variations, and lifetime-domain multiplexing lacks the ability to
acquire fluorescence signals in real time during imaging because of the time-consuming
fluorescence signal acquisition protocol [86]. Nevertheless, the flexibility of alternating be-
tween these two fluorescence imaging modes offers a groundbreaking solution to overcome
the limitations of each technique. In the fluorescence channel, emissions with the same
wavelength can be distinguished via a time-resolved method or dynamic variations in fluo-
rescence intensity can be detected. In comparison, in the lifetime channel, the time-gating
technique acquires delayed luminescence signals accordingly. By seamlessly integrating
these imaging channels, we can visualize pathological environments in real time without
any penetration-depth errors. This cutting-edge strategy unlocks new prospects for the
advancement of multichannel biosensing applications.

Immunotherapy is a pivotal treatment for malignant tumors that has demonstrated
significant clinical outcomes. However, it still faces several formidable challenges, including
low response rates and immune-related adverse events [87,88]. Therefore, predicting and
monitoring the therapeutic response to immunotherapy is of paramount importance to
achieve better patient outcomes [89,90]. Since dual emission with the same wavelength
can be separated by the time-gating technique to allow for the colocalization of multiple
targets, avoiding the penetration-depth error (Figure 6a) [86], Zhong et al. developed a
two-plex NIR-IIb imaging approach for in vivo visualization of immune responses using
long-lived ErNPs-aPDL1 (lifetime: 4.2 ms) to tag tumor cells and short-lived PbS-aCD8
QDs (lifetime: 46 μs) to tag CD8+ T cells, respectively (Figure 6b) [91]. The infiltration of
CD8+ T cells could be visualized instantly, which is promising for predicting the extent of
immune activation [92]. Therefore, this approach could serve as a companion diagnostic
for immunotherapy in clinical practice [71].

In contrast to dual-NIR-IIb emission at the same wavelength, the coherent recovery
of fluorescence and lifetime allows for real-time in vivo localization and measurement
through two channels at the same penetration depth (Figure 6c). Zhao et al. devised a
TME (tumor microenvironment) nanosensor for hepatocellular carcinoma (HCC) detec-
tion by using β-NaYF4@NaYF4:1%Nd NPs and MY-1057 cyanine dyes, which respond
to ONOO−-induced variation in FRET between them (Figure 6d) [79]. Furthermore, the
authors developed a luminescence resonance energy transfer (LRET) toolbox consisting of
amorphous manganese oxide (MnOx) and versatile lanthanide nanoparticles for quantify-
ing intratumor glutathione (GSH) levels in vivo [93]. The results of a blind study showed
that the quantified intratumor GSH levels of different types of tumors were highly con-
sistent with the commercial kit results. In addition to the hybrid nanosensor, Chang et al.
prepared a novel glutathione-capped copper–indium–selenium (CISe) nanotube with a
NIR-II emission (1010–1130 nm) for phosphorescence imaging [94]. Notably, phosphores-
cence is a type of photoluminescence related to fluorescence that is featured with long-lived
luminescence and large Stokes shifts. Unlike dual-channel signal recovery, CISe nanotubes
have the unique ability to self-assemble in an acidic physiological environment (pH: 5.5–6.5)
and switch from short-lived fluorescence to phosphorescence, allowing for the precise and
accurate identification of tumor lesions through fluorescence-lifetime dual-channel imaging.
(Figure 7). These results strongly indicate that a logical switch between imaging modes
based on fluorescence and lifetime channels holds great promise for in vivo, real-time
identification and quantification of a wide range of biomarkers.
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Figure 6. Fluorescence-lifetime multichannel biosensing: (a) schematic diagram of NIR-II signals
separation through time-resolved technique; (b) NIR-II fluorescence-lifetime dual-channel imaging
for monitoring immunotherapy using ErNPs (em:980 nm; ex: 1530 nm) and PbS/CdS QDs (em:
808/980 nm; em: 1600 nm). Reproduced with permission from [91], copyright 2019, Springer Nature;
(c) schematic illustration of a responsive nanosensor with luminescence-lifetime synergistic recovery;
(d) TME responsive (ONOO−) nanosensor (DCNPs@MY-1057) with luminescence-lifetime dual-
channel imaging for HCC liver tumor diagnosis. Reproduced with permission from [79], copyright
2020, Wiley-VCH.

 

Figure 7. CISe nanotubes as a pH-responsive NIR-II phosphorescent probe for fluorescence-lifetime
biosensing: (a) schematic illustration of emission and lifetime enhancement of CISe NIR-II phospho-
rescent probe upon pH responsiveness; (b) NIR-II fluorescence imaging and (c) time-resolved NIR-II
imaging of living mice bearing 143B osteosarcoma cancer xenografts after intravenous administra-
tion of CISe nanotubes or PEG-CIS nanorods (dosage: 20 mg kg−1). Reproduced with permission
from [94], copyright 2021, Springer Nature.

333



Chemosensors 2023, 11, 433

6. Conclusions and Outlook

In conclusion, this review provides an overview of NIR-II fluorophores for multichan-
nel fluorescence biosensing in two sections: imaging modes and biosensing applications.
Based on the current development of NIR-II fluorophores, we divided multichannel biosens-
ing into spectra-domain, lifetime-domain, and fluorescence-lifetime modes, and discussed
their respective application scenarios (Table 1). With their respective merits, they can be
applied in diverse scenarios. In vivo spectra-domain multiplexing can visualize patho-
logical processes in real time; lifetime-domain multiplexing can pinpoint multiple targets
with higher contrast; and fluorescence-lifetime multichannel biosensing can provide real-
time and high-contrast imaging results. Multichannel NIR-II fluorescence biosensing is
promising for noninvasive in vivo diagnosis with precision. Despite these impressive
developments in multichannel fluorescence biosensing with the use of advanced NIR-II
fluorophores, some fields are still worth exploring for their application in clinical practice.

Table 1. Summary of NIR-II fluorophores for multichannel biosensing.

NIR-II Sensor Ex. (nm) Em. (nm) Mode Application Ref

Er(III)–bacteriochlorin
complexes 766 1530 Spectra domain

Multiplexing of
tissues and
tumor cells

[59]

PbS/CdS QDs 808 1100&1600 Spectra domain Multiplexing of
MDSCs [21]

NaErF4@NaYF4@NaYF4:10%Nd
@NaYF4@A1094 808 1060&1525 Spectra domain Ratiometric

imaging of RNS [63]

DCNP@IR760s 808&980 1550 Spectra domain

Ratiometric
imaging of ROS
to track NK cell

viability

[64]

Ag2S&Ag2Se QDs 808 1050&1350 Spectra domain

Multiplexing-
guided

therapeutic
schedule

[70]

PbS/CdS QDs &IR-FD dye 808 1100&1600 Spectra domain
Multiplexing-

guided surgical
navigation

[72]

NaErF4@NaYF4
@ZW800 808&980 1550 Spectra domain

Ratiometric
imaging of GzB

to diagnose
allograft rejection

[73]

NaYbF4@CaF2 920 980 Lifetime
domain

Tumor cells
labeling [82]

NaGdF4@NaGdF4:Yb,Er@NaYF4:Yb@NaNdF4:Yb 808 1525 Lifetime
domain

Tumor
biomarkers

sensing
[33]

NaYbF4:Er@NaYF4& PbS QDs 980&808 1530&1600 Fluorescence
lifetime

Tumor cells
labeling [91]

NaYF4@NaYF4:Nd@MY-1057 808 1060 Fluorescence
lifetime

HCC tumor
detection [79]

First of all, the potential biotoxicity of nanoprobes induced by long-term retention often
lacks systematic investigation. Currently, most researchers focus on the rational design
of NIR-II fluorophores to achieve distinctive functions for specific application scenarios.
However, large-sized and charged nanoprobes can be captured using the reticuloendothelial
system and remain in live mammalians for an extended period of time (1 month or longer)
after biosensing, which may cause biosafety issues [20,95]. Therefore, designing long-
circulating and renal-clearable NIR-II fluorophores for multichannel biosensing could
be a way forward. Renal-clearable NIR-I nanosensors, such as golden nanoclusters or
polyfluorophore nanoprobes, are applicable for in vivo detection and humoral diagnosis in
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real time at a cellular level [96–98], which poses fewer concerns on the biosafety of these
fluorophores during clinical implementation.

In addition to metabolizability, NIR-II fluorophores with long-wavelength emission
in the NIR-IIb/NIR-IIc subwindow (NIR-IIb: 1500–1700 nm; NIR-IIc:1700–1880 nm) are
favorable for deep-tissue biosensing with high resolution and contrast [99,100]. In terms of
biosensing in the fluorescence-lifetime mode, fluorescent probes with responsiveness to
stimulants in lifetime channels are still limited to the 950–1300 nm range [79,93]. Striking
a delicate balance between the luminescence intensity and the lifetime of fluorescent
probes is crucial in determining their effective use in practical applications. To meet this
challenge, improving the luminescence intensity of NIR-IIb/NIR-IIc fluorophores while
up- or downregulating the fluorescence lifetime might be the solution.

Last but not least, simplifying the components of NIR-II fluorophores can pave the way
for clinical implementation. Hybrid nanoprobes remain the mainstream design for in vivo
ratiometric quantification of various chemical substances (ROS, RNS, GSH, etc.), either in
the form of chemical conjugation or physicochemical enclosure [54,62,64,66,73,77,79,93,101].
However, they may encounter dissociation or the release of components in physiological en-
vironments, posing significant biosafety risks. Our group has reported a single-component
NIR-II fluorophore (LC-1250) for ratiometric fluorescence imaging of H2O2 to diagnose
gastroenteritis with high sensitivity under physiological conditions (pH 1–2 in the stom-
ach) [23], exemplifying that the ingenious design of organic dyes is key. Moreover, by
endowing renal-clearable functionality, extending to longer emission wavelengths, or even
incorporating portable devices [102], new fluorescent probes based on organic dyes could
be developed for multichannel biosensing in future clinical practice.
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Abstract: The content of magnesium ions (Mg2+) in drinking water is relatively high and the excessive
Mg2+ ingestion may lead to pathological lesions in the human body system. At present, the detection
of Mg2+ still relies on costly devices or/and complex organic fluorescence probes. To solve this
problem, this work proposed a NaBH4-mediated co-reduction strategy for the synthesis of glutathione-
stabilized bimetallic AuAg nanoclusters (GSH@AuAg NCs) with performance recognition to Mg2+.
The preparation of GSH@AuAg NCs was simple and rapid and could be performed at mild conditions.
The reaction parameters and sampling orders were optimized to understand the formation mechanism
of GSH@AuAg NCs. The GSH@AuAg NCs exhibited a sensitive “light on” fluorescence response
to Mg2+ due to the re-molding of the interfacial physicochemical environment following the Mg2+

coordination, which affected the surface charge transfer process, and thus led to a novel method for
fluorescence detection of Mg2+ with admirable selectivity for Mg2+. The proposed method showed
a detection limit of 0.2 μM, and its practical utility for the detection of Mg2+ in a real sample of
purified drinking water was also demonstrated, confirming its practicability in monitoring the Mg2+

concentration in drinking water.
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1. Introduction

Quantum-sized metal nanoclusters (MNCs) that only contain a few dozen atoms
possess plenteous optical properties, such as outstanding fluorescence, size-dependent
fluorescence, and ligand-tunable fluorescence, and thus hold great promise in fluorescent
sensing applications [1–5]. Among MNCs, bio-liganded Au and Ag NCs prepared by easy
one-pot synthesis have received the most attention due to their intrinsic luminescence
properties [5–8]. To obtain the nanoclusters with superior stable and strong fluorescence,
different bio-ligands such as peptides, proteins, and DNA, etc., have been used as the
protective shell to wrap the core of metal atoms [8–10]. Besides, glutathione (GSH, l-
γ-glutamyl-l-cysteinyl-glycine) containing one thiol (-SH) and two carboxyl (-COOH)
functional groups has been considered as the most adopted stabilizer since it can protect
nanoclusters more efficiently [9,10]. However, GSH-capped Au and Ag NCs still have
some problems in practical applications, which are caused by low quantum yields (QYs)
and less-than-perfect photon stability [10,11]. To solve these problems, some proteins with
large cavity and abundant functional groups have been combined with GSH to act as
protective ligands [11]. Extra efforts have also been invested in the preparation of Au/Ag
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bimetallic NCs (AuAg NCs). The Au and Ag can be easily mingled without changing
the lattice parameter of AuAg NCs due to their similar sizes to the Femi wavelength of
an electron (0.7 nm). In addition, the interaction of Au and Ag can modify the electronic
structure of alloy, surface composition, and deficiency, sharing distinct advantages of
highly enhanced fluorescence and photon-stability over monometallic nanoclusters as
the synergetic effect [11–13]. In this work, a NaBH4-mediated co-reduction strategy was
proposed for the synthesis of GSH@AuAg NCs with excellent fluorescence properties.

To prepare GSH@AuAg NCs, an appropriate chemical environment must be provided
to match the assembly of GSH ligand and Au and Ag precursors, which inevitably brings
rigor-reactive conditions such as strong alkali, high temperature, and prolonged reaction
time [11,14]. Hence, there is a particular need to provide a simple and rapid method for
GSH@AgAu NCs synthesis. Considering the mild conditions of NaBH4 reduction for
obtaining Au and Ag NCs [15], a one-pot synthesis method by simply mixing of certain
proportion of AuCl4− and Ag+ with GSH, and then NaBH4, was developed (Scheme 1A),
which could form GSH@AgAuNCs with strong fluorescent emission within a matter
of minutes. Moreover, the GSH@AgAuNCs showed a sensitive “turn-on” fluorescence
response to magnesium ions (Mg2+) (Scheme 1B), thus providing a simple method for Mg2+

detection.

Scheme 1. Schematic illustration of (A) co-reduced synthesis of GSH@AuAg NCs and, (B) detection
mechanism of Mg2+.

Mg2+ is the most abundant intracellular divalent cation and plays a significant physio-
logical role in numerous cellular processes [16]. Moreover, excessive Mg2+ ingestion may
lead to pathological lesions in the cardiovascular, nervous, urinary, and hematopoietic sys-
tems [17,18]. However, most methods for detecting Mg2+ still need expensive instrumenta-
tions, such as atomic absorption spectroscopy (AAS) and inductively coupled plasma-mass
spectrometry (ICP-MS), and complex organic fluorescent probes [18–20]. It is valuable
to design a simpler and more readily applicable sensor for Mg2+. This work provided a
mild and easy preparation method for GSH@AgAuNCs with admirable sensitivity and
selectivity for fluorescent detection of Mg2+ ions. The practical utility of GSH@AgAuNCs
in monitoring the Mg2+ in a real sample of drinking water was also demonstrated.
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2. Materials and Methods

2.1. Materials and Reagents

Silver nitrate (AgNO3), glutathione (GSH), and sodium borohydride (NaBH4) were
purchased from Sigma-Aldrich (Shanghai, China). Chloroauric acid (HAuCl4) was ob-
tained from Energy Chemical Co., Ltd. (Shanghai, China). Sodium hydroxide (NaOH)
and other metal salts were products of Shanghai Aladdin Biochemical Technology Co.,
Ltd.(Shanghai, China) Tyrosine (Try), arginine (Arg), lysine (Lys), proline (Pro), glycine
(Gly), phenylalanine (Phe), histidine (His), aspartate (Asp), glucose (Glu), and cysteine
(Cys). K+, Na+, Ca2+, Mg2+, Cr3+, Cu2+, Zn2+, Ni2+, Co2+, Cd2+, Mn2+, Zr4+, Al3+, Fe2+, and
Fe3+ solutions were prepared with KCl, NaCl, CaCl2·2H2O, MgCl2, CrCl3, CuCl2·2H2O,
ZnCl2, NiSO4·6H2O, CoCl2·6H2O, CdCl2·5H2O, MnCl2·4H2O, AlCl3·6H2O, FeSO4·7H2O,
and FeCl3·6H2O, respectively. All reagents were of analytical reagent grade and used as
received without further purification. Ultrapure water with a resistivity of 18.2 MΩ·cm−1

obtained from a Millipore purification system was used for the experiments.

2.2. Characterization

Fluorescence spectra were recorded on a FluoroMax Plus spectrophotometer (Shi
madzu, Kyoto, Japan). The UV-vis-NIR absorption spectra were recorded on a UV-3600
spectrophotometer (Shimadzu, Kyoto, Japan). Transmission electron microscopic (TEM)
images were collected with a JEM-2100 transmission electron microscope (JEOL Ltd., Tokyo,
Japan). The morphologies and structures of GSH@AuAg NCs were characterized by
high-resolution TEM (HRTEM) (FEI Talos F200X). Fluorescence lifetimes of GSH@AuAg
NCs were collected by an Edinburgh FLS920 spectrofluorometer (Edinburgh, Livington,
England). X-ray photoelectron spectroscopy (XPS) was performed on PHI 5000 VersaProbe
with A1 Kα (hυ = 1486.6 eV) X-ray source (Ulvac-Phi, Chigasaki, Japan).

The samples used for the TEM and AFM characterization were prepared as follows.
For the TEM analysis, the copper wire mesh was dipped into a solution of freshly prepared
GSH@AuAg NCs and then naturally dried after removal. For AFM sampling, a solution of
freshly prepared GSH@AuAg NCs was deposited on the surface of a clean mica sheet. After
being rapidly dried in air, they were imaged by AFM. In addition, purified GSH@AuAg
NCs were used for XPS and FTIR spectral analysis. The actual photographs were taken
with a digital camera under daylight. Fluorescence photographs of GSH@AuAg NCs were
obtained with UV light by a Tanon MINI Space 1000 gel imager.

2.3. Synthesis of GSH@AuAg NCs

Firstly, 50 μL HAuCl4 (10 mM) was added to 758 μL ultrapure water in a 1.5 mL
centrifuge tube and mixed with 50 μL AgNO3 (10 mM) to form flocculent precipitation.
After stirring vigorously for 1 min, 50 μL GSH (20 mM) was added under vigorous stirring
at room temperature for 5 min. Seventy-five μL NaBH4 (1 mM) dissolved in 0.25 M NaOH
was then add to the mixture under ice water. Finally, 17 μL NaOH (0.25 M) was added
to adjust the pH to 7.5. The GSH@AuAg NCs could be formed within 15 min at room
temperature (25 ◦C), which were washed using an Amicon Ultra-15 centrifugal filter with
a molecular weight cutoff of 10 kDa (Merck Millipore, Billerica, MA, USA), and then
suspended in 1 mL of ultrapure water and reserved at 4 ◦C.

2.4. Selective and Sensitive Detection of Mg2+

After 100 μL GSH@AuAg NCs dispersion was diluted with 200 μL ultrapure water
and added with 5.0 μL Mg2+ solution or sample to incubate at room temperature for 5 min,
the fluorescent emission spectrum was recorded at the excitation wavelength of 468 nm.

The selectivity of the proposed method was in terms of fluorescence intensity variation
of GSH@AuAg NCs in the presence of metal ions (Mg2+, Ca2+, Na+, K+, Al3+, Zr4+, Zn2+,
Mn2+, Cd2+, Cr3+, Fe2+, Fe3+, Co2+, Ni2+, Cu2+). One hundred μL GSH@AuAg NCs
dispersion was diluted with 200 μL ultrapure water and then added with 50 μM metal
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ions (final concentration) to incubate at room temperature for 5 min, and the fluorescent
emission spectra were recorded at the excitation wavelength of 468 nm.

To detect Mg2+ in purified drinking water, 100 μL of GSH@AuAg NCs were mixed
with 200 μL purified drinking water which was taken from the C’est bon bottled purified
drinking water. Then, three sets of specific concentrations of Mg2+ were mixed with the
resulting solution and the resulting solution was incubated at room temperature for 5 min.
Finally, the content of Mg2+ in purified drinking water was calculated by emission spectra.

3. Results and Discussion

3.1. Synthesis and Characterization of GSH@AuAg NCs

The reductant NaBH4 was introduced in the mixture of HAuCl4, AgNO3, and GSH to
accelerate the metallic nucleation and growth, which moderated the restricted synthesis
conditions. After GSH@AuAg NCs were formed, the rate of NaBH4 reduction was limited
by harmonizing reaction parameters, such as solution pH, amounts of reactants, and
temperature. Therefore, the reaction conditions, such as the molar ratio of HAuCl4 to
AgNO3 (Au/Ag), the concentrations of GSH and NaBH4, and the pH were firstly optimized
by detecting the fluorescence of produced GSH@AuAg NCs. The effect of Au/Ag ratio was
examined in the presence of 0.5 mM HAuCl4. The fluorescence intensity of GSH@AuAg
NCs prepared at three pHs all increased gradually with the decreasing ratio of Au/Ag and
reached a maximum intensity at the molar ratio of 1:1 for pH 7–8 and 11–12, and 1:1.5 for
pH 9–10 (Figure 1A–C). More AgNO3 resulted in the decrease of fluorescence intensity of
GSH@AuAg NCs and the appearance of a shoulder peak around 560 nm, which should
result from other distinct clusters. The equal concentrations of Au and Ag precursors for
the brightest nanoclusters hinted at the co-doping of Au and Ag.

 
Figure 1. Condition optimization for GSH@AuAg NCs synthesis. (A–C) Molar ratio of Au to Ag at
pH 7–8 (A), pH 9–10 (B), and pH 11–12 (C) in the presence of 0.5 mM Au, 1 mM GSH, and 0.75 mM
NaBH4. (D–F) Concentration of GSH at pH 7–8 (D), pH 9–10 (E), and pH 11–12 (F) in the presence of
0.5 mM Au and Ag precursors, and 0.75 mM NaBH4. (G–I) G, H, and I were the partial dates from
(D–F), respectively.
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The effect of GSH ligand concentration was examined at different pHs with 0.5 mM
Au and Ag precursors and 0.75 mM NaBH4 to show the brightest GSH@AuAg NCs at
1.0 mM of GSH (Figure 1D,E). GSH at concentrations of 0.5 mM and 2–3 mM cannot obtain
the GSH@AuAg NCs, where the fluorescence intensity of the solution was very weak
(Figure 1G–I, the local amplified images of Figure 1D,E). The GSH@AuAg NCs synthesized
at pH 7–8 showed much stronger fluorescence intensity than those obtained at higher pHs.
Thus, pH 7.5 was selected for GSH@AuAg NCs synthesis.

The optimization of NaBH4 concentration for GSH@AuAg NCs synthesis was per-
formed at pH 7.5 with 0.5 mM Au and Ag precursors, and 1.0 mM GSH. The maximum
fluorescence intensity occurred at 0.75 mM NaBH4 (Figure S1 in SI). The optimized reaction
time was 15 min, and a prolonged reaction time did not increase the fluorescence intensity
of GSH@AuAg NCs (Figure S2 in SI).

As the first reported co-reduction synthesis of GSH@AuAg NCs mediated by NaBH4,
the growth of GSH@AuAg NCs was investigated by UV-vis and fluorescence spectroscopy
to understand the complex reduction assembly of Au and Ag precursors and GSH ligands.
First, to confirm the doping synthesis of GSH@AuAg NCs rather than other luminous
oligomeric clusters, spectroscopic analysis was performed by preparing the NCs in the
absence of each reactant. The GSH@AuAg NCs did not exhibit obvious plasmon resonance
absorption in the range of 400–700 nm, while a clear absorption peak appeared when
the synthesis was performed in the absence of GSH or Au precursors (Figure 2A). In
addition, in the absence of the Ag precursor, the reaction solution was transparent and the
UV-vis absorbance was close to zero, which was similar to that in the absence of NaBH4
(Figure 2B, (3) and (5)) and could be attributed to the presence of GSH with two times
higher concentration than HAuCl4 to form stabilized Au (I)-GSH complexes, which limited
the immediate reduction to Au (0) components [21,22]. In the absence of the Au precursor,
an absorption peak appeared at 450 nm and the solution became a lilac color, which resulted
from the formation of large Ag nanoparticles (AgNPs) (Figure 2B, (2)) due to the weaker
stability of GSH and Ag+ complexes. Interestingly, no fluorescence emission was observed
in the absence of the Au or Ag precursor (Figure 2C), demonstrating that the fluorescence
emission came from the bimetallic AuAg nanoclusters. In the absence of GSH, a shield
peak occurred at 560 nm (Figure 2C, curve (4)), as observed in Figure 1, which eliminated
the formation of the weak luminous metal (I)-GSH (M (I)-GSH) complexes. Besides, the
mixture of Au and Ag precursors and GSH did not exhibit luminescence, which excluded
the emission originating from the oligomeric metal (I)-GSH complex. The above results
confirmed that all reactants are indispensable for the formation of GSH@AuAg NCs.

To understand the interaction of Au and Ag precursors with the GSH ligand, the
ratio of GSH to Au precursor was changed while keeping the amount of GSH and total
concentration of Au and Ag precursors at 1.0 mM to record the corresponding spectra. In
the absence of the Ag precursor, an absorption peak appeared at 520 nm, and the solution
color turned deep reddish brown (Figure 2D,E, (1)), indicating the formation of Au NPs,
and the above protective function of GSH only occurred at a higher ratio of GSH to Au
precursor. Interestingly, the absorption peak of Au NPs at 520 nm completely disappeared,
and the solution became light brown–yellow after only 0.1 mM Ag precursor was added.
More Ag precursor decreased the absorbance and the solution color became lighter till
the presence of 0.5 mM Ag precursor (Figure 2D,E, (3)–(5)). The maximum fluorescence
emission also occurred at 0.5 mM Au and Ag precursors (Figure 2F), demonstrating the
synergism stability induced by co-doped Au and Ag and the formation of GSH@AuAg NCs.

The fluorescence of metal nanoclusters (MNCs) can be considered to originate from
the aggregated M(I)-thiolate oligomers due to ligands inducing the ligand-to-metal charge
transfer (LMCT) or ligand–metal–metal charge transfer (LMMCT) [21,22]. At high ratios
of GSH to Au precursor, no Au (0) component was formed due to the protective effect
of GSH ligand; thus, the nanoclusters could not be generated. While introducing Ag to
decentralize the shielding of GSH as forming the M(I)–GSH complex, the NaBH4 initially
reduced the Ag (I) to Ag (0) as a less weak protection against reducing Ag (I) to Ag (0),
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as the intertwined M(I)–GSH complexes made the Au(I) ions close to the Ag (0) surface
prompt the formation of bimetallic clusters [22].

Figure 2. Growth process of GSH@AuAg NCs. (A,D,G) UV-vis absorption spectra, (A,E,H) photos
and (C,F,I) FL spectra of the mixtures (1) 0.5 mM HAuCl4, 0.5 mM AgNO3, 1 mM GSH, and 0.75 mM
NaBH4 as control, and (2–5) (1) without the presence of HauCl4 (2), AgNO3 (3), GSH (4), and NaBH4

(5) for (A–C); and 1 mM GSH, 0.75 mM NaBH4, and (1) 1 + 0, (2) 0 + 1, (3) 0.75 + 0.25, (4) 0.9 + 0.1, and
(5) 0.5 + 0.5 mM Au + Ag precursors for (D–F); the reaction time is 15 min. (G–I) Effects of feeding
orders: (a) pre-mixed GSH and Au precursor + Ag precursor and then NaBH4, (b,c) pre-reduced Au
(b) or Ag (c) precursor with NaBH4 and GSH for 5 min + another precursor at (b1) 0.5 + 0.5, (b2)
0.75 + 0.25, and (b3) 0.9 + 0.1 mM Au + Ag precursors, (d) following the schematic order shown in (J).

To further understand the assembly of Au and Ag precursors and GSH ligand, the
effect of the feeding pattern was examined to elucidate the formulation of GSH@AuAg NCs.
The premixing of the GSH ligand with the Au precursor and later, the introduction of the
Ag precursor resulted in the growth of nanoclusters, which exhibited weaker luminosity
and higher absorbance from 400 to 600 nm (Figure 2G–I, curve a), compared with the
feeding mode that pre-mixed Au and Ag precursors, and then added GSH (Figure 2G–I,
curve d), which showed the maximum luminosity, thus could be considered as an optimized
sampling procedure (Figure 2J). In the optimized sampling procedure, the yellow mixture

345



Chemosensors 2023, 11, 435

of Au and Ag precursors was attributed to the formation of multiple complexes by the
electrostatic interaction; the solution became muddy white upon addition of GSH due to
the formation of a mingled network of the Metal–GSH complex, and the addition of NaOH
and NaBH4 produced brown–yellow GSH@AuAg NCs.

Another sampling procedure was premixing the GSH ligand with the Au precur-
sor and then, NaBH4 to react for 5 min, then adding Ag precursor for another 10 min
(Figure 2G–I, b). The absorbance of the final solution was extremely low at 0.5 mM Au
and Ag precursors (Figure 2G, curve b1), which was different from that of the optimized
sampling order (Figure 2G, curve d). This demonstrated the influence of the sampling
order on the growth of GSH@AuAg NCs. In addition, further increasing the concentrations
of the Au precursor, both the color and absorption spectra of the ultimate solution were
close to that of the optimized sampling procedure, indicating the formation of nanoclusters
(Figure 2G, curves b2 and b3). These results confirmed that the molar ratios of GSH to
metal precursors significantly affected the assembly of Au, Ag, and GSH. Other sampling
procedures, such as premixing the GSH ligand with the Ag precursor, then NaBH4 to react
for 5 min and then adding the Au precursor, were also examined (Figure 2G–I, c). After
5 min NaBH4 reduction, the solution turned a lilac color, indicating the formation of large
AgNPs as mentioned above. After introducing the Au precursor (0.5 mM), the solution
color gradually decayed to colorless, and the absorbance was also significantly reduced
(Figure 2G,H, curve c), suggesting the dissolution of AgNPs due to the interaction among
Au, Ag, and GSH. The significantly weak emission intensity demonstrated the failure of
the GSH@AuAg NCs assembly.

The TEM and AFM images and corresponding particle size distribution of GSH@AuAg
NCs formed with the optimized sampling procedure showed spherical morphology and
well dispersion with an average diameter of about 2.35 nm (Figure 3A–E). The clear lattice
fringes were observed with an interspacing of 0.22 nm (inset in Figure 3B), corresponding to
the d-spacing of the crystal plane of face-centered cubic Au (111) [23,24]. The GSH@AuAg
NCs have also been characterized by fluorescence spectroscopy. As shown in Figure 3F, the
maximum excitation and emission wavelengths of AuAg NCs were 468 nm and 600 nm,
respectively. The GSH@AuAg NCs were yellow–brown under the visible light (inset in
Figure 3F of a-1) and emitted a bright red fluorescence under UV irradiation (inset in
Figure 3F of b-1), indicating forming high luminous nanoclusters. XPS spectroscopy was
then used to confirm the elemental composition of the GSH@AuAg NCs and the valence
states of Au and Ag (Figure S3 in SI, Figure 3D,E). The survey spectrum in Figure S3
confirmed that GSH@AuAg NCs were composed of Au 4f, Ag 3d, carbon (C 1s), sulfur
(S 2p), oxygen (O 1s), and nitrogen (N 1s). The peaks of C, O, S, and N were attributed
to GSH, indicating that the GSH was capped with the AuAg NCs. XPS spectroscopy was
then used to confirm the elemental composition of the GSH@AuAg NCs and the valence
states of Au and Ag (Figure 3D,E). The Au 4f XPS spectrum displayed a peak at 88.1 eV
(Au 4f5/2) and a splitting peak at 84.4 eV (Au 4f7/2). The latter could be deconvoluted into
two distinct components with the binding energies centered at 84.0 and 84.6 eV, assigned
to Au (0) and Au (I), respectively. The predominant Au species in the GSH@AuAg NCs
was identified as Au (I) (∼62.5%). The Ag 3d pattern exhibited two peaks at 374.1 eV (Ag
3d3/2) and 368.1 eV (Ag 3d5/2), and the latter was deconvoluted into Ag (I) at 368.4 eV and
Ag (0) at 367.7 eV (Figure 3E). The predominant Ag species in the GSH@AuAg NCs was
identified as Ag (I) (∼63.7%), indicating the successful doped synthesis of GSH@AuAg
NCs [25,26]. FT-IR studies of GSH-AuAg NCs also demonstrated the presence of GSH.
As depicted in Figure 3I, GSH (black line) has a set of characteristic IR bands such as the
characteristic bands at 1535 cm−1 for the antisymmetric stretching of COO− and 1646 cm−1

for the vibration of C=O/N-H [27,28], which can also be seen in the FT-IR spectrum of
the GSH@AuAg NCs (red line), while disappearing with reduced synthesized AuAg NCs
without GSH (blue line), further indicating the presence of GSH capping the AuAg NCs.
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Figure 3. Characterization of GSH@AuAg NCs prepared using 0.5 mM HauCl4, 0.5 mM AgNO3,
1 mM GSH, and 0.75 mM NaBH4 at pH 7.5 and 25 ◦C within 15 min. (A) TEM, (B,C) HRTEM,
(D) Particle-size distribution histogram; (E) AFM images of GSH@AuAg NCs. (F) Fluorescence
excitation and emission spectra of GSH@AuAg NCs, and the inset showed the photograph of
GSH@AuAg NCs (1) and water (2) under visible light (a) and UV light from gel imager (b). (G)
Au and (H) Ag XPS spectra of GSH@AuAg NCs. (I) FT-IR spectra of GSH, GSH@AuAg NCs, and
reduced synthesized AuAg NCs without GSH.

3.2. Optimization of pH for Recognition of GSH@AuAg NCs to Mg2+

MNCs, including AuAg NCs, have been reported as showing fancy numerous re-
sponses to different metal ions [7,23,29]. To provide a new fluorescence probe for Mg2+, the
recognition conditions of GSH@AuAg NCs to Mg2+ were optimized. Firstly, the effect of
pH on the fluorescence of GSH@AuAg NCs dispersion was examined (Figure 4A). The fluo-
rescence was negligible at pHs lower than 6.5, and quickly enhanced with the increasing pH
from 6.5 to 7.5 (Figure 4B). At different pHs, the responses of GSH@AuAg NCs to several
metal ions were also examined. As shown in Figure 4C, the fluorescence of GSH@AuAg
NCs could be completely quenched by Cu2+ ions in the pH range of 6.0–10, while Mg2+

exhibited obvious boosting effect at different pHs. Besides, Ca2+ exhibited a relatively
weaker FL enhancement, and Zn2+ could quench the fluorescence at low pH and increase
the fluorescence at pHs more than 9.0. Mg2+ and Ca2+ are the second main-group elements
and possess a similar coordinated interaction with GSH, leading to the FL enhancement.
In order to achieve Mg2+ detection, the optimum pH was chosen at 7.0, at which the FL
enhancement of Ca2+ was the weakest, and the effect of Zn2+ was also relatively low.
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Figure 4. Effect of pH on FL response. (A) FL spectra and (B) intensity of GSH@AuAg NCs at
different pHs. (C) FL responses to 50 μM metal ions.

3.3. Mechanism of Mg2+-Mediated Fluorescence Enhancement of GSH@AuAg NCs

The TEM images of GSH@AuAg NCs showed the large aggregates with the size
around 100 nm (Figure 5A), which was significantly larger than that of GSH@AuAg NCs
(Figure 3), and could be attributed to the neutralization of negatively charged GSH@AuAg
NCs by Mg2+ binding with -COO− in GSH and/or the chelation of Mg2+ to carbonyl,
hydroxyl, and other electron-donating groups [30,31]. The neutralized GSH@AuAg NCs
weakened the dispersal stability of the GSH@AuAg NCs due to the loss of electrostatic
repulsion. The aggregates induced by the chelation of Mg2+ ion deeply changed the
surface metal–ligand [Au (1)–GSH] motifs state, which remolded the ligand conforma-
tion and strengthened the aurophilic interaction of the oligomeric GSH–[Au (I)–GSH]x
motifs [8,21,31].

Figure 5. Mechanism of Mg2+-induced FL enhancement. (A) TEM image of Mg2+-induced aggregates
of GSH@AuAg NCs. (B) FL lifetime of GSH@AuAg NCs before (green) and after (yellow) incubating
with Mg2+.

To further understand the interaction of Mg2+ with GSH@AuAg NCs, the average
fluorescent lifetime of GSH@AuAg NCs was examined upon addition of Mg2+ (Figure 5B).
The fluorescent lifetime increased from 3.29μs to 3.45μs, while the fluorescent QY increased
from 2.47 % to 7.16 % with the ethanol solution of rhodamine 6G as a reference. The large
stokes shift (130 nm) and long fluorescence lifetime of GSH@AuAg NCs in their excited-
state decay indicated that luminescence originated from the ligand-to-metal charge transfer
(LMCT) or ligand-to-metal–metal charge transfer (LMMCT) [21,22]. The increase of fluores-
cent QY and the prolongation of fluorescent lifetime upon the addition of Mg2+ indicated
that the process of charge transfer underwent a transformation after Mg2+ chelation, further
confirming the reconstructed local surface physicochemical environment.

3.4. Sensing Performance towards Mg2+

In the optimization experimental conditions, we performed an Mg2+ assay as shown
in Figure 6A. The emission intensity of GSH@AuAg NCs increased with the increasing
Mg2+ concentration. The plot of fluorescence intensity vs the concentration showed a good
linearity with an R2 of 0.989 over the range from 0.2 μM to 1 μM (Figure 6B). The linear
regression equation was F = 177 c (μM) + 3.848 × 105. To evaluate the specificity of the
fluorometric detection of Mg2+, 14 types of metal ions were chosen to be tested under the
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same experimental conditions as those for Mg2+. As shown in Figure 6C, other common
metal ions except Ca2+ showed a negligible effect on Mg2+ detection. The fluorescence
quenching of GSH@AuAg NCs by the coexisting ions did not affect the detection of Mg2+

(Figure 6D), demonstrating the admirable specificity of GSH@AuAg NCs towards Mg2+

and the potential application of the proposed method in the quality testing of the Mg2+

amount.

Figure 6. Sensing performance of GSH@AuAg NCs toward Mg2+. (A) FL spectra of GSH@AuAg
NCs after incubating with different concentrations of Mg2+. (B) Plot of FL intensity of GSH@AuAg
NCs vs Mg2+ concentration. (C) FL spectra of GSH@AuAg NCs after incubating with different metal
ions. (D) FL response of GSH@ AuAg NCs to different metal ions.

To demonstrate the practical analytical application of the GSH@AuAg NCs, Mg2+

was spiked into purified drinking water at different concentrations. Recovery results
were presented in Table S1, which showed the recoveries ranging from 94.7% to 97.4%,
indicating an applicable Mg2+ detection in real drinking water. Unlike purified drinking
water, the other dairy using water, such as the ground water and domestic treated water
(tap water), tended to have higher concentrations of Mg2+ that can affect people’s normal
life. To achieve specific identification of Mg2+ in dairy using water, some issues, such as the
interference from other heavy metal ions, pH-induced changes in the specificity for Mg2+,
and the signal crosstalk from Ca2+, had to be overcame. The designed GSH@AuAg NCs
had several advantages that may have a positive impact on Mg2+ quantitative identification.
Of all the common metal ions, only Mg2+ and Ca2+ turn on the fluorescence intensity of
the GSH@AuAg NCs, demonstrating its anti-jamming performance for the most heavy
metal ions. Then, as known, the pH of the ground water and tap water may change
dynamically according to different environment backgrounds, which the fluorescence
intensity of GSH@AuAg NCs would decrease in an acidic or alkaline condition, but the
Mg2+-mediated turn-on fluorescence intensity of GSH@AuAg NCs was very stable at
various pH values from 6 to 10. In addition, some heavy metal ions (Zn2+) can also
enhance the fluorescence intensity of GSH@AuAg NCs at alkaline condition. Yet, the
concentrations of most heavy metal ions (less than micro-molar) were much lower than
that of Mg2+ (hundreds of micro moles to millimoles) in dairy using water [32,33], which
mean the heavy metal ions may not interface the Mg2+ measurement even under different
pH conditions. Ultimately, the only drawback was the crosstalk of Ca2+-mediated turn-on
emission from GSH@AuAg NCs. The Ca2+ concentration in water was several times higher
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than that of Mg2 [33]. The pretreatment of the water sample by settlement or filtration
adsorption of Ca2+ may solve this problem, and there are many techniques for removing
Ca2+ from water [34,35], which may eliminate the effect of Ca2+ crosstalk on the accurate
quantifying of Mg2+. By taking this into account, the specificity of Mg2+ in real-water
samples can be achieved.

4. Conclusions

The facile, gentle, and fast synthesis of NaBH4-reduced GSH@AuAg NCs with good
dispersivity has been successfully achieved by pre-mixing Au and Ag precursors and
adding GSH in the mixture to form a metal–GSH complex, followed with NaBH4 addition
for the reduction of metal ions at pH 7.5. The co-doping of Au and Ag at the molar ratio
of 1:1 results in the synergism stability of the NCs. The GSH@AgAu NCs show a special
enhancement of fluorescence response to magnesium ions (Mg2+) at pH 7.0, which has
been designed for the first nanoclusters-based fluorescent sensing of Mg2+. The proposed
method exhibits acceptable selectivity for Mg2+detection, and practical utility in monitoring
the Mg2+ content in daily drinking water.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/chemosensors11080435/s1, Figure S1: Optimization of
NaBH4 concentration for GSH@AuAg NCs preparation; Figure S2: Fluorescent spectra of GSH@AuAg
NCs obtained at different times; Figure S3: The survey spectra of AuAg NCs; Table S1: Detection of
Mg2+ in purified drinking water samples.
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Abstract: Reactive oxygen species (ROS) play an important role in maintaining human health and are
recognized as indicators of oxidative stress linked to various conditions such as neurodegenerative
and cardiovascular diseases, as well as cancer. Consequently, detecting ROS levels in biological
systems is crucial for biomedical and analytical research. Electrochemical approaches offer promising
opportunities for ROS determination due to their exceptional sensitivity, speed, and simplicity
of equipment. This review covers studies using advanced electrochemical nanozyme sensors for
detecting ROS in biological samples that were published over the last ten years, from 2013 to 2023.
Emphasis is placed on the sensor materials and different types of modifiers employed for selective
ROS detection. Furthermore, a comprehensive analysis of the sensors’ selectivity was performed.

Keywords: reactive oxygen species (ROS); nanozymes; electrochemistry sensor; detection;
biological objects

1. Introduction

Over the past few decades, substantial progress has been achieved in the study of ROS.
Traditionally, ROS have been considered as oxygen derivatives generated through complete
or incomplete oxidation processes [1]. Figure 1 illustrates that a significant portion of molec-
ular oxygen utilized by humans is involved in oxidation reactions within mitochondria.
In this context, a four-electron transfer to the O2 molecule yields the formation of two
water (H2O) molecules. However, one-, two-, or three-electron reduction can also generate
intermediate ROS, including hydrogen peroxide (H2O2), hydroxyl radical (•OH), superox-
ide anion (O2

•−), singlet oxygen (1O2), and others [2]. ROS primarily govern numerous
signal transduction pathways within the human body by directly interacting with proteins,
transcription factors, and genes, leading to structural modifications and modulation of
their functions. Moderate increases in ROS levels typically promote cell metabolism and
differentiation, whereas prolonged and excessive ROS production can induce oxidative
damage, such as lipid peroxidation, protein degradation, and DNA fragmentation [3,4].
Consequently, the assessment of ROS levels in biological samples such as blood serum is a
crucial aspect of the research of medical and analytical fields.

As the field of ROS detection advances, it is essential to address certain limitations.
Notably, different ROS possess unique intrinsic properties, such as lifetimes, diffusion rates,
and sources of generation, which can introduce challenges and potential inaccuracies in
measurements. Moreover, the inherently limited and fluctuating levels of reactive oxygen
species (ROS) at their sites of production pose significant challenges for accurate detection
methods, particularly when applied to living cells. However, electrochemical methods have
emerged as a promising approach for ROS detection in biological samples, offering several
advantages, including simplicity of equipment, high sensitivity and selectivity, rapid
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response times, and the ability to fabricate micro- and nano-sized sensors for intracellular
ROS determination [5,6].

 
Figure 1. The generation of reactive oxygen species in biological systems. (By Figdraw). 1© Mito-
chondrion; 2© cytosol; 3© nuclei; 4© endoplasmic reticulum.

An excellent electrochemical biosensor comprises highly selective and active sites
integrated into a stable carrier with excellent electrical conductivity. The integration of
natural enzyme-based electrochemical biosensors represent a compelling approach that
harnesses the inherent specificity of enzymes alongside the enhanced sensitivity and rapid
response characteristics of electrochemical techniques. However, the instability of biologi-
cal enzymes has hindered their development [7,8]. Since their emergence, nanomaterials
have revolutionized the field by providing unprecedented possibilities for designing cat-
alytic interfaces with exceptional activity and selectivity. Moreover, the integration of
carbon/metal-based nanozymes, which exhibit high electron conductivity, with catalytic in-
terfaces has demonstrated enhanced interfacial electron-transfer kinetics, thereby enabling
the development of high-performance assays. The exceptional conductivity and facile func-
tionalization capabilities of nanozymes, either through conductive matrices or redox-relay
units, facilitate efficient electrocatalytic activation. As a result, nanozymes present greater
promise for electrochemical sensing applications when compared to many naturally occur-
ring enzymes [9–11]. However, despite the exciting stability and activity demonstrated by
nanozymes, achieving selectivity in complex living systems remains a major challenge. This
comprehensive review encompasses recent advancements in electrochemical techniques
utilized for the detection of reactive oxygen species, including H2O2, O2

•−, and •OH,
employing nanozymes as sensing elements. It goes beyond a mere exploration of trends,
delving into the selectivity challenges encountered by electrochemical nanozyme sensors.
We systematically analyze the challenges that researchers may encounter when employing
specific approaches. With ongoing advancements in the sensitivity and selectivity of in vivo
ROS biosensors, we hold an optimistic view that the field of ROS research will experience
significant advancements.

2. Selection and Construction of Nanozymes with Highly Active Sites for
Electrochemical Detection of ROS

From a biological perspective, the active site of a natural enzyme is defined as the
region where substrate molecules undergo specific chemical reactions with a significant
reduction in activation energy. It serves as the critical component responsible for enzyme
function. Consequently, the most effective approach to achieving comparable catalytic per-
formance to natural enzymes is to mimic their active sites. To date, there has been a growing
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utilization of diverse nanomaterials in the construction of electrochemical nanozymes for
the detection of reactive oxygen species (ROS). This can be attributed to the distinctive
physicochemical characteristics exhibited by nanomaterials, including their diminutive size,
expansive surface area, and remarkable reactivity. Prominent examples of such nanomateri-
als encompass noble-metal-based materials, transition-metal-based materials, carbon-based
materials, metal–organic framework-based materials, and various other emerging nanoma-
terials. These materials have garnered significant attention in the field of electrochemical
nanozymes due to their unique properties and potential applications in ROS detection.

2.1. Carbon-Based Nanozymes

Nano-carbon materials, including carbon nanotubes, graphene, and other related
structures, exhibit exceptional characteristics such as high strength, outstanding electrical
conductivity, efficient charge transfer capabilities at high current densities, low resistance,
substantial surface area, and remarkable chemical stability. These inherent properties make
them highly desirable for various applications, particularly in the field of electrochemical
sensing and nanozyme-based systems.

Detection of O2
•−. The most commonly used carbon material is graphene. A. Olean-

Oliveira et al. recently reported on the development of a nonenzymatic chemiresistor
sensor for the detection of superoxide radicals, utilizing an azo-polymer in conjunction
with reduced graphene oxide (rGO) employed as the resistive platform for the sensor
application [12]. The sensor platform was fabricated by sequentially depositing poly (azo-
Bismarck Brown Y) and reduced graphene oxide films using a layer-by-layer assembly
technique (Figure 2A). The resulting nanocomposite film demonstrated intriguing syner-
gistic properties, combining the redox properties of the azo-polymer with the excellent
electronic conductivity and stability of graphene. Real-time impedance measurements
(chrono-impedance) using the poly(azo-BBY)/rGO sensor exhibited a linear relationship
between the real impedance and the concentration of superoxide anions (ranging from
0.12 to 2.6 mM), with a detection limit of 81.0 μM. Xuan Cai et al. further introduced a
novel approach for fabricating enzyme-mimicking metal-free catalysts, specifically for the
electrochemical detection of O2

•−, incorporating phosphate groups into a graphene-based
foam [13] (Figure 2B). This was achieved through a template-free hydrothermal process,
involving the treatment of graphene oxide (GO) with varying amounts of phytic acid (PA)
to obtain a three-dimensional porous graphene-based foam (PAGF). The characterization
results confirmed the successful fabrication of the sensors, which were effectively employed
for the determination of O2

•− released by cells, showcasing exceptional performance in the
dynamic monitoring of cellular O2

•− levels.
Mesoporous carbon materials possess a significant number of edge-plane-like defective

sites, which effectively facilitate electron transfer to analytes and enhance the electrochem-
ical activity at the electrode interfaces. The presence of mesoporous channels within the
carbon shells of Hollow Mesoporous Carbon Spheres (HMCSs) offers advantageous mass
transport and/or charge transfer properties between the sensors and analytes. Li Liu et al.
successfully developed an enzyme- and metal-free electrochemical method with remark-
able sensitivity for detecting O2

•−. This method utilized a screen-printed carbon electrode
(SPCE) that was modified with nitrogen-doped hollow mesoporous carbon spheres (N-
HMCSs) [14]. As shown in Figure 2C, the electrochemical reduction of O2

•− that takes
place on the surface of the modified electrodes is represented by the following equation:

O•−
2 + 2H+ + e− = H2O2 (1)

The chronoamperometric responses of the N-HMCSs/SPCE towards O2
•− at −0.15 V

were recorded. The current exhibited distinct variations upon the addition of O2
•−, demon-

strating a proportional relationship with the concentration of O2
•− up to 480 mM. Based

on the working area of the electrodes (0.071 cm2), the sensitivity of the N-HMCSs/SPCE
was calculated to be 1493.2 mA·cm−2 mM−1. Furthermore, the limit of detection (LOD) for
O2

•− was determined to be 2.2 μM.
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Figure 2. (A) Schematic illustration of the construction of a sensor utilizing a poly(azo-BBY)-rGO
film [12], Copyright: Elsevier B.V. (B) Illustration of the synthesis of PAGF materials and their
application in detecting cell-released superoxide anions [13], Copyright: Elsevier B.V. (C) Current–
time response of N-HMCS/SPCE with successive injection of O2

•− into 0.1 M deoxidized PBS (pH
7.4) at −0.15 V [14], Copyright: Elsevier B.V.

Detection of H2O2. The generation of H2O2 was first discovered in 1966, and since
then, a great deal of work has been performed to investigate the production of hydrogen
peroxide and its important role in the body. According to some works, H2O2, an essential
and potent oxidant, plays a pivotal role in various biological processes, encompassing in-
tercellular signaling, immune cell recruitment, and modulation of cellular morphology and
differentiation. Its significance lies in its simplicity, importance, and remarkable oxidative
capabilities, which contribute to the intricate mechanisms underlying fundamental biologi-
cal functions. Despite its lower oxidant power compared to O2

•−, H2O2 is recognized as
an extremely potent cytotoxic agent. However, in a groundbreaking study conducted by
J. Q. Tian et al. in 2013, it was demonstrated for the first time that ultrathin graphitic carbon
nitride (g-C3N4) nanosheets possess exceptional electrocatalytic properties, making them a
cost-effective, environmentally friendly, and highly efficient catalyst for the reduction of
hydrogen peroxide [15]. Another noteworthy contribution in this field was made by the
research group led by J. Bai [16] who developed H2O2 sensors utilizing carbon dots (CDs)
and multi-walled carbon nanotubes (MWCNTs). Notably, the CDs/MWCNTs/GCE sensor
exhibited a significant synergistic effect, leading to enhanced performance, including an
improved LOD of 0.25 μM.

H2O2 detection using carbon-based nanomaterials often relies on the electrochemical
sensing principle, where H2O2 undergoes a redox reaction at the surface of the carbon nano-
material, leading to measurable electrical signals. As represented by the following equation:

H2O2 + 2H+ + 2e− = 2H2O (2)

2.2. Noble-Metal-Based Nanozymes

Noble metal nanomaterials, such as gold nanoparticles (AuNPs) and silver nanoparti-
cles (AgNPs), have captured significant interest within the scientific community due to their
remarkable stability, high conductivity, facile preparation, expansive specific surface area,
and outstanding biocompatibility. Notably, emerging research has highlighted the crucial
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influence of nanoparticle size, shape, and distribution on their electrocatalytic activity.
These findings underscore the significance of tailoring these parameters to optimize the
electrochemical performance of noble metal nanomaterials.

Detection of O2
•−. W. Z. Fan. et al. successfully obtained uniformly dispersed silver

nanoparticles (AgNPs) by pyrolyzing a novel silver-based metal–organic framework, as
reported in their study [17]. Specifically, the AgNPs@C nanocomposites were synthesized
through thermal treatment of the Ag-based metal–organic frameworks, utilizing silver as
the metal center and benzimidazole as the organic ligand. An electrochemical response
towards the reduction of O2

•− was observed in the obtained AgNPs@C nanocomposites,
exhibiting an ultra-wide linear range (3.032 × 10−13 to 5.719 × 10−5 M) and an exceptionally
low detection limit (1.011 × 10−13 M), as depicted in Figure 3A. Furthermore, the fabricated
sensor was successfully employed for real-time detection of O2

•− released from HeLa cells
under both normal and oxidative stress conditions. Based on the experimental results, the
authors presented the reduction mechanism of O2

•− on the AgNPs@C/GCE as:

2O•−
2 + 2H+ → H2O2 + O2 (3)

H2O2
AgNPs→ H2O + 1/2O2 (4)

O2+2H+ + 2e− electrode→ H2O2 (5)

As shown in Equation (3), O2
•− rapidly decomposes into H2O2 and O2 in aqueous

solution due to its inherent instability. It is well-known that Ag nanoparticles possess
catalytic activity towards the decomposition of H2O2 [18]. Consequently, it was observed
that AgNPs exhibit enhanced catalytic efficacy in the decomposition of H2O2 as depicted
in Equation (4). Subsequently, the liberated oxygen originating from Equations (3) and (4)
undergoes diffusion in the vicinity of the electrode, allowing for its detection through
reduction on the modified electrode, as illustrated in Equation (5). Other common methods
involve the combination of nanoparticles and carbon materials. For instance, T. D. Wu. et al.
fabricated a nanocomposite (NCF-Ag) comprising nitrogen-doped cotton carbon fiber and
silver nanoparticles (Figure 3B). The fabricated sensor exhibited remarkable electrochem-
ical performance in the identification of O2

•−, demonstrating notable attributes such as
a low limit of detection (LOD) of 2.53 × 10−14 M, an extensive linear detection range
spanning from 7.59 × 10−14 to 7.22 × 10−5 M, and exceptional selectivity [19]. In a separate
investigation, a nanocomposite comprising silver nanoparticles and multi-walled carbon
nanotubes (AgNPs/MWNTs) was employed as an efficient electrode material, enabling
sensitive detection of superoxide anions.

Detection of H2O2. D. Z. Zhu [20] drew inspiration from self-assembling peptide
nanofibers (PNFs) and successfully designed and synthesized a novel hybrid material
called PtNWs-PNFs/GO, which consists of biomimetic graphene-supported ultrafine plat-
inum nanowires (PtNWs) integrated with PNFs. The controllable self-assembly process
allowed the PNFs to act as a bridge between the GO nanosheets and PtNWs. The presence
of PtNWs, known for their high catalytic activity, imparts remarkable electrochemical
properties to the PtNWs-PNFs/GO hybrid-based sensor. The sensor demonstrates an ex-
tended linear detection range of 0.05 mM to 15 mM and a low detection limit of 0.0206 mM.
Euna Ko et al. [21] immobilized bimetallic Au and Pt nanoparticles on the surface of
agarose microbeads through chemical means, resulting in a hybrid nanostructure termed
Au@PtNP/GO (Figure 4). The synergistic effect between the bimetallic nanoparticles and
GO conferred strong peroxidase-like catalytic activity to the hybrid nanostructure, particu-
larly towards the 3,3′,5,5′-tetramethylbenzidine (TMB) substrate in the presence of H2O2.
This hybrid nanostructure enables dual applications of colorimetric and electrochemical
detection. Upon the introduction of the TMB substrate solution containing H2O2, the
catalytic oxidation of TMB takes place. Consequently, on the electrode surfaces, the oxi-
dized TMB is subsequently subjected to electrochemical reduction, thereby leading to the
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achievement of an expanded detection range for H2O2 spanning from 1 μM to 3 mM, along
with a reduced lower limit of detection quantified as 1.62 μM. Furthermore, the developed
point-of-care (POC) devices exhibited accurate determination of H2O2, demonstrating
strong repeatability and reproducibility in real sample testing using artificial urine.

Figure 3. (A) A sensitive superoxide anion sensor constructed with Ag-based metal–organic frame-
works, which can directly detect O2

•− released from cells [17]. Copyright: Wiley Analytical Science.
(B) Schematic illustration of the preparation and application of the NCF-Ag/GCE [19]. Copyright:
Elsevier B.V.

 

Figure 4. Schematic diagram of (A) the preparation of Au@PtNP/GO microbeads and (B) H2O2 detec-
tion on electrochemical POC devices with Au@PtNP/GO nanozymes [21]. Copyright: Elsevier B.V.

Detection of •OH. As is commonly known, among all the free radicals, hydroxyl
radicals (•OH) exhibit exceptional reactivity and pose significant dangers due to their
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nanosecond-scale lifetime. Consequently, the electrochemical detection of hydroxyl radicals
presents a formidable challenge, necessitating rapid response times, ultra-high sensitivity,
and low detection limits. Regrettably, the current literature offers limited insight into the
electrochemical detection of hydroxyl radicals, and the majority of developed sensors have
not been employed for the analysis of biological samples. In this regard, two groups of
modifier materials have emerged as potential candidates for •OH detection: thiol self-
assembled monolayers (SAM) and CeOx nanoclusters.

As shown in Figure 5, X. W. Xu et al. [22] have successfully developed a novel electro-
chemical sensor utilizing a self-assembled nanoporous gold layer (NPGL) modified with
6-(Ferrocenyl) hexanethiol (6-FcHT) on a glassy carbon electrode (6-FcHT/NPGL/GE).
This sensor demonstrates remarkable sensitivity and selectivity in detecting the release of
•OH from living cells. The enhanced sensitivity can be attributed to the unique porous
architecture of NPGL, which significantly increases the electrode’s surface area and facil-
itates rapid electron transport during electrochemical reactions. Moreover, NPGL offers
abundant active binding sites for the efficient assembly of the •OH capture agent (6-FcHT),
ensuring excellent selectivity.

 
Figure 5. The schematic for preparing 6-FcHT/NPGL/GE [22]. Copyright: Elsevier B.V.

In comparison, when 6-FcHT was solely immobilized on a glassy carbon electrode
(6-FcHT/GE), the sensitivity for •OH detection was measured at 0.0305 mA nM−1 with a
detection limit of 0.133 nM within the linear range of 0.4 nM to 70 nM. After implementing
the NPGL modification, the sensitivity of 6-FcHT/NPGL/GE towards •OH increased
substantially to 0.1364 mA nM−1, while the detection limit significantly decreased to
0.316 pM. Furthermore, the linear detection range was effectively extended from 1 pM
to 100 nM. Importantly, the sensor exhibits additional merits in terms of reproducibility,
repeatability, and stability, making it suitable for direct electrochemical detection of •OH in
HepG2 cells.

2.3. Transition-Metal-Based Nanozymes
2.3.1. Metallic Oxides

Metal oxides are considered to be highly significant and extensively studied solid
catalysts due to their exceptional structural characteristics, including a large surface area,
semiconducting behavior, and facile synthesis. These unique properties make metal oxides
attractive candidates for the development of enzyme-less sensors with enhanced effective-
ness. Extensive research has been conducted to explore the potential of metal oxides in
this regard.

Detection of O2
•−. Y. L. Liu et al. [23] synthesized Co3O4 nanoparticles (NPs) with an

average diameter of about 30 nm by utilizing ZIF-9 as a template (Figure 6A). The resulting
electrode exhibited excellent electrochemical activity for the determination of O2

•−. This
enhancement in performance can be attributed to the introduction of multi-walled carbon
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nanotubes (MWCNTs) as a substrate, which enhances the electron-conductive property. The
three-dimensional architectures of metal–organic frameworks (MOFs) utilized here served
as a template material and underwent a conversion process to yield Co3O4@CMWCNTs.
These hybrid structures possess a high specific surface area and well-defined mesopores,
facilitating enhanced contact with O2

•− species. A. L. Ding and F. Liu et al. [24] conducted
an investigation into the synthesis of MnO nanocomposites integrated within cellulose
nanofiber (CNF) aerogels for the purpose of determining O2

•−. The process involved
the synthesis of MnO nanoparticles through the calcination of potassium permanganate
(KMnO4) embedded within bacterial cellulose (BC) hydrogels, followed by the carboniza-
tion of these hydrogels to yield CNF aerogels with embedded MnO nanoparticles. The
resulting sensor demonstrated a linear amperometric response characterized by a consid-
erable sensitivity of 76.2 × 10−3 μA cm−2 M−1 and a low detection limit of 1.2 × 10−9 M
within a concentration range of 5.0 × 10−9 M to 2.5 × 10−6 M. This novel approach provides
a promising strategy for O2

•− sensing, utilizing well-designed nanocomposite structures
embedded within CNF aerogels.

Figure 6. (A) Schematic illustration of preparation and application of Co3O4 nanocrystals [23].
Copyright: Elsevier B.V. (B) Schematic illustration of the preparation of 3D MnO−CNF nanocompos-
ites [24]. Copyright: Wiley.

Detection of H2O2. Gaseous hydrogen peroxide plays a significant role as a biomarker
linked to severe medical conditions like lung cancer and asthma. The conventional ap-
proach for monitoring exhaled breath biomarkers involves the utilization of exhaled breath
condensate along with standard analytical techniques. In this case, Ursa Klun et al. [25]
presented a novel H2O2-gas-sensing approach, depicted in Figure 7. The aqueous polyacry-
late gel electrolyte containing Cu (II) ions served as a sensing material that facilitated the
accumulation and stabilization of the gaseous analyte. Through redox interaction with Cu
(II) ions, the H2O2 was rapidly and sensitively detected. Notably, the gas sensor developed
by Klun et al. demonstrated successful and rapid detection of gaseous H2O2 within only
2 min of accumulation under ambient conditions. The sensor demonstrated favorable
sensitivity in the lower concentration range, and it exhibited a broad linear response across
the investigated concentration range of 10–100 mg m−3. This research breakthrough not
only advances the field of H2O2 detection but also expands the potential applications in
emerging fields such as explosive detection, environmental monitoring, and occupational
health and safety. By providing a fast, sensitive, and reliable method for H2O2 gas sensing,
this work opens doors for various practical applications and contributes to the advancement
of detection techniques in diverse fields.
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Figure 7. Drop Sens screen-printed carbon electrode and schematic presentation of sensor pro-
cesses [25]. Copyright: Elsevier B.V.

Detection of •OH. The prevailing approach for the catalytic reduction of hydroxyl rad-
icals (•OH) involves the utilization of cerium oxide (CeOx) nanoclusters. H. Ghaedamini’s
group [26] proposed a novel electrochemical sensor that incorporated a composite of cerium
oxide nanoclusters, gold nanoparticles (AuNPs), and a highly conductive carbon material
for the detection of •OH. The fabrication process involved the deposition of AuNPs onto
carbon (Au/Carbon), followed by a controlled surface reaction to decorate the AuNP sur-
face with CeOx nanoclusters to scavenge •OH. The synergistic effect of CeOx and AuNPs
resulted in enhanced electrochemical signals and excellent •OH detection capability of
the sensor. Duanghathaipornsuk et al. [27] conducted a research study to examine the
impact of size and content variations of cerium oxide nanoparticles (CeNPs) on a composite
sensor developed for the detection of hydroxyl radicals (•OH). Their findings revealed that
composite sensors containing 50 wt% CeNPs displayed the most significant responses in
the detection of •OH.

In summary, although CeOx-based electrochemical sensors display robust catalytic
activity, their electrical conductivity is limited and often necessitates the incorporation of
carbon materials with superior electrical conductivity. Additionally, achieving selectivity
in practical testing remains a significant challenge. We posit that the issue of accurately
determining •OH in biological samples should receive heightened attention in future
investigations. Furthermore, in our perspective, an area of great interest lies in the develop-
ment of non-toxic and readily available modifiers that exhibit high selectivity toward the
hydroxyl radical.

2.3.2. Transition Metal Phosphates

Transition metal phosphates have garnered significant attention as a class of noble-
metal-free materials investigated for use in electrochemical sensors. These materials are
particularly appealing due to several advantageous characteristics. Firstly, transition metal
phosphates are low-cost, making them economically viable for large-scale production and
widespread application. Additionally, they are abundantly available in the Earth’s crust,
ensuring a sustainable and readily accessible supply.

Detection of O2
•−. Manganese phosphate (Mn3(PO4)2) has gained considerable at-

tention in the field of electrochemical sensors due to its biocompatible nature, making it
suitable for biomedical applications [28]. Moreover, Mn3(PO4)2 holds pivotal importance
in material sciences owing to its unique catalytic and electronic properties. However, the
performance of electrochemical sensors based on transition metal phosphate nanozymes
is significantly influenced by the microstructure and size of the materials. To address this
challenge, various strategies have been explored. M. Q. Wang [29] synthesized nanos-
tructured Mn3(PO4)2 hollow spheres with tunable pore structures using a micro-emulsion
method, as depicted in Figure 8. The resulting nanostructured Mn3(PO4)2 hollow spheres
exhibited a high surface area and porous structure, enabling exceptional catalytic perfor-
mance towards the detection of O2

•−. In another study, A. L. Ding et al. [30] developed a
graphene/DNA/Mn3(PO4)2 biomimetic enzyme. The inclusion of graphene as a carrier
proved highly beneficial in augmenting the catalytic activity of Mn3(PO4)2 nanoparticles,
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while DNA adsorbed on the graphene surface facilitated the growth of Mn3(PO4)2. The
resulting graphene/DNA/Mn3(PO4)2 nanozyme exhibited outstanding electrochemical
performance, notably reducing the response time and significantly enhancing the sensor’s
sensitivity towards O2

•−. The sensor achieved a low detection limit of 1.67 nM and a
sensitivity of 3.54 mA mM−1. Similarly, Y. Wang et al. [31] employed chitosan to confine
ultra-small Mn3(PO4)2 particles, demonstrating excellent biocompatibility. They further
constructed an in situ detection chip for the electrochemical sensing of O2

•− from murine
breast tumor cells (4T1), achieving a low detection limit of 9.4 nM and good selectiv-
ity. X. Cai et al. [32] introduced a carbon-mediated approach for the rapid synthesis of
transition metal phosphates with precise control over their shape and size. This strategy
encompassed the assembly of melamine, phytic acid, and transition metal ions on the
carbon substrate’s surface.

 

Figure 8. (A) Schematic illustration of the preparation procedure for graphene/DNA/Mn3(PO4)2 [30].
(a) The solution was annealed at 95 ◦C for 15 min to produce single-stranded DNA (ssDNA); (b) ss-
DNA mixed with 15 mL of 1 mg mL−1 graphene; (c) The mixture was dispersed into 0.1 M MnSO4

solution; (d) 0.1 M K3PO4 solution were dropwisely added under stirring and kept at room tempera-
ture for 30 min. Copyright: Royal Society of Chemistry. (B) (a) Nanomimic enzymes in immediate cell
environment or inside the cells (left image) induce oxidative-stress-related cytotoxicity and smaller
damage of larger mimic enzymes in immediate cell environment (right image); (b) the mechanism
of growth of nano-Mn3(PO4)2 on chitosan; (c) preparation of the chip device in 3D cell adsorption
environment and the oxidation mechanism [31]. Copyright: Elsevier B.V.

In summary, manganese phosphate-based biomimetic sensors exhibit high selectivity
towards O2

•−, a long shelf-life (approximately 30 days), an easy modification procedure,
low cost, and a low nanomolar-level detection limit. However, these sensors suffer from
the disadvantage of a large size due to the rapid formation of manganese phosphate,
which hinders rapid and sensitive in vivo detection. Additionally, their poor electrical
conductivity poses a challenge. In addition, other phosphates commonly used to detect
superoxide anions are cobalt phosphate (Co3(PO4)2) [33], iron phosphate (FePO4) [34],
nickel phosphate (NiPO4NRs) [35], etc.

Detection of H2O2. The Ag/FePO4 nanozymes were prepared by D.J. Rao group [36]
using a modified silver mirror reaction at the gas–liquid interface. The FePO4 nanospheres
possessed a high surface-to-volume ratio and displayed a negative surface charge, en-
abling a large surface area for loading more Ag nanoparticles (NPs) and enhancing the
catalytic performance towards the reduction of H2O2. Electrochemical investigations of
the sensor demonstrated excellent analytical performance, with a wide linear range from
3.0 × 10−5 to 1.1 × 10−2 mol·L−1 and a low detection limit of 4.7 μmol·L−1. The sensor
also exhibited acceptable reproducibility and anti-interference ability. L. J. Peng et al. [37]
synthesized the Co3(PO4)2·8H2O nanozyme in situ through direct reaction between cobalt
(II) and phosphate. The researchers confirmed that the Co3(PO4)2·8H2O nanozyme exhib-
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ited peroxidase-like activity. The investigation further revealed that the peroxidase-like
activity followed Michaelis–Menten kinetics, with a Michaelis constant (Km) of 0.073 mM,
indicating a higher affinity towards H2O2 compared to natural horseradish peroxidase
(HRP) and some other peroxidase nanozymes. The mechanistic exploration experiments
confirmed that the hydroxyl radical (•OH) was the primary active species involved in the
catalytic reaction of Co3(PO4)2·8H2O. This research introduced a novel nanozyme that
can be conveniently synthesized in situ, thereby eliminating the requirement for harsh,
laborious, and time-consuming synthesis and purification procedures.

2.4. Metal–Organic-Framework-Based Nanozymes

Metal–organic frameworks (MOFs) have garnered significant attention due to their
unique properties, such as a high specific surface area, tunable pore structure, and exposed
activity. Comprising metal nodes and organic ligands, MOFs have emerged as versatile ma-
terials with diverse applications in the fields of electrochemistry, fluorescence, colorimetry,
photo-electrochemistry, and electrochemiluminescence sensing. Their exceptional proper-
ties make them well-suited for these applications, enabling the development of advanced
sensing platforms and devices. The high specific surface area of MOFs facilitates efficient
analyte adsorption and interaction, while the tunable pore structure allows for the selective
trapping and recognition of target molecules. Additionally, the exposed activity of MOFs
contributes to their enhanced performance in various sensing modalities. As a result,
MOFs have demonstrated great potential as promising materials for the development of
next-generation sensing technologies.

Detection of O2
•−. Y. H. Zhang et al. [38] conducted a study aimed at enhancing

the sensing performance of O2
•− by developing a straightforward one-step strategy for

the morphology-controllable synthesis of a manganese–organic framework (Mn-MOF)
(Figure 9). Interestingly, they achieved the synthesis of Mn-MOF nanoparticles, asymmet-
ric nano-lollipops, and nanorods with homogeneous components by carefully adjusting
the solvent ratios and regulating the initial precursor concentrations. Subsequently, the
authors found that the Mn-MOF nano-lollipops exhibited superior O2

•−-sensing capa-
bilities compared to other nanostructures due to their larger active surface areas, which
can be attributed to the excellent dispersibility provided by the asymmetric structure, as
well as the accelerated electron transfer rate facilitated by the stem structure. By utilizing
the Mn-MOF nano-lollipops for O2

•− detection, a high sensitivity of 105 μA cm−2·μM−1

was achieved, enabling the successful real-time and in situ detection of O2
•− released

from living cells. This research not only provides valuable insights into the solvents engi-
neered morphologies of other MOF nanomaterials but also advances the understanding
and potential applications of Mn-MOF nanostructures in sensing technologies.

Detection H2O2. MOF-based electrochemical sensors have gained significant attention
for the detection of H2O2. Gao et al. [39] synthesized a Pt-nanoparticle-modified metallo-
porphyrin MOF (Pt@PMOF(Fe)) with multienzyme activity, which was utilized to construct
an electrochemical H2O2 sensor. Another study by Z. Q. Wei’s group [40] involved the
synthesis of a 3D Co-based Zeolitic Imidazolate Framework (3D ZIF-67) for H2O2 detec-
tion. X. Liu’s group [41] reported the development of a nickel metal–organic framework
nanosheet array on Ti-mesh (Ni-MOF/TM) as an enzyme-free electrochemical sensing
platform for H2O2 determination. X. L. Yang et al. [42] selected MIL-47(V) as an electro-
catalyst to explore the feasibility of electrochemical sensing of H2O2. Nevertheless, these
conventional approaches were executed in the single-readout mode, which makes them
vulnerable to false-positive or false-negative outcomes arising from external interferences,
such as the intricacies of the biological milieu, non-standardized testing protocols, and
discrepancies among operators or testing environments. These limitations pose substantial
challenges to the accuracy of single-readout analytical methods and impose constraints on
their practical applications in disease diagnosis.
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Figure 9. (a) Scheme of solutions of ratio-controlled Mn-MOF nanoparticles, nanoparticles, and
nanorods. SEM images of Mn-MOF prepared in ratio of 1:80 (b), 1:20 (c), and 1:8 (d); insets are the
corresponding TEM images. (e) Raman spectra and (f) XRD patterns of Mn-MOF nanoparticles, Mn-
MOF nanorods, and Mn-MOF nanoparticles. (g) FTIR spectra of different Mn-MOF nanomaterials [38].
Copyright: Elsevier B.V.

To address this issue, K. Yu et al. [43] proposed a novel approach using a portable
colorimetric and electrochemical dual-mode sensor for the detection of cell-secreted H2O2
and H2S, based on the MOF-818 nanozyme. As depicted in Figure 10, the trinuclear
copper centers in MOF-818 catalyze the formation of •OH from H2O2, leading to the
oxidation of the substrate 3,3′,5,5′-tetramethylbenzidine (TMB) and the production of
blue oxTMB. The authors developed a smartphone sensing system by capturing the Hue-
Saturation Value (HSV) of the reaction solution using a “Color Identifier” App. Furthermore,
MOF-818 exhibited outstanding electrocatalytic activity in H2O2 reduction, as evidenced
by its reduction peak potential of 0.08 V vs. Ag/AgCl. This exceptional performance
enabled the integration of a smartphone and a mini electrochemical analyzer, leading to
the establishment of an ultra-sensitive sensing system for H2O2. The inherent advantage of
a dual-modal assay lies in the fact that the two signals obtained can be utilized to calibrate
the assay results and effectively mitigate false-positive/negative outcomes. Additionally,
analytical methods featuring dual readout signals can readily adapt to different analytical
conditions, catering to the diverse needs of assay tasks. This innovative dual-mode sensing
strategy represents a significant advancement in MOF-based electrochemical sensors and
holds great promise for enhancing their accuracy and practical applicability in disease
diagnosis and beyond.
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Figure 10. Illustration of MOF-818 nanozyme-based colorimetric and electrochemical dual-mode
smartphone sensing platform for in situ detection of H2O2 and H2S released from living cells [43].
Copyright: Elsevier B.V.

To sum up, within recent decades, numerous nanozymes were applied as electro-
chemical biosensors. However, we also can find that most of studies are focused on the
detection of superoxide anions (Table 1) and H2O2 (Table 2). The elements commonly used
to construct the active sites of nanozymes for detection of ROS are mainly Au, Ag, Pt, Ni,
Co, Mn, Fe, Cu, Ti, and Ce. Specially, due to its special chemical properties, CeOx has
an excellent antioxidant capacity and catalytic performance, so it has great application
potential in detecting ROS. On the one hand, CeOx, as a potent antioxidant, is able to re-
versibly change its oxidation state in the presence of ROS through the redox cycle, thereby
converting excess ROS into harmless substances and protecting cells from oxidative stress.
On the other hand, CeOx nanozymes can enhance their selectivity and sensitivity to ROS
through surface modifications or composite materials, so as to achieve accurate detection
and monitoring of ROS concentration. With the in-depth study of the mechanism of ROS
in vivo and the continuous optimization of the properties of nanozyme materials, it is
believed that nanozymes will play an important role in the fields of life science, medicine,
and environmental studies, providing new solutions for the prevention, diagnosis, and
treatment of ROS-related diseases.

Table 1. Main analytical features and application of superoxide anion electrochemical sensors.

Electrode Linear Range (μM) LOD (nM)
Sensitivity

(μA cm−2 mM−1)
Stability
(Days)

Application
Potential (V)

Ref.

AgNPs@C/GCE 7.422 × 10−4–0.5719 1.011 × 10−4 - 7 −0.7 [17]
Co3O4@CMWCNTs/GCE 5 × 10−9–10 1.6767 × 10−9 - - - [23]

Mn-MPSA-HCS/SPCE 0–1257.4 1.25 224 - 0.75 [32]
Ni(PO4)NRs/C-
MWCNTs/GCE 1–80 97 5.67 × 104 25 −0.3 [35]

2D-mNC@CeO2/SPCEs 8–536 179 401.4 20 −0.5 [44]
PAMAM-Au/GCE 3.69 × 10−5–37.2 0.0123 - - −0.7 [45]
AgNPs-MC/GCE 1.68 × 10−3–30.6 0.012 - 15 −0.5 [46]
Co-NPs–NG/GCE 1.67 × 10−3–0.575 1.67 628.86 - 0.9 [47]

Co3(PO4)2/I-rGO/GCE 2.4 × 10−3–2.195 2.4 177.14 30 0.6 [48]
Mn-MPSA-

MWCNTs/SPCE 0–1817 127 77.47 30 0.7 [49]
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Table 2. Summary of amperometric sensors using nanozymes for the detection of H2O2.

Electrode Linear Range (μM) LOD (nM)
Sensitivity

(μA cm−2 mM−1)
Stability
(Days)

Application
Potential (V)

Ref.

Fe SAs-N/C/GCE 764–9664 340 22.1 - −0.05 [50]
Cu@Cu2O/GCE 2–860 460 1855.53 - −0.5 [51]

rGO/Au-NPs/GCE 25–3000 6.55 0.0641 - −0.8 [52]
Bi2S3/g-C3N4/GCE 0.5–950 78 1011 7 0.26 [53]

Pt-LEPG/GCE 0.01 × 10−3–0.029 0.65 575.75 14 0.5 [54]
CoHCF-NSp’s /GCE 2–1130 2.1 329 - 0.8 [55]

Ag/PNA/GCE 1–3000 0.972 1844.76 10 −0.42 [56]
RGO–Pt NPs/GCE 0.5–3475 0.2 459 14 −0.08 [57]

Ag-Au/RGO/TiO2/GCE 10–30,000 3 - - - [58]
MOF-Au@Pt/GCE 0.8–3000 86 24.14 - −0.12 [59]

LDH/PPy-Ag/GCE 30–800 280 257.64 30 −0.3 [60]
CuO-CeO2/MXene/GCE 5–100 1.67 84.44 - −0.3 [61]
Ag-Cu nanoalloys/GCE 2000–961,000 152 - - −0.07 [62]

AgNPs/2D
Zn-MOFs/GCE 5–70,000 1.67 × 103 358.7 6 −0.55 [63]

BiVO4/TiO2/GCE 5–400 5 × 103 3014 90 0.5 [64]
NiCo2S4/rGO/GCE 25–11,250 190 118.5 14 −0.45 [65]

Pt/C-CeO2/GCE 10–30,000 2 × 103 185.4 15 −0.4 [66]
Co3N NW/TM/GCE 2–28 1 × 103 139.9 30 −0.7 [67]

MnO2/Ta/GCE 1–2 60 1111.09 - −1.21 [68]

3. Selective Challenges of Nanozymes for Electrochemical Detection of ROS

As mentioned in Section 2, with the development of nano-materials, more and more
nanozymes have been designed to detection ROS. Although significant progress has been
made in the development of biosensors, many of them still face challenges when it comes to
practical applications. The selectivity of biosensors becomes a crucial factor when operating
in real biological samples, as the presence of various electro-active species, including ascor-
bate and O2, can lead to significant interference. Consequently, improving the specificity of
nanozymes has been a focus of research efforts. Many researchers have also tried various
methods to enhance the specificity of nanozymes, such as the K. L. Fan group [69] who
employed a strategy to mimic the enzymatic microenvironment of natural peroxidase
enzymes. They achieved this by introducing histidine residues onto the surface of Fe3O4
nanoparticles (Figure 11). Compared with unmodified Fe3O4, the imidazole of the histidine
side chain can form hydrogen bond with hydrogen peroxide, so the modified Fe3O4 has an
at least 10 times stronger affinity for hydrogen peroxide. However, the selective challenges
of nanozymes and the electrochemical method itself still needs to be taken into account. In
addition, R. W. Gao et al. also put forward the need to comprehensively consider the view
of sensing chips; they believe that only the high activity and selectivity of the recognition
factor is not enough, and it is also necessary to consider the adhesion of the recognition
factor to the electrode and the rapid transfer and collection of electrical signals.

3.1. Selective Challenge of the Same Nanozymes

First and foremost, despite the significant advancements in the catalytic activity of
nanozymes, their selectivity still falls short compared to natural enzymes. As previously
discussed, the selectivity of a nanozyme can vary due to factors such as its preparation
method, structure, size, and so on (Table 3). For instance, D. Q. Xu’s group [70] achieved a
rapid and sensitive response to H2O2 using a silver-nanoparticle-decorated carbon nan-
otube (AgNPs-MWCNT) composite, with a linear range of 1 to 1000 μM and LOD of
0.38 μM (S/N = 3). However, X. H. Liu et al. reported a nanocomposite composed of
AgNPs/MWNTs utilized as an efficient electrode material for the sensitive detection su-
peroxide anions. Secondly, the utilization of synergistic effects through the combination of
different nanomaterials undoubtedly enhances sensor performance. However, it is impor-
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tant to consider the inherent variations in nanomaterial production, which can significantly
impact the reproducibility of sensors across different laboratories. Incorporating multiple
nanomaterials further amplifies these variations, thereby posing challenges to sensor re-
producibility. Thirdly, the range of nanomaterial types is vast, and new nanomaterials are
constantly being synthesized. The traditional approach of discovering nanocomposites
with high catalytic activity by combining various nanomaterials is time-consuming and
labor-intensive.

Figure 11. Architecture of the active site in HRP and comparison with the histidine-modified
Fe3O4 nanozyme. (A) Protein structure of HRP (PDB entry 1HCH); (B) architecture of active site
in HRP; (C) H bond between histidine residual and H2O2 in the initial state of catalysis of HRP;
(D) enhancement of Fe3O4 nanozyme activity by histidine modification [69]. Copyright: Royal
Society of Chemistry.

Table 3. Summary of electrochemical sensors using the same nanozymes for the detection of differ-
ent analytes.

Nanozyme Analyte Linear Range (μM) LOD (nM)
Sensitivity

(μA cm−2 mM−1)
Ref.

AgNPs-MWCNT H2O2 1–1000 380 2556 [70]
AgNPs-MWCNT O2

•− 3.65 × 10−7–5.59 × 10−4 0.1192 80.22 [71]
CeO2 H2O2 0.001–0.125 0.4 141.96 [72]
CeO2 O2

•− 8–536 179 401.4 [44]
MnO2 H2O2 25 × 10−3–2 5 3261 [73]
MnO2 oxalate 7.8–250 910 - [74]

Pt/TiO2 nanotube H2O2 0–20 400 40 [75]
Pt-TiO2 NPs NO 0.01–17,790 2.47 7.81 [76]

PBA/UiO-66/NF H2O2 50–3500 0.02 1903 [77]
PBA/UiO-66/NF Glucose 200–450 0.28 22,800 [77]

Addressing these challenges requires concerted efforts in the field of nanozyme re-
search. Strategies aimed at improving the selectivity of nanozymes, developing stan-
dardized protocols for nanomaterial synthesis, and exploring novel approaches for effi-
cient discovery of high-performance nanocomposites are crucial steps toward overcoming
these limitations.
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3.2. Selective Challenge of Electrochemical Technology

In recent years, several remarkable electrochemical studies have been published, high-
lighting the attractiveness of electrochemical technology as a tool for the determination of
important small molecules and biomarkers. This technique offers advantages such as rapid
detection, small device size, portability, and the ability for continuous monitoring. How-
ever, the issue of limited selectivity arises when current signals are mixed, compromising
the accuracy of measurements. In an effort to address this challenge, V. Kumar et al. [78]
developed a hybrid alginate–polyacrylamide hydrogel through in situ self-assembly of a
reduced graphene oxide–cerium oxide nanocomposite (rGO-CeO2) and cytochrome c (Cyt
c) for electrochemical detection of reactive oxygen species (ROS). The hydrogel platform
provided a significantly enlarged electroactive surface area, enhancing the reactivity of Cyt
c. Moreover, the integration of the rGO-CeO2 nanocomposite into the hydrogel improved
both the electrochemical signals and structural stability of the sensor.

However, it is worth noting from Figure 12 that when the potential exceeds 0.75 V, all
three species (H2O2, •OH, and O2

•−) undergo oxidation. Since their oxidation potentials
are very similar, the resulting current signals become mixed, further emphasizing the
necessity of developing sensors with improved sensitivity and selectivity for comprehen-
sive investigations. To overcome these limitations, future research efforts should focus
on the development of sensors that can offer enhanced sensitivity and selectivity. Such
advancements will enable more precise and accurate studies in the field of electrochemical
sensing, paving the way for applications in various areas of science and technology.

 
Figure 12. (A) Representative DPV responses after simultaneous addition of H2O2, •OH, and O2

•−

(30 μM) on rGO–CeO2@Cyt c hydrogel/SPE. (B) Selective DPV responses of rGO–CeO2@Cyt c
hydrogel/SPE towards ROS over various interfering species, as labeled [78]. Copyright: Royal
Society of Chemistry.

4. Conclusions and Future Perspectives

In this comprehensive review, we have discussed the recent advances in the application
of nanomaterial-based electrochemical sensors for the detection of reactive oxygen species
(ROS), specifically focusing on H2O2, •OH, and O2

•−. Despite the concerted efforts of
numerous research groups, the field of electrochemical ROS detection and quantification
still faces significant challenges that need to be addressed.

Firstly, as this review of recent studies has shown, most electrochemical sensors for
detection ROS are focused on H2O2 and O2

•−, which is due to their half-life being longer
than that of •OH (the half-life of H2O2, O2

•−, and •OH are 10–20 h, 6 –10 min, and 10 s,
respectively). Thus, they are more easily detected by electrochemical methods. At the
same time, we also notice that the materials and determination process for the detection
of H2O2 and O2

•− are similar. However, it is important to note that the determination
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of •OH requires distinct approaches due to the unique characteristics of this free radical.
Therefore, the development of sensors with improved sensitivity and selectivity is necessary
to investigate the impact of •OH in mammalian cells and its association with oxidative-
stress-induced diseases.

The second crucial issue pertains to enhancing the sensitivity and selectivity of elec-
trochemical sensors for ROS detection, particularly in the context of medical applications.
The electrochemical technique shows immense promise for real-time detection utilizing
micro- or even nanoscale electrodes, paving the way for the advancement of in vivo sensors
capable of real-time monitoring of live cells, irrespective of their type or location. This
necessitates sensors with enhanced sensitivity and selectivity. In this regard, nanozymes
can greatly benefit from interdisciplinary collaborations, including advanced information
technology such as machine learning. Prior to the synthesis of nanomaterials, machine
learning algorithms can be employed to simulate and identify candidate materials that meet
specific criteria, resulting in the establishment of a library of catalytically active materials
with high activity, stability, and repeatability. Furthermore, the application of machine learn-
ing algorithms enables training using extracted features from cyclic voltametric curves of
known concentrations of target analytes, thus facilitating precise concentration calculations.

Thirdly, when developing nanozyme-based electrochemical sensors, the potential for
industrialization and commercialization should be taken into consideration. Emerging
technologies like the Internet of Things can be employed for real-time monitoring and
automated control of the production process.

In conclusion, the remarkable ability of nanozyme-based electrochemical sensors for
ROS detection underscores their potential for occupying a significant market share in the
commercial application of sensors as the synthesis of nanozymes continues to mature.
With ongoing improvements in the sensitivity and selectivity of in vivo ROS biosensors,
the field of ROS research stands to benefit significantly, advancing our understanding of
oxidative-stress-related phenomena.
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Abstract: DNA–nanoparticle conjugates have extraordinary optical and catalytic properties that have
attracted great interest in biosensing and biomedical applications. Combining these special qualities
has made it possible to create extremely sensitive and selective biomolecule detection methods,
as well as effective nanopharmaceutical carriers and therapy medications. In particular, inorganic
nanoparticles, such as metal nanoparticles, metal–organic framework nanoparticles, or upconversion
nanoparticles with relatively inert surfaces can easily bind to DNA through covalent bonds, ligand
bonds, electrostatic adsorption, biotin–streptavidin interactions and click chemistry to form DNA–
nanoparticle conjugates for a broad range of applications in biosensing and biomedicine due to their
exceptional surface modifiability. In this review, we summarize the recent advances in the assembly
mechanism of DNA–nanoparticle conjugates and their biological applications. The challenges of
designing DNA–nanoparticle conjugates and their further applications are also discussed.

Keywords: DNA; inorganic nanoparticles; biosensing; biomedical

1. Introduction

With its simple structure and complicated functions, DNA is a crucial building block
in the creation of the blueprint for life and is employed extensively in biosensing and
biomedicine [1,2]. However, the instability of the DNA structure in living organisms
limits the efficient performance of its functions. Therefore, the construction of nanoscale
models by employing DNA as a building block for improving its stability has been widely
studied [3,4]. Nevertheless, the high price of its assembly also restricts its application
for a wide range of purposes. In the past decades, DNA nanotechnology has rapidly
evolved from structural DNA nanotechnology alone to assembly DNA nanotechnology in
order to propose more effective methods to enhance the stability of DNA applied in living
organisms [5–7].

Among them, the assembly of DNA on the surface of nanomaterials as a carrier and
changing the presence state of DNA from the solution phase to interfacial connection can
be a promising approach to solve the confusion of DNA instability in living organisms [8,9].
Incorporating DNA molecules to decorate inorganic nanoscale components brings up
new possibilities for creating nanoparticles with distinctive applications in the realms of
biosensing and biomedical applications [10]. The flexibility and adaptability of DNA-based
platforms allow for the construction of complex structures from nanoparticles utilizing
DNA-programmable interparticle interactions [11,12]. To date, in order to further expand
the fields of its application, the investigation stages for the functionalization of DNA on the
surface of nanoparticles can be classified into the following aspects:

(1) Searching for diversely functional DNA sequences. The chemical activity of DNA
grows into new areas outside of storing and transferring genetic information in the
field of functional DNA nanotechnology. The two main representative categories
of functional DNAs that are generated by in vitro selection with particular binding
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affinities and catalytic capabilities are aptamers and DNAzymes [13,14]. Aptamers
are chosen by a procedure called systematic evolution of ligands by exponential
enrichment (SELEX), and the selection process has evolved from in vitro to in vivo.
Aptamers are widely employed in the assembly of sensitive biosensors, the construc-
tion of bioimaging agents, and targeted therapeutics [15]. An additional category
of valuable DNA molecules with catalytic activity is DNAzymes. RNA-cleaving
DNAzymes are of particular fascination due to their quick reaction time and sim-
plicity in application in life [16]. DNAzymes act by binding to specific metal ions as
catalytic cofactors and are ideal for functionalized nanoparticle surfaces [17].

(2) Development of inorganic nanoparticles with facile modification of DNA on the
surface. By adding DNA nanotechnology into nanoparticle research, precise geo-
metric construction of nanoparticles and change in surface properties have been
described [18,19]. The best candidates for carrying smart DNA walkers/motors, acti-
vatable aptamers, and DNAzyme-based systems that respond to stimuli for biosensing,
bioimaging, and biomedical applications are nanoparticles with a substantial surface
area, favorable biocompatibility, outstanding stability, and beneficial physical and
chemical properties, such as gold nanoparticles (AuNPs), upconversion nanomaterials
(UCNPs) and so on [20–22].

(3) Exploring the way DNA connects to nanoparticles. The facile modification properties
of DNA encourage the interface engineering of nanoparticles based on several theories.
Mirkin was the first to suggest that sulfurizing DNA and attaching it to AuNPs
would result in the development of AuNPs-linked DNA [23,24]. The coordinated
binding between DNA base structure and rare earth elements can also connect DNA
to UCNPs [25–29]. The interface between DNA molecules and nanoparticles also
involves additional covalent and noncovalent connecting techniques, such as the
biotin-Streptavidin interaction and click chemistry [30,31]. Thereafter, electrostatic
contact is another often employed technique for affixing DNA molecules to positively
charged nanoparticles on the surface due to the negative charge of the phosphate
backbone on the surface of the DNA structure [32]. Electrostatic interactions exist
in various forms, such as hydrogen bonding, hydrophobic contacts, van der Waals
forces, and ionic bonding, DNA–nanoparticle conjugates assembled with the above
forms also demonstrate excellent stability and extremely promising applications. For
instance, the mechanism of DNA’s denaturation and rehybridization is employed
to create hydrogen bonds between base pairs that are complementary on adjacent
DNA strands, resulting in the formation of interconnected structures. Then, silicate
nanodiscs are utilized to create extra network points by luring electrostatic interactions
with the DNA backbone [33]. This improves the mechanical elasticity of the hydrogel
formulation and achieves the release of the loaded drug dexamethasone, realizing the
conjugate’s ability to treat osteoporosis disease.

The functionalized connection of DNA on the surface of nanoparticles can not only
stabilize DNA but also combine the unique physicochemical properties of nanoparticles
themselves to realize the superposition function after the double unit compound (Figure 1).
In recent years, the multifaceted applications of DNA–nanoparticle conjugates in biosensing
and biomedicine are also summarized and introduced, but the articles focusing on the
mode of connection between DNA and nanoparticles and thus summarizing the state-
of-the-art of their applications in biosensing and biomedical have not yet been reported.
Consequently, we outline many tried and true methods for DNA functionalization on
various surface ligands and nanoparticles and provide a summary and overview of the
biological applications of these methods over the past five years.
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Figure 1. Schematic of the classes of DNA-conjugated nanoparticles and their applications.

2. DNA–Nanoparticle Conjugates Design

Fabricating the physico-chemical properties of inorganic nanoparticles with DNA at-
tached to produce novel structures is particularly exciting because these materials’ physico-
chemical properties differ greatly from those of their bulk structure [34]. Their small size
and high surface-to-volume ratio give rise to these novel features, which may be tailored by
varying their chemical makeup, size, and shape [35]. The approaches employed to achieve
this goal can be classified as top-down or bottom-up. In contrast to bottom-up approaches,
which rely on the organization of building blocks (such as molecules, atoms, and nanoparti-
cles) to form larger structures and have broader structural versatility, top-down approaches
employ external sources to design nanoscale features on the surface of the body but are
more expensive to synthesize [36].

In this section, we summarize several approaches for the bottom-up synthesis of
DNA–nanoparticle conjugates, employing DNA as a linker and inorganic nanomaterials as
structural units.

2.1. Covalent Bonding

Covalent bonding to nanoparticles by exploiting the chemical modifiability of DNA
and the properties of the bases themselves is the key method of DNA–nanoparticle con-
jugate formation [12]. Among the chemically modified DNA, phosphorothioate DNA,
amino-modified DNA, biotin-modified DNA, and alkyne or azide-modified DNA are the
primary representatives.

The technique that is employed the most frequently is to modify DNA with -SH
functional groups on the surface of plasma metal nanoparticles and then to ensure that
DNA and nanoparticles contact closely by means of covalent metal–SH interactions [37]. It
is worth noting that end-labeled thiol is the main anchor for linking DNA to AuNPs because
of strong Au–thiol interactions. For example, SH-functionalized DNA sequences are
covalently attached to the surface of AuNPs to construct a structurally stable thermal sensor
for the highly sensitive in situ detection of exosomal miRNAs without RNA extraction or
target amplification (Figure 2a) [38]. It has been demonstrated that DNA-functionalized
gold nanoprobes linked by Au–sulfur bonds exhibit remarkable stability in exosomes,
ensuring the proper operation of the sensing probes. This stable structure is also employed
in a number of nanoprobes constructed based on this metal–SH bonding method [39].
However, another method of functionalizing DNA on the surface of AuNPs, namely
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polyadenine (poly A) DNA functionalized AuNPs, has received increasing attention due to
the high cost of thiols [40]. Metal ions can undergo coordination reactions with the amino
acid side chains of adenine bases, thus completing the attachment of functionalized DNA
strands to AuNPs. This more time-efficient method of conjugation can facilitate the further
development of this method in the future for several applications [41].

Covalent cross-linking and phosphate group coordination are the two primary tech-
niques for ligating functionalized DNA on the surface of UCNPs [42]. Covalent cross-
linking is often accomplished by modifying functional molecules. For example, as shown in
Figure 2b, transferring UCNPs from the organic phase to the aqueous phase and modifying
the surface with functional modification of -COOH, covalent cross-linking can occur with
the DNA strands with modified -NH2 at the ends to generate -NH-CO- bond, thus realizing
the functionalization of DNA on the surface of UCNPs [43]. In addition, Ln3+-based UCNPs
provide a surface rich in multiple functional groups through the coordination of Ln3+ with
electron-rich groups, including -NH2, -COOH, SO4

2−, and phosphate group PO4
3−. The

phosphate group on the DNA backbone can easily replace -COOH because the coordination
between PO4

3− and Ln3+ is stronger than that between -COOH and Ln3+, enabling the
coordination bonding between the DNA and UCNPs to complete the assembly of stable
nanoprobes [44]. Biotin-modified DNA can be attached to the surface of nanoparticles by
covalent bonds between biotin and streptavidin (biotin–avidin), which is also a connecting
method for preparing stable nanosensor molecules (Figure 2c) [45–48]. The above two
types of modification of functional molecules on nanoparticles can extend the forms of
covalently attached DNA molecules and provide more possibilities for the formation of
stable functionalized sensing probes.

Recently, the attachment of alkyne-modified DNA to the surface of nanoparticles
utilizing a click reaction is extensively performed, which is based on a copper-catalyzed
azide–alkyne cyclization reaction [49–51]. This is because the click reaction, which is a
quick and effective chemical reaction, takes place in mild conditions and does not require
a catalyst to produce a high yield of product. For example, a “click chemistry” approach
allows for the preparation of stable Janus nanoparticles containing both PEG and azide–
DNA to form AuNP dimers under target responders and conditions for in situ SERS
detection and imaging analysis of cancer cells [52]. By adding an azide group and an alkyne
group to the two DNA strands in order to bind the two AuNPs together, the efficiency
of the assembly may also be guaranteed (Figure 2d) [53]. In addition to improving the
stability of the probe, the high efficiency of click chemistry can be exploited to enhance
the enrichment of DNA on the surface of nanoparticles, allowing further improvement
of the sensing sensitivity of the target detectors [54]. For other nanoparticles, such as
metal–organic framework (MOF) materials, DNA can also be attached to the surface of
the nanoparticles by click chemistry, acting as a reaction switch for the target and further
extending the biological applications of DNA–nanoparticle conjugates [55].

2.2. Non-Covalent Bonding

Hydrogen bonds, hydrophobic contacts, van der Waals forces, and ionic bonds are
non-covalent bonds collectively known as electrostatic adsorption that can bring DNA
closer to nanoparticles and form DNA–nanoparticle conjugates [56–58].
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Figure 2. Schematic diagram of covalent bonding of DNA–nanoparticle conjugates. (a) Performance
of nanoflares for miRNA detection and transportation of nanoflares into EXOs. Reproduced from
Ref. [38] with permission. Copyright 2020 American Chemical Society. (b) Presentation of the UCNP-
DNA bioconjugation in a schematic Reproduced from Ref. [43] with permission. Copyright 2022
Wiley-VCH GmbH. (c) Schematic diagram of the construction of biotinylated DNA and biotinylated
nanoparticles connected by streptavidin to complete the sensor. Reproduced from Ref. [45] with
permission. Copyright 2021 ELSEVIER. (d) Illustration of a multiplexed nanoparticle dimer that
was joined via click chemistry using a DIBO-azide. Reproduced from Ref. [53] with permission.
Copyright 2018 American Chemical Society.

Two DNA aptamer sequences are assembled on the surface of UCNPs by electro-
static adsorption, and the photoactivation ability of UCNPs is utilized to overcome the
electrostatic adsorption and release the loaded two DNA aptamer strands after reaching a
specific location, completing ultrasensitive imaging monitoring of single molecules on cell
membranes (Figure 3a) [59]. Similarly, as shown in Figure 3b, aptamer DNA strands with
redox activation ability can be electrostatically adsorbed on AuNPs with targeting ability
to construct DNA–nanoparticle conjugates with gating effects that enable simultaneous
spatial imaging of ATP and glutathione (GSH) in mitochondria [60]. This information is
capable of being utilized to build pH probes with great temporal and spatial accuracy
for tracking various physiological and pathological processes, which is equally crucial
(Figure 3c) [61]. A variety of DNA sequences that have been detached from the nanoparti-
cles and are reassembled into functional structures on their own can be loaded in addition to
a single DNA sequence (Figure 3d). The sensitivity of DNA–nanoparticle conjugates for in-
tracellular imaging monitoring of mRNA can be efficiently boosted with this technique [62].
All of the above work is illustrating the significance of interchangeable connections in
biosensing applications.
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Figure 3. Schematic diagram of non-covalent bonding of DNA–nanoparticle conjugates. (a) A
schematic illustration: DNA-UCNPs nanoprobes for detecting receptor dimers. Reproduced from
Ref. [57] with permission. Copyright 2021 American Chemical Society. (b) Redox-activatable DNA
nanodevice design schematic for AND-gated imaging of ATP and GSH in mitochondria. Reproduced
from Ref. [58] with permission. Copyright 2021 American Chemical Society. (c) Diagram of the
pH-sensing UV-activated DNA probe, I-PD. Reproduced from Ref. [59] with permission. Copyright
2020 American Chemical Society. (d) NIR light-initiated hybridization chain reaction (HCR) for
spatiotemporally resolved mRNA imaging and signal amplification in living cells. Reproduced from
Ref. [60] with permission. Copyright 2019 Wiley-VCH GmbH.

Notably, the triggering conditions for the above DNA–nanoparticle conjugates to work
are diverse, including near-infrared light irradiation, pH stimulation, and the presence of a
target, and all of these triggering effects are stronger than the force of electrostatic adsorp-
tion. Therefore, the conversion of functional switches can be successfully accomplished by
taking advantage of the diverse and realistic physiological environment in organisms, as
well as the strength of the forces acting, which is also a major advantage of non-covalent
bond binding.

3. Biological Applications

This section will go over several notable applications of DNA–nanoparticle conjugates
in biological and biomedical applications, such as sensing, bioimaging, and therapy (gene
therapy, photothermal therapy, photodynamic therapy, and synergistic therapy). The link
between functional DNA sequences and nanoparticles is highlighted in this section, with a
focus on the personalized creation of DNA–nanoparticle conjugates with particular activities.

3.1. Biosensing

MicroRNAs (miRNAs) in mammalian cells can be imaged in situ spatiotemporally
to reveal their structure and biological functions. The employing of DNA–nanoparticle
conjugates as imaging tools for miRNAs in situ has tremendous potential. To achieve
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intracellular miRNA imaging and accurate quantification in living cells without disrupt-
ing the cell membrane, some work has proposed a near-infrared (NIR) light-activated
nanoprobe that can be utilized for highly sensitive in situ controllable miRNA imaging
in living cells (Figure 4a). The NIR-activated nanoprobe employs a UCNP that acts as an
NIR-UV sensor, triggering the following on the surface of the nanoparticle attached to the
photocleavage of the dumbbell DNA probe. The structural alteration of the dumbbell probe
induces a catalytic hairpin assembly of the target miRNA, through which an amplified
fluorescence signal can be read in situ [63]. It is worth noting here that the photodegradable
n-nitrobenzyl-protected DNA architecture is the architecture most extensively practiced
as a functional DNA shell layer [64]. The same work successfully created an intelligent
system based on NIR light-initiated DNA walkers for precise spatiotemporal regulation of
living cells utilizing two DNA–nanoparticle conjugates (UCNPs and AuNPs) (Figure 4b).
UCNPs are one of them, and they operate as DNA probe carriers, converting NIR into UV
light to activate the precursor probes. Regarding high-resolution spatiotemporal imaging
of intracellular miRNAs, AuNPs are employed as carriers of ATP-driven DNA walkers [65].
The device is exceedingly stable and has a very low fluorescence background. Meanwhile,
it is highly desirable that DNA-based molecular circuits can perform complex information
processing in biological systems. Li’s group reports a conceptual approach to construct-
ing photonic nanocircuits that enable DNA molecular computation with superior spatial
accuracy in vitro and in vivo. Upon remote activation of spatially restricted NIR-light
inputs, two cancer biomarker inputs, ATP and miRNA, can sequentially trigger conforma-
tional changes in the DNA circuit via structural switch aptamers and toe point-mediated
strand exchange, leading to the release of signal output and the formation of more accurate
in vivo imaging data of the organism [66]. Alternatively, multiple intracellular miRNAs
can be exploited for simultaneous triggering, enabling spatially and temporally controlled
on-demand precision imaging [67].

 

Figure 4. DNA–nanoparticle conjugates for biosensing applications. (a) The proposed control-
lable miRNA imaging nanoprobe’s general principle. Reproduced from Ref. [63] with permission.
Copyright 2020 American Chemical Society. (b) Schematic of the photoactivatable DNA walker system for
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spatiotemporally resolved miRNA sensing. Reproduced from Ref. [65] with permission. Copyright
2021 American Chemical Society. (c) Schematic illustration of the preparation of carbonized COF-
based nanoprobes for cancer cell imaging. Reproduced from Ref. [68] with permission. Copyright
2021 American Chemical Society. (d) Diagram of IDEAs for precise tumor imaging. Reproduced from
Ref. [69] with permission. Copyright 2023 American Chemical Society.

In addition to UCNPs as carriers for DNA, covalent organic frameworks (COF) and
MOF are also ideal core materials with excellent physicochemical properties. The work
leads to the remarkable conclusion that carbonized COFs (C-COFs) can significantly im-
prove the fluorescence burst efficiency and water stability of nanoscale COFs (Figure 4c).
The probes prepared by the physisorption of dye-labeled DNA recognition sequences onto
C-COFs for cell imaging can effectively illuminate biomarkers (survivin and TK1 mRNA)
in living cells [68]. DNA-functionalized ZrMOF@MnO2 exhibits a significantly enhanced
fluorescence signal only when miRNA and GSH from tumor cells coexist, enabling accurate
differentiation between tumor cells and healthy cells (Figure 4d) [69].

It is essential to involve a variety of enzymes in addition to miRNA, ATP, and GSH as
regulatory molecules in the organism. An efficient type of DNA nanomachine was designed
by utilizing two enzymes in the organism, telomerase (TE) and purine-free/pyrimidine-
free endonuclease 1 (APE1) (Figure 5a). The walker of this nanomachine moves along a
TE-regenerated trajectory, generating multiple amplified signals by which APE1 can be
imaged in situ, providing a new paradigm for the development of more applicable and
efficient DNA nanomachines [70]. In parallel, DNA–nanoparticle conjugates (E-SNAs)
can be manipulated for nucleoplasmic translocation of proteins with cancer cell selectivity.
E-SNAs are constructed by programmable design schemes, based on modules of aptamers
that carry enzyme response units at pre-designed sites and are further combined with SNA
nanotechnology (Figure 5b). E-SNAs are able to efficiently and specifically regulate the
cytoplasmic–nuclear shuttle of RelA proteins, while remaining inactive in normal cells due
to insufficient enzyme expression, thus accurately localizing the target protein within the
cell [71]. The linkage pathway and applications of the DNA–nanoparticle conjugates from
the above work are shown in Table 1.

Table 1. Summarizes the types of linkages and biosensing applications of DNA–nanoparticle conjugates.

DNA Structure Nanoparticle’s Type Connection Type Analyte LOD Application Ref.

DNA dumbbell
structure UCNPs Allotropic bond miRNA-21 Single cell In situ imaging [62]

Hairpin DNA
structure UCNPs Allotropic bond miRNA-21 Single cell In situ imaging [64]

Double-stranded UCNPs Allotropic bond ATP, miRNA-21 Single cell In vivo imaging [65]

Triangle structure UCNPs Allotropic bond
miRNA-21,

miRNA-373,
miRNA-155

Single cell In situ imaging [66]

Single strand COFs Electrostatic
adsorption mRNA Single cell Cancer

diagnosis [67]

Double-strands ZrMOF@MnO2 Covalent bonding miRNA-21,
GSH Single cell In vivo imaging [68]

Double-Strands AuNPs Covalent bonding RelA protein Single cell In situ imaging [69]
Double-Strands AuNPs Covalent bonding APE1 enzyme Single cell In situ imaging [70]
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Figure 5. (a) Diagram of the TE-activatable regenerative DNA nanomachine (NEAP/NF) for sensing
of intracellular APE1. Reproduced from Ref. [70] with permission. Copyright 2023 Wiley-VCH
GmbH. (b) Design of the enzyme-operated SNA (E-SNA) for cancer cell-selective regulation of
cytoplasmic-to-nuclear translocation of RelA protein. Scale bar, 2 μm. Reproduced from Ref. [71]
with permission. Copyright 2023 Wiley-VCH GmbH.

3.2. Biomedical

Precise application of DNA–nanoparticle conjugates for imaging targets in living
organisms is a prerequisite for accurate biomedical treatment [72–75]. The introduction of
small interfering RNA (siRNA) in the DNA shell layer is an effective therapeutic approach
to regulate the expression of target genes. The multifunctional three-dimensional (3D) DNA
shell contains a degradation-resistant Y-shaped backbone (hardened triangular sticky DNA
brick) and is programmed to lay flat on the siRNA-packed AuNPs. After the alignment
of the aptamer on the outer surface, siRNA-encapsulated DNA–nanoparticle conjugates
with excellent biocompatibility are obtained, siRNA/Ap-CS. In this, the siRNA is internally
encapsulated in the 3D DNA shell, ensuring that it is not degraded by the enzymes in
the outermost layer of the 3D DNA shell (Figure 6a). The conjugate-loaded siRNA can be
released by endogenous miRNA and gene silencing in tumor cells, leading to apoptosis and
enabling gene therapy [76]. Next, a freshly developed approach utilizes a simple, versatile,
and inexpensive platform (AuNPs-DNA) to control the release of cholesterol-coupled
oligonucleotides [77]. Nanoclusters formed by AuNPs-DNA combine the platform into a
dual-release system that allows the delivery of a hydrophobic drug with zero-order kinetics
followed by the rapid release of cholesterol-coupled DNA for therapeutic purposes and
holds promise for future applications in downregulating the expression of b-galactosidase
in E. coli (Figure 6b).
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Figure 6. DNA–nanoparticle conjugates for biomedical applications. (a) Building a gold nanoparticle
with a multi-purpose 3D DNA self-assembled multilayer core/shell nanostructure (siRNA/Ap-CS)
and employing it to deliver siRNA to tumor cells with precision and control their release. Reproduced
from Ref. [76] with permission. Copyright 2021 Nature. (b) Schematic of the DNA-AuNP-system
and the disassembly of AuNP aggregates induced manually and by releasing the target DNA.
Reproduced from Ref. [77] with permission. Copyright 2021 Nature. (c) Schematic representation
of a TMNP and different optical imaging and therapy modalities offered by the TMNPs for in vivo
applications. Reproduced from Ref. [78] with permission. Copyright 2022 American Chemical Society.
(d) Schematic of synthesis and in vivo application of DNA hydrogel. Reproduced from Ref. [79] with
permission. Copyright 2023 American Chemical Society.

For in vivo imaging and treatment of organisms, such as triple-negative breast cancer,
early and precise identification, and treatment is critical for better disease management and
increased life expectancy. On the basis of these needs, innovative biocompatible tri-modal
nanoprobes (TMNPs) provide optical imaging employing photoacoustic, fluorescence,
and surface-enhanced Raman scattering (SERS), as well as photothermal therapy (PTT)
exploiting near-infrared (NIR) light [78]. Based on the modifiability of DNA, positively
charged NIR fluorophores were designed and screened to obtain optimal fluorescence
emission and SERS signals. As seen in the experimental results, selective exposure of tumors
to the NIR laser showed effective thermal tissue ablation without causing systemic toxicity,
creating a treatment platform with excellent imaging–treatment integration (Figure 6c). In
addition to synthetic inorganic nanoparticles as carriers, plant-sourced DNA–nanoparticles
(DNA dots) created from onion genomic DNA (gDNA) are without any chemicals and
exhibit superior biocompatibility (Figure 6d). DNA dots further form stimuli-responsive
hydrogels with multifunctional properties by self-assembly with hybridization-mediated
precursor gDNA. Its main functional type of strand is contributed by surface-suspended
DNA strands resulting from incomplete carbonization during annealing. DNA dot hybrid
hydrogels proved to be an excellent drug delivery vehicle for on-demand reactions by
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tracking slow release through the intrinsic fluorescence of DNA dots and by normal visible
light photoexcitation [79]. The linkage pathway and applications of the DNA–nanoparticle
conjugates from the above work are shown in Table 2.

Table 2. Summarizes the types of linkages and biomedical applications of DNA–nanoparticle conjugates.

DNA Structure Nanoparticle’s Type Connection Type
Treatment
Modalities

Application Ref.

Y-shaped backbone-rigidified
triangular DNA AuNPs Covalent bonding Gene silencing Cancer therapy [75]

Cholesterol-conjugated DNA AuNPs Conjugate connection Gene silencing Drug release
calculation [76]

Single DNA AuNRs Covalent bonding Phototherapy Triple-negative breast
cancer therapy [77]

Biomass DNA DNA dots Conjugate connection Photoactivated ROS
Generation Cancer therapy [78]

4. Conclusions and Outlook

DNA–nanoparticle conjugates have attracted widespread attention in biosensing,
bioimaging, drug delivery, and photoactivated biotherapeutics due to their high water
solubility, functionalized surface modifications, and excellent physicochemical proper-
ties. In this review, we summarize the various assembly principles of DNA–nanoparticle
conjugates and the recent research progress in the fields of bioimaging, photothermal, pho-
todynamic therapy, gene therapy, etc. Although DNA–nanoparticle conjugates have made
great progress in these aspects, many problems still exist in practical applications: (1) The
broadest functional DNA sequences currently screened and applied include DNA aptamers
and DNAzyme, followed by complex DNA structures introduced for the purpose of signal
amplification, such as HCR, catalytic hairpin assembly (CHA), Y-types, and other steric
structures. The aforementioned functional DNAs can be applied in a variety of biomed-
ical fields; therefore, designing and screening more kinds of functional DNA sequences
is an effective means to develop novel DNA–nanoparticle conjugates and expand their
applications; (2) Exploring more diverse methods of surface modification of nanoparticles
and assembling multiple types of functionalized DNA sequences on them. It is expected
that the physicochemical properties of the abundant nanocarriers can be fully utilized to
organically combine them with functionalized DNA to achieve the accumulation of dual
functions and maximize the synergistic functions; (3) To develop more types of DNA shell
layer and nanoparticle binding methods, and to introduce more abundant and on-demand
controlled covalent bonding modes into the conjugate binding to form more diversified
and stable DNA–nanoparticle conjugates. We believe that the successive development of
DNA–nanoparticle conjugates based on the above-mentioned richer species will lead to
breakthroughs in solving major problems in biosensing and biomedical fields, benefiting
more research fields in the near future.
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Abstract: Fumonisin B1 (FB1) is a toxin produced by the metabolism of Fusarium oxysporum, which
can cause serious effects on the nervous, respiratory, digestive, and reproductive systems of humans
or animals; it is known as one of the highly toxic epidemic contaminants. Herein, we report the visual
inspection of FB1 using bipolar electrodes (BPEs) with an array-based electrochemiluminescence
(ECL) platform. The sensor consists of a PDMS cover and a glass substrate containing an array of
10 ITO electrodes. A specific sensing interface was constructed on the cathode of the BPE, which
could modulate the ECL reactions that occurred at the anode of BPEs. To amplify the ECL signal,
methylene blue (MB)-encapsulated Zr-MOFs (MB@Zr-MOFs) were synthesized and immobilized
on the cathode of the BPE, which could amplify the ECL signal at the anode. By coupling the cyclic
amplification effect of the DNA walker and nicking endonuclease (Nb.BbvCI), the biosensor can
realize the visual measurement of FB1 in the range of 5 × 10−5~0.5 ng/mL. In addition, the developed
biosensor was used to monitor the concentration of FB1 in maize and peanut samples. The recoveries
were in the range of 99.2%~110.6%, which demonstrated the good accuracy of the designed BPE-ECL
biosensor for FB1 assay in food samples.

Keywords: fumonisin B1; bipolar electrode-electrochemiluminescence; visualization; Zr-MOFs

1. Introduction

There has been growing attention to the contamination of foodstuffs caused by myco-
toxins with the rapid development of agriculture and animal husbandry [1]. Mycotoxins
are widely found in moldy agricultural products and their processed products, which
can enter human and animal bodies through the food chain and thus cause a variety of
diseases [2,3]. It is estimated by the Food and Agriculture Organization of the United
Nations that 25% of global agricultural crops are contaminated by mycotoxins [2]. Among
various mycotoxins, fumonisin B1 (FB1) has been identified as one of the most toxic my-
cotoxins, capable of disrupting sphingolipid metabolism, destroying the immune system,
and increasing the risks of cancer. It is produced by Fusarium species and contaminates
different grains such as maize, wheat, rice, and sorghum [4]. In addition, a considerable
proportion of FB1 contamination is attributed to inappropriate storage conditions. The
tolerable level established by the European Union for cereals and maize is 2 μg/kg and
5 μg/kg, respectively [5]. A survey performed by González-Arias on 43 rice samples and
25 maize samples revealed that FB1 wasn’t detected in polished rice samples; however,
both field maize and market maize samples were contaminated with FB1 [6]. Therefore,
the development of sensitive analytical devices for the measurement of FB1 in agricultural
products is crucial for point-of-care diagnosis [7].

Up to now, versatile sensitive biosensors have been explored for accurate detection
of mycotoxins using electrochemical [8,9] and optical transduction mechanisms [10–12].
Among them, electrochemiluminescence (ECL) as a sensitive optical analytical technique
that combines the properties of electrochemical and luminescence has attracted great atten-
tion due to its unique advantages, such as high sensitivity and spatial controllability [13–16].
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Additionally, the intensive ECL signal could easily be observed by the naked eye, which
enabled visual readouts of targets. ECL biosensors, especially sensors based on bipolar
electrode (BPE) arrays, have been quickly developed in recent years. By transducing the
faradic current into an optical signal, the BPE-ECL platform based on an electrode array can
realize the simultaneous screening of multiple targets in a single device using simple opti-
cal equipment (e.g., smartphone and digital camera) and then analyzed with appropriate
software [17–20].

To achieve sensitive detection, various powerful signal amplification methods such as
nucleic acid-assisted amplification [21], enzyme catalysis amplification strategies [22,23],
nanomaterial-assisted methods [24,25], and electroactive species-based technologies [26,27]
have been integrated into the BPE-ECL device to realize sensitive measurement. For ex-
ample, the introduction of electroactive substance (thionine)-covalent organic frameworks
at the cathode of the BPE could reduce the external voltage for driving the ECL reactions
at the anode of the BPE and greatly amplify the ECL intensity [28]. Furthermore, some
researchers reported the integration of multiple amplification strategies in order to achieve
remarkable enhancement of ECL sensitivity [25,29]. Ge et al. reported a paper-based
BPE-ECL device using the synergistic effects of the excellent catalytic activity of AuPd NPs
and the hybridization chain reaction to realize the detection of miRNA-155 with a low
detection limit of 0.67 pM [25].

Herein, a novel ECL device based on a 10 BPE array was prepared for the simultaneous
measurement of mycotoxin. The ECL signal emitted from the anodes of the BPE could
be simultaneously recorded by a CCD camera. To improve the sensitivity of the biosen-
sor, methylene blue (MB) was embedded in zirconium-based metal–organic frameworks
(Zr-MOFs). Zr-MOFs are an ideal carrier for the immobilization of electroactive dyes and
biomolecules due to their unique properties, such as water stability, good stability, large
surface area, and tunable surface chemistry, making them an excellent candidate in the con-
struction of biosensors [30]. When the cathode of the BPE was exposed to MB@Zr-MOFs,
the reduction current could be greatly improved due to the accumulation of a large num-
ber of MB molecules, leading to a significant enhancement of the ECL signal due to the
charge neutrality of the BPE. In the presence of the target, the DNA walker was activated,
which led to the continuous release of MB from the electrode surface with the assistance of
nicking endonuclease. As a result, the BPE array-based ECL biosensor with dual-signal
amplification strategies exhibited a good detection performance for screening of FB1 mea-
surement. Additionally, the biosensor successfully evaluated FB1 contamination in corn
and peanut samples with satisfactory stability and recovery. The portable BPE sensors
array based on ECL imaging opens up a new avenue toward simultaneous screening of
multiple mycotoxins in a sample.

2. Materials and Methods

2.1. Reagents

Multi-wall carbon nanotubes (MWCNTs) with a diameter of 10–20 nm (10–30 μm in
length, purity 95%) were supplied by Nanjing XFNANO Materials Tech Co., Ltd. Poly-
dimethylsiloxane (PDMS), Nanjing, China; the monomer and curing reagent (Sylgard 184)
were provided by Dow Corning (Midland, MI, USA). The screen stencil (hole diameter of
0.5 mm) was acquired from a nearby shop. Dibutylaminoethanol (DBAE) was purchased
from Shanghai Energy Chemical Co., Ltd. (Shanghai, China). ZrCl4, HAuCl4, dodecanoic
acid, and 6-mercapto-1-hexanol (MCH) were purchased from Aladdin.
N, N-dimethylformamide (DMF) was purchased from Guangzhou Jinhua Chemical Reagent
Co., Ltd. (Guangzhou, China). 2-aminoterephthalic acid (H2N-BDC) was purchased from
Shanghai Maclin Biochemical Technology Co., Ltd. (Shanghai, China). Screen printable
etching paste (TP-005-4HC) was acquired from ShenZhen LaiYuan Technology Develop-
ing Co., Ltd. (Shenzhen, China). Tris (2-carboxyethyl) phosphine hydrochloride (TCEP),
Tris(2,2′-bipyridyl)ruthenium-(II) dichloride hexahydrate (Ru(bpy)3Cl2·6H2O), fumonisin
B1 (FB1), ochratoxin A (OTA), aflatoxin G1 (AFG1), aflatoxin B1 (AFB1), and zearalenone
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(ZEA) were provided by Sigma-Aldrich, St. Louis, MO, USA. An amount of 10 mM PBS
(phosphate buffer solution, pH 7.4) was supplied by Jiangsu Kaiji Biotechnology Co., Ltd.
(Nanjing, China). All of the DNA oligonucleotides were purchased from Shanghai Sheng-
gong Biological Co., Ltd. (Shanghai, China); they are listed below.

DNA walker: 5′-SH-(CH2)6-TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTT
TGAATAAGCTGGTATCCTCAG C-3′

Aptamer: 5′–TGAGGATACCAGCTTATTCAATTAATCGCATTACCTTATACCAGCTT
ATTCAATTACGTCTGCACATACCAGCTTATTCAATTAGATAGTAAGTGCAATCT-3′

Capture DNA (cDNA): 5′-SH-(CH2)6-TTTTTTGC*TGAGGTT-(CH2)6-NH2-3′

2.2. Instruments

An MS23 CCD camera (Guangzhou Mingmei Technology Co., Ltd. Guangzhou, China)
was used to capture ECL images. The UV–vis spectra were measured using an Ensight
multi-mode plate reader (Perkin Elmer, Waltham, MA, USA). Transmission electron mi-
croscopy (TEM) was acquired using an FEI Tecnai G2 F20 apparatus. Two MWCNTs/PDMS
fibers (diameter 1 mm) were used as driving electrodes and connected to a power supply.

2.3. Synthesis of Zr-MOFs and MB@Zr-MOFs

Zr-MOFs were synthesized according to the literature with minor modifications [31,32].
Briefly, 0.048 g zirconium chloride and 1.44 g dodecanoic acid were dissolved in 12 mL of
DMF and ultrasonicated for 25 min to obtain a clarified solution, then 0.0186 g
2-aminoterephthalic acid (H2N-BDC) was added and ultrasonicated again for 5 min. After
that, the mixture was transferred to a hydrothermal reactor and the reaction was continued
for 48 h in an oven at 120 ◦C. The obtained product was centrifuged at 8000 r/min for
5 min, washed 3 times with DMF and ethanol, and then dried at 60 ◦C to obtain Zr-MOFs
(yellow powder).

For the preparation of MB@Zr-MOFs, 15 mg Zr-MOFs was mixed with 5 mL of methy-
lene blue (1 mM) solution and shaken for 24 h, after which the product was centrifuged for
5 min at 8000 r/min. Finally, the sediment was washed with PBS several times to remove
the excess MB and re-dispersed in 5 mL of PBS.

2.4. Preparation of ITO Array Electrodes

An array of bipolar electrodes was prepared using the screen-printed method accord-
ing to our previous study [33]. Firstly, the pattern of the electrode array (10 electrodes,
0.15 cm × 1 cm) was designed using Adobe Illustrator and then sent to a local printing
shop to fabricate a template with 200-mesh screens. Then, the screen printable etching
paste was patterned on the ITO substrate (10 cm × 8 cm) with the help of the template.
The patterned ITO substrate was heated to 120 ◦C and kept for 2 h to etch the ITO layer
underneath the etching glue. After washing with water, the electrode was sonicated in
isopropanol solution and ultrapure water for 15 min to remove the etching glue and other
impurities from the electrode surface. The cleaned ITO was dried at 60 ◦C and stored in a
clean environment before use.

2.5. Preparation of Au/ITO Array Electrodes

Au NPs were deposited on one pole of the ITO array electrode using a bipolar elec-
trodeposition method [34]. An open BPE electrochemical cell was prepared as follows.
A PDMS slice was prepared by mixing the monomer and curing agent in a ratio of 10:1.
After degassing, the mixture was poured into a flat glass substrate and heated at 80 ◦C for
1 h. The PDMS slice was peeled off from the glass substrate and a rectangular reservoir
(9 cm × 2 cm) was fabricated on the PDMS slice using a knife. Then, the PDMS slice was
attached to the ITO electrode array surface. Two Pt wires were placed at the two ends of the
reservoirs to serve as driving electrodes and connected to the external power supply. An
amount of 3 mL of HAuCl4 solution was introduced and a constant voltage was applied
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for 1 min to trigger the simultaneous deposition of Au NPs on the cathode pole of the BPE.
The Au/ITO electrode array was then washed with ultrapure water and dried at 60 ◦C.

2.6. Preparation of DNA Mix

The DNA mix contains MB@Zr-MOFs/cDNA and double-stranded DNA (dsDNA).
MB@Zr-MOFs/cDNA was prepared by using glutaraldehyde as a linker molecule.
An amount of 5 mL of MB@Zr-MOFs was treated with 2.5% glutaraldehyde under continu-
ous shaking for 4 h. The glutaralized MB@Zr-MOFs were washed with PBS three times
and dispersed in 5 mL of PBS. An amount of 75 μL of cDNA (20 μM) was pretreated with
75 μL TCEP (10 mM) at 37 ◦C for 1 h to cleave the disulfide bonds and then conjugated
on glutaraldehyde-chemical MB@Zr-MOFs (150 μL) by incubating at 37 ◦C for 4 h. The
obtained MB@Zr-MOFs/cDNA was stored at 4 ◦C before use.

A total of 15 μL of DNA walker (20 μM) was reacted with 15 μL of TCEP (10 mM) at
37 ◦C for 1 h. Afterward, 15 μL of aptamer (20 μM) and 55 μL of PBS solution were intro-
duced. The mixture was heated to 95 ◦C for 5 min, cooled naturally to room temperature,
and then stored at 4 ◦C for 30 min to obtain dsDNA.

The DNA mix was prepared by introducing 300 μL of the above-prepared MB@Zr-
MOFs/cDNA solution, 50μL of TCEP (10 mM), and 50μL of PBS solution to the dsDNA solution.

2.7. Fabrication of ECL Biosensor

Ten holes with a diameter of 2 mm were punched on a PDMS slice to act as reservoirs.
Then, the PDMS slice was covered on the Au/ITO electrode array surface to construct a
specific biosensing interface for FB1. The distance between each hole was specially designed
so that each electrode was located in one reservoir.

A total of 20 μL of DNAmix solution was added into the reservoirs and incubated at
37 ◦C for 3 h. The obtained DNAmix/Au/ITO electrode was carefully washed with PBS.
Then, the unreacted sites of the Au/ITO electrode were blocked by 20 μL of MCH (0.1 mM)
at 37 ◦C for 1 h. After rinsing with PBS, the modified electrode was incubated with 20 μL
of mixture solution containing Nb.BbvCI (10 U/20 μL), different concentrations of FB1, and
1× Cutsmart buffer solution at 37 ◦C for 3 h, followed by washing with PBS. The PDMS
slice was removed, and the electrode was stored at 4 ◦C before ECL measurement.

2.8. ECL Imaging

A PDMS with two reservoirs (9 cm × 1.75 cm) was attached to the ITO BPE array to
fabricate a closed BPE-ECL device for ECL imaging (Figure S1). The distance between these
two reservoirs was 5 mm. MWCNTs-PDMS fibers with a diameter of 1 mm were glued
on the PDMS slice to serve as driving electrodes. They were prepared according to our
previous work [35] and connected to a CHI660E electrochemical workstation.

The reservoir containing the anode of the BPE array was filled with 2 mL of Ru(bpy)3
2+

(5 mM)/DBAE (50 mM) solution, and the cathode of the BPE was immersed in PBS. ECL
images were captured using a microscope equipped with a CCD in a dark environment
with an exposure time of 10 s. ECL intensity was analyzed using Image-Pro Plus 6.0.
ECL–potential curves were obtained using an MPI-E electrochemiluminescence analyzer
(Xi’An Remax Electronic Science &Technology Co. Ltd., Xi’an, China).

2.9. Real Sample Detection

Corn and peanuts were purchased from local markets and pretreated following the
reported literature [36]. Samples were grounded into powder, filtered through a 20-mesh
sieve, and then dispersed into methanol. Different concentrations of FB1 standard solutions
were spiked into 1 mL of sample (1 g)/methanol solution. After the complete evaporation
of solvent at room temperature, the sample was extracted with methanol/water (2:8, v/v)
solution by ultrasonication for 15 min. The suspension was collected by centrifugation
and diluted into 50 mL with PBS. The concentration of FB1 was then measured with the
fabricated biosensor.
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3. Results and Discussion

3.1. Principle of the BPE- ECL Biosensors Array for FB1 Detection

Scheme 1 illustrates the fabrication process and detection mechanism of the BPE-
ECL biosensor array. cDNA was labeled with MB@Zr-MOFs (Scheme 1A). Aptamer was
hybridized with a DNA walker to form double-stranded DNA (dsDNA), which was then
mixed with cDNA/MB@Zr-MOFs to form a DNA mix solution (Scheme 1B). The cathodes
of the ITO BPE were modified with Au NPs (Scheme 1C) through bipolar electrodeposition.
The large surface area of Au NPs allows more DNA to be immobilized on the electrode
surface; meanwhile, the excellent conductivity of Au NPs could amplify the ECL signal at
the anode of the BPE. Then, the specific sensing interface detection of FB1 was constructed
on the Au NPs’ surface. A DNA mix solution containing an aptamer–DNA walker duplex
and MB@Zr-MOFs-labeled cDNA was immobilized on Au NPs. Owing to the accumulation
of plenty of MB molecules on the cathode of the BPE, the reduction of MB can cause the
enhancement of the ECL signal of Ru(bpy)3

2+/DBAE at the anode. In the presence of FB1,
the competitive binding to aptamer between FB1 and the DNA walker forced the release of
aptamer from the electrode surface, which initiated the walking process of the DNA walker.
The hybridization of DNA walker with neighboring cDNA produced specific recognition
sites for Nb. BbvCI nicking endonuclease cleaved cDNA into two short DNA fragments,
causing the liberation of MB@Zr-MOFs-labeled DNA fragment from the cathode. As a
result, the cyclic walking of the DNA walker and the continuous cleavage of cDNA could
greatly improve the sensitivity of the biosensor.

Scheme 1. Schematic diagram of (A) the preparation process of cDNA-Zr MOFs, (B) synthesis process
of DNA mix, and (C) visual bipolar electrode-ECL array electrode for FB1 detection.

3.2. Characterization of MB@Zr-MOFs

The morphology of MB@Zr-MOFs was studied using transmission electron microscopy
(TEM). Figure 1A showed that the diameter of Zr-MOFs was about 70–80 nm, which is in
agreement with the literature [26]. After the loading of MB (Figure 1B), the structure of the
nanoparticles was not significantly changed. Meanwhile, the color of the MOFs turned
from light yellow to blue (inset of Figure 1C), indicating the successful encapsulation of MB
molecules in the Zr-MOFs. The UV-vis absorption spectra of Zr-MOFs and MB@Zr-MOFs
were displaced in Figure 1C. Zr-MOFs have no obvious peak in the range from 400 to
800 nm (curve A). The MB solution exhibited a strong absorption peak at around 661 nm.
The MB@Zr-MOFs (curve C) also displayed an obvious peak at the same position as the
MB molecules (curve B).
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Figure 1. TEM images of Zr-MOFs (A) and MB@Zr-MOFs (B). (C) UV-vis absorption spectra of
Zr-MOFs (a), MB (b), and MB@Zr-MOFs (c). Inset were the optical images of Zr-MOFs and MB@Zr-
MOFs solution. (D) FT-IR spectra of Zr-MOFs, MB and MB@Zr-MOFs. (E) XPS spectra of Zr-MOF
and MB@Zr-MOFs. (F) nitrogen adsorption−desorption isotherm of Zr-MOFs and MB@Zr-MOFs.

FT-IR analysis was then conducted to obtain the characteristic functional groups in
MB@Zr-MOFs (Figure 1D). MB exhibited characteristic peaks at 3308 cm−1 and 1606 cm−1,
corresponding to the N-H stretching vibration and phenyl ring vibration. For Zr-MOFs,
the peaks at 3328 cm−1 and 1578 cm−1 were related to the N-H stretching vibration and
Zr-C=N MOF’s stretching vibration [37], respectively. When MB molecules were embedded
into the Zr-MOFs (MB@Zr-MOFs), the characteristic peaks at 3447 cm−1 corresponding
to the N-H stretching vibration could be observed. Additionally, the peak caused by the
Zr-C=N MOF’s stretching vibration also appeared at 1564 cm−1.

The chemical composition of Zr-MOF and MB@Zr-MOF was analyzed using X-ray
photoelectron spectroscopy (XPS). As can be seen from the full survey spectra in Figure 1E
that both Zr-MOF and MB@Zr-MOF have C1s, O1s, N1s, and Zr3d peaks. Because of
the combination of MB on Zr-MOF, a new peak corresponding to Cl2p appeared in the
spectrum of MB@Zr-MOF. We could see from the high-resolution Zr3d spectrum of MB@Zr-
MOF in Figure S2 that the Zr 3d peak could be divided into two peaks at 182.4 and 184.8 eV,
corresponding to Zr 3d5/2 and Zr 3d3/2.

To further detect the specific surface area and porosity of Zr-MOFs and MB@Zr-
MOFs, nitrogen adsorption–desorption isotherm analysis was carried out. The Brunauer–
Emmett–Teller (BET) surface area and the pore volume of Zr-MOFs were 230.04 m2/g and
0.5568 m3/g, respectively. After the combination of MB molecules, the surface area and
pore volume reduced to 138.09 m2/g and 0.4012 m3/g, respectively.

3.3. Feasibility of the BPE-ECL Device for FB1 Assay

The electrochemical performance of MB@Zr-MOFs and the feasibility of MB@Zr-
MOFs-mediated ECL enhancement in the BPE system were then investigated using cyclic
voltammetry (CV) and ECL. Figure 2A shows the cyclic voltammograms obtained in a
three-electrode system using the prepared Au NPs/ITO electrode as the working electrode.
As can be seen, both MB and MB@Zr-MOFs displayed a pair of reversible redox peaks at ca.
0.169 and –0.196 V. It indicated that MB@Zr-MOFs underwent similar two-electron redox
reaction as MB [38]. The electrochemical reduction of MB@Zr-MOFs inducing an ECL
amplification effect in the BPE system was also studied. Curve a in Figure 2B shows the
ECL–voltage curve obtained by introducing Zr-MOFs solution into the cathodic reservoir
of the BPE. As can be seen, the ECL intensity was improved when the voltage exceeded
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2.5 V. When MB@Zr-MOFs were added (curve b), the onset voltage for driving the ECL
reaction reduced to 2.15 V; meanwhile, the ECL intensity was improved by 3.7-fold. It
confirmed that the reduction of MB@Zr-MOFs on the cathode of the BPE could mediate
the ECL signal emitted from the anode of the BPEs array. The corresponding ECL–time
curve is displayed in the inset of Figure 2B. The relative standard deviation (RSD) of the
ECL intensity under continuous 10 cycles of CV sweep was 2.04%, suggesting good ECL
stability of the prepared ITO electrode array.

Figure 2. (A) Cyclic voltammograms obtained on Au NPs/ITO electrodes in the presence of PBS, MB,
and MB@Zr-MOFs. (B) ECL–voltage curves were obtained by introducing Ru(bpy)3

2+/DBAE into
the anodic cell. The cathodic cell was filled with Zr-MOFs (a) and MB@Zr-MOFs (b), respectively.
Inset was the ECL–time curve recorded by filling the cathodic cell with MB@Zr-MOFs.

The immobilization of MB@Zr-MOFs/cDNA on Au NPs/ITO BPE was then assessed
by CV (Figure 3A). there was no noticeable peak when the Au NPs/ITO electrode was
immersed in PBS (black line). After treating the Au NPs/ITO electrode with DNA mix,
a pair of peaks appeared at –0.239 V and –0.175 V, ascribing to the oxidation and reduc-
tion of MB. It confirmed that MB@Zr-MOFs/cDNA was successfully assembled on the
Au NPs/ITO electrode. The peaks vanished after subsequent incubation with FB1 and
Nb.BbvCI, demonstrating the recognition of the modified electrode toward FB1 and the
cleavage of cDNA by Nb.BbvCI.

 

Figure 3. (A) Cyclic voltammograms obtained on different electrodes in PBS. (B) ECL images and the
corresponding ECL intensity obtained on Au NPs/ITO BPE (BPE-1), DNA mix/Au NPs/ITO BPE
(BPE-2), FB1/DNA mix/Au NPs/ITO BPE (BPE-3), Nb.BbvCI/DNA mix/Au NPs/ITO BPE (BPE-4),
and Nb.BbvCI/FB1/DNA mix/Au NPs/ITO BPE (BPE-5), respectively.
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The feasibility of the developed BPE-ECL biosensor for visual analysis of FB1 is
displayed in Figure 3B. A strong ECL signal could be observed on the anode of Au NPs/ITO
BPE (BPE-1). When the DNA mix was immobilized on the electrode surface, no significant
ECL signal could be observed. This is because although the reduction of MB@Zr-MOFs on
Au NPs/ITO BPE could amplify the ECL signal, the increased resistance of the electrode
caused by the immobilization of DNA would inhibit the ECL signal. When FB1 (0.5 ng/mL)
was added, the ECL signal changed slightly (BPE-3). When the DNA mix/Au NPs/ITO
BPE was treated with Nb.BbvCI in the absence of FB1 (BPE-4), the ECL signal also exhibited
no obvious change, suggesting that Nb.BbvCI cannot digest cDNA without FB1. When
FB1/DNA mix/Au NPs/ITO BPE was incubated with Nb.BbvCI (BPE-5), the ECL intensity
demonstrated a sharp decrement, confirming that the cleavage of MB@Zr-MOFs-labeled
cDNA by Nb.BbvCI was activated by FB1 and the feasibility of the developed biosensor for
FB1 measurement.

3.4. Optimization of Experimental Conditions

To achieve sensitive measurement of FB1, the experimental conditions, such as the
deposition time of Au NPs and the incubation time of FB1 and Nb.BbvCI, were optimized.
Figure S3 shows the optical images of the ITO electrode array captured during the depo-
sition of Au NPs under different voltages and times. As can be seen, when the external
voltage was 6 V, the color of the ITO electrode changed apparently due to the reduction
of HAuCl4 on the cathode of the BPE. As the deposition time increased, the color of the
electrode turned darker. With the increase in external voltage from 6 to 9 V, the coverage
area of the ITO electrode by Au NPs increased from 15.24% to 36.30%. Therefore, we chose
9 V for the preparation of Au/ITO BPE.

Figure 4 shows the effect of HAuCl4 concentration on the ECL behavior of the BPE
array. The ECL images were obtained by applying different voltages to trigger the ECL
reactions on the BPE array. The ECL intensity increased significantly with increasing
HAuCl4 concentration (1 mM to 8 mM). However, when the concentration of HAuCl4
reached 8 mM, the thick coating layer of gold can easily fall off from the ITO surface,
resulting in poor reproducibility of the biosensor. Therefore, to improve the performance
of the biosensor, 5 mM HAuCl4 was selected for the construction of Au/ITO BPE.

Figure 4. The effect of HAuCl4 concentration on the ECL behavior of BPE array.

Figure 4 also reveals that the ECL intensity exhibited a sharp enhancement with the
increase in voltage. Figure S4A shows the ECL stability of the developed Au/BPE array in
200 s, and that the voltage for triggering the ECL reactions was 2.9 V. Stable and intensive
ECL signals could be observed on each electrode. Figure S4B demonstrates that the average
ECL intensity at different electrodes on one array reached a plateau in 60 s. Additionally,
the RSD of the ECL intensities in one array was below 9.2%. These results suggest the good
stability and reproducibility of the BPE array.

Then, we optimized the reaction time of the DNA mix/Au/ITO electrode and the
mixture of FB1 and Nb.BbvCI. Figure 5 shows that the ECL signal intensity decreased with
increasing incubation time (0 to 2.5 h), which is caused by the cleavage of cDNA/MB@Zr-
MOFs on the electrode surface by Nb.BbvCI. After 2.5 h, the ECL intensity reached a stable
value, indicating that the cleavage reaction was completed. Therefore, 2.5 h was chosen for
the subsequent experiments.
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Figure 5. Optimization of the incubation time of FB1.

3.5. Calibration Curve for FB1 Measurement

Under optimized conditions, the designed biosensor was then used for a quanti-
tative assay of FB1. Figure 6A shows that the brightness of the ECL signal decreased
as the concentration of FB1 increased. The ECL signal intensity was linear in the range
of 5 × 10−5~0.5 ng/mL with the logarithm of the FB1 concentration (R2 = 0.9995). The
linear equation was I = 45,894–17,409 logC(ng/mL), indicating that the prepared biosensor
can be applied in the quantitative detection of FB1.

Figure 6. (A) ECL response and the calibration curve of the BPE biosensor for sensing FB1. (B) Selec-
tivity evaluation of the BPE biosensor on different mycotoxins.

The specificity of the prepared sensor for FB1 detection was conducted by measuring
the ECL signal of the biosensor in the presence of interference mycotoxins. As shown
in Figure 6B, the presence of AFG1, AFB1, OTA, ZEN, and the mixture could not cause
a significant change in ECL intensity compared to that of the blank sample. When the
mixture containing all these interfering toxins and FB1 was introduced, the ECL intensity
of the biosensor decreased sharply. Additionally, the ECL intensity was very close to that
obtained in the presence of FB1. All of these results suggested the superior selectivity of
the proposed biosensor for FB1 analysis.
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3.6. Application of the BPE Array Biosensor in Real Samples

To testify the applicability of the developed biosensor for FB1 measurement in real
samples, maize and peanut samples were grounded and different concentrations of FB1
standard solution were spiked. After extracting by solvent, the suspension was collected
using sonication and analyzed using the BPE array. As shown in Table 1, the recoveries were
in the range of 99.2%~110.6%, and the RSD was from 1.8% to 9.5%, indicating the acceptable
accuracy of the as-prepared biosensor for mycotoxin measurement in real samples.

Table 1. Detection of FB1 in actual samples (n = 3).

Samples Added (pg/mL)
Founded
(ng/mL)

RSD (%) Recovery (%)

Corn

0 Not detected -
0.500 0.5207 ± 0.0104 2.0 104.1
2.500 2.490 ± 0.085 3.4 99.6
5.000 5.184 ± 0.454 8.7 103.7

Peanut

0 Not detected -
0.500 0.4958 ± 0.0091 1.8 99.2
2.500 2.646 ± 0.251 9.5 105.9
5.000 5.530 ± 0.806 7.3 110.6

4. Conclusions

In the present work, a novel ECL biosensor based on an ITO BPEs array was con-
structed for visual analysis of FB1 in food samples. By introducing MB molecules-decorated
Zr-MOFs at the cathode of the BPE, the ECL signal produced at the anode of the BPE could
be significantly amplified due to the neutrality of the BPE. Meanwhile, in the presence
of the target, a DNA walker was activated, which triggered the continuous release of
MB@Zr-MOFs from the electrode surface, causing the significant quenching effect of the
ECL signal. As a result, the developed biosensor demonstrated a broad linear range and a
low detection limit for FB1 measurement. Additionally, this work provides a new concept
for screening multiple targets. Owing to the high sensitivity of the portable BPE-ECL device,
the biosensor might be commercialized by merging smartphone photography and analysis
technologies, as well as better manufacturing procedures for larger-scale production.
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device; Figure S2: high-resolution Zr 3d XPS spectra of MB@Zr-MOFs; Figure S3: optical images of
ITO electrode array during the deposition of Au NPs; Figure S4: ECL images captured on ITO BPEs
array under different time and the average ECL intensity–time curve.

Author Contributions: Conceptualization, L.J., H.Y. (Huihui Yu), W.L., Z.X., H.Y. (Haijian Yang)
and B.J.; data curation, L.J. and H.Y. (Huihui Yu); formal analysis, L.J., H.Y. (Huihui Yu), W.L., Z.X.,
H.Y. (Haijian Yang) and B.J.; methodology, L.J., H.Y. (Huihui Yu), W.L., Z.X., H.Y. (Haijian Yang),
B.J. and M.W.; resources, L.J. and H.Y. (Huihui Yu); software, L.J.; validation, L.J. and H.Y. (Huihui
Yu); visualization, L.J., investigation, W.L., Z.X., H.Y. (Haijian Yang) and B.J.; writing—original draft
preparation, L.J. and H.Y. (Huihui Yu); writing—review and editing, L.J., W.L., Z.X., H.Y. (Haijian
Yang), B.J. and M.W.; funding acquisition, M.W.; project administration, M.W.; supervision, M.W. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Qinglan Project of Jiangsu Province of China and the
National Natural Science Foundation of China (No. 21675087).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

396



Chemosensors 2023, 11, 451

References

1. Yang, C.; Song, G.; Lim, W. Effects of mycotoxin-contaminated feed on farm animals. J. Hazard. Mater. 2020, 389, 122087.
[CrossRef] [PubMed]

2. Gao, Z.C.; Luo, K.X.; Zhu, Q.X.; Peng, J.H.; Liu, C.; Wang, X.Y.; Li, S.J.; Zhang, H.Y. The natural occurrence, toxicity mechanisms
and management strategies of Fumonisin B1: A review. Environ. Pollut. 2023, 320, 121065. [CrossRef]

3. Lumsangkul, C.; Chiang, H.I.; Lo, N.W.; Fan, Y.K.; Ju, J.C. Developmental Toxicity of Mycotoxin Fumonisin B-1 in Animal
Embryogenesis: An Overview. Toxins 2019, 11, 114. [CrossRef]

4. Hao, K.; Suryoprabowo, S.; Hong, T.; Song, S.; Liu, L.; Zheng, Q.; Kuang, H. Immunochromatographic strip for ultrasensitive
detection of fumonisin B-1. Food Agric. Immunol. 2018, 29, 699–710. [CrossRef]

5. He, D.; Wu, Z.; Cui, B.; Xu, E. Aptamer and gold nanorod-based fumonisin B1 assay using both fluorometry and SERS. Microchim.
Acta 2020, 187, 215. [CrossRef]

6. Molina-Pintor, I.B.; Ruiz-Arias, M.A.; Guerrero-Flores, M.C.; Rojas-Garcia, A.E.; Barron-Vivanco, B.S.; Medina-Diaz, I.M.; Bernal-
Hernandez, Y.Y.; Ortega-Cervantes, L.; Rodriguez-Cervantes, C.H.; Ramos, A.J.; et al. Preliminary survey of the occurrence of
mycotoxins in cereals and estimated exposure in a northwestern region of Mexico. Int. J. Environ. Health Res. 2022, 32, 2271–2285.
[CrossRef] [PubMed]

7. Arumugam, T.; Ghazi, T.; Chuturgoon, A.A. Molecular and epigenetic modes of Fumonisin B-1 mediated toxicity and carcinogen-
esis and detoxification strategies. Crit. Rev. Toxicol. 2021, 51, 76–94. [CrossRef] [PubMed]

8. Han, Z.; Tang, Z.; Jiang, K.; Huang, Q.; Meng, J.; Nie, D.; Zhao, Z. Dual-target electrochemical aptasensor based on co-reduced
molybdenum disulfide and Au NPs (rMoS2-Au) for multiplex detection of mycotoxins. Biosens. Bioelectron. 2020, 150, 111894.
[CrossRef]

9. De Rycke, E.; Foubert, A.; Dubruel, P.; Bol’hakov, O.I.; De Saeger, S.; Beloglazova, N. Recent advances in electrochemical
monitoring of zearalenone in diverse matrices. Food Chem. 2021, 353, 129342. [CrossRef]

10. Jiang, F.; Li, P.; Zong, C.; Yang, H. Surface-plasmon-coupled chemiluminescence amplification of silver nanoparticles modified
immunosensor for high-throughput ultrasensitive detection of multiple mycotoxins. Anal. Chim. Acta 2020, 1114, 58–65.
[CrossRef]

11. Zong, C.; Jiang, F.; Wang, X.; Li, P.; Xu, L.; Yang, H. Imaging sensor array coupled with dual-signal amplification strategy for
ultrasensitive chemiluminescence immunoassay of multiple mycotoxins. Biosens. Bioelectron. 2021, 177, 112998. [CrossRef]

12. Jiang, P.; Luo, L.; Liu, X.; Zhao, W.; Bi, X.; Luo, L.; Li, L.; You, T. A potential-resolved ratiometric electrochemiluminescence
aptasensor for Pb2+: Gold nanoclusters and amino-terminated perylene derivative as both emitters and resonance energy transfer
donor-acceptor pair. Sens. Actuators B Chem. 2023, 386, 133758. [CrossRef]

13. Luo, L.; Liu, X.; Bi, X.; Li, L.; You, T. Dual-quenching effects of methylene blue on the luminophore and co-reactant: Application
for electrochemiluminescent-electrochemical ratiometric zearalenone detection. Biosens. Bioelectron. 2023, 222, 114991. [CrossRef]
[PubMed]

14. Wang, Q.; Xiong, C.; Li, J.; Deng, Q.; Zhang, X.; Wang, S.; Chen, M.-M. High-performance electrochemiluminescence sensors
based on ultra-stable perovskite quantum dots@ZIF-8 composites for aflatoxin B1 monitoring in corn samples. Food Chem. 2023,
410, 135325. [CrossRef] [PubMed]

15. Wei, M.; Wang, C.; Xu, E.; Chen, J.; Xu, X.; Wei, W.; Liu, S. A simple and sensitive electrochemiluminescence aptasensor for
determination of ochratoxin A based on a nicking endonuclease-powered DNA walking machine. Food Chem. 2019, 282, 141–146.
[CrossRef]

16. Xi, M.; Wu, Z.; Luo, Z.; Ling, L.; Xu, W.; Xiao, R.; Wang, H.; Fang, Q.; Hu, L.; Gu, W.; et al. Water Activation for Boosting
Electrochemiluminescence. Angew. Chem. Int. Ed. Engl. 2023, 62, e202302166. [CrossRef]

17. Qin, X.; Gao, J.; Jin, H.-J.; Li, Z.-Q.; Xia, X.-H. Closed Bipolar Electrode Array for Optical Reporting Reaction-Coupled Electro-
chemical Sensing and Imaging. Chem. A Eur. J. 2022, 29, e202202687.

18. Liu, Y.; Cheng, Q.-Y.; Gao, H.; Chen, H.-Y.; Xu, J.-J. Microfluidic Gradient Culture Arrays for Cell Pro-oxidation Analysis Using
Bipolar Electrochemiluminescence. Anal. Chem. 2023, 95, 8376–8383. [CrossRef]

19. Anderson, T.J.; Defnet, P.A.; Zhang, B. Electrochemiluminescence (ECL)-Based Electrochemical Imaging Using a Massive Array
of Bipolar Ultramicroelectrodes. Anal. Chem. 2020, 92, 6748–6755. [CrossRef]

20. Liu, Y.; Zhang, N.; Pan, J.-B.; Song, J.; Zhao, W.; Chen, H.-Y.; Xu, J.-J. Bipolar Electrode Array for Multiplexed Detection of Prostate
Cancer Biomarkers. Anal. Chem. 2022, 94, 3005–3012. [CrossRef]

21. Zhang, R.; Liang, Y.; Su, Y.; Lai, W.; Zhang, C. Cloth-based closed bipolar electrochemiluminescence DNA sensors (CCBEDSs):
A new class of electrochemiluminescence gene sensors. J. Lumin. 2021, 238, 118209. [CrossRef]

22. Li, X.; Du, Y.; Wang, H.; Ma, H.; Wu, D.; Ren, X.; Wei, Q.; Xu, J.-J. Self-Supply of H2O2 and O2 by Hydrolyzing CaO2 to Enhance
the Electrochemiluminescence of Luminol Based on a Closed Bipolar Electrode. Anal. Chem. 2020, 92, 12693–12699. [CrossRef]
[PubMed]

23. Yang, X.; Wang, Y.; Wang, L.; Zhu, J.; Zhao, J.; Zong, H.; Chen, C. Bipolar electrode ratiometric electrochemiluminescence
biosensing analysis based on boron nitride quantum dots and biological release system. Biosens. Bioelectron. 2021, 191, 113393.
[CrossRef] [PubMed]

24. Khoshfetrat, S.M.; Bagheri, H.; Mehrgardi, M.A. Visual electrochemiluminescence biosensing of aflatoxin M1 based on luminol-
functionalized, silver nanoparticle-decorated graphene oxide. Biosens. Bioelectron. 2018, 100, 382–388. [CrossRef]

397



Chemosensors 2023, 11, 451

25. Wang, F.; Fu, C.; Huang, C.; Li, N.; Wang, Y.; Ge, S.; Yu, J. Paper-based closed Au-Bipolar electrode electrochemiluminescence
sensing platform for the detection of miRNA-155. Biosens. Bioelectron. 2020, 150, 111917. [CrossRef] [PubMed]

26. Chen, B.; Tao, Q.; OuYang, S.; Wang, M.; Liu, Y.; Xiong, X.; Liu, S. Biocathodes reducing oxygen in BPE-ECL system for rapid
screening of E. coli O157:H7. Biosens. Bioelectron. 2023, 221, 114940. [CrossRef]

27. Che, Z.-Y.; Wang, X.-Y.; Ma, X.; Ding, S.-N. Bipolar electrochemiluminescence sensors: From signal amplification strategies to
sensing formats. Coord. Chem. Rev. 2021, 446, 214116. [CrossRef]

28. Jia, Y.-L.; Xu, C.-H.; Li, X.-Q.; Chen, H.-Y.; Xu, J.-J. Visual analysis of Alzheimer disease biomarker via low-potential driven
bipolar electrode. Anal. Chim. Acta 2023, 1251, 340980. [CrossRef]

29. Ge, S.; Zhao, J.; Wang, S.; Lan, F.; Yan, M.; Yu, J. Ultrasensitive electrochemiluminescence assay of tumor cells and evaluation of
H2O2 on a paper-based closed-bipolar electrode by in-situ hybridization chain reaction amplification. Biosens. Bioelectron. 2018,
102, 411–417. [CrossRef]

30. Zhang, S.; Rong, F.; Guo, C.; Duan, F.; He, L.; Wang, M.; Zhang, Z.; Kang, M.; Du, M. Metal–organic frameworks (MOFs) based
electrochemical biosensors for early cancer diagnosis in vitro. Coord. Chem. Rev. 2021, 439, 213948. [CrossRef]

31. He, B.S.; Dong, X.Z. Nb. BbvCI powered DNA walking machine-based Zr-MOFs-labeled electrochemical aptasensor using
Pt@AuNRs/Fe-MOFs/PEI-rGO as electrode modification material for patulin detection. Chem. Eng. J. 2021, 405, 126642.
[CrossRef]

32. He, B.; Dong, X. Hierarchically porous Zr-MOFs labelled methylene blue as signal tags for electrochemical patulin aptasensor
based on ZnO nano flower. Sens. Actuators B Chem. 2019, 294, 192–198. [CrossRef]

33. Chen, J.; Zhang, J.; Qiao, J.; Wu, M. Closed bipolar electrochemical biosensor based on ohmic loss mechanism for noncontact
measurements. J. Electroanal. Chem. 2020, 860, 113873. [CrossRef]

34. Yu, H.H.; Yang, H.J.; Liu, W.S.; Jin, L.S.; Jin, B.; Wu, M.S. Novel electrochemiluminescence biosensor of fumonisin B1 detection
using MWCNTs-PDMS flexible bipolar electrode. Talanta 2023, 257, 124379. [CrossRef]

35. Li, Y.C.; Zheng, C.R.; Liu, S.; Huang, L.; Fang, T.S.; Li, J.X.Z.; Xu, F.; Li, F. Smart Glove Integrated with Tunable MWNTs/PDMS
Fibers Made of a One-Step Extrusion Method for Finger Dexterity, Gesture, and Temperature Recognition. ACS Appl. Mater.
Interfaces 2020, 12, 23764–23773. [CrossRef]

36. Ren, C.C.; Li, H.M.; Lu, X.T.; Qian, J.; Zhu, M.Y.; Chen, W.; Liu, Q.; Hao, N.; Li, H.N.; Wang, K. A disposable aptasensing device
for label-free detection of fumonisin B1 by integrating PDMS film-based micro-cell and screen-printed carbon electrode. Sens.
Actuators B Chem. 2017, 251, 192–199. [CrossRef]

37. Al-Hazmi, G.A.A.; El-Zahhar, A.A.; El-Desouky, M.G.; El-Bindary, M.A.; El-Bindary, A.A. Adsorption of industrial dye onto a
zirconium metal-organic framework: Synthesis, characterization, kinetics, thermodynamics, and DFT calculations. J. Coord. Chem.
2022, 75, 1203–1229. [CrossRef]

38. Mollarasouli, F.; Asadpour-Zeynali, K.; Campuzano, S.; Yáñez-Sedeño, P.; Pingarrón, J.M. Non-enzymatic hydrogen peroxide
sensor based on graphene quantum dots-chitosan/methylene blue hybrid nanostructures. Electrochimica Acta 2017, 246, 303–314.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

398



Citation: Fan, Y.; Liu, Y.; Gao, G.;

Zhang, H.; Zhi, J. Development and

Application of an Electrochemical

Sensor with 1,10-Phenanthroline-5,6-

dione-Modified Electrode for the

Detection of Escherichia coli in Water.

Chemosensors 2023, 11, 458.

https://doi.org/10.3390/

chemosensors11080458

Academic Editor: Marcello Mascini

Received: 29 June 2023

Revised: 4 August 2023

Accepted: 10 August 2023

Published: 15 August 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

chemosensors

Article

Development and Application of an Electrochemical Sensor
with 1,10-Phenanthroline-5,6-dione-Modified Electrode for
the Detection of Escherichia coli in Water

Yining Fan 1,2,†, Yanran Liu 1,2,†, Guanyue Gao 1,2,*, Hanxin Zhang 1,2 and Jinfang Zhi 1,2

1 Key Laboratory of Photochemical Conversion and Optoelectronic Materials, Technical Institute of Physics and
Chemistry, Chinese Academy of Sciences, Beijing 100190, China; zhi-mail@mail.ipc.ac.cn (J.Z.)

2 University of Chinese Academy of Sciences, Beijing 100049, China
* Correspondence: gaoguanyue@mail.ipc.ac.cn
† These authors contributed equally to this work.

Abstract: The routine monitoring of bacterial populations is crucial for ensuring water quality and
safeguarding public health. Thus, an electrochemical sensor based on a 1,10-phenanthroline-5,6-
dione-modified electrode was developed and explored for the detection of E. coli. The modified
electrode exhibited enhanced NADH oxidation ability at a low potential of 0.1 V, which effectively
eliminated the interference from other redox compounds in bacteria. The sensitivity for NADH
was 0.222 μA/μM, and the limit of detection was 0.0357 μM. Upon cell lysis, the intracellular
NADH was released, and the concentration of E. coli was determined through establishing the
relationship between the oxidation current signal and NADH concentration. The performance of the
electrochemical sensor in the detection of NADH and E. coli suspensions was validated using the
WST-8 colorimetric method. The blank recovery experiment in real water samples exhibited good
accuracy, with recovery rates ranging from 89.12% to 93.26% and relative standard deviations of less
than 10%. The proposed electrochemical sensor realized the detection of E. coli without the usage
of biomarkers, which provides a promising approach for the broad-spectrum detection of microbial
contents in complex water environments.

Keywords: electrochemical sensor; 1,10-phenanthroline-5,6-dione; NADH; Escherichia coli; rapid
detection

1. Introduction

Biodiverse and complex water ecosystems provide favorable environments for a wide
range of microorganisms, resulting in significant microbial populations within aquatic
environments. However, the spreading of pathogenic microorganisms through water can
lead to severe epidemics and infectious diseases [1]. Consequently, strict regulations have
been established to restrict the microbial contents in various water sources, such as drinking
water, surface water, and groundwater, in order to safeguard public health [2]. Recent
advancements in water quality assessment methodologies have contributed to the progres-
sive refinement of the standards concerning microbial indicators. The key microbiological
indicators utilized in evaluating water quality predominantly include the total number of
colonies, coliform groups, fecal coliform groups, and other pathogenic bacteria. The water
standards have adopted analytical methods like flat colony counting, multitube fermenta-
tion, filter membrane, and turbidimetric counting to assessing microbial contents through
enumerating colonies or measuring optical density [3]. However, these traditional culture
methods require specific culture media; precise control over experimental conditions such
as temperature, pH, and oxygen levels; as well as specialized instruments and skilled
personnel. Additionally, their lengthy culture times and poor anti-interference ability have
further limited their application in real detection scenarios. Furthermore, with the develop-
ment of immunoassay and bioassay technologies, bioanalytical techniques, represented by
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enzyme-linked immunosorbent assay (ELISA) and polymerase chain reaction (PCR), have
offered sensitive approaches for bacterial detection with high accuracy and specificity [4].
Nevertheless, their application is constrained by their high cost and inability to meet the
rapid detection requirements for multiple targets in water.

In addition to conventional standard methods, optical techniques, including fluorescence
analysis [5], surface plasmon resonance [6,7], surface-enhanced Raman scattering [8,9], and
electrochemical sensing, can selectively identify and sensitively detect microorganisms
through the assistance of endogenous biomarkers such as antibodies/antigens, aptamers,
DNA, etc. Among them, electrochemical biosensors have emerged as a promising candi-
date due to their fast response, ease of miniaturization, and cost-effectiveness [10–12]. Via
incorporation with biomarkers, the electrochemical biosensors have achieved the sensitive
detection of DNA [13], toxins [14], cancer cells [15], and bacteria [16]. Ju et al. devel-
oped a sensitive and specific electrochemical biosensor based on target-induced aptamer
displacement and achieved the direct detection of E. coli O111 with a limit of detection
(LOD) of 112 CFU/mL [16]. Güner et al. developed an electrochemical immunosensor
by modifying a poly-pyrrole/Au/MWCNT/chitosan modified electrode with E. coli mon-
oclonal antibodies [17]. Zou et al. employed a “sandwich” mode to capture E. coli with
antibodies and bind them to mediators. The resulting differential pulse voltammetry
signal was proportional to the number of E. coli, enabling an LOD of 10 CFU/mL [18].
In recent years, innovative immunosignal amplification strategies, including 3D walkers,
clustered regularly interspaced short palindromic repeats (CRISPR) technology [19,20],
and ring-mediated isothermal amplification, have been integrated into the development of
electrochemical sensors. Zhang et al. employed a 3D DNA walking molecule amplification
strategy in the detection of E. coli, achieving an LOD of 20 CFU/mL [21].

Electrochemical sensors can also achieve indirect bacterial detection through the
detection of intracellular endogenous substances. Kwon et al. detected the reduction
current of 4-methoxyphenyl-β-d-galactopyranoside to 4-methoxyphenol under the catalysis
of the β-galactosidase present in E. coli and realized the detection of E. coli with an LOD
of 2 × 103 CFU/mL [22]. Currently, most electrochemical biosensors rely on bio-immune
and DNA analysis, which possess high specificity [23–25], but this characteristic also
leads to constraints in the detection of multiple microorganisms. The use of nonbiological
identification methods to achieve broad-spectrum detection of microorganisms is still
relatively rare.

In present study, an electrochemical sensor was fabricated using 1,10-phenanthroline-
5,6-dione as a redox mediator, and its potential for quantitatively detecting NADH and
E. coli was investigated. The performance and anti-interference ability of the as-prepared
electrochemical sensor were evaluated. To determine the accuracy of the electrochemical
sensor in quantifying E. coli concentration and intracellular NADH content, a WST-8
colorimetric method was employed. Additionally, three real river water samples were
collected, and a blank recovery experiment was conducted to assess the capability of the
electrochemical sensor in detecting E. coli concentrations. The primary objective of this
work was to determine the E. coli population using NADH as a signal indicator, thereby
creating a feasible and broad-spectrum method for the detection of microorganisms in
complex water samples.

2. Materials and Methods

2.1. Reagents

Escherichia coli (ATCC 25922) was provided by China General Microbiological Culture
Collection Center. The 1,10-phenanthroline-5,6-dione (PD), nicotinamide adenine dinu-
cleotide (NADH), thionine (TH), reduced flavin adenine dinucleotide (FADH2), agar, tri (hy-
droxymethyl) amino methane hydrochloride (Tris-HCl), and ethylene diamine tetraacetic
acid (EDTA) were all purchased from Beijing Lanyi Chemical Products Co., Ltd., Beijing,
China. Multiwalled carbon nanotubes (MWCNTs) were provided by XFNANO Co., Ltd.,
Nanjing, China. Triton X-100 and NAD+/NADH assay kits were purchased from Beyotime
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Biotechnology Co., Ltd., Shanghai, China. We purchased 0.1 M phosphate buffer solution
(PBS) from Sinopharm Chemical Reagent Co., Ltd., Shanghai, China, and 5% Nafion™
117 solution was purchased from Merck, Darmstadt, Germany. Beef extract and peptone
were purchased from Aoboxing biotech company, Beijing, China. All chemicals were
used without further purification. Milli-Q water (R > 18.0 MΩ•cm) was used to prepare
all solutions.

Three real water samples were collected from Puhe River in Shanxi Province, Tang-
wang River in Heilongjiang Province, and Xiaoyun River in Beijing. All the real water
samples were filtered through a 13 mm×0.22 μm filtration membrane to remove the sedi-
ments before electrochemical detection.

2.2. Apparatus

Cyclic voltammetry (CV) and chronoamperometric measurements were carried out
with an electrochemical workstation (CHI 660E). Field-emission scanning electron mi-
croscopy (FESEM, Quanta FEG 250, Oregon, OR, USA) with an operating voltage of 10 kV
was used to characterize the morphology of the modified electrode. The concentration
of E. coli in the suspension was measured with a UV spectrophotometer (SECOMAM
UVIKONXL, Domont, France) at 600 nm, recorded as OD600. OD600 refers to the light
absorption value of a bacterial solution at a wavelength of 600 nm, which is used to char-
acterize bacterial concentrations. The higher the bacterial concentration, the higher the
absorbance [26,27].

2.3. Preparation of Electrochemical Sensor

We dissolved 100 mg of MWCNTs in 10 mL of deionized water, which we then
dispersed ultrasonically for 30 min. Then, 100 μL of 5% Nafion solution was added and
mixed ultrasonically for 5 min to prepare the MWCNTs–Nafion solution. We dropped 15 μL
of as-prepared MWCNTs–Nafion solution on the surface of a glassy carbon electrode (GCE),
which was dried at room temperature to form MWCNTs-Nafion@GCE. Then, 5 mg of PD
was dissolved in 5 mL ethanol solution and sonicated for 10 min to prepare PD solution;
10 μL of PD solution was dropped on the MWCNTs-Nafion@GCE and dried for 2 h. The
modified electrode was rinsed with deionized water and dried at room temperature to
obtain PD-MWCNTs-Nafion@GCE, which was stored in a refrigerator at 4 ◦C until use.

Similarly, the TH-modified electrode was prepared according to same procedure. A
total of 10 μL of 0.3 mM TH aqueous solution was dropped on MWCNTs-Nafion@GCE
and dried for 2 h. Then, the modified electrode was rinsed with deionized water to remove
excess TH and dried at room temperature to obtain TH-MWCNTs-Nafion@GCE.

2.4. Culture of E. coli

A small aliquot of E. coli was placed in 100 mL of liquid culture medium that contained
5 g/L beef extract, 10 g/L peptone, and 5 g/L sodium chloride. Then, the inoculated culture
medium was cultured aerobically in a rotary shaker in a 37 ◦C water bath for 16 h. The
cultured bacterial suspension was centrifuged at 6000 rpm for 5 min and washed twice with
PBS solution to fully remove the culture medium. The concentration of E. coli suspension
was adjusted using a UV spectrophotometer and diluted to different concentrations ranging
from OD600 = 0.2 to OD600 = 2.6.

The number of E. coli in bacterial suspension with varied OD600 values was further
determined using the flat colony counting method. Solid agar culture plates were prepared
as follows: The agar liquid medium (beef extract 5 g/L, peptone 10 g/L, sodium chloride
5 g/L, and agar 15 g/L) was first fully mixed and sterilized at 121 ◦C. The liquid agar
medium was then cooled to 46 ◦C and poured into the plates and solidified at room
temperature. E. coli suspensions with different OD600 values were fully diluted, then 1 mL
of dilution was dropped into the sterile agar plate and cultured at 37 ◦C for 24 h. Three
parallel groups were set for each OD600 value. The number of E. coli colonies was observed
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and counted with a colony counter, and the bacterial concentration in each OD600 value is
presented as colony-forming units per milliliter (CFU/mL).

2.5. Detection of NADH Using As-Prepared Electrochemical Sensor

A three-electrode electrochemical cell was used to determine the content of NADH.
The as-prepared PD-MWCNTs-Nafion@GCE was used as the working electrode, a Pt wire
was used as the counter electrode, and Ag/AgCl (sat’ KCl) was used as the reference
electrode. During the detection process, the modified electrode was initially activated in
10 mL of 0.1 M PBS solution (pH = 7.0) under 900 rpm stirring. The applied potential was
0.1 V vs. Ag/AgCl (sat’ KCl). Standard NADH solutions with varied concentrations were
added into the electrochemical cell once the current was steady, and the current values
were measured 30 s after each addition. The calibration curve was obtained by plotting the
current changes (ΔI) against the corresponding NADH concentrations.

2.6. Detection of E. coli Using As-Prepared Electrochemical Sensor

The E. coli concentration was determined by quantitively analyzing their intercellular
NADH content. Therefore, cells lysis was conducted to release the intracellular NADH in
order to detect E. coli centration. We mixed 5 mL of E. coli suspension with different OD600
values with 0.1 M Tris-HCl, 0.02 M EDTA, and 0.05% Triton X-100, and sonicated in an ice
bath for 15 min to prepare E. coli lysate.

The concentration of E. coli was determined via chronoamperometry. The current
response of the as-prepared PD-MWCNTs-Nafion@GCE in 10 mL of E. coli lysate was
recorded at the applied potential of 0.1 V. The steady-state current was recorded after 100 s,
and the current–concentration relationship was established by detecting E. coli suspension
with various OD600 values.

2.7. Detection of E. coli Using Colorimetric Method

The intracellular concentration of NADH was also verified using the WST-8 colori-
metric method with the following procedure: We prepared 20 μL of 0, 0.25, 0.5, 1, 2, 4,
6, 8, and 10 μM standard NADH solutions, which we added into a 96-well plate. Then,
20 μL of E. coli lysate with varying OD600 values was also added into the 96-well plate for
detection. Next, 90 μL of PBS and 10 μL of 1-methoxy-5-methylphenazinium methyl sulfate
chromogenic solution were added into each sample, which were then incubated in the dark
for 45 min. The absorbance intensity was measured at a wavelength of 450 nm with a mi-
croplate reader (TECAN Infinite50, Männedorf, Switzerland). According to the established
absorbance intensity–NADH concentration calibration curve, the NADH concentrations in
E. coli lysate were determined.

3. Results and Discussion

3.1. The Detection Principles of As-Prepared Electrochemical Sensor

In this work, a novel electrochemical approach was developed for the sensitive de-
tection of E. coli based on the quantification of intracellular NADH content. NADH is a
crucial product of microbial carbohydrate metabolism and plays a vital role in the microbial
respiratory electron transfer processes. Studies have demonstrated that the number of
NADH molecules within each bacterial cell remains relatively constant, typically ranging
from 106 to 108, making NADH a stable and universally present endogenous substance
in bacterial systems [28]. However, it is important to identify the specific potential at
which NADH can undergo oxidation to coenzyme I in the electrochemical detection of
NADH. This oxidation process typically occurs at high oxidation potentials, resulting in
the concurrent oxidation of other intracellular electroactive substances and subsequently
the generation of interference signals. Nevertheless, previous research has indicated that
PD is an ideal mediator capable of oxidizing NADH at a lower potential, thus enabling
selective and accurate detection [29].
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In the design of electrochemical sensors, MWCNTs are widely employed as electrode-
modification materials, which exhibit remarkable electrochemical stability and electrical
conductivity [30]. Nafion, as a type of perfluorosulfonic acid polymer, exhibits good thermal
stability and high proton conductivity. It has been revealed that the interaction between the
hydrophobic sidewalls of MWCNTs and the main chain of Nafion fluorocarbons facilitates
the uniform dispersion of MWCNTs within Nafion, effectively enhancing Nafion’s ability to
immobilize MWCNTs on the electrode [31]. Consequently, the integration of these materials
can enhance electrode conductivity while simultaneously improving the immobilization
of the PD mediator on the electrode surface. Therefore, we developed a PD-mediated
electrochemical sensor to detect NADH at low potential, subsequently realizing the accurate
quantification of E. coli concentrations. The electrode preparation and E. coli detection
process are depicted in Scheme 1. The GCE was first modified with MWCNTs–Nafion
solution to form a polymer film. Then, PD mediator was drop casted on the MWCNTs-
Nafion@GCE, and the PD-modified electrode was prepared. In the E. coli detection process,
the bacterial suspension was incubated with cell lysis buffer to fully release the intracellular
NADH. The NADH content was determined using the as-prepared PD-modified electrode
at a suitable potential, and the current response was recorded.

Scheme 1. Schematic representation of the preparation and detection process of electrochemical
sensor.

3.2. Surface Characterization of PD-Modified Electrode

The morphologies of the PD particles, MWCNTs, and modified electrodes were char-
acterized using a field-emission scanning electron microscope, the results are shown in
Figure 1. Needle-like clusters of PD particles with different shapes and sizes were observed,
indicating the agglomeration of PD particles on the GCE surface (Figure 1a). The morphol-
ogy of the MWCNTs is shown in Figure 1b, which had an average tube length of 8 μm. The
as-prepared PD-MWCNTs-Nafion@GCE was uniformly covered by a smooth and porous
film, signifying the successful deposition of the Nafion film onto the GCE (Figure 1c). The
presence of large particles on the electrode surface corresponded to agglomerated PD, while
the tubular structures indicated that the MWCNTs were partially embedded within the
Nafion film. The above results demonstrated the effective immobilization of both PD and
MWCNTs on the electrode surface through Nafion.
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Figure 1. FESEM images of different modified electrodes: (a) PD@GCE; (b) MWCNTs@GCE;
(c) PD-MWCNTs-Nafion@GCE.

3.3. Electrochemical Characterization of PD-Modified Electrode

The electrochemical properties of the modified electrodes were firstly examined via
cyclic voltammetry, as shown in Figure 2a. In PBS solution, PD-MWCNTs-Nafion@GCE
exhibited oxidation and reduction peaks at 0.05 V and −0.13 V (Figure 2a, red dashed
line), representing the oxidation and reduction of PD mediator. Notably, the PD-modified
electrode displayed good reversibility with a ΔEp value of 0.18 V. In the absence of the PD
mediator, no redox peak was observed for MWCNTs-Nafion@GCE, owing to the inherent
stability of MWCNTs and Nafion polymer (Figure 2a, blue dashed line).

Figure 2. (a) Cyclic voltammetry curves of PD-MWCNTs-Nafion@GCE and MWCNTs-Nafion@GCE
before and after the addition of 0.1 mM NADH, scan rate 0.1 V/s; (b) i–t curves of TH-MWCNTs-
Nafion@GCE and PD-MWCNTs-Nafion@GCE in 0.1 mM NADH at a potential of 0.1 V (vs. Ag/AgCl);
(c) Nyquist plots of bare GCE and modified electrodes.

Moreover, the electrochemical reaction between the modified electrode and NADH
was also investigated. In 0.1 mM NADH solution, the MWCNTs-Nafion@GCE electrode
displayed a distinct oxidation peak at approximately 0.6 V (Figure 2a, blue line), indicating
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that NADH undergoes oxidation and decomposition at a high potential on MWCNTs-
Nafion@GCE. It is worth noting that many substances, such as uric acid and ascorbic
acid, can also undergo direct oxidation at a potential of 0.6 V. Hence, NADH detection
at this potential suffers from poor anti-interference ability. In contrast, the PD-MWCNTs-
Nafion@GCE exhibited a much more sensitive response to NADH (Figure 2a, red line).
The oxidation of NADH was achieved at a much lower potential of 0.05 V, and the oxi-
dation peak current of the modified electrode increased by 20 μA after 0.1 mM NADH
addition. This decrease in oxidation potential offers several advantages: On the one hand,
the decrease in oxidation potential can effectively avoid the electrode fouling caused by
high potential oxidation and the signal interference caused by the oxidation reactions of
other substances in water samples. On the other hand, the enhanced redox signal response
can further improve the sensitivity in NADH and E. coli detection. This improved per-
formance of the PD-MWCNTs-Nafion@GCE electrode can be attributed to the reactions
between the PD mediator and NADH. As shown in Equations (1) and (2), PD catalyzes the
oxidative decomposition of NADH and is reduced to 1,10-phenanthroline-5,6-diol; then,
1,10-phenanthroline-5,6-diol is oxidized back to PD under the applied oxidation potential
and generates an oxidation current.

PD(ox) + 2NADH → PD(red) + 2NAD+ (1)

PD(red) → PD(ox) + 2H+ + 2e− (2)

In order to verify the superiority of PD as a mediator in the detection of NADH, we
also considered the electrochemical performance of a thionine-modified electrode. TH is a
widely used mediator in the construction of microbial biosensors and microbial fuel cells,
which possesses good electron transfer ability in bacterial metabolic processes [32]. The
chronoamperometric responses of modified electrodes utilizing different mediators were
assessed in the detection of NADH. As depicted in Figure 2b, the TH-modified electrode
only exhibited a feeble oxidation current (ΔI = 0.5 μA) upon the addition of 0.1 mM NADH
(Figure 2b, red line). In comparison, the PD-modified electrode demonstrated a distinct
current response (ΔI = 21.6 μA, Figure 2b, blue line) because TH reacts with NADH at a
negative potential, which leads to the low oxidation efficiency at 0.1 V. Therefore, PD is a
more favorable mediator in the detection of NADH at low potentials.

The changes in the modified electrode’s interfacial properties were characterized using
electrochemical impedance spectroscopy (EIS). The impedance spectra of different elec-
trodes were recorded in 0.1 M KCl solution containing 5.0 mM [Fe(CN)6]3−/[Fe(CN)6]4−
at a frequency ranging from 105 to 10−1 Hz. As depicted in Figure 2c, the Nyquist plot
of bare GCE appears as an oblique line at low frequencies and a semicircle at high fre-
quencies, with an Rct of 90 Ω. After the modification of MWCNTs−Nafion, the Rct value
remained at the same level. It could be attributed to the combined effect of the high con-
ductivity of carbon nanotubes and the electrostatic repulsion of Nafion membranes against
[Fe(CN)6]3−/[Fe(CN)6]4− mediators. Notably, the Rct value decreased to 15 Ω after the
adsorption of PD, which demonstrated the effect of the PD mediator in facilitating the
electron transfer process of PD-MWCNTs-Nafion@GCE.

3.4. The Performance of As-Prepared Electrochemical Sensor in NADH Detection

To validate the feasibility of as-prepared electrochemical sensor in the detection of
NADH, chronoamperometric measurements were performed by consecutively adding
NADH at varying concentration gradients. As shown in Figure 3a, when 10 μM NADH
was added, the diffusion equilibrium was reached within 10 s under stirring, and the
steady-state current was obtained. The current change−NADH concentration relationships
between 10–100 μM and 0.25–8 μM were established according to the amperiometric results.
As shown in Figure 3b, the as-prepared electrochemical sensor exhibited excellent linear
relationships in both the higher and lower concentration ranges. The correlation coefficients
were above 0.99, indicating high accuracy in NADH detection. The sensitivity for NADH
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was 0.222 μA/μM, and the LOD value was 0.0357 μM. The LOD was calculated using
3 Sb/m, where m is the slope of calibration curve at low concentration, and Sb is standard
deviation from three blank experiments. Compared with previously reported sensors
(Table 1), the present electrochemical sensor has a relatively low detection limit. In addition,
our method could be operated at a relatively low voltage, which can effectively prevent
interference from other electroactive substances.

Figure 3. (a) i–t curves of PD-MWCNTs-Nafion@GCE in the detection of NADH, E = 0.1 V (vs.
Ag/AgCl); (b) calibration curves for NADH.

Table 1. Comparison of electrochemical sensors in the detection of NADH.

Sensor
Detection

Potential (V)
LOD (μM)

Linear Range
(μM)

Sensitivity
(μA/μM)

Ref.

CS–DA-MWCNTs-COOH/Au +0.25 vs. SCE 0.012 0.1–600 0.009 [33]
PAA-MWNTs/GCE +0.13 vs. Ag/AgCl 1 4–100 0.094 [34]

ERGO–PTH/GC +0.4 vs. SCE 0.1 10–3900 0.143 [35]
CHIT/MWNTs/GC +0.4 vs. SCE 0.3 0.8–1600 / [36]

POA/GR@GCE +0.045 vs. SCE 1.3 0.166–1.772 47.1 [37]
PD-MWCNTs-Nafion@GCE +0.1 vs. Ag/AgCl 0.0357 0.25–8, 10–100 0.222 This work

The bacterial respiratory metabolism is a complex process involving cytochrome c,
cytochrome a, FADH2, and various enzymes involved in respiratory electron transfer,
such as NADH dehydrogenase, coenzyme Q, succinate dehydrogenase, etc. Thus, the
anti-interference experiment was conducted to evaluate the potential impact of active
intracellular redox substances on the oxidation current signal of NADH. Among these sub-
stances, coenzyme Q exhibited an anodic peak at approximately −0.1 V and cytochrome c at
−0.26 V for MWCNTs-modified GCE [38,39], which do not interfere with the NADH oxida-
tion signal. In contrast, FADH2, which participates in the ATP conversion process together
with NADH, is an electron donor similar to NADH, which may potentially interfere with
the oxidation of NADH. Therefore, an interference experiment was conducted to examine
whether FADH2 generates an oxidation current under the same experimental conditions.
A potential of 0.1 V was applied on the modified electrode, and chronoamperometry was
performed in 0.1 M PBS solution. The result is shown in Figure 4a: no significant current
increase was observed after the addition of 0.1 mM FADH2, indicating that FADH2 does
not interfere with the redox reaction of PD and NADH at a potential of 0.1 V. This result
was also verified via the cyclic voltammetry of PD-MWCNTs-Nafion@GCE in the presence
of FADH2. The CV curve displayed distinct redox peaks for FADH2 at −0.3 V and −0.5 V,
respectively, which suggested the low redox potential of FADH2 on the modified electrode
(Figure 4b). The PD mediator was not involved in the oxidation of FADH2 at a potential
of 0.1 V. Therefore, the electrochemical sensor showed nonresponse to FADH2 during the
detection process. In summary, the low oxidation potential of PD and NADH effectively
eliminates the interference of active intracellular redox substances during the detection
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process, ensuring the specificity and accuracy of the as-prepared electrochemical sensor in
the detection of NADH.

Figure 4. (a) i–t curve of PD-MWCNTs-Nafion@GCE upon the addition of 0.1 mM FADH2 (in 0.1 M
PBS), E = 0.1 V (vs. Ag/AgCl). (b) Cyclic voltammetry of PD-MWCNTs-Nafion@GCE in 0.1 M PBS
solution containing FADH2 at the scan rate of 0.1 V/s.

3.5. Detection of E. coli by As-Prepared Electrochemical Sensor

In water quality assessments, the amount of E. coli and the total number of bacterial
colonies are crucial microbial parameters. Therefore, the applicability of the as-prepared
electrochemical sensor in detecting E. coli was investigated. Chronoamperometry was
employed to detect E. coli lysates with varying concentrations. The chronoamperometric
response of the electrochemical sensor to E. coli lysates with OD600 values of 0, 0.4, 0.77,
1.2, 1.64, and 2.0 is shown in Figure 5a. The steady-state currents increased with rising
concentrations of E. coli suspension. The steady-state current of the E. coli suspension with
OD600 values of 0.4 and 0.77 were 0.32 μA and 0.37 μA, respectively, while the steady-state
current of OD600 = 2.0 reached 1.53 μA. It is worth noting that the relationship between
the current response and OD600 values was found to be nonlinear. In order to explore the
underlying reason for this phenomenon, the numbers of E. coli colonies under different
OD600 values from 0.2 to 2.6 were detected using the plate colony counting method. The
relationship of the current response and E. coli colony numbers is illustrated in Figure 5b;
the current–E. coli colony numbers conformed to a linear relationship at low bacterial
concentrations, which indicated that the NADH concentrations in bacterial lysates increased
linearly with E. coli colony numbers. However, the current response slowly plateaued as
E. coli colony numbers further increased. This could be attributed to the insufficient cell lysis
and nonexhaustive release of intracellular NADH as the bacterial content further increased.
The LOD of the as-prepared electrochemical sensor for E. coli was determined using 3Sb/m,
where m is the slope at low concentrations, and Sb is the standard deviation for three
blank measurements. The LOD value for E. coli was 1.12 × 1010 CFU/mL. Therefore, the
as-prepared sensor can accurately detect the NADH content in E. coli solutions, and the
detection signal is positively correlated with the E. coli concentration, which further proves
the suitability of the electrochemical sensor for the detection of E. coli.

To further validate the accuracy of the as-prepared electrochemical sensor in the
quantification of NADH content in E. coli solutions, three E. coli lysate samples with OD600
values of 0.2, 1.0, and 1.5 were selected for analysis. The NADH concentrations in these
bacterial lysates were determined with both the electrochemical sensor and the WST-8
colorimetric method. To determine the NADH concentration in unknown samples via
the WST-8 colorimetric method, the calibration curve between absorbance intensity and
NADH concentration was established. As shown in Figure 6a, the absorbance intensity and
NADH concentration conformed to a good linear relationship. Subsequently, the NADH
contents of E. coli lysates with OD600 values of 0.2, 1.0, and 1.5 were detected following
the same procedure. To eliminate solution turbidity from interfering with the absorbance
intensity, the supernatants of the E. coli lysates were obtained through centrifugation. By
comparing the detected absorbance intensity values with the calibration curve, the NADH
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concentrations in E. coli lysates were determined to be 0.965 μM, 2.194 μM, and 5.429 μM
for OD600 values of 0.2, 1.0, and 1.5, respectively.

Figure 5. (a) i–t curves of as-prepared electrochemical sensor in the detection of E. coli in solution
with different OD600 values, E = 0.1 V (vs. Ag/AgCl); (b) relationship of current response with E. coli
colony numbers.

Figure 6. (a) Linear curve of NADH concentration and absorbance intensity obtained with WST-8
colorimetric method; (b) i–t curves of as-prepared electrochemical sensor in the detection of E. coli
solution with different OD600 values, E = 0.1 V (vs. Ag/AgCl).

The NADH contents of the aforementioned E. coli lysate samples were also assessed
using the electrochemical sensor. As depicted in Figure 6b, the ΔI observed for the three
E. coli lysates with OD600 values of 0.2, 1.0, and 1.5 were 0.221 μA, 0.452 μA, and 1.110 μA,
respectively. By comparing these current responses to the established current–NADH
concentration relationship (Figure 3b), the NADH concentrations were determined to be
1.008 μM, 2.120 μM, and 5.294 μM, respectively. The relative standard deviations (RSDs)
between these two methods were 4.46%, 3.37%, and 2.48%. These results demonstrated
that the proposed electrochemical sensor has excellent accuracy in NADH detection hen
compared with the WST-8 colorimetric method.

3.6. E. coli Detection in Real Water Samples

The applicability of the electrochemical sensor in detecting E. coli concentrations in real
water was evaluated through a blank recovery experiment. Three real water samples were
collected from cities, villages, and rural regions across different provinces. To eliminate the
interference by intrinsic microorganisms, we employed the WST-8 technique to determine
the NADH concentration in the real water samples. The result indicated that the NADH
concentrations were lower than the detection limit. Hence, the contents of native microbes
in the real water samples were extremely low and could be disregarded. Therefore, a
blank recovery experiment was performed to investigate the feasibility of the developed
electrochemical sensor for E. coli detection with real water samples. The same amount
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of E. coli suspension with OD600 = 0.2 was added into these real water samples, and the
current responses and colorimetric changes were recorded. The NADH concentration
in the E. coli suspension was determined to be 0.0965 μM using the WST-8 colorimetric
method. The detected NADH concentrations and recovery rates of the three water samples
determined with electrochemical sensor are listed in Table 2. The recovery rates of the
NADH concentrations detected with the electrochemical sensors ranged from 89.12%
to 93.26%. The RSD values between two method were less than 10%. The standard
deviation for the as-prepared electrochemical sensor was 0.002 μM. These results confirm
the good accuracy of the electrochemical sensor in quantifying NADH contents, thereby
demonstrating the capability of the electrochemical sensor based on a PD mediator to detect
the number of E. coli colonies in real water.

Table 2. Results of NADH blank recovery tests in three water samples.

Water Sample
NADH Concentration Detected with

Electrochemical Sensor (μM)
Recovery Rate (%) RSD (%)

Pu River 0.086 89.12 8.26
Tangwang River 0.090 93.26 2.08
Xueqing River 0.088 91.19 4.45

4. Conclusions

In this study, we successfully developed an electrochemical sensor utilizing 1,10-
phenanthroline-5,6-dione as a mediator, which demonstrated good capabilities in both
NADH detection and E. coli determination. The experimental results demonstrated that
the utilization of the PD mediator significantly reduced the applied potential, leading to
improved anti-interference ability. There was good linear relationship between the NADH
concentration and current response of the as-prepared electrochemical sensor. Furthermore,
the applicability of as-prepared electrochemical sensor in bacterial detection was verified
using E. coli as a model organism. The results of comparative analysis with the WST-8
colorimetric method revealed that the electrochemical sensor exhibited good accuracy in
detecting both E. coli suspensions and real water samples. Even though our study only
investigated the performance in the detection of E. coli, as NADH widely exists in various
bacterial species, the as-prepared sensor may also be feasible for the detection of total
colony numbers in water samples, offering a promising approach for the broad-spectrum
detection of microbial contents in complex water samples without the usage of biomarkers.
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Abstract: In recent decades, surface-enhanced Raman spectroscopy (SERS) has become a powerful
detection scheme for many applications, particularly bioassays, due to its unique strengths, such as
its ultrasensitive performance. Due to the development of various SERS substrates, more SERS-based
bioassays with improved sensitivity and reproducibility have been designed and manufactured.
SERS is able to provide the intrinsic vibration information of molecules through the unique Raman
fingerprint to enable direct detection and quantitation. Meanwhile, with the assistance of Raman-
active labels, biomolecules, like proteins and nucleic acids, can be detected by the immunosandwich
assay. In this review, we focus on the rational design and engineering of signal-enhancing substrates
for SERS-based bioassays. Those substrates are classified into two categories, i.e., nanoparticles in
colloidal suspension and nanostructures on a solid support. Each category is discussed in detail with
stress on their biomedical application potential. Afterward, we summarize the SERS-based assays of
proteins, nucleic acids, and viruses, for which both label-free and labeled approaches play important
roles. Finally, we present the remaining challenges in the field of SERS-based bioassays and sketch
out promising directions for future development.

Keywords: Raman spectroscopy; SERS substrate; rational design; bioassays; high-sensitivity analysis

1. Introduction

Surface-enhanced Raman scattering (SERS) has emerged as a powerful analytical
technique across many application domains. It combines Raman spectroscopy with nanos-
tructured metal surfaces to achieve significant enhancement of the Raman signal. The con-
ventional Raman spectroscopy, discovered by Raman and Krishnan in 1928 [1], has served
as an analytical tool for a wide range of applications. Raman scattering provides insights
into molecular structures by revealing their vibrational spectra. It provides compound-
specific information and molecular-level fingerprinting without the need for complex
instruments. This characteristic makes it promising for sensing various analyte molecules,
and it has found extensive use in biological applications [2–5]. For example, it has been
employed in identifying cancer cells [6], investigating biomolecular structures [7], and
diagnosing diseases and pathologies [8,9]. Despite its utility, Raman scattering intensity is
typically weak, as the process suffers from low efficiency. Upon light-matter interactions,
only one in every 108 photons would undergo an inelastic scattering as estimated [10,11].
This limitation has hindered its application in trace analysis, necessitating methods to
enhance the Raman signal. Fortunately, Fleishmann, Hendra, and McQuilian first observed
unexpectedly strong Raman signals in 1974 from pyridine adsorbed on roughened sil-
ver electrodes [12]. Later, in 1977, Jeanmaire and Van Duyne discovered that placing a
Raman-active species on a roughened noble metal surface significantly amplified the Raman
signal, surpassing the limitations of conventional Raman scattering [13]. This phenomenon,
known as surface-enhanced Raman scattering, has revolutionized the sensitivity of Raman
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spectroscopy. Now SERS is one of the key technologies to dramatically amplify the Raman
scattering signal in order to bring several advantages, including ultrahigh sensitivity, less
susceptibility to sample environment, rapid readout speed, and the possibility of on-site or
field detection [14].

Bioassays are crucial tools in biological and pharmaceutical research, providing valu-
able information about the role and effects of substances in living organisms. They facilitate
the evaluation of biological activity [15], assist early disease diagnostics [16], aid in drug
discovery and development [17], ensure quality control [18], assess toxicity [19], moni-
tor environmental impact [20], and contribute to expanding our understanding of living
systems [21]. Both labeled and label-free bioassays have gained prominence as powerful
tools for studying and analyzing biological systems. Labeled bioassays involve the use of
molecular probes or labels, such as fluorescent dyes and radioisotopes, to detect and quan-
tify the biomolecules of interest that have been specifically captured. These labels enable
the direct measurement and visualization of the target, providing specific and sensitive
results. Label-free bioassays, on the other hand, rely on the direct measurement of intrinsic
properties of the captured biomolecule, such as mass, absorbance, and Raman response,
without the use of exogenous labels. In general, labeled assays provide high sensitivity
and versatility, but require sample manipulation and may introduce biases. Conversely,
label-free assays offer minimal sample processing and real-time analysis but may lack
sensitivity and pose challenges in data interpretation. As technology continues to advance,
the development of hybrid strategies and improved detection methods may bridge the gap
between these two bioassay paradigms, enabling researchers to harness the strengths of
both approaches in their scientific investigations.

Conventional bioassays mainly rely on the use of absorbance, fluorescence, and chemi-
luminescence for detection. However, SERS-based bioassays have garnered significant
interest in recent decades due to the unique advantages over these detection schemes. One
of the primary advantages is suitability for multiplexing [22]. Raman bands in SERS have
narrower widths as compared with fluorescence, enabling simultaneous measurement of
multiple analytes within a single detection. Another advantage is the high enhancement
factor (EF) in SERS, which ranges from 106 to 1014 [23–25], making SERS an exceptionally
sensitive tool. The high sensitivity of SERS is particularly favorable for the detection of
low-abundance substances of biological importance in complex real samples. By combin-
ing the specific binding capabilities of antibodies with the enhanced sensitivity of SERS,
SERS-based bioassays provide a powerful tool for the detection and quantification of
target analytes.

Raman signal-enhancing substrates play a vital role in SERS, enabling ultrasensitive
detection and characterization of biological analytes. The rational design of SERS substrates
involves tailoring their properties at the nanoscale to optimize the enhancement factor
and ensure high reproducibility. Since there have been numerous publications devoted
to the design and fabrication of substrates for SERS measurement, several review papers
have well-surveyed the advances in this area [26–30]. A critical review is still needed on
the progress of SERS-based bioassays, particularly from the view of the exquisite design,
performance improvement, and real-world application potential.

In this review, we survey recent advances in SERS-based bioassays with a focus
on the rational design and engineering of signal-enhancing substrates. For convenience
of comparison and understanding, we classify the substrates into two categories, i.e.,
nanoparticles in colloidal suspension and nanostructures on a solid support. Each category
is discussed in detail with stress on their biomedical application potential. SERS-based
bioassays have been applied to various clinical samples. We further summarize the SERS-
based assays of proteins, nucleic acids, and viruses, for which both label-free and labeled
approaches play important roles. Finally, we suggest other challenges in the field of
SERS-based bioassays and sketch out promising directions for future development.
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2. Basic Theory of SERS

It is now generally accepted that the Raman scattering signal is amplified through
a combination of electromagnetic (EM) enhancement mechanism, and chemical (CM)
enhancement mechanism. In brief, electromagnetic enhancement arises from the excitation
of localized surface plasmons, which are collective oscillations of conduction electrons on
the metal surface. These plasmons generate intense electromagnetic fields at the metal
surface, leading to increased Raman scattering intensity. The chemical enhancement, on the
other hand, results from the charge transfer between the molecule and the metal surface,
further enhancing the Raman signal. Chemical enhancement is highly dependent on the
specific molecule–substrate interactions and can vary for different analytes.

2.1. Electromagnetic Enhancement

The underlying principle of SERS involves the amplification of the incident and
scattered electromagnetic fields when a nanostructured surface of the metal is irradiated
with the frequency of localized surface plasmons resonance (LSPR) on the metal surface.
This phenomenon is explained by considering a metal nanosphere subjected to an external
electric field (Figure 1A). The oscillating electric field (E0) of the incident light interacts with
the metal nanoparticle, inducing a polarization of charge and creating a dipolar localized
surface plasmon resonance. This polarization generates an induced dipole moment (μind)
determined by the metal polarizability (αmet) and the incident electric field (E0(ωinc)) [31].

μind = αmetE0(ωinc) (1)

As a Raman scattering arises on a molecule, a dipole moment is first created by the
incident light. After being scattered, the photons are detected as the Raman signal. SERS
follows a similar process but with the enhancement of the local electromagnetic field due to
hotspots on the metal surface. In SERS, the inelastic scattering of E0 generates an enhanced
local electric field (Eloc) near the metal surface. The interaction between the local electric
field and the molecule adsorbed on the surface creates an induced dipole moment (μind)
determined by the molecular polarizability (αmol) and the enhanced local electric field
(Eloc(ωinc)).

μind = αmolEloc(ωinc) (2)

According to the vibrational spectrum theory in quantum mechanics, the presence of
inelastic scattering for a vibrating molecule is explained by the incident electric field (Einc)
and the eigenvalue of angular frequency (ωvib) of the vibrating molecule. This inelastic
scattering gives rise to three dipole components: Rayleigh scattering μind(ωinc), Stokes
scattering μind(ωinc − ωvib), and anti-Stokes scattering μind(ωinc + ωvib) (Figure 1B). The
resonance frequency of surface plasmons on the metal surface determines the enhancement
of the scattered Stokes field. Taking into account the incident and scattered field intensities,
the overall SERS enhancement intensity can be described by an equation that involves the
local electric field (Einc(ωinc)) at the incident frequency (ωinc) and the electric field (E(ωs))
at the Stokes-shifted frequency (ωs = ωinc − ωvib) [31].

ISERS = Iinc(ωinc)I(ωs) (3)

= |Einc(ωinc)|2|E(ωs)|2 (4)

When the electric field values at the incident frequency (Einc(ωinc)) and the Stokes
shifted frequency (E(ωs)) are in proximity, the resulting enhancement derived from the
electromagnetic mechanism follows the relationship where the SERS enhancement factor
is directly proportional to the fourth power of the induced electric field enhancement
value (E(ωinc)).

ISERS = |E(ωinc)|4 (5)
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Figure 1. (A) Principal of surface-enhanced Raman scattering (reproduced under the terms of CC
BY 4.0 from Ref. [32], copyright 2015, the authors). (B) Rayleigh scattering and Raman scattering
energy-level diagram (reproduced under the terms of CC BY 4.0 from Ref. [33], copyright 2022,
the authors).

2.2. Chemical Enhancement

The chemical effect is another significant mechanism contributing to SERS enhance-
ment, and it requires direct contact between the SERS substrate and the analyte. This
effect involves the interaction of the adsorbate and the surface to form a complex through
electronic coupling. During this interaction, electrons on the substrate surface transfer
from the Fermi level to the lowest unoccupied molecular orbital of the analyte molecule.
This process leads to the creation of charge transfer intermediates, which demonstrate
higher Raman cross-sections in comparison to the free molecule. If the incident photon at
frequency ωinc resonates with the charge transfer transition of the formed complex, the
scattered Stokes intensity contains information about the vibrational state of the molecule.
In other words, the Raman spectrum of the analyte molecule is enhanced when it forms a
chemical bond or interacts strongly with the SERS-active metal surface.

The magnitude of the chemical enhancement effect is typically in the range of 100

to 102, which is weaker compared to the electromagnetic enhancement. However, the
chemical effect can provide additional information about the chemical interactions between
the analyte molecule and the metal surface, allowing for a more detailed characterization
of the molecular species.

3. Substrates in Colloidal Suspension

SERS substrates designed for practical applications and problem-solving purposes
have been extensively explored. These substrates in colloids can be broadly categorized
into two groups: dispersed particles and aggregated systems. Dispersed particle systems
in solution are relatively simple to prepare, making them widely used. Furthermore, ad-
vancements in producing increasingly uniform particles have improved the reproducibility
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of SERS measurements. Surface functionalization of colloidal particles is also often straight-
forward, allowing for a wide range of targets and applications [34–36]. However, these
systems suffer from some drawbacks, with colloidal stability being a primary concern, as
colloidal systems tend to be unstable and prone to irreversible aggregation, particularly in
complex environments.

Highly enhancing SERS substrates often consist of aggregated or assembled nanopar-
ticles. While yielding significant SERS enhancement factors, reproducibility can sometimes
be challenging due to the difficulty in controlling aggregation. Controlled particle assembly
offers a solution to this issue, allowing for precise nanoengineering and reducing the irre-
producibility associated with aggregated particles. The outcome of the assembly process is
influenced by surface functionalization and nanoparticle geometry.

3.1. Dispersed Particles

With the advancements in nanoscience and nanotechnology, the synthesis of metal
nanoparticles (with precise control over their sizes, shapes, and structures) has been widely
explored. Numerous synthesis methods have been developed to create increasingly in-
tricate nanostructures, including nanospheres [37], nanostars [38–40], nanotriangles [41],
nanorods [42–44], nanocubes [34,45–47], core–shell particles [48,49], and others (Figure 2A).
Higher order structures in SERS allow for increased control over regions with high field en-
hancement and enable optimization of plasmon modes for specific experiments. Chemical
reduction methods have been used to achieve uniform structural control of nanoparticles.
For example, using the seed-mediated growth method, gold nanospheres with successive
and tunable diameters can be prepared, bringing size-dependent SERS properties [37,50].

Surfactants play a crucial role in the conventional synthesis process of nanoparticles,
and the development of new types of surfactants can enable simplified and controllable
synthetic methods for nanostructures, expanding their applications. Zhang et al. involved
the natural compound epigallocatechin gallate (EGCG) as a reducing agent to synthesize
different morphologies of gold nanoparticles (AuNPs) by changing the solution pH val-
ues [51]. The addition of halogen ions not only alleviates laser damage to nanoparticles but
also promote the formation of a 3D hotspot, leading to a noticeable SERS effect that brings
about high reproducibility and stability. In another study, bromide ions were introduced to
induce anisotropic growth when synthesizing gold nanocubes (AuNCs) [45]. As bromide
ions favorably adsorb onto the (100) facet, in combination with cetyltrimethylammonium
chloride (CTAC), a difference in the accessibility of gold precursors to different facets is
made, leading to distinct growth rates between [100] and other facets. At low bromide
densities, the adsorbed bromide ions do not completely block the (100) facet, producing
AuNCs with round corners. However, when an adequate amount of facet-directing agents
is provided, preferential binding to the (100) facet maximizes the growth-rate difference
between the (100) facet and the other two facets, resulting in AuNCs with sharp corners
(Figure 2B). This straightforward and generally applicable synthetic strategy enables the
precise control of the size and corner sharpness of gold nanocubes in a high yield. Simi-
larly, iodide ions are used in the synthesis of gold nanotriangles [41]. Highly symmetric
gold nanostars are enclosed by high-index facets to grow the hexagonal pyramidal arms,
which are regulated by alkyl amines, like dimethylamine (DMA), methylamine, ethylamine,
butylamine, and octylamine as shape-control agents [38]. Due to their high symmetry,
Au nanostars demonstrate superior single-particle SERS performance in terms of both
intensity and reproducibility when compared to asymmetric Au nanostars. In addition to
chemical methods, laser-induced morphological remodeling of gold nanorods has been
achieved by regulating the intensity of illumination and density of surfactant, resulting
in different aspect ratios and ultranarrow local surface plasmon resonance bands [43].
This laser-controlled method enables the synthesis of gold nanorods with an ultranarrow
LSPR band.
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Figure 2. Representative substrates of dispersed nanoparticles in colloidal suspension. (A) Trans-
mission electron microscope (TEM) images of controllable gold nanoparticles with different shapes:
(a) nanospheres (reproduced with permission from Ref. [37], copyright 2013, WILEY-VCH Verlag GmbH
& Co. KGaA, Weinheim, Germany), (b) nanostars (reproduced with permission from Ref. [38], copy-
right 2015, American Chemical Society), (c) nanotriangles (reproduced with permission from Ref. [41],
copyright 2021, American Chemical Society), (d) nanorods (reproduced with permission from Ref. [42],
copyright 2019, American Chemical Society). (B) (a) Schematic illustration representing the synthe-
sis of corner-sharpness-controlled AuNCs with varied bromide densities followed by refinement by
centrifugation-driven depletion-induced flocculation in surfactant micelle solutions; (b) TEM images of
different sizes of round-cornered (R) and sharp-cornered (S) AuNCs (reproduced with permission from
Ref. [45], copyright 2018, American Chemical Society). (C) (a) Schematic illustration representing the
synthetic pathway of size-controlled Au nanohalos (Au double nanorings), including selective etching
of Au, lateral size control, on-rim Pt deposition, selective etching of Au, eccentric growth of Au, and
concentric growth of Au; (b) iodide ions blocking the top and bottom flat facets of circular Au nanoplates
allow us to obtain diameter-controlled hexagonal Au nanoplates during the lateral size control step;
(c) near-field focusing capability of Au nanohalos varies as a function of the diameter and intragap
distance of Au nanohalos; (d) TEM images of Au nanohalos with different diameters and intra-gaps
(reproduced with permission from Ref. [52], copyright 2022, American Chemical Society).

To achieve maximum near-field focusing around nanoscale metal particles, more com-
plicated morphologies like gold double nanorings have been developed (Figure 2C) [52].
These nanorings consist of two concentric rings with nanoscale gaps between them. The
circular intra-nanogaps create hot halos, enabling single-particle SERS when analytes are
present within these gaps. The synthesis of Au nanohalos is based on a novel strategy
utilizing hexagonal Au nanoplates as a template. By controlling the ratio of Au ions to
iodide ions while maintaining the thickness, the lateral size of the nanoplates can be pre-
cisely controlled. Through multiple sequential steps, the initially triangular Au nanoplates
are transformed into Au nanohalos with near-field focusing capabilities. The estimated
enhancement factor achieved by these structures is remarkably high, ranging from 1.1× 109

to 3.6 × 109, and the results are highly reproducible. Another approach involves the evolu-
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tion of chirality by adding chiral molecules during the synthesis, promoting asymmetric
growth and inducing the chiroptical response of nanostructures [53]. This method allows
for the preparation of single plasmonic gold nanoparticles with a significant uniform chiral
gap, aiding in precise morphology and property control for chiral nanomaterials.

Overall, these advancements in the synthesis of reproducible nanostructures using
various methods, including chemical reduction, surfactant-assisted fabrication, laser control,
and chiral shape modifiers, offer opportunities for precise control over the morphology
and optical properties of nanoparticles. These advances have implications for a wide range
of applications, including SERS-based detection, where reproducibility, sensitivity, and
reliability are critical.

3.2. Coupling of Particles

Multimeric nanostructures, such as dimers and trimers, provide inter-nanogap struc-
tures containing hotspots that exhibit intense electromagnetic field enhancement between
adjacent particles. These hotspots are responsible for the extraordinary enhancement of
Raman signals in SERS. He et al. introduced a dual biomimetic recognition-driven plas-
monic nanogap-enhanced Raman scattering (DBR-PNERS) strategy for highly sensitive
protein fingerprinting and quantification [54] (Figure 3A). This approach utilizes a pair
of protein terminal epitope-imprinted plasmonic nanoantennas (PNAs) designed to bind
to the N- and C-terminals of the target protein. An ultrathin imprinting layer (approxi-
mately 5 nm) is engineered on the PNAs, preserving the plasmonic signal enhancement
effect of the nanoantennas and overcoming the limitations of larger antibodies. When
both PNAs are present in a sample containing the target protein, specific binding occurs,
forming a nanogap where the target protein is located. This nanogap provides a well-
defined hot spot for Raman signal amplification, enabling precise molecular information
readout and quantification of the target protein. Additionally, an internal standard (IS),
in the form of a Raman-active small molecule, was incorporated into the nanoantenna,
enabling a ratiometric assay for accurate and reliable quantification. Compared to existing
approaches, DBR-PNERS exhibited several significant merits, including fingerprinting,
robust quantitation, ultrahigh sensitivity, minimal sample consumption, and so on.

Figure 3. Representative substrates of coupled nanoparticles in colloidal suspension. (A) DBR-PNERS
strategy for ultrasensitive protein fingerprinting and quantitation. (a) Preparation of terminal epitope-
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imprinted PNAs; (b) protein-targeting DBR for fabrication of plasmonic nanogap; (c) protein-targeting
EM enhancement for PNERS; (d) representative Raman spectrum for detection and molecular finger-
printing (reproduced with permission from Ref. [54], copyright 2022, American Chemical Society).
(B) Single-particle SERS measurements of AANs with DTNB Raman dye on the surface. (a) Dark-field
microscopy (DFM)-Raman integrated apparatus for measuring the structure-correlated optical and
plasmonic properties of individual AANs; (b) schematic of AANs at different gap morphology with
DTNB Raman dye on the surface; (c) the colocalization of scanning electron microscope (SEM),
DFM characterization and Raman mapping of an on-vertex AAN (reproduced with permission from
Ref. [55], copyright 2021, Wiley-VCH GmbH). (C) (a) Schematic representation for the synthesis of
myoglobin and polydopamine-engineered SERS nanoprobes and SERS-based bio-detection chemistry
of ROS at the porphyrin center of myoglobin; (b) SEM image of MP-SERS nanoprobes; (c) TEM im-
ages of MP-SERS nanoprobes; (d) UV-Vis spectra of citrate-AuNPs, pdop-AuNPs, Mb-functionalized
pdop-AuNPs, MP-SERS nanoprobes, and Mb; (e) 3D-FEM simulation image of MP-SERS nanoprobe
showing several hot spots (reproduced with permission from Ref. [56], copyright 2017, WILEY-VCH
Verlag GmbH & Co. KGaA, Weinheim).

Recent progress in programmable materials has led to significant advancements in
the field. Specifically, well-designed DNA nanostructures, including DNA origami, offer a
highly programmable method for creating precise nanopatterns with nanoscale address-
ing capabilities [57,58]. This allows for the construction of architectures with precisely
defined geometries [59–62]. Compared to nanoantenna gaps where molecules are adsorbed
randomly on the surface, target molecules can be placed specifically in hotspots due to
the nanogaps precisely controlled by self-assembled DNA nanostructures [63], providing
single molecule resolution [64]. Even the anisotropic functionalization of plasmonic gold
nanostructures with relative spatial directionality and sequence asymmetry is under precise
control [65]. Moreover, the fabrication processes involved in DNA nanostructures are more
cost-effective compared to traditional top-down lithographic techniques [66].

Taking advantage of these features, several SERS substrates have been developed with
reliable signals. For example, Zhan et al. constructed plasmonic bowtie nanostructures using
a DNA origami-based bottom-up assembly strategy, enabling precise control over the geo-
metrical configuration of the bowtie with an approximate 5 nm gap [67]. A single Raman
probe was accurately positioned at the gap of the bowtie, resulting in an exceptionally high
enhancement factor of 109 so that a single-molecule level SERS detection is possible. Sim-
ilarly, a DNA-based synthetic method for gold–silver core–shell nanodumbbells (GSNDs)
was developed, offering good structural reproducibility and precise nanometer-level control
over the size of the nanogaps across multiple particles [68]. The method involves prepar-
ing DNA-modified AuNPs by controlling the stoichiometric ratio of two thiolated DNA
sequences. Each particle is modified with a maximum of one linking DNA strand, while
densely modifying them with protecting DNA strands to maximize dimer yield and minimize
higher multimeric structures. Subsequently, Ag nanoshells are formed on the Au dimers using
polyvinylpyrrolidone(PVP)-based delivery of Ag precursors, enabling precise control and
reproducibility of the interparticle gaps at the nanometer scale. Moreover, Niu et al. devel-
oped a DNA origami-based nanoprinting (DOBNP) strategy to transfer the essential DNA
strands with predefined sequences and positions to the surface of AuNCs [55] (Figure 3B).
This approach facilitated the controlled assembly of AuNC–AuNP nanostructures (AANs)
with specific geometry and composition. The anchoring of a single dye molecule in hotspot
regions results in a significant enhancement of the electromagnetic field, leading to a stronger
amplification of the SERS signal.

Alternatively, nanoparticles of varying sizes or shapes can be assembled onto a central
particle to form core-satellite assembled structures [56,69–72]. For instance, Kumar et al.
developed myoglobin and polydopamine(pdop)-engineered SERS nanoprobes (MP-SERS)
for real-time and quantitative detection of reactive oxygen species (ROS) levels in living
cells [56] (Figure 3C). The probes consisted of 80 nm gold nanoparticles as a core, a thin
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pdop layer as a spacer, Mb as a ROS-responsive Raman reporter, and 10 nm AuNPs as
satellite particles. The plasmonic coupling between the core and satellites created a highly
enhanced electromagnetic field in the interstitial sites, leading to nanogap-enhanced Raman
scattering. The probes exhibited high sensitivity to ROS, good biocompatibility, and were
successfully internalized into cells.

4. Substrates on a Solid Support

Compared to traditional colloid-based systems, solid-supported SERS substrates offer
numerous advantages. Nanostructures embedded on the surface exhibit high uniformity,
provide compatibility with ultra-low volumes, enable single-nanoparticle measurements,
and facilitate the preparation process. Similar to colloidal systems, various solid-supported
substrates have been prepared. Colloidal nanoparticles, assemblies, or aggregates can be
deposited onto surfaces [73–75]. A chemical layer can be used to functionalize surfaces and
direct the adsorption of colloidal particles. [74,76]. By adjusting nanoparticle concentration
and deposition time, the particle density on the surface can be optimized. These substrates
offer similar advantages to colloidal systems while enabling comprehensive optical and
structural characterization of individual particles during usage, which is particularly
advantageous for single-molecule studies.

Apart from surface self-assembly methods, nanolithography is a commonly employed
technique for fabricating surfaces with highly enhancing metal nanostructures. Colloidal
lithography [77], and electron beam lithography (EBL) [78–80], are among the most preva-
lent lithographic methods used in SERS applications. These methods vary in terms of ease
and cost of fabrication. Although lithography allows for the preparation of various highly
sensitive structures, one drawback of deposited metal nanoparticles is their vulnerability
to annealing, as structural changes in the nanoparticles can lead to shifts in LSPR position
and alter SERS capabilities, sometimes even during the course of a measurement. Ad-
vancements in synthesis and nanolithography methods have contributed to higher field
enhancements, improved spatial control, and greater uniformity and reproducibility.

4.1. Bottom-Up Strategies

The bottom-up approach, mainly relying on self-assembly, offers a straightforward and
high-throughput method for preparing SERS substrates. This approach involves organizing
small nanoparticles into arrays with ordered nanostructures, and various techniques have
been developed for this purpose. One method is oblique deposition, where nanoparticles are
deposited at an angle to the substrate surface [81]. Another method is electro-displacement,
which utilizes electrostatic forces to assemble nanoparticles into desired patterns [82].

Liquid substrate-based methods have gained popularity in bottom-up self-assembly in
recent years. These methods allow for the formation of highly ordered nanostructures without
complex instruments and additional materials. One example is the nanocapillary pumping
model developed by Ge et al. [83]. In this model, a membrane structure with nanoparticles is
subjected to solvent evaporation, then the surface of the film undergoes deformation, bringing
the nanoparticles closer to each other and creating a substrate with hotspots in a large area.
The pressure difference among gaps induces the movement of target molecules towards
the smaller nanoparticle gaps, resulting in molecules trapped by the hotspots (Figure 4A).
The detection limit is significantly reduced in this nanocapillary pump model. However,
one limitation of this approach is the inability to control the nanoparticle array forming in a
monolayer. Nanoparticles may obtain accumulated during the solvent evaporation, leading to
plasmon resonance intensity of the substrate being non-uniform, reducing the reproducibility
and reliability of SERS measurements. To address the challenges of non-uniform nanoparticle
assembly and interference from non-adsorptive molecules in liquid SERS analysis, researchers
have developed self-assembly methods depending on two-phase substrates and ternary
regulations. In the two-phase substrate approach, gold nanoparticles tend to assemble at
the interface of oil/water due to reduced electrostatic repulsion [84,85]. This leads to the
formation of a large-scale self-assembled monolayer with controlled spacing on a nanometer
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scale (Figure 4B). Such self-assembled monolayer provides a uniform distribution of hotspots,
enhancing the performance of substrates. This method has been applied in various practical
detection scenarios. For example, a liquid-like 3D plasmonic array was formed at the oil/water
interface, enabling sensitive SERS analysis of different analytes [86]. The liquid interfacial
plasmonic platform broke through the limitations of low molecular affinity and achieved
sub-ppb level sensitivity. Researchers successfully detected polycyclic aromatic hydrocarbons
and distinguished different molecular configurations using this approach.

Figure 4. Representative substrates on a solid support using bottom-up strategies. (A) Formation of
the nanocapillary pumping model; (a1–a4) schematic diagram of the assembled nanoparticle film,
high-speed camera picture, in situ UV spectrum, and simulation of electromagnetic enhancement
between nanoparticles with different gaps in the initial wet stage of the monolayer nanoparticle film;
(b1–b4) formation of the effective hot-spot stage of the monolayer nanoparticle film; (c1–c4) final
dry stage of the monolayer nanoparticle film; (d) principle causing the solvent to move toward the
smaller gaps of the nanocapillary pumping model; (e,f) SEM image of the assembled monolayer
silver nanoparticle film in the final dry stage (reproduced with permission from Ref. [83], copyright
2021, American Chemical Society). (B) (a) A scheme for fabricating and transferring Au nanoparticle
monolayers from the water/hexane interface and an illustration of the SERS experiment; (b–e) SEM
and optical images (inset) of the Au nanoparticle monolayer obtained through the water/oil interface
by adjusting the addition of ethanol into different Au solutions with diameters of (b) 30 nm, (c) 60
nm, (d) 90 nm, and (e) 120 nm. Scale bar: 1 μm (reproduced with permission from Ref. [85], copyright
2016, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim). (C) Schematic and SERS spectrum of
(a) AuNPs in water phase, (d) AuNPs at OA/W interface, and (g) AuNPs/RP1+MPBA at OA/W
interface; (b,e,h) the corresponding dark field microscope image; (c,f,i) FDTD-calculated electro-
magnetic enhancement distribution for SERS in the xz-plane. The black dashed line indicates the
OA/W interface (reproduced with permission from Ref. [87], copyright 2022, Wiley-VCH GmbH).
(D) (a) Photo and SEM images of an extraction microprobe; (b) SEM image showing immunosand-
wiches formed on an extraction microprobe after extracting target protein from a single cell and being
labeled with Raman nanotags; (c) dependence of Raman intensity on the combination of extraction
microprobe and nanotag; electric-field intensity simulated by finite-difference time-domain (FDTD)
under (d) PERS mode and (e) SERS mode; representative Raman spectra for (f) the PERS mode
and (g) SERS mode, and insertions show the schematic of the principles of PERS and SERS modes
(reproduced with permission from Ref. [88], copyright 2016, WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim and under the terms of CC BY-NC 3.0 from Ref. [89], copyright 2018, the authors).
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In the ternary regulation approach, charged noble metal nanoparticles are directly
assembled under an electrostatic drive to form 2D thin arrays at the liquid/liquid inter-
face [90]. The resulting nanoarray exhibits long-term stability and even distribution of
hotspots. When transferred to a solid substrate, this nanoarray achieved single-cell Raman
fingerprinting and discrimination of eight different bacteria species. However, controlling
nanogaps at the molecular scale using interfacial tension and electrostatic forces can be
challenging, leading to inaccuracies in trace substance analysis. Non-adsorptive molecules
from complex biological systems may bring about interference in biological applications.
To overcome these challenges, a novel interfacial SERS platform was developed using
a functionalized AuNP array formed at the liquid/liquid interface [87]. This platform
was achieved through ternary regulations involving double recognition of rigid molecular
probes, uniform distribution of hotspots in a consistent manner, and the SERS readout in a
silent region (Figure 4C). This platform allows real-time quantification, addressing signal
interference and increasing the reliability of the SERS analysis. The reproducibility of the
SERS analysis is improved by the fixed nanogap formed by the rigid structure of the probe.
The use of specific Raman vibrations as signal output reduces interference from substances
embedded in the brain.

A technique known as shell-isolated nanoparticle-enhanced Raman spectroscopy
(SHINERS) has garnered significant attention and was introduced and developed by the
Tian group [49,91]. In SHINERS, a thin dielectric layer is applied over the surface of metal
nanoparticles, effectively creating a masking effect with a different material interface. This
dielectric spacer layer, when sufficiently thin, allows molecules bound to the surface to
experience a different surface chemistry while still benefiting from the significant field
enhancement provided by the nearby metallic surface [92]. Silica is the most commonly
used material for the shell in SHINERS, as it allows for the functionalization of gold and
silver nanoparticles using silane chemistry, facilitating shell growth. This offers several
advantages, including the ability to use different surface chemistry types for targeted
adsorption in sensing applications, improved stability, and enhanced biocompatibility.
Additionally, the use of insulating materials to create pinhole-free shells eliminates the
occurrence of chemical enhancement resulting from charge transfer [49]. This altered
interface between the shell and certain biological molecules or catalysts can lead to minimal
perturbation of the electronic structure of the target caused by the underlying metal surface.

The Liu group developed a simple but effective approach named plasmon-enhanced
Raman scattering (PERS) to provide ultrasensitive detection at the single-molecule level [88].
With the combination of gold substrate and silver nanoparticles, hotspots were generated
with a 1–2 orders of magnitude higher signal compared to the conventional SERS mode
with gold nanoparticles on a glass substrate (Figure 4D). Gold thin-layer-coated glass of
a slightly lower enhancement was used as an alternative to save costs. AgNPs are uni-
formly dispersed on the Au layer, providing better reproducibility while maintaining high
sensitivity compared with the coupling between particles. More importantly, the fabrica-
tion of substrates is simple and straight, which is conducive to the practical application.
By the integration with microprobes for immunoaffinity extraction, a powerful tool for
probing low-abundance proteins in single living cells has emerged. Depending on the
interaction between the microprobe and the target, different bioassays, like the plasmonic
immunosandwich assay (PISA) [88] and plasmonic affinity sandwich assay (PASA) [89],
have been proposed and accomplished, empowering the analysis of low-abundance species,
such as proteins and RNA in single cells.

4.2. Top-Down Strategies

Top-down lithography techniques realize uniform hotspots on SERS substrates in a
wide range with high precision. Electron beam lithography (EBL), a maskless technology
that directly writes micro- and nanopatterns using an electron beam sensitive material,
has shown compatibility with mass production manufacturing and excellent signal repro-
ducibility [93,94]. For instance, on single-crystal Si substrates, nanopore arrays fabricated
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using two-layer EBL demonstrated high sensitivity to the increased intensity of scattered
light from enhanced incident electromagnetic radiation [95]. Focused ion beam (FIB) lithog-
raphy, as another branch of top-down lithography, can focus the ion beams into tiny sizes
using electrostatic lenses to achieve nanometer-scale positioning accuracy [96]. Etching tech-
niques, which use physical or chemical methods to selectively remove unwanted moieties,
enable high-throughput fabrication of substrates with desired nanostructures. Polymer
nanopillars etched with Ar plasma from a polyethylene terephthalate (PET) substrate are
subsequently deposited with Au, resulting in large-scale, highly reproducible SERS-active
nanopillar arrays [97]. Chemical etching techniques can also be used to precisely regulate
nanometer spacing. Porous nano-web structures fabricated by Lee et al. demonstrated
a controllable gap between the nanoring core and the nano-web, confining the electro-
magnetic field in the nanogap [98]. The resulting structure demonstrated single-particle
SERS dependent on the gap distance, being an ideal platform for SERS measurement for
its structural integrity and stability, open accessibility of analytes, incident polarization
independence, and reproducibility of SERS signals.

The combination of multiple nanofabrication technologies is emerging as a devel-
opment trend in the SERS substrate preparation. Flauraud et al. utilized EBL and dry
etching to fabricate lithographed funneled traps and auxiliary sidewalls on a solid sub-
strate [99], directing the capillary assembly of Au nanorods, and achieving simultaneous
control over their positions, orientations, and interparticle distances at the nanometer level.
Multi-technique combination for biocompatible SERS-active materials is often used to
enhance reliability. Li et al. fabricated digital nanopillar arrays with a combination of EBL,
physical vapor deposition of Au, and selective reactive ion etching (RIE) to reveal the pillar
structure [100] (Figure 5A). Four kinds of antibodies were conjugated to the array of pillars
to selectively recognize cytokines, which were labeled with different Raman reporters to
be visualized in color. The digital nanopillar SERS assay achieved highly specific and
sensitive real-time cytokine detection down to the attomolar level, showing promise for
advancing personalized medicine and predicting the higher risk of developing severe
immune toxicities.

Colloidal lithography (also known as nanosphere lithography) involves monodis-
persed nanospheres as templates for the fabrication of SERS substrates in a wide range. By
a chemical route, a colloidal template-induced precursor solution dipping strategy was used
for the formation of periodic semi-hollow sphere arrays [101]. This array serves as a sub-
strate for magnetron sputtering deposition of Au, resulting in novel micro/nanostructured
arrays. These arrays offer diverse performance for different requirements. By involving
a combination of molecular self-assembly, colloidal nanosphere lithography, and physi-
cal peeling, Luo et al. reported a fabrication process for fabricating large-area arrays of
triangular nanogaps with adjustable widths ranging from ~10 to ~3 nm, exhibiting remark-
ably high measured enhancement factors of up to 108 compared to a thin gold film [102]
(Figure 5B). Colloidal lithography can also form large-area nanostructures in parallel at
low-cost on flexible substrates. An in situ chemical patterning technique is proposed based
on plasmonic nanochemistry [103] (Figure 5C). A large-area-ordered Au nanohole array
(NHA) film was prepared using colloidal lithography, where a polystyrene (PS) microsphere
array was etched by the RIE process, and deposited with Au film. Via the wet chemical
method, Ag nanoparticles were grown in situ from the edge to the center of the holes. After
peeling off the Au NHA film, an ordered and large-area Ag nanoparticle assembly array
(NAA) was left on the substrate. The region-specific Ag NAAs demonstrated outstanding
SERS performance for quantitative detection and Raman imaging, with applications in
multilevel encryption and anti-counterfeiting labels. This technique is also suitable for
flexible substrates, such as polydimethylsiloxane (PDMS) and curved glass, allowing for
extensive applications.
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Figure 5. Representative substrates on a solid support using top-down strategies. (A) Digital single-
molecule nanopillar SERS platform for parallel counting of four types of cytokines. SEM images of
(a) pillar array side view, (b) nanoboxes, and (c) a single nanobox on the top of a pillar; (d) SERS
spectra of nanoboxes conjugated with Raman reporters; (e) workflow for multiplex counting of
cytokines (reproduced under the terms of CC BY 4.0 from Ref. [100], copyright 2021, the authors).
(B) (a–f) Fabrication procedure for triangular nanogap arrays; (g–m) images of N = 1 Au/Au TNG
arrays at various stages in the fabrication procedure (reproduced under the terms of CC BY 4.0 from
Ref. [102], copyright 2022, the authors). (C) (a) Schematic of the fabrication process; SEM images
of (b) Au NHAs, (c) Au NHAs with Ag NPs selectively growing in the interior of the holes, (d) Ag
NP-NAAs after removing the NHA (reproduced with permission from Ref. [103], copyright 2021,
Wiley-VCH GmbH). (D) (a) Schematics of the procedure for PAA-assisted nanotransfer printing to
assemble 3D nanostructures layer-by-layer; (b–j) top- (b,e,h) and side-view (c,f,i) SEM images of
the twisted triple-layer-grating nanostructures and their corresponding optical photographs (d,g,j);
(b–d) the bottom nanograting layer; (e–g) double-layer 3D nanostructure with a twist angle θ = 30◦;
(h–j) triple-layer 3D nanostructure with a twist angle between the neighboring nanogratings θ = 30◦.
Scale bar: 1 μm (b,e,h), 500 nm (c,f,i), and 1 cm (d,g,j) (reproduced with permission from Ref. [104],
copyright 2019, American Chemical Society).

In addition to traditional lithography methods, unconventional strategies, such as
nanoprinting, have been explored for the convenient fabrication of 3D nanostructures.
Nanotransfer printing technology has been developed to transfer large-area and crack-free
3D multilayer nanostructures onto flexible substrates [104] (Figure 5D). This approach
improves the uniformity and reproducibility of SERS substrates. Tape imprinting meth-
ods have been utilized to create lotus-shaped nanoarray structures with ultra-sensitive
characteristics for detection [105]. Combination approaches, such as colloidal nanosphere
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lithography with metal-assisted chemical etching, can produce nanopillar array SERS
platforms with stable and reproducible Raman signals [106]. These platforms exhibit
strong sensitivity and have applications in extended monitoring of cell surfaces and live
cell analysis.

5. Applications

Conventional methods, such as bacterial culture, polymerase chain reaction (PCR),
luminescence, and microarray are commonly utilized in the biomedical field to test clinical
analytes. However, these methods have drawbacks including lengthy processing times,
limited portability, insufficient multiplexing capabilities, and low sensitivity. In contrast,
SERS provides rapid, on-site analysis with the ability to perform fingerprint multiplexing
and achieve high sensitivity. Consequently, point-of-care (POC) SERS approaches have
been developed and implemented to overcome the limitations of conventional methods.
These approaches have been applied to various clinical samples, encompassing proteins,
nucleic acids, and viruses.

5.1. Detection of Proteins

Protein biomarkers play a crucial role in disease diagnostics and treatment monitor-
ing. The development of SERS-based bioassays for protein analysis has gained significant
concern [107,108]. One approach is to incorporate SERS detection into lateral flow im-
munoassays (LFAs) using disposable and portable test strips [109–111]. In these SERS-LFA
assays, ultrabright SERS nanotags conjugated with antibodies are used for sandwich recog-
nition of the target protein in clinical samples. For example, a rapid SERS-LFA assay has
been developed for the detection of human chorionic gonadotropin (hCG), a hormone
associated with pregnancy [111]. This assay achieved fast detection within 2–5 seconds with
a limit of detection (LOD) of approximately 1.6 mIU·mL−1 using a portable Raman reader.
Compared to traditional raster-scanning Raman microscopy, the use of line illumination
significantly improved detection speed and sensitivity, making it 15 times more sensitive
than commercial LFAs. In addition to SERS-LFA assays, the integration of digital microflu-
idics (DMF) with SERS-based immunoassays has been reported for protein detection [112]
(Figure 6A). This approach involves a sandwich immunoassay in which magnetic beads
coated with antibodies and antibody-functionalized SERS tags are used to capture and
label the antigens for sensitive detection. The automation capability of DMF simplifies the
assay procedure and minimizes the risk of exposure to hazardous samples.

The DMF-SERS method was utilized for the quantitative detection of H5N1, an avian
influenza virus. This approach demonstrated outstanding sensitivity (LOD of 74 pg·mL−1)
and selectivity for H5N1 detection, with a shorter assay time (< 1 h) and reduced reagent
consumption (~30 μL) compared to the standard ELISA method. By combining DMF with
a portable Raman spectrometer, this SERS offers a low reagent consumption and minimized
exposure risk for hazardous samples, making it a promising tool for the diagnosis of
infectious diseases.

Low-copy-number proteins that are expressed fewer than 1000 molecules per cell play
vital roles in various essential cellular processes, yet accurately quantifying and under-
standing the functions of low-copy-number proteins at a single-cell level is challenging.
Advanced techniques, such as the single-cell plasmonic immunosandwich assay (scPISA),
are being developed to enhance the sensitivity and enable quantitative analysis of these
proteins [113]. It combines in vivo microextraction for specific enrichment of target proteins
from individual cells, and PERS for highly sensitive detection of low-copy-number proteins
(Figure 6B). This approach holds great promise for advancing our understanding of cellular
heterogeneity and the functions of low-copy-number proteins in biological processes and
disease states [114,115]. PERS-based bioassays are not limited to a single-cell analysis.
Depending on the principle of PERS, immunoassays that utilize antibodies or antibody
mimics like molecular imprinting polymers (MIPs) and aptamers are effective in protein de-
tection [116–120]. For example, Xing et al. presented an approach called the dual MIP-based
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plasmonic immunosandwich assay (duMIP-PISA) for the sensitive and specific detection of
protein biomarkers in complex biological samples [118]. By preparing a C-terminal epitope-
imprinted self-assembled gold nanoparticle monolayer and N-terminal epitope-imprinted
Raman-responsive Ag@SiO2 nanoparticles, the target protein was specifically captured
and labeled sequentially. The formation of the MIP-protein-MIP sandwich-like complexes
results in a significantly enhanced SERS signal. The duMIP-PISA approach offers several
advantages over regular enzyme-linked immunosorbent assay (ELISA), including a simpler
procedure, faster speed, lower sample volume requirement, and wider linear range, making
it a promising tool for various important applications, particularly in disease diagnosis.

Figure 6. Representative applications of SERS bioassays for detection of proteins and nucleic acids.
(A) Schematic illustration of SERS-based immunoassay with digital microfluidics. (a) Illustration of
DMF-SERS method and bottom plate of DMF chip; (b) two characteristic Raman peaks of 4-MBA
at 1071 and 1580 cm−1; (c) side view of DMF chip containing a droplet with magnetic beads;
(d) immunocomplex functionalized with SERS tags on magnetic beads (reproduced with permission
from Ref. [112], copyright 2018, American Chemical Society). (B) Overview of the scPISA procedure
for the determination of low-copy-number proteins in single living cells. (a) Fabrication of the
materials used for scPISA, including affinity ligand-functionalized gold-based extraction microprobe
and affinity ligand-modified silver-based plasmonic nanotag; (b) in vivo extraction by an affinity
extraction microprobe precisely inserted into a single living cell under test; (c) in vitro labeling of
target protein captured from the single cell with plasmonic nanotag and the formation of extraction
microprobe/protein/plasmonic nanotag sandwich-like immunocomplexes on the microprobe surface;
(d) Raman signal readout by plasmonic detection and data analysis (reproduced with permission
from Ref. [113], copyright 2021, the authors, under exclusive license to Springer Nature Limited).
(C) Schematic illustration of multiplex miRNA assay via the SERS sandwich strategy. R6G-, CV-,
and 4-ATP-encoded fractal Au nanoparticles were utilized as SERS tags, and Ag-coated magnetic
nanoparticles were utilized as the capture substrate. (a) Schematic processes of synthesizing SERS
tag; (b) design and synthesis of the capture substrate; (c) detection procedure of multiple miRNAs
based on the capture substrate/miRNA/SERS tag sandwich structure (reproduced with permission
from Ref. [121], copyright 2021, American Chemical Society).

5.2. Detection of Nucleic Acids

Nucleic acids, including RNA, DNA, and miRNA, play a crucial role as genetic
material and serve as important biomarkers in various applications. Conventional methods
for nucleic acid detection, such as real-time quantitative PCR (RT-qPCR) and northern
blotting, often suffer from limitations such as low sensitivity, lack of portability, long assay
times, and extensive sample preparations. To overcome these challenges, researchers have
explored alternative detection methods, especially optical and electrochemical techniques.
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Among these, SERS has become a promising strategy for nucleic acids, leading to the
development of various SERS-based detection methods.

One particular class of nucleic acids, miRNA, consists of an average length of only
22 nucleotides. The short length and high sequence homology of miRNAs pose challenges
for specific detection and amplification using conventional methods like PCR. However,
miRNAs have raised potential as biomarkers of cancers since they play a critical role in
protein post-transcriptional regulation. To address these limitations, many strategies based
on SERS for miRNA detection have been proposed [121–127]. For example, a magneti-
cally assisted sandwich-type SERS-based biosensor was manufactured [121], capable of
ultrasensitive and multiplex detection of three hepatocellular carcinoma-related miRNA
biomarkers (miRNA-122, miRNA-223, and miRNA-21) (Figure 6C). The biosensor consists
of a magnetic capture substrate to capture DNA-conjugated Ag-coated magnetic nanopar-
ticles (AgMNPs) and SERS tags to probe DNA-conjugated DNA-engineered fractal gold
nanoparticles (F-AuNPs). This assay exhibited excellent selectivity, specificity, and high
accuracy in multiplexed detection of actual human serum samples and liver cancer pa-
tient serum assay, even in the presence of other miRNAs. Remarkably, the LOD for the
three miRNAs were exceptionally low, with values of 349 aM for miRNA-122, 374 aM
for miRNA-223, and 311aM for miRNA-21. Additionally, a technique named PASA was
employed for the detection of nucleic acids [128] and their modifications [129] for several
key advantages, including ultrahigh sensitivity, fast analysis time, and a minimal sample
volume requirement. Zhang et al. developed a rapid and highly sensitive method called
the AuNP-decorated Ag@SiO2 nanocomposite-based PASA for the detection of circulating
miRNAs in human serum [128]. Using this method, researchers successfully quantified
miR-21 in human serum with a LOQ of 10−14 M and differentiated a breast cancer pa-
tient from a healthy individual. The AuNP-decorated Ag@SiO2 nanocomposite and PASA
method can be easily adapted for the detection of other miRNAs and circulating tumor
DNA, making it a promising tool for cancer diagnosis.

In addition to the detection of miRNA, longer nucleic acids, such as RNA and DNA,
have also been successfully detected using SERS-based methods [130–138]. For example,
a “lab-in-a-stick” portable device that integrates a SERS-based bioassay and the washing
process has enabled the direct detection of pathogen RNA [133]. Two signal enhancement
levels were utilized to achieve the sensitivity required for direct detection. Each target
sequence was tagged with an ultrabright SERS-encoded nanorattle, providing ultrahigh
SERS signals. These tagged target sequences were then concentrated into a focused spot
for detection using hybridization sandwiches with magnetic microbeads. Through this
approach, the device achieved direct detection of synthetic targets with a LOD of 200 fM.
SERS devices have also been developed for the detection of DNA. DNA mutation pattern
profiling is crucial for the classification of cancer types and plays a fundamental role in
advancing precision medicine. Wu et al. developed an amplification-free SERS biochip
that allows for the direct and simultaneous identification of multiple point mutations in
tumor cells [135]. By integrating the SERS spectra encoding technique with a supervised
learning algorithm, a panel of nucleotide mixtures can be effectively distinguished based on
their mutation profiles. The SERS sensor is incorporated into a microfluidic chip, enabling
one-step multiplex analysis within 40 min.

5.3. Detection of Viruses

The detection of viruses is crucial for early diagnosis and treatment and monitoring
disease progression, especially in the context of recent pandemic and epidemic outbreaks
like COVID-19. SERS-based detection methods for viruses have been developed, both in
label-free and labeled approaches, offering rapid and reliable detection capabilities.

In label-free SERS detection, Yeh et al. presented a portable microfluidic platform
named VIRRION (virus capture with rapid Raman spectroscopy detection and identifica-
tion), which contains carbon nanotube arrays with differential filtration porosity, allowing
for rapid enrichment and optical identification of viruses [139] (Figure 7A). The platform
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employs a multi-virus capture component in conjunction with SERS, enabling real-time
enrichment and identification of different emerging strains or unknown viruses. Following
viral capture and detection on the chip, the viruses remain viable and become purified
within the microdevice. This enables subsequent in-depth characterizations using various
conventional methods. The technology successfully enriched and identified rhinovirus,
influenza virus, and parainfluenza viruses, maintaining the stoichiometric viral proportions
even when multiple types of viruses were present, simulating co-infection. The process of
viral capture and detection took only a few minutes and resulted in a 70-fold enrichment
enhancement, with a detection limit of 102 EID50·mL−1 and a virus specificity of 90%,
making it a promising tool for real-time tracking and monitoring of viral outbreaks.

Figure 7. Representative applications of SERS bioassays for detection of viruses. (A) Design and
working principle of VIRRION for effective virus capture and identification. (a) Photograph and
SEM images of aligned CNTs exhibiting herringbone patterns decorated with gold nanoparticles;
(b) picture showing assembled VIRRION device, processing a blood sample; (c) illustration of
(i) size-based capture and (ii) in situ Raman spectroscopy for label-free optical virus identification;
(d) on-chip virus analysis and enrichment for NGS, (i) on-chip immunostaining for captured H5N2,
(ii) on-chip viral propagation through cell culture, and (iii) genomic sequencing and analysis of
human parainfluenza virus type 3 (HPIV 3) (reproduced under the terms of CC BY 4.0 from Ref. [139],
copyright 2020, the authors). (B) Design strategy for the label-free SERS-based aptasensor platform
for SARS-CoV-2. (a) Targeted aptamer screening against spike (S) protein for detecting SARS-CoV-2
from clinical samples. Side and top view of the trimeric S protein on the surface of SARS-CoV-2 (PDB:
6VXX); (b) the particle display aptamer discovery process, in which solution-phase aptamer library
molecules are converted to monoclonal aptamer particles, incubated with fluorescently-labeled S
protein, and then subjected to fluorescence-activated cell sorting (FACS) to enrich library molecules
with a strong affinity for this target; (c) the aptamer is then conjugated onto a silver nanoforest
(SNF) substrate for the detection of SARS-CoV-2 and the intrinsic aptamer peaks shift in response
to the conformational changes triggered by the S protein binding to the aptamer (reproduced with
permission from Ref. [140], copyright 2023, Elsevier B.V.).

In the labeled SERS detection, typical immunoassays have been employed for virus
detection [141–146]. For example, a highly sensitive and quantitative SERS-based LFA
strip was developed for the simultaneous detection of influenza A H1N1 virus and human
adenovirus (HAdV) [144]. Fe3O4@Ag nanoparticles served as magnetic SERS nanotags,
which were conjugated with dual-layer Raman dye molecules and target virus-capture
antibodies, allowing for specific recognition and magnetic enrichment of target viruses in
the solution, as well as SERS detection of the viruses on the strip. The magnetic SERS strip
can directly be used for real biological samples without requiring any sample pretreatment
steps. The LOD achieved for H1N1 and HAdV were 50 and 10 pfu·mL−1, respectively,
which were significantly higher compared to the standard colloidal gold strip method. This
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SERS-based LFA strip is a potential tool for early detection of virus infections for its easy
operation, rapidity, stability, and high throughput.

SERS also provides great potential for fast-screening detection of SARS-CoV-2 virus
and its variants [140,147–153]. Park et al. developed an ultra-sensitive label-free aptasen-
sor based on SERS for the universal detection of SARS-CoV-2 variants of concern [140]
(Figure 7B). Two DNA aptamers with high affinity for binding to the spike protein of
SARS-CoV-2 were first identified through high-throughput screening. The dissociation
constants (kD) of the aptamers are 1.47 ± 0.30 nM and 1.81 ± 0.39 nM, respectively. By
combining these aptamers with a silver nanoforest, this ultra-sensitive SERS platform
achieves a detection limit at the attomolar (10−18 M) level using a recombinant trimeric
spike protein. Furthermore, the intrinsic properties of the aptamer make the approach
label-free, eliminating the need for a Raman tag. Clinical samples with variants of concern,
like the wild-type, delta, and omicron variants, were successfully detected. In another
study, a hand-held breathalyzer based on SERS for the rapid identification of individ-
uals infected with COVID-19 was developed, which is capable of providing results in
under 5 minutes and demonstrates high sensitivity (>95%) and specificity across a cohort
of 501 participants [152]. These developments hold promise as a powerful tool for the
rapid and reliable detection of SARS-CoV-2 variants, facilitating effective control measures
against the ongoing pandemic.

While both label-free and labeled SERS bioassays have been developed for the de-
tection of viruses, there is still a need for diverse functions, such as virus capture and
enrichment, and minimized sample exposure, apart from sensitive, specific, and rapid
detection. Such advancements would be highly desirable for real-world applications.

6. Conclusions and Future Perspectives

SERS has emerged as a very powerful and promising analytical technique, and its
capabilities continue to advance primarily through improvements in substrates. The
sensitivity, compatibility with probed molecules, and measurement reproducibility are
determined by the substrate. These substrates often involve well-controlled particles and
their tunable couplings to achieve optimal enhancement. While SERS-based bioassays have
already been widely used in biomolecular detection, the rational design of substrates and
applied methodologies discussed here will continue to drive advancements toward higher
sensitivity and reproducibility for clinical applications. The labeled SERS bioassays using
SERS nanotags for biomolecule detection offer a sensitive method with enhanced specificity
through the use of targeting moieties on the nanoconstructs. One notable advantage of
SERS nanotags is the ability to design and synthesize Raman-reporter labels with unique
spectral peaks, enabling multiplex detection by avoiding overlap. These nanoprobes hold
potential for early disease diagnosis, where simultaneous detection of multiple biomarkers
at low concentrations is crucial.

Additionally, the implementation of artificial intelligence (AI) can greatly enhance
the analysis of complex samples for which the involuted Raman spectra are often hard
to distinguish, enabling disease diagnosis without the labeling of biomarkers [154–158].
For more related information, please refer to Ref. [159,160]. In brief, acquired Raman
spectra in complex media can be processed using spectral unmixing algorithms to estimate
concentration profiles, leading to improved quantification. By “learning” the fingerprint of
Raman spectra and identifying specific characteristics from massive data, deep learning
algorithms can automate analysis processes, outperforming human-operated analysis and
potentially enabling more efficient and faster disease diagnosis. The combination of SERS
signals with data processing software, especially involving AI, is an active area of research,
offering potential improvements in accuracy and reliability.

While the SERS technique offers high sensitivity and intrinsic molecular fingerprint
information, its reproducibility has historically been a challenge, limiting its widespread
application. Recent advancements in nanotechnology have provided researchers with
the means to create more uniform and reproducible SERS substrates, both at the mi-
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cro/nanoscale and macroscopic levels. However, achieving precise nanogap regulation
for specific recognition remains a critical requirement, especially in complex measurement
environments. SERS analysis in vivo still pose both opportunities and challenges. One
pressing need is to fix the nanogap between nanoparticles at a stable distance on a molecu-
lar level to achieve simultaneous reproducibility and selectivity in detection. Framework
nucleic acids hold promise as they can integrate chemical recognition elements and provide
a stable structure. By altering Raman reporters and refining molecule structures, it is
possible to minimize fluctuations in the SERS signal. In addition, it is worth noting that
some delicate methods, due to the complexity of their designs, may have a relatively high
coefficient of variation in analyzing complex samples. Therefore, developing simple yet
effective methods is of great importance for practical use in real-world applications.

Another significant challenge in advancing SERS is the limited availability of sensitive,
affordable, and portable Raman spectrometers. Confocal Raman microscopy, despite its
sensitivity, is often of cumbersome size and complex structure, limiting its usage as a
portable device. Moreover, since only one micro area can be acquired at a time with Raman
microscopy, bias may result from the microscopic heterogeneity, lacking representation
at the overall level. To overcome this hurdle, extensive research is needed to develop
miniaturized spectrometers with higher sensitive and Raman-stabilized lasers that can
be seamlessly integrated into on-chip platforms. This development would be crucial in
realizing the vision of portable and accessible SERS devices.
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Abstract: Molecularly imprinted polymers (MIPs) and aptamers (Apts) are widely used in substance
detection due to their specific recognition abilities. However, both of them have limitations in terms
of stability or sensitivity. Therefore, an increasingly employed strategy is to combine MIPs and
aptamers to form mixed components for detecting various substances, such as viruses, bacteria,
proteins, heavy-metal ions, and hormones. The aim of this review is to provide a comprehensive
summary of the scientific research conducted on the construction and application of aptamer–MIP
multiple-recognition components in the past five years. It also aims to analyze their research and
development strategies, construction mechanisms, advantages, and potential applications, as well as
limitations and current challenges that need to be addressed.

Keywords: molecularly imprinted polymer; aptamer; multiple recognition; detection

1. Introduction

The molecular recognition theory has been widely applied in various fields, including
separation [1], sensing [2], material manufacturing [3], disease diagnosis [4], and drug
delivery [5], due to its significant practical value. Nature provides a plethora of biometric
pairs, such as glycans and glycan-binding proteins [6], enzymes and substrates [7], and
antigens and antibodies [8]. They are widely used for detecting target molecules because
of their outstanding specific recognition and binding ability. However, the identification
of target molecules during application is often hindered by environmental interference.
Additionally, their practical application is hampered by natural molecular instability, high
costs, modification complexities, and limitations on mild conditions. Therefore, it is crucial
to develop molecular recognition systems with enhanced properties.

In recent years, molecularly imprinted polymers have emerged as a cost-effective
and highly stable alternative [9] to traditional molecular recognition systems, offering
superior reusability and performance. Molecular imprinting is a biomimetic technology
that utilizes template molecules and crosslinking agents to form three-dimensional cavity
structures [10] with specific selection and high affinity through polymerization. Based on
the “key-and-lock” principle [11], the obtained cavity can be used for the selective binding
of targeted molecules, thus achieving high sensitivity. MIPs have been successfully applied
in various scientific research fields, such as environmental pollutant adsorption, biomimetic
sensing [12], and solid-phase extraction. However, the complexity of actual samples may
result in the retention of large molecules like proteins on the surface of MIPs, leading to the
blockage of specific recognition sites. Additionally, solutions still need to be sought for the
limited analytical window [13] and limitations posed by non-polar environments.

Aptamers are short RNA/DNA oligonucleotides that specifically bind to targeted
complementary molecules [14]. These molecules were first reported by Ellington [15]
and Gold [16] in 1990. Aptamers possess several advantages, including high specificity,
facile modification, small size, non-immunogenicity [17], and high affinity. As a potential

Chemosensors 2023, 11, 465. https://doi.org/10.3390/chemosensors11080465 https://www.mdpi.com/journal/chemosensors



Chemosensors 2023, 11, 465

substitute for natural antibodies, aptamers have been widely used in biosensors, clinical di-
agnosis and therapy, imaging technology, and cellular immunity. Particularly in the field of
sensors, aptamer-based biosensors exhibit superior biocompatibility and reproducible func-
tions [18] compared to other types of sensors, such as natural antibody sensors. However,
the presence of nucleases everywhere can cause the rapid degradation of aptamers [19],
leading to the loss of their three-dimensional structure and function. Meanwhile, there
is a need to improve the thermal stability of aptamers and enhance the diversity of the
functional groups they possess [20–22].

To address the functional limitations of MIPs and aptamers when used alone, re-
searchers have proposed a hybrid detection system that combines both materials to achieve
inherent affinity [23]. The aptamer–MIP hybrid creates a “best of both worlds” scenario.
When the aptamer is made to be polymerizable, it can become the recognition part of a
MIP by incorporating it into the polymer matrix via polymerizable groups on the aptamer.
In this way, the high affinity and specificity of the aptamer are preserved whilst impart-
ing the robustness and added shape specificity generated by the MIPs. The presence of
the polymer should protect the aptamer from environmental degradation and potentially
widen the scope of use of aptamers for recognition. An aptamer could also be used as
an additional recognition monomer and further amplify the sensing signal of the system
as a marker. By combining the specificity of MIPs and aptamers, a hybrid can have high
sensitivity, a low limit of detection, high stability, and excellent detection results. The
successful development of aptamer–MIP hybrid materials would pave the way for a new
generation of MIPs and for their use to become more mainstream, offering significant
commercial gain. In 2014, Bai and Spivak [24] successfully verified this idea by using the
molecularly imprinted aptamer multiple-recognition strategy to construct an efficient virus
detection sensor. Since then, more researchers have developed a plethora of hybrids [25,26]
by combining the advantages of MIPs and aptamers, which have been effectively employed
in detecting antibiotics, viruses, hormones, and other molecules. This review summarizes
the preparation methods of the multiple-recognition imprinting layer and MIP–aptamer,
as well as comprehensively reviews the application of MIP–aptamer recognition systems
in various sensor applications (Figure 1). Furthermore, it discusses and analyzes current
shortcomings and future prospects for this technology. This review is expected to provide
researchers with a clearer understanding of the advantages of multiple-recognition systems
based on molecular imprinting and aptamers while encouraging them to seek solutions for
future challenges.

Figure 1. Overview of different types of aptamer–MIP multiple-recognition systems.
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2. Acquisition of Molecularly Imprinted Layer

In the aptamer–MIP multiple-recognition system, molecular-imprinting sites play
a crucial role in recognition. These sites refer to three-dimensional imprinting cavities
obtained through the elution of polymerized imprinting molecules, and the number of
these sites depends on the effectiveness of the polymerization process. Currently, ther-
mal polymerization, photopolymerization, the sol–gel method, and electrochemistry are
commonly used for polymerizing molecularly imprinted films. Thermal polymerization
is generally carried out by heating in a water bath with methacrylic acid (MAA) as a
functional monomer, EDGMA (ethylene glycol di-methacrylate) as a crosslinking agent,
and AIBN (azodiisobutyronitrile) as an initiator. The severe limitation of the method is
the requirement for an organic solvent. This presents obvious drawbacks to their use in
environmental and biological applications. Photopolymerization, on the other hand, is
typically performed by triggering free radicals using either a high-pressure mercury lamp
or a purple interconnector to complete the polymerization of the imprinted layer. The
photopolymerization method is relatively easy to operate; however, it has the following
disadvantages: long polymerization time, expensive photoinitiators, and poor surface
regeneration ability. The sol–gel method possesses numerous significant advantages, such
as being simple and low-cost, requiring mild conditions, and providing products with
high thermal and mechanical stability [27]. The sol–gel imprinting process occurs by
dissolving a metal oxide precursor or metal halides (M(OR)n or MXn, with M = Si, Al,
Ti, etc.) in a low-molecular-weight solvent medium using a catalyst (acid, base, or ions
such as F−), followed by a hydrolysis (water) and polycondensation step [28]. Silicon
alkoxides have been regarded as the preferred molecular precursors for the sol–gel process
because they have moderate reactivity but the chemical stability of the Si–C bond is high.
During the molecular-imprinting process, alkoxysilane units (Si–OR) are transformed into
silanol (Si–OH) with the release of alcohol (R–OH), and then the condensation reaction
occurs with the formed silanol group. Both the hydrolysis and condensation reactions
will continue simultaneously, leading to the formation of a three-dimensional network.
However, the low capacity hinders its wide application. Electrically driven polymerization
methods are mainly used for the fabrication of MIP films directly on a conducting substrate.
Electropolymerization involves placing a pre-treated electrode into a solution containing a
template and specific functional monomers, which undergo electrolysis to generate free
radicals under the influence of an electric current. Polymerization is then completed in
the presence of template molecules. The mechanism is simply explained as an alternation
between chemical and electrode reaction steps. A radical cation is most likely formed
during the electro-oxidation step, and then the radical reacts with the monomer and the
protonated dimer of the radical formed. These steps follow one after another to form
the polymer [29]. The electropolymerization method is low-cost and allows for adjusting
the thickness and morphology of the imprinted film while also exhibiting excellent repro-
ducibility. Although there are numerous advantages, the absence of a crosslinker during
the electropolymerization process results in fewer recognition sites and poor recognition
ability [30].

3. Multiple-Recognition Systems Based on Aptamer and MIPs

3.1. Sandwich Type

In a sandwich assay, the target is bound between a capture antibody and a detection
antibody. The capture antibody is immobilized on a surface, while the detection antibody
(conjugated to an enzyme or fluorophore label) is applied as the last step before quantitation.
Because two antibodies against the same antigen are used, this method is flexible and
sensitive. However, it is not always easy or possible to have pairs of antibodies that work
well in this type of assay. As described in the introduction section, MIPs and aptamers can
be obtained at a large scale using simple methods. They are good candidates for antibodies.
The sandwich type consists of a MIP/target/aptamer [31], which combines the specific
recognition capabilities of MIPs and aptamers to achieve signal amplification [32]. The MIP
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material acts as a pre-concentration part for the targets, while the aptamer is responsible
for signaling the presence of the target on the MIP platform. The costs and time of MIP and
aptamer production are substantially low. Meanwhile, incorporating nanoparticles into
this approach serves to independently amplify the signal intensity following secondary
recognition, thereby achieving stable and enhanced sensing of signal output. Based on this
strategy, Li Tang et al. [33] developed a sensor for the ultrasensitive visual detection of EV71
(Enterovirus 71), which is a plus-stranded RNA virus that causes hand-foot-mouth disease
and central nervous system infection [34]. The fabrication process of the sensor is shown in
Figure 2. Firstly, Fe3O4-coated CD (carbon quantum dot) carriers were constructed, and
MIPs were prepared using the sol–gel method with APTES (3-aminopropyltriethoxysilane)
and TEOS (ethyl silicate) as functional monomers and crosslinkers. Then, the aptamers
were introduced into the imprinting layer. The surface of the imprinting layer was modified
with EV71 aptamers, and phenolphthalein was coated on the surface of ZIF-8 (Zeolitic
Imidazolate Framework-8). When EV71 was captured by imprinted particles and combined
with ZIF-8, the fluorescence signal was quenched, achieving the first signal amplification.
Then, when the pH of the solution was adjusted to 12, ZIF-8 decomposed and released
loaded phenolphthalein molecules, turning the solution system red and achieving the
second signal amplification. Efficient visual detection can be achieved within 20 min of
sensor application, with fluorescence and visual detection limits reaching 8.33 fM and
2.08 pM, respectively. The repeatability and stability of this sensor are commendable. After
conducting five repeated determination experiments on the same sensor, the fluorescence
signal maintains 82% of the initial value. Additionally, even after being stored for 6 months,
the sensor still maintains a satisfactory color-rendering function, with an absorbance level
at 91.9% of the initial value. Compared with traditional virus detection methods, which
are time-consuming, expensive, and insensitive, this sensor allows for low-cost and highly
accurate clinical diagnosis from the beginning. The research team’s work is expected to
be used in future virus-screening efforts to reduce medical staff workload and clinical
diagnosis costs.

 
Figure 2. Construction principle and flow diagram of the virus sensor. Reprinted with permission
from ref. [33].

440



Chemosensors 2023, 11, 465

Exosomes, which are extracellular vesicles composed of nanoscale lipid bilayers, have
emerged as promising biomarkers for early cancer diagnosis and monitoring due to their
ability to provide rich molecular information similar to that of parental cells. However,
the lack of efficient methods for separating and capturing intact exosomes has hindered
the widespread application of exosome analysis platforms in clinical practice. To address
this issue, Liao’s team [35] developed a more sensitive “on” fluorescent MIP sensor for
detecting lysozyme, which is one of the innate immunity proteins carried by the intact
exosome. The captured lysozyme was detected through selective fluorescence induced
by aptamer-mediated aggregation. A linear relationship between the lysozyme content
and fluorescence intensity was obtained. The specific working process is illustrated in
Figure 3, where, in the first step, both lysozyme and characteristic exosomes from the
sample are added to the surface polymerization system. After the reaction of the template
and crosslinker, customized complementary cavities are formed. In the second step, AIMIP
(“Artificial intelligence” imprinted polymers) particles selectively capture and enrich tar-
geted analytes. In the third step, after magnetic collection is completed, the aptamers
are incubated with a MIP. Utilizing a sandwich induction strategy, the sensor selectively
captures AIIP target molecules and modulates the spin of water-soluble AIE (aggregation-
induced emission) fluorescence agents through conformational changes in DNA aptamers.
The fluorescence effects are enhanced, enabling the specific detection of lysozyme and exo-
somes within complex proteins through selective “on” fluorescent lighting. This technology
has been preliminarily applied to the detection of clinical serum samples. The fluorescence
intensity showed a strong linear correlation with the exosome concentration (0.9823), indi-
cating a significant relationship between the two variables. Moreover, the detection limit
was approximately 1.3 × 106 capsules/mL, demonstrating high sensitivity and accurate
quantification capabilities. Additionally, the sensor exhibited good reproducibility, with
coefficients of variation of 2.10 × 10−7 and 2.38 × 10−5, corresponding to percentages of
6% and 4.5%, respectively. Furthermore, the recovery rate in repeated tests reached as high
as 107%, highlighting its potential application in future medical fields.

 

Figure 3. (A) Conceptual graph of self-assembly of AIMIPs; (B) schematic of the preparation of
AIMIPs and AIMIP separation integrated aptamer/AIE fluorescent sensors for exosomes. Reprinted
with permission from ref. [35].

In conclusion, the use of a MIP and an aptamer in the sandwich system greatly im-
proves the specific recognition ability of the target and realizes the secondary amplification
of the signal, which would improve the sensitivity of the sensor. However, the susceptibility
of the aptamer to thermal, chemical, and enzymatic degradation is still the main bottleneck
limiting its wide application because of the lack of protective shells around aptamers.
Further work should be conducted to improve the stability of aptamers.

3.2. Hybrid Type

Unlike the sandwich method, this hybrid strategy involves directly embedding the
aptamer into the molecularly imprinted structure. After the hybrid structure is formed, the
molecularly imprinted polymer acts as a protective scaffold for the aptamer molecule, con-
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fining it to a specific conformation and effectively separating it from potential interference
from DNA enzymes present in the substrate. At the same time, the aptamer can bind to the
target molecule specifically to make up for the deficiency of the sensitivity of the molecular
imprinting itself. This enhances the stability and specificity of aptamer-mediated recog-
nition. The interaction forces, such as a hydrogen bond, between the target molecule and
MIP greatly improve the affinity between the recognition system and the target molecule.

This strategy has been successfully applied to the detection of antibiotics, such as
amoxicillin (AMOX). In 2021, Lu’s group [36] developed a sensor that specifically detects
amoxicillin using a co-deposition technique and a dopamine electropolymerization tech-
nique. The construction scheme of the sensor was as follows: (1) a large-surface-area
conductive sensing platform was constructed by electrodepositing AuNPs (Au nanopar-
ticles) on the electrode surface; (2) the aptamer–amoxicillin complex was fixed on the
electrode surface with the Au-S bond; (3) the molecular-imprinting layer was prepared
by dopamine electropolymerization; (4) the imprinted cavity was obtained after elution.
CV (cyclic voltammetry) and DPV (differential pulse voltammetry) techniques were used
for characterization and quantification by using Fe(CN)6

3−/Fe(CN)6
4− as probes. Com-

pared to the curve depicted in Figure 4, Curve a presents a pair of standard REDOX peaks.
Curve b shows a significant increase in the peak current, indicating that AuNPs/ZnO-rGO
can accelerate the electron transfer rate on the electrode surface. In contrast, Curve c
exhibits a decrease in peak value due to the formation of a self-assembled insulation layer
on the electrode surface, which renders the molecular-imprinting layer non-conductive
and impedes electron transfer. Curve d shows the peak current after electropolymerizing
dopamine to obtain the blotting layer. Because the imprinting layer is non-conductive,
the charge transfer of the probe is blocked, resulting in a significant decrease in the peak
current. However, after the removal of template molecules, leaving behind an imprinting
cavity, aptamer–AMOX probes can reach the electrode surface through pores and complete
electron transfer, resulting in an increase in the peak value for Curve e. Finally, upon
the completion of the recognition process and the occupation of imprinting sites, charge
transfer is hindered again, leading to a reduction in the peak current for Curve f. During
the process of sensor construction, the author utilized an aptamer as a functional monomer,
combining its recognition ability with a molecular-imprinting layer to reduce non-specific
recognition in complex systems. Additionally, it was discovered that the optimal mole ratio
of the aptamer to the template molecule is 1:2. By using this ratio to construct the sensor
system, the best detection effect can be achieved, with a detection limit of 3.3 × 10−15 M.
Three electrodes were selected under identical conditions to construct a MIEAS for the
determination of AMOX at equimolar concentrations, yielding an RSD of 2.99% upon
repeated experimentation. Furthermore, in order to assess sensor stability, response signals
from the same electrode were measured after 30 days and found to be 95.1% of their initial
values. These results demonstrate that the constructed MIEAS exhibits excellent repeatabil-
ity and stability. However, in order to optimize the utilization of this sensor system, further
research on electrode material development is necessary due to its poor selectivity.

Taking Krishnan’s work [37] as an example, hemophilia B, a genetic disease that
can cause cardiovascular disease and paralysis, is often clinically diagnosed by the hu-
man coagulation factor IX protein (FIX). The authors designed the MIP embedded with
the aptamer as a biomimetic biosensor, which can quickly and sensitively recognize FIX
specifically. The author simultaneously utilized the resilience of the molecularly imprinted
polymer layer to mitigate biological contamination on the electrode surface. The prelim-
inary work of the research and development process is shown in Figure 5. (a) Human
coagulation FIX-imprinted polymer was prepared by free radical initiation polymerization,
and an aptamer–target complex was obtained by incubating the aptamer and imprinted
template. (b) The working electrode was fabricated through the process of aluminum
deposition. Then, the working electrode was modified with carbon nanomaterials and
metal nanomaterials, and the aptamer–target complex was fixed on the modified electrode.
After the modification, the performance of the electrode was greatly improved in terms of

442



Chemosensors 2023, 11, 465

conductivity, sensitivity, and affinity. The amperometry method was used for the detec-
tion of FIX. Compared to a traditional Apt sensor without MIPs, it was discovered that
the MIP-incorporated sensor has a 3-fold higher sensitivity and a 40 fM detection limit.
However, experimental data show that the aptamer–MIP hybrid AIDE’s (Archimedean
Interdigitated Sensor) detection capability is limited to the decreasing current response as
surface mass loads are increased. Based on the author’s research, it can be inferred that
potential advancements for this strategy primarily involve incorporating nanomaterials,
eliminating impurities from the electrode surface [38], introducing additional affinity de-
tection monomers to enhance sensitivity, and enabling the detection of various substances
through the modification of a single component with the same synthesis approach.

 
Figure 4. (A) CV and (B) DPV for (a) bare GCE, (b) AuNPs/ZnO-rGO/GCE, (c) Apt-AMOX/
AuNPs/ZnO-rGO/GCE, (d) MIP-Apt/AuNPs/ZnO-rGO before elution, (e) MIP-Apt/AuNPs/ZnO-
rGO after elution, and (f) MIP-Apt/AuNPs/ZnO-rGO after adsorption in 5 mM [Fe(CN)6]3−/4−

and 0.1 M KCl (CV scan rate: 100 mV·s−1, scan range: −0.2–+0.6 V; DPV scan range: −0.2–+0.6 V).
Reprinted with permission from ref. [36].

 
Figure 5. Schematic illustration of the overall research. It comprised of MIP synthesis (a), AIDE
sensor fabrication by photolithography process (b). Reprinted with permission from ref. [37].

For the hybrid assay, the affinity and specificity of the prepared aptamer–MIP hybrid
toward the target were improved dramatically as compared with the aptamer or MIP alone.
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However, the hybrid process is still based on a trial-and-error process. The monomer
in the imprinting process may not be ideal, leading to a low imprinting factor. Rational
computer modeling would help to improve the aptamer–MIP hybrid preparation and make
the hybrid more efficient.

3.3. Recapture–Detection–Separate Sensing Strategy

Unlike the sandwich and hybrid modes, the recapture–detection–separate sensing
strategy incorporates a microfluidic control system with miniature valves on the chip. By
regulating the opening and closing of the valves, it detects signals produced by target
molecules as they flow through narrow channels. In this system, the molecularly imprinted
polymer and aptamer function as two distinct recognition elements. Once captured and
eluted by the MIP site, analytes are transferred to the aptamer for secondary capture. A fu-
ran sensor is taken as an example, as furan is an insecticide widely used in agriculture, but
its residue poses a serious threat to human health. Although the commonly used methods
for detecting furan include chromatography [39,40] and electrochemical methods [41,42],
due to the operational complexity and poor targeting selectivity of these two technolo-
gies, there is a general trend to develop a new type of sensor. Under such requirements,
Li et al. [43] developed an interesting design idea by etching a microfluidic channel, and
two functional regions were etched on polydimethylsiloxane (PDMS). These two functional
areas serve as recognition areas for the MIP and aptamer. In this sensing process, the
target furan molecule is initially transported through the microchannel and subsequently
captured by the MIP recognition site. Following elution, the furan is conveyed to the ap-
tamer’s functional region, where it undergoes a secondary capture event facilitated by DNA
aptamer binding. The Pt-Au-Ag/AgCl three-electrode system generates a current signal at
the second capture, while GO (graphene oxide)-AuNPs amplify the detected signal. This
research group realized the high-sensitivity detection of furan in complex samples, and
the detection limit was up to 67 pM. After optimizing the chip preparation process, this
strategy is expected to expand to the detection of other harmful substances and promote the
development process in the field of sensors. In this method, molecular imprinting and the
aptamer work independently without interference. However, the production process of the
working chip for microfluidics is often costly, and the construction of microchannels and
recognition units remains a technical problem that needs improvement. The unoccupied
imprinting sites on the chip are prone to binding with aptamers and generating interference
signals. Therefore, future research should focus on improving controllability.

4. Applications of MIP–Aptamer Multiple-Recognition Systems

4.1. Virus

Viruses are microorganisms with the smallest and simplest structures, yet their types
are complex. Most viruses exhibit strong infectivity and can cause life-threatening dis-
eases in severe cases. Although vaccines are available for most viruses, an outbreak can
still result in significant damage to the economy and public health, as seen during the
three-year pandemic caused by the novel severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) worldwide [44]. Enhanced virus detection is a crucial element in managing
and resolving epidemics. Currently, the enzyme-linked immunosorbent assay [2] and the
isolation culture and detection of virus strains [45] are often used for virus-related detec-
tion, but these methods can be expensive and susceptible to complex substrates, resulting
in low sensitivity and poor selectivity. To overcome these shortcomings, Chen S.Y. [46]
designed a molecularly imprinted polymer–aptamer sensor for the non-autofluorescence
detection of the H5N1 virus (Influenza A virus). In this work, the author fixed three func-
tional monomers, including acrylamide, to the modified magnetic Fe3O4 and used AIBN
to initiate polymerization. The H5N1 virus template was embedded into the polymer,
and the subsequent elution of viral molecules yielded an imprinted cavity with selective
recognition for the H5N1 virus, serving as the identification probe. Additionally, the
aptamer was immobilized onto amino-modified ZGO (Zn2GeO4:Mn2+) via amide bond-
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ing to serve as a secondary recognition probe. When the target H5N1 virus particle is
introduced into the recognition system, it is captured by the imprinting chamber to form
MIP-H5N1. Furthermore, the cavity selectively captures ZGO-H5N1 Apt from the solu-
tion, resulting in the formation of a magnetic sandwich structure; however, nanoparticles
without a sandwich structure remain in the solution system. As the concentration of virus
molecules increases, there is a continuous decrease in the residual aptamer amount, leading
to changes in the persistent photoluminescence (PL) signal. The correlation curve between
the PL signal and template molecule concentration was obtained. Through these processes,
a sandwich sensor with a detection limit of 1.16 fM was constructed.

Hepatitis B virus is a common blood-borne pathogen that can lead to death from
cirrhosis and liver cancer in carriers [47]. To detect this virus, Chen S.Y. [48] introduced a
resonance light-scattering sensor in 2021 based on molecular imprinting and an aptamer for
the early diagnosis of hepatitis B virus (HBV) using the same sandwich strategy, as shown
in Figure 6. The imprinting factor of the sensor reached 7.56, surpassing other molecularly
imprinted sensors in virus detection. The sensing system employs a molecular-imprinting
layer supported by carbon spheres as probe 1 and utilizes a specific aptamer as probe 2.
Simultaneously, glucose is introduced during the construction of the imprinting vector
to generate hydroxyl and carboxyl groups on the carrier’s surface, thereby enhancing
hydrogen bonding and improving the binding capacity of the imprinting layer toward
the target virus molecules. The successful binding of the imprinted probe to the target
molecule generates a resonant light-scattering response. Upon the double binding of the
aptamer to the target molecule, this light signal is further enhanced, as depicted in Figure 7,
demonstrating excellent detection efficacy. The authors’ study indicates that an imprinting
layer of 25 nm thickness made with 2.5 μL mL−1 TEOS yields the optimal signal strength
and imprinting effect. When the imprinting layer is too thin, it results in a loose network
structure for the constructed imprinting cavity, which lacks specificity. Meanwhile, the
thickness of the imprinting layer should be carefully considered during the construction
of the dual-recognition system to prevent excessive crosslinking, as an excessively thick
layer hinders the removal of target molecules from the imprinting cavity, thereby impeding
secondary signal generation by aptamers. Only an appropriate thickness of the imprinting
layer can ensure sufficient recognition sites for aptamer binding. The ratio of MIPs and
SiO2@Apt was also optimized. A dosage ratio of MIPs and SiO2@Apt of 1:2 and a dosage
of MIPs of 80 ng/mL−1 were used. In general, this sensing approach holds significant
implications for the timely detection of a wide range of viruses.

Hepatitis C virus (HCV) is also a causative agent of liver disease. In Ghanbari’s
work [49], the aptamer was fixed on a multi-wall carbon-nanotube–chitosan nanocomposite
(MWCNT-CHIT), and after the imprinting layer was obtained by dopamine electropoly-
merization, the HCV core antigen sensor was prepared. When the aptamer binds to the
target molecule, the peak current is gradually increased by the DPV method, and then
the antigen changes conformation to overcome the electrostatic effect during the process
of separation from the electrode surface, so the current density changes with the antigen
concentration. The method combines the high stability of the nanocomposite platform, the
specific recognition capability provided by the MIP–aptamer, and the excellent sensitivity of
the hybrid receptor to successfully detect HCV core antigens in human serum, maintaining
an initial response of 95% and a relative standard deviation of 5.4% after 50 cycles, with
good repeatability. These findings demonstrate the effectiveness of this method in detecting
HCV and its potential for widespread application in analyzing complex samples.

445



Chemosensors 2023, 11, 465

 

Figure 6. Principle of the preparation of virus–MIPs. Reprinted with permission from ref. [48].

Figure 7. Detection possibility verification: MIP, MIP + HBV, and MIP + HBV + SiO2-Apt. Reprinted
with permission from ref. [48].

4.2. Carcinogens

As one of the most lethal diseases, cancer is caused by various carcinogenic factors,
among which aflatoxin is included. Aflatoxin B1 (AFB1) [50] is the representative, which
has the highest yield, the highest toxicity, and the strongest carcinogenicity. Once AFB1
enters the food chain, it can result in significant economic losses and pose a grave threat
to human health through biological accumulation. In 2022 and 2023, Roushani [51] and
Chi Hai [52] put forward a summary of the work on the multiple-recognition strategy
for AFB1 detection. In Roushani’s study, a novel electrochemical biological device with a
detection limit of 12.0 pg/L was designed by hybridizing MIPs and aptamers on a glassy
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carbon electrode modified with Cu2O NCs (nanocubes) with a large surface area. The
experimental data were measured by the impedance method. In Chi’s work, the recognition
probe MIP/PC (porous carbon) and signal probe CdTe/ZnS-Apt were used, which have
good matching and stable fluorescence signals. In this detection process, the intensity of
the fluorescence signal is determined by the synthesis ratio of CdTe/ZnS and Apt, and
the concentration is insufficient to bind to all modified aptamers in the sensor, resulting in
fluorescence interference. When the optimal concentration of CdTe/ZnS was 0.8 mg/mL
and the Apt content was 10 nmol/L, the fluorescence intensity reached its maximum
efficacy. The results show that there is satisfactory compatibility and synergy between the
aptamer and the molecular-imprinting layer, so the detection of AFB1 is realized with a very
low detection limit of 4.0 pg/mL−1. The simultaneous determination of 10 ng/mL samples
using five identical sensors has a relative standard deviation of 4.1%. In addition, after three
times of repeated use, the sensor system showed a fluorescence signal reduction of only
9.7%, which indicates that the sensor has great commercial potential in the food industry.

Ochratoxin (OTA) is another mycotoxin that has attracted worldwide attention. The
toxicity, carcinogenicity, and teratogenicity of OTA seriously harm human health [53].
In view of the fact that the aptamer–MIP materials developed in the past have not been
applied to the detection of OTA, Lyu [54] first proposed a novel aptamer–MIP material
for OTA-specific recognition in 2019. In this study, APT-OTA complexes were obtained
by mixing an aptamer with a concentration of 60 μmolL−1 with template molecules, and
then the raw materials, such as the monomer, crosslinker, initiator, and complex, were
placed in the purple linkage instrument to complete photopolymerization. The hydrogen
bonding between the monomer AMPS (2-acrylamide-2-methylpropanesulfonic acid) and
template OTA and the specific affinity of the aptamer greatly increased the adsorption
effect. Based on these advantages, the material was successfully applied to actual beer
samples, and the OTA-sensitive LOD and LOQ were measured to be 0.07 ng/mL−1 and
0.14 ng/mL−1, respectively, realizing the specific enrichment and high-sensitivity detection
of OTA. To evaluate the stability of the aptamer–MIP monolithic column, changes in
flow velocity were measured in five mobile phases with different polarities. The linear
correlation coefficients R2 of these five groups of data are in the range of 0.9908~0.9985,
indicating that the measurement precision and accuracy are high. Furthermore, after one
month of use, the recovery rate of aptamer–MIP was found to be 87.3%, demonstrating
excellent mechanical stability and reproducibility. However, as the components have an
impact on the overall pore structure and permeability of the aptamer–MIP, the next step is
to optimize the composition of the polymeric mixture in order to comprehensively enhance
the performance of this multiple-recognition material.

There are heavy-metal ions [55] with potent carcinogenicity, among which the bivalent
chromium ion is a representative. Upon entering the human body, cadmium will affect the
formation of human bone cells, leading to deformation and pain and inducing cancer and
even death in patients in severe cases [56]. To achieve the effective detection of Cd2+, Li [57]
devised a fluorescence-quenching sensor. The team fixed SN-CQD/Au (carbon quantum
dots co-doped with sulfur and nitrogen atoms) fluorescent particles on the surface of the
indium tin oxide glass electrode, and then they combined the self-assembled aptamer–
Cd2+ complex with fluorescent particles and obtained the molecular-imprinting sites by
electropolymerization. Two signal units, molecular imprinting and the aptamer, are used
to show two signals in the detection. For electrical signals, when Cd2+ is captured by the
imprinting cavity formed, the diffusion channel will be blocked due to the density of the
MIP structure, and the charge transfer will be blocked, showing a high impedance value.
The fluorescence response signal is caused by the quenching of Cd2+. When the aptamer
binds to the gold nanoparticles, it will show a strong fluorescence signal, but because
the polymerized MIP layer on the electrode surface will cover the original structure after
binding Cd2+, resulting in the partial absorption and refraction of the fluorescence, it will
show weakened signal intensity. Based on the specific affinity of MIP and the aptamer in the
sensor for Cd2+, interference and non-specific recognition are greatly reduced. The actual
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measurement results show that the method has a good resolution, and the detection limit is
1.2 × 10−12 mol/L−1. To ensure the reproducibility and stability of the sensors, a relative
standard deviation of 2.65% was achieved for 5.0 × 10−9 mol/L−1 Cd2+ using nine sensors
under identical conditions, while a relative standard deviation of 3.14% was obtained for
fluorescence signals when utilizing the same sensors. Furthermore, after storing the sensor
in an environment at 4 ◦C for twenty days, there was a decrease in the fluorescence signal
of 7.48% compared to its initial value; these results demonstrate that this study’s sensor
system exhibits exceptional performance. However, due to the unsatisfactory number
of aptamers and target metal ions, the sensor must overcome this limitation in order to
improve its adsorption capacity.

4.3. Antibiotics

Antibiotics are either metabolites or synthetic analogs produced by microorganisms.
The most common classes of antibiotics include beta-lactams, quinolones, and aminoglyco-
sides. Antibiotics are utilized to treat infections caused by pathogenic bacteria and have
widespread use in clinical medicine. However, due to widespread use and even abuse,
bacteria gradually adapt to the environment where antibiotics exist and develop resistance,
which has become a potential threat to global health [58,59]. Lincomycin is a kind of amide
drug with an antibacterial effect against bacteria, especially Gram-positive bacteria, and
also protozoans bioactive [60]. Li [61] proposed a new method for detecting lincomycin
based on the energy resonance transfer between the Au-GO nanomaterial and C-dots.
In the absence of target molecules, C-dots exhibit an enhanced light signal after energy
absorption. After the introduction of the target molecule, the aptamer and MIP compete to
bind with lincomycin within the sensor system. Due to the structural change in the aptamer
after binding with lincomycin, the electron supply and energy transfer between GO-Au
and C-dots are hindered, resulting in a decrease in the electrochemical luminescence signal
strength in the monitoring system. Through this signal change, the trace detection of
lincomycin can be directly detected. At the same time, this experiment shows that when
the adsorption time is 8 min and the solution pH is maintained at 8.0, the current intensity
is the best. Based on this signal change, the method can achieve multiple identifications
with high resolution, and the detection limit is 1.6 × 10−13 mol/L.

Kanamycin (KAN) is an aminoglycoside antibiotic commonly employed for the treat-
ment of Gram-positive bacterial infections. However, its neurotoxicity and nephrotoxi-
city necessitate the development of an efficient sensor for monitoring kanamycin levels.
In response to this societal need, Bi [62] proposed an electrochemical detection strategy
in 2019. In this study, Fe3O4 material was loaded with gold nanoparticles and modified
with a KAN aptamer. The imprinted cavity formed by pre-polymerization on the electrode
surface selectively captures and recognizes kanamycin molecules in the substrate, followed
by the specific binding of the aptamer to kanamycin during sensor application. The sensor
system goes through two processes of capture and binding to generate electrical signals,
which are quickly detected by cyclic voltammetry. The presence of sufficient binding sites
on the electrode surface enables the sensor to have a wide linear range. Furthermore, when
the molar ratio of the template molecule to the functional monomer is 1:2, the physical
properties and performance of the material are the best, the current response is the largest,
and the recovery rate is 96.5% to 101.5% when applied to the detection of groundwater
samples. For the stability and repeatability of the sensor system, the relative standard
deviation of the corresponding current obtained by the determination of 100 nM KAN by
the DPV method is 3.0%. At the same time, the detached electrode was stored at a low
temperature for 2 days and measured again. After 7 repeated cycles, the relative deviation
was only 1.8% compared with the initial peak value. These data confirm that the stability
and repeatability of the research work are excellent.

Later in 2022, there was also a new testing strategy for tetracycline (TC), another threat
in the antibiotic family. Tetracycline is a natural antibiotic produced by actinomycetes [63]
and has important applications in aquaculture and other fields due to its antibacterial
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activity. However, the accumulation of tetracycline in the environment inevitably leads to
the emergence of drug-resistant strains. Ma [64] reported a magnetic material for separating
and enriching tetracycline. As shown in Figure 8, the authors utilized aptamers and
β-CD (β-cyclodextrin) as replacements for traditional functional monomers and employed
free radical polymerization to construct molecular-imprinting recognition sites on the
outer layer of the material. In practical applications, the functional monomer modified
on the material works cooperatively with the imprinting chamber to selectively adsorb
tetracycline. The magnetic properties of the material enable the adsorbed magnet to remove
tetracycline from the substrate, thereby achieving TC enrichment. Compared with other
molecularly imprinted materials, the material has a core–shell structure, which ensures
ecological friendliness and non-toxicity. This effectively isolates the aptamer from nucleases
in the environment and prevents inactivation due to enzymatic hydrolysis. Due to these
advantages, the material has a blot factor of 7.6 and a detection limit of 1.0 μg/L−1 by UV
spectroscopy, which shows the special potential for the trace detection of TC in complex
samples. In the selection of a material for testing, reusability and stability are crucial
parameters for evaluating its practicality. The adsorption capacity of the material was
assessed after six cycles of use, yielding a result of 84.6% compared to the initial treatment.
This demonstrates the excellent reusability of the material. Furthermore, the sustained
adsorption effectiveness, even after repeated usage, indicates that the constructed imprinted
cavity remains intact and exhibits remarkable stability. Additionally, TC was detected in five
samples with varying concentrations under identical experimental conditions, resulting
in an RSD value of 0.81% (n = 5), confirming the method’s exceptional reproducibility
and stability. In summary, this study presents a novel approach for utilizing molecularly
imprinting technology in environmental protection and has promising applications for
detecting and enriching other hazardous substances in the environment.

 

Figure 8. Schematic illustration of the Apt-β-CD-MIP@SiO2@Fe3O4 preparation and its application
to detect TC. Reprinted with permission from ref. [64].

4.4. Bacteria

As the most abundant organisms in nature, bacteria are widely distributed in soil
and water. On the one hand, bacteria are closely related to human production and life,
such as food production, digestion and absorption, battery manufacturing, and antibiotic
extraction. On the other hand, these prokaryotes pose a serious threat to human health
due to their diversity of infectivity and transmission routes. Pseudomonas aeruginosa is
an opportunistic bacterium that is one of the main sources of infection in hospitals. It
is more common in postoperative patients, and infected individuals may experience a
range of uncomfortable symptoms, including death in severe cases [65]. Therefore, it is
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imperative to develop a rapid method for detecting Pseudomonas aeruginosa. In Sarabaegi’s
work [66], they designed an electrochemical sensor for multiple molecular recognition.
The preparation process is shown in Figure 9: (1) gold nanoparticles are deposited on the
surface of the glassy carbon electrode; (2) the aptamer is modified on the electrode surface,
and the molecularly imprinted polymerization layer is obtained by the electrochemical
polymerization of dopamine; (3) the eluting layer obtains the cavity and adds the target for
detection. In order to observe the cavity obtained after elution, FE-SEM (Field-Emission
Scanning Electron Microscope) was used to analyze the morphology and structure of the
electrode. According to the scanning images, the removal of template molecules made the
surface of the molecular-imprinting layer rougher, and a large number of imprinting cavities
were observed, indicating that the elution process was successful, and identification sites
with a satisfactory number and specific surface area were obtained. During the construction
of the recognition system, when gold nanoparticles are deposited on the exposed glassy
carbon electrode, these nanoparticles increase the electrode area, and the current peak value
is increased. Then, when the aptamer is modified on the electrode surface, the carboxylate
group in the aptamer generates a repulsive force to reduce the current peak value. Finally,
when the molecular-imprinting site captures the target molecule and undergoes desorption,
the peak current is enhanced again, and by observing the changes in this series of currents,
the direct detection of Pseudomonas aeruginosa can be realized. The detection limit of the
sensor is 1 CFU/mL−1.

 

Figure 9. Schematic diagram of aptamer–MIP preparation for detection of P. aeruginosa. Reprinted
with permission from ref. [66].

Staphylococcus aureus is a prevalent pathogenic bacterium that exhibits robust antibacte-
rial resistance and frequently induces pneumonia and sepsis in humans [67,68]. The simple
sensor constructed by El-Wekil using electrical analysis technology shows outstanding
application potential [69]. In this study, El-Wekil immobilized aptamers onto composite
materials via Au-S bonds and electropolymerized imprinting layers on the material sur-
face using o-phenylenediamine as a functional monomer in the presence of Staphylococcus
aureus. As the recognition sites formed are complementary to the target molecules, the
binding of S. aureus to the imprinted cavity and aptamer can result in a decrease in the peak
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current on the sensing electrode, thereby achieving the effective separation of S. aureus
from complex matrices. In this study, the MIP–aptamer dual-identification system was
successfully implemented for the first time to identify Staphylococcus aureus. The linear
range of the sensor is 101 to 107 CFU mL−1, and the detection limit LOD is 1 CFU mL−1.
Given its robust detection capabilities and high recovery rates, we anticipate widespread
adoption of this technology in the future.

4.5. Protein

Proteins are substances that possess specific spatial conformations, participate in the
formation of vital components within the human body, and serve as primary mediators
of organismal life processes. Given the functional diversity exhibited by human proteins,
characteristic protein detection can effectively facilitate disease diagnosis and screening.
For example, the medical diagnosis of Alzheimer’s disease is often based on amyloid-
beta oligomers (AβOs) [70]. In 2020, You Min [31] proposed a diagnostic strategy that
could be used as an alternative to these methods. As shown in Figure 10, the author
introduced silver and silicon dioxide nanoparticles, followed by the self-assembly of the
aptamer on silica particles, thereby accomplishing the construction of a sandwich structure
on the MIP membrane. Once the imprinted cavity captures AβOs, the captured object
is transferred to the aptamer for secondary binding, resulting in electron transfer and
electrical signal transmission within the three-dimensional imprinted cavity. This method
combines site-specific binding with aptamer affinity toward targeted molecules, enabling
highly sensitive electrochemical signals to be obtained even when a small number of AβOs
enter the detection system. During the construction process of this detection system, the
number of imprinted cavities is directly determined by the concentration of the template,
which, in turn, determines the number of captured template molecules. Only when an
appropriate concentration of template molecules is used can a stable current response
signal be generated. Additionally, it is important to consider the concentration of the AβO-
specific aptamer added to the system. When its concentration exceeds 5 μM, excessive
aptamers will inhibit the transmission of electrons and weaken the current signal. It was
determined that the combination of 1 mg/mL−1 Aβ1-42 oligomer and 5μM aptamer is the
best concentration choice and shows the best electrochemical signal. The sensor based on
this strategy has successfully achieved the microdetection of AβOs in human serum. It
exhibits good linearity within the concentration range of 5 pg/mL−1 to 10 ng/mL−1 and a
detection limit of 1.22 pg/mL−1.

 

Figure 10. Schematic illustration of (A) the preparation of the SiO2@Ag–aptamer composite and
(B) the fabrication of the MIP-based antibody-free biosensor and the electrochemical detection of
AβO via a sandwich-type assay. Reprinted with permission from ref. [31].
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Similar strategies have also been applied in the detection of troponin (cTnI), which is
a marker of myocardial injury and necrosis and is often used as a diagnostic basis for my-
ocardial infarction [71]. In Mokhtari’s study [72], a non-immune dual-recognition approach
was employed to fabricate a sensing platform for cTnI detection. After immobilizing the
cTnl aptamer on the electrode surface, the imprinted polymer was obtained by the elec-
tropolymerization of methylene blue monomers around the aptamer. During the detection
process, cTnl was selectively adsorbed by the hybrid receptor of MIPs and the aptamer due
to their selective affinity and cavity effects, respectively. The determination of the adsorbed
cTnl was achieved through differential pulse voltammetry. The detection limit of the sensor
platform was 1.04 pM (2.61 × 10−5 μg/mL), and the RSD of the sensor system designed in
this study was 5.37% for cTnl in a protein mixture containing cardiac troponin, and several
electrochemical values obtained in this study demonstrate that the novel hybrid probe
developed by the authors possesses superior performance.

In addition, Wang [73] successfully detected alpha-fetoprotein (AFP) and insulin
using a nanoprobe. The team utilized static electricity between gold nanoparticles and the
abundant amino groups, as well as Au-S bonds, to increase the fixed number of aptamers
on the substrate. Additionally, a synergistic interaction between the imprinted cavity and
aptamer lowered the detection limit. When insulin is used as the template molecule, the
detection limit reaches approximately 0.5 ng/mL−1, whereas when AFP serves as the
template molecule, this magnetic nanoprobe can detect AFP in samples ranging from
1000 ng/mL−1 to 20 ng/mL−1. It is worth mentioning that this study demonstrates the
controllability of preparing an imprinting layer through the sol–gel method, as evidenced
by the direct relationship between the consumption time and thickness change in the SiO2
coating. The optimal coating time of 90 min results in the highest specific recognition
ability. These findings highlight the significant potential of our magnetic nanoprobe for the
efficient detection of disease serum protein markers.

To expand the detection range, Yang [74] developed a novel electrochemiluminescence
(ECL) “signal on” sensor platform for the efficient detection of thrombin, a bioactive protein
that plays a crucial role in blood clotting and has significant clinical implications in the
treatment of various diseases. In this detection system, the author employed molecularly
imprinted nanocavities to bind target molecules to thrombin aptamers. Simultaneously,
the synergistic effect between polyetherimide (PEI) and Ru(bpy)3

2+ (RuNP) is utilized to
expedite electron transfer, thereby enhancing the signal strength of the sensing platform by
sevenfold compared with conventional methods. The sensor platform exhibits excellent
stability and detection efficacy, with the ECL sensor signal strength remaining robust even
after ten cycles of testing at concentrations of 10−10 M and 10−12 M, yielding corresponding
RSDs of 2.0972% and 2.1509%, respectively. Following thirty days of low-temperature
storage, the ECL signal strength remains at approximately 90% of its initial value, while the
detection limit is as low as 1.73 × 10−15 M, indicating significant potential for application
in food safety monitoring. It is worth mentioning that previous molecularly imprinted
aptamer sensors are the signal closure type, but the signal flow type was used in this study,
which provides a new research direction for the construction of a new small-molecule
detection platform in the future.

4.6. Others

In view of the remarkable benefits and immense potential of the multiple-recognition
strategy based on aptamer–MIPs, researchers have increasingly adopted this approach. In
addition to well-known molecular categories, even relatively obscure substances such as
cortisol, bisphenol A [75], and histamine can be detected using this method.

Histamine (HIS) is a hydrophilic biogenic amine that is produced by bacterial fermen-
tation and is commonly found in food. Studies have shown that high levels of histamine in
food can indirectly lead to Gram-negative bacterial infections. In order to realize highly
sensitive detection of HIS in canned tuna and human serum, Mahmoud [76] developed a
nanosensor. Based on molecular-imprinting polymerization technology and DNA aptamer
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affinity characteristics, the MIP-apt/AuNPs/cCNTs/GCE architecture was fabricated by
the surface modification of gold nanoparticles and carbonylated carbon nanotubes on the
glassy carbon electrode, followed by the covalent immobilization of the thiolate aptamer
and the electropolymerization of phenylenediamine. The system was applied to the detec-
tion of plasma and canned tuna. The detection limit was 0.11 nmol, the recovery rate was
96.2~105.2%, and the RSD% was 95.3~104.4%. These data confirmed that this detection
system has higher accuracy and precision for the analysis of HIS in complex components.

Cortisol is a steroid hormone involved in the regulation of human metabolism. In the
medical field, cortisol detection is frequently utilized for the diagnosis and treatment of
depression and post-traumatic stress disorder. Due to the similarity in detecting cortisol
levels between saliva and blood samples, Cheng [77] proposed a sensing method with a
detection limit as low as 3.3 × 10−13 M. In this study, a bare glassy carbon electrode was
initially coated with a dispersion of graphene and carbon quantum dots. Subsequently,
the aptamers were immobilized on the electrode surface through electrostatic interaction.
Finally, chitosan was utilized as a raw material to form an imprinting layer, and cortisol
molecules were eluted to obtain the imprinting cavity. In this experiment, the authors’
success can be attributed to two factors. Firstly, the combination of graphene and carbon
quantum dots increases the number of active sites, resulting in a more sensitive detection
method. Secondly, optimization of the concentration of the template molecule (1μM) and
the molar ratio of the template molecule to aptamer (1:2) further enhances sensitivity. The
developed sensor is reported to outperform other methods for detecting cortisol.

As a steroid hormone, progesterone is often used for oral contraception. However,
excessive progesterone released into the environment will enter the human body along with
water circulation. In order to achieve the trace analysis of this substance, an ultrasensitive
sensor platform was established based on SnO2-Gr and AuNPs by Huang Yan [78]. The
construction process of the sensor is as follows. Firstly, SnO2-Gr is modified on the exposed
glassy carbon electrode to increase the conductivity and specific surface area, then gold
nanoparticles are electrodeposited, and aptamers are fixed by Au-S bonds. Finally, the
imprinted cavity is obtained by electropolymerization and the elution process. The sensor
platform exhibits excellent performance with a low detection limit (1.73 × 10−15 M) while
achieving a relative standard deviation (RSD) of 2.79% at a concentration of 10−10 M
using this hybrid system. Furthermore, the DPV current was monitored every 10 days
after storage at low temperatures, and even after four cycles, the DPV value remained
at an impressive 93.19% of its initial value, demonstrating the exceptional repeatability
and stability of the developed sensor. Thus, it possesses immense potential for effective
detection in the field of food safety.

Table 1 lists the MIP layer formation methods, recognition systems, and detection meth-
ods of aptamer–MIP hybrid systems in recent years. The results show that aptamer–MIP
hybrids can be used as superior recognition elements for the detection of various targets.
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5. Conclusions

In summary, we review the work conducted in recent years on multiple-recognition
systems utilizing MIPs and aptamers. Aptamers and molecular imprinting have made
remarkable contributions to sensing as highly favorable detection elements. Numerous
researchers have demonstrated that combining the specific recognition ability of molecular-
imprinting technology with the affinity of aptamers can significantly enhance detection
effectiveness. This recognition strategy finds applications in various fields, including
medical treatment, environmental monitoring, and agricultural production. In compar-
ison to a single-recognition-element approach, a multi-recognition strategy offers im-
proved selectivity, sensitivity, stability, and reusability. Nevertheless, it still encounters
numerous challenges.

5.1. Limitations

In the process of constructing a multiple-recognition system, the principle of the
recognition mechanism is not perfect, the polymerization process is uncontrollable, the
repeatability is unstable, and conformational changes will occur in the process of imprinting
sites and the aptamer-specific recognition and capture of target molecules. In addition,
the identification of large water-soluble biomacromolecules remains problematic because
conformational integrity cannot be guaranteed during synthesis. These challenges hinder
the wide application of multiple-recognition strategies.

5.2. Challenges

The method requires further refinement, including finding the best molecular-imprinting
film thickness, optimizing the molar concentration ratio of the template molecule to the
aptamer, enhancing the electron transfer effect on the electrode, finding a suitable electrode
modifier to multiply the signal, finding a method to freely switch monomers to detect
different or similar substances, and improving the commercial application range of the
technology. This strategy has shown great promise in environmental monitoring, dis-
ease prevention, and medical diagnosis and treatment, and we believe that this approach,
as researchers continue to optimize it, will open up a broad avenue for the analysis of
multi-component complex components.
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Abbreviations

Templates
EV71 Enterovirus 71
AMOX Amoxicillin
FIX Factor IX protein
SARS-CoV-2 Severe acute respiratory syndrome coronavirus 2
H5N1 virus Influenza A virus
HBV Hepatitis B virus
HCV Hepatitis C virus
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AFB1 Aflatoxin B1
OTA Ochratoxin
KAN Kanamycin
TC Tetracycline
AβOs Amyloid-beta oligomers
cTnI Troponin
AFP Alpha-fetoprotein
HIS Histamine
Functional monomers
Apt Aptamer
AA Acrylic acid
MAA Methacrylic acid
MBA Methylene diacrylamide
MBAA 5,5′-Methylenedianthranilic acid
APTES 3-Aminopropyltriethoxysilane
AMPS 2-Acrylamide-2-methylpropanesulfonic acid
β-CD β-Cyclodextrin
Crosslinking agent
EDGMA Ethylene glycol dimethacrylate
APTES 3-Aminopropyltriethoxysilane
TEOS Ethyl silicate
Patterns
AIMIP “Artificial intelligence” imprinted polymers
AIE Aggregation-induced emission
AIDE Archimedean Interdigitated Sensor
Base
ZIF-8 Zeolitic Imidazolate Framework-8
PDMS Polydimethylsiloxane
PC Porous carbon
MWCNT-CHIT Multi-wall carbon-nanotube–chitosan nanocomposite
Surface modification
MIPs Molecularly imprinted polymers
CDs Carbon quantum dots
AuNPs Au nanoparticles
GO Graphene oxide
ZGO Zn2GeO4:Mn2+

NCs Nanocubes
SN-CQD/Au Carbon quantum dots co-doped with sulfur and nitrogen atoms
Others
AIBN Azodiisobutyronitrile
CV Cyclic voltammetry
DPV Differential pulse voltammetry
PL Persistent luminescence
FE-SEM Field-Emission Scanning Electron Microscope
ECL Electrochemiluminescence
PEI Polyetherimide
RuNP Ru(bpy)3

2+

EIS Electrochemical impedance spectroscopy
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Abstract: Sweat, as a biofluid that is easy to extract and contains a variety of biomarkers, can
provide various types of physiological information for health monitoring. In recent years, research
on wearable sensors for sweat sensing has been emerging continuously. Wearable sweat sensing will
probably become an alternative method to traditional chemical analysis. This is due to its advantages
of portability, non-invasiveness, comfort, and continuous monitoring. Since the inception of this
research field, wearable sweat sensors have achieved significant development in terms of materials,
structures, systems, and application directions. Research interests are gradually evolving from single
biomarker detection to the pursuit of multi-channel, multi-modal system-level architecture. The
analysis of physiological signals has also developed from single signal characterization to omics
analysis using multiple physiological information sources. Based on the changes mentioned above,
this paper mainly introduces the latest researches of wearable sweat sensors from the aspects of
strategy, architecture, material, system, data processing, etc., and tries to summarize the trends of
sweat sensors. Finally, this paper analyzes the challenges faced by the sensing platform and possible
methods for optimization.

Keywords: health monitoring; sweat analysis; wearable device; sensing platform; non-invasive
detection

1. Introduction

In the last few years, there has been an increasing focus on personal health and
disease prevention. Monitoring human physiological signals is a crucial approach to
achieving this goal. One common situation is that individuals often experience discomfort
or specific symptoms prior to seeking medical attention, which can result in delayed
treatment. Traditional detection techniques typically depend on trained professionals,
numerous sample extractions, complex and expensive instruments, and lengthy sample
analysis durations. Moreover, these techniques are often invasive and rely upon subjective
diagnostic results from healthcare professionals. As such, they may be inadequate to meet
the growing demand for convenient and accessible detection. In contrast, wearable sensors
offer several advantages, including portability, low cost, comfort, and non-invasiveness.
These devices enable in situ detection and wireless data transmission, overcoming many
of the limitations of traditional methods. Therefore, wearable sensors have the potential
to serve as an alternative approach to detection and have attracted significant research
interest. So far, both physical and chemical sensors have made notable advancements [1–3].
Wearable chemical sensors are capable of detecting a wide range of biomarkers, such as
metabolites, nutrients, drugs and so on. Through the use of transducers and data analysis,
these biomarkers can be converted into practical information for use in various scenarios,
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including daily life, sports performance, clinical diagnosis, and rehabilitation. Biomarkers
exist in a wide range of biofluids, e.g., blood, interstitial fluid, sweat, tears, saliva, etc. Blood
has always been the gold standard for biochemical detection, while other non-invasively
accessible biofluids also contain many of the same components as blood. Thus, interstitial
fluid, sweat, tears and saliva have become the primary target biofluids for wearable sensors.
Many studies on tear monitoring have utilized contact lenses for glucose detection, which
may cause discomfort for the wearer [2]. The composition of saliva is highly similar to that
of blood, and sample extraction is relatively simple. However, a disadvantage of saliva
monitoring is that it is difficult to deal with the noise interference introduced by eating
and the oral environment [4]. Conversely, sweat is easy to extract and the sample is less
disturbed by the environment. It also contains similar biomarkers to blood, including
metabolites, electrolytes, proteins, hormones, and micronutrients. Consequently, there
are compelling reasons to use sweat as a complementary tool for standard analytical
diagnosis [5], and sweat sensors have always been a popular area in the field of wearable
biosensor research. Since Gao et al. published their fully integrated sweat sensor [6],
many wearable sensors with different shapes and principles have emerged, including
tattoos, wristbands, patches, and rings [7]. After several years of development, the focus
of wearable sensor research has shifted significantly from its initial direction. Wearable
sensors were initially designed to simply capture and process signals produced by the
human body. However, these devices are now increasingly focused on biochemical analysis
to obtain more detailed information about health conditions and are utilizing omics research
to provide a more comprehensive picture of human health. Regarding sensor structure
and fabrication, with the development of flexible electronics, research has focused more
on sensing materials, structural design, and system integration to achieve multichannel
and multimodal sensing. This article focuses on showing the latest research results in the
field of wearable sweat sensors, according to their classification of applications, strategies,
morphology, materials, structures and challenges, respectively, and by giving examples of
the latest specific research in recent years, in order to summarize the development trend
of wearable sweat sensors in recent years. First, the new sweat sensors for different target
analytes are introduced according to the application scenarios, which mainly serve as
an overview. Then, several modification methods of sweat sensors are discussed. The
next section explains the detection strategy used in sweat sensors and some purposeful
optimization research. After that, the development of sweat sensor forms and the latest
trends are analyzed by introducing innovative progress in materials, structure and systems.
Subsequently, the current application of machine learning in sensor signal processing is
introduced. Next, challenges and potential feasible solutions in the current sweat sensor
research are listed. The last section summarizes the full article.

2. Target Analytes/Application Scenarios for Sweat Sensor

The main components of sweat are ions/electrolytes, small molecules (ethanol, cortisol,
urea, lactic acid, etc.) and proteins (neuropeptides and cytokines) [8]. The choice of target
analyte for a sweat sensor is determined not only by the application scenario, but also by
reference to existing physiological studies.

2.1. Biochemical Analytes
2.1.1. Metabolites

Glucose: Enzyme-based glucose sensors have advanced from the first generation
(electron transfer based on hydrogen peroxide involved in redox reactions) to the second
generation (media-based electron transfer) [9], and the third generation (electron transfer
directly between the enzyme and the electrode without any mediator) [10]. Since the first
media-based amperometric sensor [11] was reported, the second generation of glucose
sensors have made great progress, but they still have the disadvantages of relative toxicity,
solubility of the medium and insufficient system stability [12], which has driven the birth
of the third-generation glucose sensor. In the field of wearables, each generation of sensors
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is currently being applied, and the second and third generations are more prevalent,
mainly used in the management (prevention, screening, detection and treatment) of type II
diabetes [13].

Lactate: Lactate reflects metabolic, renal and cardiorespiratory health. During exercise,
sweat lactate concentration increases with blood lactate concentration [14], so sweat lactate
testing can replace blood testing to some extent. Lactate dehydrogenase (LDH) or lactate
oxidase (LOx/LOD) are commonly used for selective identification, and the addition of
Prussian blue [9] (a good electron transfer medium) for lactate detection can reduce the
reaction potential and improve selectivity [15–20].

Alcohol: Sweat alcohol concentration correlates with blood alcohol concentration [21]
and blood ethanol content (BAC) can be determined by detecting transdermal alcohol
concentration (TAC) using wearable sweat sensors [22]. Not limited to liquid phase testing,
alcohol detection can take advantage of alcohol’s volatility. Khemtonglang et al. [23] built
a smart wristband for sweat alcohol detection based on an MOX gas sensor, which can
detect drunk driving with 94.66% accuracy and can integrate an IoT-based alarm system to
facilitate law enforcement.

Cortisol: Cortisol is a glucocorticoid whose concentration in sweat is associated with
changes in psychological or physiological stress and is regulated by the HPA axis [24].
Cortisol secretion can help the body maintain homeostasis, but excessive secretion can
lead to disease (depression, anxiety, etc.), so real-time monitoring is necessary. Common
detection methods include antibodies, DNA aptamers, and molecularly imprinted polymers
(MIPs) [25]. Torrente-Rodriguez et al. [26] developed a wearable portable sensing platform
for the real-time monitoring of sweat cortisol dynamics, and reported the first cortisol
diurnal cycle and dynamic stress response curve constructed by human sweat according to
the monitoring results (Figure 1a). Compared with the subjective stress monitoring method
of a traditional questionnaire survey, it provides a data-based non-invasive real-time stress
monitoring method, and demonstrates the good correlation between the hormonal circadian
cycle and stress curve, which is helpful for further improving stress-management methods.
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Figure 1. Novel wearable sweat sensors for multiple analytes. (a) A novel cortisol sensor and
circadian rhythm study. Reprinted from ref. [26], Copyright (2020), with permission from Elsevier.
(b) An enzymatic biosensor that monitors vitamin C in sweat. Reprinted from ref. [27], Copyright
(2020), with permission from American Chemical Society. (c) A sweat sensor that monitors multiple
nutrients simultaneously, allowing for nutrient replenishment. Reprinted from ref. [28] Copyright
(2021), with permission from John Wiley and Sons. (d) Sweat sensor to detect methylxanthine drugs
(caffeine) using differential pulsed voltammetry. Reprinted from ref. [29] Copyright 2018, with
permission from John Wiley and Sons. (e) A sweat-sensing patch for fingerprint liveness detection
measurement. Reprinted from ref. [30], Copyright (2023), with permission from Springer Nature.

Electrolyte: Electrolyte concentration can reflect body fluid homeostasis, and monitor-
ing sweat can help ensure timely replenishment and prevent excessive loss. Electrolytes
can be measured through electrochemical methods using ion-selective electrodes or col-
orimetrical methods, with specific strategies tailored to their needs. Among the common
electrolytes, sweat chloride can reflect cystic fibrosis, so detecting chloride concentration
has been studied for a long time [31]. Zinc ions are early diagnostic biomarkers for muscle
stress and fatigue [32] and play a critical role in gene expression and immune function [33];
magnesium ions are essential cations for central nervous system function [34], are involved
in neuroendocrine metabolic processes, and can reflect stress levels and sleep status [33].
The detection of these ions can be achieved using sweat-sensing patches [35]. Sodium
ion concentrations vary greatly during sweating [36] and Hashimoto et al. used this to
propose a real-time colorimetric sensor that expresses electrolyte concentration changes
in sweat using sodium chloride as the reference analyte [37]. In the field of electrolyte
detection, there have been many studies based on sodium and potassium ions, such as a
wearable platform reported by Porvano et al. [38] that can simultaneously detect sodium
and potassium ions in sweat, and can detect other target ions by swapping components.
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Changes in pH are associated with many diseases or abnormalities, including infection,
asthma, diabetes, kidney disease, lung disease and heart disease. pH sensors mostly use
potentiometric methods for signal measurement [39–41].

2.1.2. Biomolecules

Amino acid: Amino acids can be used to synthesize proteins, which are vital nutrients
for the functioning of the immune and nervous systems. Additionally, proteins contribute
to muscle and bone growth and are fundamental substances for human life activities.
Yang et al. [42] proposed a wearable sweat sensor for uric acid and tyrosine. It can detect
exercise performance after protein ingestion and determine the presence of gout through
sweat analysis after the ingestion of purine-rich foods. The results can also be correlated
with serum measurements in healthy subjects and ventilated patients. Further research
could extend the sensor’s capabilities to detect cardiovascular disease, type II diabetes and
kidney disease.

Vitamin: As essential micronutrients, vitamins generally cannot be produced by the
human body and must be obtained through a sensible diet. Take vitamin C, for example,
which can boost immunity, promote iron absorption and, if not consumed in sufficient
quantities, can lead to iron deficiency anemia, weakened immunity and even scurvy.
Sempionatto et al. [27] reported an enzymatic biosensor for the detection of vitamin C
in sweat, which holds promise for the detection of nutrient levels and the provision of
personalized nutritional solutions (Figure 1b). Ascorbate oxidase (AAOx)-based printable
tattoo electrodes used in the device are highly selective and support the detection of
real-time changes in vitamin C for timely assessment of vitamin intake and dietary changes.

Wang et al. [43] designed a wearable electrochemical sensor that continuously monitors
amino acid and vitamin levels in sweat. The sensor can assess the risk of metabolic syn-
drome by correlating amino acid levels in serum and sweat, thus facilitating the adjustment
of nutritional health status.

After assessing nutritional levels, further supplementation may be necessary. In
addition to improving dietary habits and taking oral supplements, the integration of a
nutrient release function into the sensor, similar to a drug delivery module, could also
be considered. Kim et al. [28] reported on a miniature sensor system targeting several
essential nutrients (vitamin C, calcium, zinc and iron) in sweat and verified the dynamic
correlation between the concentration of these nutrients in sweat and the corresponding
concentration in blood based on human study results (Figure 1c). During the wearing
period, nutrients can also be continuously delivered to the body through transdermal
patches that are directly integrated with microfluidic structures. Once colorimetric results
indicate a nutrient imbalance, the block layer can be removed to initiate the release process.
The efficiency of the drug delivery module has been verified and is comparable to that of
oral administration.

2.1.3. Hazardous Substances/Drugs

Drug testing is important for stimulant control and precision medicine, and sweat is
an attractive biofluid that holds promise as an alternative to traditional invasive (blood
draw) assays [29]. The sweat sensor proposed by Tai et al. [29] in 2018 used differential
pulsed voltammetry to detect methylxanthine drugs like caffeine (Figure 1d). The device’s
ability to measure caffeine levels under different conditions can greatly assist clinicians in
adjusting dosages, monitoring patient compliance and understanding pharmacokinetics.

Nicotine is a highly addictive drug and excessive use can lead to heart, brain and
respiratory disease, and even lung cancer [44]. Conversely, studies of nicotine in the
treatment of disease have also shown that NIC can be used to treat ulcerative colitis,
Alzheimer’s disease and Parkinson’s disease [44]. Based on the above applications, Magesh
et al. [45] developed an electrochemical sensor based on MXene (Ti3C2Tx)/palladium
hydroxide-supported carbon (Pearlman’s catalyst) composite (MXene/Pd(OH)2/C) to
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detect nicotine levels in human sweat. The sensor was validated using sweat samples from
smokers and can achieve high sensitivity and selectivity.

2.2. Physical Indicators
2.2.1. Sweat Rate

Sweat rate monitoring is important for screening for physical abnormalities such
as hyperhidrosis, thermoregulatory and heat stress-related disorders, mental stress and
neurological disorders, and to help prevent dehydration and heat stroke. Sweat rate can be
measured using colorimetric (detecting the amount of sweat) and flow methods. Apart from
the traditional methods of measuring sweat rate (described above), many new ideas have
been developed recently. Kwon et al. [46] used a thermal actuator and thermistor-based
system for flow measurement, requiring only a short straight channel for measurement.
Hashimoto et al. [37] chose to direct sweat through a short microfluidic pathway in the form
of droplets for easy quantification. Momose et al. [47] did not use flow to measure sweat
rate, but integrated a capacitive humidity sensor into a ventilation capsule for monitoring.
Dautta et al. [48] converted flow to admittance, using the change in admittance when
the electrode comes into contact with sweat to measure flow. After the sweat enters the
spiral microfluidic channel embedded in the electrode, the admittance value increases as
the contact area grows, and the real-time change in sweat rate can be obtained from the
admittance data over time. The article also mentions that the real-time monitoring of sweat
rate using wearable devices can also help study the relationship between local and systemic
sweat rate.

Heat stroke has become a serious global problem. Children, the elderly and manual
laborers are particularly susceptible to heat stroke in hot and humid weather. Timely
hydration and cooling can effectively reduce the risk of heat stroke. Based on the study of
the original sweat meter [49,50], Momose et al. [47] developed an early warning system
for the risk of heat stroke using a portable sweat meter. In addition to capacitive moisture
sensors, a smartphone-based warning system was developed. The system can provide an
early warning of heat stroke risk at the time when the sweat rate changes from negative
to positive in the second order, and remind the wearer to rehydrate according to the
sweat volume.

The measurement of athletes’ physiological data in training relies on accurate, real-time
monitoring. While monitoring exercise performance in a laboratory environment requires
wired connections and computer analysis, wearables enable non-invasive, continuous
sensing and wireless data transmission. Measurements from wearable sweat sensors
promise to provide a real-time reflection of an athlete’s physical condition, preventing injury,
dehydration or cramps, while helping healthcare professionals/coaches tailor hydration,
nutrition and rehabilitation programs to each athlete [51]. The quest for lightness and
comfort in wearable sports devices has led to a focus on simplifying sensor structures. For
example, Liu et al. [52] developed a paper-based sweat sensor using pH and H2O2 test
strips to meet the needs of sports scenarios. The colorimetric patch sensor has a simple,
lightweight, and thin structure, as well as a low cost and strong stretchability. Its minimal
impact on human activities makes it suitable for monitoring in motion. Additionally,
dynamic sweat measurement can be achieved by integrating smartphone image processing.

2.2.2. Fingerprint

Early studies have used sweat pores to reflect fingerprint patterns to facilitate fin-
gerprint analysis and pore-dysfunction diagnosis; for example, Lee et al. [53] used water-
induced materials to reflect sweat pore distribution. More recent work in this area includes
the development of a covalent organic framework for live fingerprint detection by Hao
et al. [30] This framework can distinguish human fingerprint patterns based on sweat
response and is unresponsive to artificial false fingerprints (Figure 1e). This study exploits
the essential difference between living and fake fingerprints, i.e., the secretion of sweat.
Sweat hole detection by materials is used to complete biometrics, eliminating the need for
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complex feature extraction algorithms used in previous recognition steps [54–58]. This ap-
proach is expected to improve the reliability and security of existing fingerprint-recognition
technologies. The material can be re-used with ethanol cleaning, ensuring practicality
and reusability. Sweat biomarkers have also been mentioned as potentially useful for
determining biological age [59].

Table 1 provides a list of common target analytes in sweat and their intended ap-
plications. Although the discussion above is separated by different biomarkers, current
wearable sweat sensors are often not designed for a single biomarker. A significant number
of them also detect body temperature, heart rate, gait, and other indicators simultaneously.
This is because the physical state of human body is related to numerous metabolites and
small molecules. It is clear that testing each biomarker individually is not as efficient as
simultaneously detecting multiple indicators to characterize health status. At the same
time, advances in wearable sensor technology allow for the further expansion of device de-
tection capabilities. Multiplex detection also enables the discovery of unknown biomarkers
associated with specific pathological conditions.

Table 1. Common target analytes in sweat and related diseases or applications.

Category Analyte Target Applications References

Biochemical
analyte

Metabolites

Glucose Preventing and treating type II diabetes [13]

Lactate Checking metabolic, kidney, and
cardiopulmonary health [9,14]

Alcohol Detecting drunk driving [21,22]

Cortisol Measuring stress changes to prevent depression
and anxiety [24,26]

Electrolyte Maintaining human fluid homeostasis,
detecting cystic fibrosis (Cl) [35–38,60]

pH Checking for infection, asthma, metabolism, pH
balance, and wound healing [39–41]

Biomolecules
Amino acid

Demonstrating exercise performance after
protein intake, detecting gout and

cardiovascular disease
[28,42]

Vitamin C
Revealing the level of human nutrition,

reminding subjects to supplement in time to
maintain immunity

[27,28]

Hazardous
substances or drugs

Caffeine
Helping doctors adjust dosage, observe

prescription adherence, and
understand pharmacokinetics

[29]

Nicotine Revealing the risk of heart, brain and
respiratory diseases, and even lung cancer [44,45]

Physical
indicators

Sweat rate
Avoiding dehydration and heat stroke,

detecting mental stress and neurological
disorders, and improving athletic performance

[46,47,51,52]

Fingerprint
Biometrics

[30,53]
Age [59]

3. Modification of Sweat Sensors

3.1. Antibody

Electrochemical immunosensors detect target analytes through the specific binding
of antibodies to antigens. In recent studies, immunosensors were commonly used to
detect cortisol levels in sweat. Cortisol, as an antigen, interacts with antibodies and inhibits
electron transfer, thereby reducing the current response [61]. Santiago et al. [62] adopted this
principle to characterize different sweat cortisol concentrations using cyclic voltammetry.

3.2. DNA

DNAs commonly used to modify electrodes include single-stranded DNA (ssDNA)
and DNA-based molecular pendulums. The former is specifically identified using DNA
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hybridization or signal probe displacement. The latter uses specific binding to target
molecules to induce changes in shape and probe electrode spacing to produce recognition
signals [63]. When the analyte binds to the DNA on the electrode, the structure and
dynamics of the electrode change, affecting the efficiency of electron transfer [64]. DNA-
modified electrodes employing electrochemical impedance spectroscopy can provide the
continuous real-time detection of cortisol [65].

3.3. Artificial Receptors
3.3.1. Aptamer

When binding to the target molecule, the aptamer undergoes a conformational conver-
sion. When bound to the electrode, the aptamer’s identification process causes electron
transfer, resulting in a current response. The molecular structure of the aptamers affect
the current response, and the distribution density of the aptamers also affects sensor per-
formance [66]. Singh et al. [67] developed a pseudo-junction aptamer-based microfluidic
sensor. Through multiple comparative experiments on different aptamers with different
hybridization regions, they identified a pseudo-knot aptamer with high sensitivity and low
variability. However, aptamers attached to sensing electrodes are not completely stable
because sweat contains a small amount of DNase-I, which can degrade aptamers with long-
term exposure [68,69]. Surface sealants such as actin and 2ME are widely used to inhibit
the activity of DNase-I [70,71]. This study verified the protective effect of 2ME + actin on
aptamers.

3.3.2. Molecularly Imprinted Polymer

Molecularly imprinted polymers (MIPs) are specific receptors formed by combining
functional monomers with imprinted molecules to form a polymer and then dissociating
them, which is widely exploited in biochemical sensing due to its high sensitivity and
selectivity. However, the classical MIP structure requires washing after use, which makes it
difficult to reuse and can be detrimental to continuous sensing. Wang et al. [43] incorporated
functional groups into the polymerized structure of laser-engraved graphene (LEG) after
the polymerization of functional monomers to obtain a renewable special acceptor that
can be regenerated after binding to amino acids at a constant potential applied by the
working electrode.

The lifespan of such sweat sensors is largely determined by the adhesion duration
and the activity of the modifier. Therefore, numerous studies have focused on two areas:
developing more stable attachment methods to prevent modifier detachment in liquid
environments, and designing modifiers that can be regenerated and slow the rate of activity
loss. The ultimate goal of these studies is to reduce the frequency of sensor replacement
and increase the duration of a single usage.

4. Sweat Sensing Strategies

Typical wearable sweat sensors can be divided into electrochemical and optical sensors.
In the last few years, devices using other methods have also been developed.

4.1. Electrochemical Sensing Strategies

The advantages of electrochemical technology are high selectivity, high sensitivity,
rapid response, small sample requirements and reproducibility. Electrochemical methods
combined with electronic systems can convert biomarker concentrations into electronic
signals to accurately quantify physiological parameters. Electrochemical methods are used
not only in measurement but also in device characterization.

4.1.1. Potentiometric Sensing

Potentiometric sensors are based on the Nernst equation and measure the electrolyte
concentration using the potential difference between the reference electrode and the work-
ing electrode [1]. The target of potentiometric sensors includes diverse ions and the working
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electrode is ion-selective. During selective ion identification, a potential change is induced
and converted into a voltage signal by the transducer.

4.1.2. Amperometric Sensing

Amperometry quantifies the transfer of electrons during reactions at electrodes. Gen-
erally, when the reactants undergo oxidation or reduction reactions, there are electron gains
and losses. After applying an appropriate operating potential, electron transfer occurs
between the sensing electrode and the reaction environment, resulting in a recordable
current. The intensity of the current reflects the concentration of the target analyte. Amper-
ometric sensors combined with enzymes are commonly used for detecting small organic
molecules [72], such as lactate [18], glucose [73] and ethanol [22]. During sensor operation,
amperometric sensors often use the three-electrode system. This is necessary because after
electrons are transferred from the solution to the electrode, the counter electrode supplies
electrons to the solution, forming a current loop with the working electrode.

Enzyme activity is influenced by the external environment (temperature, pH, etc.) [74]
and, therefore, affects the performance of the sensor. The sweat environment varies from
individual to individual [74,75] so the results of the sensor must be calibrated. Previous
studies have solved the correction of the sensor for temperature and pH changes [9,74,75].
Recently, Assaduzzaman et al. [9] performed pH and T corrections for the sensor using
chronoamperometry to detect sweat glucose and lactose, used the chronoamperometric
response of the sensor in artificial sweat to obtain the corresponding T and pH effects, and
recalculated the target concentration according to the slope and intercept of the calibration
curve in the reference state.

Amperometry has a faster response time, wider detection range, and higher sensitivity
than potentiometry. However, amperometry is more susceptible to interference and its
detection is often less stable than potentiometry. In addition, amperometry relies on the
application of a potential or current, which is not required for potentiometry.

4.1.3. Voltammetric Sensing

In voltammetry, a continuously varying potential is applied to the working electrode
and the response current signal is detected to record the current–potential curve and
then analyze the composition of a solution. Depending on the potential scanning mode,
voltammetry can be divided into cyclic voltammetry, differential pulse voltammetry, and
square-wave pulse voltammetry. Voltammetry also involves electron transfer during
detection, making three-electrode systems prevalent. It is worth noting that voltammetry
may not be as selective as potentiometry and amperometry because different electroactive
molecules may have similar reaction potentials [63].

Cyclic voltammetry (CV) can monitor electron transfer behavior, which can be used for
electrochemical deposition to prepare electrodes [39] and characterize intrinsic electrochem-
ical properties [76] to obtain the optimum electrode working potential. Magesh et al. [44]
verified the selectivity and sensitivity of the sensing electrode to the target (nicotine) in
buffer solution using CV. Square-Wave Voltammetry (SWV) is one of the fastest and most
sensitive voltammetric techniques for sweat detection [77], because the square-wave volt-
age eliminates charging current and provides a higher detection threshold for substances
such as caffeine [29] or heavy metal ions [78]. When the square wave in SWV is replaced
by a pulse, it becomes differential pulse voltammetry. DPV is also suitable for detecting
substances at low concentrations and can also characterize redox reactions, such as the
binding of MIP templates to target molecules [43].

4.1.4. Impedance/Electrochemical Impedance Spectroscopy

Polymer composites impart moisture absorption to the sensor and the adsorbed
moisture can change the dielectric and electrical properties of the electrode. Based on
this principle, sweat composition can be monitored via the impedance principle, and the
impedance change caused by sweat adsorption reflects the change in sweat composition or
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volume [79]. Changes in fluid impedance can serve as an indicator of infection detection to
aid wound healing [80,81].

Electrochemical impedance spectroscopy (EIS) is an alternating current-based elec-
trochemical measurement technique. Compared to cyclic voltammetry, which scans the
entire potential range at a given rate, EIS has the advantage of measuring at different
set potentials [82]. However, it requires more complex data-processing methods than
amperometry and potentiometry. The input–response relationship reflects the complex
impedance characteristics of the sensing electrode, and the impedance modulus at a given
frequency contains resistance and capacitance information, revealing the specific binding
process of the receptor to the electrode [83–87]. Ganguly et al. [65] calibrated the sweat
cortisol sensor using EIS to obtain a response curve that reliably reflects the concentration of
synthetic sweat cortisol. Veeralingam et al. [88] utilized interdigitated electrodes to provide
an external AC field to measure skin impedance at a frequency of 10 kHz to indicate skin
hydration. The data obtained from EIS can be optimized into reliable output data using
machine learning.

4.1.5. Others

Yin. L et al. [89] developed a stretchable epidermal sensor platform. An integrated
electrochromic display displays the sampled signal from the electrochemical sensor in
real time. An enzyme-modified electrode can be used to detect sweat pH, electrolytes,
lactic acid, etc. For visualization, the sampled signal is converted to digital by the MCU
and connected to ten addressable ECD pixels containing the PSS electrolyte. Compared
to conventional electrochemical sensors with complex electronic systems, the patch has a
lower energy consumption, is lighter and conforms to the skin. Compared to colorimetric
sensors, there is no need to use a smartphone or camera to convert the results [89–94] and
the detection results are more intuitive.

4.2. Optical Sensing Strategies

In 2014, Lee et al. [53] combined fluorescence and colorimetry to fabricate a sweat
pore distribution sensor using the conjugated polymer poly(PCDA-Cs), pioneering the
field of optical methods for sweat detection. The advantage of the optical method is that
the detection results can be displayed in a relatively intuitive way. In recent years, more
research has chosen to incorporate cameras and smartphones to record test results and
perform image processing to achieve higher sensitivity. The use of smartphones avoids the
use of laboratory instruments for analysis, and results can be analyzed without the need
for a specialist. In addition, optical methods can partially overcome the shortcomings of
enzymatic electrochemical sensors (enzyme consumption, temperature instability). The
disadvantages of optical methods are limited resolution, sensitivity and detection limits,
and it is difficult to distinguish small changes under naked-eye conditions. However, it is
more suitable for the concept of dichotomy or semi-quantitative detection [95].

4.2.1. Colorimetric Sensing

In wearable sweat colorimetric sensors, the presence of the target analyte in sweat
causes a visible color change in the reagent. Typically, there are two common ways of
colorimetric sensing: one is to fix the colorimetric reagent in the designated chamber, a
colorimetric reaction will occur after sweat flows in, and the colorimetric reaction will be
analyzed according to the color changes; the second is to keep the colorimetric reagent in
a fixed position, and the reagent will be taken away to produce a color block of a certain
length after sweat flows in, and the composition will be analyzed according to the length.
Most existing colorimetric sensors incorporate microfluidic systems to allow in situ sweat
detection [91,96,97]. Methyl orange and bromocresol green can be used for the fluorescent
detection of pH and enzymes for the detection of metabolites such as lactate. Promphet
et al. [98] have shown that colorimetric detection can be achieved by co-depositing these
reagents or substrates with chitosan and sodium carboxymethylcellulose on substrates.

471



Chemosensors 2023, 11, 470

Colorimetry has long been favored for its simplicity and low cost. From the beginning
to the present, patch has been the mainstream form of the colorimetric sensor. For example,
Yue et al. [99] presented a representative patch sensor that can use colorimetry to display a
variety of physiological data (lactic acid, uric acid, pH, glucose and sweat rate) at the same
time (Figure 2a).

Figure 2. Sweat sensing devices using different strategies. (a) A colorimetric sensor that can display
multiple physical and chemical data simultaneously. Reprinted from ref. [99], Copyright (2022), with
permission from American Chemical Society. (b) A sweat sensing patch for fingerprint liveness-
detection measurement. Reprinted from ref. [100], Copyright (2021), with permission from American
Chemical Society. (c) A filter paper-based glucose colorimetric sensor. Reproduced from ref. [101],
Copyright (2021) with permission from the Royal Society of Chemistry. (d) A two-dimensional
material-based photoelectrochemical sensor for Vitamin C detection. Reprinted from ref. [102],
Copyright (2023) with permission from Elsevier.

However, colorimetric sensors have the disadvantage of low sensitivity and a high
lower limit of detection. Vaquer et al. [100] reported an enzyme-based lactate colorimetric
sensor with an adjustable dynamic range (Figure 2b). The sensor also detects sweat volume
at the same rate. The dynamic range of the sensor is modified by adding a competitive
inhibitor (D-lactate) to different reservoirs. Sweat volume sensors measure the volume that
is colored by gold nanoparticles (AuNPs) as they flow with sweat.

Using a similar structure, another study by the same group proposed a filter paper-
based colorimetric blood glucose sensor. This sensor, with a lower detection limit, was used
to prevent hypoglycemia during exercise [101]. Sweat brings glucose oxidase GOx and
horseradish peroxidase HRP into the monitoring area to produce colorimetric reactions,
and reagent partitioning can avoid spontaneous reactions between reagents (Figure 2c).
By increasing the pore size of the filter paper, sensitivity and signal can be boosted. In
addition, using a round tip to enlarge the sample capacity can also improve the signal.
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4.2.2. Fluorescence Sensing

Fluorescence methods require an excitation light source and anti-optical interference
equipment. The mechanism of this method is more complex than the color method, but the
sensitivity and selectivity are better. A recent example is the fluorescence sensor proposed
by Xu et al. [103] for the detection of Cl in sweat. Under UV irradiation, fluorescence signals
can be recorded and warnings given during exercise.

Luminescent materials can also be used for fluorescence detection. Carbon quantum
dots (CQDs) emit different colors of light under ultraviolet light irradiation and have
pH-responsive properties after treatment. When the pH changes, the functional groups
of the CQDs are ionized and affect the degree of deprotonation, causing the fluorescence
color and intensity to change with different pH stimuli. Doping CQDs can be made into
pH-sensitive sensing materials. Wei et al. [104] obtained a good pH response (4~7) by using
N-doped CQDs (yellow fluorescence) and hydrogel impregnation doping, and a proof of
concept was performed for sweat detection during exercise. In addition, biomass-derived
CQDs can be extracted from natural wood fibers, which reduces environmental pollution
during production and still achieves excellent fluorescence performance [105].

4.2.3. Others

Image acquisition and analysis using smartphones in optical methods is a common
means, and smartphones play the role of receiver in this process. Furthermore, smartphones
also have an excitation function that can send data, and act as a light source, sound source,
etc. The photoelectrochemical (PEC) method combines the advantages of electrochemical
methods (simple structure, fast response) and optical methods (low noise, high sensitivity).
Yan et al. [102] proposed a photoelectrochemical sensor based on two-dimensional zinc
porphyrinic MOF nanosheets/multi-walled carbon nanotubes (2D-TCPP(Zn)/MCNTs).
The material (2D-TCPP(Zn)/MCNTs) used in the device stably generates hole-electron
pairs under photo-stimulation, promoting vitamin C oxidation through their photoelectric
conversion capability (Figure 2d). Driven by smartphone light, the 2D-TCPP(Zn)/MCNTs
electrodes exhibit an enhanced cathode photocurrent response to vitamin C and can send
sensing data back to the phone. In addition, polymer-based laser-induced graphene
and In-doped CdS composites, capable of photocurrent sensing, can be used for Cu2+

detection [106]. Photoelectrochemical methods can also be employed for the label-free
detection of lactate molecules [107].

There are many other optical principles that are applicable for sweat monitoring. Nan
et al. [108] fabricated a sweat cortisol sensor using the localized surface plasmon resonance
(LSPR) properties of gold nanoparticles (AuNPs) to detect the cortisol concentration from
changes in extinction peaks in LSPR spectra.

For non-biochemical indicators such as sweat rate, colorimetric sensing is most com-
monly used. In addition, measurements can be made using flow sensors. Some flowmeters
operate indirectly using thermal principles (thermal actuator and thermal sensor [46]). The
work of Jose et al. [79] combined the impedance principle (fluid electrical properties) and
the transient planar source (TPS, liquid heat flow rate) principle to design two coupled
sensors to jointly measure sweat composition and fluid volume. The same idea is reflected
in the work of Mei et al. [109]. This work integrates both electrochemical and colorimetric
sensors, combining the advantages of both.

Innovative sensing strategies are expected to make a significant impact in real-world
applications, provided that more research is conducted to test their stability and reliability.
In addition, when selecting a sensing strategy for the device, it is necessary to consider not
only the continuous detection time, sensitivity, detection limit, and other parameters of the
strategy, but also the effect of the sensing environment and excitation conditions on the re-
sults. For example, optical sensors in low-light conditions require special image-processing
algorithms, and underwater environments require a better sealing of the sensor. Table 2
summarizes the main features, advantages, and disadvantages of the above mainstream
sensing strategies.
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Table 2. A comparison of different sensing strategies.

Strategy Overview Advantages Disadvantages Refs

Potentiometry

Potential change is
induced and converted
into a voltage signal by

the transducer

• Simplicity
• Stability

• Only suitable for detecting
electrically charged
substances

• Accuracy difficult to
guarantee at low
concentrations

[1,110]

Amperometry

Amperometry
quantifies the transfer

of electrons during
reactions at electrodes

• Fast response time
• Wider detection limits
• Higher sensitivity

• Sensing performance is
affected by enzyme activity

• Applied voltage required
[72,74]

Voltammetry

A continuously varying
potential is applied to
the working electrode

and the response
current signal is

detected to record the
current–potential curve

and then analyze the
composition of a

solution

• Multiple analytes can
be analyzed
simultaneously using
voltage scans on the
same two electrodes

• Higher detection limit
than chronocurrent
method

• Different electroactive
molecules may have similar
reaction potentials, so
voltammetry may not be as
selective as voltage and
amperometric methods

[63,111]

Electrochemical
impedance

spectroscopy

The impedance varies
with sweat

composition, and the
impedance modulus at

a given frequency
contains resistance and

capacitance
information, revealing

the specific binding
process of the receptor

to the electrode

• Ability to measure at
different selected
potentials compared
to cyclic voltammetry

• No need to couple
electrochemical
inactives to
redox labels

• Requiring complex
subsequent data processing
and high time costs

[112–114]

Colorimetry

The colorimetric
reaction of sweat with
the reagent reflects the

concentration of the
target analytes

• Simple operation
• Low cost

• Lower resolution makes it
difficult to quantify the
indicator

• Relatively high detection
limit

[96,100,101]

Fluorescence
sensing

Under light excitation,
the fluorescence signal
changes depending on

the target analyte

• Better sensitivity and
selectivity than
colorimetric methods

• Requiring excitation light
source and anti-light
interference equipment, the
mechanism is
more complex

[103,104]

5. Materials, Structure and System Composition of Sweat Sensor

5.1. Sensing Materials
5.1.1. Common Materials for Electrodes

Common counter-electrode materials include gold, platinum and carbon. The ref-
erence electrode is typically Ag/AgCl. The working electrode is divided into enzymatic
reaction electrode, molecular selection electrode [115] and ion-selective electrode. When
the sensitive membrane of the ion selective electrode contacts the solution, an electrical
potential is generated at the interface that is directly related to the corresponding ion
concentration. For example, the multiplexed sensor proposed by Mei et al. integrates five
electrochemical sensors detecting lactate, glucose, pH, Cl− and urea, of which the detection
of lactate and glucose uses enzyme-modified electrodes, using current changes to detect
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concentration; pH, Cl− and urea are sensed by electrodes modified with PANI, Ag treated
with FeCl3 and NH4

+ ion-selective membranes, respectively. As mentioned above, sensing
materials are also gradually developing in the direction of multifunctional multi-modulus
in the form of arrays. For example, the multiplexed sensor proposed by Mei et al. [109]
integrates five electrochemical sensors, lactate, glucose, pH, Cl− and urea, of which the
detection of lactate and glucose uses enzyme-modified electrodes that rely on current
changes to detect concentration; pH, Cl− and urea are sensed by electrodes modified with
PANI, Ag treated with FeCl3 and NH4

+ ion-selective membranes, respectively (Figure 3a).
As mentioned above, sensing materials are helping to improve devices in a multifunctional
and multimodal way in the form of arrays.

Figure 3. The role of newly developed materials in sweat sensors, and the demonstration of novel
microfluidic channels. (a) An electrochemical sensor and electrode modification method for the
simultaneous detection of lactate, glucose, pH, Cl− and urea. Reprinted from ref. [109], Copyright
(2023) with permission from Elsevier. (b) A molecularly imprinted polymer combined with a redox
probe touch-based cortisol sensor. Reprinted from ref. [116], Copyright (2021) with permission from
John Wiley and Sons. (c) A pH sensor based on the inorganic material WO3. Reprinted from ref. [117],
Copyright (2021) with permission from John Wiley and Sons. (d) A nanofiber-based microfluidic
analysis system that collects and transports sweat using a highly porosity, hydrophilic nanofiber
membrane. Reprinted from ref. [109], Copyright (2023) with permission from Elsevier. (e) An
improved design of the Tesla valve. Reprinted from ref. [118], Copyright (2022) with permission
from Elsevier.

Recent studies have focused on the repeatability of electrode materials in wearable
sensor electrodes [109,119]. The application of reusable electrodes reduces the need for
replacement, thereby improving the user experience.
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5.1.2. Nanomaterials

As materials science continues to advance, the application of nanomaterials has be-
come increasingly sophisticated. Due to their unique properties, such as porosity, rigidity,
and impedance, as well as their customizable electrical and wetting properties, nanomateri-
als have been widely used in the fabrication of sensing materials, substrates, and other com-
ponents to enhance sensor performance. Lin et al. [120] utilized N-GODs to anchor a PANI
matrix as a sensing electrode, resulting in improved sensitivity and stability while avoiding
the cracking commonly associated with rigid electrodes. Furthermore, the modification
of electrodes with metal nanomaterials can optimize sensing performance. For example,
the modification of a Prussian blue electrode with gold nanoparticles (AuNPs) yielded a
larger amperometric response [121]. In the fabrication of electrochemical electrodes, metal
nanomaterials are often combined with redox graphene (rGO) [122,123], which serves as
a supporting substrate to enhance sensitivity. Due to its high electron mobility and large
active surface area, this composite often leads to significant improvements in the sensitivity
and accuracy of sensors. Additionally, such nanocomposites generally exhibit excellent
electrocatalytic activity [124,125]. Yu et al. [126] developed a CuxO-nanoflake (NFs)/Cu
nanoparticles (NPs) nanocomposite as a sensing material. The sensor was enriched with
more active sites, a low detection limit, high selectivity, and resistance to bending and
twisting. Assaduzzaman et al. [9] developed a flexible, multifunctional patch based on
laser-induced graphene (LIG) combined with hybrid nano-porous carbon (H-NPC). Sensors
based on nanomaterials exhibit excellent electrochemical activity, reliability and a wide
detection range.

5.1.3. Two-Dimensional Materials

Graphene: As a monolayer two-dimensional material, Graphene has long been of
interest to researchers. Special variants of graphene, such as graphene oxide and reduced
graphene oxide, are widely used in wearable sweat sensors. Their high surface-area-to-
volume ratio provides a large number of reaction sites, excellent electrocatalytic perfor-
mance and high electron mobility. Graphene is often used as a substrate for electrodes and
is combined with other materials or modification methods to enhance the overall perfor-
mance of the electrode. After modification with graphene, the sensing electrode shows
high sensitivity, good selectivity and flexibility, enabling the detection of small-molecule
concentrations such as glucose [127,128], lactate [9], cortisol [26] and uric acid [129]. Wang,
Y et al. [130] synthesized reduced graphene oxide (RGO) in situ on cotton fabric (CF).
This imparted softer physical properties to the graphene material while achieving a fast
response and excellent selectivity. In addition, the electrodes can be fabricated by en-
graving graphene films into specific patterns using laser-engraving techniques. Wang, M
et al. [43] fabricated an electrode based on laser-engraved graphene (LEG) and Molecu-
larly Imprinted Polymers (MIP) that can be repeatedly regenerated in situ. This electrode
can be used to assess amino acid intake levels [131]. LEG can likewise be modified with
nanomaterials (e.g., AuNPs) for highly sensitive electrochemical detection. According to
the research conducted by Tu et al. [132], the deposition of AuNPs via pulsed potential
results in their uniform distribution throughout the mesoporous graphene structure. This
enhances their catalytic ability and provides a large number of specific binding sites. Laser-
induced graphene (LIG), on the other hand, produces graphene directly on polymers using
lasers without needing a film [133]. Feng et al. [134] demonstrated the use of LIG and
single-walled carbon nanotubes (SWCNT) in the development of a sweat sensor. The LIG
fabrication process is both rapid, taking less than a minute, and inexpensive. Additionally,
laser-scribed graphene (LSG) has also been shown to have potential for use in chemical
sensing [135]. The emergence of LEG and LIG has made the large-scale fabrication of
graphene devices increasingly promising.

MXene: MXene is a novel material discovered by Gogosti in 2011 [136]. It is a two-
dimensional transition metal carbide and nitride with a tunable structure and can exhibit
excellent electrical, optical, catalytic and mechanical properties when appropriately modi-
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fied [137]. The formation of composites with MXene and other materials, such as Pt and
polymers, can result in enhanced performance, making it suitable for use in wearable
devices. Ti3C2Tx was the first synthesized MXene material due to its low formation energy
and in wearable sweat-sensor studies; Ti3C2Tx is a commonly used MXene material [138].
Ti3C2Tx exhibits high electrical conductivity, excellent hydrophilicity, and a large number
of active sites and terminal functional groups. These properties reduce signal interference
and promote the adsorption of gas and water molecules, making Ti3C2Tx well-suited for
use in the manufacture of sensors [139]. Sharifuzzaman et al. [140] reported a catalyst
composed of MXene/fluoropolymer-derived porous TiO2 nanomaterials. On the other
hand, Magesh et al. [45] developed a carbon (Pearlman catalyst) using a MXene/palladium
hydroxide-loaded composite (MXene/Pd(OH)2/C) for electrochemical sensors, achieving
good selectivity, sensitivity and stability. Li et al. [141] used MXene to develop a fully
optimized glucose sensor. Pt/MXene nanomaterials were fabricated using Pt nanoparticles
for glucose detection on MXene nanosheets, yielding a wide linear range under neutral
conditions. The sensor substrate was a conductive hydrogel synthesized from MXene and
polyvinyl alcohol (PVA), providing reliable stability to the sensor.

5.1.4. Hydrogel

Hydrogel-based flexible sensors possess numerous properties such as compatibility,
self-healing, and adhesion [142]. Due to their water content of up to 90%, they exhibit
excellent biocompatibility, electrical conductivity, and flexibility. The use of hydrogel as a
sensor substrate or electrode material can improve the sensing performance. The elastic
hydrogel system results in a skin-like base that can significantly improve the wearability
and mechanical deformability of the device. It has been used in applications such as
tissue engineering [143,144], drug delivery carriers [145], soft robots [146,147], and wound
dressings [148,149]. Wang et al. [150] used TPU film to combine hydrogel and conductive
material to provide the sensor with excellent mechanical and electrical properties at the
same time, verifying the ability of hydrogel to improve comfort.

Gao et al. [151] used porous hydrogel instead of liquid electrolyte on sensor electrodes,
maintaining better conductivity while achieving improved swelling and biocompatibility.
A recent study showed that glycerin gel can also achieve alternative functions while
providing anti-bending and sweat absorbing effects [127]. As a new type of gel, noble
metal aero-/hydrogels possess the properties of both aerogel materials and noble metal
nanoparticles [152,153]. Their highly branched, fused nanowire structure imparts inherent
self-healing and flexible properties, making them promising for flexible sensing [154,155].
Li et al. [156] designed a bis-structured Pt-Ni hydrogel that achieved the aforementioned
excellent properties and remained stable for two months. Chen et al. [129] reported a
wearable biosensing platform based on metal aerogels using three-dimensional porous bis-
structured aerogels (N-rGO/Au DAs) consisting of gold nanowires and N-doped graphene
nanosheets as working electrodes. The high surface area and porous structure, as well as
the synergistic effect of Au and N-rGO aerogels, enable better catalytic and electron-transfer
properties than mono aerogels, facilitating non-enzymatic uric acid sensors.

5.1.5. Organic Electrochemical Transistors

An organic electrochemical transistor (OECT) is a low-cost, highly sensitive device that
responds to physical stimuli, chemical functionalization, and shape changes. The OECT is
composed of an ion-permeable organic semiconductor channel (OSC) connecting the source
and drain electrodes. Its operation involves the conversion of the ionic current between the
electrodes into a modulation of the polymer film conductivity, allowing for the detection of
electrolyte solution concentrations. Poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)
(PEDOT:PSS) is commonly used as a conductive pathway between the source and drain of
the OECT due to its ability to amplify signals, ease of miniaturization, and excellent bio-
compatibility [157,158]. PEDOT:PSS-based OECTs exhibit high transconductance (≈2 mS)
at low voltages (<0.5 V) [159], making them promising for use in biosensing applications.
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However, these OECTs are sensitive to ionic strength [160] and the PEDOT:PSS channel
accepts all cation insertions from the analyte, resulting in a lack of selectivity [161]. The
selectivity of OECTs for analytes in sweat can be improved through the use of an ion-
selective membrane (ISM), which permits only specific ions to pass through. In 2014,
Sessolo et al. [162] first proposed the incorporation of an ISM into an OECT for the detec-
tion of K+, inspiring subsequent research in the field of wearable sweat sensors. Coppedè
et al. [163] later proposed an OECT using an ISM for the detection of Ca2+, with the de-
vice being fabricated by functionalizing textile fibers. It is worth noting that many recent
studies on OECT sweat sensors have incorporated textiles as a platform. Textiles are easy
to prepare and can be integrated into clothing, and the detection of target analytes is
not limited to ions. Tao et al. [164] developed a fabric-based OECT lactate sensor that
enables PEDOT:PSS to exhibit high transconductance in both depletion and accumula-
tion modes. Fang et al. [165] addressed the issue of insufficient transconductance in fiber
OECTs by modifying carbon nanotube (CNT) fiber grids. Qing et al. [166] further inte-
grated fiber OECTs with thermoelectric fabrics, using a manufacturing substrate composed
of cotton/poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)/dimethylsulfoxide/(3-
glycidyloxypropyl)trimethoxysilane (PDG) yarn, which is lightweight, strong, and
sweat-resistant.

5.1.6. Other Materials

There are numerous reports on fiber-based wearable electronics, with many studies
focusing on the application of fibers for physical sensing, such as pressure [167] and ther-
mal [168] sensing. Instead, Wu et al. [169] focused on biochemical parameters to develop
a flexible microelectronic fiber that can be woven into textile substrates. Detection of UA
oxidation or Na+ concentration can be achieved by modifying ion-sensitive membranes or
nanoparticles.

Garcia-Rey et al. [5] conducted a proof-of-concept study on alginate-based biological
systems to evaluate the efficacy of the colorimetric determination of sweat glucose. Alginate
beads were obtained by integrating enzyme assays, consisting of GOx, HRP, and TMB, into
the alginate scaffold. The porosity of the beads enabled highly sensitive glucose detection,
and a similar system has been used in previous studies to calibrate and detect lactate in
sweat [170]. Furthermore, another report stated that the integration of TiO2 nanotubes into
alginate can provide enhanced hydrophilicity, further improving the sensing performance
of this material [171]. The touch-based cortisol sensor reported by Tang et al. [116] embeds
Prussian blue redox probes within a molecularly imprinted polymer (imprinted polypyrrole,
PPy, film) network (Figure 3b). The selective binding of cortisol to the imprinted PPy film
impedes PB charge transfer, resulting in a rapid change in current.

Tang et al. [117] reported a WO3-based pH sensor. According to the article, con-
ventional pH sensing methods primarily utilize organic materials, which carry the risk of
biological toxicity (Figure 3c). As an alternative, WO3 is an inorganic and non-toxic material
that is sensitive to hydrogen ions. However, its exchange rate is very low. The embedding
of lattice H+ transforms WO3 from a monoclinic phase to a cubic phase (HxWO3), enhanc-
ing its H+ exchange capacity and reducing its resistance, thereby improving detection
sensitivity and response speed.

The use of composite sensing materials is becoming an increasingly popular trend in
the research into wearable sweat sensors. While individual materials may have specific
limitations, composite materials can be specifically designed to balance the strengths and
weaknesses of different materials to achieve the desired functionality. Nanomaterials are
also gradually becoming significant in this field. The various materials mentioned above
can be nanosized or combined with nanomaterials to produce interfaces or electrodes with
a large number of active sites, a large surface area, and good mechanical properties, thereby
optimizing sensor performance.
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5.2. Forms and Structure
5.2.1. Development of Sweat Sensor Forms

In the early years of wearable sensor research, various forms of sensors, including
tattoos, wristbands, and patches, have been reported. In 2012, Professor Joseph Wang’s
research team reported a tattoo-based electrochemical sensor [172]. Based on this re-
search, many applications, including the detection of ammonium [173], lactate [75], and
sodium [110], have been developed in vitro and attached to the skin using transfer technol-
ogy. Tattoo sensors integrated with carbon fiber exhibit excellent immunity to disturbances
such as stretching, bending, and skin abrasion, and have better electrical performance
than screen-printed electrodes. In addition, these sensors can be combined with artistic
tattoos, which has attracted the attention of many researchers. In practice, tattoo-based
sensors are more like a new type of electrode. While research on tattoo-based sensors
has seen significant improvements, their popularity in subsequent research has gradually
declined. Katseli et al. [7] proposed a 3D-printed electrochemical ring for sweat glucose
detection. The complex fabrication process of wearable sensors is simplified by embedding
conductive plastic electrodes in a ring holder and using a dual-extrusion 3D printer and
commercially available filaments in a one-step printing process. In addition to the above
research, many sweat sensors are now manufactured in patch form, including readable
disposable sensor patches and system-based patches.

Currently, the research focus has gradually shifted, first from single-parameter to multi-
parameter detection. The human body system is complex and constantly in a dynamically
changing environment. As such, it is difficult to fully express the physiological health
status of the human body by interpreting a single parameter. Consequently, more research
is now focused on multi-parameter detection, including metabolites and electrolytes [174],
sweat analytes and sweat rate [175], providing data on multiple biomarkers for analysis.

From single-component components to system-level studies, Gao et al. [6,176] pro-
posed a sensor array capable of multiplexed sweat composition analysis, in 2016. The
array was connected to integrated circuits and flexible circuit boards to simultaneously
detect sweat metabolites, such as lactic acid and glucose, and electrolyte ions, including
pH, calcium, sodium, and potassium. This study aimed to propose a design scheme for
wearable sweat sensors from the perspectives of system integration, signal calibration,
and multiplexing. This groundbreaking work provided researchers with a more complete
system-level design.

Multi-function sweat sensors broaden the information collection range of single-
channel sensors, and further expansion (e.g., combining physical signal detection such as
acoustics) is expected to provide a more comprehensive picture of human health informa-
tion. Sempionatto et al. [177] report a multiplexed sensor capable of not only detecting
multiple biomarkers in sweat, but also integrating an ultrasound transducer to detect blood
pressure and heart rate. One of the issues that must be considered when multiplexing
integrated sensors is to prevent signal crosstalk from affecting the reliability of the data
from each sensor. A solution to the signal crosstalk problem was proposed that spatially
separates components at optimal distances and prevents crosstalk between acoustic and
electrochemical transducers with solid-state ultrasound and sensing hydrogel layers.

While the concept of multiplexed detection and system design research is on the rise,
making sensor systems lighter is also an important issue in the development of complex
sensors. Gao et al. [178] proposed a lightweight flexible sensor based on their previous
research. To achieve this, the researchers aimed to make materials that fit the body lighter,
such as paper-based and textile sensors.

A disadvantage of using sweat as a detection target is the small sample size available
at rest. To overcome this limitation, flexible sensors with integrated sweat-stimulation
capabilities are being developed. Sam et al. [179] used iontophoresis electrodes to deliver
agonists to stimulate sweat gland secretion, which has gradually become the main method
for sweat induction. Research into natural sweat production is also increasing due to its
non-invasive nature.
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Research on sweat sensors does not stop at simply completing the detection func-
tion. Researchers also expect them to have therapeutic capabilities. Lee et al. [128] used
microneedles to design sweat sensors capable of transcutaneous drug delivery, adding
medical value to wearable devices.

As wearable sweat sensors move closer to practical applications, portability and minia-
turization are inevitable trends for clinical and everyday consumer markets [180,181]. One
important method for achieving device miniaturization is to replace traditional standard
discrete components with integrated circuits. Wang et al. [182] reported an ultra-small
wearable sweat sensing system with a size of only 1.5 cm × 1.5 cm. Its core processing
chip, the MS02 chip, integrates functional circuits such as amplification and filtering, which
greatly reduces the overall system area while maintaining sensor performance.

5.2.2. Structure of Sweat Sensor

Wearable sweat sensors can be roughly divided into two categories based on whether
they have a sweat transport structure: patch and microfluidic-based devices. The former
undergoes electron transfer or optical reactions directly upon contact with sweat, while the
latter collects or transports sweat to electrodes or reagents through microfluidic channels
for detection. Taking electrochemical detection as an example, when the detection target is
relatively simple, sweat can be brought directly into contact with the electrode to achieve
rapid real-time monitoring. However, when multiple analytes are involved, the lack of
sweat sample becomes more noticeable, making it difficult to supply multiple electrodes for
simultaneous analysis. Timed sampling with an absorbent patch or a regular sweat collector
can solve this problem, but it increases the effort required [183]. In addition, changes in
sweat rate over time and across body parts, combined with factors such as epidermal
contaminants and sweat evaporation, can easily cause fluctuations in the results of sweat
sensor patches [184]. By incorporating microfluidic channels, sweat can be collected
and distributed to different sensing electrodes on demand, overcoming problems such
as inadequate sweat sample volume, instability, and sweat evaporation. The effects of
contamination can also be reduced with specially designed channels.

Microfluidics: Microfluidic systems have the advantages of simple structure, strong
ductility, and storage and transport capabilities. By designing the size (e.g., capillary [115],
width variation), structure (e.g., serpentine structure, fiber, reservoir distribution), and
other properties of the microfluidic channels, they can acquire specific capabilities. Ex-
amples include designing numerous pathways for the multi-modal analysis of sweat [96]
and building attractive fluid dynamics and reservoirs for rapid filling [185]. Microfluidics
have long been used in wearable sweat sensors as channels for the rapid sampling, col-
lection, and analysis of sweat. Microfluidic sensing patches can be mass-produced using
techniques like Roll-to-Roll (R2R) printing [186], a low-cost rotary screen printing process.
Biocompatible and stretchable materials including PDMS [90] (polydimethylsiloxane) and
PET (polyethylene terephthalate) are commonly used to construct microfluidic channels,
allowing sensors to be integrated anywhere on the body [187].

As mentioned above, the structure of microfluidic channels can be customized. How-
ever, a more complex microfluidic system does not necessarily result in better performance.
For instance, the flowmeter-based sweat rate sensor reported by Kwon et al. [46] relies on
a short, straight microchannel that is thermally coupled to sweat to accurately measure
temperature differences and obtain flow values. Microfluidic channels can also be designed
as three-dimensional structures, allowing the vertical integration of multiple modules for
sampling, transport, sensing, and storage [188].

The microfluidic channel is a semi-open system that depends on capillary action to
transport sweat during collection. As such, it is important to control the fluid flow within
the channel. Shi et al. [118] proposed the addition of forward and reverse Tesla valves to
the inlet and outlet to prevent inlet backflow, and reduce contact between the outlet and
the environment (Figure 3e). This design is highly suitable for low-flow-rate conditions,
such as sweat monitoring.
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With the ongoing advancement of materials science, new microfluidic systems have
been developed to address the limitations of traditional hollow microfluidic channels,
such as contamination, miniaturization, and diffusion of chemical agents. Currently, there
are studies exploring the combination of nanofibers with microfluidic channel materials.
Mei et al. [109] reported a nanofiber-based microfluidic analysis system (NFMAS). This
system utilizes highly porous and hydrophilic polyimide/sodium dodecyl sulfate (PI/SDS)
nanofiber films as a microfluidic network substrate for collecting and conducting sweat
(Figure 3d). The system features both electrochemical and colorimetric sensing modules,
which are separated by nanofibers. These sensors exhibit excellent mechanical properties
and resistance to contamination. In subsequent research, the same group continued to
apply this nanofiber microfluidic technology to fabricate flexible sensors [189], with the
goal of better improvement.

Another approach is to use paper-based microfluidics. By cutting paper into a channel
shape, sweat can be transported by capillary action [190,191]. Also, paper can be folded to
form three-dimensional structures, allowing the creation of more complex channels. Liang
et al. [192] demonstrated a three-dimensional paper-based microfluidic electrochemical
device (3D-PMED). The device is constructed by prefabricating a pattern on cellulose
paper and folding it into a five-layer stacked structure containing a sweat collector, vertical
channel, transverse channel, electrode layer, and sweat evaporator. Table 3 presents a
comparison of currently commercially available microfluidic sweat wearable sensors with
those from recent research.

Table 3. A comparison of microfluidic sweat sensors on the market and in the latest research.

Device Localization Indicators Mechanism Features Ref

Nix Hydration
Biosensor produced

by Nix (Boston,
MA, USA)

Biceps brachii

Sweat rate,
electrolyte loss rate,

and sweat
composition

An electronic pod
clips onto the

single-use sweat
patch and wirelessly

transmits the test
data to a cell phone,

watch or bike
computer.

• Real-time tracking of fluid
and electrolyte loss during
workouts

• Calculate the Nix Index™ for
a given workout in the
future based on the weather
forecast

• 36 h of battery life
• The patch weighs less than

0.5 ounces and is similar in
size to a Garmin dial

[193]

AbsolusSweat P1
produced by

Shenzhen Refresh
Biosensor

Technology Co., Ltd.
(Shenzhen, China)

Chest, forehead and
upper arm

Glucose, potassium,
sodium, sweat

volume, sweat rate

The sweat analysis
terminal is

connected to the
sensing patch,

which analyzes the
sweat and transmits
the data to the app.

• Pre-hydration plan based on
historical data

• Advice on supplementation
during exercise

• Personalized Recovery Plan
After Exercise

• Timely alerts to
prevent injuries

[194]

Gx Sweat Patch
produced by

Gatorade, PepsiCo
Inc. (New York,

NY, USA)

Inner left forearm
Sweat rate, fluid
loss, and sodium

loss

Scanning patches,
processing and

analyzing images
using Gx

applications.

• Gx app records sweat data as
a sweat profile. No patch is
required for workouts in
conditions similar to the
profile.

• Targeted advice on
hydration and nutrition

• The patch measures 2.5 in. ×
1.5 in. and weighs 1.25 oz.

• Valid for 20 to 120 min

[195]
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Table 3. Cont.

Device Localization Indicators Mechanism Features Ref

An on-skin platform
for wireless
monitoring

Inner forearm
Sweat rate, sweat

loss and
temperature

The platform’s
electronic system

contains a thermal
actuator and

thermistor, which
utilizes the

temperature
difference to

calculate the flow
rate and, thus, the

sweat rate.

• Short and straight
microfluidic structure

• Expansion modules
(colorimetric patches) can be
integrated into the platform
to measure other biomarkers

[46]

An epidermal
wearable

microfluidic patch
Inner forearm

Cl− in sweat, Ca2+

in interstitial
fluid (ISF)

The patch uses
iontophoresis to

extract sweat and
ISF, detecting both

ions simultaneously
in a

three-dimensional
microfluidic

channel.

• Three-dimensionally
structured microfluidic
channels for efficient
sampling and storage
of fluids

[188]

Nanofiber-based
microfluidic systems

with integrated
dual-mode

sensing arrays

Wrist Lactate, urea,
glucose, pH, Cl−

The system direct
sweat to different

microchannels and
chambers for

electrochemical and
colorimetric

detection,
respectively.

• nanofiber-based microfluidic
network (NFMN)

• Dual-mode sensing arrays
(electrochemical array and
colorimetric array)

[109]

An integrated
three-dimensional

paper-based
microfluidic

electrochemical
device (3D-PMED)

Forearm Potassium

Sweat is driven
through the

capillary tube into
the vertical channel,
where it flows and

completes the
detection.

• Five-layer three-dimensional
structure composed of
folded patterned
cellulose paper

• Flow driven by sweat
evaporation

[192]

5.3. System and Module
5.3.1. Sweat Collection

There are several common methods for collecting sweat using wearable sensing
systems. One approach is to use external stimuli, such as iontophoresis, to induce the release
of sweat from the skin. Another approach is to collect sweat produced naturally during
high-intensity exercise or to absorb sweat from the skin under resting conditions [190].

Iontophoresis: Iontophoresis involves the use of a pair of positive and negative elec-
trodes. The anode releases pilocarpine or other long-acting sweat-inducing drugs, such
as carbachol [196], to induce sweating without significant stimulation. The anode used in
iontophoresis is often positioned in the center of the measuring electrodes [197] to enable
real-time sweat sampling or detection. However, due to the mixing of sweat and gel
and the lack of dynamic sweat sampling, this method can result in a limited number of
effective samples and reduced measurement accuracy [43]. By combining iontophoresis
with microfluidics [188], induced sweat can be collected and directly transferred to the
sensing electrode, resulting in a more stable and quantifiable sample. Bolat et al. [196] re-
ported on a specialized wearable, single-step sensing platform that integrates iontophoresis
with microfluidics. The iontophoresis electrode is positioned directly around the PDMS
microchannel, stimulating sweat glands near the microfluidic inlet. This allows secreted
sweat to precisely enter the channel and be delivered to the sensor. A similar approach has
been used by Wang et al. [43] in their sweat sensing patches.

Hydrophilic/Hydrophobic Substrate: Zhang et al. [97] developed a stretchable, colori-
metric sweat sensor that utilizes the large wettability gradient between a superhydrophobic
substrate and superhydrophilic assays to collect sweat (Figure 4a). Superhydrophilic assays
are composed of elastomeric nanofiber textiles modified with SiO2 nanoparticles, rather
than the more commonly used filter papers. Superhydrophobic substrates are created by
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modifying the surface of elastomer substrates with nanoparticles. This elastic substrate,
featuring a wetting gradient and favorable comfortability, is well-suited for non-invasive
and efficient sweat collection.

Figure 4. Development of different system modules for wearable sweat sensors. (a) A sweat sensor
using a superhydrophobic substrate and superhydrophilic assays capable of collecting sweat using
an ultra-large wettability gradient. Reprinted from ref. [97], Copyright (2021), with permission from
American Chemical Society. (b) A sweat sensor based on a specially designed paper channel. The
evaporation pad after bending and increasing the area can delay channel saturation and increase
the rate of sweat evaporation. Reprinted from ref. [190], Copyright (2021), with permission from
American Chemical Society. (c) A sweat sensor that uses NFC for wireless communication and
function. To start the measurement, the mobile phone should be held close to the sensor. Reprinted
from ref. [198], Copyright (2021), with permission from Elsevier. (d) A flexible sweat-activated battery
that uses soft silicone as a package. Reprinted from ref. [199], Copyright (2021), with permission from
John Wiley and Sons.

Hydrogel for Natural Sweat Extraction: Skin-conforming hydrogels have a hydrophilic
interface. The hydrogel that adheres directly to the skin has the ability to reduce Laplace
pressure, which prevents sweat from forming on the skin surface. In addition, water-based
patches are an effective matrix for metabolite extraction, and the proper thickness of hy-
drogel patches can substantially improve the sensor’s capability to collect biomarkers [76].
Lin et al. [76] developed a wearable hydrogel patch that leverages the above advantages to
quickly collect natural sweat from the hands. Tang et al. [116] designed a sensor that can
rapidly detect cortisol through fingertip contact, using a highly permeable, porous PVA
hydrogel. Its detection results can be obtained within 3.5 min of fingertip contact. Patches
utilizing PVA hydrogel also exhibit excellent resistance to staining [106].

Sweat Transport and Management: When continuously monitoring sweat, it is im-
portant to consider how to prevent the accumulation of old sweat, as residual sweat can
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saturate the device and affect its long-term performance. Saha et al. [190] introduced
an osmotic wearable for lactate sensing in sweat (OWLSS) that is capable of continuous
monitoring, utilizing a specially designed paper channel to effectively manage sweat
(Figure 4b). Adding an evaporation pad to the channel and creating a serpentine channel
path to increase the distance sweat must travel before reaching the evaporation pad can
help delay channel saturation. Increasing the area of the evaporation pad also ensures that
sweat evaporates faster than it flows into the channel under all conditions, allowing for
continuous monitoring.

5.3.2. Signal Transmission and Power Management

Wearable sweat sensors require real-time monitoring over extended periods of time,
necessitating the use of wireless signal transmission. Technologies such as Bluetooth, NFC,
and RFID are commonly employed in the electronic systems of wearable sweat sensors due
to their advantages of miniaturization and low power consumption. The communication
and control of wearable sensors consume energy, particularly in the signal processing
and wireless transmission circuits, such as those utilizing Bluetooth or radio frequency
transmission [200–202]. However, the traditional battery power supply method hinders
the continuous operation of the sensor on the skin due to its difficulty in deformation, poor
battery life, and the presence of harmful substances. To address the issue of energy con-
sumption, new battery materials suitable for use in wearable devices have been developed.
In their study, Liu et al. [203] mentioned the use of super-resilient hard carbon nanofabrics
(s-HCNFs) as carbonaceous anode materials. This high-capacity material exhibits excellent
mechanical stability under twisting and folding, and its properties can be further enhanced
by designing it as a 3D micro- or nanolayered structure. These properties make s-HCNFs
well-suited for use in the fabrication of flexible wearable devices. Moreover, researchers are
also applying scientific research results such as self-generation, wireless power supply, and
flexible batteries to integrate them into wearable sensors.

NFC: The advantages of NFC include low power consumption, few components,
and small size. Only small coils and NFC chips are required to achieve wireless signal
transmission [204]. NFC chips and sensors can be magnetically coupled to form a stable
system [90]. The modulated antenna can also provide wireless energy supply [35]. Cheng
et al. [198] developed a sweat cortisol sensor that uses NFC for wireless communication
and power (Figure 4c). When detection is required, the NFC antenna is powered after
the smartphone approaches the patch to power the circuit and begin measurement. The
performance of the NFC antenna is also verified under different radii of curvature to ensure
that the NFC chip can still provide stable power when the patch is bent.

Biofuels and Sweat-Activated Batteries: Sweat has the potential to provide electricity
support for epidermal electronics as a sustainable bioenergy source [205,206]. Biofuel cells
provide power based on the bioenergy in sweat. Yu et al. [200] report on a lactate biofuel
cell based on full perspiration-powered electronic skin (PPES). The enzyme-catalyzed
batteries exhibit a higher current density and stability. The electrolytes in sweat (Na+, K+,
Cl−) can also be used for electrochemical energy storage. Chen et al. [207] designed an
array of sector electrodes (using copper and zinc thin films) to create a sweat-based energy
generator based on redox reactions. Manjakkal et al. [208] report a supercapacitor using
PEDOT: PSS as the active electrode and current collector. This material has been used in
sensitive electrodes of electrochemical sensors [6] due to its high conductivity, large voltage
window, and good mechanical properties.

In response to the need for flexibility, Liu et al. [199] developed a flexible sweat-
activated battery that can be directly integrated onto the skin (Figure 4d). Soft silicone
is used for fixing and loading functional materials as a package housing. Two Nylon
fabric bags containing electrolyte are used to stabilize the output voltage under various
deformation conditions.

Triboelectric Nanogenerator: Since the invention of triboelectric nanogenerators
(TENGs), many sensor platforms incorporating TENGs have been reported [209–211]
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due to their advantages of a high output voltage, power, low cost, and ease of fabrica-
tion [212–215]. In sweat-sensing applications, methods for optimizing TENGs are also
being explored. Zahed et al. [216] used a PVDF/Co3O4 nanofiber-based TENG and a minia-
ture Halbach magnet array for EMG to improve its electrical energy conversion efficiency.
Baro et al. [217] proposed a textile-based sweat sensor incorporating a ZnO-based unipolar
friction nanogenerator (STENG). Their study experimentally verified that hydrated salts in
sweat promote an increase in conduction band electrons in ZnO, allowing the integrated
STENG to output higher voltages. TENGs can also be integrated with flexible supercapaci-
tors (SCs) to form a distributed power system, further enhancing the power-management
capabilities of wearable devices [218]. The construction of self-charging power systems
(SCPS) for TENG-SCs requires consideration of two key factors. Firstly, the AC power
output by the TENG cannot be directly fed into the SC and must be converted using a
rectifier. Secondly, it is difficult to share electrodes between the TENG and the SC, and
alternative solutions such as shared substrates or packages are typically used [219]. These
can include fabrics [220], thin films [221], carbon cloth [222,223], hydrogels [224], and others.
The integration of TENGs with energy-storage technologies has led to the development
of uninterrupted power supply (UPS) systems for wearable devices [225]. These systems
provide a viable solution for the continuous power supply of wearable devices.

Solar Power: Singh et al. [226] installed a solar panel on top of a sweat sensor in the
form of a smart watch to collect energy. A circular solar panel with a diameter of 2.2 inches
was mounted on the top of the device as an energy source to power the integrated circuit
of the smart watch. This combination provides a new idea for the power supply scheme of
wearable devices.

Inertial Energy Harvesters: Inertial energy harvesters can convert the kinetic energy
generated by human motion into electrical energy to power devices. These harvesters
contain a proof mass that is excited by human motion, with the inertial energy of the motion
being converted into electrical energy through piezoelectric, electrostatic, or electromagnetic
methods [227,228]. To address the power density limitation imposed by the volume of the
proof mass, Cai et al. [229] proposed an alternative approach. They utilized a planetary
structure with a power-generating unit consisting of a base, coils, rotor, and magnets as
an eccentric mass, thereby avoiding the use of a proof mass. In walking tests, the power
output of this design reached 1.84 mW at the wrist and 2.95 mW at the ankle. The output of
energy harvesters is influenced by factors such as the frequency of human movement and
the placement of the device. To address this, Hoareau et al. [230] proposed a method for
determining the optimal placement of cantilevered piezoelectric generators (PEGs). This
method uses electromechanical modeling and accelerometer data to identify the optimal
power source for cantilevered PEGs. According to the scenario presented in the article, the
optimal placement for the device is along the axis normal to the surface of the right hand.
Additionally, extremity segments such as the feet, hands, and forearms were identified as
better energy sources. Beach et al. [231] compared the amount of energy harvested from
the wrist, hip, ankle, and foot. Based on their analysis of the spectral content, optimal
harvester parameters, and the average power output, it was concluded that the foot is
able to provide more power, utilize a larger area, and exhibit a better broadband response
during walking. Additionally, the foot was found to be least affected by changes in walking
speed. To further improve energy harvesting, Sandhu et al. [232] proposed combining solar
and kinetic energy harvesting as both energy and activity sensors.

Thermoelectricity: Thermoelectric systems convert the temperature difference (ΔT)
between two interfaces into electricity. The ΔT between the human body and the envi-
ronment is generally stable, making thermoelectric generators (TEGs) a promising power
for providing a stable energy supply. However, TEGs require a high temperature differ-
ence [233] or a booster [234] to provide sufficient voltage, which unfortunately reduces
the flexibility of portable devices and increases the complexity of the system. To solve the
issues mentioned above, fiber-based TEGs can be structurally optimized to increase the
output voltage [235,236]. The all-fiber thermoelectric sensing device proposed by Qing
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et al. [166] integrates the fiber-based organic electrochemical transistor (FOECT) and ther-
moelectric fiber (TEF). Such a power supply has sufficient output and does not require
energy storage devices.

Despite promising research into self-powered modules, both biofuel cells and energy
harvesters still face challenges in terms of energy efficiency, cell size, and durability. As
a result, the dominance of lithium batteries remains difficult to challenge. A long-term
vision and sustained efforts are required to fully transition from traditional rigid batteries
to flexible power sources suitable for wearable systems.

6. Applying Machine Learning to Sweat Sensing

The trend toward multi-sensor integration is becoming mainstream, allowing in situ
monitoring to provide multiple data sets simultaneously. Not only biochemical analytes,
but also physical signals are rich in information. For more complex monitoring results,
the right data analysis tool is critical. Machine learning has been shown in numerous
medical studies [63] to be an effective tool for dealing with large and complex data sets.
Machine learning is currently widely used in data analysis, image processing, etc. It
can perform feature extraction, pattern recognition, and other operations. Consequently,
machine learning can be combined with wearable sweat sensors to use sensor data to create
personal physical health portraits.

In particular, machine learning can help classify detection results. Support vector
machines (SVM) [237], decision trees [238,239], k-nearest neighbor algorithms (KNN) [240],
and other methods can help with the classification of data. Machine learning can evaluate
the trend of physiological indicators based on historical data and provide the current
state, such as determining the rise and fall of cortisol over time according to the change
in sweat cortisol concentration [241]. The data collected by the sensor is pre-processed
and can be used as training data for machine learning. Sabilla et al. [242] used Principal
Component Analysis (PCA) to preprocess sensor data for dimensionality reduction. Then,
three machine learning methods (SVM, decision tree, and KNN) were tested to discriminate
individual gender based on sweat composition. After comparison, it was found that SVM
could complete the judgment with the best accuracy rate (94.12%).

Machine learning can also predict the trend of indicator changes and the probability of
events occurring, as well as detect the occurrence of events. Regression methods are often
used to predict changes in physiological parameters. Sankhala et al. [243] used machine
learning methods to optimize the signal obtained from a sweat sensor. Data sets included
impedance signals, skin temperature, and perspiration (%RH). The sensor converted the
discrete input into glucose concentration, interpolated it to build a continuous signal, and
then used a decision tree regression algorithm to meet the standard RMSE. The algorithm
was tested on three subjects and verified to correctly capture glucose trends. The algorithm
predicts the percentage of body weight loss (%BWL) using five parameters: heart rate (HR),
core temperature (core T), whole-body sweat rate (WBSR), regional sweat rate (RSR), and
sweat sodium ion content. The sweat sensing platform developed by Lafaye et al. [244]
also uses machine learning algorithms (linear regression, LR) for prediction. The algorithm
predicts the percentage of body weight loss (%BWL) using five parameters: heart rate (HR),
core temperature (core T), whole-body sweat rate (WBSR), regional sweat rate (RSR), and
sweat sodium ion content. Studies have shown that multimodal analysis using machine
learning prediction can effectively increase the detection limit of sensing systems [245]. In
addition to its predictive capabilities, machine learning can also identify events that have
already occurred. For example, it can be applied in the detection of dehydration state [246]
and has the ability to estimate the amount of sweating [247] throughout the body.

For optical sensing, image processing algorithms can be used to quantify colorimetric
or fluorescence results. Baker et al. [195,248] developed smartphone applications using
digital image processing algorithms. After acquiring colorimetric images of wearable mi-
crofluidic patches, the algorithm could perform real-time analysis under different directions
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and lighting conditions, and provide quantified sweat rate and chloride concentration. This
approach can be applied in recreational sports testing.

7. Challenges and Solutions

7.1. Contamination

Sweat sensors must fit closely to the human skin. However, oils and proteins from
sweat, skin, beverages, and food debris outside the body can easily remain in the device,
reducing its sensing performance. There are many solutions to the problem of fouling
residues in electrochemical sensors, such as fluorination and electrode layering [249] or
chemical modification [250]. In the field of colorimetric sensors, this problem is relatively
ignored [251].

In response to the contamination problem of textile sensors, a fluorine-containing
polymer can be introduced on their surface to change the wettability of the fabrics [252].
Based on this, Zhao et al. [251] studied the contamination treatment of fabric colorimetric
sensors and proposed a solution. Using the piCVD method, the colorimetric array is
encapsulated with a thin conformal coating of fluorinated hydrophobic polymer (Figure 5a).
The coating prevents dirt from adhering to the surface of the array. Sensors produced
with this technique are protected against contamination from various liquids, such as milk,
coffee, and olive oil. In the same study, to overcome the interference of fabric texture on
image processing, image-sharpening technology was applied during processing to ensure
the accuracy of sensor identification of different pH values.

 
Figure 5. (a) Contamination treatment for fabric sensors. Using piCVD with fluorinated hydrophobic
polymers as conformal coatings prevents dirt from remaining on the surface. Reprinted from ref. [251],
Copyright (2023), with permission from Elsevier. (b) Fabrication process of the self-healing P-Gr
ink and its screen-printing application. Reprinted from ref. [253], Copyright (2023), with permission
from Elsevier. (c) Exploded view of the device fabricated by CAP technology and schematics of the
fabrication process including four steps. Reprinted from ref. [121], Copyright (2022), with permission
from Elsevier.
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One approach to managing contamination is to treat it after it enters the system,
through processes such as cleaning and retention prevention. Another effective option is to
block contaminants at the point of sweat collection. Yang et al. [191] proposed a pH sensor
with a paper-based sandwich structure based on oil control paper. After control experiments
(compared with monolayer filter paper) and sample analysis, the paper-based sensor has
obvious resistance to triglycerides and squalene, and can filter more than 90% of sebum in
sweat. The simplicity of this microchannel manufacturing process, requiring only scissors
and paper, further demonstrates the potential for practical applications. Huang et al. [254]
integrated a microfilter at the entrance of the microchannel, which blocks skin debris
through ten continuously arranged micropillars, thereby realizing the filtering function.

7.2. Interference

Waterproof: The operating environment of a wearable sweat sensor is determined
by the wearer. If the wearer is exposed to rain, splashes, or underwater activities, the
device’s water resistance, adhesive stability, and resistance to contamination may be more
demanding. Reeder et al. [255] previously proposed a waterproof microfluidic patch sensor.
The design included a low-permeability polymer shell, a water-resistant microchannel inlet
and outlet, conformal technology to reduce the effects of shear stress, underwater bonding
materials, and other targeted proposals to improve water resistance.

Optical Crosstalk: Photoelectrochemical sweat sensor measurements can be affected
by incomplete sweat coverage and are highly dependent on light intensity. As a result, they
are susceptible to interference from vibrations caused by human movement and battery
depletion. Amphoteric Bi2O3 has been reported to overcome these challenges [256].

Flow Rate Crosstalk: Based on current research, Komkova et al. [257] investigated
the effect of sweat flow on sensor parameters, such as sensitivity. They made recom-
mendations for addressing this issue, including flow correction, potentiostat control, and
pulse detection.

7.3. Self-Healing Ability

Wearable devices must remain attached to the human epidermis during daily activities.
These activities can cause deformation of the substrate and impacts to the device. Both
deformation and impacts can potentially cause damage to the device. As a result, if
the device possesses self-healing capabilities, it could significantly improve the lifespan,
reliability, and stability of the wearable device. In this direction, there have been some new
explorations, and one option is to use composite gel materials. Wang et al. [142] developed
a hydrogel patch that detects sweat in situ without sweat collection. Polyvinyl alcohol and
sucrose are crosslinked to form hydrogel, the self-healing adhesive properties of which are
derived from hydrogen bonds between molecules. Its self-healing ability is also used to
enable the autonomous assembling of colorimetric modules and substrates. Son et al. [253]
prepared a P-Gr ink using a self-healing bio-based elastomer matrix incorporated with
graphene (Figure 5b). This ink was used to print a conductive electrode with self-healing
capabilities. These developments represent potential avenues for further research.

7.4. Technology

The complexity and high cost of manufacturing processes are among the major factors
limiting the market availability of wearable sensing devices. To reduce production costs,
existing methods such as paper-based fabrication, 3D printing, laser engraving, inkjet
printing, and integrated circuit processes have been employed. In addition, researchers
have developed new technologies specifically for wearable devices. These include the
vacuum filtration transfer printing method (PS-VFTP), inspired by the photosensitive seal
(PS) proposed by Hao et al. [258], and the cut and paste (CAP) technology used by Sun
et al. [121] in the fabrication of wearable devices (Figure 5c). Further exploration is necessary
to identify manufacturing processes that are universally applicable to the production of
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wearable sweat sensors. Figure 6 provides an overview of the current challenges and
potential solutions in the development of wearable sweat sensors.

Figure 6. A summary diagram of the current challenges in wearable sweat-sensor research, along
with a list of feasible solutions.

8. Conclusions

Wearable sweat sensors have drawn increasing attention due to their portability, flexi-
bility, non-invasiveness, and ability to provide continuous real-time monitoring. Studies
in this multidisciplinary research area span a range of theoretical and engineering disci-
plines, including biomedical principles, materials science, chemistry, physics, and electrical
engineering. Distinctive advances have been made in each of these directions. This paper
provides an overview of recent advances in biomarkers, sensing strategies, materials, and
system architectures for wearable sweat sensors. It also summarizes current challenges and
potential solutions in this field, with the aim of providing researchers with a comprehensive
perspective and targets for future development. Since their inception, wearable sweat
sensors have made significant advances in both form and function for practical applica-
tions. Current research is focused on the development of full-system sensors—devices
capable of independently performing the entire process of sensing, signal processing and
transmission, power supply, and data analysis. This represents the product form closest
to practical application. In the future, it is expected that wearable sweat-sensor systems
will continue to improve and new types of sensors will emerge. All of these innovative
efforts will hopefully make the detection of human physiological signals more scientific
and feasible.
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Abstract: Quantum tunneling electrical probes, consisting of a pair of nanoelectrodes with a gap
width of less than 5 nm, can be used as a robust electrical sensing platform for the detection of
various nanoscale objects. To achieve this, stable and gap-width-controllable electrodes are essential.
Although various methods, including lithography and electrochemical strategies, have been proposed
for the fabrication of tunneling electrodes, the ability to precisely control the gap width and ensure
reproducibility is still lacking. Here, we report a feedback-controlled electrochemical etching approach
to fabricate the tunneling electrodes with a controlled nanogap. The connected nanoelectrodes,
derived from a dual-barrel nanopipette, were subjected to a controlled electrochemical etching
process from a short-circuited state to a tunneling gap. The resulting tunneling electrodes exhibited
solvent-response current–voltage electrical behavior, which was well fitted with the Simons model,
indicating the formation of tunneling electrodes. Overall, a success rate of more than 60% could be
achieved to obtain the tunneling gaps. Furthermore, to verify the function of tunneling electrodes,
we used the etched-tunneling electrodes for free-diffusing protein detection, showing the potential of
etched-tunneling electrodes as single-molecule sensors.

Keywords: quantum tunneling probe; nanogap width electrode; single-molecule detection

1. Introduction

Single-molecule detection methods based on electrical signals can achieve direct,
real-time, and label-free monitoring of the dynamic processes of molecular events at the
single-molecule level [1]. It provides a platform for exploring the detailed information of
chemical and biological reaction processes, including intermediate/transient states and
stochastic processes, which usually drown in traditional ensemble-average experimental
methods that are crucial to chemistry, biology, and medicine research [2,3]. Among these
newly developed detection technologies, the method based on the quantum tunneling effect
has excellent performance in the field of single-molecule detection due to its advantages of
high spatial resolution, ultra-high sensitivity, and easy integration [4].

The quantum tunneling effect refers to the transport of microscopic particles such
as electrons across the potential barrier, including a nanogap, a molecule, a nano-sized
insulating layer, etc. It becomes increasingly pronounced as the gap width decreases to
sub-5 nm [5]. Quantum tunneling sensors, which are composed of a pair of electrodes
with a gap of sub-5 nm, have recently gained considerable attention due to their label-free
direct in situ sensing ability in liquid environments and the potential for on-chip integrated
platforms [4–7]. When a bias voltage is applied to the electrodes, electrons transport
across the gap due to the tunneling effect, generating a tunneling current. The current is
dependent on the applied bias, the gap width, and the medium between electrodes [4,8]. In
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a typical sensing system, if a specific molecule enters the tunneling region, the tunneling
current will be modulated, producing a characteristic electrical signal. The acquired signal
is normally superimposed on the tunneling current, with the featured current amplitude
and dwell time. By extracting and analyzing these features, specific information about
the target molecule can be revealed, including the sub-molecular structure and electronic
structure [4].

The fabrication of tunneling electrodes with controllable gaps is the key to quantum
sensing applications. In recent years, a variety of techniques have been developed for this
purpose, including scanning tunneling microscope (STM) [9,10], breaking junctions [11–14],
electrodeposition [5,15], electromigration [16], and advanced lithography [17–19]. Accord-
ing to the main methods used for nanogap formation, the techniques can be divided into
three main categories, including additive, subtractive, and splitting methods. The additive
methods, such as electrodeposition and shadow mask deposition, mainly form nanogaps
by depositing electrode materials. In subtractive methods like electron beam lithography
(EBL) and focused ion beam (FIB) lithography, the electrode material is removed to create
a nanogap. For splitting methods including mechanically controllable break junctions
(MCBJs) and crack-defined break junctions, the nanogap is generated by the fracture of
electrode material. Typically, these methods have their own priorities in fabricating the
tunneling gaps and cannot combine the advantages of controllability, reproducibility, sta-
bility, and mass production. For instance, shadow mask deposition produces nanogap
electrodes by depositing electrode materials and local blocking suspended masks, while
the grain-like growth phenomenon of metallic electrode material will cause instability and
uncontrollability of electrode gap width [20]. FIB lithography generates sub-5 nm nanogaps
by directly applying ion beams to electrode materials without the need for a resistance
layer or a mask. It has the advantages of being maskless and having high reliability, but
the ion sputtering process may cause contamination of the electrode surface. Besides the
high cost, the long time consumed also influences reproducibility [18,19,21]. MCBJ allows
for the formation of tunneling electrodes with an adjustable gap width by controlling
the piezo actuator and is not suitable for large-scale preparation [11,21]. Moreover, most
of these fabrication methods require state-of-the-art facilities, instruments, and sophisti-
cated processes, which leads to high costs [21–23]. Therefore, it is essential to develop
new strategies for fabricating tunneling electrodes with a more controllable gap width
and reproducibility. Meanwhile, it is worth noting that a combination of manufacturing
techniques is usually utilized to create nanogaps. Recently, some novel hybrid methods
have been proposed to fabricate gap-width-controllable electrodes [24–26]. For instance, in
situ adjustable metal nanogaps can be achieved by either a lateral expandable piezoelectric
sheet or a stretchable membrane [26]. These nanogaps with angstrom resolution were
developed into in-plane molecular break junctions and successfully applied to measure
single-molecule conductance.

Recently, we reported feedback-controlled electrochemical deposition for efficiently
fabricating standalone tunneling probes, which can be used directly in solution for single-
molecule detection [5]. However, this electrodeposition approach tends to form narrow
gaps, making it difficult to control the gap width from the atomic contact scale to a wider
scale. Here, we demonstrate an electrochemical etching-assisted method for fabricating
the tunneling electrodes with stable nanogaps, which can be used either independently or
as a complementary method to the electrodeposition approach. Although electrochemical
etching has been widely applied in STM probe fabrication with various materials such as
gold (Au) [27–29], platinum (Pt) [30], and tungsten (W) [31], few studies have explored
its capability to directly form the tunneling gap. We used a mixed solution of potassium
chloride (KCl) and potassium thiosulfate (K2S2O3) as the electrolyte and a double-electrode
potentiostatic electrochemical setup as the etching strategy. We achieved a success rate of
approximately 60% in fabricating the tunneling probes. We further applied our tunneling
electrodes to single-molecule detection. We conducted free diffusion detection on two
different protein molecules (bovine serum albumin and glucose oxidase) and obtained
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evident single-molecule tunneling signals. Data analysis shows that there are differences
in the distribution of conductance and signal dwell time between the two proteins. The
results indicate that our etched-tunneling electrodes have reliable and sensitive sensing
capability at the single-molecular level in liquid environments.

2. Materials and Methods

2.1. Chemicals and Materials

The Au-plating solution, consisting of 4.4 mmol/L NH4AuSO3 dissolved in 52 mmol/L
(NH4)2SO3, was purchased from Tianyue (Shenzhen, China). Potassium thiosulfate (K2S2O3),
with a purity of 98%, was purchased from Chentong Biochemical Technology Co., Ltd.
(Hangzhou, China). All the other reagents not mentioned above used for device fabrica-
tion and characterization in this study were purchased from Sigma Aldrich (Burlington,
MA, USA). All aqueous solutions should be prepared using ultrapure deionized water
(18.2 MΩ·cm at 25 ◦C). Dual-barrel theta-shaped quartz capillaries (Friedrich & Dimmock,
Inc. (Millville, NJ, USA), 1.2 mm outside diameter (OD), 0.90 mm inside diameter (ID), 75 mm
long) were used for fabricating tunneling electrodes. Copper wires were 0.25 mm in diameter
and purchased from Goodfellow (Shanghai, China). Silver wires (Agar Scientific, Stansted,
UK, 0.25 mm OD) were made into silver/silver chloride (Ag/AgCl) electrodes in 1 mol/L
potassium chloride (KCl) aqueous solution through an electrochemical workstation.

2.2. Apparatus and Characterization

The puller we used for pulling quartz capillaries was the P-2000 laser puller from
Sutter Instrument (Novato, CA, USA). All electrochemical processes in this work were
conducted on a CHI760c electrochemical workstation (Chenhua Instruments Shanghai
Co., Ltd., Shanghai, China). All tunneling current measurements were performed using a
MultiClamp 700B (Molecular Devices, San Jose, CA, USA) operated in voltage-clamp mode.
The recorded signals were filtered using a four-pole Bessel filter at 10 kHz and digitized
using an Axon Digidata 1550B (Molecular Devices, San Jose, CA, USA). Data analysis was
performed using custom-written MATLAB code developed in-house. During tunneling
current measurements, the tunneling electrode and the amplifier headstage were placed in
a Faraday cage to shield external electrical noise. The setup was placed on stable support
to minimize vibrational interference. In addition, short cables and electrode connecting
wires were selected in priority to minimize electrical noise. The amplifier, Faraday cage,
and supporting platform were connected to the same grounding point. Morphological
characterization of the electrode tip was performed by a Zeiss ULTRA-55 field-emission
scanning electron microscope (Oberkochen, Germany) under an operating voltage of 10 kV.

2.3. Fabrication of Dual-Barrel Au-Deposited Nanoelectrodes

The Au-deposited probes, consisting of two proximally addressable Au nanoelec-
trodes in a standalone double-barrel nanopipette, were obtained according to our previous
work [5]. Briefly, a theta-shaped dual-barrel quartz capillary was first laser-pulled into a
sharp nanopipette using a P-2000 laser puller with a custom two-line program (First line,
Heat = 850, Filament = 4, Velocity = 30, Delay = 160, Pull = 100. Second line, Heat = 860,
Filament = 3, Velocity = 20, Delay = 128, Pull = 160). The two nanopores formed at the
probe tip were 20~60 nm in diameter and separated by a septum of about 20 nm. Next,
both barrels were filled with carbon by the pyrolytic decomposition of butane, resulting in
two coplanar carbon nanoelectrodes at the tip of the pipette. Copper wires were inserted
from the end of the quartz capillary, in close contact with the deposited carbon, to provide
the electrical connection to the instrumentation. Carbon etching was followed and formed
a pit on the carbon electrode surface. This is beneficial for the subsequent electrochemical
deposition of gold and improves the stability of the final prepared tunneling electrode.
Then, gold was electrochemically deposited on the carbon electrodes in a bipotentiostatic
configuration until it formed the connected electrodes (>4.75 μS in conductance).
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3. Results and Discussion

3.1. Electrochemical Etching Tunneling Electrodes Fabrication

The tunneling probes were obtained with an electrochemical etching strategy, as shown
in Figure 1a. At first, the dual-barrel Au-deposited nanoelectrodes were fabricated via our
previously reported method [5]. The detailed fabrication procedure has been shown above
(see Section 2). Subsequently, the Au deposited on the electrodes was controllably removed
to generate the tunneling gap in a double-electrode electrochemical etching configuration.
In the potentiostatic electrochemical experimental setup, both of the connected electrodes
were immersed in the etching electrolyte as the working electrodes (WE1 and WE2), and
the silver/silver chloride electrode was used as the counter electrode and the reference
electrode (CE and RE). In principle, under the presence of the etching agent potassium
chloride (KCl), Au is dissolved in AuCl2− by reacting with Cl− at a positive potential [32]. It
should be noted that the formed AuCl2− will be partially transformed to Au (0) and AuCl4−
in solution. The Au reduced by disproportionation will adhere to the electrode surface,
roughening the electrode surface or even reconnecting the etched-open electrode. In order
to increase the controllability of the etching process and to obtain a smooth electrode
surface, we introduced the solvent potassium thiosulfate (K2S2O3) into the etching solution,
which could efficiently react with the disproportionated Au and form the Au2S2O3 complex
(Equation (1)) [15].

2Au+S2O2−
3 � Au2S2O3+2e− (1)

Figure 1. Fabrication of tunneling electrodes by electrochemical etching. (a) Schematic diagram
of experimental setup. A double-electrode potentiostatic electrochemical system is used for Au
etching. The potentials applied to working electrode 1 (WE1) and working electrode 2 (WE2) are
1.1 V and 1.2 V, respectively. A local enlargement of the etching process at the electrode tip is shown
on the right. (b) Redox curves measured in 1 mol/L potassium chloride (KCl) aqueous solution
and 2 mol/L potassium thiosulfate (K2S2O3) aqueous solution with a volume ratio of 4:1. (c) Three
typical current–time (I–t) curves measured during the etching process.
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We further investigated the chemical composition of the etching electrolyte. The
etching rate increases with the increase in the concentration of KCl. In order to control
the etching rate in an appropriate range, we determined that a mixed solution containing
1 mol/L KCl aqueous solution and 2 mol/L K2S2O3 aqueous solution with a volume ratio
of 4:1 is optimal.

The potentials we applied to the two working electrodes were selected based on
the redox curve, as shown in Figure 1b. During the etching process, when the voltage
exceeds 0.6 V, Au is oxidized to Au+ on the anode. In addition, the reaction becomes
intense as the voltage increases. When the voltage reaches 1.4 V, the current oscillates
due to the continuous dissolution and disproportionation reduction in Au [32], which
increases the roughness of the electrode surface and makes the etching process more
uncontrollable. Hence, a voltage range of 0.9 V to 1.2 V is preferred for etching. In
order to obtain real-time feedback information from the current–time (I–t) curve and help
determine the timing of etching cessation, a bias of 100 mV is set between two working
electrodes. Due to the exponential correlation between tunneling current and the tunneling
gap distance, the measured current containing tunneling current will sharply decrease
as the gap broadens. Therefore, if a sharp decrease in measured current is observed, the
etching can be stopped, which demonstrates the formation of the tunneling electrodes.
Accordingly, we selected etching potentials of 1.1 V and 1.2 V for working electrode 1 (WE1)
and working electrode 2 (WE2), respectively. The etching rate can be adjusted by changing
the potentials of WE1 and WE2 during the etching process.

The real-time current monitoring at working electrodes revealed the etching process,
as shown by the typical current curves shown in Figure 1c. Generally, the current mea-
sured at working electrodes is composed of conduction current (Iconduct, on the order of
10−6 A, under the set working potential, the same below), tunneling current (Itunneling, on
the order of 10−9 A~10−6 A), and ion current (Iion, on the order of 10−10 A), such that
Imeasure = Iconduct + Itunneling + Iion for WE1 and Imeasure = (−Iconduct) + (−Itunneling) + Iion
for WE2. The positive and negative signs represent the direction of the current. The con-
duction current is generated by the directional flow of electrons between the two electrodes
when they contact, and the tunneling current occurs when the electrode gap enters the
tunneling range. The ion current is related to the directional flow of ions in an electrolyte
solution. Due to the fact that the ion current is much smaller than the former two parts
of the measured current, the currents of WE1 and WE2 exhibit symmetric changes in the
curve. During the etching process, the current measured decreased with time. At the start
of the etching process, the two electrodes are connected, and the conduction current is
dominant under the potential difference applied to the two working electrodes. As the
etching process progresses, when the electrodes are etched apart, the conduction current
almost goes down to zero and the tunneling current becomes the dominant factor, which
depends exponentially on the gap width. To obtain tunneling electrodes, the etching is
stopped at this stage. If the etching continues, more Au will be etched away, resulting in
wider gap-width electrodes.

3.2. Characterization of Electrochemical Etching Electrodes

The schematic diagrams of the structure of connected electrodes, tunneling electrodes,
and open electrodes are shown in Figure 2a. We performed current–voltage (I–V) charac-
terization on three types of electrodes separately. All the I–V curves shown in Figure 2b
had the same scale of horizontal and vertical coordinates. The connected electrodes had a
large conductance (>4.75 μS), which showed up on the curve as a straight line with a very
high slope. The tunneling junction showed a classical S-shape on the curve, which is the
feature that represents tunneling, and the conductance typically ranged in 0.1~2 μS. The
open electrode had a gap greater than 3 nm between electrodes, and the curve was almost
a horizontal line on the order of 10−10 A.
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Figure 2. Characterization of electrochemical etching electrodes. (a) Schematics of connected elec-
trodes, tunneling electrodes, and open electrodes. (b) I–V curves of connected electrodes, tunneling
electrodes, and open electrodes. (c) The steady-state current curves of the same electrode in the
carbon electrode state, connected electrode state, and etched-open electrode state. (d) The optical
image of the tunneling electrode and SEM images of connected electrodes or open electrodes. Inset:
the magnified SEM image of the electrode tip (inside the red circle).

Steady-state voltammetry is a reliable electrochemical method used to estimate the size
of ultrasmall electrodes. This method calculates the effective radius of the electrode from the
steady-state current of the electrode obtained by measuring the cyclic voltammetry curve
of the redox pair. Assuming the electrode is hemispherical and the RG value (RG = rg/a,
where rg is the radius of the insulator around the electrode and a is the effective radius
of the electrode) is greater than 10, the effective radius can be estimated by steady-state
current using Equation (2) [33].

Ilim = 2πneaFDc (2)

where Ilim is the steady-state current, ne is the number of electrons transferred in electro-
chemical reactions, F is the Faraday constant, and D = 7.2 × 10−6 cm2 s−1 is the diffusion
coefficient of [Fe(CN)6]3−. C is the concentration of the redox mediator, and a is the elec-
trode radius. Here, we obtained the voltammograms in 10 mmol/L K3[Fe(CN)6] using the
standard three-electrode system. Figure 2c shows typical curves of the same electrode in
the carbon electrode state, connected state, and etched-open electrode state. The estimated
effective radius of carbon electrodes, connected electrodes, and open electrodes is 23 nm,
1540 nm, and 25 nm, respectively. The size of the etched-open electrode is similar to the ini-
tial carbon electrode size, indicating that the gold on the electrode surface can be effectively
etched away. The tips of the electrodes we fabricated are semi-elliptical in shape, with RG
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1.5~2. Hence, the radius calculated by steady-state current is only an approximation of the
actual electrode radius. The optical image of the tunneling electrode and SEM images of
connected electrodes and open electrodes are shown in Figure 2d. The upper-right inset
shows an enlarged SEM image of the tunneling electrode tip (inside the red circle). There
is a lot of Au attached to the tip of the connected electrodes, and it has a relatively large
area. As for open electrodes, we can see that Au on the tip has been etched away, exposing
theta-shaped holes (about 50~100 nm in diameter).

We further characterized the etched-tunneling electrodes by I–V curves and fitted them
with the Simons model. To give an intuitive comparison, we present the typical I–V curves
of the connected, tunneling, and open electrodes in one graph, as shown in Figure 3a. The
area on the yellow background is the typical curve of connected electrodes. The etched-
open electrodes are displayed in the gray background area, and the remaining regions
represent the etched-tunneling electrodes. The I–V curves of the tunneling electrodes are
fitted by the Simons model, and the fitted curve is represented by solid lines in the graph.
Generally, the I–V curves of electrodes with a smaller gap width tend to have steeper slopes
and take on a more linear shape. The gap width can be obtained by fitting curves using
the Simons model, and the gap width distribution of tunneling electrodes is shown in the
Supplementary Materials (Figure S1). In total, 29 standalone etched-tunneling electrodes
were fabricated with gap widths ranging from 1 nm to 3.5 nm.

Figure 3. Graph of statistical results of electrodes fabricated by electrochemical etching. (a) Typical
I–V curves of connected electrodes (yellow background), tunneling electrodes, and etched-open
electrodes (gray background) measured in air. (b) I–V curves of the same etched-tunneling electrodes
in air, DI water, tetrachloromethane (CCl4), and hexane. The curves from top to below in panel b:
water, air, hexane and CCl4.

To further confirm the functionality of the etched-tunneling electrodes, I–V curves
were measured in different materials with different barrier heights, including air, DI water,
tetrachloromethane (CCl4), and hexane. The data for all four substances were collected
by the same electrode. We measured 30 I–V curves for each material. When switching
electrodes from one material to another, we first dipped the electrodes in ethanol for 5 min
to dissolve the residue and then kept them in the air for 2 min to evaporate the ethanol,
which can reduce the impact caused by the residue on the electrode. The average I–V
curves fitted by the Simons model are shown in Figure 3b. According to Equation (3) [34],
there is an exponential dependence between the square root of barrier height and the
tunneling current.

Itunnel ∼ Vbias
z

exp
(
−A

√
φeffz

)
(3)

where Vbias is the bias potential between electrodes, A is the effective tunneling area, z is
the gap width, and Φeff is the effective barrier height. That means, while using the same
electrode and under the same voltage, the tunneling current is negatively correlated with
the barrier height. From this point of view, the order of barrier height of hexane, DI water,
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and CCl4 determined by I–V curves is consistent with the previous results [35], that is,
φCCl4 > φhexane > φwater. It is worth mentioning that the Simons model fitting method can
also be used to calculate the medium barrier height. However, due to cross-contamination
of the electrodes, the fitting results are not accurate enough, so we chose the former method
for analysis.

3.3. Single-Molecule Detection Using Etched-Tunneling Electrodes

In order to confirm the function of the etched-tunneling junctions, we applied the
obtained quantum tunneling electrodes to single-molecule detection. Single-molecule
tunneling detection methods can be divided into two categories based on whether the
molecule is fixed to the electrodes: single-molecule junctions (SMJs) and molecular-free
diffusion. SMJ methods bridge the molecules between two separate electrodes by chemical
modification and obtain molecular conductance and other information by measuring the
current. However, this method requires specific molecular modification systems, and the
complexity of modification and measurements leads to low reproducibility and stability.
For methods based on molecular free diffusion, the amplitude of tunneling current is
related to the intrinsic properties of molecules and the interaction between electrodes and
molecules [36,37]. We conducted free-diffusing single-molecule signal measurements on
two protein molecules, bovine serum albumin (BSA) and glucose oxidase (GOD). BSA is
the main component in bovine serum and is widely used in biochemical laboratories, with
a molecular size of approximately 4 × 4 × 10 nm3. GOD is widely present in animals,
plants, and microorganisms and is an important industrial enzyme in the food industry. Its
molecular size is about 7 × 5.5 × 8 nm3. The size of both proteins is much larger than the
gap width, so both of them cannot fully diffuse into the tunneling region.

BSA in 0.01 mol/L phosphate buffered saline (PBS, pH 7.4) with a concentration of
10 nmol/L was measured using an electrode with a gap distance of 2 nm by applying
a constant voltage of 100 mV. The typical I–t curve and signal peak shape measured are
shown in Figure 4a. The signal height that reflects the conductance of the electrode itself
is about 5 nA. The pulse signal appearing indicates that BSA molecules were in or near
the tunneling region, affecting electron transport and generating characteristic signals
related to molecular characteristics in the measured current. The low-amplitude signals
were attributed to the adsorption and desorption of small molecules by a single electrode.
While the higher amplitude signals were likely caused by protein molecules bridging
and binding to both electrodes, followed by desorption. For studying the conductivity
of individual protein molecules, the higher-amplitude signals formed by bridging are
believed to be effective, while low-amplitude adsorption signals are ignored. A statistical
analysis was conducted on the signal curve with a time length of 120 s. The distribution
of characteristic signal peaks and dwell time obtained is shown in Figure 4b. The signal
peaks are concentrated around 4 nA, with a dwell time mostly less than 5 ms. The same
experiments were conducted on 10 nmol/L GOD in a 0.01 mol/L PBS solution with an
electrode with a 2.1 nm gap distance, and the typical current–time curve and signal peak
shape are shown in Figure 4c. The signal height was about 2 nA. It is worth noting that the
instability of the voltage applied during the measurement process can lead to a baseline
offset. The signals with an apparently longer duration (>10 ms) in the figure are believed
to be caused by the voltage instability between the two electrodes. Baseline fitting should
be used to remove the influence of such signals during analysis. After statistical analysis,
the distribution of peaks and dwell time of the signals is shown in Figure 4d, with a peak
of about 5 nA and dwell time mostly below 5 ms. Figure 4e shows the histogram of the
conductance distribution of BSA and GOD. The graph shows that the conductance of
BSA is about 38 nS and the conductance of GOD is about 50 nS, which means the two
protein molecules can be distinguished by the conductance distribution. The magnitude of
the measured values of BSA conductivity is consistent with the data reported in previous
reports [38,39], indicating the reliability of this method. In addition, the measured tunneling
current signals of GOD obtained from the same electrode under different bias voltages
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(50~200 mV) were analyzed, and a predominately linear current dependence on voltage
was observed with a slope of 25.77 ± 1.54 nS (Figure S2). Figure 4f shows the dwell time
histograms of BSA and GOD, indicating differences in the dwell time distribution of the
two proteins. The experiment results indicate the potential to differentiate proteins directly
through specific tunneling signal characteristics and demonstrate the feasibility of applying
this method to drug screening and biomarker detection.

 

Figure 4. Free-diffusing protein detection using the etched-tunneling electrodes. (a) The I–t curve and
typical signal peak figure of bovine serum albumin protein (BSA). (b) Scatter plot of peak amplitude
and dwell time distribution of BSA detection signals. (c) The I–t curve and typical signal peak figure
of glucose oxidase (GOD). (d) Scatter plot of peak amplitude and dwell time distribution of GOD
detection signals. (e) Histograms of conductance distribution for BSA and GOD. (f) Histograms of
dwell time distribution for BSA and GOD.

4. Conclusions

In summary, we proposed and experimentally confirmed that electrochemical etching
can be used independently for the fabrication of tunneling electrodes or as a complement to
the electrodeposition method. We used various methods to characterize the obtained elec-
trode, demonstrating the feasibility of the scheme. Electrochemical etching combined with
electrodeposition greatly increases the success rate of electrode fabrication and improves
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electrode reusability. We verified the tunneling performance of the obtained electrodes by
measuring the barrier heights of different substances. Moreover, we have demonstrated
that the tunneling electrodes fabricated by electrochemical etching can be used in free
diffusing protein molecule detection via tunneling current, which verifies the function of
the fabricated quantum tunneling probes with nanogap width and shows a new strategy
for developing quantum tunneling sensors.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/chemosensors11090480/s1, Figure S1: Histogram of gap width
distribution for etched-tunneling electrodes; Figure S2: Tunneling current measurement of GOD
under different bias voltages.
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Abstract: The functionalization of biosensor interfaces constitutes a crucial aspect of biosensing sys-
tems, as it directly governs key characteristics, including sensitivity, selectivity, accuracy, and rapidity.
Among the diverse range of functionalization strategies available for biosensor interfaces, the click re-
action has emerged as an exceptionally straightforward and stable approach for modifying electrodes
and sensing films. Notably, the electro-click reaction enables the reagent-free functionalization of the
biosensing interface, offering significant advantages, such as high speed, selectivity, and minimal
pollution. Consequently, this strategy has garnered substantial attention and is widely regarded as a
promising avenue for enhancing biosensor interface functionalization. Within this comprehensive
review, we commence by presenting the latest advancements in functionalized biosensor interfaces,
organizing the regulatory strategies into distinct categories based on the mediators employed, rang-
ing from nanomaterials to biomolecules. Subsequently, we provide a comprehensive summary
with an emphasis on recently developed electro-click strategies for functionalizing electrochemical
and optical biosensor interfaces, covering both principles and applications. It is our anticipation
that gaining a profound understanding of the principles and applications underlying electro-click
strategies for biosensor interface functionalization will facilitate the design of highly selective and
sensitive biosensor systems for diverse domains, such as clinical, pharmaceutical, environmental,
and food analyses.

Keywords: biosensor; interface; functionalization; electro-click; electrochemistry

1. Introduction

Biosensors represent a distinct branch within the broader domain of analytical sensors,
with a specific emphasis on incorporating biometric entities into the detection mode [1].
These remarkable devices house miniature analytical sensing systems that seamlessly
integrate biometric components, thereby showcasing micro-level analyte specificity. By
leveraging this capability, biosensors can proficiently identify a diverse array of analytes,
including proteins, cells, and viruses within living organisms, as well as track heavy-metal
pollutants and biochemical waste within the environment encompassing air, water, and
soil [2,3]. The accurate detection of these analytes assumes paramount importance in
disease surveillance and treatment and environmental monitoring [4]. Typical biosensors
contain two basic functional units: recognition elements and signal transducers [5]. The
selectivity of a biosensor hinges upon the inherent properties of the recognition element,
while its sensitivity relies upon the signal transducer. The fusion of these two components
facilitates the attainment of stringent requirements for both high selectivity and sensitivity.
The analysis process of a biosensor is usually carried out on the sensor interface. It is at this
interface that the core functionality and defining characteristics of the biosensor, such as
the sensitivity, selectivity, accuracy, and speed, are directly determined. Accordingly, the
development of innovative interfaces stands as the foundational approach for enhancing
the biosensor performance. Hence, the functionalization of biosensor interfaces assumes a
vital role within the biosensing system.
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Numerous studies have focused on the development of novel and improved mate-
rials for the functionalization of biosensor interfaces [6,7]. In addition, researchers have
proposed more controllable, safe, and convenient strategies to enhance the efficiency of
functionalization. In 2001, Professor Sharpless and his team introduced the concept of
“Click Chemistry” along with a series of reactions aligned with this concept, marking its
first introduction to the scientific community [8]. Despite being a relatively recent concept,
click chemistry has gained widespread adoption in various fields, including biomolecular
labeling and detection, biomolecular modification, drug lead-compound discovery, drug
delivery, polymer modification, fluorescence imaging, CRISPR sgRNA synthesis, target
gene labeling, and more. Notably, click chemistry has found significant application in the
development of highly controllable, selective, and sensitive biosensing platforms [9–15].
It is worth mentioning that the 2022 Nobel Prize in Chemistry was jointly awarded to
American chemist Carolyn Bertozzi, Danish chemist Morten Meldal, and American chemist
Barry Sharpless for their contributions to the development of click chemistry and biological
orthogonal chemistry.

In recent years, electrochemical reactions have garnered increasing attention due to
their rapid reaction kinetics, relatively straightforward reaction conditions, and minimal
environmental impact. This has led to the emergence of the electro-click method. Compared
to traditional click reactions, the reagent-free nature of the electro-click method makes it
a good candidate for functionalization strategies employed in biosensor interfaces [16].
In this paper, we present a comprehensive review of recent advancements in biosensor
interface functionalization strategies, with a particular emphasis on the electro-click func-
tionalization strategy. It is anticipated that this review will positively contribute to the de-
velopment of more precise and high-performance biosensors through the utilization of the
electro-click strategy.

2. Functionalization Technologies of Biosensor Interfaces

As previously mentioned, the fundamental components of typical biosensors are
recognition elements and signal transducers. To imbue biosensors with specific functions
and enhance their performance, it becomes necessary to functionalize the biosensing
interface. In this context, nanostructures, macromolecules, small molecules, and cells
assume crucial roles as regulators mediating the process of functionalization. Various
strategies exist to modify these regulators onto the biosensor interface, including physical
adsorption, covalent binding, redox reactions, electrostatic self-assembly, and more. These
functionalization strategies empower biosensors to achieve efficient and specific target
recognition, minimize background noise, and amplify sensing signals. In the subsequent
discussion, we will delve into recent research advancements in this field.

2.1. Nanostructured Biosensor Interface

The integration of nanomaterials into the biosensor interface results in a nanostruc-
tured biosensor interface, thereby altering the chemical binding profile and composition of
the sensing interface. This integration facilitates the attainment of unique detection modes,
enhances sensitivity and specificity, and imparts novel properties to the entire biosensor
system [17]. The interface between nanomaterials and biomolecules has played a pivotal
role in the development of biosensors optimized for diverse objectives and applications.

2.1.1. Carbon Nanomaterials

Carbon nanomaterials, owing to their exceptional electrical conductivity, high stabil-
ity, and ease of functionalization, have found extensive utilization in various biosensor
interfaces [18].

Graphene Nanomaterials

Graphene, with its large specific surface area and excellent conductivity, has emerged
as an ideal sensing surface that can be functionalized by grafting different functional
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groups [19]. As a monolayer graphite with intriguing physical and chemical properties [20],
graphene has been extensively employed in the construction of nanostructured biosensor
interfaces, as highlighted in many research reviews [21–24].

Graphene oxide (GO) utilizes its high specific surface area to accommodate a greater
number of recognition elements or employs its unique sp2 structure to specifically adsorb
corresponding molecules. Moreover, it enhances the performance of transducers by fa-
cilitating electron transfer through its high conductivity [25]. GO, which can be readily
dispersed in water [19] and prepared in large quantities through the stripping of graphite
under acidic and oxidizing conditions [26], possesses abundant carboxyl, hydroxyl, and
epoxy groups on its base surface. Additionally, it exhibits a nanoscale domain comprising
crystalline carbon or highly oxidized regions, allowing for the differential adsorption of
biomolecules with varying affinities in different regions. Upon the successful preparation
of the GO interface, fluorescence-based determination represents a commonly employed
method for target detection. This method relies on the interference of external substances
with the interaction between dye-labeled biomolecules and GO [27]. Iwe et al. [28] intro-
duced a fluorescence-based method for DNA determination, utilizing GO, exonuclease
III (Exo III), and specially designed fluorophore-labeled hairpin probes (HP1 and HP2).
This approach capitalizes on the differential binding ability of GO towards hairpin DNA
probes and single nucleotides (Figure 1a). Based on this principle of binding difference,
many GO-based biosensor interfaces have been constructed for the detection of DNA
or DNA-related biomolecules [29–31]. Affected by DNA hybridization [32], changes in
voltage, current, or impedance may accompany DNA hybridization in GO-structured
biosensor interfaces. Zhao et al. [6] synthesized a controllable flower-like Pt–graphene
oxide (PtNFS-GO) structure via the layer-by-layer electrostatic self-assembly method and
used it for biosensing research on DNA damage marker 8-hydroxy-2′-deoxyguanosine
(8-OHdG). The PtNFS-GO structure, which resulted from the improved combination fa-
cilitated via electrostatic self-assembly, demonstrated high conductivity and exhibited an
excellent electrochemical biosensor performance for the oxidation state of 8-OHdG.

The reduction from GO to reduced graphene oxide (rGO) introduces a higher density
of defects, resulting in enhanced electrochemical activity compared to GO. This property
proves particularly advantageous for the development of electrochemical biosensors [33].
Furthermore, rGO inherits the unique morphological structure and characteristics suitable
for sensing applications. Cao et al. [34] reported on the combination of rGO and exonuclease
III, which enables signal amplification in electrochemical impedance spectroscopy for
DNA detection. By employing enzyme-assisted target recycling, the biosensing system
transitions from a high-impedance state, in which ssDNA probes are directly adsorbed
onto rGO, to a low-impedance state generated by the continuous desorption of target-
probe ssDNA hybrid products and ssDNA probe digestion (Figure 1b). This approach
allows for efficient interfacial tuning, and the change in the electron-transfer resistance
becomes more pronounced after the removal of the ssDNA probe. As a result, changes in
impedance signals can be measured to sensitively detect ssDNA targets with a remarkably
low detection limit (LOD) of 10 aM. In recent practical applications, Ali et al. [35] reported an
advanced biosensing platform based on rGO nanomaterials capable of the rapid detection
of COVID-19 antibodies. They employed rGO nanosheets, immobilized specific viral
antigens on their surfaces, and integrated the electrode with a microfluidic device. When
antibodies were introduced to the electrode surface, they selectively bound to the antigens,
and the binding event was detected by monitoring the impedance spectrum.

The examples above show that graphene nanomaterials and their derivatives play
important roles in biosensor interfaces.
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Figure 1. (a) Schematic of the detection strategy. On addition of GO without the presence of the target
DNA (path A′), HP1 and HP2 are adsorbed onto the GO surface, giving rise to a low background
signal (path B′). Upon the addition of the target DNA (path A), it hybridizes and forms a duplex
structure with HP1 (a). The HP1-target DNA complex in cycle I allows Exo III to digest HP1 from the
3′ blunt end (b) to free the part of HP1 complementary to HP2, release the fluorophore, and regenerate
the target DNA (c). In cycle II, the released fragment of HP1 binds with HP2 (d) and activates the
enzyme again (e) to digest HP2, free the fluorophore, and release a fragment of HP1 to repeat the
cycle (f). The subsequent addition of GO (path B) cannot quench the fluorescence of FAM, leading to
the production of a strong fluorescence signal Reprinted with permission from [28], copyright 2019,
Microchimica Acta. (b) Schematic representation of the fabrication of DNA impedimetric biosensor
and its detection through enzyme-assisted target recycling. After the target DNA binds to the probe
DNA on the electrode (path 1), exonuclease III is added to selectively hydrolyze the DNA probe in
the double-stranded structure (path 2), and the released target DNA will bind to another probe to
initiate another round of exonuclease III digestion (path 3). Reprinted with permission from [34],
copyright 2019, Analyst.

Porous Carbon

Porous carbon possesses notable advantages, including a high specific surface area and
superior electron-transfer performance, making it a promising candidate for biosensor ap-
plications [36]. In recent years, there has been significant interest in porous carbon derived
from biomaterials due to its ease of preparation through low-cost precursor carbonization.
Guan et al. [37] prepared a self-powered biosensor using lactate oxidase-modified porous-
carbon film. This porous-carbon film exhibits the ability to absorb sweat and generate
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electricity by harnessing the heat from natural sweat evaporation. The output voltage of
the biosensor increases in proportion to the concentration of lactic acid present in sweat.
Furthermore, the surface enzymatic reaction alters the zeta potential of the carbon, thereby
influencing the output voltage. Gao et al. [38] utilized a luminescent reagent, luminol, for
the in situ reduction in chloroauric acid on the nanopores of porous carbon. By combining
this approach with an enzyme-cycle and chain-replacement mechanism, they achieved
the ultra-sensitive detection of mucin1, an important tumor biomarker. The incorporation
of Au-Lum nanoparticles (NPs) within the pores and hollow interiors of porous-carbon-
accelerated electron transfer, resulting in excellent luminescence properties of the composite
(Figure 2a). Tian et al. [39] designed an accurate biosensor based on n-doped porous-carbon-
containing Fe (Fe/N-C) nanocomposites for the detection of H2O2 in real water samples
and renal epithelial 293T cells. The Fe/N-C nanocomposites substantially enhanced the
electron-transfer process and catalytic activity of the sensor, enabling the detection of trace
amounts of H2O2. This development holds significance for various applications, such as
monitoring H2O2 levels in water samples and studying its impact on renal epithelial cells.

Figure 2. (a) The schematic of ECL biosensors for MUC1 detection. After further integrating with
proximity-initiated secondary target DNA strand displacement (a), the ECL signal quality was
significantly higher than that before replacement (b). Reprinted with permission from [38], copyright
2019, Nanoscale. (b) Nanosensor preparation via probe-tip sonicating SWCNTs in the presence of
ssDNA followed by ultracentrifugation of the resultant dispersion. Reprinted with permission
from [40], copyright 2021, Advanced Functional Materials.
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Carbon Nanotubes

Carbon nanotubes, resembling rolled-up graphene cylinders, exhibit remarkable ten-
sile strength, high conductivity, and excellent electrocatalytic abilities [41]. Single-walled
carbon nanotubes (SWCNTs) consist of a single graphene cylinder, while multi-walled
carbon nanotubes (MWCNTs) are composed of multiple layers [42,43]. Notably, through a
comprehensive analysis of the existing literature, Gooding et al. [44] observed that SWCNTs
outperformed their MWCNT counterparts in terms of electroanalytical performance. Al-
though SWCNT-based electrodes expose a larger number of surface oxides to reactants and
facilitate faster electron transfer, the reaction primarily occurs in a non-oriented manner,
with the sidewalls predominantly immersed in the solution. This arrangement hampers
the transmission and detection of the charge [36]. Consequently, current research pre-
dominantly focuses on SWCNTs. Exploiting the excellent light stability and fluorescence
properties of SWCNTs in the near-infrared (NIR) range, which lies outside the autofluo-
rescence region of chlorophyll, Lew et al. [45] developed a detection platform utilizing a
pair of DNA-coated SWCNT probes. This ratio measurement platform enabled the in vivo
detection of endogenous hydrogen peroxide in plants. The functionalized biosensing
interface not only holds potential for monitoring H2O2 levels in human tumors, but also
finds application in monitoring the therapeutic response of pancreatic ductal adenocar-
cinoma (PDAC) cells to tumors in vitro and in vivo, as well as in evaluating the efficacy
of chemotherapy drugs (Figure 2b), as demonstrated by Bhattacharya et al. [46]. Safaee
et al. [40] employed optical core–shell microfiber textiles incorporating SWCNTs for the
real-time optical monitoring of the hydrogen peroxide concentration in in vitro wounds,
enabling the tracking of the wound-healing progress. The versatility of the SWCNT biosen-
sor extends to other applications depending on the utilization of wrapped single-stranded
DNA. For instance, Harvey et al. [47] selected this implantable optical biosensor to swiftly
quantify the exposure of doxorubicin in living tissues. Furthermore, Salem et al. [48] de-
vised a sensor capable of distinguishing Cu(II), Cd(II), Hg(II), and Pb(II) at a concentration
of 100 μM.

2.1.2. Polymer and Bio-Nanomaterials

Conducting polymers possessing favorable electrochemical properties, nanostruc-
tural morphology, and biological-coupling functionality play a crucial role in polymer
biosensor systems. To reduce reliance on traditional nanomaterials, Meng et al. [49] em-
ployed tetrabutylammonium perchlorate as a soft template to fabricate a bifunctional
poly(3,4-ethylenedioxythiophene) (PEDOT) interface with an adjustable 3D nanofiber net-
work and carboxylic acid groups. This was achieved by controlling the copolymerization
of 3,4-ethylenedioxythiophene(EDOT) and EDOT-COOH monomers (Figure 3a). The
newly developed Bio-Nano-PEDOT-COOH interface allows for the coupling of various
biorecognition molecules through the carboxylic acid groups, enabling the development of
advanced all-polymer biosensors. Expanding on this work, Zhao et al. [50] demonstrated
the sensitive and specific monitoring of 17β-estradiol (E2) by modifying electrodeposited
PEDOT-graphene oxide (GO) with Au@Pt nanocrystals (Au@Pt). The PEDOT-GO nanocom-
posite film was polymerized in situ on a glassy carbon electrode using cyclic voltammetry,
followed by the synthesis of Au@Pt on the conductive polymer. This provided a platform
for aptamer immobilization. With the addition of E2, the differential pulse voltammetry
signal gradually decreased due to hindered electron transfer at the E2–aptamer complex
interface. Additionally, Zhu et al. [51] investigated the self-assembly of size-controlled
tetrahedral framework nucleic acids (FNAs) on a microfluidic microchannel interface,
allowing the elevation of DNA probes from the interface to construct a nanoscale three-
dimensional reaction space. The highly ordered orientation, configuration, and density
of the DNA probes within this three-dimensional reaction space optimize the reaction
kinetics in molecular recognition processes. The FNA-designed interface was successfully
applied to the one-stop detection of Escherichia coli O157:H7 (E. coli O157:H7), achieving
a bacterial detection efficiency of 10 CFU/mL with excellent selectivity and precision. In
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recent advancements, the design and development of polymer-based biosensing platforms
for detection have been realized through novel analytical and scientific methodologies.

2.1.3. Other Nanomaterials

Besides the graphene nanomaterials and polymer and bio-nanomaterials mentioned
earlier, various other nanomaterials, such as metal nanomaterials and metal oxide nano-
materials, have also been explored [52,53]. Zhou et al. [54] introduced a novel class of
chameleon DNA-template silver nanoclusters (AgNCs) capable of switching fluorescence
colors among red, orange, and yellow in response to Mg2+, non-fluorescent auxiliary AgNC
and complementary DNA. Based on this principle, a ratiometric fluorescence analysis plat-
form was developed for the detection of target DNA. The yellow fluorescence of the probe
increased, and the red fluorescence weakened as the amount of target DNA decreased.
Regarding metal oxide nanomaterials, Fan et al. [55] discovered that MnO2 nanosheets
(NSs) can effectively quench the fluorescence of highly fluorescent Scopoletin (SC) while
enhancing the fluorescence of non-fluorescent Amplex Red (AR) through an oxidation
reaction. Upon the addition of glutathione (GSH), MnO2 was reduced to Mn2+ and lost the
oxide properties (Figure 3b). At this stage, the fluorescence of the SC intensified, and the
AR was quenched. The biosensor system monitors GSH levels by detecting changes in the
fluorescence signals of SC and AR.

Another commonly employed nanomaterial is MoS2, a layered 2D transition metal di-
halide exhibiting unique structural, physicochemical, optical, and biological properties [56].
Yan et al. [57] developed an aptasensor using hierarchical MoS2 nanostructuring and SiO2
nano-signal amplification. In this approach, hierarchical MoS2 nanostructures served as
functional interfaces, enhancing the accessibility between molecules and improving the
efficiency of DNA hybridization. Simultaneously, the SiO2 nanoprobes, combined with
electroactive labels and DNA probes, amplified the electrochemical signal. This biosensing
system enabled the simultaneous detection of prostate-specific antigen (PSA) and sarcosine,
two prostate cancer (PCa) biomarkers.

Overall, nanomaterials play a pivotal role in the functionalization strategies of biosensing
interfaces. Table 1 provides a comparison of nanostructure-functionalized biosensor interfaces.

 

Figure 3. (a) Schematic of 3D Nano-PEDOT-COOH network preparation via copolymerization of
EDOT and EDOT-COOH monomers using TBAP as a soft template; Bio-Nano-PEDOT; Nano-PEDOT-
COOH bio-conjugation with lactate dehydrogenase via EDC/S–NHS chemistry for lactate biosensing.
Reprinted with permission from [49], copyright 2022, Biosensors and Bioelectronics. (b) Schematic
operations of the MnO2 NS-based ratiometric fluorescent sensor for GSH based on two fluorescent
substrates. Reprinted with permission from [55], copyright 2017, ACS Appl Mater Interfaces.
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Table 1. Comparison of nanostructure-functionalized biosensor interfaces.

Functionalized Goal
Functionalized

Strategy
Nanostructure Principle Effect Reference

Fluorescence analysis
detection of

hemochromatosis
protein gene

Direct adsorption GO π-stacking
interactions

Ensures a very low
background signal [28]

Specific detection of
biomarker-8-hydroxy-

2′-deoxyguanosine

Layer–layer
electrostatic

self-assembly
GO Electrostatic

interaction

Improves the
electrocatalytic
performance of
Pt nanoparticles

[6]

Detection of
ultrasensitive
target DNA

Direct adsorption rGO π-stacking
interactions

Enlarges impedimetric
signals [34]

Detection of COVID-19
antibodies

within seconds

Amidation
reaction rGO Covalent bond

Enhances the transport
of diffusing species in
an electrochemical cell

[35]

Building of a
self-powered

wearable-lactate
analyzer

Direct adsorption Porous carbon π-stacking
interactions

Soaks up
environmental thermal

energy to
generate electricity

[37]

Achievement of an
ultrasensitive
ECL biosensor

In situ reduction Porous carbon Electron transfer

Increases the mass
transfer of reagents;

accelerates the
electron transport

[38]

Development of a
highly sensitive and

selective ECL * sensor
based on the noble
metal-free electrode

Pyrolytic process Porous carbon
Breaking and

polymerization of
molecular bonds

Facilitates rapid
electron transfer;

improves the
conductivity of

the electrode

[39]

Real-time, in situ
biochemical

measurement of H2O2
in plants

DNA wrapping SWNT π-stacking
interactions

An ideal probe for
in vivo

plant applications
[45]

Detection of H2O2 to
determine the response

to tumor therapy
DNA wrapping SWNT π-stacking

interactions

Determines dynamic
alteration of hydrogen

peroxide in tumor;
evaluates the

effectiveness of
chemotherapeutics

[46]

Continuous monitoring
of ROS through a

wearable diagnostic
platform to prevent

chronic and
pathogenic infections

DNA wrapping SWNT π-stacking
interactions

In situ measurements
of peroxide in wounds [40]

Use of implantable
optical nanosensors to

rapidly quantificate
doxorubicin in
living tissues

DNA wrapping SWNT π-stacking
interactions

Quantifies doxorubicin
exposure to tissues

within living organisms
[47]

Fixing of near-infrared
fluorescent SWCNT
sensor on the paper
substrate for sensing

DNA wrapping SWNT π-stacking
interactions

Immobilizates SWCNTs
onto paper substrates;

distinguishes
metal-ion contaminants

[48]
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Table 1. Cont.

Functionalized Goal
Functionalized

Strategy
Nanostructure Principle Effect Reference

Fabrication of a
Bio-Nano-PEDOT

*-based biosensor for
lactate detection

EDC/S–NHS
chemistry PEDOT-COOH Chemical coupling

Low charge-transfer
resistance; high

transduction activity
towards the

co-enzyme NADH

[49]

Preparation of an
electrochemical

aptasensor
electrodeposited of

PEDOT *-GO coupled
with Au@Pt

EDC/S–NHS
chemistry PEDOT-COOH Chemical coupling

Fabricates a simple,
label-free

electrochemical
aptasensor to

detect estradiol

[50]

Development of an
integrated “one-stop”
microfluidic biosensor

Complementary
base pairing

Framework nucleic
acids Hydrogen bond

One-stop detection of
E.Coli O157:H7 with

capture, release,
enrichment, cell culture,

and antimicrobial
susceptibility testing

[51]

Detection of dual PCa *
biomarkers, PSA

and sarcosine
DNA wrapping DNA-SiO2

π-stacking
interactions

Enhances the
diagnostic performance

of PCa *
[57]

* ECL: electrochemiluminescence; PEDOT: poly (3,4-ethylenedioxythiophene); PCa: prostate cancer.

2.2. Small-Molecule-Mediated Interfacial Regulation

Small molecules offer several advantages, including good biocompatibility, clear struc-
tures, and easy modification, making them versatile for biosensor functionalization [58].
For instance, Cui et al. [59] utilized dopamine as a functional monomer to synthesize
graphdiyne (GDY) with high biocompatibility and conductivity through hydrogen bonding
and multipoint electrostatic attraction. They incorporated GDY into C-reactive molecular-
imprinted polymers (C-MIPs), achieving high sensitivity and selective recognition of
human C-reactive protein (Figure 4a). Salimian et al. [60] employed polyethylene glycol to
modify the sensing interface, effectively preventing non-specific protein adsorption and
enabling the sensitive and specific detection of cancer biomarkers in serum. Similarly,
Zhang et al. [61] employed 6-mercapto-1-hexanol to modify DNA probes and immo-
bilized them on the gold-nanoparticle interface to analyze DNA methylation through
current changes.

Fluorescent probes based on small molecules have also found widespread application
in the detection of crucial biological analyses [62]. These probes undergo changes in lumi-
nescence intensity or emission wavelength through various sensing mechanisms. Among
them, electrochemiluminescence (ECL), also known as electrogenerated chemilumines-
cence, stands out as a superior method for biosensing compared to other photoexcitation
spectroscopy techniques. ECL involves the generation of free radicals on the electrode
surface, which undergo high-energy electron-transfer reactions to form excited states and
emit light [63]. Consequently, ECL does not require excitation light and exhibits minimal
background signals [64]. Currently, luminol serves as the most commonly used organic-
small-molecule ECL emitter. Zhao et al. [65] developed a paper-based dual-mode detection
platform to detect Pb2+ based on the oxidation reaction initiated by horseradish peroxi-
dase (HRP) in the presence of H2O2. Upon the addition of Pb2+ to the interface, cleaved
oligonucleotide fragments linked to HRP-functionalized Au nanocubes penetrated into
the cellulose, quenching the ECL signals of CDs and quantum dots via resonance energy
transfer [63] while enhancing the ECL intensity generated by luminol catalyzed by H2O2
(Figure 4b). On this basis, Guo et al. [66] further advanced the field by using reactive
oxygen species (ROS) instead of H2O2 to develop a new luminol-ROS ECL system for GSH
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detection. The dissolved oxygen was reduced to superoxide radicals (O2
−) by atomized

gold-loaded 2D VO2 nanobelts (Au/VO2), which combined with the loaded luminol to
promote the ECL. The ECL resonance energy transfer (ECL-RET) between the hollow SiO2
nanospheres and luminol resulted in a significant decrease in the ECL-signal response.
In the presence of GSH, the effective redox reaction between SiO2 and GSH restored the
ECL signal.

Due to distinct luminescence mechanisms and low electroluminescence efficiency
in the aqueous phase, most small organic molecules are unsuitable for recognition and
response analysis, limiting their application in biosensing [67]. Therefore, further re-
search is needed to explore the interfacial regulation mediated by organic electrolumi-
nescent small molecules. Table 2 shows a comparison of small-molecule-functionalized
biosensor interfaces.

 
Figure 4. (a) Schematic process of the GDY-based CRP-imprinted biosensor. Reprinted with permis-
sion from [59], copyright 2022, Chemical Engineering Journal. (b) Illustration of assembly and operating
process of the dual-mode lab-on-paper device. Reprinted with permission from [65], copyright 2020,
Anal. Chem.
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Table 2. Comparison of small-molecule-functionalized biosensor interfaces.

Functionalized Goal
Functionalized

Strategy
Small Molecule Principle Effect Reference

Construction of a
highly sensitive

protein MIP biosensor
MIT * Dopamine

Hydrogen bond,
multipoint

electrostatic
attraction

Achieves the highly
sensitive and selective
recognition of human

C-reactive protein

[59]

Development of an
electrocatalytically
amplified assay for
analysis of HER-2 *

Reaction of Au
with mercapto

groups
Polyethylene glycol Au-S bond

Achieves sensitive and
specific sensing of
cancer biomarkers

in serum

[60]

Preparation of an
electrochemical sensor
via the co-assembling

of DNA probe and
6-mercapto-1-hexanol
onto a gold electrode

Reaction of Au
with mercapto

groups
6-mercapto-1-hexanol Au-S bond

Analyzes dynamic
DNA

methylation process
[61]

Integration of visual
readings and

ratiometric ECL
analysis on

paper substrates

Direct
adsorption Luminol

Au-N bond,
electrostatic
interaction

Obtains accurate
monitoring

performance for H2O2

[65]

Preparation of a new
luminol-ROS ECL

system to detect GSH *

Direct
adsorption Luminol

Au-N bond,
electrostatic
interaction

Greatly promotes the
ECL emission [66]

Forster resonance
energy transfer based
ratiometric imaging of

lysosomal HOCl *

Redox reaction Non-fluorescent
spirothioether unit Electron transfer

Exhibits distinct
biochemical properties
for facile monitoring of
HOCl via conventional

flow cytometry

[68]

Exhibition of high
detection sensitivity to

OONO− *

Chemical
reaction Cyanine 3, cyanine 5 Condensation

reaction
Produces a ratiometric

fluorescence signal [69]

Development of
“smart” noninvasive
bioimaging probes for

trapping specific
enzyme activities

Substitution
reaction β-galactosidase Nucleophilic

substitution

Real-time fluorescence
quantification; capture
of in vivo and in situ

β-GAL activity

[70]

Use of new
fluorophore (azulene)
to prepare an effective

two-photon
fluorescent probe

Inversion of
internal charge

transfer
Boronate Electron transfer

Detects reactive
oxygen species; has

good cell penetration
[71]

Development of
fluorescent probes that

can show different
modes of fluorescence

signals fo distinct
concentrations

Substitution
reaction

2,4-
dinitrobenzenesulfonate,

the chloro group

Nucleophilic
substitution

Shows the signal in the
low-concentration

range of thiols and the
ratio response to high-

concentration thiols

[72]

A conformationally
induced “off–on”

tyrosine kinase cell
membrane

fluorescent sensor

Linker group
connectivity Sunitinib, pyrene Hydrogen bond

Enables fluorescence
microscopy imaging of

receptor protein
tyrosine kinases in the

cell membranes of
living cells

[73]
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Table 2. Cont.

Functionalized Goal
Functionalized

Strategy
Small Molecule Principle Effect Reference

Design of a
mitochondria-specific

coumarin
pyrrolidinium-

derived
fluorescence probe

Linker group
connectivity

7-diethylamino-
coumarin

moiety
Hydrogen bond

Allows real-time ratio
imaging of HCN in

living cells
[74]

* MIT: molecular-imprinting technology; HER-2: human epidermal growth factor receptor-2; GSH: glutathione;
HOCl: hypochlorous acid; OONO−: peroxynitrite.

2.3. Biomacromolecule-Mediated Interfacial Regulation

In response to the growing demand for biosensing, the development of biomacromolecule-
mediated sensing interfaces with precise molecular recognition, controllable signal ampli-
fication, and enhanced sensing performance has become imperative. Various biomacro-
molecules, including enzymes, DNA, proteins, and cells, have been employed to modify
the sensing interface, enabling the creation of highly sensitive and selective biosensors [32].

2.3.1. Enzyme-Based Interfaces

Enzymes, in particular, are widely utilized components in biosensor interfaces, lever-
aging their ability to detect targets with high specificity through the catalytic conversion of
the analyte or enzyme inhibition [7]. To achieve a superior sensing performance, it is crucial
to immobilize efficient biological enzymes onto the sensing interface while preserving
their biological properties. Consequently, numerous immobilization methods have been
developed, ranging from membrane encapsulation and physical adsorption to covalent
binding [75].

For example, Gu et al. [76] employed a membrane encapsulation method to modify
the electrode surface with glucose oxidase (GOx) for glucose sensing (Figure 5a). They
utilized a 3D porous Ti3C2Tx·Mxene–graphene (MG) hybrid film with an adjustable porous
structure, which provided a highly hydrophilic microenvironment for GOx immobilization.
Dhanjai et al. [77] employed chitosan (CHI) as a binder for the physical adsorption of
glucose oxidase (GOx) onto a cobalt oxide-loaded mesoporous carbon framework (Co3O4 @
MCF), enabling highly selective glucose detection upon the modification of a glassy carbon
electrode. Levien et al. [7] covalently linked GOx and acetylcholinesterase (AChE) onto the
surface of plasma-polymerized (pp) hydrogels to fabricate an electrochemical biosensor
interface. They utilized glucose as the substrate for GOx and eserine as the AChE inhibitor
to validate the practicality of the biosensing approach.

2.3.2. DNA-Based Interfaces

DNA, a genetic biological macromolecule, plays a crucial role in regulating life ac-
tivities with remarkable accuracy. Additionally, DNA possesses the unique attribute of
sequence programmability, allowing for the incorporation of desired functions through
well-designed sequences [78]. Currently, DNA modifications can be broadly categorized
into chain DNA, DNA nanomaterials, and framework DNA (FDNA) [79–81]. For instance,
Su et al. [80] investigated the impact of probe DNA on the detection performance of adeno-
sine triphosphate aptamer (ATPA) and adenosine triphosphate (ATP) in the presence of
hairpin DNA and double-stranded DNA (DsDNA). Subsequently, Zhu et al. [82] separated
the two and developed two aptamer sensors based on hairpin DNA (HDNA) and linear
single-stranded DNA (ssDNA) for the detection of aflatoxin B1 and diethyl phthalate.

In the DNA/nano-functionalized electrochemical sensing interface, thiol-modified
DNA is immobilized on the gold-electrode surface through strong gold–thiol
interactions [81]. Miao et al. [83] proposed an electrochemical biosensor utilizing DNA-
modified Fe3O4 @ Au magnetic NPs (Figure 5b). The three DNA probes contain specific
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mismatched base pairs, and the presence of different heavy-metal ions promotes hybridiza-
tion with distinct DNA probes, enabling the detection of corresponding electrochemical
species on the magnetic nanoparticle surface. Han et al. [84] anchored methylene blue-
labeled polyadenine DNA onto a gold electrode to construct an electrochemical biosensor
interface for the detection of the COVID-19 virus.

Comparatively, FDNA offers a higher probe density on the electrode surface com-
pared to DNA nanomaterials [79]. Su et al. [85] covalently coupled DNA tetrahedrons
to the carbon surface and applied them for the detection of various bioactive molecules.
Furthermore, Mao et al. [86] developed a three-dimensional pure DNA hydrogel serving
as a scaffold for electron transfer. The DNA hydrogel incorporates an embedded electron
mediator through binding, while DNAzyme is introduced at the hydrogel scaffold nodes
to enable the long-range acquisition of DNAzyme catalytic signals.

 

Figure 5. (a) Preparation of MG hybrid film for enzyme immobilization. Reprinted with permission
from [76], copyright 2019, ACS Applied Nano Materials. (b) Preparation schematic diagram of DNA-
modified Fe3O4@Au NPs and detection of Ag+ and Hg2+. Reprinted with permission from [83],
copyright 2017, ACS Appl Mater Interfaces. (c) Schematic fabrication protocol of the electrochemical
biosensor based on IgG-imprinted hydrogel. Reprinted with permission from [87], copyright 2021,
Sensors and Actuators B: Chemical.

2.3.3. Protein-Based Interfaces

Proteins, as quintessential biological macromolecules, exhibit distinct binding affinities
and sequence specificities towards DNA and RNA, as elucidated by Berezovski et al. [88].
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For instance, Campuzano et al. [89] demonstrated that Tombusviral p19 protein forms
dimers and selectively binds to short dsRNA, making it a valuable tool for identifying
miRNAs upon hybridization with specific RNA probes. Rubio et al. [90] harnessed the
concept of de novo-designed protein switches to create protein-based biosensors, enabling
the reversal of information flow. Applying this approach, they developed a biosensor for
the SARS-CoV-2 spike protein, incorporating a de novo-designed spike receptor-binding do-
main (RBD) binder4, with a remarkable limit of detection of 15 pM. Innovative techniques
involving the combination of proteins and molecular-imprinting technology (MIT) have led
to the development of protein-imprinted hydrogels (MIHs) [91]. Extensive efforts have been
made in this area. Utilizing free-radical polymerization, a new type of protein-imprinting
hydrogel was created by combining N,N′-methylenebis(acrylamide) cross-linkers, N,N′-
dimethylaminoethyl methacrylate gas-sensitive monomers, and human serum albumin
(HSA) as the template protein. This hydrogel exhibited unique self-recognition properties
towards HSA protein [92]. Furthermore, Cui et al. [87] synthesized a protein-imprinted
hydrogel using acrylamide as a functional monomer through free-radical polymeriza-
tion. This hydrogel demonstrated high sensitivity and selectivity for detecting target
immunoglobulins in complex biological samples (Figure 5c).

2.4. Cell-Based Interfaces

Cell-mediated biosensing interfaces have emerged as promising tools in biomedicine [93].
For example, Qi et al. [94] utilized marine-pathogen sulfate-reducing bacteria (SRB) to facil-
itate the synthesis of bio-imprinted membranes, leading to the formation of a biosensing
interface. The electrochemical impedance method enabled the direct measurement of the
bacterial concentration. Building upon this work, Jiang et al. [95] employed electropoly-
merization to create a Salmonella-imprinted membrane, resulting in the development of
a biosensor interface capable of detecting Salmonella within a short span of 20 min. In
addition to molecular-imprinting technology (MIT), red blood cell (RBC)-mediated biosens-
ing interfaces have also witnessed significant advancements. Shete et al. [96] employed a
reversible membrane-opening/resealing method to incorporate a designed nanosensor into
RBCs, facilitating the detection of exchangeable Pb2+ concentrations over time and space.
Furthermore, Chen et al. [97] immobilized gold-coated Fe3O4 core–shell nanocomposites
on RBCs, enabling the use of RBCs as cell biosensors for detecting H2O2. As technology
continues to progress, cell-mediated interface regulation strategies are becoming increas-
ingly sophisticated. In 2018, Liu et al. [98] combined red cell membrane vesicles with
near-infrared persistent luminescent nanophosphors (PLNPs) and employed mesoporous
SiO2 as a carrier to fabricate a biosensor interface for the in situ monitoring of tumor-growth
inhibition. Although there are relatively fewer examples of cell-mediated biosensing in-
terfaces compared to nanomaterials and other biomolecules, their development prospects
remain highly promising. This is attributed to the superior biocompatibility of cells, which
allows biosensors to play a crucial role in human medicine. Table 3 shows a comparison of
biomacromolecule-functionalized biosensor interfaces.

Table 3. Comparison of biomacromolecule-functionalized biosensor interfaces.

Functionalized Goal
Functionalized

Strategy
Biomacro-
Molecule

Principle Effect Reference

Construction of a 3D
porous Ti3C2Tx MG *

hybrid film for the
determination of glucose

in serum

Membrane
encapsulation GOx Wrapped

Enhances the stable
fixation and retention of
GOx in the membrane

[76]

Preparation of advanced
functional nanostructures
based on Co3O4@MCF *

Physical
adsorption GOx Hydrogen bond Highly selective detection

of glucose [77]
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Table 3. Cont.

Functionalized Goal
Functionalized

Strategy
Biomacro-
Molecule

Principle Effect Reference

Study of the
bio-interaction properties
of PP hydrogel composed

of HEMA * and
DEAEMA * on SPE

Covalent binding GOx Covalent bond
Optimizes the response of

the sensor via different
biomolecular ratios

[7]

Construction of a
targeted induced
hairpin-mediated

biosensing interface

Reaction of Au
with mercapto

groups

Hairpin
DNA Au-S bond

Enhances the effect of
probe DNA on the

detection performance of
ATPA * and ATP *

[80]

Development of a
dual-ratiometric
electrochemical

apta-sensing strategy for
the simultaneous

detection of AFB1 * and
OTA *

Complementary
base pairing ssDNA Hydrogen bond

Greatly improves the
assembly and recognition

efficiency of the
sensing interface

[82]

Development of an
electrochemical biosensor
based on DNA-modified

Fe3O4 @ Au magnetic
NPs for the detection of
trace heavy-metal ions

Reaction of Au
with mercapto

groups
DNA Au-S bond

Detects heavy-metal ions
with no obvious

interference at the same
time; maintains the high

sensitivity

[83]

Proposition of an
electrochemical aptamer

sensor based on
CRISPR/CAS12a

Reaction of Au
with mercapto

groups

Polyadenine
DNA Au-S bond

Detects COVID-19 NPs *
rapidly and is
ultrasensitive

[84]

Preparation of an
electrochemical biosensor
by using a specific DNA

skeleton-DNA
tetrahedron

Covalent binding DNA
tetrahedron Covalent bond

Detects a variety of
bioactive molecules with
high signal-to-noise ratio,
sensitivity, and specificity.

[85]

Construction of an
electrochemical biosensor

by introducing
DNAzyme with

peroxidase-like activity
into the junction

of hydrogel

Embedding
binding DNAzyme

π–π conjugation,
hydrophobic
interaction

Overcomes the limitation
of two-dimensional
electrode, obtains

long-distance catalytic
signal of DNAzyme

[86]

Construction of a specific
and long-acting

antifouling biosensor
interface based on

protein-
imprinted hydrogel

Complex Template
protein IgG *

Multiple-point
electrostatic
interaction,

hydrogen bond

Detects target
immunoglobulins in

complex biological samples
[87]

Preparation of a new
gas-sensitive-imprinted
hydrogel via free-radical

polymerization

Free-radical
polymerization

method

π bond is
broken and
start of poly-
merization

reaction

Human serum
albumin

(HSA)-template
proteins

Shows unique
self-recognition

characteristics to
HSA protein

[92]

* MG: Mxene–graphene; GOx: glucose oxidase; MCF: mesoporous carbon framework; HEMA: hydroxyethyl
methacrylate; DEAEMA: 2-(diethylamino)ethyl methacrylate; SPE: gold screen-printed electrodes; ATPA: adeno-
sine triphosphate aptamer; ATP: adenosine triphosphate; AFB1: aflatoxin B1; OTA: ochratoxin A; NP: nucleocapsid
protein; IgG: immunoglobulin G.
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3. Electro-Click Chemistry for the Functionalization of Biosensor Interfaces

In 2001, Sharpless et al. [8] first proposed the concept of connecting small units with
heteroatom connections (C-X-C) to generate matter. They hope to develop a set of powerful
and selective “modules” that can work reliably in both large and small applications. The
basis of this method is named “click chemistry”. In simple terms, click chemistry is a
selective assembly of two molecular building blocks under mild reaction conditions. It
has the characteristics of high yield, harmless by-products, and easy separation via non-
chromatographic methods [14].

For click chemistry, carbon–heteroatom-bond-formation reactions are the most com-
mon examples, including cycloadditions of unsaturated species, nucleophilic substitution
chemistry, carbonyl chemistry of the “non-aldol” type, and additions to carbon–carbon
multiple bonds [8]. Then, researchers from the same group reported that the reaction
rate and regioselectivity can be improved by using Cu(I) to catalyze the Huisgen dipolar
cycloaddition in 2002 [99]. A few years later, Sharpless et al. [100] and Rodionov et al. [101]
further found that Cu(I)-catalyzed alkyne–azide cycloaddition (CuAAC) can effectively
form 1-4-disubstituted 1,2,3-triazole bonds in water and organic solvents (Figure 6). Today,
CuAAC has become the most representative cycloaddition reaction, compatible with a
wide range of solvents, pH values, and temperatures [102]. Of course, there are also the
thiol–ene reaction, Michael addition reaction, imine and oxime reaction, and Diels–Alder
cycloaddition reaction [103]. Click chemistry is considered an effective strategy to immobi-
lize biomolecules while maintaining their biological activities [104–106]. This review will
take the CuAAC click reaction as an example to introduce the development in recent years.

Figure 6. CuAAC process. Reprinted with permission from [107], copyright 2008, J. Am. Chem. Soc.

3.1. Traditional Click Technology

Because CuAAC is an addition reaction of azides and alkynes catalyzed by Cu(I),
Cu(I) can be directly added to the reaction environment or in situ generated by the re-
action of Cu(II) with reducing agents [9]. Although Cu(I) can be directly added to the
reaction system, the development of stable Cu(I) catalysts is of great significance for
the application of CuAAc due to the poor stability of Cu(I). Yang et al. [108] prepared
Cu2−xSySe1−y nanoparticles, which have a large number of Cu vacancies, and Cu(II) and
Cu(I) coexist, to catalyze the click chemistry of CuAAC (Figure 7a). Because glutathione
can stabilize Cu(I), Zhang et al. [104] successfully prepared a novel nanocatalyst contain-
ing abundant and stable Cu (I). Therefore, the reduction in Cu(II) by a reducing agent is
also a common method of the CuAAC click reaction. Guerrero et al. [105] reported the
first electrochemical immunosensor for the detection of CXCL7 (chemokine (C-X-C motif)
ligand 7) as an autoimmune marker via the click reaction of azide-functionalized MWCNTs
and ethynyl-IgG on screen-printed carbon electrodes using ascorbic acid to reduce the
Cu(II) (Figure 7b). Then, Xue et al. [109] used specific antigen–antibody recognition to
trigger the in situ reduction in Cu MOF, thereby generating a powerful click catalyst for the
CuAAC click reaction.

However, as a catalyst, Cu(I) has certain toxicity, and some Cu-catalyzed fixed viruses
or oligonucleotide chains will degrade [111]. Bertozzi et al. [112] first proposed copper-free
click chemistry, which eliminates the adverse effects of Cu(I), simplifies the experimental
steps, and becomes an alternative CuAAC click reaction. This is an alternative method
to activate alkynes for the catalyst-free [3+2] cycloaddition reaction with azides. Then,
Xiang et al. [110] reported a biosensor system based on azide-co-functionalized graphene
oxide (GO-N3) and carbon dots (CDs). Carbon-dot-labeled DNA (CD-DNA) binds to GO-
N3 by copper-free click chemistry and quenches the fluorescence of CDs by fluorescence
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resonance energy transfer (FRET) (Figure 7c). After adding carcinoembryonic antigen
(CEA), CEA binds to the aptamer and fluorescence recovers. The latest research progress
was proposed by Yang et al. [113]. They designed and constructed a nanopore complex
containing unnatural amino acid, which is a conical rigid complex formed by octameric
Mycobacterium smegmatis porin A (MspA). Through the strain-promoted azide–alkyne
cycloaddition reaction, single-stranded DNA composed of 40 thymines (poly-T(40)) and
lysozyme molecules with dibenzocyclooctyne (DBCO) were successfully connected to
the functionalized nanopore interface, and it was found that it exhibited a new signal
distribution pattern and the signal was significantly enhanced. When combined with
different oligosaccharide substrates, the corresponding signals will change significantly.
The prepared functionalized interface provides a new direction for single-molecule sensing.
We can see that click chemistry is also an attractive technique in the biomedical field.
However, there are only a few papers on the latest application of click chemistry in the
biomedical field [15].

 
Figure 7. (a) Cu2-xSySe1-y-NP-catalyzed click chemistry for SERS immunoassay of PSA detec-
tion. Reprinted with permission from [108], copyright 2018, Anal Chem. (b) Schematic display
of the different steps involved in the preparation of the immunosensor for the determination of
CXCL7. Reprinted with permission from [105], copyright 2019, Journal of Electroanalytical Chemistry.
(c) Schematic illustration of CEA detection system based on click chemistry and FRET between
GO-N3 and CD -DNA. Reprinted with permission from [110], copyright 2020, Anal Chim Acta.

3.2. Electro-Click Technology

In the CuAAC click reaction, Cu(I) salts or the in situ reduction in Cu(II) are com-
monly employed to introduce a catalytic amount of Cu(I). Various methods can be used to
generate the required Cu(I) ions, including microwave [114], ultrasound [115], UV irradia-
tion [116], and electrochemical reactions [117]. The electrochemical approach enables the
reagent-free functionalization of biosensing interfaces, known as electro-click [16]. Devaraj
et al. [118] demonstrated that catalytic Cu(I) ions can be generated by applying a mild
reduction potential (−300 mV vs. Ag/AgCls) at the interface in contact with the Cu(II)
solution. For example, Lesniewski et al. [119] deposited gold nanoparticles modified with
terminal alkynyl groups onto azide-functionalized glassy carbon surfaces. The generation
of the Cu catalyst can be precisely controlled by adjusting the treatment time, allowing
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control over the surface coverage by altering the deposition time. Villalba et al. [120]
achieved the catalytic assembly of multilayers through the covalent bonding of poly(acrylic
acid) (PAA) multilayers with alkynyl (PAAalk) and azide (PAAaz) groups. Recently,
Yamamoto et al. [121] utilized electro-click chemistry to modify boron-doped diamond
(BDD) electrodes. The electro-click strategy enables precise control over the amount of
Cu(I) catalyst and the loading of azide-terminated ferrocene on alkyne-terminated BDD
electrodes. Compared with the chemical synthesis method, the electro-click approach offers
advantages such as faster reaction kinetics, environmental friendliness, and the absence of
chemical residues. Furthermore, the assessment technique inherent to electro-click chem-
istry is inherently uncomplicated, affording the direct interpretation of the reaction through
the analysis of the cyclic voltammetry profile.

These reasons contribute to the ongoing popularity of the electro-click strategy.

3.3. Electro-Click Strategies for the Functionalization of Biosensor Interfaces

Before constructing biosensors, careful attention must be given to the functional-
ization strategies of the biosensor interfaces in order to meet diverse sensing require-
ments. The resulting interface should not only immobilize the biometric element in a
stable manner, but also offer a selective and sensitive response. In this section, we will
discuss the functionalization strategies for electrochemical biosensor interfaces and optical
biosensor interfaces.

3.3.1. Electro-Click Strategies for the Functionalization of Electrochemical
Biosensor Interfaces

Electrochemical biosensors have long been extensively utilized across various fields.
These biosensors can generate sensing signals by monitoring changes in impedance, cur-
rent, and dielectric properties when the target analyte is formed on the electrode surface.
Numerous strategies exist for the modification of interfaces in electrochemical biosensors,
encompassing approaches such as self-assembled monolayers, covalent immobilization,
and electro-click methodologies, among others [122,123]. Concurrently, a diverse array
of electrochemical biosensor variants is available. Notably, owing to its electrochemically
mediated modifications and notable versatility, the electro-click strategy finds predomi-
nant utility within the domain of electrochemical biosensors. The functional modification
strategies based on electro-click for electrochemical biosensor electrodes can be catego-
rized into four parts: electrografting, electropolymerization, electrodeposition, and bipolar
electrode methods.

Electrografting

The most commonly employed approach for modifying biosensing interfaces is electro-
grafting [124,125]. Electro-click-mediated electrografting plays a crucial role in preparing
controllable nanostructures, enhancing the sensor performance, and expanding the sensor
functionalities [126]. In simple terms, azide and alkyne are grafted onto the biosensing
interface and modifier, respectively, and then connected by the CuAAC electro-click reac-
tion. For instance, Sciortino et al. [127] achieved a network structure of organic/inorganic
hybrid products containing alkynes and polyethylene glycol azides with bifunctional
groups through the electro-click reaction on an F-SnO2 electrode. The composition and
loading of these hybrid films can be adjusted, demonstrating the versatility of such hybrid
coatings. Fenoy et al. [126] reported the synthesis of azide-derived organic electrochemical
transistor monomers and applied them in a CuAAC reaction with a dibenzocyclooctyne-
grafted thrombin-specific HD22 aptamer to achieve specific thrombin recognition. Also,
Guerrero et al. [128] utilized ethynylated IgG bonded to azide-modified multi-walled car-
bon nanotube (MWCNT) electrodes to construct an electrochemical immunosensor for the
cytokine interleukin 1b (IL-1b). The detection limit of this immunosensor was significantly
improved to 5.2 pg/mL compared to the commercial kit. Effective coupling methods
between interfaces are vital for achieving both sensitivity and selectivity. Therefore, we
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employed cucurbituril- and azide-grafted graphene oxide to develop a novel functional
nanomaterial as a biosensor interface for the detection of VEGF165 protein (Figure 8a) [129].
This interface demonstrated the simultaneous acquisition of sensitivity and selectivity, with
a dynamic detection range of from 10 fg/mL to 1 ng/mL and a detection limit of 8 fg/mL.
Electro-click-mediated electrografting enables the preparation of multipoint-specific elec-
trode functionalization for multi-target biosensors on various materials. The examples
discussed above clearly illustrate the potential of electro-click-mediated electrografting in
expanding the capabilities of biosensor interfaces [130].

Electropolymerization

Electropolymerization (EP) refers to the network polymerization of solution com-
ponents into a film when applying electrical stimulation through cyclic voltammetry
(CV) [131]. This unique film structure enables the immobilization of functional molecules
on or within the coating, making it suitable for combining with electro-click chemistry to
create new functional biosensing interfaces. Rydzek et al. [131] developed self-assembled
functional polymer films based on aniline and naphthalene using a one-pot method that in-
volved simultaneous EP and electro-click functionalization. CV facilitated the oxidation of
4-azidoaniline and the reduction in Cu(II) ions, allowing for the simultaneous polymeriza-
tion of the former and the CuAAC click reaction. For electropolymerization on conductive
substrates, electrochemically mediated surface-initiated atom-transfer radical polymeriza-
tion (SI-eATRP) offers a convenient approach to control polymer growth with low catalyst
concentrations [132]. Wu et al. [133] achieved the fixation of sparse monomolecular mem-
branes of ethynylphenyl on a carbon matrix through the electroreduction in aryldiazonium
ions. They subsequently polymerized Poly(N-isopropylacrylamide) (PNIPAM) from the
substrate in a one-pot solution containing an azide-derived initiator, PNIPAM, and a Cu
catalyst (Figure 8b). The electro-reduction from Cu(II) to Cu(I) facilitated both the click reac-
tion and SI-eATRP on the surface of the ethynylphenyl. This method is simple, convenient,
and combines the advantages of electro-click chemistry and SI-eATRP.

Electrodeposition

Electrodeposition, as an electrochemical synthesis method based on solution-based
synthesis, allows for the synthesis of different material types and the manipulation of
various synthetic variables affecting morphology. It also enables the fabrication of uni-
form and tightly joined multi-junction electrodes through continuous multilayer deposi-
tion [134]. This feature proves particularly beneficial for synthesizing and functionalizing
biosensing interfaces.

Conductive hydrogels, among various synthetic materials, have garnered attention
from researchers. These hydrogels consist of conductive polymer networks formed by
combining hydrogels with inherently conductive polymers. They offer a combination
of biocompatibility, flexibility, high diffusivity, and conductivity [135,136]. Hydrogels
can be prepared in specific forms on various substrates to suit the desired purpose.
Hu et al. [137] described a method for coating chitosan hydrogel on a conductive surface
using the electro-click-mediated electrodeposition technique. Chitosan was functionalized
with azide or alkynyl groups, and a cathodic potential was applied to a gold chip to reduce
Cu(II) ions to Cu(I) ions, catalyzing the CuAAC click reaction between the alkynyl chitosan
and azide chitosan to form a conjugated chitosan hydrogel attached to the gold surface
(Figure 8c). Experiments demonstrated the encapsulation of biomolecules within this
hydrogel for biosensing purposes. Similarly, Choi et al. [138] electrodeposited PVA-based
hydrogel on an indium tin oxide glass electrode using a Cu(I)-catalyzed CuAAC reaction
with the reduction in Cu(II) ions. They found that embedding carbon nanotubes within the
hydrogel enabled the deposition of thicker films due to the larger electrochemically active
area provided by the carbon nanotubes.
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Figure 8. (a) Schematic of the BPEI-Fc/CB [7]-N3-GO composite preparation and representation of
the electro-click biosensing platform for VEGF165 analysis based on the composition. Reprinted
with permission from [129], copyright 2017, Anal Chem. (b) Strategy for the preparation of H-
Eth-Ar monolayers and grafting PNIPAM. Reprinted with permission from [133], copyright 2019,
ChemElectroChem. (c) Schematic illustrating the “electro-click” chitosan hydrogel on a gold chip
triggered by a negative potential that reduces Cu2+ to Cu+. Reprinted with permission from [137],
copyright 2014, RSC Advances.

Bipolar Electrodes

Bipolar electrodes (BPEs) can simultaneously perform anodic and cathodic reactions,
making them a versatile electrochemical-reaction-driving mode and suitable as radio
electrodes [139]. BPEs do not require electrical connection and can accommodate conduc-
tive materials of any shape and size, and even multiple materials at once (Figure 9a) [140].
These characteristics align well with electro-click chemistry (Figure 9b). The potential gradi-
ent at the BPE interface has been successfully utilized as a controllable template for forming
molecular- or polymer-gradient materials, making it suitable for biomimetic materials or
biosensor analysis equipment [141]. A study was conducted on the gradient modification
of azide-functionalized conductive-polymer film using electrogenerated Cu(I) species on a
bipolar electrode through an electroshock reaction in the presence of terminal alkyne [142].
This allowed the introduction of various gradient functions, such as gradient hydrophobic-
ity/hydrophilicity and visible labeling, on the poly(3,4-ethylenedioxythiophene) (PEDOT)
film to prepare the biosensing interface. In subsequent work, Zhou et al. [143] introduced
a bipolar electrolytic micelle disruption (BEMD) system for shaping organic films. They
created a U-shaped bipolar electrolysis system with an S-shaped potential gradient on the
BPE, enabling the formation of a gradient film containing various organic compounds. This
approach provided a novel idea and method for modifying organic membranes using the
CuAAC electro-click reaction.
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Figure 9. (a) Comparison of electrolytic systems for conventional and bipolar electrolysis. Red
dotted line represents an ideal electric field generated between driving electrodes. (b) Scheme for the
electro-click reaction of an azido-functionalized polymer film on a BPE with an alkyne derivative
using an electrogenerated Cu(I) species. Reprinted with permission from [140], copyright 2019, Acc
Chem Res.

Applications of Electro-Click Strategies in Electrochemical Biosensor Functionalization
with Submicron Resolution

Numerous techniques are available for effecting functional alterations in biosensing in-
terfaces, including single-molecule modification/deposition [144]. However, these methods
seldom permit intricate modifications at the micron scale. Furthermore, they often exhibit
constrained control over interface surfaces or necessitate costly equipment [145]. In stark
contrast, a notable facet of electro-click chemistry, which entails electrochemical reactions,
is its spatial selectivity. This distinctive attribute facilitates the precise functionalization of
nanogaps, gradients, and microelectrodes, all achieved with submicron precision.

The utilization of NPs as fundamental building blocks has catalyzed the emergence of
a novel category of nano-building materials, thereby illuminating a promising avenue for
nano-gap functionalization. In a pioneering endeavor, Rydezk et al. [146] orchestrated a
nanodevice with a high aspect ratio, selectively focused through covalent self-assembly
via spatially arranged Cu(I)-catalyzed electro-click reactions. Employing dendritic iron
oxide nanoparticles endowed with azide and alkyne functionalities as building blocks,
they achieved a spatially orchestrated electro-click network structure. This method of NP
functionalization proves highly adaptable and can be extrapolated to diverse nanoparticle
varieties featuring clickable moieties. As such, the electro-click approach emerges as a
sanguine instrument for seamlessly integrating covalent NPs into nanodevices, thereby
beckoning forth prospects for biosensors and granular electronic devices [147].

The manipulation of physicochemical property gradients—marked by gradual spatial
and temporal transitions—can substantially amplify the efficacy of catalyst and drug design,
introducing novel analytical avenues of considerable import in solution and interface
functionalization. Krabbenborg et al. [148] harnessed electro-click chemistry to fabricate
a solution gradient, thereby enabling the high-throughput control and monitoring of
the surface reactivity across spatial and temporal dimensions. By virtue of the solution
gradient, finely adjustable and inherently predictable variations in the spatial concentration
of chemically active species are achieved, engendering micron-scale surface gradients.
In analogous fashion, Nicosia et al. [149] harnessed the CuAAC reaction to generate a
monolayer on a glass surface flanked by platinum electrodes, effectively manipulating the
gradient of the Cu(I) solution to effect microelectrode interface functionalization.

Beyond gradient-driven surface modification, the repertoire of electro-click chemistry
extends to the direct functionalization of microelectrodes. Hansen et al. [150] directly

531



Chemosensors 2023, 11, 481

functionalized microelectrodes with PEDOT-N3, showcasing a universally applicable and
convenient strategy for diverse conductive-polymer functionalization. Notwithstanding the
aforementioned applications, numerous prospects for submicron-resolution applications
await exploration.

3.3.2. Electro-Click Strategies for the Functionalization of Optical Biosensor Interfaces

In recent times, the augmentation of optical biosensors using the electro-click approach
has gained prominence. This development is attributed to the understanding that electron
dynamics can arise not exclusively from direct electrochemical processes, but also from
alternative energy excitations [151]. Consequently, as investigations into the interplay
between photons and electrons advance, the electro-click strategy has found application
within the realm of optical sensing [142,152]. Optical biosensors rely on measuring changes
in the optical properties of the transducer surface when the analyte and recognition element
form a complex [153]. They can be categorized as direct optical biosensors or indirect optical
biosensors. While there are limited examples of optical biosensing interfaces prepared
using electro-click chemistry, luminescent products prepared through electro-click have
been identified. It is expected that similar functionalization strategies will be applied in the
near future to prepare corresponding optical biosensors.

Direct optical biosensor signals depend on the complex formation on the biosensor
interface. Shida et al. [142] used rhodamine-based acetylene as a visible indicator. After
electroshock reaction on the bipolar electrode (Figure 10a), the polymer film was uni-
formly oxidized to the doped state, reducing the background absorption of PEDOT in the
visible-light region. Consequently, the cathode part turned purple, allowing for naked-eye
detection (Figure 10b). In addition to the existing direct optical sensor, Goll et al. [152]
blended EDOT and branched 2,2′:3′,2′′-terthiophene (3T) to form an EDOT-N3 film that
facilitated functional modification through an electro-click reaction. By altering the mixing
ratio of the two materials, the optical properties exhibited significant changes that could be
detected via infrared spectroscopy (Figure 10c).

Figure 10. (a) Electro-click reaction of PEDOT-N3 film and terminal alkyne using cathodically
generated Cu(I) species. (b) Photograph of PEDOT-N3 film gradually modified with rhodamine and
the absorption profile (550 nm) across the film. Reprinted with permission from [142], copyright 2012,
ACS Macro Letters. (c) IR mappings (bottom) of the azide band intensity at 2100 cm−1 of copolymer
films deposited under potentiostatic control on gold in 0.1 M NBu4PF6/MeCN. Reprinted with
permission from [152], copyright 2015, Beilstein J Org Chem.
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Indirect optical biosensors commonly employ various labels, such as fluorophores,
to detect and amplify signals. As early as 2008, Ku et al. [107] introduced the use of
electro-click reactions to attach non-reactive fluorescent molecular patterns onto azide
glass substrates (Figure 11a). This approach can be extended to enable the growth of any
fluorescent molecule on an insulating substrate, forming a direct covalent bond beneath
the microelectrode. The F-SnO2 coating developed by Sciortino et al. [127] using the afore-
mentioned electro-click reaction exhibited notable differences in fluorescence spectra when
loaded with 4,4-Difluoro-8-(4-trimethylsilylethynylphenyl)-1,3,5,7-tetramethyl-2,6-diethyl-
4-bora-3a,4a-diaza-s-indacene(BODIPY) (Figure 11b). This method also proves to be a viable
approach for indirect optical biosensors. Coceancigh et al. [154] employed electrochemi-
cally assisted CuAAC to precisely control the inner surface of poly(ethylene terephthalate)
(PET) track-etched pores. In this process, the ethynyl groups within the etched holes were
first modified via the amidation of the surface-COOH groups. Subsequently, a solution
containing copper (II) and azide-labeled fluorescent dye was introduced and sandwiched
between gold electrodes (Figure 11c). Rydzek et al. [155] harnessed the electro-click reaction
methodology to fabricate a thin film atop a gold electrode. Variations in the pH induced
distinct electrostatic-repulsion patterns between PAA-Alk moieties, thereby governing
the structural attributes of the resultant film. These disparities in the film structure were
anticipated to manifest as discernible divergences in fluorescence responses. As a result,
the fluorescent group could be directly immobilized onto the membrane. Furthermore,
materials such as CNTs, CDs, and luminol exhibit light-specific properties [45,63,110]. If
they can be utilized for modification, then a broader range of functional optical biosensor
interfaces could be developed to meet diverse requirements.

Figure 11. (a) Local reduction of Cu(II) to Cu(I) at a gold microelectrode (left) and immobilization of
acetylene fluorophore derivatives onto a glass. Reprinted with permission from [107], copyright 2008,
Journal of the American Chemical Society. (b) Fluorescence spectra in the dry state (λexc at 480 nm) of
BODIPY (black line), drop-casted bodipy-loaded hybridosome (blue line), and an electro-clicked film
based on BODIPY-loaded hybridosomes (red line). Reprinted with permission from [127], copyright
2018, Phys Chem Chem Phys. (c) Electrochemically controlled pore modification based on CuAAC.
Reprinted with permission from [154], copyright 2017, Langmuir.
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3.3.3. Limits of Electro-Click Strategies for the Functionalization of Biosensor Interfaces

Electro-click chemistry offers an expedient, versatile, and facile approach to biosens-
ing interface functionalization; nevertheless, it is not without its imperfections. Several
challenges persist, warranting researchers’ dedicated efforts. Within the realm of biosen-
sors, a paramount concern in the electro-click methodology is the retention of copper
ions (Cu(II)/Cu(I)) during functionalization, which could potentially impede biomolecular
activity. Cu(II) might catalyze the production of reactive oxygen species at the biosensing
interface, engendering lipid peroxidation, protein oxidation, and DNA degradation [156].
Cu(I) is highly thiophilic and can directly damage the Fe-S-cluster-containing enzyme
modifiers in the biosensing interface [157]. Schaaf et al. [158] ventured to ameliorate the
Cu(II) influence via EDTA, yielding commendable outcomes. Contemporary endeavors,
such as those by Cheng et al. [159], persist in deploying EDTA overdosing to tackle this
conundrum. Beyond chemical mitigation, physical adsorption emerges as an effective
countermeasure against Cu(II). In this vein, Liu et al. [160] prepared triethanolamine-GO
nanosheets to robustly adsorb Cu(II), displaying an elevated equilibrium capacity even at
higher initial Cu(II) concentrations.

Early forays into electro-click applications also confronted challenges in characterizing
functionalized biosensing interfaces. Evolving scientific and technological advancements
have enriched the characterization methodologies, enhancing precision and deepening
researchers’ appreciation for the electro-click paradigm. Presently, indirect characterization
techniques, spanning SEM [104,119,127], TEM [104,127], XRD [104], BET [104], fluores-
cence [104,127], CV [119,120,127,128,131], and EIS [128], discerningly probe interfacial
substance connections. Complementary to these indirect avenues, polarization-modulated
infrared-reflectance-absorption spectroscopy (PM-IRRAS) [119,120], XPS [104,131,142], and
EDS [104,127,142] have emerged as more direct means of elucidating reactions via element-
or chemical-group alterations at electrode surfaces. It is firmly believed that future en-
deavors will engender a proliferation of characterization methods, augmenting researchers’
arsenal for scrutinizing electro-click-functionalized biosensing interfaces.

The widespread adoption of the electro-click reaction rests on its attributes of expedi-
tious reaction kinetics, ecological benignity, and minimal pollution. However, investigations
into the recycling and reutilization of electro-click-functionalized biosensing interfaces
have remained relatively sparse, casting a spotlight on a nascent concern for future inquiry.
Encouragingly, select researchers have delved into recycling experiments concerning electro-
click-functionalized biosensors. For instance, Fomo et al. [106] demonstrated the potential
for electrode reuse by washing it with deionized water after sample detection, subsequently
reemploying the electrode with negligible alteration in DPSV voltammograms, attesting
to the sensor viability. Likewise, Qi et al. [117] exhibited a stable immunosensor retention
for 15 days, with the subsequent detection revealing a commendable 88% retention of the
initial steady-state current. These instances provide inspiring precedents. Thus, within
the domain of electro-click-functionalized biosensing interfaces, the focus must expand
beyond novel modification methodologies, encompassing heightened attention toward in-
terface recyclability and, building upon this foundation, the exploration of straightforward
recovery protocols. In general, the journey toward electro-click-modified-functionalized
biosensing interfaces stretches ahead, necessitating persistent exploration and innovation.

4. Conclusions

In summary, we have comprehensively examined the different strategies for function-
alizing biosensing interfaces, encompassing nanomaterials, small molecules, biomacro-
molecules, and cell-mediated interfacial regulations. We have also delved into the process
of transforming identified elements into signals, imparting functionality to the sensor, and
enhancing its performance.

Among the various functionalization strategies for biosensing interfaces, click chem-
istry stands out due to its advantages of rapidity, selectivity, and low pollution. We have
elucidated the origins and principles of click chemistry, with CuAAC serving as an exem-
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plar, highlighting its advantages. In the realm of electrochemical biosensors, the use of
click-chemistry-based modifications on the sensing interface offers improved stability and
convenience, leading to more discernible electrochemical signals. For optical biosensors,
the modified sensing interface not only generates optical signals in response to the target
analyte, but also amplifies the signal through the incorporated materials, thereby bolstering
the reliability of the sensing outcomes. Within this domain, electro-click chemistry emerges
as an environmentally friendly, swift, and convenient approach, surpassing traditional
click chemistry in terms of functionalizing biosensing interfaces. We have summarized the
research and application progress of electro-click chemistry in functionalizing electrochem-
ical biosensors and optical sensors. While there may be fewer corresponding examples
in optical biosensors, drawing from related literature, this review has identified potential
examples that can be utilized for constructing optical biosensor interfaces.

This review provides a fresh perspective for the development of novel functional
biosensing interface strategies. Moreover, the expansion of biosensing systems based on
electro-click chemistry will contribute to the selection of materials and the advancement
of strategies. Ultimately, this will broaden the applications of biosensors across diverse
fields, such as chemistry, agriculture, food science, clinical diagnostics, pharmaceuticals,
and environmental analysis.
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Abbreviations

Acronym Definition Acronym Definition

GO Graphene oxide ATPA Adenosine triphosphate aptamer
Exo III Exonuclease III ATP Adenosine triphosphate
HP1 and HP2 Hairpin probes DsDNA Double-stranded DNA
PtNFS-GO Flower-like Pt-graphene oxide HDNA Hairpin DNA
8-OHdG 8-hydroxy-2′-deoxyguanosine SsDNA Single-stranded DNA
rGO Reduced graphene oxide NPs Nanoparticles
LOD Low detection limit RBD Receptor-binding domain
Fe/N-C N-doped porous-carbon-containing Fe HSA Human serum albumin
ECL Electrochemiluminescence SRB Sulfate-reducing bacteria
SWCNTs Single-walled carbon nanotubes RBC Red blood cell
MWCNTs Multi-walled carbon nanotubes PLNPs Persistent luminescent nanophosphors
NIR Near-infrared MCF Mesoporous carbon framework
PDAC Pancreatic ductal adenocarcinoma HEMA Hydroxyethyl methacrylate
EDOT 3,4-ethylenedioxythiophene DEAEMA 2-(diethylamino)ethyl methacrylate
PEDOT Poly(3,4-ethylenedioxythiophene) SPE Gold screen-printed electrodes
Au@Pt Au@Pt nanocrystals AFB1 Aflatoxin B1
FNAs Framework nucleic acids OTA Ochratoxin A
E. coli O157:H7 Escherichia coli O157:H7 NP Nucleocapsid protein
AgNCs Silver nanoclusters IgG Immunoglobulin G
SC Scopoletin CuAAC Cu(I)-catalyzed alkyne–azide cycloaddition
AR Amplex Red CXCL7 Chemokine (C-X-C motif) ligand 7
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Acronym Definition Acronym Definition

GSH Glutathione GO-N3 Azide-co-functionalized graphene oxide
PSA Prostate-specific antigen CDs Carbon dots
PCa Prostate cancer CDs-DNA Carbon-dot-labeled DNA
GDY Graphdiyne FRET Fluorescence resonance energy transfer
C-MIPs C-reactive-molecular-imprinted polymers CEA Carcinoembryonic antigen
HRP Horseradish peroxidase MspA Mycobacterium smegmatis porin A
ROS Reactive oxygen species DBCO Dibenzocyclooctyne
O2

− Superoxide radicals PAA Poly(acrylic acid)
Au/VO2 Gold-loaded 2D VO2 nanobelts PAAalk Poly(acrylic acid) multilayers with alkynyl
RET Resonance energy transfer PAAaz Poly(acrylic acid) multilayers with azide
MIT Molecular-imprinting technology BDD Boron-doped diamond
HER-2 Human epidermal growth factor receptor 2 EP Electropolymerization
HOCl Hypochlorous acid CV Cyclic voltammetry

Surface-initiated atom-transferOONO− Peroxynitrite SI-eATRP radical polymerization
GOx Glucose oxidase PNIPAM Poly(N-isopropylacrylamide)
MG Mxene–graphene BPEs Bipolar electrodes
CHI Chitosan PEDOT Poly(3,4-ethylenedioxythiophene)
Co3O4 @ MCF Cobalt oxide-loaded mesoporous carbon framework BEMD Bipolar electrolytic micelle disruption
AChE Acetylcholinesterase 3T 2,2′:3′,2′′-terthiophene
pp Plasma-polymerized PET Poly(ethylene terephthalate)

4,4-Difluoro-8-(4-trimethylsilylethynylphenyl)
FDNA Framework DNA BODIPY -1,3,5,7-tetramethyl-2,6-diethyl-4-bora-3a,

4a-diaza-s-indacene
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Abstract: In this paper, a MnO2 nanowire (MnO2-NW) modified carbon paper electrode (CP) was
developed as a novel electrochemical sensor for the sensitive determination of tetrabromobisphenol A
(TBBPA). The MnO2 nanowire was prepared by a hydrothermal synthesis method, and the morphol-
ogy and structure of MnO2 were characterized using scanning electron microscopy, X-ray diffraction
and X-ray photoelectron spectroscopy. The electrochemical performance of TBBPA on MnO2-NW/CP
was investigated by cyclic voltammetry, and the result confirmed that MnO2-NW/CP exhibited
excellent sensitivity for the determination of TBBPA due to the high specific surface area and good
electrical conductivity of the nanowire-like MnO2. Moreover, the important electrochemical factors
such as pH value, incubation time and modified material proportion were systematically studied to
improve the determination sensitivity. The interferences from similar structure compounds on TBBPA
have also been investigated. Under the optimal conditions, MnO2-NW/CP displayed a linear range
of 70~500 nM for TBBPA with a detection limit of 3.1 nM. This was superior to some electrochemical
methods in reference. The work presents a novel and simple method for the determination of TBBPA.

Keywords: tetrabromobisphenol A; MnO2; carbon paper; modified electrode

1. Introduction

Tetrabromobisphenol A (TBBPA), an organic compound with the chemical formula
C15H12Br4O2, is widely used as a reactive flame retardant in electronic equipment, furni-
ture, plastics and textile products [1,2]. TBBPA accounts for 80% of the global demand
in Asia. As a result of its massive use, release from industrial products, as well as the
migration of terrestrial and marine food chains, TBBPA is continuously released into the
environment [3–5]. TBBPA is a potential persistent organic pollutant reported to be bioac-
cumulative and highly toxic. Chronic exposure to TBBPA can induce immune, reproductive
and neurotoxic effects on animals [6–8]. In 2017, the World Health Organization’s Inter-
national Agency for Research on Cancer published a preliminary list of carcinogens for
reference, and tetrabromobisphenol A is on the list of carcinogens in category 2A. Therefore,
detecting TBBPA quickly and accurately is important for environmental monitoring and
the protection of human health.

Several analytical methods have been reported for the detection of TBBPA, including
chromatographic [9,10], spectroscopic [11,12] and immunoassay methods [13,14]. For
example, Zhang et al. [10] developed a high-performance liquid chromatography method
coupled with triple quadrupole mass spectrometry (HPLC-MS/MS) with atmospheric
pressure chemical ionization (APCI) source for simultaneous detection of TBBPA and its ten
derivatives in determining complicated environmental samples, including sewage sludge,
river water and vegetable samples. Feng et al. [12] explored a fluorescent sensor by coating a
molecularly imprinted polymer layer on CdTe quantum dots for the sensitive determination
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of TBBPA. Although these methods have good selectivity and high detection sensitivity,
they are limited by the high costs of instrument maintenance, sophisticated operating
skills, and extensive organic solvent consumption. Many researchers pay attention to
electrochemical sensors due to their high efficiency, low cost, prominent sensitivity, and
rapid detection speed [15–17]. Presently, some electrochemical sensors have been reported
for the detection of TBBPA in the environment. Nonetheless, some TBBPA electrochemical
sensors’ utility is limited by the non-conductive film that forms on the electrode surface
due to TBBPA’s electrochemical oxidation, impairing detection stability [18].

The materials used for electrode modification play a pivotal role in mitigating the
passivation induced by TBBPA oxidation products. The conception and advancement of
nanomaterials have considerably influenced electrochemical sensors, with their properties
largely being a function of their microstructure and form. A variety of nanomaterials,
such as metal oxides, carbon-based materials, metal-organic frameworks, and nanocom-
posites, are being studied for TBBPA detection. Zhou et al. [19] prepared a conductive
composite of carbon nanotubes@zeolitic imidazole framework-67 (CNTs@ZIF-67), which
possesses an excellent adsorption capacity (92.12 mg g−1) for TBBPA. The composite was
used to modify an acetylene black electrode for the sensitive determination of TBBPA in
spiked rain and pool water samples with the aid of perfluorodecanoic acid. The sensor
is stable, reproducible, and has a linear range of 0.01–1.5 μM TBBPA concentration, with
a 4.2 nM detection limit (at S/N = 3). Recently, carbon dots (CDs) have attracted a lot
of attention due to their low toxicity, biocompatibility and good electrical conductivity,
and are widely used in biosensors, photocatalysis, electrocatalysis and electrochemical
sensors. Guo et al. [20] developed magnetic CDs composed of carbon dots (CDs) and Fe3O4
nanoparticles via an amination reaction. A glassy carbon electrode modified with magnetic
CDs and cetyltrimethylammonium bromide (CTAB) was employed as an electrochemical
sensor for TBBPA detection in beverages. Magnetic CDs facilitate TBBPA oxidation, and
CTAB’s hydrophobic effect can enrich TBBPA. The combined impact of Magnetic CDs and
CTAB boosts electrochemical sensor performance, indicating a linear range between 1 and
1000 nM, a detection limit of 0.75 nM, and displaying benefits such as rapidity, superior
sensitivity, and robust stability. MXene, an exceptional electrode modification material,
is a two-dimensional transition metal carbide obtained by etching aluminum in Ti3AlC2
with hydrofluoric acid. The combination of precious metals nanoparticles and Mxene can
take advantage of the extraordinary electrocatalytic properties of noble metal nanomate-
rials and the specific surface area and electrical conductivity of MXene. Shao et al. [21]
developed a TBBPA electrochemical sensor by modifying it to a glassy carbon electrode
with the MXene/Au nanocomposite. The finalized sensor exhibited excellent linearity for
TBBPA concentrations between 0.05 and 10 nM. It had a detection limit of 0.0144 nM and
successfully detected TBBPA in water, with recoveries ranging from 97.1% to 106% for the
added standards. Lu et al. [22] reported that the composite of graphitic carbon nitride
(g-C3N4) and N-butylpyridinium hexafluorophosphate (NBH) could promote the oxidation
of TBBPA. The detection of TBBPA was fulfilled using a g-C3N4-NBH modified carbon
paste electrode in the range of 1 nM to 30 nM and 30 nM to 500 nM with a limit of 0.4 nM.

Various metal oxides, including CuO, Fe3O4 and Fe2O3, have extensive applications in
electrochemical sensors due to their distinct morphology [23–25]. Zhou and colleagues [23]
produced different forms of CuO nanomaterials, namely nanostrips, nanowires, and micro-
spheres. These were combined with graphene nanoplates and used to modify the surface
of glassy carbon electrodes for electrochemical detection of both glucose and TBBPA. The
composite made from CuO nanostrips demonstrated the most significant active surface
area, the least charge transfer resistance, and the highest detection sensitivity. The designed
electrochemical sensor offered sensitive TBBPA detection within a linear range of 5 to
600 nM, with an anticipated detection limit of 0.73 nM based on a signal-to-noise ratio of
three. Luo et al. [24] developed an Fe3O4-activated biochar using surplus sludge, leading
to the successful creation of an electrochemical sensor for TBBPA detection. The results
from electrochemical tests suggested that the Fe3O4–activated biochar film possessed a
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more substantial active surface area, reduced charge transfer resistance, and increased
TBBPA accumulation efficiency. The sensor exhibited solid linearity for TBBPA concen-
trations ranging from 5 to 1000 nM, a reasonably low detection limit of 3.2 nM, and was
effectively utilized to determine TBBPA in water samples. Zhang et al. [25] synthesized
different morphologies of Fe2O3 nanomaterials such as nanoplate, nanorod and flower-like
by a hydrothermal method. The electrochemical activity of Fe2O3 nanomaterial modified
electrodes was found to be closely related to Fe2O3

′s morphology. The composite of flower-
like Fe2O3 (f-Fe2O3) and expanded graphite (EG) exhibited the largest electrochemical
active area and the lowest electron transfer resistance. The f-Fe2O3/EG modified electrode
displayed the best sensing performance of TBBPA with a detection limit of 1.23 nM.

Nano manganese dioxide (MnO2) was widely used as electrode material owing to its
extraordinary electrochemical performance, low cost, abundant storage, non-toxic nature
and simplicity in preparation. Currently, MnO2 nanomaterials show promising poten-
tial in solar cell devices, bioapplications, sensing, dye mineralization etc., because MnO2
can be easily tuned into desired structure and morphology [26]. Different morphological
MnO2 nanoparticles prepared under specific conditions display varying electrochemi-
cal characteristics, boasting qualities such as excellent electrical conductivity, stability,
and sensitivity [27–29]. Karami-Kolmoti et al. [28] exhibited a sensitive electrochemical
sensor based on a manganese dioxide nanorods/graphene oxide nanocomposite for the
determination of hydroquinone in water samples. Yu et al. [29] prepared novel man-
ganese dioxide-graphene nanosheets (MnO2-GNSs) by a one-step hydrothermal method.
A MnO2-GNSs modified glassy carbon electrode was employed for the sensitive detection
of hydrogen peroxide. Yakubu et al. [30] introduced a novel competitive electrochemical
immunosensor built on gold-palladium bimetallic nanoparticles for quick and sensitive
detection of TBBPA in environmental water. The nanoparticles were successfully synthe-
sized and modified with amine-functionalized nanoflower-like manganese oxide. Under
the best conditions, the competitive sensors demonstrated superb performance, including
commendable sensitivity (LOD, 0.10 ng/mL; S/N = 3) and satisfactory accuracy (recovery
rate, 84–120%). This proposed method has been applied in the analysis of TBBPA from
various water sources, demonstrating the significant potential for the sensitive detection of
trace amounts of TBBPA in aquatic settings. However, a non-enzymatic electrochemical
sensor for the detection of TBBPA based on a MnO2 nanowire modified electrode has not
been reported.

In this work, an easy-to-use and sensitive electrochemical sensor, a MnO2 nanowire
modified carbon paper electrode, was fabricated for the sensitive detection of TBBPA.
Carbon paper (CP) is a kind of rigid material composed of a complex and tortuous fibrous
structure with a resin [31]. It is well known that the electrochemical behavior of sensors
depends on their surface properties. Compared with other conventional electrodes, carbon
paper electrodes possess some unique characteristics, such as adjustable size, porosity, con-
ductivity and mechanical strength [32,33]. In addition, the use of carbon paper electrodes
eliminates the tedious electrode grinding of solid electrodes, making miniaturization and
portability possible and advancing on-line and in-situ measurements for electrochemical
testing. The effects of pH, the usage of MnO2, and the enrichment time were also studied
to enhance the detection performance of MnO2-NW/CP for the detection of TBBPA.

2. Materials and Methods

2.1. Chemicals and Instruments

The carbon paper (CP) used in this research was purchased from Toray (Japan).
TBBPA and Potassium ferricyanide (K3[Fe(CN)6]) were purchased from Aladdin Reagent
Co. Ltd. (Shanghai, China). Potassium permanganate, sodium dihydrogen phosphate
(NaH2PO4), dibasic sodium phosphate (Na2HPO4), N, N-Dimethylformamide (DMF),
anhydrous ethanol and acetonitrile were purchased from Jiangsu Qiangsheng Functional
Chemistry Co. Ltd. (Nanjing, China). All the chemicals were of analytical grade and
used without further purification. All of the aqueous solutions were prepared with twice-
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distilled water throughout the whole experiment. The experimental temperatures were all
at room temperature.

All electrochemical experiments, including differential pulse voltammetry (DPV) and
cyclic voltammetry (CV), were carried out in an electrochemical workstation RST 3000 with
a three-electrode system. CP or modified electrode was used as the working electrode, and
Ag/AgCl and Pt wire were used as the reference and auxiliary electrodes, respectively.

2.2. Fabrication of Manganese Dioxide

Manganese dioxide was prepared by two methods.
Method 1: 0.728 g of potassium permanganate was added to a mixture solution of

80 mL H2O and 15 mL ethanol and then stirred at 25 ◦C for 2 h. After the reaction was
completed, the product was washed 3 times with deionized water and anhydrous ethanol
and dried in an oven at 60 ◦C for 12 h [34].

Method 2: 0.45 g of potassium permanganate was dissolved in 30 mL of 0.4 M acetic
acid solution, transferred to a 50 mL Teflon-lined stainless-steel autoclave (Anhui Kemi
Instruments Co., Hefei, China) and kept at 140 ◦C for 12 h. After the reaction was completed,
the product was washed 3 times with deionized water and anhydrous ethanol and dried in
an oven at 60 ◦C for 12 h.

2.3. Preparation of Modified Electrodes

The CP was cut into 1 × 0.5 cm and ultrasonically cleaned in ethanol for five min-
utes. The geometric area of the carbon paper electrode in solution was controlled to be
0.5 × 0.5 cm2 with the insulating adhesive, and the upper end of the carbon paper electrode
was connected to the electrochemical workstation. To excite the electrochemical properties
of the CP [35], the electrode was immersed in 0.1 M sulfuric acid solution and scanned for
50 cycles from −0.2 V to 1.0 V at 100 mV/s using the CV method. Then, the electrode was
cleaned with deionized water and dried at room temperature.

A total of 4.0 mg of manganese dioxide was dispersed in 2.0 mL of DMF solution with
the aid of an ultrasonic bath to obtain a suspension of 2 mg/mL of manganese dioxide.
Next, 7.0 μL of the above suspension was dropped onto the surface of the treated carbon
paper electrode and dried at room temperature.

3. Results and Discussion

3.1. Characterization of Manganese Dioxide

Scanning electron microscope (SEM) images were used to investigate the microstruc-
tures and morphologies of MnO2 nanomaterials. Different microstructures and morpholo-
gies of MnO2 nanomaterials were found when MnO2 was prepared by different methods.
As shown in Figure 1a, an irregular sheet structure was obtained when MnO2 was syn-
thesized by reducing potassium permanganate using ethanol as a reducing agent under
normal temperature and pressure at pH 7 (Method 1). MnO2 nanowire (Figure 1b) was
observed when MnO2 was prepared via a hydrothermal synthesis under acidic conditions
(Method 2). The length of the nanowire is approximately 6–10 μm. The obvious different
morphologies were expected to result in different electrochemical performances. The crystal
structure of the MnO2 nanowire (MnO2-NW) was characterized by X-ray powder diffrac-
tion (XRD). In XRD patterns of MnO2-NW (Figure 1c), the diffraction peaks at 12.78◦,18.06◦,
28.82◦, 37.82◦ and 42.17◦ are indexed to crystal Surface of (110), (200), (310), (211) and (301),
respectively, which are matched with the standard diffraction pattern of α-MnO2 (JCPDS
card No.44-0141). More importantly, no other impurities are found in these XRD patterns,
revealing that as-synthesized MnO2-NW is well crystallized and at high purity.

546



Chemosensors 2023, 11, 482

Figure 1. SEM of granular MnO2 (a) and MnO2-NW (b); XRD of MnO2-NW (c).

X-ray photoelectron spectroscopy (XPS) was used to study the surface composition
of MnO2-NW (Figure 2). According to the full scan XPS spectrum (Figure 2a), Mn and
O were observed on the surface of the sample of MnO2-NW. In the high-resolution spec-
trum of O 1s (Figure 2b), the peak at 529.88 eV corresponded to lattice oxygen, and the
appearance of a high-intensity peak indicates that a large amount of lattice oxygen (O latt)
was present in MnO2 nanowires. The characteristic peak of O abs at 531.49 eV was related
to surface-adsorbed oxygen, hydroxyl groups, or defect-related oxygen species [36,37].
Figure 2c displays the XPS energy spectrum of Mn 3s. The valence state of Mn was usually
determined based on the peak spacing of Mn 3s. The peak spacing of Mn 3s in MnO2-NW
was 4.70 eV, indicating that most of the Mn in the sample exists in the form of +4 valence.
In the XPS spectra of Mn 2p (Figure 2d), the peaks at 642.47 eV and 641.04 eV correspond
to Mn4+ and Mn3+, respectively. The content of Mn3+ is relatively low, indicating that most
of the Mn in MnO2-NW samples exist in the form of +4 valence [38,39].

 

Figure 2. XPS figures of MnO2-NW. (a) full spectrum, (b) O 1s, (c) Mn 3s, (d) Mn 2p.

3.2. Electrochemical Behavior of TBBPA on MnO2-NW/CP

Figure 3a shows the cyclic voltammograms of 500 nM TBBPA on CP, MnO2/CP (MnO2
nanosheet), and MnO2-NW/CP, respectively. The buffer solution was 0.10 M phosphate
buffer solution (pH 6.5). As can be seen from Figure 3a, an irreversible oxidation peak at
0.60 V (vs. Ag/AgCl) was found to correspond to the irreversible oxidation of TBBPA at
the working electrode surface. The comparison of the oxidation peak current of TBBPA
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on the above three electrodes is displayed in Figure 3b. It was shown that the oxidation
peak current of TBBPA was slightly enhanced by modifying the nanosheet MnO2 on CP.
In addition, the electrochemical signal of TBBPA on MnO2-NW/CP was approximately
twice higher than that on the bare CP electrode. Furthermore, the oxidation potential
shifted to 0.58 V. It is well understood that the electrochemical activity of nano MnO2 is
shape-dependent. Compared with the MnO2 nanosheet, the MnO2 nanowire can provide
a higher surface area and more abundant surface oxygen, which can result in enhanced
catalytic activity. The oxidation of TBBPA was obviously promoted when the CP electrode
was modified by MnO2-NW, which may be due to the larger specific surface area, better
electrical conductivity and the oxidizing ability of MnO2-NW. Hence, MnO2-NW/CP was
chosen for the detection of TBBPA.

 

Figure 3. (a) CVs of 500 nM TBBPA on different electrodes; (b) oxidation current of TBBPA on
different electrodes; (c) CVs of MnO2−NW/CP in 2.5 mM K3[Fe(CN)6] at different scan rates;
(d) The linear plot of K3[Fe(CN)6] ipa vs. υ1/2.

CVs of MnO2-NW/CP in 0.1 M KCl solution containing 2.5 mM K3[Fe(CN)6] at
various scan rates were recorded in the range of 30–150 mV/s to investigate the effective
electrochemical area of the MnO2-NW/CP electrode. It was observed that the oxidation
and reduction peaks of potassium ferricyanide increase with increasing scanning speed
at the MnO2-NW/CP electrode, and the potential difference between the oxidation and
reduction peaks becomes larger. Diffusion-controlled behavior of K3[Fe(CN)6] could be
deduced from the linear relationship between oxidation peak currents ip and the square root
of scan rates υ1/2 with the regression equation of ip = 0.04109 υ1/2 − 0.05549 (R2 = 0.9976)
(Figure 3d). The Randles–Sevcik equation was used to calculate the effective surface area
(ESA) [40].

ip = 0.4463nFAC
(

nFvD
RT

)1/2
= 2.69 × 105n2/3 ACD1/2v1/2 (25 ◦C) (1)

where ip (A) is the oxidation or reduction peak current; n is the total number of electrons
exchanged in the redox reaction; A (cm2) is the effective surface area (ESA); C (mol/cm3)
is the concentration of K3[Fe(CN)6] (2.5 mM); D (cm2/s) is the diffusion coefficient of
[Fe(CN)6]3− (6.5 × 10−6 cm2/s); and υ (V/s) is the scan rate. In our experiment, the slope
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was 0.04109, and the ESA value was calculated as 0.24 cm2. The ESA value of the bare
carbon paper electrode was determined using a similar process to be 0.026 cm2. Thus,
the ESA of MnO2-NW/CP was about nine times greater than that of a bare carbon paper
electrode, suggesting the excellent electrochemical properties of MnO2-NW/CP.

Figure 4a shows CVs of MnO2-NW/CP in 0.1 M pH 6.5 phosphate buffer solutions
containing 500 nM TBBPA at different scan rates in the range of 25–150 mV/s. The peak
current in CVs is coupled with the change of concentration gradient with time. Thus,
the peak currents are obviously influenced by the scan rate. This is because the scan rate
determines the time between the switching potential and the peak potential. It was shown
that the oxidation peak currents of TBBPA kept increasing with the increase in the scan rate
in the range of 25–150 mV/s. Figure 4b shows a plot of the TBBPA oxidation peak current
versus sweep rate with the linear equation ip = 0.0975υ + 0.00459 (R2 = 0.9915). Figure 4c
is a plot of ip versus υ1/2 with the linear equation ip = 1.67755υ1/2−6.61462 (R2 = 0.9531).
The oxidation peak currents of TBBPA were background subtracted to correct for the
larger charging current contribution at the higher scan rate. The oxidation peak current of
TBBPA is proportional to the potential scan rate, which is in accordance with the formula of
ip = (n2F2ΓAV)/(4RT). Moreover, the independence between ip and the square root of the
scan rate reveals that the oxidation of TBBPA on MnO2-NW/CP was not controlled by the
diffusing process. Thus, TBBPA oxidation on a MnO2-NW/CP is an adsorption-controlled
process. The oxidation peak potentials of TBBPA were found to shift toward positive
potentials with the increase in scan rates, which is related to the irreversible oxidation
process of TBBPA.

 

Figure 4. (a) CVs of 500 nM TBBPA in 0.1 M pH 6.5 PBS on MnO2−NW/CP at different scan rates;
(b)The linear plot of ip vs. υ; (c)The linear plot of ip vs. υ1/2.

3.3. Optimization of Experimental Conditions

DPV was chosen to prepare a sensitive sensor for the determination of TBBPA. The ex-
periment parameters, including the pH value of the buffer solution, the enriching time and
the amount of MnO2-NW, were optimized by recording the electrochemical performance
of TBBPA under different experiment conditions.

Figure 5a shows the oxidation peak currents and peak potentials of TBBPA at different
pH conditions. It was found that the oxidation peak currents of TBBPA increased with
increasing pH in the range of 5.5–6.5 and reached a maximum at pH 6.5. The pKa1 and
pKa2 of TBBPA were reported to be 7.5 and 8.5. TBBPA was not dissociated when the
pH was 6.5. The undissociated TBBPA can be adsorbed more easily on a MnO2-NW/CP
electrode than the dissociated form. This resulted in the maximum oxidation peak current
of TBBPA at pH 6.5. Hence, pH 6.5 was chosen as the optimum pH condition in the
subsequent experiments. In the pH range of 5.8–8.0, the oxidation peak potential of
TBBPA negatively linearly shifted with an increase in pH value following the equations of
Ep = 0.978–0.0594 pH. This shows that protons took part in the electrochemical reaction of
TBBPA. The slope −0.0594 V/pH was close to the value obtained from the Nernst equation
(−0.059 V/pH), which indicated that the number of electrons was equal to the number
of protons during the oxidation of TBBPA [41]. Referring to the oxidation mechanism
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of TBBPA on Fe3O4@SiO2@CDs-CTAB/GCE [20], the oxidation mechanism of TBBPA on
MnO2-NW/CP is deduced in Figure 6.

Figure 5. (a) The effect of pH on the oxidation peak current and potential of TBBPA; (b) The effect
of enrichment time on the peak current of TBBPA; (c) The effect of MnO2-NW amount on the peak
current of TBBPA.

Figure 6. Electrochemical oxidation mechanism of TBBPA.

The effect of enrichment time on the oxidation peak current at the open circuit of
TBBPA (500 nM) is shown in Figure 5b. When the enrichment time was less than 5 min,
the peak current increased rapidly with the increase in enrichment time. This is because
more TBBPA was adsorbed on the MnO2-NW/CP electrode with increasing enrichment
time. When the enrichment time was above 5 min, the oxidation peak current tended to
be stable due to the adsorption saturation of TBBPA. Therefore, 5 min of enrichment time
was chosen.

The effect of the modification amount of MnO2-NW was investigated in Figure 5c. It
was found that the oxidation current of TBBPA increased sharply when the modification
amount of MnO2-NW suspension increased from 3.0 to 7.0 μL. This might be a result of
more catalyst-enhanced catalytic ability. However, when the modification amount was
over 7.0 μL, the oxidation peak current decreased due to the deterioration of electrical
conductivity. Therefore, 7.0 μL suspension of MnO2-NW was selected as the optimal
modification amount in this work.

3.4. Electrochemical Detection of TBBPA

DPV of MnO2-NW/CP in different TBBPA concentrations was investigated under
optimal experimental conditions (Figure 7). As shown in Figure 7a, the oxidation currents
increased when TBBPA was added successively from 70 to 500 nM. The linear regression
equation was ip = 0.00323c + 0.06304, R2 = 0.9914 (Figure 7b). The estimated detection limit
is 3.1 nM based on a three-signal-to-noise ratio of 3. It could be seen that our electrochemical
sensor exhibited a wide linear range and a low detection limit, which might be due to
the high ESA of the MnO2-NW/CP, with plenty of active sites. Our experimental results
were compared with the literature reports in Table 1, indicating that this method has some
favorable advantages.
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Figure 7. (a) DPVs of MnO2−NW/CP in 0.1 M pH 6.5 PBS containing different concentrations of
TBBPA; (b) The corresponding calibration plots between the peak currents and the concentrations
of TBBPA.

Table 1. Comparison of the experimental results with other electrodes or methods.

Sensor Assembly Method LOD Linear Range Reference

CNTs@ZIF-67/PFDA/AB DPV 4.2 nM 10~150 nM [19]
AuNPs-PSSA/GCE DPV 25 pM 0.1~10 nM [42]
MI-TiO2/Au/rGO DPV, CV 0.51 nM 1.68~100 nM [43]
CTAB-MnO2/Pd I-t 0.17 ng/mL 0~81 ng/mL [44]

poly(PPBim-DS)/GCE DPV 20 nM 0.05~10 μM [39]
MnO2-NW/CP DPV 3.1 nM 70~500 nM This work

Five parallel MnO2-NW/CP electrodes were prepared for the detection of 500 nM
TBBPA, and the detection relative standard deviation was 3.8%. One of the above five elec-
trodes was further investigated five consecutive times, and the relative standard deviation
was 1.9%. The results showed good reproducibility and precision of MnO2-NW/CP.

3.5. Real Samples Analysis

To estimate the potential of a MnO2-NW for the detection of TBBPA in practical appli-
cations, the fabricated electrochemical sensor was employed to detect TBBPA in lake water
(Suzhou, China). Before detection, the water was filtered through a 0.45 μm membrane
to remove suspended solids. No response to TBBPA was found in these real samples,
indicating that the concentration of TBBPA was extremely low or that no TBBPA existed
in these real samples. Then standard solutions of TBBPA were spiked into real sample
solutions for recovery evaluation. The recoveries were in the range of 94.5% to 100.5%. The
results indicated that MnO2-NW/CP is reliable and could be applied to detect TBBPA in
the actual water sample.

4. Conclusions

In this study, a cost-effective, simple fabricated and sensitive electrochemical sensor
was prepared by modifying carbon paper with a MnO2 nanomaterial. The performance of
electrochemical sensors was proven to be closely related to the microscopic morphology of
MnO2. The fabricated MnO2-NW/CP displayed attractive performance for the detection
of TBBPA. The sensitivity and stability of MnO2-NW/CP were satisfied, and the selec-
tivity of MnO2-NW/CP can be further enhanced by combining other materials, such as
molecular imprinting technology. It is reasonable to believe that MnO2 nanowire-based
electrochemical sensors might be a promising method for the effective detection of TBPPA
in environment monitoring.
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Abstract: In recent years, the development of highly sensitive sensors has become a popular research
topic. Some functional nanomaterials occupy an important position in the sensing field by virtue of
their unique structures and catalytic properties, but there are still problems such as low sensitivity
and poor specificity. Single-atom nanomaterials (SANs) show significant advantages in amplifying
sensing signals and improving sensor interference resistance due to their high atomic utilization,
structural simplicity, and homogeneity. They are expected to achieve high sensitivity and high
specificity monitoring by modulating the active sites. In this review, the recent progress on SANs
for electrochemical sensing applications was summarized. We first briefly summarize the features
and advantages of single-atom catalysts. Then recent advances in the regulation of reaction sites in
noble and non-noble metal-based SANs, including the introduction of defects in the carrier, other
metal atoms, and ligand atoms, were highlighted. After that, the SANs for the construction of
electrochemical, electrochemiluminescent (ECL), and photoelectrochemical (PEC) sensors and their
applications in biochemical and environmental analysis were demonstrated. Finally, the future
research aspect of SANs-based electrochemical sensing and the challenges of the SANs design and
structure-properties revelation were illustrated, giving guidance on sensitive and accurate biosensing
toward clinic diagnostic and environmental analysis.

Keywords: single-atom nanomaterial; electrochemical; sensor

1. Introduction

Electrochemical analysis is a technique that involves the measurement of electrical
signals from chemical reactions occurring at the electrode interface [1]. Because of the
obvious advantages of high sensitivity, fast response time, simple operation, and minia-
turization, electrochemical sensors have become an important analytical tool in areas such
as environmental and biological samples [2]. In recent years, as researchers have been
studying the physicochemical properties of nanomaterials, it has been possible to achieve
precise modulation of their structure and size to a large extent, which has led to many
critical breakthroughs in the utilization of nanomaterials as sensing interfaces for signal am-
plification and interfacial biomolecule recognition [3]. However, the extensive application
of electrochemical sensors is still limited by their low sensitivity for the detection of trace
substances, and their specificity in complex biological systems is yet to be improved. Since
the chemical and physical features of nanomaterials are highly correlative to their intrinsic
properties such as surface areas, numbers of active sites, morphologies, etc., precise control
of their structures can not only improve catalytic activity and amplify signals but also facili-
tate specific identification of the analytes to be detected, thus promoting the performance
of electrochemical sensors in clinical diagnosis, environmental analysis, and so on [4,5].
In these years, SANs have received much attention since their introduction due to their
special geometry and electronic structure, and the precise metal sites of SANs cater to the
challenges encountered in the sensitivity and specificity of electrochemical sensors [6].
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SANs are distinguished by the isolated metal atoms dispersed on the support material
and the absence of metal–metal bonds. SANs not only maximize atomic utilization and have
unique electronic structures and atomic coordination environments, but more importantly,
the simplicity and homogeneity of their structures facilitate the accurate identification and
characterization of active sites, which can provide insight into the structure–activity rela-
tionship and make reasonable regulation of them possible [7,8]. These merits enable SANs
to be effective materials for the development of sensors with high analytical performance
and defined mechanisms. The presence of a large number of unsaturated, low-coordinated
metal atoms in SANs facilitates signal amplification and also improves the selectivity of
detection by adjusting the metal centers and their coordination environment, which is
conducive to achieving sensitive detection of trace substances. By adjusting the structure of
SANs, researchers have continuously optimized their sensitivity, selectivity, and stability in
sensing, making them great candidates for development in analytical chemistry [1,9,10].
According to the classification of support materials, they broadly include metal–carbon-
based materials [11–16], metal–metal oxides [17–19], metal–metal sulfides [20–22], and
metal–metal substrates [23,24] (i.e., single-atom alloys) synthesized mainly through three
strategies, including defect engineering strategy, spatial confinement strategy, and sacrificial
template-assisted strategy (Figure 1).

 

Figure 1. Schematic illustration of the main content of this review.

In this review, we systematically summarize recent advances in SANs for applica-
tions in catalytic performance optimization and electrochemical sensing. Firstly, the recent
achievements in the modulation of the active sites, including the noble and non-noble
metal-based SANs, are presented. The active centers of SANs are mostly the metallic atoms
in them, which are not only affected by the metal species but also the numbers of the
metal centers as well as their coordinative environment. In this way, the properties of the
SANs can be modulated by the central metal atoms and their coordination environment.
Then, the research progress of SANs in electrochemistry [25–27], electrochemilumines-
cence (ECL) [28,29], and photoelectrochemical (PEC) [30,31] sensing for environmental and
biochemical sample analysis was highlighted, which has demonstrated large potential
for in vivo and in vitro detection of biological samples as well as environmental sam-
ples. Finally, the challenges and opportunities for the application of SANs in the field of
electrochemical sensing are illustrated (Figure 1).

2. Active Centers Modulation of SANs

The active sites are the catalytically active parts of the SAN, including the metal center
and its coordination atoms, which directly affect the catalytic activity and selectivity of the
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SAN. The metal centers of the SANs are generally transition metals. Most conventional
electrocatalysts are based on noble metals, which have been widely used in catalysis due to
their unique intrinsic properties and irreplaceable catalytic activity, such as Pt [18], Pd [32],
Ru [33], Rh [34–36], Ir [37], Ag [35,38], Au [39], etc. In order to solve the problems of
high cost and low reserves, a series of non-noble metal elements with highly active and
economical alternatives have been developed in recent years, such as Fe [40,41], Co [42–44],
Cu [45,46], Mn [47], Mo [48], Zn [49], Ni [50,51], etc. The transition metals have empty d or
f orbitals and can form coordination bonds with substrate molecules, which facilitates the
binding of analytes to SANs [52]. These metals can be dispersed on the supports as single or
multiple atoms, and the specific recognition of the analyte can be achieved by modulation
of the metal centers. The metal atoms in SANs are isolated and confined within the support
materials and are given specific coordination environments. The differences in coordination
environments result in distinct electronic structures and densities and thereby can affect
the binding energy between substances and SANs as well as the adsorption energy of some
reaction intermediates and products, which are important factors in determining catalytic
activity and the specificity of sensing. Therefore, methods such as heteroatom doping and
axial ligand modulation are also effective ways to modulate the sensing performance of
SANs. The following section reviews the work on improving the catalytical activities of
noble metal-based and non-noble metal-based SANs by modulating the active centers.

2.1. Noble Metal-Based SANs

Noble metals have been widely studied in the fields of catalysis and sensing due to
their superior properties, but high costs and small reserves have severely limited their
large-scale applications. The most significant advantage of SANs is the maximization of
atomic utilization, which means less waste of active sites and the promise of achieving the
same activity with reduced metal loading. Therefore, combining noble metal materials with
single-atom strategies is undoubtedly the most effective way to reduce costs. By modifying
single Pt atoms on carbon nitride nanorods, SA–Pt/g–C3N4–K with peroxidase (POD)-
mimicking activity was obtained and used to construct H2O2 and antibiotic sensors [53].
After experimental investigation, the enzyme activity of SA–Pt/g–C3N4–K was found
to be the highest at pH = 4 and 48 ◦C. Moreover, compared with the natural enzyme
horseradish peroxidase (HRP), SA–Pt/g–C3N4–K can maintain catalytic stability over a
wider temperature range. The POD activities of SA–Pt/g–C3N4–K, g–C3N4–K, and HRP
were compared by colorimetric method using UV-vis absorption spectroscopy with 1 mM
tetramethylbenzidine (TMB) and 1 mM H2O2 at pH = 4. It was found that SA–Pt/g–C3N4–
K exhibited higher POD-like activity (Figure 2), which could be targeted to improve the
sensitivity of detecting H2O2. More than just H2O2 sensors, Pt-based SANs can also be
utilized for the detection of glucose. A Pt single-atom material on Cu@CuO core-shell
nanowires (NWs) has been fabricated by Zhao et al [54]. Cu NWs were first synthesized and
further oxidized to Cu@CuxO core-shell NWs by oxidation with H2O2, and then Pt atoms
were anchored to Cu@CuO NWs by an impregnation method and were modified on a glassy
carbon electrode (GCE) for glucose sensing. Pt1/Cu@ CuO NWs can catalyze the oxidation
of glucose and exhibit a lower onset potential and higher response current than Cu@CuO
and Cu NWs. The introduction of the oxidation layer and single Pt atom improved the
electron transfer ability and glucose adsorption ability of the nanomaterials, and this
Pt1/Cu@CuO NWs-based glucose sensor not only had high sensitivity but also good anti-
interference ability and long-term stability. Theoretical calculations show that the excellent
sensing performance of Pt1/Cu@CuO NWs stems from the synergistic effect between
single Pt atoms and Cu@CuO core-shell NWs, which results in the strong binding energy
of glucose on the NWs. Since the doping of other elements (e.g., O, P, S, B, and Cl) in SANs
with metal–N–C coordination structures (M–N–C) can modulate the electronic structure
of the central metal atom through the electronegativity difference of the heteroatoms, this
has become an effective strategy to improve the catalytic activity of SANs. A single-atom
nanozyme (SAE) with unique Pt1–N3PS active centers has been designed by Chen et al. [55],
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and in this work, the direct atomization of Pt nanoparticles (NPs) into single atoms by
reversing the thermal sintering process was first reported. This Pt SAN exhibited significant
POD-like catalytic activity and kinetics that far surpassed those of Pt NPs. High-angle
annular dark field-scanning transmission electron microscopy equipped with a spherical
aberration corrector (AC HAADF-STEM) image provided a bright contrast of metal atoms
against the low background, in which the atomically dispersed Pt sites could be clearly
observed. No Pt–Pt peaks were observed in Fourier-transformed extended Pt L-edge X-ray
absorption fine structure (EXAFS) spectra, which suggested that the Pt atoms exist as
isolated single-atoms. Pt L3-edge X-ray absorption near edge structure (XANES) curves
indicated that the adsorption threshold of Pt single-atom nanozyme (PtTS-SAzyme) was
located between those of PtO2 and Pt foil, showing that the Pt species carry a positive
charge. The EXAFS fitting analysis results revealed that a Pt atom is coordinated to N, S,
and P with coordination numbers 2.5, 1, and 1, respectively. The experimental XANES
spectrum of PtTS-SAzyme matched well with the calculated XANES spectra, further proving
the existence of the Pt1–N3SP site (Figure 3A–D). The excellent catalytic performance for
oxygen reduction reaction (ORR) of SANs has been investigated for the amplification of
electrochemiluminescence (ECL) sensing signals to improve the sensitivity of detection [56].
Therefore, improving the ORR catalytic performance of SANs through ligand environment
modulation also has an important role in the sensing field. Qin et al. [57] have reported
a Ru-based SAN more durable than the 3D transition metal-based SANs, in which the
second coordination shell of Ru centers was doped with S anions bonded to N. S anions
in the second coordination shell modulated the energy barrier in the ORR reaction by
adjusting the electronic structure of Ru centers, resulting in higher ORR catalytic activity
than commercial Pt/C. The Bader charge analysis of RuN4–S and RuN4 without S revealed
that the S coordination leads to a significant increase in the charge density of the Ru sites,
reducing their binding energy to OOH*, O*, and OH*, which results in a higher ORR
catalytic activity of Ru–SAN/SNC than Ru–SAN/NC (Figure 4A–D). RuN4–S (S bonded
to the N atom of the second shell layer) and RuN3S (S bonded directly to the Ru atom
of the first shell layer) were also compared, and the evaluation result showed that the
binding energy of RuN4–S is greater than that of Ru–N3S, thus the RuN4–S conformation
is more easily formed. The introduction of other metal atoms in the active site can also
optimize the sensing performance through synergistic effects. Catalysts with atomically
dispersed Ru3 sites were reported by Wu et al. to have higher electrocatalytic activity for
uric acid (UA) than Ru SAN [58]. This was due to the optimized electronic structure of the
multi-atom sites, which facilitates the adsorption of hydroxyl anion intermediates. Owing
to the excellent catalytic activity for the oxidation of small biomolecules of Ru3/NC, it
could be used to construct electrochemical sensors with high sensitivity for UA detection
in serum samples, which had broad practical application prospects.

 

Figure 2. UV–vis absorption spectra of SA–Pt/g–C3N4–K, g–C3N4–K, and HRP with 1 mM TMB and
1 mM H2O2 at pH = 4 [53]. Copyright 2021 with permission from Elsevier.
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Figure 3. Atomic structural analysis of PtTS-SAzyme. (A) Fourier-transformed magnitudes of the
experimental Pt L3-edge EXAFS signals of PtTS-SAzyme, Pt foil, and PtO2. (B) EXAFS fitting analysis
of PtTS-SAzyme in R space. Curves from top to bottom are the Pt–N, Pt–P, and Pt–S three-body
backscattering signals, the fitting curve total signal (pink line), and the experimental signal (gray
line). (C) Pt L3-edge XANES spectra of PtTS-SAzyme, Pt foil, and PtO2. (D) Comparison between the
experimental XANES spectra (pink line) and the theoretically simulated XANES spectra (blue line) of
PtTS-SAzyme (a, b and c indicate the comparison of the shapes of the two spectra.) [55]. Copyright ©
2021 American Chemical Society.

 

Figure 4. (A) Schematic atomic model of Ru–N bond length changes before and after S introduction.
Color scheme: blue for Ru, yellow for S, pink for N, and gray for C. (B) Relationship between Bader
charge and OH* binding energy of single-atom Ru in RuN4 and RuN4–S, respectively. Insert: the
corresponding schematic models of the samples. Color scheme: blue for Ru, yellow for S, pink for
N, and gray for C. Charge density difference between (C) S as the target and (D) Ru as the target in
the RuN4–S moiety. Color scheme: blue for Ru, red for S, pink for N, and gray for C. Yellow regions
indicate charge accumulation, while cyan regions indicate charge depletion [57]. Copyright © 2022
American Chemical Society.

2.2. Non-Noble Metal-Based SANs

The high cost and limited availability of noble metals pose a significant challenge to
sustainability. Non-noble metals are now widely used in various fields as cost-effective
and sustainable alternatives to other commonly used, expensive transition metals, and
their fabrication into single atoms can further amplify the advantages and improve their
performance in analysis. As the most widely studied SAN, Fe SANs have demonstrated
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excellent catalytic performance and application potential, especially their ORR catalytic
ability and enzyme-like activity. A nanozyme with single Fe atoms anchored on N-doped
carbon nanotubes (CNT/FeNC) was proposed by Cheng et al. [59], in which the individual
iron atoms were all surface atoms and had high structural similarity to the active center
in natural PODs, thus possessing the most adequate enzyme-like reaction active centers
and better POD-like activity. Its application as a signal element in the construction of a
series of paper-based biosensors has successfully achieved the sensitive detection of H2O2,
glucose, and ascorbic acid (AA), providing a novel and efficient signal element for the
construction of future biosensors. The synergy of two non-noble metal atoms has also
proven to be an effective way to improve detection sensitivity [60]. Using amphiphilic
poly(vinyl alcohol) (PVA) aerogel as a substrate material for stabilizing metal single-atoms,
Ma et al. [61] obtained a Zn/Mo dual single-atom nanomaterial supported on the macro-
scope aerogel (Zn/Mo DSAN-SMA) by soaking the aerogels with acetonitrile solutions
of supramolecular coordination complexes/polyoxometalates (SCCs/POMs) followed by
carbonization, which can be used as a novel nanozyme with ultra-long-term stability as a
POD mimetic (Figure 5A). The constructed sensors can be used for the detection of glucose,
AA, cholesterol, and H2O2 (Figure 5B). Theoretical calculations indicated that the Zn/Mo
site is the main active center, and the synergistic effect between Zn and Mo atoms led to the
superior activity of Zn/Mo DSAN-SMA. Achieving controlled synthesis and modulation
of diatomic sites is essential for optimizing the performance of dual-atom nanomaterials
(DANs). Due to the influence of geometry on the local electronic structure, the atomic sites
at the edges are very different from those on the base surface of the supported materials
in terms of electron density. The introduction of defects in the substrates is an effective
way to increase the number of active sites at the edges while also facilitating material
migration and the exposure of active sites. Kim et al. [62] designed a large number of
defects on N-doped mesoporous carbon NPs using OH· generated by the decomposition
of H2O2 under a hydrothermal process at 180 ◦C to etch the carbon-based support, and
these defect edges provided anchor sites for Fe atoms (Figure 6A). Such edge sites exhibited
significantly enhanced POD and oxidase (OXD)-like properties. Theoretical calculations
suggested that the increased activity is due to the higher electron density of the N atoms at
the edge sites, allowing for new reaction pathways at the edge sites (Figure 6B). Similar to
noble metal-based SANs, modulating the metal coordination environment of non-noble
metal-based SANs, such as the introduction of axial ligands or heteroatoms, can also affect
the electronic structure of the active sites, thereby improving the catalytic activity as well
as the specific recognition of the catalytic substrate [63,64], and the design of these SANs is
also expected to be applied in the field of electrochemical sensors. A boron-doped Fe–N–C
(FeBNC) nanozyme was developed by Jiao et al. [65] by mimicking the active sites of
natural POD, in which the B atoms in the second coordination shell induced the electronic
rearrangement of iron. The FeBNC nanozyme specifically enhanced the POD-like activity
compared to the FeNC nanozyme. Axial nitrogen ligands play a crucial role in stabilizing
the active structure and enhancing enzyme activity. By mimicking the structure of natural
enzymes, a five-coordinated Fe-based single-atom nanozyme has been synthesized, display-
ing 7.64-fold higher POD-like activity than Fe–N4 nanozyme [66] (Figure 7A). Theoretical
calculations suggested that this reason is that Fe–N5 molecules exhibit higher affinity for
H2O2 and better activation ability (Figure 7B,C).
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Figure 5. (A) Schematic illustration of the fabrication process of the confined Zn/Mo dual single-atom
nanozyme loaded on PVA-based aerogel. (B) Versatile applications in intracellular H2O2 detection,
glucose detection in serum, cholesterol determination, and AA in beverage detection [61]. Copyright
2022 with permission from Wiley.

Figure 6. (A) Schematic illustration of FeNC-edge synthesis. (B) Free energy diagram for the POD-like
reaction of FeNC and FeNC-edge. Color code: Fe, orange; nitrogen, blue; oxygen, red; H, white [62].
Copyright 2023 with permission from Wiley.
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Figure 7. (A) Schematic illustration of the synthesis process for FeN5 SAzyme. (B) Proposed cat-
alytic mechanism for peroxidase-like reaction on FeN5. (C) Corresponding free energy diagram for
peroxidase-like reactions on FeN5 and FeN4 [66]. Copyright 2022 with permission from Wiley.

3. Types of SANs-Based Electrochemical Sensing

Integrating the virtues of SANs with electrochemical analytical methods has become a
popular approach for constructing highly sensitive and selective analytical sensors, and the
following section specifically describes the application of SANs in the fields of electrochem-
ical sensing, electrochemiluminescent sensing, and photoelectrochemical sensing.

3.1. SANs-Based Electrochemical Sensing

Electrochemical analysis refers to a set of techniques used to study and analyze the
behavior of chemical substances and processes, involving the measurement and interpre-
tation of electrical properties such as current, potential, cuductivity, and so on, arising
from chemical reactions occurring at the electrode interface. The use of SANs in electro-
chemical sensors offers numerous advantages, including enhanced sensitivity, selectivity,
faster response times, stability, miniaturization, and energy efficiency because of the high
catalytic activity and specificity of SANs. These characteristics make single-atom materials
promising candidates for the development of advanced sensing devices with improved
performance and wider practical applications.

The main class of electrochemical sensors constructed by SANs are those based on
current analysis, that is, a certain voltage is applied and a corresponding current is gen-
erated by the redox reaction of the substance to be measured at the electrode through
electrochemical catalysis, thus allowing quantitative analysis (Table 1). The amperometric
method is currently a very popular method in electrochemical sensing. The four-electron
pathway of ORR plays a very important role in electrochemical oxygen sensing, but the
commonly used Pt/C catalysts for the analysis of oxygen in complex systems need to be
improved due to the current influence of the H2O2 reduction reaction. A SAN with Co–N4
as the active center was designed, which can effectively promote the four-electron ORR
in a potential- and loading density-dependent manner under neutral conditions [67]. A
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hydrophobic hexamine monomolecular layer was electrochemically applied to the carbon
fiber microelectrode (CFE) surface by CV scanning, and then the Co–N4/C catalyst was
adsorbed onto the modified CFE via hydrophobic interactions. The CFE was implanted as
a working electrode (WE) in the right cortex of the rat brain, and oxygen was effectively
detected by a typical amperometric response. The weak interaction between H2O2 and the
active sites led to its highly selective sensing of oxygen, thus realizing real-time specific
sensing of oxygen in vivo. Li et al. [68] prepared a Fe-based SAN using two-dimensional
nitrogen-doped graphene as a support. It possessed a larger specific surface area to ensure
high loading of active sites than 1D carbon substrates. And the distance between adjacent
active centers in the catalyst matched the -O–O- bridge adsorption mode, allowing the
H2O2 reduction reaction to occur in a 2-electron transfer path with higher catalytic activity
compared to the 1-electron path occurring in the 1D NW-loaded SAN. Fe–SAN/NW was
modified onto GCE and then Nafion solution was deposited onto the sensor surface to
obtain an electrochemical sensor for remarkably sensitive detection of H2O2, which can
also be used for in situ monitoring of H2O2 release from cells. H2O2 was catalyzed by the
Fe active centers on the electrode surface for reduction to produce water, and the current
was linearly related to the H2O2 concentration. The introduction of synergistic components
in SANs can optimize the electronic and geometric structure of metal atoms, which enables
efficient electrochemical sensing. Aiming to improve the POD activity of SAN, Fe single
atomic sites with carbon-encapsulated Fe3C crystals (Fe3C@C/Fe–N–C) were synergized
by Wei et al. [69] to enhance the adsorption of H2O2 molecules on Fe sites by transferring
electrons from Fe3C@C to single atomic Fe sites. It was used to construct a hydrogen perox-
ide electrochemical sensor with a high sensitivity of 1225 μA/mM·cm2 and a low detection
limit of 0.26 μM. In addition to the amperometric method, differential pulse voltammetry
(DPV) is one of the commonly used techniques, in which square pulses are applied to a
linear potential sweep. An ultrasensitive dopamine (DA) electrochemical sensor has been
constructed by doping Mn atoms on electrodeposited MOS2 nanosheets (Mn–MoS2) and
using Mn–MoS2 as WE [70]. DA was catalytically oxidized on the electrode surface, and
the current measured using the DPV method increased with increasing DA concentration.
In contrast to MoS2, Mn–MoS2 had higher selectivity and sensitivity for DA detection, with
limits of detection (LOD) of 50 pM, 5 nM, and 50 nM in buffer, 10% serum, and artificial
sweat, respectively. The Mn atoms took the place of Mo atoms in the MoS2 lattice (MnMo)
or adsorb on Mo atoms (MntopMo), and the former was more energetically favorable com-
pared to the latter. DA molecules were physisorbed on MnMo, unlike chemisorption on
MntopMo, where the former dominated at low DA concentrations and the latter dominated
at high concentrations. There are also studies in which the linear sweep voltammetry (LSV)
method was used for electrochemical quantification. Ding et al. [71] doped iron single
atoms onto polypyrrole-derived carbon NW to synthesize Fe–N–C-based single-atomic site
catalysts (Fe–SASC/NW), which featured Fe–Nx structures that can mimic the active sites
of heme enzymes. The electrochemical sensor constructed by modifying Fe–SASC/NW
onto the electrode can achieve highly sensitive detection of H2O2, and the LSV results
demonstrated that the Fe–SASC/NW modified electrode can produce a linear current
response to H2O2 with a linear concentration range from 5.0 × 10−10 M to 0.5 M and a LOD
of 46.35 × 10−9 M.

In some studies, potentiometric analysis is used, i.e., the potential difference between
the WE and the reference electrode in the open circuit is recorded and used as the output
signal for the quantitative analysis of chemical substances. Pan et al. [72] coupled SAN
with galvanic redox potentiometry (GRP) for the detection of H2S in living mouse brains.
(Figure 8) GRP is achieved by constructing a “ galvanic cell “ that spontaneously forms a re-
dox process with the substance to be measured and by recording the open-circuit potential
(OCP) without an applied polarization voltage. To avoid other coexisting neurochemicals
with similar redox potentials from affecting the H2S detection, they constructed an electro-
chemical sensor with high selectivity for H2S by hydrophobically adsorbing hollow carbon
spheres loaded with single Ni atoms onto the electrode to promote electrochemical H2S
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oxidation at very low potentials, thus driving spontaneous bipolarization of a single carbon
fiber. Almost no current flowed in the circuit during the measurement, so the process did
not electrically affect or interfere with the nervous system.

 

Figure 8. Schematic illustration of the NiN4–SACs–GRP microsensor for H2S sensing. The inner
pole of the carbon fiber was immersed in an artificial cerebrospinal fluid (aCSF) solution containing
10 mM K3Fe (CN)6 and K4Fe (CN)6 (yellow). The outer pole of the carbon fiber was modified with
NiN4-SACs to catalyze the electrochemical oxidation of H2S in bulk media (blue) [72]. Copyright ©
2022 American Chemical Society.

Table 1. Summary of reported SANs-based electrochemical biosensors and applications.

SANs Analyte
Sensitivity

(μA mM−1)
Linear

Range (μM)
LOD (μM) Reference

Fe–SASC/NW H2O2 - 5 × 10−4~5 × 105 0.04635 [71]

Fe3C@C/Fe–N–C H2O2 1225 cm−2 1~6000 0.26 [69]

Cu1/C3N4 H2O2 0.155 - - [73]

Fe–SASC/G 1 H2O2
3214.28 cm−2

1785.71 cm−2
10~920

920~7020 0.2 [68]

Fe Sas–N/C H2O2

86.99
32.66
19.91

1~54
54~764

764~9664
0.34 [74]

Ni–SAC H2O2 - 2 × 10−5~2.22 × 104 6.87 × 10−6 [75]

Se SA/NC H2O2 403.9 cm−2 40~1.11× 104 18 [76]

Fe1Se1/NC H2O2 1508.6 cm−2 20~1.3 × 104 11.5 [77]

Co–N–C-800 H2O2
DA

943.9 cm−2

979.6 cm−2
0.3~1.0 × 106

0.06~1200
0.13
0.04 [78]

Ni–MoS2 DA - 1 × 10−6~1000 1 × 10−6 [79]

Ru–Ala 2–C3N4
DA
UA

0.083
0.033

0.06~490
0.5~2135

0.02
0.17 [80]

Ru3/NC DA
UA

58
24

0.01~200
0.05~1000

0.033
0.01 [58]

Fe–N5–SAC DA
UA

2150
2740

0.005~500
0.01~480

7
27 [25]

Pt1/Cu@CuO NWs glucose 852.163 cm−2 0.01~5.18 3.6 [54]

NCA 3–Co glucose 7.8
1

0.5~1000
1000~6000 0.1 [27]

Pt1/Ni6Co1LDHs 4/NG 5 glucose 273.78 cm−2 100~2180 10 [81]

Pt1/Ni(OH)2/NG glucose 220.75 cm−2 10~2180 - [82]

Ti–MOF 6–Pt thrombin - 4 × 10−6~0.2 1.3 × 10−6 [83]

SANb–BCN 7 NB 480.37
156.64

2~100
100~600 0.7 [84]

1 G—graphene; 2 Ala—alanine; 3 NCA—N-doped carbon aerogel; 4 LDHs—layered double hydroxides;
5 NG—nitrogen-doped graphene; 6 MOF—metal-organic framework; 7 SANb-BCN—single-atom niobium-doped
boron–carbon–nitrogen nanotubes.
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3.2. SANs-Based Electrochemiluminescence Sensing

ECL consists of an electrochemical initiation step and an optical readout step and
is a luminescence process resulting from the relaxation of electronically excited products
to the ground state following an electrochemical reaction. It has been widely used in
biomedical fields because it does not require an excitation light source, giving it a lower
background compared to other optical methods, and is potential and spatially controlled.
Combining the high activity and large surface area of SANs, SANs offer the advantages of
enhanced ECL signal intensity, tunable emission properties, high stability, fast response
time, selectivity and specificity, integration with nanostructures, and miniaturization. In ad-
dition, the performances of SANs can be enhanced by their controlled atomic structure and
strong bonding interactions; as a result, the sensitivity and selectivity of SANs-based ECL
sensors can be improved for a wide range of applications, such as biomedical diagnostics,
environmental monitoring, and chemical analysis.

The sensitivity of ECL sensing is significantly related to the efficiency of photon
generation; therefore, SANs can act as co-reaction accelerators by virtue of their high
catalytic activities to effectively promote the generation of excited luminescent substances at
the surface of the electrode. Luminol, a classical luminescent, has a low oxidation potential,
which reduces interference from other reactions. There have been many studies using SANs
to catalyze the generation of reactive oxygen species (ROS) from the co-reactant to achieve
signal amplification. Gu et al. [56] modified the electrode with Fe-based SAN containing Fe-
N4 active sites, which showed better enhancement of ECL efficiency than nitrogen-doped
carbon and Fe3O4 NPs. (Figure 9A,B) To verify the ECL signal enhancement mechanism,
they added isopropanol (IPA) or benzoquinone (BQ) as ·OH and O2

·− radical scavengers,
respectively, to the Fe–N–C–luminol system, and the significantly decreased luminescence
signal proved that the SAN promoted the ECL reaction through the radical pathway. FeN4
active sites catalyzed the generation of ROS from dissolved oxygen at the electrode surface,
amplifying the ECL signal of luminol. Exploiting the fact that antioxidants can eliminate free
radicals to inhibit ECL, a Trolox sensor was constructed with a linear range of detection from
0.8 μM to 1.0 mM (Figure 9C). To further investigate the ECL mechanism, they later also
designed two carbon-supported nickel SANs with Ni–N4 and Ni–N2O2 for catalytic ORR,
demonstrating four- and two-electron pathways, respectively [85]. The results showed
that the Ni–N4 active site had a better enhancement of the ECL signal and that O2

·− was
the main active intermediate species for the ECL reaction. The Ni–N4/C–luminol ECL
system was used to detect AA in the linear range of 70 μM to 350 nM. The plasma exciton
effect, a collective oscillation of dense electrons, is capable of converting light energy into
electronic excitation, and combining it with ECL is considered to be an efficient way to
improve detection sensitivity. Au@SiO2 and Fe–SAN were coupled by Bushira et al. [86] to
enhance the ECL of the luminol-dissolved oxygen system by plasmon effect and construct
sensitive and stable ECL sensors for the detection of DA, heme, and mercury (Hg2+). The
relationship between the cathodic ECL behavior of the luminol-oxygen system and the
ORR electrocatalytic activity of SANs was examined by Xia et al. [87], and the results
showed that the ECL intensity was positively correlated with the ORR catalytic activity.
Two Fe-based SANs with different active sites, Fe–SAN and Fe–SAN(O), were designed,
and enhanced luminescence signals were detected at the cathode without direct luminol
electrochemical oxidation. Fe–SAN and Fe–SAN(O) generated electrocatalytic ORR via
four-electron and two-electron pathways, respectively, and the difference in the electronic
structure of the metal centers caused significant differences in the ECL signals. Among
them, Fe-SAN with a 4e−-pathway tended to generate more kinds of ROS with stronger
ECL intensity. This work achieved the tuning of the cathode ECL performance, and the
ECL sensor constructed based on Fe–SAN had a detection limit of 0.10 nM for AA. Recently,
some researchers have also employed SANs in the ECL system of Ru(bpy)3

2+/S2O8
2−.

Fe–SAN effectively activated S2O8
2− to SO4

·− and significantly enhanced the cathodic ECL
emission of Ru(bpy)3

2+ [88].
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Figure 9. (A) ECL intensity of bare GCE and modified GCE with N–C, Fe3O4 NPs, and Fe–N–C
SACs. (B) The mechanism of luminol–O2 ECL systems with Fe–N–C SACs as coreactant accelerators.
(C) The linear relationship between the Trolox concentration and ECL peak intensity [56]. Copyright
2019 with permission from Wiley.

SAN is not only able to act as a co-reaction accelerator to promote the generation of
ROS but also as an ECL probe in some systems. Ma et al. [89] modified Ni SANs with
polyethylene glycol (PEG) to enhance their hydrophilicity and promote catalyst dispersion
in water, and the functionalized Ni SANs could be used as ECL probes to label biomolecules.
They labeled phage recombinant cell-binding domains with PEGylated Ni SANs (Ni@PEG)
for recognizing methicillin-resistant Staphylococcus aureus (MRSA) and modified porcine
IgG as a capture molecule on GCE deposited with gold nanoparticle membranes to construct
a sensor for MRSA with a detection limit of 25 CFU/mL. In addition to oxygen, SANs also
have similar applications in the ECL system of Luminol/H2O2. By combining Cu–SAN
and CdS quantum dots as a cathodic luminophore, Eu MOF-loaded isoluminol–Au NPs
as an anodic luminophore, and modifying human epithelial protein 4 (HE4) Ab2 and
carbohydrate antigen 125 (CA125) Ab2 on the two luminophores, respectively, a sandwich
immunosensor was constructed for the simultaneous detection of two different markers [90].
CuSAN was used as a co-reaction accelerator to catalyze the generation of large amounts
of ·OH and O2

·− from H2O2 to promote luminescence.

3.3. SANs-Based Photoelectrochemical Sensing

PEC is composed of two processes: photoelectric conversion and electrochemical
processing. Firstly, the PEC active material is excited by absorbing photons under light irra-
diation, and the photogenerated carriers generate photovoltage or photocurrent through
charge transfer and transmission, thus realizing photoelectric conversion. Then the pho-
togenerated carriers are transferred to the loaded electrode or solid–liquid interface, and
charge exchange occurs at the interface, completing the redox reaction and transforming
the chemical information into electrical signals [3]. The development of PEC materials
with high photoactivity by using the huge surface active sites of SANs to trigger unique
surface reactions is crucial to improving the analytical performance of PEC sensors [91].
Single metal atoms can effectively modulate the energy band and electronic structure of
semiconductor frameworks, thus improving their corresponding light trapping and charge
transport behaviors. At the same time, single atoms can significantly accelerate interfacial
redox reactions due to their high catalytic activity and thus reduce the aggregation of
charge carriers.

A Pt-based SAN has been synthesized by anchoring Pt atoms on the surface of hollow
CdS (HCdS–Pt1) [92], which was used as a PEC sensing platform. The introduction of Pt1
increased the carrier density, leading to higher PEC activity in HCdS–Pt1 compared to HCdS
and HCdS–PtNPs. A biomolecular sensor was constructed by encapsulating HRP and
glucose oxidase (GOx) in DNA flowers (HRP and GOx-DFs) as recognition elements and
exploiting the phenomenon that target exosome-enriched HRP and GOx-DFs irreversibly
bio-etch HCdS–Pt1 in the presence of glucose, thereby causing changes in the photocurrent
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intensity. Since Pt is an ideal PEC photoactive material and its strong ability to provide
electrons through chemical Pt–S interactions with CdS provides high photocurrent signal
output, Qin et al. [93] prepared Pt single atoms dispersed on CdS nanorods (Pt SAs–CdS)
that exhibited favorable ability for the separation of electron-hole pairs and constructed
a prostate-specific antigen (PSA) sensing platform. The secondary antibodies (Ab2) were
labeled with CuO, and under acidic conditions, CuO NPs can dissociate into Cu2+ ions,
which changed the PEC properties of Pt SAs–CdS photoelectrodes by reacting with them.
Therefore, the addition of PSA led to a decrease in photocurrents, and the enzyme-free
PEC immunosensor constructed using this principle was used to detect PSA in the linear
range of 5 pg/mL to 10 ng/mL with a detection limit of 0.92 pg/mL. To improve the
photoactivity and stability of pure CdS loaded with single atoms, CdS has been replaced
with Zn0.5Cd0.5S, which can improve the photogenerated holes/electrons mobility, thus
reducing the bulk hole-electron complex and the oxidation of divalent sulfide ions by
photogenerated holes [94]. The constructed PEC sensor had a detection limit of 0.22 pg/mL
for PSA. Except for Pt, the very commonly used Fe-based SAN can also improve PEC
sensing performance by promoting interfacial reactions in a typical p-type semiconductor
of Cu2O. Fe SANs have also been integrated with Cu2O/Ti3C2Tx by Qin et al. [31] to
construct a highly sensitive PEC biosensor by enhancing the ORR catalytic activity at
the interface and thus the PEC signal (Figure 10). Fe SANs were also found to exhibit
superior POD activity and could catalyze the oxidation of 4-chloro-1-naphthol (4-CN) on
the photoelectrode surface to form insoluble precipitates and thus weaken the PEC signal.
Since acetylcholinesterase (AChE) was able to catalyze the hydrolysis of acetylcholine (ACh)
to form acetic acid, which led to a change in the pH value of the solution, thus affecting
the POD activity of Fe SANs/Ti3C2Tx/Cu2O, the PEC sensor constructed based on this
principle provided highly sensitive detection of AChE activity and organophosphorus
pesticides (OPs, AChE inhibitors). TiO2, as a semiconductor with chemical stability and
strong light absorption ability, when combined with gC3N4 to form a heterojunction, can
achieve effective separation of carriers. Bott-Neto et al. [30] modified TiO2 and graphitic
carbon nitride anchored with nickel single atoms (Ni–gC3N4) to form heterojunctions on
screen-printed carbon electrodes (SPCEs) and functionalized TiO2 with electrodeposited
aryl diazonium salts to anchor antibodies and facilitate the separation of charge carriers. A
miniaturized 3D-printed PEC device that can detect PSA under visible LED light irradiation
with good stability and a detection limit of 0.06 fg/mL was constructed using the synergy
of these three materials.

 

Figure 10. Operation of the Fe SACs/Cu2O/Ti3C2Tx-based PEC analytical platform. Schematic
illustration depicting the principle of the PEC analytical platform with the expected change in pho-
tocurrent profile due to the bifunctional Fe SACs [31]. Copyright © 2022 American Chemical Society.
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4. Applications of SANs in Analytical Chemistry

SANs-based sensors have been used in a wide range of analytical applications. Some
trace biological and environmental samples require high sensitivity for detection, and
SANs have shown great applicational values in electrochemical sensing of biomolecules
and environmental contaminants in vivo and in vitro with their powerful structural and
performance advantages. The following section focuses on their application in environmen-
tal and biochemical analysis.

4.1. Applications of SANs in Biochemical Analysis

The detection of some signaling molecules in living organisms is of crucial impor-
tance for the prevention and diagnosis of diseases. The development of SANs has led
to non-negligible progress in this research area of constructing highly sensitive biosens-
ing platforms [27,71,78]. The analysis of endogenous substances generated by cells is a
typical class of application. For example, NO, as an endogenous cellular substance associ-
ated with a variety of physiological and pathological conditions, requires high sensitivity
and transient recording capability on the sensor. A Ni-based SAN has been designed
by anchoring Ni atoms on nitrogen-doped hollow carbon spheres (Ni SANs/N–C) by
Zhou et al. [95], which can effectively catalyze the electrochemical oxidation of NO, and
constructed a stretchable electrochemical sensor by confining Ni SANs/N–C on a flexible
dimethylsiloxane (PDMS) substrate (Figure 11A,B). This sensor had good biocompatibility,
realized real-time detection of NO release from endothelial cells during drug and traction
stimulation, and also provided a new idea for the design of sensing platforms for chemical
signals in the environment of living cells. H2O2, an important representative of ROS, is
generated by intracellular oxygen metabolism and plays a crucial role in stimulating cell
proliferation, differentiation, and migration. The construction of sensors that can provide
accurate, real-time detection of H2O2 produced by living cells has been an important topic.
Liang et al. [74] constructed an electrochemical sensor for H2O2 detection with a detection
limit of 0.34 μM by modifying Fe SAs–N/C prepared by high-temperature calcination
carbonization of hemin@zeolitic imidazolate framework-8 (hemin@ZIF-8) on GCE and
exploiting the POD activity of Fe–Nx active sites.

Figure 11. (A) Schematic illustration of the synthesis of Ni SACs/N–C. (B) Schematic illustration of
the fabrication of Ni SACs/N–C-based stretchable sensors for NO sensing and HUVEC culturing [95].
Copyright © 2020, Nature, open access.
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Achieving in vivo monitoring of neurochemicals and then studying brain function is
crucial and challenging. An enzyme-based electrochemical sensor for glucose has been
designed using the property that Co-based SAN can catalyze the oxidation of H2O2 at
low potentials [96], which in turn enabled online monitoring of glucose in rat brain mi-
crodialysate. This sensor inherited the superiority of electrochemical analysis and SANs,
with a good response to glucose and no interference from other electroactive substances.
This work provided a new idea for in vivo analysis that can also be applied to the analysis
of other chemicals. An effective method for the detection of H2O2 is to use a hydrogen
peroxide reduction reaction (HPRR), but the detection process is often disturbed by ORR.
To improve the selectivity of H2O2 detection. Gao et al. [73] dispersed single Cu atoms on
mesoporous graphitic carbon nitride through the impregnation method, and the obtained
Cu1/C3N4 was proved to have better HPRR electrocatalytic performance than ORR in
neutral media by theoretical calculation. Based on this, a microsensor with high selectivity
for hydrogen peroxide was designed and implanted into the rat brain to achieve selective
monitoring of H2O2 fluctuations in vivo.

In addition, electrochemical sensors based on SANs have also been used for some other
biological small-molecule detection or immunoassays. To address the problem that the
detection of UA in serum is difficult to achieve an ultra-wide linear range and an ultra-low
detection limit, and the detection mechanism is unclear, an electrochemical UA sensor has
been developed by Hu et al. [97], relying on a Co single-atom nanozyme (A–Co–NG) for
the first time. These Co atoms in the prepared A–Co–NG nanozyme were coordinated to
3.4 N atoms on average in the form of Co2+. The detection range of this A–Co–NG sensor
was 0.4 to 41,950 μM, and the detection limit was 33.3 ± 0.024 nm, which was significantly
better than the previously reported sensors based on various nanomaterials. This work
provided excellent material for realizing a UA sensor with a wide detection range and
low detection limit, which met the need for practical diagnosis and provided new ideas to
guide the exploration of other biosensing processes. An electrochemical sensor that can
detect DA and UA simultaneously was designed by Xie et al. [80] through dispersing Ru
atoms on a C3N4 substrate, with linear ranges of 0.06 to 490 μM and 0.5 to 2135 μM for DA
and UA, respectively, and detection limits of 20 and 170 nM, respectively. Furthermore,
an immunosensor for the detection of PSA was also constructed by inducing PEC signal
inhibition by CuO NPs-labeled sandwich immunocomplexes.

4.2. Applications of SANs in Environmental Analysis

SANs have also been applied to the detection of some heavy metal ions in environ-
mental samples. For instance, an ultrasensitive electrochemical sensor for the heavy metal
ion Pb2+ has been designed by Zhou et al. [98] through doping Mn atoms into MoS2
nanosheets, in which Mn atoms took the place of some Mo atoms. The introduction of
Mn atoms caused lattice destabilization and sulfur vacancies (VS) on the one hand and
phase changes on the other, adding another 1T-phase to Mn–MoS2 compared with pure
MoS2 containing only 2H-phase. Defect- and phase-engineering enabled Mn–MoS2 not
only to have excellent electronic properties but also to form Pb–S bonds with lead ions,
which significantly promoted in situ catalytic redox reactions. Yao et al. [99] synthesized a
homogeneous dodecahedral N-doped carbon modified by a Fe–N–C SAE and modified
it onto the gate electrode of the solution-gated graphene transistor (SGGT) to construct
an electrochemical sensor for real-time monitoring of Hg2+ in environmental samples.
(Figure 12) Combining the excellent electrocatalytic performance of Fe–N–C SAE with the
high signal amplification efficiency of SGGT, this sensor has good sensitivity and selectivity
for Hg2+ with a detection limit as low as 1 nM. Li et al. [100] realized that Co-based SANs
have great superiority in the field of detection of trace-level As(III). The Co atoms anchored
on the N-doped carbon substrate were active sites for catalyzing the reduction reaction
of H3AsO3 with the formation of Co–O hybridization bonds, which resulted in a Co SAN
that was more favorable than Co NPs in terms of both kinetics and thermodynamics. The
As (III) electrochemical sensor constructed based on Co SAN had a good selectivity and a
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sensitivity of 11.44 μA ppb−1. Some other environmental pollutants, such as nitrobenzene
(NB) and hydroquinone (HQ), also have problems in terms of sensitivity and selectivity
for detection, and the development of SAN provides a new idea for them. Four different
scales of Mo-based nanostructures were prepared by Cong et al. [101], including Mo2C NPs,
Mo2C nanodots, Mo nanoclusters, and Mo single atoms, on N, P, and O co-doped carbon
substrates to compare their performance for electrochemical detection of HQ. The results
showed that Mo single atoms exhibited the most sensitive results with a wide linear range
(0.02 to 200 μM), a low detection limit (0.005 μM), and good anti-interference ability. Nb
SAN has been prepared by Li et al. [84] using boron–carbon–nitrogen nanotubes as supports
and modified onto GCE for the construction of electrochemical sensors for NB. Compared
with bare GCE, SANb–BCN/ GCE for catalytic reduction reactions exhibited higher current
intensity and could achieve detection limits as low as 0.70 mM, which was able to be used
for the detection of NB in water samples. They also tested the anti-interference ability of
the sensor using various inorganic and organic substances and found little effect on the
detection signal, indicating a high specificity of the sensor for NB. Luo et al. [102] applied
the ORR activity of the Ir SAN catalyst to electrochemical detection. They achieved the
monitoring of AChE activity by exploiting the inhibitory effect of thiocholine (TCh) on the
ORR activity of Ir–Nx sites, and the AChE–Ir SAN-based biosensor can be used to detect
OPs in environmental samples. The linear range of OPs detection was 0.5 to 500 ng mL−1,
with a low detection limit of 0.17 ng mL−1.

 

Figure 12. Schematic diagram of a solution-gated graphene transistor (SGGT) based on the Fe–N–C
SAE and Cs/Au-modified gate electrode for the detection of Hg2+. D, S, and G represent the drain,
source, and gate electrodes, respectively [99]. Copyright © 2020 American Chemical Society.

5. Summary and Outlook

In this review, we first introduced the structural characteristics of SANs and the
advantages that exist compared to conventional nanomaterials. Then, we highlight the
progress made by researchers in recent years in tuning and optimizing the composition
and structure of the active sites of SANs to improve catalytic performance, classified
according to noble and non-noble metals, where the main approaches include the synergy
of two or three metal atoms and the tuning of the coordination environment of metal
atoms. Recent advances in the application of SANs in electrochemical sensing were also
presented, including three types of sensing: electrochemical sensors, ECL sensors, and
PEC sensors. Finally, the practical applications of SANs were presented according to
the classification of biochemical and environmental analysis, which are promising for
application in the sensitive detection of signaling molecules in living organisms and in vitro,
as well as environmental pollutants. However, there are still some problems with SANs for
applications in electrochemical sensors.

Firstly, SANs still face important challenges in their synthesis. Traditional synthesis
methods still have difficulty achieving the desired metal loading, which hinders their
large-scale application in practical production and is unfavorable to their application in
the construction of highly sensitive sensors. There is a need to continue to develop new
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synthesis methods that should ensure high metal loading while avoiding the aggregation
of metal atoms into clusters or NPs. The dispersion of the metal is also very importantly
related to the interaction between the metal and the support, so further search for suitable
supports and optimization of their surface properties to make them more suitable for
anchoring single metal atoms are needed. In addition to this, the active sites of some SANs
may be encapsulated in the supports, which greatly reduces the utilization of the atoms.
Ultrathin, ultrasmall supports such as carbon dots and monolayer 2D nanomaterials appear
to increase the exposure of metal atoms significantly over bulk materials.

Secondly, the performance of SANs for biosensing still needs to be further optimized.
The catalytic activity and specificity of SANs are far less than those of biological enzymes,
so the synthesis of SANs with better performance needs to be realized through the pre-
cise analysis of the electronic structure and coordination environment of metal atoms to
understand the structure-function relationship. Moreover, SANs still have a series of prob-
lems in terms of biocompatibility, targeting, and stability that need to be considered for
bioanalytical applications, especially in vivo analysis.

Third, the application of SANs in wearable sensors is yet to be developed. Wearable
sensors are powerful tools to monitor human health, but one of the major problems they
are currently facing is the fast energy consumption due to miniaturized batteries, which
prevents continuous monitoring for a long period of time. The development of wearable
self-powered sensors is the most effective way to address this problem, and the key to it is
to design a continuous and efficient power supply. Due to the excellent performance of
SANs in catalysis, some researchers have already used SANs to construct self-powered
sensors, such as using a SAN as the ORR catalyst for zinc-air batteries, which provided
long-term stability and high power density and can be utilized for sensitive detection of
glucose when integrated with glucose oxidase [103]. Recent work has also combined a SAN
with enzymatic activity with photoactive materials to construct highly active PEC fuel cells
that can be used for long-term and sensitive electrochemical sensing [104]. Because fuel
cells and metal-air batteries are efficient sources of power supply in self-powered systems,
coupled with the fact that SANs have shown great potential in catalyzing ORR, one of
the two half-reactions essential to these two novel energy storage and conversion systems,
SANs will surely play an indispensable role for self-powered sensors in the future.

In the future, with a further understanding of the conformational relationships and
catalytic mechanisms of SANs, we believe that SANs will have great potential in the field
of sensing.
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Abstract: Electrochemical aptasensors have gained significant attention due to their exceptional sensitiv-
ity, selectivity, stability, and rapid response, combining the advantages of electrochemical techniques with
the specific recognition ability of aptamers. This review aims to provide a comprehensive summary of the
recent advances in electrochemical aptasensors. Firstly, the construction method and the advantages of
electrochemical aptasensors are introduced. Subsequently, the review highlights the application progress
of electrochemical aptasensors in detecting various chemical and biological molecules, including metal
ions, small biological molecules, drugs, proteins, exosomes, tumor cells, bacteria, and viruses. Lastly, the
prospects and challenges associated with electrochemical aptasensors are discussed.

Keywords: electrochemical aptasensor; aptamer; biochemical analysis; disease diagnosis

1. Introduction

Electrochemical biosensors have been widely applied in many fields including envi-
ronmental monitoring, food safety, disease diagnosis, agricultural engineering, and even
public safety owing to their excellent advantages of high sensitivity, fast analysis speed,
simple operation, high reproducibility, long-term stability, ease of miniaturization, and
on-site/in situ analysis [1–3]. Nowadays, antibody-based bio-molecular recognition events
are the general way to construct electrochemical biosensors for the recognition and detec-
tion of target molecules. For example, different electrochemical immunosensors have been
developed for the analysis of SARS-CoV-2 [4], cardiac troponin I [5], carcinoembryonic
antigen [6], etc. Though great advances in electrochemical immunosensors have been
achieved, they still have some limitations in the application of environmental monitoring,
small biological molecules, and drug metabolism analysis due to the specific recognition
scope of antibodies. Therefore, it is necessary to develop other electrochemical biosensors
to enable sensitive and selective detection of target molecules.

In general, an aptamer is a single-stranded DNA or RNA sequence, which is selected by
systematic evolution of ligands by exponential enrichment (SELEX) in vitro, which utilizes
protein-, cell-, and live animal-based selection processes [7]. Like antibodies, aptamers have
high specificity and affinity for a wide range of target substances, including metal ions, bio-
logical small molecules, proteins, exosomes, cells, and microbial pathogens [8–10]. Therefore,
it is considered as a promising alternative bio-molecular recognition element. More impor-
tantly, the unique nature of aptamers including easy synthesis, multiplexed functionalization,
and higher stability than antibodies make them widely applicable in the field of analytical
chemistry. Coupled with the electrochemical technique, the aptamer-based electrochemical
biosensor (also called electrochemical aptasensor) has gradually become a research hotspot due
to its excellent performance and wide application fields [11–14]. With the fast development
of nanotechnology, the introduction of nanomaterials greatly improves the analytical perfor-
mance of electrochemical aptasensors [15–17]. For example, Ahmadi and co-workers have
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constructed an electrochemical aptasensor based on gold nanoparticles (AuNPs)/nitrogen-
doped carbon nano-onions (NCNOs) for the detection of Staphylococcus aureus (S. aureus) [18].
The synergetic effect of AuNPs and NCNOs effectively enhanced the active surface area and
the conductivity of the electrode, leading to an outstanding performance of the designed
aptasensor with a wide linear range (10–108 CFU/mL) and a low detection limit (3 CFU/mL).
This biosensor also showed excellent repeatability, reproducibility, and long-term stability,
allowing it to detect low levels of S. aureus in human serum samples. Additionally, to improve
the sensitivity and feasibility of the photoelectrochemical (PEC) aptasensor, Ju et al. decorated
MgIn2S4 nanoplates on a TiO2 nanowire array (TiONA) to form MgIn2S4-TiONA hetero-
junctions for the construction of a visible light PEC aptasensing platform [19]. The designed
PEC aptasensor showed excellent performance for adenosine triphosphate (ATP) detection
due to the large surface area and strong absorption efficiency of the MgIn2S4-TiONA hetero-
junction. The outstanding detection performance has greatly promoted the development of
nanomaterial-based electrochemical aptasensors in the analytical fields.

In recent years, great advances in electrochemical aptasensors have been achieved. In
this review, we are aiming to give a comprehensive overview of the recent progresses in
electrochemical aptasensors with some typical examples: (1) to summarize the immobi-
lization methods of the aptamer as the key recognition unit; (2) to cover a variety of target
substances for detection applications in different fields; (3) to put insightful comments on
various detection strategies with high sensitivity, specificity, and selectivity and give the
exploration experiences and underlying experimental regularity. Finally, the opportunities
and challenges of electrochemical aptasensors in the future are also discussed, which will
be beneficial to clinical applications or commercial transformations of scientific research.

2. Immobilizations of Aptamers on the Surface of Electrode

How to efficiently immobilize aptamers on the electrode surface is a key step in the
construction of electrochemical aptasensors, which greatly affects the sensing performance
and application fields [20,21]. In general, electrochemical indicator- (such as methylene
blue, ferrocene), thiol-, biotin-, and carboxyl-labeled aptamers have been synthesized by
companies, which are designed for sensing purposes. Nowadays, three methods including
adsorption, biological recognition, and covalent bonds have been widely used to construct
electrochemical aptasensors (Scheme 1). The advantages and disadvantages of these
immobilization methods are listed in Table 1 [22–24].

Scheme 1. A general scheme of the modification and immobilization of aptamers on sensing interfaces.
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Table 1. Immobilization methods for the construction of electrochemical aptasensors.

Immobilization Methods Technique Principles Advantages Disadvantages References

adsorption method
electrostatic interaction,

physical adsorption,
π–π interaction

no chemical modification,
simple, fast

easy detachment, low
density, poor
orientation

[25–27]

biological recognition biotin–avidin reaction
mild conditions, high

immobilization efficiency,
orderly assembly

decrease in
electrochemical signal [28–30]

covalent bond metal-S bond, amide
bond, Schiff-base

good stability, high
recognition activity, easy

regeneration,
adjustable process

complex chemical
modification,
introduced

interferences

[31–33]

2.1. Adsorption Method

As a nucleic acid sequence, aptamers usually have negative charges due to their
phosphate backbone. Therefore, aptamers easily adsorb on the surface of nanomateri-
als with positive charges via electrostatic reaction [10,34], such as metal–organic frame-
works (MOFs) [35], mesoporous silica nanoparticles (MSNs) [36], and magnetic nanopar-
ticles (MNPs) [37]. Moreover, aptamers also easily adsorb on the modified electrode
surface or nanomaterials’ surface through physical adsorption or π–π interaction, such
as graphene [38], carbon nanotubes [39], single-layered MoS2 [40], noble metal nanoparti-
cles [41], etc. This immobilization method is simple, fast, and without chemical modification.
However, this method has obvious shortcomings including easy detachments (sensitivity
to pH, ionic strength, temperature, etc.), low density, and poor orientation on the sensing
interfaces [26,27].

2.2. Biological Recognition

The biological recognition system has been recently employed to immobilize aptamers
on the electrode surface and nanomaterials’ surface through affinity labeling strategies, such
as the biotin–streptavidin recognition reaction [42]. Generally, one streptavidin molecule
has four identical subunits, which can specifically bind up to four biotin molecules. The
binding constant (Ka) of biotin–streptavidin is about 1015 mol−1, suggesting that this
biological recognition is specific and efficient [43]. However, the poor conductivity of
biotin and streptavidin molecules often leads to a decrease in the signal of electrochemical
aptasensors, resulting in low detection sensitivity [28–30].

2.3. Covalent Bond

The covalent bond is a popular method for the construction of electrochemical ap-
tasensors. To achieve this purpose, it usually requires the synthesized aptamer with specific
functional groups such as thiol, amino, carboxylic acid, or phosphate groups [44,45]. Corre-
spondingly, noble metal nanoparticles or various active groups including hydroxyl and
carboxyl are introduced to the electrode surface. Through a chemical reaction, an aptamer
can be efficiently and controllably immobilized on the electrode surface. This method for
the construction of electrochemicals exhibits several advantages of good stability, high
binding efficiency, easy regeneration, and a controllable process [31–33]. Meanwhile, this
method required chemical modification, complicated steps, and introduced other interfer-
ence factors [46,47].

Besides immobilization methods, experimental conditions are important factors to
greatly affect the detection performance of electrochemical aptasensors, such as pH value,
aptamer concentration, binding time between aptamer and target molecules, elution time,
and temperature [48–50]. It should be noted that the experimental conditions are generally
optimized according to the designed detection strategies and the properties of introduced
nanomaterials and target molecules. Taking the pH value effect as an example, Liu et al.
found that the electrochemical signal of the designed aptasensor reached a maximum
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value when the pH value was 7.0. Low and high pH could affect the binding efficiency
of the aptamer and dopamine [51]. In another work, the optimized pH value of the
developed aptasensor for Aflatoxin B1 detection was about 4.0, which is greatly dependent
on the properties of the introduced titanium carbide/carboxylated graphene oxide-poly(4-
vinyl pyridine) nanocomposites [52]. For the temperature effect, many electrochemical
aptasensors are typically used at room temperature. Especially, electrochemical aptasensors
for biological molecules’ detection are usually used at 37 degrees Celsius, the optimized
temperature, which is close to normal human body temperature [53,54]. Therefore, suitable
experimental conditions could result in better detection performance.

3. Application of Electrochemical Aptasensors for the Detection of Different
Target Molecules

3.1. Detection of Metal Ions

The detection of metal ions is particularly important in both environmental monitoring
and biomedical diagnosis [55,56]. In recent years, with the acceleration of industrialization,
environmental pollutants have become an increasingly serious problem. Among them,
heavy metal ions, as a kind of pollutant, are difficult to degrade under natural conditions
and can be accumulated through the food chain to harm human health. Therefore, it
is an urgent problem to develop rapid, simple, and efficient sensors for qualitative and
quantitative analysis of heavy metal ions in the environment.

Although traditional methods (such as atomic absorption spectroscopy, inductively
coupled plasma mass spectrometry, high-performance liquid chromatography, etc.) have
achieved high detection performance, the high cost of instruments and the need for spe-
cialized operators have limited their widespread application. Compared to traditional
analytical methods, electrochemical methods show many advantages for heavy metal ions’
detection due to their real-time detection capability, high sensitivity, fast response time,
miniaturization, and integration [57,58]. To further improve detection selectivity in complex
environments, electrochemical aptasensors are considered as promising detection methods
for the determination of heavy metal ions [1,59]. For example, Zhang et al. designed an
electrochemical aptasensor for trace heavy metal ions’ detection based on the Fe(III)-based
metal–organic framework (Fe-MOF) and mesoporous Fe3O4@C nanocapsules core-shell
nanocomposite (denoted as Fe-MOF@mFe3O4@mC) [60]. The designed nanocomposites
showed excellent electrochemical performance and high loading of aptamers, resulting
in the high performance of this aptasensor for Pb2+ and As3+ detection. Under optimal
conditions, the constructed aptasensor can detect as low as 2.27 pM Pb2+ and 6.73 pM As3+,
respectively. Besides the selective determination of metal ions, Gao et al. developed a dual
signal-based electrochemical aptasensor for the simultaneous detection of Pb2+ and Hg2+

in environmental water samples by in situ assembling electrochemical signal tags (Cu2+-
Melamine and Nile blue) on the terminal of Pb2+-binding aptamer (PBA) and Hg2+-binding
aptamer (HBA), respectively (Figure 1A) [61]. Once specifically capturing target Pb2+ and
Hg2+, the two electrochemical signal tags are far away from the electrode surface due to
the rigidity of PBA-Pb2+ and HBA- Hg2+ secondary structures, leading to electrochemical
“signal-off” with the increase in Cu2+-Melamine and Nile blue. Based on this detection
mechanism, the detection limits of the developed aptasensor for Pb2+ and Hg2+ analysis
are 0.98 pM and 19 pM, respectively. Moreover, the designed aptasensor could achieve
the successful determination of Pb2+ and Hg2+ in real water samples, presenting its latent
capacity in the monitoring of heavy metal ions.

Metal ion concentration in the body also plays an important physiological role in
maintaining the balance of intracellular and extracellular fluids, as well as the excitability
of nerves and muscles [62,63]. It has been found that abnormal metal ion concentration
is closely related to a variety of nervous system diseases [64]. For example, copper ions
(Cu2+), zinc ions (Zn2+), iron ions (Fe3+), and aluminum ions (Al3+) are involved in the
pathogenesis of Alzheimer’s disease (AD) [65]. Therefore, it is significant to monitor
these metal ions’ concentrations for the early diagnosis of AD patients. For the sensitive
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and selective determination of Zn2+, Zhao and co-workers designed an electrochemical
aptasensor by fixing aptamers on the surface of bi-functional SiO2-Pt@meso-SiO2 core-shell
nanoparticles [66]. The developed bi-functional nanoparticles can not only greatly enhance
the conductivity of the electrode but also can pre-enrich Zn2+ onto the electrode surface. As
a result, this aptasensor can determine the Zn2+ concentration as low as 65 pM. Moreover,
this aptasensor can successfully detect Zn2+ in human blood and disrupted human cells.
Similarly, Salehan and co-workers proposed an electrochemical aptasensor for potassium
ion (K+) analysis through electrochemical impedance spectroscopy [67]. They assembled the
selected aptamer [G3(T2AG3)3] onto the surface of a polyaniline (PANI) modified electrode
via electrostatic adsorption. In the presence of K+, a single-strand aptamer folds into a
G-quadruplex configuration, which blocks the electron transfer between the electrochemical
indicator and electrode surface (Figure 1B). As a result, the charge transfer resistance (Rct)
increased with the increasing concentration of K+. The linear relationship between ΔRct
and the logarithm of K+ concentration is plotted ranging from 10 pM to 60 μM with a
detection limit of 3.7 pM. Moreover, this developed aptasensor can efficiently determine K+

in serum samples, suggesting that it is a promising method for metal ion detection.

 

Figure 1. (A) Fabrication illustration of the dual signal−based electrochemical aptasensor for simul-
taneous analysis of Pb2+ and Hg2+. (Reproduced with permission from Ref. [61] Copyright 2022,
Elsevier). (B) Scheme of the impedimetric biosensor for the determination of potassium ions based
on polyaniline/GCE and DNA G-quadruplex conformation. (Reproduced with permission from
Ref. [67] Copyright 2022, Elsevier).
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3.2. Detection of Pesticides

Over decades, the over-range and excessive dosage use of pesticides not only causes
environmental pollution but also directly or indirectly threatens human health due to
the long-term accumulation of residues. Nowadays, gas chromatography (GC), high-
performance liquid chromatography (HPLC), GC-mass spectrometry (MS), and fluores-
cence and electrochemistry methods have been widely used to determine pesticides with
accepted sensitivity, selectivity, and efficiency [68]. It is noted that some methods have
disadvantages in the analysis of pesticides, such as low sensitivity, poor selectivity, and
high cost [69]. Therefore, it is necessary to develop new methods for the sensitive and
efficient detection of pesticides.

Electrochemical aptasensors have efficiently addressed these issues in pesticide de-
tection. For example, Venegas and co-workers developed a label-free electrochemical
aptasensor for the selective detection of carbendazim (CBZ) [70]. As shown in Figure 2A,
the oxidized carbon nanotubes (CNT-COOH) were deposited on the surface of screen-
printed carbon electrodes (SPCE) via physical adsorption. Then, amine-labeled aptamer
(AP-NH2) was assembled on the surface of SPCE via covalent immobilization. In the pres-
ence of CBZ, the corresponding aptamers specifically capture analytes to form secondary
structures, causing a decrease in the electrochemical signal due to the blocking of electron
transfer. According to this phenomenon, this proposed electrochemical aptasensor can
detect values as low as 4.35 nM (0.83 ng/mL) CBZ, which is comparable to the HPLC
method. Moreover, this aptasensor can efficiently determine CBZ in tomatoes, proving that
the aptasensor can detect pesticides in food samples.

Figure 2. (A) The fabrication of a label-free electrochemical aptasensor for CBZ detection. (Repro-
duced with permission from Ref. [70] Copyright 2023, MDPI AG). (B) Scheme of the dual-ratiometric
electrochemical aptasensing platform for the simultaneous detection of MAL and PRO. (Reproduced
with permission from Ref. [71] Copyright 2023, Elsevier).
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Electrochemical aptasensors also can simultaneously determine pesticides. Liu et al.
designed a dual-ratiometric electrochemical aptasensor for the simultaneous detection of
malathion (MAL) and profenofos (PRO) [71]. To obtain signal amplification, they firstly
fabricated gold nanoparticle (AuNP)-encapsulated zeolitic imidazolate framework (ZIF-8)
nanocomposites (Au@ZIF-8) to improve the immobilization amount of hairpin-tetrahedral
DNA nanostructures (HP-TDN) and facilitate the electron transfer between the DNA
probe and the electrode surface (Figure 2B). Then, metal ions (Pb2+ and Cd2+) served
as signal tracers to further amplify detection signal. Pb2+-functionalized MAL aptamer
(Pb2+-APT1) and Cd2+-functionalized PRO aptamer (Cd2+-APT2) were co-assembled on the
surface of thionine-labeled DNA nanostructures (HP-TDNThi) to specifically recognize MAL
and PRO, respectively. With the addition of MAL and PRO, Pb2+-APT1 and Cd2+-APT2
dissociated from the surface of HP-TDNThi, leading to a decrease in both IPb2+/IThi and
ICd2+/IThi oxidation current ratios. The detection limits of this aptasensor for MAL and PRO
detection can reach 4.3 pg/mL and 13.3 pg/mL under optimized conditions, respectively.
The obtained high performance suggested that this work may pave a way to develop
aptasensors for multiple pesticides’ detection in food safety and environmental monitoring.

3.3. Detection of Small Biological Molecules

Physiological metabolic activities of living organisms are closely related to various
biological small molecules, such as neurotransmitters, adenosine triphosphate (ATP), nicoti-
namide adenine dinucleotide (NADH), hydrogen peroxide (H2O2), etc. [72–74]. Some
small molecules including neurotransmitters and H2O2 can be directly detected by elec-
trochemical sensors. However, direct detection is susceptible to interference from other
electrochemical active molecules, resulting in low selectivity and sensitivity. Therefore,
the biological recognition reaction is a promising tool to construct an electrochemical sens-
ing platform for some biological small molecules’ detection. According to this concept,
electrochemical immunosensors and aptasensors have been widely developed to analyze
ATP, dopamine (DA), uric acid (AA), 8-hydroxy-2′-deoxyguanosine (8-OHDG), etc. [75,76].
Compared with electrochemical immunosensors, electrochemical aptasensors attracted
more and more attention due to their easy design, low cost, and controllable assembly.

Taking DA as an example, many electrochemical biosensors have been developed to
directly determine it [77,78]. However, the co-existing AA, norepinephrine, adrenaline,
and isoproterenol often affect the analytical performance of those designed biosensors. To
improve the sensitivity and selectivity of electrochemical biosensors for dopamine detection,
Zhang et al. used aptamer as a recognition unit, methylene blue-integrated m-PdNFs as a
signal amplification unit, and Ce-MOF as an electrode-modified unit to construct a novel
electrochemical aptasensor [79]. As shown in Figure 3A, a single-stranded DNA (S2) was
assembled on the surface of the designed m-PdNFs-G4-MBs nanocomposites to obtain
signal probes (m-PdNFs-S2-G4-MBs), which can offer electrochemical signals for detection.
In the absence of DA, the anti-DA aptamer was hybridized with a single-stranded DNA (S1),
which was further co-immobilized on the surface of the Ce-MOF nanocomposite-modified
electrode. At this moment, the m-PdNFs-S2-G4-MBs signal probe cannot be assembled
on the electrode surface via a DNA hybridization reaction. As a result, no electrochemical
signal was obtained. In the presence of DA, DA preferentially binds with the aptamer to
form the DA–aptamer complex, leading to the destruction of the aptamer-S1 double-strand
structure. Therefore, the exposed S1 can be hybridized with the m-PdNFs-S2-G4-MBs
signal probe to form double-stranded structures, generating significant electrochemical
signals. Due to the extraordinary conductivity of Ce-MOF and the signal amplification of
m-PdNFs-S2-G4-MBs, the designed electrochemical aptasensor achieved a low detection
limit of 6 pM for DA detection. The practical DA detection result is highly consistent with
the UPLC-MS method, suggesting that this aptasensor has high sensitivity and specificity.

583



Chemosensors 2023, 11, 488

Figure 3. (A) Schematic diagram of a novel electrochemical aptasensor for dopamine detection based
on MB-integrated m-PdNFs signal material. (Reproduced with permission from Ref. [79] Copyright
2022, Elsevier). (B) Schematic description of a dual-target electrochemical biosensor for ATP and
thrombin detection based on DNA structural switching. (Reproduced with permission from Ref. [80]
Copyright 2016, American Chemical Society).

Another example was given by Su et al. [80]. They constructed an electrochemical ap-
tasensor for the simultaneous detection of ATP and thrombin (Figure 3B). They utilized the
advantages of molybdenum disulfide (MoS2) and noble metallic nanoparticles to synthesize
MoS2-based nanocomposites. After co-immobilizing anti-ATP and anti-thrombin aptamers
on the surface of the MoS2-based nanocomposite-modified electrode, a dual-target elec-
trochemical aptasensor was constructed. Once the binding with ATP and thrombin is
completed, the structures of two aptamers are changed, resulting in the labeled ferrocene
(Fc) and methylene blue (MB) close to and far away from the electrode surface. Correspond-
ingly, the electrochemical signal increased and decreased with the addition of ATP and
thrombin, respectively. In other words, the designed aptasensor featured both “signal-on”
and “signal-off” sensing mechanisms for the detection of ATP and thrombin, respectively.
Under optimal conditions, this proposed aptasensor can simultaneously determine val-
ues as low as 0.74 nM ATP and 0.0012 nM thrombin. Furthermore, they employed the
aptasensor to construct an “AND” logic gate platform for ATP and thrombin detection,
which demonstrated a general methodology for the advancement of the highly sensitive
and selective detection of various aptamer-specific binding targets.
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3.4. Detection of Drug and Antibiotic Molecules

As we know, drugs and antibiotics greatly ensure the health of living organisms.
However, the abuse of drugs and antibiotics, as well as their concentration-related toxicity,
can endanger human health and even lives. Therefore, accurate, fast, and low-cost detection
of drugs and antibiotics plays a vital role in disease diagnosis, treatment evaluation, and
monitoring after operation.

An electrochemical aptasensor is also a powerful tool for the detection of drugs. For
example, Chung et al. chose a de novo aptamer to develop an electrochemical aptasensor
for the analysis of the anti-epileptic drug carbamazepine (CBZ) (Figure 4) [81]. The se-
lected aptamer specifically binds with CBZ (Kd < 12 nM) to form a G-quadruplex structure,
leading to the labeled MB close to the electrode surface. Correspondingly, the electron
transfer between MB and the electrode is facilitated, increasing the electrochemical signal.
It should be noted that the designed aptasensor has two functional modules: a 30 min
assay for routine monitoring and a 5 min assay for rapid emergency testing. Under optimal
conditions, this aptasensor exhibits a wide dynamic range (10 nM to 100 μM) and low
detection limits of 1.25 nM and 1.82 nM for 5 min and 30 min analysis, respectively. The
practical testing in the pricking blood sample (<50 μL) for CBZ determination proved the
clinical applicability of this electrochemical aptasensor, suggesting that it has promising
potential in point-of-care testing of personalized CBZ dosing. Using a similar sensing mech-
anism, cocaine, diclofenac, and amphetamine can be sensitively and selectively detected by
electrochemical aptasensors without introducing other signal indicators [82–84].

 

Figure 4. (A) Sensing schematic of the electrochemical aptasensor and its workflow for (B) 5 min
rapid assay and (C) 30 min routine analysis for CBZ analysis. (Reproduced with permission from
Ref. [81] Copyright 2022, American Chemical Society).

Besides drugs, electrochemical aptasensors are also widely employed to detect antibi-
otics [85]. A typical example is offered by Sun’s group. They designed an electrochemical
aptasensor for the ultrasensitive detection of neomycin by using a dual-signal amplification
strategy [86]. In this sensing strategy, Fc-decorated multi-walled carbon nanotubes (MWC-
NTs) and the silica hybridized mesoporous ferroferric oxide nanoparticles (Fe3O4@SiO2)
were co-immobilized on the gold electrode surface to improve the electronic signal, which
was used to load more RNA aptamers (Apt1) and facilitate electron transfer. Another RNA
aptamer (Apt2) was assembled on the surface of gold nanoparticles to form a nanoprobe
for signal amplification. In the presence of neomycin, a classical sandwiched structure
was formed on the electrode surface, generating an obvious electrochemical signal. Due
to the synergistic effect of different nanomaterials, this electrochemical aptasensor can
detect 0.759 nM neomycin with high specificity and selectivity. Moreover, this aptasensor
can efficiently determine neomycin in milk. Similarly, Emaminejad’s, Wang’s, Du’s, and

585



Chemosensors 2023, 11, 488

Roushani’s groups developed a series of electrochemical aptasensors for the detection of
tobramycin [87], kanamycin [88], enrofloxacin [89], and streptomycin [90], respectively.

3.5. Detection of Proteins

Immunosensors coupled with different detection techniques have become universal
tools for the detection of proteins, which have been widely applied in early diagnosis and
clinical treatment of diseases [91]. However, antibody-based immunosensors have some
disadvantages including the limited source of antibodies, high cost, disordered assembly on
sensing interfaces, and the loss of biological activity [92], which greatly affect their detection
performance and limit their further application. Therefore, electrochemical aptasensors
have attracted more and more attention in protein detection due to their outstanding
advantages, such as low cost, easy preparation, ordered assembly on the sensing interfaces,
and anti-environment disturbance ability.

Highly efficient analytical approaches are of great significance for patients to realize
early and rapid diagnosis, receive appropriate and timely treatment, and reduce mortality.
Currently, C-reactive protein (CRP) has been identified as an angiocardiopathy special
indicator for early diagnosis of cardiovascular disease with a high incidence rate [93].
Li and his colleagues have constructed an enzyme-free sandwich-type aptasensor for
sensitive CRP detection based on Mn3(PO4)2/CRP aptamer biomineralized nanosheets
and polydopamine/Au nanospheres (PDA/Au NPs) (Figure 5A) [94]. The designed
Mn3(PO4)2/CRP aptamer biomineralized nanosheets are not only used as recognition units
for capturing target CRP, but also serve as signal enhancers to improve electrochemical
responses. Coupled with the signal amplification nanoprobe of PDA/Au NPs, the aptasen-
sor exhibits excellent detection performance with a wide linear range (1 pg/mL–1 ng/mL)
and a low detection limit (0.37 pg/mL). The repeatability, specificity, and reliability of this
aptasensor are superior to that of the traditional immunoturbidimetry assay, suggesting
that it has great prospects in clinical diagnostic applications of cardiovascular disease.
Vascular endothelial growth factor (VEGF) is a key biomarker of diabetic retinopathy (DR),
which can be also determined by electrochemical aptasensors [95]. For instance, Mei et al.
designed a noninvasive electrochemical aptasensor to detect VEGF in tears [96]. They
developed a cascade signal amplification strategy by combining a hybridization chain
reaction (HCR) with CeO2 nanoparticles to improve the analytical performance (Figure 5B).
The introduced CeO2 nanoparticles can efficiently catalyze H2O2 to generate electrochem-
ical signals. Under optimal conditions, the aptasensor can detect 1 fg/mL~0.1 ng/mL
VEGF with a detection limit of 0.27 fg/mL. Based on the acceptable stability and repro-
ducibility, the proposed aptasensor can accurately analyze VEGF in tears comparable to the
ELISA method, indicating that it is a potential tool for early diagnosis and monitoring of
DR. Similarly, Li’s, Hosseini’s, and Gao’s teams have constructed various electrochemical
sensing platforms coupled with aptamers and a signal amplification strategy for different
protein biomarkers’ detection, including thrombin [97], tumor necrosis factor α [98], and
tau protein [99], respectively.

Electrochemical aptasensors have also been widely used to monitor infectious diseases,
such as SARS-CoV-2 [100], malaria [101], tuberculosis [102], etc. As shown in Figure 5C,
Idili et al. have developed a simple electrochemical aptasensor for the detection of SARS
CoV-2 S protein in undiluted samples (serum and artificial saliva) [103]. Typically, the
added SARS CoV-2 S protein induced the change in the methylene blue derivative-labeled
aptamer conformation, resulting in the electrochemical indicator close to the electrode
surface. Correspondingly, a concentration-related electrochemical signal is generated for
the qualitative and quantitative detection of SARS CoV-2 S protein. This electrochemical
aptasensor is simple (single step) and fast (detection time < 5 min), suggesting that it
is an ideal device for COVID-19 monitoring. Another typical example was offered by
Rahmati et al. They constructed a label-free electrochemical aptasensor for the analysis of
SARS-CoV-2 spike glycoprotein based on a copper hydroxide nanorod-modified screen-
printed carbon electrode (SPCE) [104]. The obtained SARS-CoV-2 spike glycoprotein–
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aptamer complex blocked the electron transfer, leading to a decrease in the electrochemical
signal. Based on this phenomenon, the designed aptasensor can efficiently detect SARS-
CoV-2 spike glycoprotein in buffer, labeled saliva samples, and actual clinical samples. It is
noted that the analytical performance of this aptasensor is comparable to the PCR results,
proving that it has great potential in rapid and on-site COVID-19 monitoring.

 

Figure 5. (A) The preparation of the Mn3(PO4)2/aptamer hybrid nanosheet−based electrochem-
ical aptasensor for CRP detection. (Reproduced with permission from Ref. [94] Copyright 2021,
Elsevier). (B) Schematic diagram of electrochemical aptasensor coupled with signal amplification
strategy for sensitive detection of VEGF. (Reproduced with permission from Ref. [96] Copyright 2021,
Elsevier). (C) Schematic of electrochemical aptasensor for the rapid and efficient detection of the
SARS-COV-2 spike protein. (Reproduced with permission from Ref. [103] Copyright 2021, American
Chemical Society).

3.6. Detection of Exosomes

As nanoscale extracellular vesicles, exosomes play an important role in promoting
tumor growth, migration, invasion, and information transfer between cells [105]. There-
fore, exosomes are considered as excellent biomarkers for early diagnosis of cancer [106].
However, it is still a challenge to sensitively and selectively detect exosomes due to their
low content in biological fluids during the early stages of cancer [107,108]. In recent years,
electrochemical aptasensors have been gradually employed to detect exosomes due to their
advantages. Coupled with signal amplification strategies, the analytical performance of
electrochemical aptasensors can meet the need for exosome detection [109].

Zhang’s group developed an electrochemical aptasensor for exosome detection based on
a microelectrode and HCR amplification strategy [110]. They introduced EpCAM aptamers to
selectively recognize and capture EpCAM-positive cancerous exosomes. Due to the HCR reac-
tion, a large number of avidin–horseradish peroxidase (HRP) molecules were assembled on
the microelectrode surface, which can catalyze the 3,3′,5,5′-tetramethylbenzidine (TMB)+H2O2
reaction strategy to generate a large electrochemical signal. Due to the synergetic effect of the
enzyme catalytic reaction, HCR reaction, and microelectrode, this aptasensor has a detection
limit as low as 5 × 102 exosomes per milliliter. Moreover, this aptasensor can successfully
detect cancerous extracellular vesicles in serum samples of early- and late-stage lung cancer
patients. Chang et al. used programmed cell death ligand 1 protein-positive (PD-L1+) exo-
some as a biomarker to evaluate the diagnosis of non-small cell lung cancer (NSCLC) [111].
They integrated the specific recognition ability of the aptamer, the excellent peroxidase-like
catalytic activity of palladium–copper–boron alloy microporous nanospheres (PdCuB MNs),
and the high conductivity of Au@CuCl2 nanowires (NWs) to construct an electrochemical
aptasensor for detecting PD-L1+ exosomes (Figure 6A). In the presence of PD-L1+ exosomes,
a classical sandwiched structure was formed on the electrode surface. The introduced PdCuB
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MNs efficiently catalyze H2O2 to generate a significant electrochemical signal. According
to this result, the aptasensor can detect 1 × 102–1 × 108 particles/mL exosomes with a low
detection limit of 36 particles/mL. Results obtained from clinical samples suggested that this
aptasensor has a potential application in the early diagnosis of NSCLC.

 

Figure 6. (A) Schematic illustration of a nanomaterial-based electrochemical aptasensor for PD-L1+

exosome analysis. (Reproduced with permission from Ref. [111] Copyright 2023, Springer Nature).
(B) Schematic illustration of a ratiometric immobilization-free electrochemical aptasensor for precise
capture and direct quantification of (a) in the absence and (b) in the presence of the tumor exosomes.
(Reproduced with permission from Ref. [112] Copyright 2021, American Chemical Society).

Besides captured probes’ immobilized mode, Li et al. developed a dual-aptamer
recognition system for precise capture and direct analysis of tumor-specific exosomes
without immobilization [112]. They assembled both CD63 and mucin 1 (MUC1) ap-
tamers onto the surface of amino-functionalized Fe3O4@SiO2 nanoparticles to construct
dual-aptamer-modified nanoprobes (Fe3O4@SiO2-dual Apt). As shown in Figure 6B, the
dual-aptamer-modified nanoprobes can specifically capture target exosomes due to the
recognition ability of two aptamers. After magnetic separation, cholesterol-labeled DNA
probes (P3) can anchor on the surface of exosomes and activate the hyperbranched hy-
bridization chain reaction, generating a magnetic bead–exosome–hyperbranched DNA
superstructure (Fe3O4@SiO2-exosome-HDS). This superstructure can adsorb a large num-
ber of Ru(NH3)6

3+(Ru (III)) molecules, resulting in a few unbound Ru (III) remaining in the
supernatant after magnetic separation. Therefore, the redox reaction between Ru (II) and
[Fe(CN)6]3− (Fe (III)) is inhibited, leading to a significant increase in IFe(III)/IRu(III). The ratio
of the electrochemical signal was related to exosomes, which can be used to quantitatively
and qualitatively analyze target exosomes. Consequently, this ratiometric dual-signal elec-
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trochemical aptasensor exhibits high reliability, accuracy, and easy manipulation, which can
sensitively detect tumor exosomes in complex environments and human serum samples.

3.7. Detection of Tumor Cells

It is well known that the incidence rate and mortality of cancer have increased year
by year, which has brought a huge threat to human health. Thus, the identification and
detection of cancer cells in patients’ tumor lesions and circulating blood is crucial for early
clinical diagnosis, toxicity monitoring, and public health protection [113,114]. However,
conventional clinical, imaging, and other diagnostic methods often have weak sensitivity
and specificity due to the complex etiology of tumors, leading to misdiagnosis and missed
diagnosis [115,116]. Although a variety of technologies including PCR-based methods [117],
cell counting methods [118], and fluorescence determination [119] have been presented,
many disadvantages of these methods have limited their wide application, such as ex-
pensive fluorescent labeling reagents, cumbersome processes, and the need for advanced
instruments and professionals. Therefore, it is necessary to develop reliable, cost-effective,
sensitive, and easy to be clinically popularized detection tools for high-precision diagnosis
of cancer cells.

Electrochemical aptasensors have received widespread attention in the high-performance
detection of tumor cells due to their significant advantages, such as high sensitivity, simplic-
ity, rapid response, reusability, and low cost [120]. An impressive example was given by
Cai et al. [121]. As shown in Figure 7A, a double-stranded DNA formed by a biotin-labeled
aptamer and DNA walker was assembled on the surface of the streptavidin-modified mag-
netic microsphere to construct nanoprobe, which was used to recognize and capture target
cancer cells. Once capturing target breast cancer MCF-7 cells, an MCF-7–aptamer complex
was formed and a DNA walker was released from the surface of the nanoprobe. The released
DNA walker (DNAzyme) repeatedly cleaved D-RNA with the help of Mg2+ to produce a
large number of short nucleic acids, leading to a great decrease in electrochemical signals.
With DNAzyme-assisted signal amplification, the designed aptasensor can analyze as low as
47 cells/mL MCF-7 cells. G-quadruplex DNAzyme is also widely used for signal amplification
to construct electrochemical aptasensors for cancer cell detection. Chen and co-workers de-
signed a super sandwich G-quadruplex DNAzyme to construct an electrochemical aptasensor
for the highly sensitive detection of cancer cells [122]. In Figure 7B, amino-modified aptamers
(S1) and their complementary DNA sequence (S2) were immobilized onto the surface of
magnetic beads (Fe3O4 NPs) to form S2/S1/Fe3O4 conjugates, which were used to specifically
capture K562 cells. Once encountering K562 cells, the double-stranded S1–S2 structure was
dissociated due to the stronger affinity between K562 cells and S1. As a result, S2 was released
from the surface of Fe3O4 NPs and hybridized with a capture probe (S3) on the electrode
surface. The S2–S3 structure triggered a hybridization cascade between S4 and S5, resulting
in the super sandwich structure. In the presence of Hemin, a large number of G-quadruplex
DNAzymes were formed on the electrode surface. Finally, the G-quadruplex DNAzyme
catalyzes the reduction of H2O2 by MB, leading to a dramatically amplified electrochemical
signal. Under optimal conditions, the detection limit of the as-fabricated aptasensor was
estimated to be 14 cells/mL K562 cells.

Electrochemical aptasensors are also extensively employed to detect circulating tu-
mor cells (CTCs), which are of great significance for the clinical diagnosis, metastasis,
and prognosis of tumors [123,124]. Shaegh et al. reported a novel microfluidic electro-
chemical aptasensor by coupling a microchip with a screen-printed gold electrode for
detecting A549 cells, which is considered as a CTC model [125]. As shown in Figure 7C,
the added A549 cells were specifically bound with the aptamer to form a complex on the
electrode surface, which blocked the electron transfer between [Fe(CN)6]3−/4− and the
electrode surface. As a result, the electrochemical signal is decreased with the increasing
concentration of A549 cells. According to this phenomenon, this biosensor can sensitively
detect 50~5 × 105 cells/mL A549 cells with a low detection limit of 14 cells/mL. More
importantly, this microfluidic aptasensor can effectively determine A549 cells in complex
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matrices (such as human serum), providing that this sensing platform can be used to detect
low-abundance biomarkers obtained from liquid biopsies.

 

Figure 7. (A) Schematic illustration of the electrochemical aptasensor for MCF-7 cells’ detection
based on a DNA walker signal amplification strategy. (Reproduced with permission from Ref. [121]
Copyright 2016, Elsevier). (B) Schematic representation of signal-amplified G-quadruplex DNAzyme
for ultrasensitive detection of K562 cells. (Reproduced with permission from Ref. [122] Copyright 2015,
Elsevier). (C) Schematic illustration of microfluidic electrochemical aptasensor and its electrochemical
signal (a) in the absence of and (b) in the presence of A549 cells. (Reproduced with permission from
Ref. [125] Copyright 2023, Elsevier).

3.8. Detection of Microbial Pathogens

Since the COVID-19 pandemic, infectious diseases have gained people’s attention.
Accurate and fast detection of pathogenic microorganisms is of great significance in con-
trolling and preventing microbial infectious diseases. At present, direct smear microscopy,
isolation and culture, serological reaction, and PCR are the main methods for the rapid iden-
tification and detection of pathogenic microorganisms [126]. However, some limitations of
these methods exist, such as being time-consuming, requiring professional personnel and
instruments, having low sensitivity, and so on. Therefore, it is urgent to develop simple,
rapid, sensitive, and on-site methods for the detection of microbial pathogens.

To meet these requirements, a series of electrochemical aptasensors have been devel-
oped for the high-performance analysis of microbial pathogens due to their outstanding
advantages. Bian et al. have constructed an electrochemical aptasensor for highly selec-
tive and ultrasensitive detection of single-cell levels of bacteria [127]. In Figure 8A, Au
NPs modified with aptamers and 6-(Ferrocenyl) hexanethiol molecules (Au@Fc-Apt) and
bacteria-imprinted polymer films (BIFs) were employed as the signal nanoprobe and the
capture probe, respectively. In the presence of Staphylococcus aureus (S. aureus), a classical
sandwiched structure was formed on the electrode surface. As a result, an obvious electro-
chemical signal is generated from the assembled Au@Fc-Apt signal nanoprobe, which can
be used to qualitatively and quantitatively detect bacteria. In view of this, the aptasensor
could detect single-cell level and 10 CFU mL−1 S. aureus in an ideal buffer and a complex
milk sample, respectively. Moreover, this proposed aptasensor can efficiently distinguish
S. aureus from the multiple coexisting interfering bacteria, suggesting that this aptasensor
has outstanding selectivity.
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Figure 8. (A) Schematic preparation of the electrochemical aptasensor for highly selective and ul-
trasensitive detection of S. aureus. (Reproduced with permission from Ref. [127] Copyright 2023,
American Chemical Society). (B) Workflow scheme for the electrode functionalization and aptasens-
ing of norovirus based on BP-AuNCs. (Reproduced with permission from Ref. [128] Copyright
2022, Elsevier).

Besides bacteria detection, electrochemical aptasensors have also been widely used
to detect viruses. For fast identification and detection of norovirus, Jiang et al. developed
a 3D electrochemical aptasensor for sensitive detection of norovirus based on a mov-
able spherical working electrode (WE) decorated with phosphorene–gold nanocomposites
(BP-AuNCs) [128] (Figure 8B). The design of a movable spherical WE is beneficial for in-
creasing surface area, simplifying sampling, and avoiding cross-contamination. The added
norovirus specifically binds with aptamer and induces the change in aptamer structure,
leading to the decrease in the electrochemical signal. As expected, the 3D electrochemical
aptasensor can detect 1 ng/mL–10 μg/mL norovirus with a detection limit of 0.28 ng/mL.
The recovery of this aptasensor for norovirus detection in spiked oyster samples ranges
from 97.2% to 103.7%, suggesting that this aptasensor has a potential practical application.
The proposed aptasensor for norovirus detection provides a facile, low-cost, highly sensi-
tive, and selective platform, which is potentially applied in the fields of food safety and
clinical diagnosis. Besides norovirus, avian influenza virus [129], SARS-CoV-2 virus [130],
and dengue virus [131] have also been analyzed by electrochemical aptasensors.

4. Prospects and Challenges of Electrochemical Aptasensors

Nowadays, electrochemical aptasensors have achieved great advances in environ-
mental monitoring, drug safety, biochemical analysis, disease diagnosis, and public safety
due to their outstanding advantages of fast response, simple preparation, easy design,
high specificity for chemical and biological molecules, excellent chemical stability, and low
cost. Inspired by the above exciting progresses, integrating electrochemical aptasensors
into portable, wearable, and implantable devices has become a popular trend for their
application in POCT and real-time monitoring fields, which has the potential to completely
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change diagnosis and health management, especially in application scenarios for home
users or remote areas where it is difficult to receive hospital nursing care [132]. In addition,
with the fast development of nanotechnologies and miniaturization technologies, as well
as the urgent need for various detection strategies, electrochemical aptasensors have broad
applications and bright prospects in the future.

For achieving these goals, some challenges of electrochemical aptasensors should be
solved: (1) For broad applications, more aptamers should be selected, which play a vital
role in the detection of various chemical and biological molecules. Nowadays, hundreds of
aptamers have been selected to specifically recognize target chemical/biological molecules.
However, it is not enough for sensing/biosensing applications in many fields. Therefore,
the selection of more aptamers with high binding affinity can promote the development of
electrochemical aptasensors. (2) The integration of cutting-edge innovative technologies
(e.g., DNAzyme, CRISPR, microfluidic chips, etc.) into electrochemical aptasensors is
very prospective to design novel aptasensor devices, which can efficiently enlarge their
application [133]. (3) The construction of suitable signal amplification strategies is a vital
effect factor to construct high-performance electrochemical aptasensors. Up to now, several
signal amplification strategies have been used to construct electrochemical aptasensors,
such as loop-mediated isothermal amplification, rolling circle amplification (RCA), HCR,
catalyzed hairpin assembly (CHA), enzyme-assisted signal amplification, and nanoprobe-
based signal amplification, which can efficiently amplify the detection signal and reach
lower detection limits [134]. Therefore, how to choose a signal amplification strategy greatly
depends on the analytes and application scenarios. (4) For the POCT and real-time monitor-
ing applications, it is still a challenge to construct a portable and intelligent electrochemical
aptasensor by combining the detection instruments and signal communication technologies.
To quickly keep up with global health issues, electrochemical aptasensors should gradually
being clinically transformed and adapted to market demands. Therefore, the development
of home-care, low-cost, real-time, and portable devices has become a popular and attractive
research field [135,136]. In a word, electrochemical aptasensors will be an ideal sensing
platform for sensitive, selective, real-time, and on-site detection of target molecules in
complex environments.
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Abstract: Nanostructures and nanomaterials, especially plasmonic nanostructures, often show optical
properties that conventional materials lack and can manipulate light, as well as various light–matter
interactions, in both their near-field and far-field regions with a high efficiency. Thanks to these
unique properties, not only can they be used to enhance the sensitivity of chemical sensing and
analysis techniques, but they also provide a solution for designing new sensing devices and simpli-
fying the design of analytical instruments. The earliest applications of optical nanostructures are
surface-enhanced spectroscopies. With the help of the resonance field enhancement of plasmonic
nanostructures, molecular signals, such as Raman, infrared absorption, and fluorescence can be
significantly enhanced, and even single-molecule analysis can be realized. Moreover, the resonant
field enhancements of plasmonic nanostructures are often associated with other effects, such as
optical forces, resonance shifts, and photothermal effects. Using these properties, label-free plas-
monic sensors, nano-optical tweezers, and plasmonic matrix-assisted laser desorption/ionization
have also been demonstrated in the past two decades. In the last few years, the research on optical
nanostructures has gradually expanded to non-periodic 2D array structures, namely metasurfaces.
With the help of metasurfaces, light can be arbitrarily manipulated, leading to many new possibilities
for developing miniaturized integrated intelligent sensing and analysis systems. In this review,
we discuss the applications of optical nanostructures in chemical sensing and analysis from both
theoretical and practical aspects, aiming at a concise and unified framework for this field.

Keywords: optical nanostructure; plasmonics; surface-enhanced spectroscopy; sensing; miniaturization

1. Introduction

Scientists have long dreamed of a rapid, simple, and low-cost analytical technique for
tracing amounts of components in complex samples. This technique has broad applications
in chemistry, material sciences, and life sciences but also presents a great challenge to
researchers. Traditional methods are no longer applicable when faced with very small
quantities of molecules or samples with complex nanostructures and nano-compositions
(such as single cells, a droplet of blood, and complex polymer mixtures) due to the limita-
tions of sample size and scale. New physical or chemical effects are required to transduce
and amplify extremely weak sample information into readable physical signals. To meet
this demand, many new advanced analytical techniques, particularly optical methods, have
been developed in the last few decades thanks to breakthroughs in nano-optics.

Optical techniques are the most widely used techniques in chemical sensing and
analysis because light–matter interactions are one of the most fundamental types of physical
interactions in nature and form the basis of many analytical methods [1,2]. For example,
the optical interactions with molecules’ electronic states lead to UV-Vis spectroscopy,
and interactions with the vibrational states lead to Raman spectroscopy and infrared
spectroscopy. Using the optothermal effect, one can even vaporize and ionize molecules and
subsequently measure their molecular weights. At the same time, with the development
of the semiconductor industry, crucial components, e.g., lasers and photodetectors, have
become cheap and easy to access today. All these factors have made optics a powerful,
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versatile, and convenient choice for chemical sensing and analysis. However, light–matter
interactions are generally weak due to the fact that the size of molecules is several orders of
magnitude smaller than the wavelength of light. This causes the sensitivity issue in optical
measurements (Figure 1). Fortunately, the development of nano-optical technology makes
it possible to circumvent this issue and obtain ultrasensitive analysis [3–5]. With an optical
nanostructure, light can be resonantly enhanced, scattered, and absorbed, and one can
therefore enhance local optical signals significantly, making ultrasensitive nano-analysis
possible [6–8].

Figure 1. Optical cross-sections of typical light–matter interactions at the nanoscale.

To date, countless optical nanostructures, particularly metallic nanostructures, with
different shapes and properties have been studied. The metallic nanostructures are also
known as plasmonic nanostructures because they support collective oscillations of elec-
trons (so-called plasmon polaritons). These plasmon oscillations can be divided into two
categories: (1) surface plasmon resonance (SPR), which propagates along the surface of
metal surfaces, and (2) localized surface plasmon resonance (LSPR), which cannot [9–11].
Both are tightly confined at the surfaces of structures and, in particular, with LSPR, light
can be confined to sub-10 nm “hot spots” adjacent to metal nanostructures. This extreme
light confinement can also lead to strong local enhancement of the electric fields and
consequently various light–matter interactions, making it very useful in various analysis
techniques (Figure 2). For example, when a molecule is placed in a “hot spot”, its signal
(e.g., Raman scattering, fluorescence, and absorption) can be increased by several orders of
magnitude, and even single-molecule Raman detection can be achieved [12,13]. The pres-
ence of the molecule also shifts the plasmon resonance, and in other words, the plasmonic
nanostructure can also be used as a high-performance index nanosensor [14–17]. Moreover,
thanks to their strong optothermal effects, plasmonic nanostructures can even be used as
the ion source for mass spectrometry (MS) [18–20]. Besides the plasmonic structure, it was
reported that dielectric micro-resonators can also be used for detecting chemicals or viruses
by monitoring the induced resonance shifts, which is similar to the LSPR sensors [21–25].
However, due to the absence of free electrons, these dielectric micro-resonators cannot
confine or absorb light like their metallic counterparts.

In recent years, researchers started to realize that one can achieve arbitrary regulation
of the wavefront of light by patterning separated nanostructures into a planar 2D device,
which is also known as a metasurface [26,27]. A variety of designs have been demonstrated,
including periodic arrays, gradient structures, and even more complex designs. With these
structures, one can conduct sensing, imaging, spectroscopy, and even polarimetry with
good quality and efficiency [28–35]. This not only opens the door towards new sensor
designs but also makes the miniaturization of conventional analysis equipment possible.

Today, optical nanostructures have become one of the most dynamic research areas
in chemical sensing and analysis, and there have been quite a few review articles on this
topic [36–38]. Most of them are mainly focused on the applications related to field confine-
ment and enhancement, such as surface-enhanced spectroscopies and LSPR-based sensors,
but other important topics, such as photothermal effect-related applications, miniaturized
sensors, and metasurface-based polarimetric techniques, are not covered. We, therefore,
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write this review to sort out the various basic properties of nano-optical structures, further
discuss their applications in chemical analysis, from conventional surface-enhanced spec-
troscopies and index sensing to more complex phenomena like laser-induced desorption
and ionization, and then cover the application of metasurfaces for circular dichroism (CD)
measurement, as shown in Figure 2.

 
Figure 2. Chemical sensing and analysis with optical nanostructures.

2. Optical Properties of Nanostructures

In this section, we will give a concise review of the theory of the localized plasmon
resonance of subwavelength nanostructures. Associated optical effects, such as field
confinement, field enhancement, and local heating, which are crucial for chemical sensing
and analysis, will also be discussed. At the end of this section, some of the basic ideas
of metasurfaces will also be introduced based on the discussion of the local behaviors of
subwavelength optical nanostructures.

2.1. Localized Plasmon Resonance and Field Enhancement

The simplest model for understanding plasmon resonance phenomena is spherical
nanoparticles [11]. When the nanoparticle’s size is much smaller than the wavelength of
light, it can be treated as a dipole,

p = ε0αE. (1)

Here, α is the polarizability, and E is the external excitation field. The light scattering
cross-section and absorption cross-section of this structure then become:

Asca =
k4

6π
|α|2 (2)

Aabs = kIm(α) (3)

For a deep subwavelength particle, α has a simple form:

α = 4πr3 ε − ε0

ε + 2ε0
(4)

Interestingly, for metallic materials, the real part of the ε is negative when the frequency
is below their bulk plasma resonance frequencies, which typically lie within the optical
spectral range. As a result, the denominator of the α can approach zero, resulting in a
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strong resonance of the free electrons (i.e., localized plasmon resonances). This leads to the
strong scattering and absorption of light by the nanostructures.

The above plasmon resonances are not limited to spherical particles and can occur for
any metallic nanoparticles with any shape [39,40]. Theoretically, the scattering problem
of electromagnetic fields can be rigorously described and solved using the Lippmann–
Schwinger equation [41]:

E(r) = Eext(r) +
∫

cavity
dr′G0(r, r′)·Δε(r′)k0

2E(r′) (5)

where Δε = εc−ε0 is the permittivity contrast between the scatter (nanocavity in this work)
and the background medium, Eext is the external field, G0 is the free-space Green’s tensor,
and k0 is the wavenumber in the background medium. In previous works, the author of
this work demonstrated that under the quasi-static approximation, a nanoparticle always
has a complete set of orthogonal eigenmodes, |Ei〉. The scattering fields E, obtained under
excitation field E0, can be written as a linear superposition of this set of eigenmodes
(Figure 3):

E = ∑
i

aiEi (6)

ai =
s

s − si
〈Ei|E0〉 (7)

Here, s = ε0/(εc − ε0) is a material-related parameter, and si are the eigenvalues.

Figure 3. Eigenmodes of a plasmonic nanostructure. The arrows depict the symmetry of the eigen-
modes. Inset is the field distribution of the dominant dipole mode.

Equation 5 can be numerically used after being discretized, and interestingly, it can be
shown that si are always between −1 and 0 [41]. Considering that the permittivity of the
local environment, ε0, is positive (e.g., ε0 = 1 for vacuum), it means that a negative permittiv-
ity is always required to reach the resonance condition of a subwavelength nanostructure.
In the optical regime, only metals exhibit negative dielectric constants due to the existence
of free electrons [8]. This explains why only metal nanostructures show extraordinary
optical properties in the optical regime.

In the quasi-electrostatic model described above, the field enhancement effect is
determined by two factors, (1) resonance enhancement and (2) mode distribution, that is,
the field distribution of the eigenmode |Ei〉 . The first factor is determined by the intrinsic
properties of the material. At the resonance wavelength, the real part of the denominator of
s/(s − si) will be zero, and it is evident that the smaller the imaginary part of the dielectric
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constant of the material is, the greater the resonance enhancement will be. For noble metals,
e.g., Ag and Au, the resonance factors can be greater than ten or even reach hundreds.
The second factor is determined by the geometry of the nanostructure. It is well known
that large field enhancement is often associated with some specific features, such as sharp
corners (i.e., lightning rod effect) and nanometer gaps [42]. In practice, by combining both
the resonance and geometric effects, the field enhancement factor, g = |E|/|E0|, can reach
>100 times at some “hot spots”. If there are molecules present in the “hot spot”, their
excitation rate will be increased by a factor of g2, which is more than 10,000 times.

The above theoretical description can also be understood with the following physical
picture. At the resonance frequency, a plasmon nanostructure can collect propagating
light in free space from a cross-section larger than its geometric size and squeeze the
light into nanometer “hot spots”. This process is very similar to the function of radio
antennas, which can collect the radio waves in the free space into their near field efficiently.
This is why plasmon nanostructures are often called optical antennas or plasmonic nano-
antennas [43–45].

2.2. Enhancement of the Near-Field Scattering and Fluorescence Emission

In antenna theory, it is known that radio antennas are bidirectional devices. They not
only collect the far-field signals to their near field but also broadcast signals from their
near-field to the far-field region [46]. Similarly, plasmon nanostructures can also greatly
increase the rate of Raman scattering, as well as the fluorescence radiation of molecules
in their near-field range. The former can be understood using the reciprocity principle in
light scattering, and to understand the latter, one needs to consider the change in the local
density of states caused by the antenna.

Let us first examine the process of Raman scattering. We consider a molecule located
at r1 in the near field of a metallic particle, and the scattered signal E at r2 in the far field
can then be described using Green’s function G(r2, r1), as shown in Figure 4a. To excite the
Raman signal, we let the emission of a dipole at r2 be the incident light, and at r1, the local
excitation can be described by G(r1, r2), as shown in Figure 4b. In most cases, the reciprocal
principle holds [46,47]:

G(r1, r2) = G(r2, r1) (8)

Figure 4. Reciprocity in light scattering. (a) The scattered signal E at r2 in the far field can be described
using Green’s function G(r2, r1). (b) The local excitation at r1 can be described by G(r1, r2).

In other words, if exaction light is enhanced by g2 times due to the presence of the
particle, in the emission process from r1 to r2, the signal will be enhanced by g2 times again.
Therefore, the total enhancement of the Raman signal is g4, which is called the fourth power
law in surface-enhanced Raman spectroscopy.
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On the other hand, the enhancement of the emission process of fluorescence is very
different because it is linked with the change in the lifetime of the electronic states, which
can no longer be described by the theory of classical electrodynamics. To describe the
emission process, Fermi’s Golden Rule is used [3,6]. That is, the rate of transition (radiation)
of molecules is completely determined by the local density of state (LDOS), ρ:

γi− f =
2π

h̄
∣∣〈 f

∣∣H′∣∣i〉∣∣2ρ(Ef ) (9)

Interestingly, although state density is a quantum concept, it can be derived from the
Green’s function, which describes the classical electromagnetic fields [8,48,49], namely:

ρ(r, ω) =
2ω

πc2 Im{Tr[G(r, r, ω)]} (10)

When a plasmonic nanostructure is present, the LDOS can be significantly enhanced.
This can be calculated using Equation (10), where Green’s tensor can be directly calculated
using iterative techniques developed by Martin and colleagues [50]. The LDOS can also be
obtained using Equation (9), which states that the LDOS is proportional to the emission
rate and, consequently, the power of a dipole source. One can therefore calculate the LDOS
by simulating the emission properties of a dipole source using normal numerical solvers
for electromagnetic fields, e.g., the finite-difference time-domain (FDTD) and finite element
method (FEM).

Fluorescence signals can be affected by many factors, such as temperature, pH, con-
centration, and so on. In addition to the emission rate, the fluorescence signal can also be
influenced by the quantum yield. The presence of plasmonic nanoparticles may lower the
quantum yield due to the material losses of metal, and this can even quench the fluores-
cence signals despite the enhancement [51,52], particularly for the dye molecules in the
visible spectral range, whose intrinsic quantum yields are often close to 100% [53].

It is also worth noting that surface-enhanced fluorescence (SEF) experiments are
normally only performed with weak excitation light. When the excitation becomes strong,
the excitation rate will reach the emission rate, and that will saturate the system. In this
case, the local field enhancement will not influence the signal intensity anymore.

2.3. Plasmonic Trapping and Sensing

Another important effect related to the local field enhancement is the significant in-
crease in the field gradient, which has been widely used for optical trapping and sensing
in the last two decades. At a “hot spot”, the intensity gradient of light can be enhanced
by more than three orders of magnitude thanks to both the enhancement and spatial con-
finement of fields [54]. This will greatly enhance the gradient forces (also known as the
dielectrophoresis effect in chemistry), leading to non-negligible attractions for nanoparti-
cles and surrounding molecules. With the plasmon-enhanced trapping forces, individual
nanoparticles and even biomolecules can be trapped under milliwatt-scale laser illumina-
tion, allowing researchers to enrich molecules at “hot spots” and investigate them further
with surface-enhanced spectroscopy techniques [17,55,56].

Interestingly, if we treat the nanoparticle as an optical nano-resonator without radiation
losses, we can link the trapping effect with the optical sensing techniques together. When
a molecule or nanoparticle is trapped, the energy of the system will become lower, and
consequently, the resonance frequency of the plasmonic nanostructure will be shifted.
This property makes the plasmonic nanostructure a high-performance nanosensor that is
extremely sensitive to external analytes [55]. Today, this effect has been widely used for
label-free detections of local index changes induced by the analytes in the surrounding
environment.
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Using perturbation theory, the above resonance frequency change can be described
with an explicit formula [57]:

Δωi = −αNP
dωi
dεca

|E(rNP)|2∫
cavity dr|E(r)|2

(11)

This is similar to the case of dielectric microcavities, whose resonance frequency shift
can be written as:

Δωi = −ωi
2

∫
drΔε(r)|E(r)|2∫
drε(r)|E(r)|2

(12)

In both cases, the resonance frequency shift is proportional to both the local light
intensity and the refractive index change induced by the trapped nano-objects. Therefore, a
larger enhancement will always lead to a better sensitivity of the LSPR-based sensors.

Meanwhile, there are also differences between Equations (11) and (12). In Equation (12),
the resonance shift is inversely proportional to

∫
drε(r)|E(r)|2, the integral of the electric

field energy over the whole space, while in Equation (11), the integral is limited to the space
inside the cavity. This is because, for the resonance mode of a plasmonic nanocavity, the
integral

∫
drε(r)|E(r)|2 = 0 is due to the negative permittivity of the metal.

2.4. Photothermal Effect

Large field enhancement means strong optical absorption. From Equation (3), it can be
seen that the absorption cross-section of a nanoparticle can also be enhanced by resonance.
In the case of gold and silver nanoparticles, their absorption interface can even be greater
than their physical size. Meanwhile, the heat capacity and dissipation rate of plasmonic
nanoparticles are often very low. For example, in the case of porous nanostructures where
all nanopores are aligned along the z direction, the effective thermal capacity Ce f f and
conductivity along the z direction Ke f f ,zz and x-y direction Ke f f ,xy can be written as

Ce f f = φC1 + (1 − φ)C2 (13)

Ke f f ,zz

Km
= 1 + (

K1 − Km

Km
)φ (14)

Ke f f ,xy

Km
= 1 +

2φ

A1 − φ + A2(0.30584φ4 + 0.013363φ8)
(15)

where C1, Cm, K1, and Km are the thermal capacity and conductance of the filler and matrix,
respectively, φ is the volume fraction of the filler, A1 = K1+Km

K1−Km
, and A2 = K2+Km

K2−Km
. Consider

that the filler is air and its thermal capacity and conductivity are close to zero. When φ is
close to 1, the thermal capacity and conductivity of the porous material will be very small.
It is therefore possible to obtain unexpectedly high temperatures under a relatively mild
excitation using specially designed plasmonic nanostructures [18]. This provides a new
solution for energy-intensive processes, e.g., water desalination and sewage treatment [19].
In the chemical analysis, it has been demonstrated that the high temperature can be used to
improve the efficiency of laser-induced desorption and ionization [58].

2.5. Metasurfaces and Light Manipulation

The plasmon resonance effect not only provides a means for the enhancement/regulation
of the local field strength but also enables the manipulation of the local phase and polariza-
tion of the optical field [26,27]. In other words, it is possible to manipulate light arbitrarily
at any point in space. Based on this idea, Capasso and coworkers proposed the concept
of metasurfaces, which use arrays of plasmon nanostructures to regulate wavefronts at
every point in space. This idea greatly expands the design freedom of optical devices
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and provides a new path for the development of optical sensing devices and analytical
instruments [31,32].

In light manipulation, precise control of phase is crucial. There are two main methods:
resonance tuning and geometric phase. The former uses the resonance behavior of the
optical nanostructure to tune the local phase of light [26]. By changing the resonance
across the working frequency, one can adjust the phase of the scattered light, achieving a
180-degree phase shift. The method is simple and efficient but is wavelength-dependent
and often causes undesired dispersions. Another method is the geometric phase [59–61].
We know that linearly polarized light is the superposition of left-handed and right-handed
circular polarized components. After a simple calculation, one can find that the phase of
the left and right circular polarization components is linearly related to the direction of
the linearly polarized light. In other words, the phase of circularly polarized light can be
controlled by simply manipulating the polarization direction of the field using anisotropic
nanostructures. The method is solely determined by the geometric parameters of the
nanostructure and is independent of wavelength but has relatively low conversion efficiency.
In addition to the above methods, other phase control methods were also demonstrated,
e.g., the waveguide method in dielectric metasurfaces. Using the above method, traditional
bulky optical systems can be replaced with an ultra-thin planar structure. This opens up
many new exciting possibilities for future instrument design [27].

3. Surface-Enhanced Spectroscopies

In this section, we will give a brief review of the surface-enhanced spectroscopies,
which are direct applications of large field enhancement of plasmonic nanostructures.
They are also the most important and widely studied topics in nanostructure-based chemi-
cal analysis.

3.1. Surface-Enhanced Raman Scattering

Raman spectroscopy is commonly known as the fingerprint of molecules in analytical
chemistry, but Raman signals are commonly extremely weak, preventing them from being
used in many applications. Because of this, SERS attracted a lot of attention after it was
first reported in the 1970s [62–64]. In particular, Nie and Kneipp’s groups independently
reported single-molecule Raman measurements from some “hot spots” of Ag nanoparti-
cles [12,13], and for the first time, people were capable of performing structural analysis for
individual molecules in an ambient environment. Encouraged by this, many researchers
carried out research over the last two decades to develop SERS into a quantitative, robust,
and reliable ultrasensitive analytical method. However, it was found that SERS had a series
of limitations due to its own mechanism [65].

One of the major challenges in SERS is the fabrication of high-performance SERS
substrates, which is a long-standing issue in the field. In the early stages, SERS is often
performed with rough metal surfaces or metallic nanoparticle aggregates, in which “hot
spots” can be randomly formed in the nanogaps between particles (Figure 5a) [66]. Later,
the concept of nano-antennas was introduced [43], and “hot spots” can be designed and fab-
ricated using laterally coupled structures in a “controllable” fashion (Figure 5c) [43,67–69].
However, until around 2010, “hot spots” on SERS substrates were always sparse and ran-
dom. This sparse random “hot spots” problem stems from the fact that the enhancement
factor of a “hot spot” is extremely sensitive to its local geometry. The SERS performance can
be very different even if two nanostructures are almost identical under electron microscopy.
For example, one of the authors of this work demonstrated that even 1 nm surface rough-
ness can lead to a one order of magnitude change in the Raman signal [70]. Moreover,
nanometer features are unstable under illumination due to local photothermal effects [71].
It is therefore almost impossible to create “hot spots” in a repeatable fashion because it
is extremely difficult to control the detailed features at the nanoscale using conventional
nanofabrication techniques.
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Figure 5. Different types of “hot spots” in surface-enhanced spectroscopies. (a,b) The field en-
hancement and SEM image of a nanoparticle cluster [72]. (c,d) Plasmonic bow-tie nano-antenna.
(e,f) Vertically coupled plasmonic nanocavity array [73]. (g,h) Metallic nanotip [72].

To solve this problem, various vertically coupled designs were proposed to circumvent
the fabrication challenge faced by laterally coupled structures (Figure 5e). Currently,
deposition and etching techniques allow us to control the thickness of a layer at sub-
nanometer precision. It is, therefore, possible to construct vertically coupled nanostructures
with extremely high precision [74–76]. To date, various vertically coupled structures with a
high density and large area uniformity of “hot spots” have been reported, and with these
structures, SERS has gradually become a quantitative analytical tool [77].

Recently, some successful strategies that partly overcome this problem have been
reported. One work reported that alkanethiolate ligand-regulated Ag nanoparticle films can
be used to achieve quantitative SERS measurements down to the single-molecule level [78].
Another showed that arrays of weakly coupled Ag nanohelices achieved both homogeneous
and strong near-field enhancements [79]. These works allow reproducible SERS detection
over a large area with excellent uniformity and a high Raman enhancement factor.

Another challenge in SERS is that the SERS signals from “hot spots” are very unstable
and often contaminated. The main reason is that the local metal structures of “hot spots” are
very “active” due to the photothermal effect, as well as photocatalysis processes. To avoid
the above problems, researchers have developed ultra-thin protective layer technology for
SERS substrates, which greatly improves the stability of signals [80].

In addition to top-down microfabrication technology, there are also many interesting
progresses with bottom-up methods. One promising approach is the combination of
chemistry and microfluidics technology, which creates clusters of particles in large numbers
in solutions that stabilize the total SERS signal during measurements [81]. This method is
based on microfluidic chips, so it can be easily combined with pretreatment functions, i.e.,
separation and enrichment, making it a powerful tool for real-world applications.

In recent years, there has been growing interest in exploring novel SERS-active sub-
strates to enhance the Raman signals of target molecules. One work reports Mo2C as a
highly sensitive semiconductor substrate [82], and another uses hat-shaped MoS2 films
to separate two layers of metal nanoparticles and exhibits superior SERS capability [83].
These recent works collectively contribute to the understanding of 2D films as SERS-active
substrates and showcase their potential as promising candidates for sensitive molecular
detection and spectroscopic analyses.

In addition, new measurement techniques for SERS were also developed to meet the
request of different application scenarios. One example is the surface-enhanced spatially
offset Raman spectroscopy (SESORS) [84]. By introducing a spatial offset between the
excitation and detection optical paths, it allows selective detection of the Raman signal
from deep tissues [85,86]. Another important SERS measurement technique is the fiber-
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integrated SERS substrate. In recent decades, different design and fabrication strategies
were developed. The flexibility of the fiber system extended the detection to environ-
ments that cannot be reached by traditional substrates, such as tissues, cells, and harsh
environments [87,88].

Today, SERS is not only used for the detection of trace amounts of chemicals but
has also been applied in complex systems, for example, the detection and photothermal
sterilization of bacteria [89] and intracellular detections using single-particle SERS. In situ
real-time detection and tracing of various chemicals in cells are essential for understanding
the basic processes of life. The current main method involves using gene editing technology
to make specific proteins have luminescent properties and observing and analyzing them
under fluorescence microscopy. While achieving great success, fluorescence methods
also have limitations. They require labeling and also face difficulties in detecting small
molecules. But SERS does not suffer from these issues. It enhances the signal of any
molecule which is absorbed on nanoparticles, making SERS a suitable tool for the detection
of small molecules, especially metabolism-related small molecules [90–94]. For more
relevant developments in this field, one can read a related review article by Ren [37].

The above ability to detect chemical substances in complex systems shows the great
potential of SERS in medical diagnosis [95,96]. For example, SERS has been proven to be a
sensitive and effective method for detecting cancer [97–100]. Other applications include the
detection of HIV and COVID-19 [95]. Researchers have demonstrated a reliable detection
of COVID-19 based on soft SERS substrates [101].

SERS can also be used as a powerful tool for food safety and environmental detection.
In the past two decades, there have been significant advances in these fields, which have
been well summarized in recent review articles [102–105].

When talking about SERS, one also needs to mention tip-enhancement Raman spec-
troscopy (TERS) (Figure 5g), which is the combination of SERS and scanning probe mi-
croscopy. TERS utilizes a sharp metallic tip as a single “hot spot”. By scanning the “hot
spot” and collecting SERS signals point-by-point, one can map the chemical information of
a sample at nanometer resolution with single-molecule sensitivity [106,107]. This provides
researchers with a powerful tool for understanding the composition of various chemical
compositions and chemical reactions at interfaces [71,108–110]. Despite its huge successes,
today, the application of TERS is still limited, and it takes a lot of effort to obtain a high-
quality TERS image. One of the main reasons is the reliability of the probes used. The
fabrication of high-performance, chemically stable probes that are not easily damaged or
contaminated is still a challenging issue in this field.

Another important issue with TERS is that it requires a complex and expensive optical
system to excite and collect the Raman signal from the tip. This system needs to be well
integrated with a scanning probe microscope, and the precision of aligning the optical beam
with the tip-end needs to be subwavelength. To address this issue, one way is to integrate
the metallic probe with waveguides, which can guide the excitation light to the tip apex
and collect the signal from the metallic tip to far-field detectors. For example, Liu and his
colleagues developed the nanowire-fiber integrated tip, which can be directly used with
a commercial scanning tunneling microscope without any additional supporting optical
system [111]. This greatly simplified the design of TERS systems.

3.2. Surface-Enhanced Absorption Spectroscopies

UV-Vis absorption spectroscopy and IR absorption spectroscopy are the two most
widely used spectroscopic tools in analytical laboratories. In particular, IR spectroscopy,
like Raman spectroscopy, is the fingerprint spectroscopy for chemical analysis, and the
information of molecular functional groups can be accurately obtained through the analysis
of characteristic absorption peaks, which has many applications in material science, surface
science, and other fields.

Conventionally, surface-enhanced infrared absorption spectroscopy (SEIRA) is mainly
performed with metal plasmon antennas using the local field enhancement effect [67,112,113].
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However, in the infrared region, metals tend to be perfect conductors, and their perfor-
mance is close to that of traditional antennas. The signal enhancement caused by the
resonance of the materials discussed earlier is not significant as in the case of the visible or
near-IR regime. To this end, similar to the development of substrates for SERS, new vertical
antenna-based coupled designs were introduced, which greatly improved the performance
of the enhanced spectrum [114].

Interestingly, it has been found that graphene provides excellent properties in the IR
region that traditional metal structures do not have. For graphene, the concentration of its
conductive electrons is relatively low compared with metals, and its plasmon frequency is
therefore in the IR regime instead of the visible range. Moreover, graphene is atomically
thin, and this causes strong field enhancement at the edges, which are extremely sharp.
Thanks to the above properties, graphene substrates have received a lot of attention in
the field of SEIRA [115,116]. However, compared with SERS, the sensitivity of SEIRA is
relatively low and cannot reach the single-molecule level. In addition, optical components
are expensive for the IR regime. This limits the application of SEIRA.

There are also reports on surface-enhanced UV-Vis absorption spectroscopy, but the
number is much lower compared with SERIA and SERS. This is because of several different
factors, mainly the limitation of materials, the high price of optical equipment, and the
lack of structural information in the ultraviolet spectral region. Moreover, the intrinsic
absorption section of organic molecules in the UV-Vis regime is relatively large, and in
most cases, the sensitivity already meets the requirements.

3.3. Surface-Enhanced Fluorescence

Surface-enhanced fluorescence (SEF) also has a long history, similar to the case of
SERS. However, because the signal intensity of commonly used fluorescent molecules is
much stronger than that of Raman scattering and infrared absorption, single-molecule
fluorescence detection and tracing at room temperature can be achieved without any
enhancement, and surface-enhanced fluorescence has received far less attention in chemical
analysis than SERS and SEIRA.

This situation changed considerably after near-IR (NIR) dyes became popular in
bioimaging in bio-/chem-sensing. Compared with fluorescence techniques in the visible
range, near-infrared dyes offer a larger penetration depth in tissue imaging and lower
background thanks to their low autofluorescence background. These properties make
NIR dyes very popular for in vivo bioimaging and enzyme-linked immunosorbent assays
(ELISA). However, the absorption cross-section of NIR dyes is much smaller than that in
the visible or UV spectral range, and the fluorescence yield is often less than 10%. These
properties bring up the issue of low signal again in a way similar to Raman spectroscopy,
and it is therefore important to find ways to enhance the fluorescence of NIR dyes.

To address this, Chou’s group developed a vertically coupled antenna-based technol-
ogy [74,117], which can enhance the average fluorescence by thousands of times, and at “hot
spots”, the fluorescence signal can be enhanced by up to six orders of magnitude [73,118].
Using this method, the detection limit of the Ebola virus was successfully pushed to sub-
fM [119]. This technology is compatible with existing ELISA detection equipment, and
using nanoimprinting technology, plasmon substrates themselves can be prepared in large
quantities. It is believed that this high-performance SEF-based technique will play an
increasingly important role in the field of high-sensitivity detection, especially in the early
diagnosis of major diseases.

4. Index Sensing and Laser-Induced Ionization with Plasmonic Nanostructures

In this section, we review the applications of plasmonic nanostructures based on more
complex effects, such as optical forces and photothermal effects.
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4.1. Refractive Index Sensing

As aforementioned, the resonance frequency of a plasmon resonance mode can be
shifted by the presence of external analytes due to the works of optical forces. This effect
makes plasmonic nanostructures an important tool for index sensing in chemistry (Table 1).
Researchers have invested great enthusiasm in developing different types of refractive index
sensors, and different reading and processing methods were also developed. Today, thin-
film-based SPR sensors (Figure 6a) have become the gold standard for many applications
in bio-/chem-analysis with a sensitivity down to 10−7 RIU, and they have been well
documented by review works by different groups. We therefore only focus on individual
nanostructure-based sensors as well as array structures, which are less covered.

Table 1. Comparison between SPR, LSPR, and ELISA.

SPR LSPR ELISA

Label-free Yes Yes No

Sensitivity 10−6 nm/RIU 10−2 nm/RIU 10−18 M [119]

Single-molecule
detection No Yes [120] Yes

Detection mode
Absorption

wavelength/angle,
imaging

Scattering, extinction,
imaging

Fluorescence,
imaging

Spatial resolution 10 μm 1 μm 1 μm

Real-time detection Yes Yes No

Multiplexing Yes Yes Yes

Figure 6. Principle of SPR sensor (a) and LSPR sensor (b).

Figure 6 shows the principle of this type of sensor. For a plasmonic nanoparticle, when
a single molecule or viral particle is adsorbed on it, the resonance wavelength will undergo
a step-like shift due to a change of the system’s energy (Figure 6b), allowing us to probe a
single particle or even single molecule in its local environment [17,121,122]. Array struc-
tures were also reported. They are mainly used for measuring the average concentration of
solutions via continuous resonance shifts induced by global index changes [123].

Compared with conventional sensors, individual nanostructure-based LSRP sensors
offer better sensitivity and spatial information. In recent decades, many interesting results
have been reported using individual nanostructure-based LSPR sensors. For example,
using separated plasmonic nanorods, researchers demonstrated the detection of single pro-
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tein molecules [120]. When further combined with plasmon nano-antennas and traditional
whispering-gallery-mode microcavities, the sensitivity can be further improved [124–126].
These above methods are based on the displacement detection of formants, which re-
quires sophisticated spectroscopic equipment. Interestingly, it has been reported that by
using nanopore design, optical detection of single molecules can be achieved by mea-
suring the transmission intensity directly without requiring sophisticated spectroscopic
equipment [127–129].

Due to their small size, plasmonic nanoparticles can even be used to detect local
chemical information in living cells. This is because their scattering spectra can still be
clearly recorded with dark-field imaging spectrographic instruments even after being
injected into tissues [130,131]. Thanks to the high sensitivity and stability of plasmonic
nanoparticles, they are expected to play an increasingly important role in in situ real-time
analysis for life science in the future.

LSPR sensors can also be integrated with optical fibers [132,133]. In fact, fibers can
be used for index sensing themselves using their own optical modes, such as the lossy-
mode resonance (LMR)-based sensing technique [134–138]. The integration of LSPR can
improve the sensitivity of the fiber-based sensors and further enable the combination of the
SERS technique.

Thanks to their high sensitivity and ease of use, SPR and LSPR are now widely used
in a variety of applications. Compared to ELISA, they can detect dynamic processes, which
makes SPR technology particularly important in measuring molecular binding processes.

4.2. Photothermal Effects and Their Applications in Mass Spectrometry

As aforementioned, plasmonic nanostructures often exhibit strong photothermal
effects. With their large light absorption cross-section and nanoscale volume, plasmonic
nanostructures can be instantly heated to hundreds or even thousands of degrees when
excited by laser pulses. This high temperature can be used to melt, desorb, and even break
chemical bonds of the sample, making plasmonic nanostructures an interesting choice for
building ion sources for MS measurements.

In MS, laser-induced desorption/ionization (LDI) is one of the most important ion-
ization techniques for biomolecules [139,140]. It often uses small organic molecules as
an assisting material to improve the efficiency of LDI and soften the ionization process
of biomolecules. In the matrix-assisted LDI (MALDI) technique, the matrix molecules
are ionized first, immediately after being hit by laser pulses, and then they transfer their
charges to the target sample molecules. Because the energy is mainly absorbed by the ma-
trix molecules, it does not destroy the structure of the organic analyte and can consequently
avoid fragmentation issues. However, due to the presence of matrix molecules, there is
always a high background noise level in the low mass regime. To address this issue, people
developed surface-assisted laser desorption/ionization (SALDI) technology, which uses the
photothermal effect of micro- and nanostructures to achieve the efficient, background-free
desorption and ionization of organic molecules [141].

To date, many different types of nanostructures have been used for SALDI, but surpris-
ingly, plasmonic nanostructures did often not show any advantages over nanostructures
made of other materials until very recently [142,143]. This is because most of the plasmonic
nanostructures are designed for surface-enhanced spectroscopies and are not optimized
for the photothermal effect. Things only started to change in recent years. With the under-
standing of plasmon photothermal effects becoming deeper, high-performance plasmonic
photothermal nanostructures were continuously reported. In particular, porous plasmonic
nanostructures have emerged, which exhibit extremely high absorption efficiency, small
heat capacity, and low thermal conductivity at the same time [18,19]. Using this structure,
the authors successfully demonstrated the ionization of biomolecules. The results showed
that its ionization efficiency is several times higher than the case of traditional MALDI
substrates without background noise in the low mass charge region (Figure 7) [58].
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Figure 7. Plasmon-assisted laser desorption/ionization [58]. (a) Principle of laser desorption/
ionization. (b,c) Porous plasmonic substrate before and after laser excitation. (d) Plasmonic substrate
leads to a strong and clean signal. (e) No signal can be observed without the substrate.

It is worth noting that the strong photothermal effect can also lead to the complete
dissociation of molecules and the formation of plasma. This allows plasmon structures to
be applied to atomic spectroscopy (LIPS, laser-induced plasma spectroscopy).

5. Metasurface-Based Chemical Sensing and Analysis

In the previous section, all the applications are based on the properties of the individual
nanostructures or uniform structure arrays. In this section, we will discuss the applica-
tion of nonuniform nanostructure arrays (i.e., metasurfaces). They can map the hidden
optical information into directly detectable intensity information, opening up many new
possibilities for simplification and miniaturization of conventional analytical techniques.

5.1. Plasmonic Gradient as a Miniaturized Bio-Sensor

With the development of information technologies, particularly the Internet of Things
(IoTs), people began to imagine that diagnostic equipment should be more personal-
ized and decentralized, utilizing smart miniaturized point-of-care testing (POCT) equip-
ment [144–146]. In recent years, the emergence of various new high-performance miniatur-
ized chemical and biochemical sensors is making this dream a reality. Especially, plasmonic
sensors (e.g., SPR and LSPR sensors) exhibit great potential for building such devices thanks
to their small size and high signal strength. Meanwhile, the fast growth of consumer elec-
tronics, smartphones, and smartwatches started to integrate communication, computing,
and advanced imaging functions together. It makes the integration of SPR/LSPR sensors
and mobile phones a very promising direction [146,147].

The major function of SPR and LSPR sensors is to convert the refractive index infor-
mation into absorption spectra or angular spectra that can be read by optical inspection
equipment [148]. However, reading both absorption spectra and angular spectra requires
additional equipment. To simplify the measurement, transmission or reflection signals
at a single fixed wavelength are often used instead of the full spectra, but it is at the
expense of measurement accuracy. To address the above issue, the authors propose an
image-based ultrasensitive sensing method using gradient plasmon structures (plasmon
metasurfaces), as shown in Figure 8 [149,150]. It is a 2D array of plasmonic nanorods whose
resonance wavelength continuously varies from the center to the edge. When illuminated
by a monochromic light source, the light will be absorbed at the position where the reso-
nance matches the wavelength of the excitation light, and this will lead to a dark resonant
ring. If the surrounding environment changes, the size of the ring will change too due to
the resonant wavelength shift of the plasmonic nanorods. Such pattern changes can be
accurately recorded and analyzed by mobile phones for ultrasensitive sensing purposes
(as shown in Figure 8b,c). The results show that its sensitivity is comparable to large
research-level instruments.
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Figure 8. Smartphone-based plasmonic sensors. (a) A patterned plasmonic gradient sensor and its
reader are capable of quantitatively measuring the environmental refractive index. (b) The size of
the resonance ring, Sres, changes when the refractive index of the surrounding medium, n, changes.
(c) Sres is linearly related to 1/n [150].

In addition to refractive index sensors based on local plasmon resonance, people have
also tried to combine handheld spectrometers and surface-enhanced fluorescence sensors.
In theory, this should lead to higher sensitivity compared to the LSPR-based sensors, but it
also requires expensive light sources, filters, and more complex optics.

5.2. Snapshot CD Spectroscopy with a Metasurface

With the emergence of metasurfaces, we are gaining unprecedented light manipu-
lation capability, leading to many new opportunities for the miniaturization of analysis
instruments, including optical imaging, polarization measurements, and spectral analysis.
Today, there have been a few reviews on optical imaging applications [30,59]; therefore,
and we limit our discussion on polarization analysis, more specifically, CD spectroscopy,
which is important for biochemical analysis.

CD spectroscopy measures the difference between optical interactions with left- and
right-handed circular polarized light. It is the most widely used characterization method for
measuring the chirality of molecules, having many important applications in chemistry, life
science, and medicine. Because the CD signals are several orders of magnitude weaker than
traditional spectroscopic signals, it requires complex optical modulation–demodulation
equipment to retrieve them [151]. This makes CD spectroscopy a complex and expensive
analytical technique.

Interestingly, with the help of polarization gratings, the measurement for CD spectra
can be greatly simplified. The polarization grating is essentially a metasurface, which
diffracts left-handed and right-handed circular polarized components of light into different
directions with equal efficiencies [152]. The CD measurement can therefore be performed
by simply collecting signals with different polarizations at the same wavelength and calcu-
lating their differences. In addition, polarization gratings can be coupled to microscopic
imaging systems, making it possible to collect signals from a single nanostructure, as shown
in Figure 9. Using this method, the authors and collaborators developed the snapshot CD
spectroscopy technique and demonstrated the CD spectroscopy of single DNA-assembled
3D nanostructures [35].

It should be noted here that the polarization grating used here is made of liquid crystals
instead of metallic nanostructures because liquid crystals are adjustable, transparent, and
convenient to process. It is also possible to fabricate polarization gratings with dielectric or
metallic nanostructures, but the nanofabrication is much more expensive than the case of
liquid crystals.

Finally, it is worth noting that with the emergence of the metasurface technique, the
boundaries between imaging, spectrometry, and polarimetry in conventional optical design
are becoming blurred. One can map the spectral and polarization information from any
spatial point in a sample onto intensity distributions on any given plane, which then can
be recorded with imaging devices. This unique capability is particularly important today
because high-quality imaging devices with a large format have become available in our
daily life. For instance, the pixel number of the CMOS sensor in a smartphone has reached
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100 million. One can therefore expect that high-performance and ultracompact spectropo-
larimetric imaging devices will be integrated into consumer electronic products in the near
future. This will dramatically change the landscape of chemical sensing and analysis.

Figure 9. Snapshot CD spectroscopy of single nanostructure using a polarization grating [35].
(a) Schematic drawing of the CD spectrometer. (b) Scattering CD spectra of right-hand and left-hand
enantiomer, respectively. The insets are the SEM images of the nanostructures.

6. Applications in Life Science and Theranostics

As discussed above, plasmons can be used as nanoscale optical sensors, energy con-
verters, and spectral signal amplifiers. These properties offer great potential applications
for plasmons in life sciences and diagnostics.

Intracellular plasmonics is a cutting-edge field focusing on the use of plasmonic
nanostructures within living cells. By introducing these nanostructures, researchers can
enhance imaging contrast, enable targeted therapies, and probe cellular processes at the
nanoscale [153–156]. For example, one work reports that by using multifunctional gold
nanoparticles, these intracellular sensors can monitor actin rearrangement in live fibrob-
lasts [157]. Another work shows an electrochemical impedance microscope based on surface
plasmon resonance that resolves local impedance with submicrometer spatial resolution
and monitors the dynamics of cellular processes with millisecond time resolution [158].
Intracellular plasmonics offers novel insights into cell biology and holds great potential for
revolutionizing cell-based research and personalized medicine.

In recent years, plasmonic nanoparticles have emerged as key players in advanc-
ing theranostics. These nanoparticles enhance imaging contrast in techniques like SERS
and photoacoustic imaging while serving as efficient carriers for site-specific drug re-
lease [159,160]. Additionally, plasmons enable novel treatments like photothermal therapy,
where localized heating selectively destroys cancer cells [20,161,162]. Nowadays, many
novel plasmonic nanoparticles have been applied to theranostics. For example, plasmonic
nanobubbles lead to rapid heating and vaporization of the surrounding medium, which
has been explored for targeted drug delivery and tumor ablation [163]. Another example is
gap-enhanced Raman tags (GERTs), which are a class of nanoscale structures that signifi-
cantly amplify the Raman scattering signal of molecules attached to or within their nanogap
regions. These GERTs have been applied as the second near-infrared window (NIR-II) SERS
tags and achieved successes from biodetection to theranostics owing to their simultane-
ous extra-high SERS response, ultra-photostability, and multiplexing capability [164,165].
The development of plasmons in theranostics holds great promise for personalized and
effective healthcare.
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7. Summary and Outlook

From the above review, it can be seen that optical nanostructures, especially plasmon
nanostructures, can significantly enhance the optical effects at the nanoscale, which are
otherwise extremely weak. These nanostructures can therefore function as a bridge that
connects the nanoscale chemical information in its near field to the far-field propagating
waves, allowing researchers to collect and analyze the spectral information from trace
amounts of samples or even a single molecule. In the last decade, the field of nano-optics
has become mature. With the development of computational electromagnetic technology
and nanofabrication technology, the design and fabrication of plasmonic sensors have
become standard processes. The focus of research has begun to shift from conventional
surface-enhanced spectroscopies to applications that involve complex multi-physical effects,
such as LSPR-based sensing and SALDI. The former is associated with the near-field
optical trapping phenomenon, and the latter relies on the nanoscale temporal photothermal
processes of plasmonics.

Another important trend for nanostructure-based chemical analysis is integration and
miniaturization. Today, sensing techniques for physical signals have matured, but there is
still a lack of biochemical sensors which are small, integrated, and highly selective. At the
same time, information techniques, especially IoT techniques, are growing at a breathtaking
speed, and the demand for real-time and reliable monitoring methods of biochemical
information for the environment, public safety, and health is becoming increasingly urgent.
Optical nanostructures, such as plasmonics and metasurfaces, provide an attractive solution
for high-performance, miniaturized, and low-cost sensors. We believe that driven by the
market, the development of reliable, highly selectable, and integrable nanostructure-based
biochemical sensors will be an important trend in the next decade.

Finally, it is worth mentioning that optical measurement methods have made sig-
nificant progress in the last decade. Nonlinear optics and quantum optics technologies
have begun to make their way from basic research to various application fields, including
sensing [166,167]. It has been experimentally demonstrated that nonlinear and quantum
effects can improve the performance of optical nanostructure-based sensors, such as the
signal-to-noise ratio and accuracy [168–171]. We believe that this will bring many new
opportunities in the future.
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Abstract: Biomolecular channels on the cell membrane are essential for transporting substances
across the membrane to maintain cell physiological activity. Artificial transmembrane channels
used to mimic biological membrane channels can regulate intra/extracellular ionic and molecular
homeostasis, and they elucidate cellular structures and functionalities. Due to their program design,
facile preparation, and high biocompatibility, DNA nanostructures have been widely used as scaffolds
for the design of artificial transmembrane channels and exploited for ionic and molecular transport
and biomedical applications. DNA-based artificial channels can be designed from two structural
modules: DNA nanotubes/nanopores as transport modules for mass transportation and hydrophobic
segments as anchor modules for membrane immobilization. In this review, various lipophilic
modification strategies for the design of DNA channels and membrane insertion are outlined. Several
types of DNA transmembrane channels are systematically summarized, including DNA wireframe
channels, DNA helix bundle channels, DNA tile channels, DNA origami channels, and so on. We then
discuss efforts to exploit them in biosensor and biomedical applications. For example, ligand-gated
and environmental stimuli-responsive artificial transmembrane channels have been designed for
transmembrane signal transduction. DNA-based artificial channels have been developed for cell
mimicry and the regulation of cell behaviors. Finally, we provide some perspectives on the challenges
and future developments of artificial transmembrane channel research in biomimetic science and
biomedical applications.

Keywords: artificial transmembrane channel; DNA nanostructure; biosensing; biomedical application

1. Introduction

Transmembrane channels are integral membrane proteins with channels or pores that
allow particular ions or small molecules to cross a lipid bilayer [1,2]. These channels are
critical for regulating ion homeostasis, transporting molecules, maintaining normal cell
physiological functions, and performing related life activities [3]. However, their formation
requires genetic coding in living cells under strict spatiotemporal control, which is difficult
to reproduce in vitro [4]. To date, various materials, such as biological macromolecules,
synthetic organic compounds, and inorganic substances, have been successfully used for
the design of artificial nanochannels with diverse structures and functions [5]. The design
of synthetic biomolecules that mimic the structures and functions of natural transmem-
brane channels has garnered substantial interest among molecular biology researchers as
models for studying fundamental information, creating alternative drugs, and developing
advanced biosensors.

Deoxyribonucleic acid (DNA) is an irreplaceable building material for the design
of artificial channels [6], since DNA is an easily accessible biomacromolecule with high
biocompatibility and programmable self-assembly ability, and it can be safely used in
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natural biological processes [7]. In addition, each strand used to construct DNA chan-
nels can be independently functionalized through the precise design and modification
of various biochemical molecules [8]. With excellent shapes, structures, and functions,
DNA-based artificial channels have been widely used for the transmembrane transport of
ions or molecules, the transduction of intercellular signals, and the regulation of cell physi-
ological activities [9]. Various methods have been reported for the design of DNA-based
transmembrane channels [10]. For example, traditional DNA self-assembly technology
has been developed as a simple, practical, and rapid route for designing transmembrane
channels, which have been used to simulate signal transduction and ion transport [11–13].
Based on DNA origami technology, the pore size, height, and wall thickness values of the
designed DNA channels are relatively easy to customize [14]. Hydrophobic modification
of DNA nanostructures is a major design difficulty, but it is necessary to make the DNA
channels span the phospholipid bilayer [15]. A regulating switch on the DNA channels can
modulate transmembrane transport [16–18].

In this review, we summarize the hydrophobic modification strategies for preparing
DNA transmembrane channels in terms of the type, number, and location of hydrophobic
modification groups. We systematically summarize the construction of different types of
DNA artificial transmembrane channels and discuss their applications in biosensors and
biomedicine. (Scheme 1) Finally, we describe the challenges and possible remedies of DNA
artificial transmembrane channels in biomimetic science and biomedicine applications and
propose some prospects for their future development.

Scheme 1. Diagram of the content of the review. DNA-based artificial channels can be designed
from two structural modules: DNA nanotubes/nanopores as main structural modules for mass
transportation and hydrophobic modifications as anchor modules for membrane immobilization.
We systematically summarize the construction of different types of DNA artificial transmembrane
channels and discuss their applications in biosensors and biomedicine.
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2. Hydrophobic Modification for Artificial Transmembrane Channels

The purposes of designing DNA-based artificial channels include the transmembrane
transport of substances for signal exchange, the adjustment of the concentrations of sub-
stances, and the regulation of cell behaviors. The design method, structure (pore size
and length), and interaction force between the channel and phospholipid membrane can
directly affect the material transport efficiency [19]. DNA-based artificial transmembrane
channels transport ions or biomolecules between phospholipid membranes, which mainly
rely on the arrangement and assembly of DNA strands to form nanotubes or nanopores
with holes [20]. Generally, DNA-based artificial transmembrane channels are composed
of two structural modules: DNA nanotubes/nanopores as transport modules for mass
transportation; and hydrophobic segments as anchor modules for membrane immobi-
lization (Figure 1A). For example, phospholipids consist of a hydrophilic head and two
hydrophobic tails. Hydrophobic fragments can be inserted into the internal hydrophobic
site, allowing DNA nanostructures to be well anchored to phospholipid membranes.

Figure 1. Structure model of artificial transmembrane channels and different hydrophobic modifica-
tions. (A) Schematic diagram of transmembrane channels formed by hydrophobic-modified DNA
nanotubes or nanopores. (B) Various hydrophobic modifications: cholesterol, ethyl-PPT, tetraphenyl
porphyrin, lipophilic guanosine, palmitoyl, tocopherol, and C12 spacer.

A core challenge of DNA nanotubes or nanopores embedded in phospholipid mem-
branes regarding the formation of transmembrane channels is to overcome the adverse
interactions between the hydrophilic, negatively charged DNA nanostructures and the
hydrophobic membrane environment [6]. Many strategies have been developed to in-
sert DNA nanostructures into the hydrophobic centers of the lipid bilayer. Keyser et al.
have proposed several steps for constructing efficient membrane channels, especially for
overcoming the high energy barrier of DNA across the bilayer hydrophobic core: (1) The
connector between the hydrophobic anchor and the DNA core is shortened to achieve
improved control over the anchor position. (2) When large structures are introduced, there
should be a large spacing between the hydrophobic anchors to inhibit their simultaneous
insertion into the bilayer without inducing crossing [21]. (3) The distance between the
end of the structure and the membrane transdomain, as determined by anchor position, is
reduced, limiting adverse interactions between the charged material and the hydrophobic
core of the membrane [22].

Hydrophobic modification of DNA nanotubes or nanopores is a key step when design-
ing transmembrane channels. Due to the excellent properties resulting from its membrane
insertion, cholesterol is the preferred hydrophobic group for DNA modification. Choles-
terol is most frequently used because of its strong hydrophobicity and because it can be
modified at the DNA end or middle section, which is more conducive to the design of DNA
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artificial transmembrane channel structures. The amount and location of cholesterol are
adjusted according to the designed channel shape and function. The number of cholesterols
on artificial channels has been reported to be in the range of 2–60 [23–30]. DNA channels
with small pore sizes and simple structures have little resistance to inserting into the mem-
brane, and the corresponding modification method is relatively simple. Small-aperture
artificial channels usually require only a few cholesterols at intervals along the sidewalls of
the channel. However, as the pore size increases, it becomes increasingly difficult for DNA
channels to be inserted into the lipid membrane. Over 10 cholesterols have been reported
to be modified in DNA nanochannels with large apertures [25–30]. Inspired by the first
DNA nanochannels, cholesterols are typically modified at the brim of the channel, under
the flanking structure, or at the bottom of the middle shell [26–28]. It is necessary to add a
coating to sequester cholesterol to prevent channel aggregation and ensure that the DNA
channels are individually embedded in the membrane [29].

Ethyl-phosphorothioate (ethyl-PPT) [31], tetraphenyl porphyrin (TPP) [32], lipophilic
guanosine [33], palmitoyl [28], tocopherol [34], and C12 spacer [35] are widely used for
DNA hydrophobic modification (Figure 1B). The attachment of the ethyl group to the
mercaptan group removes the negative charge of the typical phosphate anion. Ethyl iodide
reacts with mercaptan groups through nucleophilic substitution to produce ethyl-protected
PPT, which can be used for the hydrophobic modification of DNA channels [31]. To simplify
the design of channels and minimize chemical intervention, other chemical labels with
improved hydrophobicity have been proposed. It is expected that macroporous channels
can be anchored to the membrane with a few chemical labels. TPP meets the requirements
of hydrophobicity and can be easily coupled with DNA. Therefore, DNA channels modified
with two porphyrin labels are constructed [32]. Acetylene-TPP is rigidly linked to the DNA
strand by Sonogashira coupling to deoxyuridine. The T-pore-based artificial channels
that were reported in 2016 are hydrophobically modified with tocopherol as a substitute
for cholesterol [34]. In addition, biotin-streptavidin-coupled lipid networks have been
developed [34]. The biotin-streptavidin connection with the biotinated lipid membrane
provides additional channel-to-membrane interactions, enabling the insertion of single
DNA channels into the membrane without channel aggregation.

3. Design of DNA Nanostructure for Artificial Transmembrane Channels

Currently, different types of DNA nanostructures have been developed for the design
of artificial channels, including DNA wireframes, DNA helix bundles, DNA tiles, DNA
origami, and so on.

3.1. DNA Wireframe-Based Transmembrane Channels

DNA wireframe nanotubes are promising self-assembled nanostructures that have pro-
duced a range of nanotubes or nanopores with different cavity sizes and tube lengths [36–41].
A typical modular assembly process for designing a wireframe structure from short syn-
thetic strands is as follows: First, DNA structures acting as modular building blocks with
specific shapes, such as triangles, squares, pentagons, and hexagons, are designed as
needed. DNA nanotube rungs are then formed by longitudinal assembly through con-
necting strands. By controlling the number of DNA strands in each unit and connecting
multiple rungs, the tube can be extended, and DNA nanotubes with micrometer lengths
and specific pore shapes can be obtained.

DNA wireframe nanotubes can act as artificial transmembrane channels after adding
hydrophobic anchors for membrane insertion. Sleiman et al. [23] designed cuboidal DNA
channels and found that changing the pattern of the cholesterol unit on the cuboidal DNA
significantly alters its interaction pattern with the lipid membrane (Figure 2A). Modification
of cholesterol on a single face of the cube results in the peripheral anchoring of the DNA
structure, while modification of cholesterol on two opposite faces of the cube enables
the DNA pipeline structure to cross the phospholipid membrane. The DNA channels
embedded in the membrane function as nanochannels for the transmembrane transport of
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dyes. Furthermore, researchers have designed a switch for the channel to avoid channel
aggregation. This switch is achieved by adjusting the length of the cholesterol-DNA
conjugate and the interval between the cubic binding segment of the strand and the
cholesterol unit. The cholesterol units are initially hidden inside the cube and then exposed
by a conformational switch for membrane insertion. Cholesterol-DNA cubes have become
the first open-walled DNA channels that can be used as tools for sensing, drug delivery,
and cellular behavior regulation applications. The DNA hexagonal prism constructed
by Tan et al. [42] can transport ions across the membrane after modifying cholesterol on
the four strands of the sidewall. An additional lock strand is designed on the opening
side of the channel, and a key strand is added to open the channel for material transport
(Figure 2B). These ligand-gated hexagonal DNA nanochannels have been used to mimic
bionic ion channels in cell membranes.

 
Figure 2. DNA wireframe-based transmembrane channels. (A) Schematic representation of DNA
cube-based transmembrane channels through wireframe assembly. Different amounts of cholesterol-
DNA conjugates (yellow lines) bind to the DNA cube at different positions. The cholesterol unit
of the cholesterol-DNA conjugate can be flexibly regulated. Every cholesterol-DNA conjugate has
14 bases in the cuboidal binding segment, and an additional 5-thymidine (T) spacer serves as a chain
to link the cholesterol, providing flexibility. From top to bottom are cubes containing 1, 4, 2 + 2,
and 8 cholesterol-DNA conjugates. The first two images show cubes with cholesterol modified on
a single face (a), eventually leading to extramembrane anchoring, and the last two images show
cubes with cholesterol modified on two opposing faces (b), which can puncture the membrane.
This figure was adapted with permission from ref. [23], copyright 2019, American Chemical Society.
(B) Schematic diagram of the ligand-gated transmembrane channel response. This figure was adapted
with permission from ref. [42], copyright 2021, American Chemical Society.

3.2. DNA Helix Bundle-Based Transmembrane Channels

Small-pore DNA-based artificial channels can be designed based on helix bundle
(HB)-based nanotube assembly through the concatenation of multiple DNA strands [24].
DNA helix bundles are prepared by cross-joining scaffolds and short strands in the middle
or at the ends of the materials, and the helix bundles follow the structural layout of polygon
arrays [31]. The six DNA helix bundle (6-HB) nanotubes form approximately 2 nm-wide
pores at the center (Figure 3A), which are hydrophobically modified to maintain structural
stability in the lipid bilayer and to support a constant transmembrane current (Figure 3B).
The reported conductivities of these 6-HB DNA transmembrane channels range from
approximately 0.3 nS to 1.6 nS [31,32]. Through molecular dynamics (MD) simulations, the
following conclusions are found. (1) The chemical modification on the surface of the channel
has an extremely large impact on the transport of water and ions across the membrane, and
the type, number, and position of the hydrophobic group modification can directly affect
the formation of transmembrane channels. (2) DNA nanochannels can be used to transfer
charged solute pairs to antistatic gradients through electroosmosis. (3) The porous channel
wall allows the transverse leakage of ions and water. (4) The central lumen of the DNA
channel is cylindrical and filled with water and ions; the volumes of water at the opening
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regions of both ends fluctuate in time and exhibit mechanosensitive gating (Figure 3C),
creating a force sensor [43–46]. The negatively charged channel lumen has a high degree of
control over cargo transport. For example, the lumen can act as an H+ conductor to control
the H+ current [47] and show effective ATTO655 (dye with −1 charge) flux while blocking
calcein (dye with −4 charge) transport [37]. Pore transport is affected by surrounding lipids.
Studies on charged neutral lipids have shown that 6-carboxyfluorescein (FAM) dye is not
transported, but analysis of negatively charged 1-palmiyl-2-oleoyl phosphatidylglycerol
(POPG) shows that FAM dye can be transported by DNA channels [48].

Figure 3. DNA helix bundle-based transmembrane channels. (A) Schematic diagram of the molecular
simulation of 6-HB-based DNA transmembrane channels modified with ethyl-PPT. Image reproduced
with permission from ref. [45], copyright 2017, Springer Nature. (B) Transmembrane current test
diagram of the 6-HB DNA nanochannel. From left to right, the current traces of the channel under
voltages of +100 mV, 0 mV, and −100 mV are shown. Image reproduced with permission from ref. [31],
copyright 2013, American Chemical Society. (C) Simulation diagram, cross-sectional area, and current
of the transmembrane channel under compression, zero tension, and compression. Image reproduced
with permission from ref. [43], copyright 2015, American Chemical Society. (D) Molecular simulation
of the 4-HB transmembrane channel with two cholesterols. Image reproduced with permission from
ref. [21], copyright 2018, Springer Nature. (E) Conductivity test diagram of the 4-HB DNA channel.
Image reproduced with permission from ref. [49], copyright 2015, American Chemical Society.

In addition, Keyser et al. have constructed a DNA nanochannel with a reduced pore
size in which four DNA helical bundles (4-HB) are arranged on a square lattice to form a
channel [21,49]. Two of these nonadjacent helical bundles contain a DNA strand carrying
terminal cholesterol to embed a channel into the lipid membrane (Figure 3D). In this
arrangement, the naturally occurring gaps between the helices produce a central channel
with a nominal diameter of approximately 0.8 nm. Conductivity tests confirm the ion
conduction ability of 4-HB DNA nanochannels embedded on giant unilamellar vesicles
(GUVs). The GUVs embedded with DNA nanochannels are significantly more conductive
than pure GUVs (Figure 3E).
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3.3. DNA Tile-Based Transmembrane Channels

DNA tiles are short intersecting DNA strands that contribute to structural control.
They have cohesive ends that can be programmed to self-assemble to form various DNA
nanostructures by clinging together [50,51]. DNA tiles have been widely used to prepare
DNA nanotubes. The steps of their self-assembly mainly focus on the release of DNA
input molecules to trigger the growth of nanostructures, which is a nonautonomous and
irreversible reaction [52]. With the maturation of construction technology, several methods
have been designed to synthesize DNA tile nanotubes with adjustable, reversible, or
controllable termination characteristics [53–55]. By using DNA origami structures as seeds
to construct channels, micron-long nanotubes can be obtained through the polymeric
growth of DNA tiles. The hydrophobic unit on the seed can directly insert the nanotube
into the membrane to form a transmembrane channel (Figure 4A,B) [56]. An additional
DNA origami channel cap can be used to terminate the aggregation of tiles. Conductivity
measurements reveal that the conductance values of seeds and nanochannels are lower than
their uncapped counterparts when the channel caps are attached. The results show that
ions move from one end of the channel to the other and that there is partial leakage through
the channel wall. However, the observation experiments of fluorescent dyes crossing lipid
membranes confirm that molecular transport can occur through DNA nanochannels and
that it is mainly end-to-end rather than across the channel wall (Figure 4C) [57].

Figure 4. DNA tile-based transmembrane channels. (A) Schematic diagram of the channel structure.
(B) Current-voltage relationship of the DNA tile-based transmembrane channels (left). Histogram
of the conductance steps of the DNA tile-based transmembrane channels (right). The images in
(A,B) were reproduced with permission from ref. [56], copyright 2022, bioRxiv. (C) Transport of dye
molecules is hindered by DNA origami caps. The circles with green fluorescence in the figure refer to
GUVs, and the red dots are small molecule dyes. Image reproduced with permission from ref. [57],
copyright 2022, American Association for the Advancement of Science.

3.4. DNA Origami-Based Transmembrane Channels

DNA origami technology can be used for designing DNA-based channels; the shapes
and sizes of the channels can be adjusted precisely, systematically, and abundantly [19].
DNA origami, proposed by Rothemund in 2006, is a relatively new method for DNA
assembly. Based on the principle of complementary base pairing, by utilizing the structural
characteristics of DNA molecules, the long DNA strands folded in specific regions are fixed
by short strands to construct the expected structure [58]. Due to its simple experimental
conditions and high assembly efficiency, DNA origami has become a popular technology
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for constructing artificial DNA nanochannels. Artificial DNA nanochannels have been com-
prehensively designed concerning their pore size, length, and morphology characteristics.

Artificial DNA nanochannels can be exploited for size-dependent, selective transmem-
brane transport. The pore diameter is critical for the selective delivery of substances of
different sizes. Transmembrane channels with large pore sizes are required for the transport
of macromolecular substances. To this end, long DNA strands that are arranged longitudi-
nally are initially used as basic units to construct channels, and the inner diameters of these
channels are <9 nm [25–28]. A method of lateral assembly of DNA strands to form channels
has been proposed; the same amount of DNA strands can be used to obtain artificial DNA
nanochannels with a relatively large pore size (~35 nm) [29,30]. Inspired by the natural
channel protein α-hemolysin, Simmel et al. [25] have constructed a DNA nanochannel
based on DNA origami technology. The channel consists of a tube that penetrates the
membrane and a barrel cap on the periphery. The tube protrudes from the center of the
barrel cap and features six DNA duplexes (Figure 5A), with the inner part of the tube acting
as a transmembrane channel. The tube is approximately 2 nm in diameter and 42 nm in
length. The brim of the barrel cap is set with 26 cholesterols to mediate adherence of the
channel to the membrane. The average ohmic conductance of this channel is 0.87 ± 0.15 nS
in a mixed solution containing KCl and MgCl2. DNA nanochannels with pore sizes larger
than 2 nm have been designed, and the morphological design of large-pore-size channels
is highly complex and diverse. In 2016, the first DNA nanochannel was reported with a
large pore size and large conductance embedded in lipid membranes [26]. The channel
has been designed as a funnel-shaped structure with three intercovering layers, and the
pore size gradually increases from the inside to the outside; the morphology and function
are similar to those of the natural protein biofilm channel (Figure 5B). An ionic current
recording experiment shows that the conductivity of this channel reaches 30 nS. In addition,
Howorka et al. [27] have designed a similar DNA nanochannel with an inner diameter of
approximately 7.5 nm and a top opening of 22.5 nm (Figure 5C). This realized the trans-
membrane transport of enhanced green fluorescent protein (EGFP; 27 kDa) and showed
an interception effect on rhodamine B-dextran (70 kDa). These channel walls consist of at
most three biphasic layers, and the DNA nanochannels can be stable on the membrane.

The DNA nanochannels synthesized by Kjems et al. [28] have flanks to adjust the
cholesterol exposure on demand (Figure 5D). The DNA channels are composed of a double-
layer irregular hexagonal cylindrical DNA structure with 46 hydrophobic spots (17 on the
walls and 29 on the flanks). Three programmable DNA lobes are on the three nonadjacent
sides of the channel and connected approximately 12 nm from the bottom of the channel
by a single-stranded DNA hinge. In the closed state, each flank is near the channel wall
due to two stable strands that are complementary to the bottom single-strand portion of
the channel. The flanking closure can protect the hydrophobic moiety from the aqueous
environment and limit hydrophobicity-driven channel aggregation. When a key strand
fully complementary to the single-stranded DNA is present around the channel, the flanks
are opened and the cholesterol is exposed, thereby driving channel insertion into the
membrane. Furthermore, Dekker et al. [29] have designed and assembled a DNA channel
with a rigid octagonal ring structure. This channel is formed by folding 7560 base-long
scaffold single strands and 240 individual oligonucleotide single strands, arranged in a
4 × 4 duplex pattern (Figure 5E). A total of 32 cholesterol molecules are uniformly arranged
on the surfaces of the channels. In addition, K10-PEG5K molecules are coated to stabilize
the octagonal structure of the channels and prevent the aggregation of cholesterol-modified
channels. The K10-PEG5K molecule consists of 10 positively charged lysine amino acids
(K) linked to a short polyethylene glycol (PEG; 5 kDa). This channel has the largest inner
diameter among the reported DNA-based transmembrane channels at 35 nm. Recently,
a series of structurally concise DNA nanochannels with different pore sizes have been
constructed by using bundled DNA duplex subunits [30]. The channel is designed with
an outer membrane cap structure to define the overall pore shape and a barrel structure
in the center for puncturing the membrane. Subunits are modularly arranged parallel to
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the membrane to form pores of specific shapes, such as triangles, squares, pentagons, and
hexagons (Figure 5F). Adjusting the number of duplex subunits can regulate the height and
shape of the channel, and tuning the number of bases per subunit can regulate the pore size
of the channel. The subunits of the cap are linked by short single-stranded (ss) DNA at the
innermost double-stranded (ds) position. Furthermore, a short duplex of DNA is added
between the double strands of the outermost subunit of the cap. This was conducted to
prevent the cap from flipping and deviating from its designed shape.

Figure 5. DNA origami-based transmembrane channels. (A–C) are schematic structures of various
DNA origami transmembrane channels. (B) was reproduced with permission from ref. [26], copyright
2016, American Chemical Society. (C) was reproduced with permission from ref. [27], copyright 2019,
Springer Nature. (D) Schematic representation of the DNA origami transmembrane channel with
flanks in the closed (left) and open (right) states. Reprinted with permission from ref. [28], copyright
2019, Springer Nature. (E) Schematic diagram of the DNA origami transmembrane channel coated
with K10-PEG5K molecules. Reprinted with permission from ref. [29], copyright 2021, American
Chemical Society. (F) Top view of the DNA nanochannels with different apertures and different
shapes formed by the assembly of 10 nm or 20 nm subunits. The pore areas of DNA nanochannels
with different polygonal shapes and sizes ranged from 43 nm2 to 400 nm2.

3.5. Other DNA-Based Transmembrane Channels

G-quadruplex, a DNA duplex with unique ion transport properties, is utilized to
design transmembrane channels. Depending on the hydrogen bond between the nitrogen
and oxygen atoms of guanosine and the π-π stacking between the bases, guanine (G)-rich
DNA single strands can be deformed or aggregated to form a G-quadruplex structure
with a central hole [59]. Moreover, the stability of the G-quadruplex depends heavily on
certain cations, such as K+, Na+, NH4

+, and Ca2+ [60]. Within the central channel, each
ion is completely dehydrated and interacts with the guanine carbonyl O6 atom around
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the pore (Figure 6A). This particular feature is reminiscent of the selectivity filters in
K+ ion channel proteins first noted by Feigon et al. Because of this structural similarity,
the G-quadruplex is a candidate for the design of artificial ion channels for selective
transmembrane transport of K+ [61–63]. Dash et al. [33] have used telomere DNA to form
a G-quadruplex and additionally modified lipophilic guanosine to construct an artificial
potassium ion transmembrane transport carrier (Figure 6B). Liu et al. [35] have proposed
a G-quadruplex consisting of single-stranded DNA modified with three lipophilic C12
spacers and cholesterol as an intelligent transmembrane channel to selectively transport K+

across the membrane.

Figure 6. G-quadruplex or single DNA duplex-based artificial transmembrane channels.
(A) Schematic representation of the structure of the G-quartet and G-quadruplex. Adapted with per-
mission from ref. [59], copyright 2001, American Chemical Society. (B) Distribution of K+ (blue) and
Cl− (red) ions in a channel formed by lipophilic G-quadruplex (left). The middle is the top view of
the transmembrane channel, containing the lipid layer (green), water pore (pink), and G-quadruplex
(blue) modified by lipophilic guanidine (orange). The structure of the lipophilic G-quadruplex is
given on the left. Image was adapted with permission from ref. [33], copyright 2020, Springer Nature.
(C) Cumulative charge transmitted across the lipid bilayer and the current-voltage characteristics.
Images were adapted with permission from ref. [64], copyright 2016, American Chemical Society.
(D) Simulation of the interaction of DNA duplexes (cholesterol modification distance of 4 nm or
8 nm) with and without nicks with the phospholipid bilayer. Image was adapted with permission
from ref. [65], copyright 2021, American Chemical Society. (E) Hydrophobic design of lipophilic DNA
duplexes and their interactions with lipid bilayers. Image was adapted with permission from ref. [22],
copyright 2021, American Chemical Society.

In addition, Keyser et al. [64] have constructed an artificial DNA nanochannel capable
of ion conduction using a single long duplex (Figure 6C). MD simulations have shown that
cholesterol modification leaves terminal base pairs of DNA structures with gaps, resulting in
distortion when embedded in lipid bilayers (Figure 6D). The DNA nanostructure backbone
can form stable conductive pores and be inserted into membranes at a higher efficiency
than equivalent notched structures. In addition, the notation-free DNA structure can be
designed to modulate its tilt orientation within the lipid bilayer. Reducing the degrees of
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freedom of DNA conformation and adjusting the positions of hydrophobic modifications
can control the function of this structure as a synthetic ion channel well (Figure 6E) [22,65].

4. Artificial Transmembrane Channels for Biosensing and Biomedical Applications

DNA-based artificial channels on the cell membrane have been widely used for biosen-
sors and biomedicine. For example, they are used for DNA strand translocation [25,34],
ions (K+, Ca2+, and Pb2+) [31,33,35,42], small molecules (dyes and drugs) [23,66], and large
molecules (EGFP, GFP, IgG, and dextran) [27–30,67] transmembrane transport (Table 1).
Artificial DNA channels with gates can modulate material transport under specific condi-
tions. These channels provide tools for molecular sensing, artificial cell design, and cell
communication, achieving controlled transmembrane transport to cells and regulating
cell behavior.

4.1. DNA-Based Transmembrane Channels for Biosensors
4.1.1. Single-Molecule Nanochannel Sensors

Transmembrane DNA channels have been proposed for use as single-molecule
nanochannel sensors. In biomimetic sensing experiments, the translocation of analyte
molecules leads to current changes in membrane pores and the duration and depth, which
are related to the charges and sizes of the analytes. For example, DNA channels designed
by Simmel et al. [25] have been used for single-molecule sensing. A stable baseline current
is detected on the lipid membrane containing the artificial DNA channels. The additions
of the hairpin molecules at the beginning and ~30 min later show transient current block-
ing, in which the applied voltage can capture, decompress, and translocate the hairpin
structure (Figure 7A). Another set of experiments shows that lengthening the tail of the
quadruplex increases current blocking. The average current blockades of the quadru-
plexes with single-stranded tails consisting of 60 and 125 thymidines (Q-T60, Q-T125) are
ΔIQ-T60 = 5.6 ± 1.0 pA and ΔIQ-T125 = 15.3 ± 2.3 pA, respectively (Figure 7B). Thus, similar
to biological pores, artificial DNA nanochannels can be used as sensing devices to distin-
guish analyte molecules by studying their translocation properties. The T-pore designed
by Simmel et al. allows the translocation of double-stranded DNA (dsDNA) molecules
(Figure 7C) [34]. As the transmembrane voltage increases, the velocity of the molecule and
the frequency of translocation events increase (Figure 7D), while the dwell time within the
channel decreases.

DNA channels have been used to identify and detect proteins. Howorka et al. [30]
have used DNA nanochannels to identify human SARS-CoV-2 antibodies with a handheld
MinION kit (originally intended for portable DNA sequencing). The cognate receptor
SARS-CoV-2 spike protein attaches to an adaptor oligonucleotide on the inner wall of the
Tri-20 channel through an irreversible metal chelate bridge (Tri-20-spike). In the presence
of a human SARS-CoV-2 antibody, the conductivity of Tri-20-spike is significantly reduced,
and the average dwell time of the antibody is 1.7 ± 8.6 s.

4.1.2. Ligand-Gated Artificial Transmembrane Channels

The DNA-based artificial transmembrane channels are mostly hollow tubes with
openings. Voltage gating is observed in almost all DNA nanochannels, but channels with
additional gates are highly flexible and controllable [68]. Therefore, the design of artificial
channels with ligand-gated opening or closing properties has become the focus of research.
The reported artificial DNA nanochannels with gates can specifically recognize key strands.
Howorka et al. [66] built an artificial channel with a gate that can be opened with a key
strand. The lock of the channel is tightly bound to the entrance by hybridizing with two
docking sites to form a spiral bundle across the channel opening. The docking site is
formed by the extension of two duplex support rods in opposite positions. The key can
be hybridized with the lock strand to remove it, leaving the channel open. After being
modified by cholesterol, such channels can be used to regulate the flow of small organic
molecules (including many important drug compounds), which have broad application
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prospects in biomedicine. A large square DNA origami nanochannel with 0 (open state),
2 (semiclosed state), or 4 (closed state) strips of DNA lock can block the molecular pene-
tration mechanism, improving the selectivity of molecular penetration of artificial DNA
nanochannels (Figure 8A) [69].

Figure 7. Single-molecule nanochannel sensors. (A) Schematic diagram of DNA hairpin strand cap-
ture and translocation on transmembrane DNA channels. (B) Current blockade of DNA quadruplexes
with different tail lengths on transmembrane DNA channels. (C) Current on the transmembrane
channel in the absence/presence (left/right) of the analyte. The bottom shows three current signals at
the time of dsDNA translocation. (D) dsDNA translocation velocities and event frequencies detected
at 75, 100, and 125 mV. The images in (C,D) were reproduced with permission from ref. [34], copyright
2016, Springer Nature.

To exploit the potential of DNA-based artificial channels as real-time smart sensing
devices, Kjems et al. [28] have designed a bolt on the inside of the channel. PEG is used
as a plug that connects the toehold sequence with 8 nucleotides to partially block the
gateway (Figure 8B) and allows small molecules (ATTO 655) to pass through (Figure 8C).
The unplugged strand is combined with the toehold-mediated strand to remove PEG
so that the macromolecular material (dTMR-40k) can pass through the artificial DNA
nanochannel. Another reversible gated protein transport membrane channel is constructed
based on a horizontal routing DNA origami design strategy with a large pore size of
20.4 nm (Figure 8D) [67]. The passageway opening is designed with a square cover, one
side of which is attached to the cap by a flexure hinge. The other side of the cap carries
two single strands that can be hybridized with the two single strands on the cap to form
a complete double lock. Two key strands are added to the system to open the lock and
lid. The lid is switched back to its closed state with a single-strand reverse key pair. This
channel allows the precisely timed transport of folded proteins across the membrane. A
potential disadvantage of covered channels is that they may leak when closed or when
inserted in a double layer. Howorka et al. [70] designed a channel formed by the assembly
of two subunits after being triggered by ligands on the membrane. The whole channel
consists of two parts, component A and component B, each of which contains a complete
duplex and two single strands (Figure 8E). The complementary binding of single strands
on the two components allows channel formation. Adding a key unlocks the locks on both
components and restores their binding ability. Each component carries one cholesterol, and
after the channel forms, the cholesterol is on the opposite side of the channel wall.
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Figure 8. Ligand-gated DNA-based artificial transmembrane channels. (A) Schematic representation
of the passage/blockage of the dye molecule by the blocker DNA. From left to right are 0, 2, and
4 blocker DNA channels. The channel is designed with a pore size of 10 nm, and it does not allow the
passage of 500 k dextran (far right). Image was adapted with permission from ref. [69], copyright
2021, Royal Society of Chemistry. (B) Schematic representation of an artificial transmembrane DNA
nanochannel with a bolt (blue) recognizing an unplugging oligo (red arrow). In the figure, the
orange plug is PEG, and the green arrow is the toehold strand. (C) Schematic diagram of an artificial
transmembrane DNA channel with a bolt before (left) and after (right) adding an unplugging oligo.
(B,C) were adapted with permission from ref. [28], copyright 2019, Springer Nature. (D) A large
DNA nanochannel (blue) with a reversible gate (pink). The mechanism of opening and closing by
a key and the reverse key is designed. Two sets of locks (red and dark blue) are located on the lid
and the cap. Adapted with permission from ref. [67], copyright 2022, Springer Nature. (E) Schematic
diagram of the formation of a DNA membrane channel in which the key strands trigger assembly.
Adapted with permission from ref. [70], copyright 2022, American Chemical Society. (F) Schematic
representation of DNA transmembrane channels disrupted by tension dependent on the duplex.
Adapted with permission from ref. [71], copyright 2022, Wiley-VCH.

Since the DNA duplex is quite stiff and has a persistent length, Elezgaray et al. [72]
have designed a DNA channel with two conducting states: closed (low current) and open
(high current). The transition of the channel from closed to open is triggered by ssDNA.
When the lock at the entrance of the 6-HB DNA channel binds to the complementary strand,
the resulting duplex exerts tension on the channel structure, locally widening the pore
size. In 2022, Elezgaray et al. [71] designed another channel that relies on the tension of
the duplex to switch in the vertical directions, proposing that this design can detect short
oligonucleotide sequences (Figure 8F).

4.1.3. Environmental Stimuli-Responsive Artificial Transmembrane Channels

Environmental stimuli-responsive artificial channels have been designed to be sen-
sitive to temperature [73], light [74–76], and ions [77]. The temperature-responsive DNA
channel constructed by Howorka et al. [73] has two main parts: a transmembrane barrel-
shaped nanotube and a reversibly sealed lid at the top. Biphasic segments 1–4 are designed
between the channel and the lid, with a designed melting temperature of approximately
40 ◦C for segments 2–4 and 62.8 ◦C for segment 1 (Figure 9A). The lid is hybridized to the
two elongated rings of the channel at room temperature to block the mass influx. Tempera-
tures higher than 40 ◦C selectively separate the lid from loop segments 2–4 to allow the
cap to open. By adjusting the temperature, the lid of this channel can achieve reversible
on/off functionality. Azobenzene is a reversible cis-trans photoisomerization switchable
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compound. The conversion of azobenzene from the trans isomer to the cis isomer can be
triggered by light irradiation with a wavelength λ < 400 nm, and the reverse effect can be
achieved by illumination at λ > 400 nm [74]. The cis-trans isomerization of azobenzene can
adjust the on/off state of the channel. Howorka et al. proposed a 6-HB-based DNA channel,
and cis-azobenzene corresponded to the closed state (Figure 9B) [75]. Liu et al. designed a
DNA transmembrane channel based on a lipophilic G-quadruplex, in which cis-azobenzene
causes G-rich DNA strands to assemble into channels for the transmembrane transport
of ions [76]. The ion-dependent G-quadruplex channel can be utilized for selective ion
transport [77]. Guanine-rich lipophilic ssDNA can form different G-quadruplex isomers
with different metal cations [78,79]. Therefore, a biomimetic ion channel is designed based
on the G-quadruplex for conformation-dependent selective ion transport to membranes.
Specifically, the Pb2+-stable antiparallel conformation G-quadruplex (apG4) preferentially
mediates the transmembrane transport of Pb2+, while the K+-stable parallel conformation
G-quadruplex (pG4) promotes the highly selective transport of K+ (Figure 9C).

Figure 9. Environmental stimuli-responsive artificial transmembrane channels. (A–C) are the chan-
nels that depend on temperature, light, and ion recovery transport functions, respectively. (A) was
adapted with permission from ref. [73], copyright 2019, American Chemical Society. (B) was adapted
with permission from ref. [75], copyright 2022, John Wiley and Sons. (C) was adapted with permission
from ref. [77], copyright 2020, American Chemical Society.

4.2. DNA-Based Transmembrane Channels for Biomedical Applications
4.2.1. Cell Mimics for Transmembrane Transport

Artificial DNA nanochannels can serve as synthetic cell membrane components to
mimic transmembrane transport. Currently, the transport selectivity of DNA transmem-
brane channels is largely determined by their pore size. The molecules or ions smaller than
their pore size are easily mass-transportable. Meanwhile, the negatively charged DNA
ion channel has a poor transport capacity for negatively charged ions. Artificial DNA
transmembrane channels with large pores have been proposed for the transmembrane
transport of drugs, immune proteins, and so on. In 2016, Howorka et al. [80] were inspired
by organelles to create synthetic hybrid nanocontainers composed of polymersomes and
DNA nanochannels (Figure 10A). Nanocontainers exhibit size-dependent permeability.
These containers enable the transport of the enzyme substrate across the membrane while
retaining the relatively large enzyme inside the container. These nanodevices can be used to
simulate the site where biocatalytic reactions occur. The 6-HB DNA nanochannels modified
with three cholesterol molecules on this container mimic the protein channels in biofilms
and enable specific substance transport (Figure 10B). Tan et al. [42] have constructed an
artificial signal transduction network using two synthetic cell communities formed by
vesicles containing different DNA structures modified with cholesterol (Figure 10C). This
system is used to simulate cell-to-cell communication, in which giant membrane vesicles
derived from living cells are used as cell models. This signal transduction system consists
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of two groups of giant membrane vesicles, one as a stimulator and one as a receptor for
signal actuation. The stimulation group is modified with a DNA triangular prism stim-
ulator (TPB). The receptor group contains the DNA triangular prism receptor (TPA) and
transmembrane channel. The transmembrane channel is designed with a lock strand that
closes the mass entrance. When a toehold strand displacement reaction is performed with
a foreign complementary key strand, the lock strand is released from the transmembrane
channel to reopen the channel. In this system, the key is derived from TPA. When the
two groups of artificial cells approach each other, TPB combines with TPA. Afterward, the
key strand originally on the TPA breaks away to recombine with the lock strand on the
wireframe, thus opening the channel. Then, extramembranous Ca2+ flows into the receptor
vesicles, allowing calcein, which is encapsulated inside the vesicle, to respond. The DNA
nanochannels exhibit high efficiency, accuracy, and programmability as signal receivers and
actuators in this system. They make it possible to precisely manipulate signal transduction
systems, address the high-order complexity of cell simulations well, regulate the behaviors
of natural cells, and control the release of therapeutic drugs at disease sites.

Figure 10. Cell mimics for transmembrane transport. (A) Nanocontainers formed by the self-
assembly of PMPC-b-PDPA polymersomes coated with enzymes (green). DNA nanochannels (blue)
are embedded in the membrane to allow the substrates and products of the enzyme to shuttle across
the membrane. (B) Schematic diagram of the structure of the trypsin-hydrolyzed substrate peptide
and the results of fluorescence detection. The fluorescence kinetics curves of the loaded enzyme
hydrolyzed peptide with the addition of three (blue) or zero (red) cholesterol nanochannels or without
the addition of a nanochannel (green). (A,B) were adapted with permission from ref. [80], copyright
2016, John Wiley and Sons. (C) Design of the artificial signal transduction system based on DNA
triangular prisms, DNA hexagon prism nanochannels, and giant membrane vesicles. Reprinted with
permission from ref. [42], copyright 2021, American Chemical Society.

4.2.2. Transmembrane Channels for Cell Death

Artificial transmembrane channels can selectively control ion transport across bio-
logical membranes, and artificial channels can disrupt cellular homeostasis of cell death.
Howorka et al. [81] designed a DNA channel with a highly hydrophobic 2-nm band com-
posed of ethyl phosphorothioate (EP) at one end, which can penetrate the cell membrane
and cause cell cytotoxicity. Tan et al. [82] have found that phosphorothioate (PPT)-modified
DNA nanochannels can be spontaneously inserted into the cell membrane (Figure 11A),
and they can transport ions and antitumor drugs to neurons and cancer cells, respectively. It
has been proposed that their potency can be improved by specifically binding target cancer
cells. Loading chemical toxins, such as doxorubicin, with DNA insertion enhances chemical
toxicity. In 2019, Zhang et al. [83] proposed a design for the controlled transfer of DNA
nanochannels to the plasma membrane. This approach enhances the insertion of DNA
nanochannels, inducing membrane depolarization and pyroptosis-like cell death. 3D tumor
spheroid experiments show that this process can induce tumor cell death and significantly
inhibit tumor growth. A series of experimental results have shown that this device exhibits

636



Chemosensors 2023, 11, 508

antitumor ability. It induces a host antitumor immune response by promoting antigen
presentation and activating T cells and natural killer cells (Figure 11B).

Figure 11. Transmembrane channels for cell killing. (A) Schematic illustration of DNA nanochannels
embedded in cell membranes to deliver drugs. Dorsal root ganglia (DRG) neurons with channels
inserted had more evoked action digits than those without channels. Reproduced with permis-
sion from ref. [82], copyright 2020, American Chemical Society. (B) Illustration of the transfer of
nanochannels from vesicles to the plasma membrane. In the acidic tumor microenvironment, vesi-
cles with DNA nanochannels can be activated to fuse with cell membranes. DNA nanochannels
were successfully transferred to the plasma membrane after fusion. Inhibition of tumor growth
was detected 9 days after vesicular DNA nanochannel treatment in C57BL/6 mice bearing Hepa1-6
xenografts. Reproduced with permission from ref. [83], copyright 2020, American Chemical Society.
(C) Schematic representation of protein-triggered DNA nanochannels opening on vesicles to release
drugs for cell killing. The bottom right corner shows the survival statistics of HeLa cells treated with
different substances for 3 days. Reproduced with permission from ref. [84], copyright 2020, John
Wiley and Sons.

Artificial transmembrane channels with large cavities can be exploited for the con-
trolled transport of chemical drugs for cell behavior modulation or cell death. For example,
DNA nanochannels with protein-controlled gates have been successfully applied to the
off-on transport of topotecans [84]. The DNA-based artificial channels are inserted into
GUVs filled with 3 μM topotecan. Topotecan is a clinically used cytotoxic agent with
activity against cervical cancer. In the experiment, tri-component vesicles are first added to
HeLa cervical cancer cells. The results show that cytotoxic drugs (D) are released to reduce
cell viability to 20 ± 2% when both channels and thrombin (T) are present (Figure 11C). To
date, artificial nanochannels for tumor cell killing are mostly nontargeted, and their actual
application endangers healthy cells to varying degrees [85]. Depending on the diversity of
DNA nanostructures, it is feasible and necessary to improve the targeting ability of DNA
nanochannels in the application process. If the designed channel has a target recognition
function, it can reduce damage to normal cells, improve the binding rate between the
channel and target cells, and enhance the cell death effect [86,87].
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Table 1. Design and applications of DNA-based artificial transmembrane channels.

Type
Pore Size and
Length (nm)

Hydrophobic Modification Applications Refs.

Cubical 7; 7 4 or 8 cholesterols on the two
opposite faces of the cube

Dye molecular
transmembrane transport [23]

Hexagonal prism - 4 cholesterols
Transport Ca2+ across the membrane

as a part of the artificial signal
transduction system

[42]

6-helix bundle 2; - Ethyl-phosphorothioate

1. K+ transmembrane transport
2. Selectively cytotoxic to cervical

cancer cells
3. Transport ions and antitumor

drugs (DOX) to neurons and cancer
cells, respectively

[31,44,45]

4-helix bundle 0.8; - 2 cholesterols Ion conduction [21,49]

Micron-length 7.3; Micron 12 cholesterols Leakless end-to-end transport of
carboxytetramethyl-rhodamine [57]

Capped 2; 47
26 cholesterols at the

underside of the
subunits’ caps

DNA hairpin and guanine
quadruplex translocation [25]

Funnel-shaped 6; 54 19 cholesterols Large ionic conductance [26]

Protein-conductive 7.5; 46 24 cholesterols Proteins transmembrane transport [27]

Large size-selective 9; 32

18 cholesterols and 28
palmitoyls at the terminal of
channel and the underside of

the flap

1. Size-specific cargo translocation
2. Real-time direct observation of

sensing of an oligonucleotide
unplugging strand

[28]

Ultrawide 35; 10 32 cholesterols Transmembrane transport of green
fluorescent protein (GFP) [29]

Highly shape- and
size-tunable 8.66~20; -

Underside of the subunits’
caps (10 cholesterols on each

10-nm subunit, 15 cholesterols
on each 20-nm subunit)

1. IgG sensing
2. Human SARS-CoV-2

anti-bodies detection
[30]

G-quadruplex and
liponucleoside -

Lipophilic guanosine binds to
the G-quadruplex with a

3:1 stoichiometry

The transport of K+ across CHO and
K-562 cell membranes [33]

Lipophilic
G-quadruplex - 3 C12 spacers and 1 cholesterol

on each strand Switchable K+ transport [35]

Single-duplex - 6 tetraphenyl porphyrins Ion conduction [64]

T-like 3.7; 27 57 tocopherols at the bottom of
the double-layered plate

1. DNA translocation
2. Molecular

transmembrane transport
[34]

Ligand-controlled -; 9.0 ± 1.5 3 cholesterols

Controlled DNA-triggered and
charge-selective release of

small-molecule cargo
(sulfo-rhodamine B, SRB) from

a reservoir

[66]

Large, square 10; 24

47 strands at the bottom of the
nanopore, complementary to

the anchor DNA on the
phospholipid membrane

Selective transmembrane transport
of molecules with different sizes
(calcein, 40 k or 500 k dextran)

[69]

Reversibly gated 20.4; - 64 cholesterols

1. Dye molecular (Atto633)
transmembrane transport

2. Dynamically controlled cargo
(Atto633 and GFP) transport across

the lipid bilayer

[67]

Trigger-assembled 0.8; 7.5 One cholesterol per
component (A or B) Ion conduction [70]
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Table 1. Cont.

Type
Pore Size and
Length (nm)

Hydrophobic Modification Applications Refs.

Tensegrity driven -; 4 ± 0.2

4 cholesterols driven channels
inserted into the membrane
and 2 cholesterols grafted at

the ends of two strands facing
each other on one side of

the barrel

Controlled transmembrane transport
of SRB [72]

Temperature-gated 2; - 4 cholesterols
Permitted temperature-controlled
transport of molecular cargo (SRB)

across the bilayer
[73]

Light-triggered
synthetic 2; 12.5 4 cholesterols Light-gated small-molecule (SRB)

transport [75]

8-helix bundle 4; 14 4 TEG-cholesterols
1. Depolarized plasma membrane to

induce pyroptosis
2. Inhibited tumor growth

[83]

Protein-controlled
Molecular gate

approximately 13 nm ×
5 nm× 5 nm

4 cholesterols

1. Controlled transport of molecular
cargo (SRB) across lipid bilayers

2. Released cytotoxic drug
(topotecan) for cell killing

[84]

5. Conclusions and Perspectives

In this review, we describe the design of DNA-based artificial transmembrane channels
and their applications in biosensing and biomedicine. Different kinds of artificial transmem-
brane channels have been developed based on DNA wireframes, DNA helix bundles, DNA
tiles, and DNA origami assembly technologies. However, there are still many challenges
in the artificial transmembrane DNA nanochannels reported herein for applications. For
example, there is some degree of leakage while transmitting material. For example, some
positively charged dyes could leak out due to their membrane permeability. Additionally,
the channel or gating structure is unstable, and aggregation of channels due to hydrophobic
modifications still occurs. Thickening the channel wall or coating it with other polymers
can effectively reduce material leakage while stabilizing the channel structure [51]. The
controllable assembly of DNA nanochannels prevents the material from leaking in advance;
the assembly can be stimulated at a specific time to combine the parts to form channels [72].
The main solution to the problem of channel aggregation is to adjust the type, number, and
position of hydrophobic modification groups [25,34]. Designing unique channel structures
or aiding surfactants are special approaches that have been proposed [28,29,88].

Previous studies have focused on the biomedical applications of artificial transmem-
brane channels. However, the mode of action of DNA nanochannels is relatively simple and
only depends on the toxicity of the channel to cells or the transmembrane delivery of drugs
to kill tumor cells. There is room for improvement in the ability to transport ions, proteins,
or drugs across membranes in a form similar to passive transport. Enriching the function
of DNA nanochannels, such as enabling the same channel to transport different substances
in unique states, may enhance their ability to induce apoptosis [67]. The proposed optimal
design is to endow DNA nanochannels with functions similar to ion pumps at the cell
membrane or channels that enable active transport, moving the material uphill against a
concentration gradient [89,90]. The DNA duplex rotates in one direction at a rate of billions
of revolutions per minute under the action of an electric field, and the direction of rotation
is determined by the chirality of the duplex [91]. It is challenging to design energy-driven
active transport based on the DNA transmembrane channels. Recently, Ma et al. fabricated
a bionic micropump for active transmembrane drug delivery by immobilizing urease on
the surface of silica-based microtubules [92]. The above results provide evidence for the
possibility of the active transport function of DNA nanochannels.

The biomedical applications of transmembrane channels are not limited to cancer
therapy [93]. DNA nanochannels with ion transport functions may contribute to the
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treatment of ion channel diseases [94]. The vast majority of ion channel diseases are
associated with genetic mutations that determine the performance of ion channels [95]. The
mutations are partly caused by other diseases that damage the membrane channel synthesis
pathway or function [96]. In the future, artificial transmembrane channels are expected
to be used as biomimetic membrane channels for the controlled transport of substances
in the physiological environment to alleviate the symptoms and treatment effects caused
by ion channel diseases. We will explore complex physiological operation pathways with
artificial transmembrane channels, leading to further research on disease treatment and
biomedical applications.
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Abstract: Diabetic nephropathy (DN) refers to kidney damage caused by diabetes and is one of the
major microvascular complications of diabetes. This disease has a certain degree of concealment in
the early stage, with clinical symptoms appearing later and a higher mortality rate. Therefore, the
detection of early biomarkers for DN is of great importance in reducing kidney function damage.
The common biomarkers for DN mainly include glomerular and tubular lesion markers. At present,
clinical diagnosis often uses a combination of multiple indicators and symptoms, and the development
of a simple, efficient, and sensitive multi-marker detection platform is particularly important for
the early diagnosis of DN. In recent years, with the vigorous development of various biomimetic
molecular recognition technologies, biomimetic recognition biosensors (BRBS) have many advantages,
such as easy preparation, low cost, high stability, and repeatability under harsh environmental
conditions, and have great application potential in the analysis of DN biomarkers. This article
reviews the research progress of molecularly imprinted polymers (MIPs) construction technology and
aptamers assembly technology developed in the field of biomimetic sensor research in recent years,
as well as the detection of DN biomarkers based on BRBS, and prospects for their development.

Keywords: bionic recognition; MIPs; aptamers; diabetic nephropathy; biomarkers

1. Introduction

Diabetic nephropathy (DN) refers to kidney damage caused by diabetes, which is one
of the main microvascular complications of diabetes. High blood sugar-induced kidney
damage leads to a decrease in the glomerular filtration rate (GFR) and the appearance of
symptoms such as proteinuria. The disease has a high mortality rate [1]. Currently, DN has
seriously threatened human health and the development of socio-economic progress [2].
According to the classification of DN by Mogensen from Denmark, stage I–II lacks obvious
clinical manifestations, stage III begins to show trace albuminuria and GFR may be normal,
and it is not until stage IV that there is a persistent and progressively worsening amount
of albuminuria accompanied by a decline in GFR, which is difficult to reverse, eventually
leading to renal failure. Therefore, early DN is reversible, and if diagnosed and treated with
early intervention, the development of nephropathy can be halted or reversed. Hence, early
screening and diagnosis are particularly important for DN. The screening of DN mainly
follows the standards of the American Diabetes Association (ADA), including albuminuria
and GFR. However, a large number of clinical observations have found that 20–50% of
chronic kidney disease patients have no albuminuria, and the number of such patients is on
the rise [3]. This means that these DN patients without albuminuria will be missed, and will
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not receive timely diagnosis and treatment. Therefore, it is of great practical significance
to find highly sensitive and specific early biomarkers for DN and establish accurate and
convenient detection methods.

So far, several analytical methods have been developed for the detection of biomarkers
(urinary albumin, creatinine, cystatin C, homocysteine, vascular endothelial growth factor,
epidermal growth factor receptor, mRNA-21, ceruloplasmin, platelet-derived growth factor,
etc.) for DN [4–7], including ultra-high performance liquid chromatography (UHPLC),
capillary electrophoresis (CE), liquid chromatography-tandem mass spectrometry (LC-MS),
radioimmunoassay (RIA), enzyme-linked immunosorbent assay (ELISA), immunoradiom-
etry (IRMA), and electrochemiluminescent immunoassay (ECLI). Although the results of
these methods are reliable and accurate, they have many disadvantages, such as large
sample sizes, complex instruments, expensive antibodies, long incubation time, and com-
plicated protocols. These limitations restrict their application in real-time detection [8,9].
Therefore, the introduction of rapid, universal, powerful, and high-throughput sensing
technologies for early detection of DN has significant social value.

In recent years, researchers have developed a large number of novel biosensors with
high specificity and sensitivity [10,11]. Traditional biosensor recognition elements mainly
consist of biological molecules with molecular recognition capabilities, such as antibod-
ies, enzymes, nucleic acids, cells, and semi-synthetic receptors based on them. However,
they have inherent drawbacks, such as difficulty in preparation, high cost, and poor
stability, which greatly limit their application in the analysis of diabetes kidney disease
biomarkers. Compared with traditional biosensors, the biomimetic recognition elements of
biomimetic recognition biosensors (BRBS), including MIPs and APT, can be synthesized
through in vitro preparation methods. This not only effectively avoids the tedious work of
bio-receptor preparation using experimental animals but also reduces the batch-to-batch
variability of recognition elements, significantly lowering manufacturing costs. The applica-
tion of BRBS in the electrochemical sensing field has greatly promoted the development of
analytical chemistry and electroanalytical chemistry. Among them, molecularly imprinted
electrochemical sensors (MIECS) combine the predetermined recognition and specificity of
molecular imprinting technique (MIT) with the high sensitivity, easy operation, low cost,
and miniaturization advantages of electrochemical technology [12].

MIT is inspired by the “antigen-antibody” theory and prepares MIPs targeted to
specific molecules. Currently, most MIPs are made of vinyl organic compounds or acrylic
acid as functional monomers, forming through free radical polymerization under the
influence of crosslinking agents, initiators, light or heat, etc. MIPs can selectively recognize
template molecules (TM) or their analogs mainly because, after removing the TM in the
polymer, highly crosslinked polymers retain “empty holes” with multiple active sites that
match the size and conformation of the TM. MIPs demonstrate excellent resistance to harsh
environmental interference, but there is a possibility of template leakage when analyzing
complex samples, especially for trace analysis, the leakage of residual templates directly
affects the accuracy of the analysis results. Moreover, the preparation of MIPs becomes
difficult due to the poor solubility of certain specific TM. Using a dummy template molecule
that has a similar structure or the same functional groups as the template molecule solves
this issue, as the 3D cavity structure and interaction sites left by the dummy molecularly
imprinted polymer still have some compatibility with the template molecule. Thus, dummy
molecular imprinting technology can solve the problems of template leakage, high costs,
and difficulties in preparing MIPs due to the poor solubility of certain specific TM [13].
However, the binding sites, shape, and size of the cavities prepared by the dummy template
may not completely match the target molecule, which may reduce sensitivity and detection
limits. Therefore, the selection of appropriate functional monomers, crosslinking agents,
solvents, polymerization conditions, washing conditions, and preparation methods is
crucial for obtaining good specific molecular recognition capabilities during the preparation
of molecular imprinting membranes. To achieve breakthrough progress in the field of MIT
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electrochemical sensing, it is necessary to design and develop better MIP preparation
technology strategies.

Research shows that nucleic acid APT are single-stranded RNA or DNA molecules
extracted from a library of oligonucleotide ligands through systematic evolution of ligands
by exponential enrichment (SELEX) technology. They have advantages such as non-toxicity,
ease of preparation, low cost, chemical stability, and high binding efficiency to target
molecules [14]. Compared to antibodies, APTs have much lower molecular weight, can
recognize subtle structural differences in biomarkers, and are easily dissociable [15]. Fur-
thermore, the shape and length of APT can be controlled and flexibly modified, forming
structures with specific physicochemical properties and functions. Research of multifarious
adenine-mediated technology (MAMT) suggests that the adsorption capabilities of the
four bases of nucleic acid APT to gold follow the order A > C ≥ G > T [16]. Among
them, adenine has strong adsorption to gold, comparable to Au-S bonds, and Au can even
denature the double strands of adenine and thymine. The strong adsorption of adenine to
gold electrodes has promising applications in the design of thiol-free APT [17]. Adenine
can be used as an anchoring group and density control group to regulate the conformation
and grafting density of APT at the sensor interface, reducing the surface density of APT on
the electrode with the increase of adenine length. Moreover, adenine preferentially binds to
gold atoms, reducing the accessibility of other materials to gold, and significantly hindering
the non-specific adsorption of other materials. These aptamer (APT) assembly techniques
can be applied to the construction of biosensors.

In recent years, with the development of MIT and APT assembly technology, the
application of bionic recognition biosensors in the field of DN biomarker analysis has been
effectively expanded. With the discovery of new biomarkers for DN, the development of
more efficient, stable, and cost-effective novel biomimetic sensing platforms has significant
implications. Not only does it improve our understanding of the pathogenesis of DN and
further promote early diagnosis in diabetic nephropathy patients, but it also optimizes
the treatment of these patients. Therefore, this article reviews the research progress in
the construction of MIPs, APT assembly technology, and the detection of biomarkers
for DN based on BRBS in the field of biomimetic sensors in recent years, and forecasts
their development.

2. Application of BRBS in the Detection of Diabetic Nephropathy Biomarkers

Early biomarkers of diabetic nephropathy can be divided into glomerular dysfunction
markers and tubular dysfunction markers according to the site of lesions. So far, a series of
biomarkers have been introduced into the diagnosis of diabetic nephropathy,

2.1. Urinary Albumin

Urinary albumin detection reflects abnormal protein leakage in the kidney and can
understand early kidney disease and kidney injury. Pathological increases are seen in dia-
betic nephropathy, hypertension, and preeclampsia during pregnancy [18]. If the albumin
in the urine is in the range of 30–200 mg/L, it belongs to microalbuminuria. Early diabetic
nephropathy is a mild increase in urinary albumin excretion (microalbuminuria), which
gradually progresses to massive albuminuria and eventually kidney failure, requiring dial-
ysis or kidney transplantation. Up to now, microalbuminuria is still the best non-invasive
biomarker for detecting diabetic nephropathy [19].

Zhang [20] successfully constructed a MIP-ECS based on a dual-signal strategy for
human serum albumin (HSA) detection in urine (Figure 1). Firstly, the glassy carbon
electrode (GE) substrate was modified with AuNPs and polythionine-methylene blue
(PTH-MB) sequentially. Then, a dual-functional monomer molecularly imprinted polymer
(MIP) was prepared by the electropolymerization method using human serum albumin
(HAS) as the TM, HQ, and o-phenylenediamine o-PD as functional monomers. This
biosensor showed a dual-signal oxidation of Fe(CN)6

4− and PTH-MB at 0.20 V and −0.22 V,
respectively. When HSA was captured on MIP, the adsorbed HSA on the electrode surface
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would hinder electron transfer, reducing the total intensity of dual-signal currents with
the increase of HSA concentration. The limit of detection (LOD) of this sensor can reach
3.0 × 10−11 g L−1. Moreover, the selected AuNPs and PTH-MB both have excellent
electrocatalytic performance, in which the methylene blue (MB) in PTH-MB molecules acts
as an electrocatalyst, which can enhance the electron transfer efficiency of electrochemical
reactions on the electrode surface. Furthermore, the synergistic effect between AuNPs
and PTH-MB effectively enhances the current signal, thus improving the sensitivity of the
biosensor [21]. In practical detection, this biosensor has good selectivity and repeatability,
achieving the detection of HSA in urine, and providing a potential universal platform for
clinical protein detection.

Figure 1. (A) Schematic of the proposed procedure for constructing the molecularly imprinted
polymer electrochemical biosensor. (B) Principle of MIP-ECS detection of HSA [20].

2.2. Creatinine (Crn)

Crn is formed in everyday muscle wear and tear and is an important biomarker of
renal qualitative and quantitative function. Crn levels play an important role in calculating
muscle and renal function. The normal range of urinary Crn is about 282–2600 ppm.
The normal range of serum Crn for women is 0.5–1.1 mg/dL (5–11 ppm) and for men is
0.6–1.2 mg/dL (6–12 ppm). Concentrations above 15 ppm require medical attention, and
above 59 ppm indicate serious kidney damage [22]. The kidneys filter plasma through the
processes of glomerular filtration and tubular excretion, thereby removing Crn to maintain
homeostasis in the body. Crn content is helpful in quantifying the GFR, which is a very
important indicator of kidney function and has been proven to be a potential biomarker
for DN [23]. Clinically, early detection of renal impairment and the implementation of
appropriate treatment measures can slow the progression of diabetic nephropathy by
monitoring the levels of the albumin-to-Crn ratio [24].

Prabhu et al. [25] developed an instant medical (Point-of-Care, PoC) sensor device
based on LoRaWAN (Long Range Wide Area Network, remote wide area network). In
this strategy, Crn was used as the template, methacrylic acid (MAA) as the functional
monomer, 2,2-azoisobutronitrile (AIBN) as the reaction initiator, and divinylbenzene (DVB)
as the cross-linking agent. MIP prepared by standard chemical methods using precipitation
polymerization effectively coated the sensor surface with MIP by acrylic resin, making
the sensing interface highly functionalized. The constructed sensor has a high specificity
for selective adsorption of Crn molecules, and the electrochemical impedance spectrum
(EIS) can accurately detect different levels of Crn content. The detection limit is as low as
0.1 ppm (Table 1). This low-cost, portable device allows patients to self-test at home, and
the results obtained from this system can help doctors take necessary measures, which is
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conducive to early detection and treatment of kidney injury to avoid further deterioration
of diabetic nephropathy.

In recent years, the advantages of N-MIT compared with traditional MIP prepara-
tion methods have attracted widespread attention. Currently, the common technique for
preparing N-MIPs is solid-phase synthesis. In traditional methods for preparing MIPs, the
TM are dispersed in the liquid medium, while the solid-phase synthesis method anchors
the TM on a specific solid support, and subsequently carries out affinity purification of
N-MIPs [26]. Raquel et al. synthesized N-MIPs with advantages such as high affinity, high
specificity, excellent stability, and immobilized templates by uniformly distributing imprint
nanoparticles in a polyvinyl chloride membrane through precipitation polymerization [27].
In particular, N-MIPs have a large specific surface area, which can expose more binding sites
for recognizing small molecules or large biological molecules such as proteins, promoting
the development of the imprinting material towards broader application prospects. On the
other hand, electrochemiluminescence (ECL) has unique characteristics that differ from
other electrochemical methods, such as high signal-to-noise ratio, high sensitivity, wide
linear range, high temporal and spatial resolution, and near-zero background light [28].
Developing new chemiluminescence systems is one of the important ways to expand the
detection range of ECL [29,30]. Babamiri et al. [31] synthesized nickel nanoclusters (NiNCs)
as a new luminescent body and constructed an MIECS basted on ECL for Crn detection.
A molecularly imprinted polymer (MIP) @ GO-Fe3O4 film was constructed on the surface
of an indium tin oxide (ITO) electrode using Crn as the template, tetraethyl orthosilicate
(TEOS) as the cross-linking agent, and magnetic graphene oxide (GO-Fe3O4) as the modifier
and embedded nickel nanoclusters (NiNCs). Due to the excellent conductivity of GO-Fe3O4,
the MIECS retained the high specificity of the MIP @ GO-Fe3O4 template for Crn, while
significantly improving its sensitivity. In addition, NiNCs have strong and stable ECL with
co-reactant TPA, whereas Crn has a quenching effect on NiNCs’ ECL, causing the ECL
signal intensity to decrease as Crn concentration increases. The detection limit for Crn in
serum and urine samples is 0.5 nmol/L (Table 1).

Traditional imprinting methods prepare MIPs that embed most of the binding sites
and nanoscale sensitizing materials, making it difficult for TM to wash off from the highly
cross-linked heterogeneous rigid polymer structure, and at the same time, obstructing the
electronic transport of nanoscale sensitizing materials, which leads to poor sensitivity of
ECS. Qian et al. immobilized bovine serum albumin (BSA) templates on the surface of SiO2
nanoparticles and synthesized surface-modified MIPs [32]. The results showed that surface
MIT can reduce the “embedding” phenomenon, and the MIPs prepared by controlling the
template location on the material surface or near the surface have high specificity, high
affinity, good reproducibility, as well as advantages such as high imprinting efficiency,
high binding capacity, and fast speed, providing a good analytical and detection platform
for the imprinting of large molecules such as proteins, cells, and viruses. Li et al. [33]
reported a novel graphene nanoplatelet (GNP)/polydopamine (PDA)-MIP-biosensor for
ultra-trace detection of Crn in a range of body fluids (Figure 2). Under the catalytic action
of ammonium persulfate (AP), dopamine hydrochloride (DA) monomer was polymerized
on the surface of GNP forming a thin PDA-MIP layer with high-density Crn recognition
sites. This novel surface MIP technology avoids overly thick MIP layers, thereby allowing
more TM to anchor on or near the polymer surface during the polymerization process.
This ensures that the TM can be more thoroughly removed, leading to a broader detection
range (Table 1).
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Figure 2. Schematic representation for the preparation of GNP/PDA-MIP. (a) The fabrication and
application process of GNP/PDA-MIP and the EIS/DPV response of the GNP/PDA-MIP modified
electrode towards different concentration of creatinine in electrolyte. (b) The formation mechanism
of DA spontaneous oxidative polymerization [33].

Table 1. The developed BRBS for the detection of Crn.

Category of Technology Functional Monomer Detection Limit Ref.

Traditional-MIT methacrylic acid 0.1 ppm [25]
N-MIT nickel nanoclusters 0.5 nmol/L [31]

Surface MIT dopamine hydrochloride 2 × 10−2 pg/mL [33]

2.3. Cystatin C (Cys-C)

Cys-C is a 13 kDa non-glycosylated polypeptide chain consisting of 120 amino acid
residues. It is a small protein that can be freely filtered by the renal glomerulus. The
average serum Cys-C level in patients with diabetic nephropathy (1.87 ± 0.51 mg/L) is
higher than that in patients with non-diabetic nephropathy (1.025 ± 0.30 mg/L). In addition,
serum Cys-C levels are higher in patients with elevated serum Crn levels, suggesting a
correlation between Cys-C and Crn. Studies have shown that serum Cys-C detection can
help to identify early renal impairment in diabetic patients, with better efficacy than serum
Crn [34]. Another study showed that the average serum cystatin C value was 1.73 in type 2
diabetic patients with normal urinary albumin levels, while the average serum cystatin C
value was 2.07 in type 2 diabetic patients with microalbuminuria. These results suggest
that serum cystatin C, as a renal glomerular filtration biomarker, is an earlier indicator of
diabetic nephropathy than urinary microalbumin and serum Crn [35].

Multifunctional monomer imprinting can enhance non-covalent binding between func-
tional monomers and TM via multiple synergistic interaction sites [36]. This is particularly
effective in improving the selectivity and adsorption of MIPs for large molecules. There-
fore, it is an effective technique to use two or more functional monomers simultaneously,
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forming multiple complementary interaction sites with TM in different areas. However, the
selection, combination, design, synthesis, and full utilization of their synergistic effect to
prepare ideal MIPs still require continuous exploration. In addition, polypyrrole (PPy) is a
conductive polymer that is well-known for its use in MIP materials [37]. Carbon nanotubes
(CNTs) can improve electron transfer and surface area in electrochemical systems, thereby
enhancing the electrical properties of electrochemical biosensors. Therefore, after adding
CNTs to PPy, a 3D structure with increased electrical conductivity is formed due to the
strong π-π bonding between the Ppy-conjugated structure and CNTs [38]. The PPy/CNT
nanocomposite exhibits good charge transfer and energy/electron storage performance,
making it suitable for supercapacitors [39]. Based on this strategy, Gomes [40] et al. first
formed a mixed system of Cys-C, multi-walled carbon nanotubes (MWCNTs), pyrrole
(Py), and carboxylated pyrrole (Py-COOH), and electrochemically polymerized it on the
surface of a carbon fiber net screen-printed electrode (SPE) to form an MPPy nanocompos-
ite. Subsequently, the Cys-C template was removed by the urea method, constructing a
disposable biosensor based on molecular imprinting capable of accurately detecting Cys-C.
Because Cys-C has a higher affinity with binding sites when surrounded by bifunctional
monomers, the recognition ability of the sensor is enhanced. Additionally, introducing
MWCNTs into the PPy matrix resulted in a more porous structure, larger surface area,
and better sensitivity. The differential pulse voltammetry (DPV) detection of Cys-C in a
pH 6.0 solution containing Fe(CN)6

3−/4− using this sensor had a limit of detection (LOD)
as low as 0.5 ng/mL, demonstrating its cost-effectiveness and high stability for potential
applications in clinical medicine.

2.4. Homocysteine (Hcy)

Hcy, cysteine (Cys), and glutathione (GSH) are the three most abundant small-molecule
amino acids containing thiol groups, playing important roles in biological processes [41].
The normal level of Cys in human blood plasma is 135.8–266.5 μmol/L, the concentration of
Hcy is in the range of 5–15 μmol L−1, and the GSH concentration in most cells is at mmol/L
level [42,43]. Among them, Hcy is one of the important biomarkers of diabetic nephropathy.
Therefore, it is particularly important to establish sensitive, accurate, and highly selective
Hcy sensors.

Currently, electrochemical sensors(ECS) are commonly modified with noble metal
nanoparticles on their surfaces. For example, Au nanoparticles (AuNPs) [44] possess good
electron density, dielectric performance, and catalytic activity, as well as excellent conduc-
tivity, stability, and surface adsorption [45]. In recent years, silver nanoparticles [46] and
alloy particles [47,48] have also been widely employed in ECS. In addition, MXene, with
a chemical formula generally represented as Mn+1XnTx [49], is an emerging class of two-
dimensional inorganic composite materials. MXene demonstrates immense advantages in
areas such as medicine and sensing due to its large surface area, excellent energy storage
performance, good bioconductivity, and biocompatibility [50,51]. Moreover, MXene pos-
sesses a strong reducing ability, providing new strategies for synthesizing multifunctional
nano-hybrids [52,53]. Its exceptional performance offers new possibilities for improving the
conductivity, electrocatalytic activity, and sensitivity of the target analyte’s signal response
in biomimetic recognition bio-ECS interfaces. Liu [54] and others developed an unmarked
molecularly imprinted electrochemical sensor (MIECS) for rapid and highly sensitive de-
tection of Hcy. In this strategy, AuNPs were first prepared using chloroauric acid as a raw
material in the presence of a reducing agent, and then AuNPs were introduced into the
multilayer nanostructure of MXene to form MXene@AuNPs nanocomposites. Finally, the
MIP with Hcy-specific recognition was formed by electropolymerization of DA monomer
on the MXene@AuNPs-modified GCE surface. The MXene in the sensing interface has
strong reducibility and excellent conductivity, and its large surface area accommodates
more AuNPs and active sites, significantly enhancing the electrochemical performance of
the sensor. The Hcy in the sample was detected by cyclic voltammetry, and the current
signal decreased with the increase of Hcy concentration, with an LOD of 11.81 fmol L−1
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(Table 2). It is worth noting that due to the inherent two-dimensional structure of MXene
with stack ability, the target molecules cannot approach the active region [55], which greatly
reduces the sensitivity of detecting target molecules, greatly limiting its electrochemical
performance. Therefore, the improvement of MXene function and performance is still the
focus of current researchers.

Wen [56] and others prepared an Aptasensor using a graphene sponge (GS) as a
material (Figure 3). The GS and AuNPs were separately modified on the glassy carbon
electrode (GCE). Then, an Hcy APT with 66 bases of hairpin deoxyribonucleic acid (DNA)
was fixed on the GCE by a Au-S covalent bond. Non-linking sites were blocked by bovine
serum albumin (BSA) using mechanical filling and adsorption coverage methods. Finally,
MB was specifically adsorbed on the APT due to its high affinity with guanine [57,58].
In this study, MB had good biocompatibility and could generate electrochemical signals
at a specific voltage in DPV, acting as an electrochemical hybridization indicator. In the
presence of Hcy, the conformation of the nucleic acid APT changed after specifically binding
with Hcy, causing MB release from the APT or moving away from the GCE surface, and
thus changing the relative redox current (ΔI) of MB. The sensor exhibited excellent signal
detection, selectivity, and reproducibility, with a good linear relationship between Hcy
concentration and ΔI in the linear range of 1~100 μM, a wide linear range, and a detection
limit of 1 μM (Table 2).

Figure 3. The fabrication procedures and detection mechanism of the aptaseneor. (a) The stepwise
modifications of the GCE surface. (b) The electrochemical response of the aptasensor with/without
Hcy. Ip represents the peak current [56].

APT can effectively recognize biomarkers by non-specifically adsorbing on the surface
of gold electrodes or AuNPs. Small molecule-assisted technology (SMAT) refers to the for-
mation of an auxiliary interface by small molecules that enable the linear chains of APT to
be vertically oriented on the interface. The specificity of APT is enhanced by restricting the
non-specific binding sites at the sensor interface through 6-mercaptohexanol, dithiothreitol,
and 3-mercaptopropionic acid. Existing research reports that the binary self-assembled
monolayer composed of thiol APT and 6-mercaptohexanol can significantly reduce the
surface molecular density of APT, confirming that SMAT can reduce the non-specific ad-
sorption of APT [59]. Hcy is a type of redox molecule [60]. Using SMAT Beitollahi et al. [61]
developed an unlabeled electrochemical sensor for detecting Hcy (Figure 4). Firstly, the
aptamer solution was cast onto the surface of a glassy carbon electrode modified with
AuNPs, and stood upright in a humid room to complete the self-assembly of the thiol
aptamer. The modified glassy carbon electrode was then immersed in a 6-mercaptohexanol
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solution and washed with 0.1 M PBS at a pH of 7.4. Small molecule interface technology
was used to form a linearly coordinated aptamer chain and limit non-specific binding sites.
The Hcy binds through interaction with the aptamer and undergoes an electrochemical
reaction at the modified electrode surface, resulting in a significant enhancement of the
peak current. This sensor, under optimal conditions, identifies Hcy using the differential
pulse voltammetry (DPV) method. The detection limit is 0.01 μM, and the linear range is
0.05–20.0 μM (Table 2).

Figure 4. Schematic illustration of stepwise homocysteine aptasensor fabrication process [61].

Table 2. The developed BRBS for the detection of Hcy.

Category of Technology Functional Monomer/APT Detection Limit Ref.

N-MIT dopamine hydrochloride 11.81 fmol L−1 [54]
MAMT APT 1 μM [56]
SMAT APT 0.01 μM [61]

2.5. Vascular Endothelial Growth Factor (VEGF)

VEGF is a 45 kDa homodimeric glycoprotein encoded by a single gene. Currently, five
human VEGF microRNAs (mRNAs) have been found by splicing of VEGF mRNA, encoding
VEGF with 121, 145, 165, 189, and 206 amino acids, respectively [62,63]. It has been found
that the glomerular basement membrane has a high affinity for VEGF, which can cause an
increase in the permeability of the glomerular basement membrane, thereby promoting
the production of NO, endothelin, etc., further changing the renal hemodynamics of
diabetic patients, leading to proteinuria and inducing diabetic nephropathy [64]. Therefore,
the development of highly sensitive and selective VEGF detection methods is of great
significance for early diagnosis and patient recovery assessment.

Palabiyik [65] and others proposed a highly sensitive label-free impedance sensor
based on molecularly imprinted polymers (MIP) and graphite screen-printed electrodes
(GSPE) as a detection platform for vascular endothelial growth factor (VEGF) (Figure 5). To
improve the reproducibility of electrode detection and remove any impurities generated
during the electrode manufacturing process, the GSPE was electrochemically pretreated
before use. Then, MIP was formed on the pretreated GSPE surface by electropolymerization
of ortho-phenylenediamine (o-PD) in the presence of the VGFR template. Under optimized
conditions, the sensor used [Fe(CN)]3−/4− as a redox probe and employed a label-free
method based on EIS measurement to detect VGFR, with good analytical performance in
the range of 20~200 pg·mL−1 and a detection limit of 0.08 pg mL−1 (Table 3). Due to the
disposable nature of the sensor, it is more suitable for clinical needs.
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Figure 5. Scheme representation of molecular imprinting and the recognition principle: (a) elec-
tropolymerization with o-PD and VEGF; (b) removal of VEGF template; (c) incubation with VEGF
sample solution; (d) washing and EIS measurements [65].

Cheng [66] and others constructed a convenient and ultra-sensitive ECL APT biosensor
for detecting VEGF165. Firstly, the synthesized graphite-like carbon nitride (g-C3N4)
nanosheets were adhered to CdSe using polydiallyldimethylammonium chloride (PDDA)
as an adhesive, followed by assembling the obtained g-C3N4/PDDA/CdSe composite
material onto the GCE surface. Finally, DNA1 and AuNP-labeled DNA2 were sequentially
incubated on the modified GCE surface. In this strategy, AuDNA2 showed a significant
spectral overlap with the g-C3N4/PDDA/CdSe composite, thus allowing for effective
energy transfer. In the presence of VEGF165, the sensor impedance decreased significantly
after the Au-DNA2 binds to VEGF165, and the ECL signal increased significantly. The ECL
signal of the constructed biosensor increased with the increasing concentration of VEGF165,
showing a prominent linear relationship from 2 pg mL−1 to 2 ng mL−1, and the detection
limit of VEGF165 was as low as 0.68 pg mL−1 (Table 3). The excellent sensitivity, stability,
repeatability, and selectivity of the ECL biosensor indicate further potential applications in
clinical diagnosis.

Table 3. The developed BRBS for the detection of VEGF.

Category of Technology Functional Monomer/APT Detection Limit Ref.

Surface MIT ortho-phenylenediamine 0.08 pg mL−1 [65]
MAMT APT 0.68 pg mL−1 [66]

2.6. Epidermal Growth Factor Receptor (EGFR)

In recent years, EGFR has been proven to be one of the potential biomarkers for dia-
betic nephropathy [67]. Generally, the preparation of MIPs typically involves a single kind
of template molecule/ion. However, MIPs based on a single template cannot recognize and
remove multiple targets simultaneously. Multi-template MIT uses two or more target sub-
stances simultaneously as templates. Li et al. achieved simultaneous detection of dopamine
and uric acid using dual-template technology, allowing the formation of MIPs containing
multiple specific recognition sites. This provides a feasible strategy for simultaneously
enriching, recognizing, detecting, and removing multiple targets [68]. Ahar et al. [69] con-
structed a MIP biosensor based on gold nanoparticle-modified screen-printed electrodes
(Au-SPE) and used antibody-coupled nanoliposome amplification for simultaneous detec-
tion of EGFR and vascular VEGF (Figure 6). First, DSP was assembled onto the Au-SPE
surface by self-assembly, and then the target proteins (EGFR and VEGF) were attached
covalently through amide bonds to the modified SPE using multi-template molecular
imprinting. Unbound sites were then blocked with acrylamide (AAM). Under the presence
of persulfate, the AAM and N,N′-methylenebis(acrylamide) functional monomers were
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polymerized around the EGFR and VEGF templates, and the polymerization termination
time was controlled by mixing the phenol solution with ethanol (w/t, 1%). Finally, by
utilizing the ability of oxalic acid (OXA) to destroy peptide bonds, the template molecule
is successfully removed from the imprinting layer. This strategy aims to produce reliable
electrochemical signals by using nanoliposomes loaded with Cd(II) and Cu(II) ions, and
modified with EGFR and VEGF-specific antibodies as the detection targets. In the analysis
step, the potentiostatic adsorption analysis electrochemical technique is employed to indi-
rectly determine the trace amounts of EGFR and VEGF in serum based on the content of
these ions. Under optimal conditions, the detection limits for EGFR and VEGF analysis
are 0.01 and 0.005 pg mL−1, respectively. The sensor has good sensitivity, repeatability,
and specificity. In clinical practice, it is often necessary to analyze a series of biomarkers to
make a final diagnostic result, and this SPE-based biosensor can be successfully integrated
with lab-on-a-chip, microfluidics, or micro-total analytical systems, opening new avenues
for the development of multiplexed sensing of biomarkers. However, it is worth noting
that due to the dilution of each template’s binding sites, the selectivity of multi-template
MIPs is lower than MIPs synthesized with a single template.

Figure 6. Representation for the engineering processes of EGFR/VEGF biosensors [69].

2.7. mRNA-21

mRNAs are a class of small non-coding RNAs that play important roles in post-
transcriptional regulation of gene expression. mRNAs regulate over 60% of protein-coding
gene expression. Therefore, changes in their expression are associated with many diseases,
including liver diseases, kidney diseases, and diabetes [70–72]. Recently, some of the litera-
ture reported that mRNAs, such as mRNA-21, mRNA-223-3p, and mRNA-377, can serve as
potential biomarkers for diabetic nephropathy [73,74].

Liu et al. [75] designed a photoelectroactive aptasensor for the detection of mRNA-21.
First, chitosan was used to wrap the CuInS2-modified ITO electrode surface, preventing
the dissolution of CulnS2 into the solution, and providing amino groups for subsequent
electrode modification. Then, the carboxyl-modified DNA2 reacted with chitosan and
was coupled to the electrode via amide bonds. If the hairpin DNA is recognized by
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mRNA-21, Exonuclease III (Exo III) will cleave the blunt 3′ end of DNA1, triggering the
target-cycled amplification process that releases DNA3, which can hybridize with DNA2
on the electrode. The DNA2–DNA3 duplex provides a binding site for TATA-binding
protein (TBP) attachment. Since TBP induces an 80-degree bend in the TATA sequence
by inserting amino acid side chains on the base pairs of the dsDNA sequence [76], this
blocks electron transfer, causing a sharp decrease in photocurrent intensity. The decrease in
photocurrent due to steric hindrance can be used to quantify microRNA-21. This strategy
combines anti-interference photoelectroactive cathode materials, enzyme-assisted target
cycle amplification, and TBP-induced signal shutdown, achieving remarkable amplification
efficiency. The detection limit of mRNA-21, under optimized conditions, is as low as
0.47 fM, and the linear range is from 1.0 × 10−15 M to 1.0 × 10−9 M. Further research is
needed to explore the application of this DNA amplification-based PEC platform in DNA,
protein, and small molecule detection.

2.8. Ceruloplasmin (Cp)

Cp is a copper-containing α-2 globulin with a molecular weight of 132 kDa, mainly
synthesized and secreted by the liver, and plays a crucial role in regulating oxidative
stress and iron homeostasis [77]. Some researchers have proposed that the glomerular
capillary wall excretion rate of Cp in patients with diabetic nephropathy is almost parallel
to the urinary albumin excretion rate. Increased excretion of Cp has also been observed in
patients with impaired glucose tolerance and diabetes compared to healthy controls [78].
Increased urinary Cp excretion in diabetic patients with normal urinary protein has also
been confirmed [79]. Therefore, detecting urinary Cp has a high value for early diagnosis
of diabetic nephropathy.

Haghshenas et al. [80] designed a sensitive electrochemical aptasensor to quantify Cp
using Cp-specific recognition APT. First, the diazonium salt of 4-Aminobenzoic acid (ABA)
electrochemically reduced was covalently bonded to the MWCNTs/GCE surface [81],
and after the carboxyl group was activated by N-hydroxysuccinimide(NHS) and N-(3-
dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC), the amino APT was
immobilized on the electrode surface via amide bond formation. BSA solution was added
to prevent non-specific adsorption on the sensor surface. Finally, Cp was detected using
DPV and EIS in [Fe(CN)6]3−/4− solution. Cp-specific binding with APT induces a confor-
mational change in the APT on the electrode surface, and the probe’s electron transfer is
hindered. The DPV current of the aptasensor decreases with increasing Cp concentration,
and the Rct value increases with increasing Cp concentration. Under optimal conditions,
Cp concentration shows a linear relationship within the range of 0.02~3.0 ng mL−1 and
3.0~80.0 ng mL−1, with a detection limit of 3.7 pg mL−1. This aptasensor has broad
application prospects for detecting Cp in human serum.

2.9. Platelet-Derived Growth Factor (PDGF)

PDGF is an important cytokine composed of two peptide chains (A and B) connected
by disulfide bonds in serum, which can promote the proliferation of vascular endothelial
cells, smooth muscle cells, and the biosynthesis of renal tubule matrix, playing a crucial role
in regulating cell growth and division [82]. PDGF-AA, PDGF-BB, and PDGF-AB are three
subtypes of PDGF [83]. Among them, PDGF-BB is directly involved in cell transformation
and tumor growth [84]. Studies have shown that the level of PDGF in the plasma of
patients with diabetic nephropathy increases. PDGF can promote the proliferation and
matrix generation of renal tubular cells, further accelerating the process of renal fibrosis,
which leads to further deterioration of renal function. In addition, PDGF-BB is considered
an important marker capable of predicting early deterioration of renal function in patients
with diabetic nephropathy. Therefore, the sensitive and selective detection of PDGF-BB in
biological samples has significant implications for the diagnosis of diabetic nephropathy.

Zhang et al. [85] introduced an ECL aptasensor based on improved AuNPs to de-
tect PDGF-BB (Figure 7). In this scheme, AuNPs-electrochemically reduced graphene
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(AuNPs-EG) nanocomposite material was electrodeposited on the GCE surface, and a
large number of PDGF-BB APT (APT1) were fixed to amplify the detection response, con-
structing a highly conductive Aptasensor platform that can amplify the Luminol-H2O2
system ECL signal. By functionalizing AuNPs with glucose oxidase (GOD), a signal
probe for the sandwich sensor of the second aptamer (APT2) and GOD-modified AuNPs
was designed. This ECL sensor has the advantages of high sensitivity, good stability,
and good selectivity, and has good analytical performance in the concentration range of
1.0 × 10−13~5.0 × 10−10 mol L−1 PDGF-BB, with a detection limit of 1.7 × 10−14 mol L−1

(Table 4). It has the potential for application in biochemical analysis.

Figure 7. The procedure of the ECL aptasensor preparation. (A) Preparation of GOD-Apt2-AuNPs
bioconjugates. (B) The schematic shows the strategy for constructing the ECL aptasensor [85].

In recent years, two-dimensional layered transition metal dichalcogenide materials
have opened a new door in the field of electrochemistry due to their unique electronic and
electrochemical properties [86]. VS2 has significant advantages in large specific surface
area, good catalytic adsorption performance, and good biocompatibility. Normally, VS2 has
a stacked-layer structure, and the V atom inserts between two S atoms to form a sandwich
structure. Unfortunately, like most transition metal oxides, the weak conductivity of VS2
severely limits its further application in electrochemical biosensors. In order to improve
the electrochemical performance of VS2, it seems necessary to combine it with good elec-
tronic conductive materials. Framework nucleic acids (FNAs) are one-dimensional to
three-dimensional (3D) framework structures formed by nucleic acid molecules through
self-assembly [87]. The surface performance of electrochemical DNA biosensors modified
with FNAs has been significantly improved. Due to the good stability and controllability
of FNAs, they can be assembled in an ordered manner on gold surfaces to fabricate more
probes [88,89]. The controllable charge transfer characteristics of FNAs can be utilized to
optimize the performance of electrochemical biosensors based on FNAs [90]. Compared to
traditional electrochemical sensors functionalized with single-stranded DNA, electrochem-
ical biosensors based on FNAs have stronger interference resistance and higher protein
resistance. The empty structure allows for the maximization of space utilization, making
it highly suitable for interface assembly with various materials [91]. Huang et al. [92]
first prepared a novel VS2-graphene (VS2-GR) composite material using a simple one-step
hydrothermal method and a novel label-free electrochemical aptasensor was designed for
the detection of platelet-derived growth factor BB (PDGF-BB) using Exo III-assisted signal
amplification technology, VS2-GR composite material, and tetrahedral structured DNA
probe [93,94], which exhibits fast response, high throughput, and current sensitivity. In
the absence of PDGE-BB, the APT hybridizes with complementary DNA (cDNA), and
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the biotin-labeled single-stranded signal DNA at the 5′ end cannot be cleaved by exonu-
clease III (Exo III). Biotin-labeled signal DNA hybridizes with protruding T-DNA on the
AuNP/VS2-GR electrode, and the specific binding of avidin-biotin absorbs a large amount
of avidin-horseradish peroxidase (avidin-HRP) onto the modified electrode, resulting in a
strong current response of HRP to the mixture of hydrogen peroxide and hydroquinone
(H2O2 + HQ). However, when PDGF-BB is present, the APT preferentially binds to PDGF-
BB, and duplex DNA is formed between cDNA and signal DNA. The double-stranded
DNA is digested by Exo III from the blunt end of the 3′ signal DNA and releases cDNA.
Subsequently, the released cDNA undergoes a new cleavage process with the remaining
signal DNA in the solution. Finally, the cyclic hybridization-hydrolysis process leads to a
reduction in the number of signal molecules HRP on the electrode, resulting in a significant
decrease in current response. The proposed detection method takes advantage of the large
specific surface area, good conductivity, and excellent biocompatibility of layered VS2-GR
composite materials, providing plenty of binding sites and suitable environments for the
immobilization of biomolecules. In addition, the tetrahedral structured DNA probe based
on framework nucleic acid assembly technology can minimize non-specific adsorption
and obtain upright probes on the electrode surface, improving detection stability and
reproducibility. Based on these advantages, the proposed detection method can detect
PDGF-BB concentrations as low as 30 fM and has good selectivity for PDGF-BB (Table 4).
Due to the inherent characteristics of Exo III, which does not require specific recognition
sites and APT, the proposed detection method has a wide range of target molecules and
can serve as a universal scheme for detecting DNA, drugs, and even proteins.

Table 4. The developed BRBS for the detection of PDGF.

Category of Technology Functional Monomer/APT Detection Limit Ref.

MAMT APT 1.7 × 10−14 mol L−1 [85]
FNAs APT 30 fM [92]

3. Conclusions and Future Perspectives

Significant progress has been made in the construction technology of biomimetic recog-
nition electrochemical sensors for diabetic nephropathy biomarkers, but there are still many
challenges at the current stage. Current challenges include developing new multifunctional
recognition elements, simultaneous detection of multiple biomarkers, further studying
the binding mechanism between MIPs and target objects, achieving specific recognition
of MIPs in the aqueous phase, enhancing the effective recognition rate of recognition ele-
ments for large molecules and the anti-interference ability of complex samples, integrating
recognition elements and transducers to increase the sensitivity of sensors, making their
preparation more convenient and faster, and further promoting their development towards
intelligence and portability. With the rapid development of biotechnology, intelligent
control technology, and microelectronics technology, especially micro-electro-mechanical
systems (MEMS), the future biomimetic sensors will be miniaturized intelligent biomimetic
systems supported by continuous system integration technology. Currently, it seems that
miniaturized intelligent biomimetic sensors may be one of the main choices for the future
construction of the perception layer sensors in the Internet of Things, and could be the only
possible choice to replace traditional sensors.
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28. Meng, C.; Knežević, S.; Du, F.; Guan, Y.; Kanoufi, F.; Sojic, N.; Xu, G. Recent advances in electrochemiluminescence imaging
analysis. eScience 2022, 2, 591–605. [CrossRef]

29. Quan, S.; Ji, K.; Liu, F.; Barkae, T.H.; Halawa, M.I.; Hanif, S.; Lou, B.; Li, J.; Xu, G. Chemiluminescence of lucigenin-tetracycline
and itsapplication for sensitive determination of procyanidin. J. Food Drug Anal. 2022, 30, 293–302. [CrossRef]

30. Mostafa, I.M.; Gilani, M.; Chen, Y.; Lou, B.; Li, J.; Xu, G. Lucigenin-pyrogallol chemiluminescence for the multiple detection of
pyrogallol, cobalt ion, and tyrosinase. J. Food Drug Anal. 2021, 29, 510–520. [CrossRef]

31. Babamiri, B.; Salimi, A.; Hallaj, R.; Hasanzadeh, M. Nickel nanoclusters as a novel emitter for molecularly imprinted electro-
chemiluminescence based sensor toward nanomolar detection of creatinine. Biosens. Bioelectron. 2018, 107, 272–279. [CrossRef]
[PubMed]

32. Chen, L.; Wang, X.; Lu, W.; Wu, X.; Li, J. Molecular imprinting: Perspectives and applications. Chem. Soc. Rev. 2016, 45, 2137–2211.
[CrossRef]

33. Li, Y.; Luo, L.; Nie, M.; Davenport, A.; Li, Y.; Li, B.; Choy, K.L. A graphene nanoplatelet-polydopamine molecularly imprinted
biosensor for Ultratrace creatinine detection. Biosens. Bioelectron. 2022, 216, 114638. [CrossRef]

34. Amer, A.H.; Haridas, N. Early Diagnostic Markers in Diabetic Nephropathy Patients. J. Clin. Diagn. Res. 2018, 12, BC05–BC09.
[CrossRef]

35. Gupta, K.; Nayyar, S.B.; Sachdeva, J.K.; Kumar, P. Cystatin C in the early diagnosis of diabetic nephropathy and its correlation
with albuminuria. Int. J. Adv. Med. 2017, 4, 56–59. [CrossRef]

36. Dingding, D.; Jun, W.; Pengxin, H.; Xin, L.; Luhang, Z.; Shenao, M. Dual-monomer molecularly imprinted electrochemical sensor
based on amino-functionalized MOFs and graphene for trace determination of taurine. Mikrochim. Acta 2023, 190, 126–162.

37. Hoefer, M.; Bandaru, P.R. Determination and enhancement of the capacitance contributions in carbon nanotube based electrode
systems. Appl. Phys. Lett. 2009, 95, 183108. [CrossRef]

38. Ferreira, P.A.B.; Araujo, M.C.M.; Prado, C.M.; de Lima, R.A.; Rodriguez, B.A.G.; Dutra, R.F. An ultrasensitive Cystatin C renal
failure immunosensor based on a PPy/CNT electrochemical capacitor grafted on interdigitated electrode. Colloids Surf. B
Biointerfaces 2020, 189, 110834. [CrossRef]

39. Canobre, S.C.; Xavier FF, S.; Fagundes, W.S.; de Freitas, A.C.; Amaral, F.A. Performance of the Chemical and Electrochemical
Composites of PPy/CNT as Electrodes in Type I Supercapacitors. J. Nanomater. 2015, 2015, 560164. [CrossRef]

40. Gomes, R.S.; Gomez-Rodriguez, B.A.; Fernandes, R.; Sales, M.G.F.; Moreira, F.T.C.; Dutra, R.F. Plastic Antibody of Polypyr-
role/Multiwall Carbon Nanotubes on Screen-Printed Electrodes for Cystatin C Detection. Biosensors 2021, 11, 175. [CrossRef]
[PubMed]

41. Zhang, B.; Zhang, H.; Zhong, M.; Wang, S.; Xu, Q.; Cho, D.-H.; Qiu, H. A novel off-on fluorescent probe for specific detection and
imaging of cysteine in live cells and in vivo. Chin. Chem. Lett. 2020, 31, 133–135. [CrossRef]

42. Refsum, H.; Ueland, P.M.; Nygard, O.; Vollset, S.E. Homocysteine and Cardiovascular Disease. Annu. Rev. Med. 1998, 49, 31–62.
[CrossRef] [PubMed]

43. Sedgwick, A.C.; Wu, L.; Han, H.H.; Bull, S.D.; He, X.P.; James, T.D.; Sessler, J.L.; Tang, B.Z.; Tian, H.; Yoon, J. Excited-state
intramolecular proton-transfer (ESIPT) based fluorescence sensors and imaging agents. Chem. Soc. Rev. 2018, 47, 8842–8880.
[CrossRef] [PubMed]

44. Ben Messaoud, N.; Ghica, M.E.; Dridi, C.; Ben Ali, M.; Brett CM, A. Electrochemical sensor based on multiwalled carbon nanotube
and gold nanoparticle modified electrode for the sensitive detection of bisphenol A. Sens. Actuators B Chem. 2017, 253, 513–522.
[CrossRef]

45. Plowman, B.J.; Sidhureddy, B.; Sokolov, S.V.; Young, N.P.; Chen, A.; Compton, R.G. Electrochemical Behavior of Gold-Silver Alloy
Nanoparticles. ChemElectroChem 2016, 3, 1039–1043. [CrossRef]

46. Kumar, N.; Goyal, R.N. Silver nanoparticles decorated graphene nanoribbon modified pyrolytic graphite sensor for determination
of histamine. Sens. Actuators B Chem. 2018, 268, 383–391. [CrossRef]

47. Zhou, Y.-C.; Zhao, M.; Yu, Y.-Q.; Lei, Y.-M.; Chai, Y.-Q.; Yuan, R.; Zhuo, Y. Three-dimensional nano-network composed of
Pt nanoparticles functionalized Mn-doped CeO2 and hemin/G-quadruplex as electrocatalysts for cardiovascular biomarker
detection. Sens. Actuators B Chem. 2017, 246, 1–8. [CrossRef]

48. Yang, L.; Xu, B.; Ye, H.; Zhao, F.; Zeng, B. A novel quercetin electrochemical sensor based on molecularly imprinted poly(para-
aminobenzoic acid) on 3D Pd nanoparticles-porous graphene-carbon nanotubes composite. Sens. Actuators B Chem. 2017, 251,
601–608. [CrossRef]

659



Chemosensors 2023, 11, 510

49. Xie, Y.; Gao, F.; Tu, X.; Ma, X.; Xu, Q.; Dai, R.; Huang, X.; Yu, Y.; Lu, L. Facile Synthesis of MXene/Electrochemically Reduced
Graphene Oxide Composites and Their Application for Electrochemical Sensing of Carbendazim. J. Electrochem. Soc. 2019, 166,
B1673–B1680. [CrossRef]

50. Wang, H.; Li, H.; Huang, Y.; Xiong, M.; Wang, F.; Li, C. A label-free electrochemical biosensor for highly sensitive detection of
gliotoxin based on DNA nanostructure/MXene nanocomplexes. Biosens. Bioelectron. 2019, 142, 111531. [CrossRef]

51. Nah, J.S.; Barman, S.C.; Zahed, M.A.; Sharifuzzaman, M.; Yoon, H.; Park, C.; Yoon, S.; Zhang, S.; Park, J.Y. A wearable microfluidics-
integrated impedimetric immunosensor based on Ti3C2T MXene incorporated laser-burned graphene for noninvasive sweat
cortisol detection. Sens. Actuators B Chem. 2021, 329, 129206. [CrossRef]

52. Ma, X.; Tu, X.; Gao, F.; Xie, Y.; Huang, X.; Fernandez, C.; Qu, F.; Liu, G.; Lu, L.; Yu, Y. Hierarchical porous MXene/amino carbon
nanotubes-based molecular imprinting sensor for highly sensitive and selective sensing of fisetin. Sens. Actuators B Chem. 2020,
309, 127815. [CrossRef]

53. Mohammadniaei, M.; Koyappayil, A.; Sun, Y.; Min, J.; Lee, M.H. Gold nanoparticle/MXene for multiple and sensitive detection
of oncomiRs based on synergetic signal amplification. Biosens. Bioelectron. 2020, 159, 112208. [CrossRef] [PubMed]

54. Liu, M.; Pan, B.; Tang, S.; Wang, W.; Hou, H.; Xie, B.; Liang, A.; Luo, A. A Label-Free Molecularly Imprinted Electrochemical
Sensor Based on MXene Nanosheets Modified by Gold Nanoparticles for Sensitive and Selective Detection of Homocysteine. J.
Electrochem. Soc. 2022, 169, 087503. [CrossRef]

55. Li, K.; Liang, M.; Wang, H.; Wang, X.; Huang, Y.; Coelho, J.; Pinilla, S.; Zhang, Y.; Qi, F.; Nicolosi, V.; et al. 3D MXene Architectures
for Efficient Energy Storage and Conversion. Adv. Funct. Mater. 2020, 30, 2000842. [CrossRef]

56. Wen, X.-H.; Zhao, X.-F.; Peng, B.-F.; Yuan, K.-P.; Li, X.-X.; Zhu, L.-Y.; Lu, H.-L. Facile preparation of an electrochemical aptasensor
based on Au NPs/graphene sponge for detection of homocysteine. Appl. Surf. Sci. 2021, 556, 149735. [CrossRef]

57. Idili, A.; Parolo, C.; Ortega, G.; Plaxco, K.W. Calibration-Free Measurement of Phenylalanine Levels in the Blood Using an
Electrochemical Aptamer-Based Sensor Suitable for Point-of-Care Applications. ACS Sens. 2019, 4, 3227–3233. [CrossRef]
[PubMed]

58. Sun, Z.; Jin, H.; Sun, Y.; Jiang, X.; Gui, R. Mn-Doping-induced hierarchical petal growth of a flower-like 3D MOF assembled with
black phosphorous nanosheets as an electrochemical aptasensor of human stress-induced phosphoprotein 1. Nanoscale 2020, 12,
14538–14548. [CrossRef] [PubMed]

59. Zhang, L.; Li, Z.; Zhou, X.; Yang, G.; Yang, J.; Wang, H.; Wang, M.; Liang, C.; Wen, Y.; Lu, Y. Hybridization performance of
DNA/mercaptohexanol mixed monolayers on electrodeposited nanoAu and rough Au surfaces. J. Electroanal. Chem. 2015, 757,
203–209. [CrossRef]

60. Lawrence, N.S.; Deo, R.P.; Wang, J. Detection of homocysteine at carbon nanotube paste electrodes. Talanta 2004, 63, 443–449.
[CrossRef]

61. Beitollahi, H.; Zaimbashi, R.; Mahani, M.T.; Tajik, S. A label-free aptasensor for highly sensitive detection of homocysteine based
on gold nanoparticles. Bioelectrochemistry 2020, 134, 107497. [CrossRef]

62. Neufeld, G.; Cohen, T.; Gengrinovitch, S.; Poltorak, Z. Vascular endothelial growth factor (VEGF) and its receptors. FASEB J. Off.
Publ. Fed. Am. Soc. Exp. Biol. 1999, 13, 9–22. [CrossRef]

63. Sullivan, L.A.; Brekken, R.A. The VEGF family in cancer and antibody-based strategies for their inhibition. MAbs 2010, 2, 165–175.
[CrossRef]

64. Aly, M.H.; Arafat, M.A.; Hussein, O.A.; Elsaid, H.H.; Abdel-Hammed, A.R. WITHDRAWN: Study of Angiopoietin-2 and vascular
endothelial growth factor as markers of diabetic nephropathy onset in egyptians diabetic patients with non-albuminuric state.
Diabetes Metab. Syndr. Clin. Res. Rev. 2019, 13, 1623–1627. [CrossRef] [PubMed]

65. Bozal-Palabiyik, B.; Lettieri, M.; Uslu, B.; Marrazza, G. Electrochemical Detection of Vascular Endothelial Growth Factor by
Molecularly Imprinted Polymer. Electroanalysis 2019, 31, 1458–1464. [CrossRef]

66. Cheng, J.L.; Liu, X.P.; Chen, J.S.; Mao, C.J.; Jin, B.K. Highly sensitive electrochemiluminescence biosensor for VEGF(165) detection
based on a g-C(3)N(4)/PDDA/CdSe nanocomposite. Anal. Bioanal. Chem. 2020, 412, 3073–3081. [CrossRef] [PubMed]

67. Harris, R.C. The Role of the Epidermal Growth Factor Receptor in Diabetic Kidney Disease. Cells 2022, 11, 3416. [CrossRef]
68. Li, N.; Nan, C.; Mei, X.; Sun, Y.; Feng, H.; Li, Y. Electrochemical sensor based on dual-template molecularly imprinted polymer

and nanoporous gold leaf modified electrode for simultaneous determination of dopamine and uric acid. Mikrochim. Acta. 2020,
187, 496. [CrossRef]

69. Johari-Ahar, M.; Karami, P.; Ghanei, M.; Afkhami, A.; Bagheri, H. Development of a molecularly imprinted polymer tailored on
disposable screen-printed electrodes for dual detection of EGFR and VEGF using nano-liposomal amplification strategy. Biosens.
Bioelectron. 2018, 107, 26–33. [CrossRef]

70. Wang, J.-Y.; Xiao, L.; Wang, J.-Y. Posttranscriptional regulation of intestinal epithelial integrity by noncoding RNAs. Wiley
Interdiscip. Rev. RNA 2017, 8, e1399. [CrossRef]

71. Wang, J.; Chen, J.; Sen, S. MicroRNA as Biomarkers and Diagnostics. J. Cell Physiol. 2016, 231, 25–30. [CrossRef]
72. Treiber, T.; Treiber, N.; Meister, G. Regulation of microRNA biogenesis and its crosstalk with other cellular pathways. Nat. Rev.

Mol. Cell Biol. 2019, 20, 5–20. [CrossRef] [PubMed]
73. Trionfini, P.; Benigni, A.; Remuzzi, G. MicroRNAs in kidney physiology and disease. Nat. Rev. Nephrol. 2015, 11, 23–33. [CrossRef]

[PubMed]

660



Chemosensors 2023, 11, 510

74. Parrizas, M.; Mundet, X.; Castano, C.; Canivell, S.; Cos, X.; Brugnara, L.; Giraldez-Garcia, C.; Regidor, E.; Mata-Cases, M.;
Franch-Nadal, J.; et al. miR-10b and miR-223-3p in serum microvesicles signal progression from prediabetes to type 2 diabetes.
J. Endocrinol. Investig. 2020, 43, 451–459. [CrossRef] [PubMed]

75. Liu, C.; Zhao, L.; Liang, D.; Zhang, X.; Song, W. An CuInS2 photocathode for the sensitive photoelectrochemical determination of
microRNA-21 based on DNA-protein interaction and exonuclease III assisted target recycling amplification. Mikrochim. Acta.
2019, 186, 692. [CrossRef]

76. Ma, Z.Y.; Ruan, Y.F.; Xu, F.; Zhao, W.W.; Xu, J.J.; Chen, H.Y. Protein Binding Bends the Gold Nanoparticle Capped DNA Sequence:
Toward Novel Energy-Transfer-Based Photoelectrochemical Protein Detection. Anal. Chem. 2016, 88, 3864–3871. [CrossRef]

77. Takuma, N.; Mihoko, H.; Masafumi, K.; Seiki, I. Increased urinary excretions of immunoglobulin g, ceruloplasmin, and transferrin
predict development of microalbuminuria in patients with type 2 diabetes. Diabetes Care 2006, 29, 142–144.

78. Narita, T.; Fujita, H.; Koshimura, J.; Meguro, H.; Kitazato, H.; Shimotomai, T.; Kagaya, E.; Suzuki, K.; Murata, M.; Usami, A.; et al.
Glycemic control reverses increases in urinary excretions of immunoglobulin G and ceruloplasmin in type 2 diabetic patients
with normoalbuminuria. Horm. Metab. Res. Horm. Und Stoffwechselforschung Horm. Metab. 2001, 33, 370–378. [CrossRef]

79. Yamazaki, M.; Ito, S.; Usami, A.; Tani, N.; Hanyu, O.; Nakagawa, O.; Nakamura, H.; Shibata, A. Urinary excretion rate of
ceruloplasmin in non-insulin-dependent diabetic patients with different stages of nephropathy. Eur. J. Endocrinol. 1995, 132,
681–687. [CrossRef]

80. Haghshenas, E.; Madrakian, T.; Afkhami, A.; Saify Nabiabad, H. An electrochemical ceruloplasmin aptasensor using a glassy
carbon electrode modified by diazonium-functionalized multiwalled carbon nanotubes. J. Iran. Chem. Soc. 2018, 16, 593–602.
[CrossRef]

81. Ocana, C.; Hayat, A.; Mishra, R.K.; Vasilescu, A.; Del Valle, M.; Marty, J.L. Label free aptasensor for Lysozyme detection:
A comparison of the analytical performance of two aptamers. Bioelectrochemistry 2015, 105, 72–77. [CrossRef]

82. Nancy, K.; Lipton, A. Platelets as a source of fibroblast growth-promoting activity. Exp. Cell Res. 1974, 87, 297–301.
83. Hongquan, Z.; Xing-Fang, L.; Chris, L.X. Differentiation and detection of PDGF isomers and their receptors by tunable aptamer

capillary electrophoresis. Anal. Chem. 2009, 81, 7795–7800.
84. Pierce, G.F.; Tarpley, J.E.; Tseng, J.; Bready, J.; Chang, D.; Kenney, W.C.; Rudolph, R.; Robson, M.C.; Berg, J.V.; Reid, P. Detection of

platelet-derived growth factor (PDGF)-AA in actively healing human wounds treated with recombinant PDGF-BB and absence of
PDGF in chronic nonhealing wounds. J. Clin. Investig. 1995, 96, 1336–1350. [CrossRef] [PubMed]

85. Zhang, J.J.; Cao, J.T.; Shi, G.F.; Huang, K.J.; Liu, Y.M.; Ren, S.W. A luminol electrochemiluminescence aptasensor based on glucose
oxidase modified gold nanoparticles for measurement of platelet-derived growth factor BB. Talanta 2015, 132, 65–71. [CrossRef]
[PubMed]

86. Huang, K.J.; Liu, Y.J.; Zhang, J.Z.; Cao, J.T.; Liu, Y.M. Aptamer/Au nanoparticles/cobalt sulfide nanosheets biosensor for
17beta-estradiol detection using a guanine-rich complementary DNA sequence for signal amplification. Biosens. Bioelectron. 2015,
67, 184–191. [CrossRef]

87. Ge, Z.; Gu, H.; Li, Q.; Fan, C. Concept and Development of Framework Nucleic Acids. J. Am. Chem. Soc. 2018, 140, 17808–17819.
[CrossRef]

88. Campuzano, S.; Yáñez-Sedeño, P.; Pingarrón, J.M. Tailoring Sensitivity in Electrochemical Nucleic Acid Hybridization Biosensing:
Role of Surface Chemistry and Labeling Strategies. ChemElectroChem 2019, 6, 60–72. [CrossRef]

89. Ge, Z.; Fu, J.; Liu, M.; Jiang, S.; Andreoni, A.; Zuo, X.; Liu, Y.; Yan, H.; Fan, C. Constructing Submonolayer DNA Origami
Scaffold on Gold Electrode for Wiring of Redox Enzymatic Cascade Pathways. ACS Appl. Mater. Interfaces 2019, 11, 13881–13887.
[CrossRef]

90. Lu, N.; Pei, H.; Ge, Z.; Simmons, C.R.; Yan, H.; Fan, C. Charge transport within a three-dimensional DNA nanostructure
framework. J. Am. Chem. Soc. 2012, 134, 13148–13151. [CrossRef]

91. Chen, X.; Zhou, G.; Song, P.; Wang, J.; Gao, J.; Lu, J.; Fan, C.; Zuo, X. Ultrasensitive electrochemical detection of prostate-specific
antigen by using antibodies anchored on a DNA nanostructural scaffold. Anal. Chem. 2014, 86, 7337–7342. [CrossRef] [PubMed]

92. Huang, K.J.; Liu, Y.J.; Zhai, Q.F. Ultrasensitive biosensing platform based on layered vanadium disulfide-graphene composites
coupling with tetrahedron-structured DNA probes and exonuclease III assisted signal amplification. J. Mater. Chem. B 2015, 3,
8180–8187. [CrossRef] [PubMed]

93. Ge, Z.; Lin, M.; Wang, P.; Pei, H.; Yan, J.; Shi, J.; Huang, Q.; He, D.; Fan, C.; Zuo, X. Hybridization Chain Reaction Amplification of
MicroRNA Detection with a Tetrahedral DNA Nanostructure-Based Electrochemical Biosensor. Anal. Chem. 2014, 86, 2124–2130.
[CrossRef] [PubMed]

94. Abi, A.; Lin, M.; Pei, H.; Fan, C.; Ferapontova, E.E.; Zuo, X. Electrochemical switching with 3D DNA tetrahedral nanostructures
self-assembled at gold electrodes. ACS Appl. Mater. Interfaces 2014, 6, 8928–8931. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

661



Citation: He, X.; Deng, Y.; Jiang, D.;

Fang, D. Electrochemiluminescence

Detection and Imaging of

Biomolecules at the Single-Cell Level.

Chemosensors 2023, 11, 538.

https://doi.org/10.3390/

chemosensors11100538

Academic Editor: Ilaria Rea

Received: 24 July 2023

Revised: 16 September 2023

Accepted: 26 September 2023

Published: 12 October 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

chemosensors

Review

Electrochemiluminescence Detection and Imaging of
Biomolecules at the Single-Cell Level

Xiaofan He 1, Yufei Deng 1, Dechen Jiang 2 and Danjun Fang 1,*

1 School of Pharmacy, Nanjing Medical University, Nanjing 211126, China; hxf@stu.njmu.edu.cn (X.H.);
dyf@stu.njmu.edu.cn (Y.D.)

2 State Key Laboratory of Analytical Chemistry for Life Science, School of Chemistry and Chemical
Engineering, Nanjing University, Nanjing 210023, China; dechenjiang@nju.edu.cn

* Correspondence: djf@njmu.edu.cn

Abstract: Electrochemiluminescence (ECL) is an electrochemically induced light produced by the
excitation of luminophores in redox reactions. For the past twenty years, ECL analysis has been
continuously developed and applied for the sensitive detection of biomolecules at the single-cell
level due to its low background interference and the resultant high sensitivity. In recent times,
ECL-based microscopy has combined the elements of imaging and has thus emerged as a fast-
developed imaging tool to visualize biomolecules in single cells. The surface-confined features of
ECL imaging provide detailed information about cell membranes that is not easily obtained using
classical fluorescence microscopy. In this review, we summarize the recent works on the detection and
imaging of biomolecules at the single-cell level using ECL and discuss the development prospects
and challenges in the biological application of this technology in the field of cell analysis.

Keywords: electrochemiluminescence; detection and imaging; single-cell analysis; biomolecules;
high sensitivity

1. Introduction

Electrochemiluminescence (ECL) is a kind of light emission triggered by electrochemi-
cal stimulation. Under the action of voltage, the luminophore near the electrode surface
undergoes an electrochemical oxidation reaction and forms the corresponding reaction
intermediates. After a subsequent chemical reaction, the intermediates are transformed
into the luminescent excited state, which emits luminescence while returning to the ground
state [1–4]. This ECL phenomenon was first observed in Grignard compounds in a high-
electric-field experiment conducted by Dufford in 1927 [5]. The next year, Harvey et al.
reported the chemiluminescence of luminol under electrolytic conditions [6]. Although
much evidence on the ECL phenomenon was revealed in the following years, the first
detailed report on ECL was presented by Hercules and Bard in the mid-1960s, which
greatly advanced the development of ECL-related studies [7,8]. In the following 50 years,
extensive research established ECL-based technology as an effective analytical method,
whose applications range from immunoassays, environmental detection, and bioanalysis
to commercial clinical diagnosis [9–17].

As a delicate combination of optical and electrochemical methods, ECL inputs the elec-
trical signals into an optical reader, avoiding the interference of charging and discharging
currents that occurred in the traditional electrochemical measurement. More importantly,
ECL completes the measurement without the need for excitation light, and hence, the influ-
ence of background light during the measurement is removed. Therefore, compared with
fluorescence and other optical methods, ECL has the advantage of a near-zero background
that significantly improves the detection sensitivity [1,18–23]. In addition, the intermedi-
ates involved in the ECL high-energy electron transfer reaction are controlled by electrical
signals and confined near to the electrode surface. The surface-confined feature allows
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for the precise modulation of the ECL duration and location with high spatiotemporal
resolution. The integration of high-resolution imaging components enables ECL imaging
technology to visualize the spatial distribution and quantitative information of molecules.
Thus, ECL-based analysis exhibits significant characteristics, such as high sensitivity, strong
versatility, and low detection cost, and becomes a dominant method in clinical tests.

In addition to ECL measurements of molecules in biofluids (e.g., serum and urine)
and environmental samples, the application of ECL analysis has been recently expanded to
cellular analysis, even at the single-cell level. The cell is the most basic unit of life and is the
place where many biochemical reactions and physiological activities take place. Evidence
has revealed that under the same physiological conditions, the same type of cells exhibit
significant heterogeneity. For example, when cells are exposed to external stimuli or are
in a state of disease, distinct differences in the expression of biomolecules within cells
are observed, contributing to different cell fates [24–27]. Traditional analytical methods
could only provide limited data about the cellular population, which masks these cellular
heterogeneities, and thus, much important biological information is lost. Considering the
low abundance of biomolecules in one cell, development of an accurate and highly sensitive
detection tool to measure biomolecules at the single-cell level is urgently needed. The
realization of single-cell analysis is not only a necessary means to prove cell heterogeneity,
but it is also an effective way to extensively study the relationship among various molecules
and their related signaling pathways in individual cells [28–33].

In view of the shortcomings of the current methods for single-cell analysis, the appli-
cation of ECL-based analysis with low background, high sensitivity, and strong versatility
is particularly promising (Table 1). Over the past 20 years, researchers have successfully
established various ECL assays to measure and image many important biomolecules inside
single living cells and at the sub-cellular structures. Although many reviews have summa-
rized the studies on single-cell ECL imaging [34–42], most of them only list the advantages
of ECL imaging application as a whole, and seldom illustrate the entire procedure, ranging
from the measurements to the imaging processes. Also, the most recent breakthrough
in single-molecule ECL imaging in single living cells is not included in these reviews,
which is now considered as the most important direction in this field. In this review, we
comprehensively introduce the development of single-cell ECL measurement and imaging,
and emphasize the recent important progress in this field. Finally, the existing challenges
and future prospects of ECL imaging in single-cell analysis ae discussed.

Table 1. The advantages and disadvantages of single-cell ECL and fluorescence analysis.

Method Advantages Disadvantages

ECL

High sensitivity
Low background emission

Restricted information on the
cell-based membrane

Restricted on the electrode surface
Weak luminescence intensity

Low spatial–temporal resolution

Fluorescence
Strong fluorescence emission

High spatial–temporal resolution
Excellent biocompatibility

High background noise
Fluorescence quenching

2. ECL Measurement of Biomolecules at the Single-Cell Level

The first single-cell ECL measurement was reported by our group in 2013, which
was used to measure active cholesterol in the plasma membrane [43]. The ECL detection
strategy relies on the classic luminol-hydrogen peroxide ECL system, including the reaction
between active cholesterol in the cellular membrane and cholesterol oxidase in the solution
to generate hydrogen peroxide, and the following electrochemical reaction between luminol
in the solution and hydrogen peroxide to emit ECL (Figure 1a). To realize single-cell analysis
via ECL measurement, one pinhole (i.d. 100 μm) was added between an indium tin oxide
(ITO) slide and a photomultiplier tube (PMT). The cells were then cultured on the ITO slide
with a low density, and so only one cell was exposed to PMT. The increase in ECL intensity
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at a single-cell level was observed for the first time upon the addition of cholesterol oxidase,
demonstrating the feasibility of detecting active membrane cholesterol in single living cells
using ECL. Following the activation of inactive cholesterol at the plasma membrane, the
ratio of the active and inactive membrane cholesterol at the single cell was obtained using
the ECL measurement.

Figure 1. ECL measurement of biomolecules at the single-cell level. (a) ECL analysis of active
cholesterol at the single-cell level [43]. Copyright 2013 Anal Chem. (b) Schematic for co-detection of
cholesterol and sphingomyelin in the plasma membrane at the single-cell level [44]. Copyright 2019
Anal Chem.

Considering that the reaction of cholesterol oxidase with membrane cholesterol does
not cause the destruction of the cell membrane structure, this strategy can be further applied
to analyze other biomolecules in the plasma membrane. For example, co-quantifying
membrane cholesterol and lipids at the single cell level is important for understanding
lipid interactions. However, due to the difficulty in synthesizing highly fluorescent probes
that specifically bind to the desired lipid, this study cannot be easily addressed using
fluorescence imaging. In 2019, our group introduced an enzyme cocktail consisting of
sphingomyelinase, alkaline phosphatase, and choline oxidase after the ECL measurement
of membrane cholesterol. This enzyme cocktail can react with membrane sphingomyelin
(SM) to produce hydrogen peroxide for ECL detection (Figure 1b) [44]. The strategy allows
for the simultaneous determination of membrane cholesterol and SM in a single cell. This
strategy was used to gather fluctuation information about SM and cholesterol during
SM-depletion-induced cholesterol efflux. The data obtained from this strategy could help
resolve the debate surrounding the ABC transporter’s role in cholesterol efflux.

Since the concentration of most biomolecules in a single cell is low, amplifying the
ECL signal to increase detection sensitivity is critical for the further application of this
method in single-cell analysis. To achieve this, Yang et al. assembled solid zinc co-adsorbed
carbon quantum dot (ZnCQDs) nanocomposites using gold nanoparticles and carboxyl
functionalized magnetic beads as carriers. The introduction of gold nanoparticles provides a
general strategy to enhance the electron-transfer process during the ECL reaction, resulting
in a 120-fold increase in ECL compared to that of CQDs [45]. Then, the hyaluronic acid (HA)
was functionalized on solid-state probes to enable the specific capture of single cells through
the recognition of HA with CD44 on the cell surface. Additionally, the usage of Cu2+ ions as
a bridge to connect gold nanoparticles and lead-adsorbed carbon quantum dots (PbCQDs)
was reported to increase the ECL strength by 37.5 ± 3.9% [46]. Continuously incorporating
new voltage modes and synthesizing highly luminescent ECL probes should be an effective
strategy to increase the intensity and stability of ECL. This strategy is being pursued by
many research groups [47–59]. These advancements will further advance single-cell ECL
measurement in biological studies and potentially even in clinical tests in the near future.

3. ECL Imaging of Biomolecules at the Single-Cell Level

Intensity-based ECL measurement can provide information about single cells with a
low detection limit. However, this measurement method does not provide spatial infor-
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mation within a single cell. Therefore, in order to achieve spatial studies of single cells for
biological applications, the development of ECL imaging methods specifically designed for
single cells is necessary [60,61]. At the end of the last century, researchers began developing
ECL imaging techniques, which have been continuously improved over time [62–67]. In
2011, Su et al. made improvements to the ECL imaging setup and designed both negative
and positive operation methods to selectively control ECL generation on the electrode sur-
face space [68]. The power of ECL imaging in spatially studying fine features on electrodes
was demonstrated by providing high-quality ECL imaging of fingerprints, which was
previously unprecedented. In the following years, many research groups have continued to
improve the setup of ECL microscopy and the voltage mode to enhance the generation and
collection efficiency of ECL emission. Currently, widely used ECL microscopy typically
consists of an electrochemical cell, a voltage generator, and a microscope equipped with an
electron-multiplying CCD (EMCCD). During the ECL imaging process, the external light
source is turned off, and a corresponding voltage is applied at the working electrode to
initiate the ECL reaction. The ECL imaging of small molecules, membrane proteins, and
intracellular molecules at single cells is summarized and listed in Table 2.

3.1. Imaging of Small Molecules at the Single-Cell Level

Small molecules play important roles in regulating cellular activities and imaging them
can provide valuable information about cellular processes [69]. However, imaging small
molecules inside cells is challenging due to the lack of specific probes for binding these
molecules. A potential strategy to visualize small molecules at the single-cell level is the
utilization of a luminol-based ECL assay. This assay relies on the reaction of oxidase with
the corresponding small molecule to generate hydrogen peroxide, which then reacts with
luminol to emit ECL. In 2015, our team reported the first ECL image of hydrogen peroxide
and cholesterol at single living cells. To overcome the information of an inert layer on the
electrode during the continuous application of a high positive potential, a voltage switching
strategy between 1.0 and −1.0 V was employed. This strategy switching generated more
ECL emission and improved the imaging process. In the presence of hydrogen peroxide
released or generated from the cellular membrane, it electrochemically reacts with a small
amount of L012 (a luminol analog with higher luminescence) beneath the cell to generate
ECL. After subtracting the background intensity that was observed at the cell, a higher ECL
intensity was observed at the cell, with a spatial resolution of 0.8 μm, which revealed the
distribution of hydrogen peroxide efflux and active membrane cholesterol (Figure 2a) [70].
The results demonstrate that ECL can be a new tool for single-cell electrochemical imaging,
offering advantages such as high spatiotemporal resolution (compared to scanning elec-
trochemical microscopy), low background, and flexibility in electrode type (compared to
surface-plasmon-resonance-based electrochemical imaging techniques).

Despite the advances in ECL imaging, this new strategy still faces several chal-
lenges. These challenges include improving the spatial resolution, directly visualizing
small molecules, reducing the applied voltage, and achieving stable ECL intensity. Regard-
ing spatial resolution, the initial approach using aqueous luminol to react with hydrogen
peroxide leads to the diffusion of these species in the solution, resulting in poor spatial
resolution. To improve the spatial resolution, Su’s group prepared an ECL nanocage array
(ENA) consisting of vertically aligned silica nanoporous films (SNMs). This nanocage array
only allowed small-sized coreactants or substances to enter, thereby generating or affecting
ECL signals while minimizing lateral diffusion of ECL under the cell. As a result, vertically
aligned microtube electrode ensembles were used to achieve highly spatial single-cell
ECL imaging, revealing the subcellular heterogeneity of hydrogen peroxide efflux from
individual cells [71,72].

Another challenge in the initial ECL imaging strategy is that the ECL emission origi-
nates from the reaction between L012 and hydrogen peroxide beneath the cell. The close
adherence of the cell to the surface support results in a small amount of L012 under the
cell, which generates less ECL intensity compared to the surrounding region with a bare
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electrode surface. As a result, the cell appears black throughout the imaging process,
which does not allow for the direct imaging of small molecules within the cell. To solve
this problem, Zhu’s group added a porous chitosan layer on the electrode to culture and
image the cell [73]. Sufficient ECL reagent is retained under the cell, providing strong ECL
emission in the image (Figure 2b). The direct visualization of hydrogen peroxide or some
other small molecules facilitates the investigation of their distributions in single living cells.

During cellular analysis, it is important to minimize the stimulation of the cell by
applying the lowest possible voltage. However, the voltage required to initiate the ECL
process between L012 and hydrogen peroxide is set at 1.0 V, which is too high. To minimize
this interruption, single lithium iron phosphate (LiFePO4, LFP) nanoparticles were modified
on the electrode. Under a certain voltage, lithium ions from single LFP particles could
be de-intercalated and then inserted into ITO to form LiSnO2. This process promotes the
electrochemical oxidation of L012, allowing for visualization of the efflux of hydrogen
peroxide from single living cells at a voltage as low as 0.5 V [74]. Decreasing the applied
voltage in single-cell ECL imaging maximizes cellular activity and provides information
that closely resembles the real cellular situation.

Meanwhile, small molecules move quickly within cells to regulate cellular activity. To
achieve dynamic observation of small molecules in living cells, it is important to obtain
stable ECL emission over a certain time period. To achieve this, Zhu and our groups chose
single semiconductor titanium dioxide (TiO2) nanoparticles (Figure 2c). These nanopar-
ticles have oxygen vacancies on their surface, which have a high affinity for hydrogen
peroxides and resist passivation under voltage [75]. Therefore, the continuous electrochem-
ical generation of superoxide and hydroxyl radicals by electrons and surface-trapped holes
at the nanoparticles was achieved, resulting in constant ECL under physiological conditions
for 90 min. This steady-state luminescence allows for electrochemical visualization of the
efflux burst of hydrogen peroxide from single cells, which is not easily achieved with
other electrochemical microscopies. The dynamic changes of small molecules are closely
related to cellular life activities. Hiramoto’s group used the strategy of sequential potential
to achieve ECL imaging of cell respiration [76]. The oxygen consumption of cells was
dynamically visualized by inhibiting ECL through oxygen consumption in cell respiration,
confirming the respiratory activities of cells. The result can distinguish the differences in
respiratory activities of different globular cells and enable the visualization of dynamic
changes in cell respiratory activities.

 

Figure 2. Single-cell small-molecule ECL imaging. (a) ECL image of the distribution of hydro-
gen peroxide efflux and active membrane cholesterol in a single living cell [70]. Copyright 2015
Anal Chem. (b) Direct ECL imaging of single cells on a chitosan-modified electrode [73]. Copy-
right 2018 Anal Chem. (c) ECL imaging of local hydrogen peroxide efflux from single cells us-
ing TiO2 nanoparticles (* represents the excited state product) [75]. Copyright 2019 Anal Chem.
(d) C3N4-nanosheet-modified microwell array for single-cell cholesterol ECL imaging analysis [77].
Copyright 2017 Anal Chem.
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In addition to spatial imaging of small molecules in single living cells, high-throughput
single-cell analysis is also an important direction in this field, as it provides statistical infor-
mation to uncover cellular processes. Microwell array electrodes, which offer integration,
miniaturization, and high analysis throughput, have been developed and applied in this
study. On the ITO electrode, 30 μm sized microwells were fabricated to isolate single
cells in individual microwells. By employing an oxidase-based assay strategy to convert
the corresponding small molecule into hydrogen peroxide, the unique structure of the
microwell slows down the diffusion of hydrogen peroxide away from the microwell. Con-
sequently, the L012-hydrogen peroxide ECL reaction was performed to obtain quantitative
information about small molecules in single cells. By including multiple microwell-cells in
the microscopic field, small molecules from these 64 cells were analyzed using a single ECL
image, significantly enhancing the analysis throughput [77] (Figure 2d). To increase the
loading and measurement efficiency of single cells into the microwells, Ju et al. combined
the advantages of microfluidic technology with ECL imaging to develop a quantitative
detection ECL imaging microarray chip. In this method, a single or several cells were
captured, and the released secretions were confined to the individual microwell to identify
the corresponding ECL probe. As a result, the amount of dopamine release in different
microwells was evaluated, providing a general strategy for the quantitative detection of
single cell secretions [78].

3.2. ECL Imaging of Membrane Proteins

Membrane proteins are important components of the cellular plasma membrane and
play a fundamental role in the functioning of biological cells. They are also targets for
antibodies in immunoassays and immunohistochemistry [79]. Currently, the imaging
of membrane proteins often involves labeling them with fluorescent tags attached on
antibodies that specifically recognize the proteins [80–82]. However, this approach can
be limited by autofluorescence and high-power laser irradiation, which generate high
optical background signals that can affect imaging accuracy. To address this issue, the
use of ECL technology, which offers a zero-background feature, has been explored as
an alternative method for visualizing membrane proteins at the single-cell level with
high sensitivity [83–86]. In this approach, the antibody is linked to an ECL tag, such as
Ru(bpy)3

2+, to enable ECL imaging. The ECL mechanism of the Ru(bpy)3
2+/TPrA system

is illustrated as follows:
TPrA − e− → TPrA·+ (1)

TPrA·+ � TPrA· + H+ (2)

TPrA· + [Ru(bpy)3]2+ → P1 + [Ru(bpy)3]+ (3)

TPrA·+ + [Ru(bpy)3]+ → TPrA + [Ru(bpy)3]2+* (4)

[Ru(bpy)3]2+* → [Ru(bpy)3]2+ + hν (5)

In 2017, Sojic’s group reported the development of an ECL-based surface-restricted
microscope for spatially resolved single-cell ECL imaging [87]. They utilized disposable
inkjet-printed carbon nanotube electrodes to culture individual cells and labeled membrane
proteins with Ru(bpy)3

2+ through a biotin-streptavidin linkage. To facilitate sufficient redox
reactions for the visual ECL signal, TPrA was introduced into the medium as an oxidative-
reductive coreactant. The imaging process is believed to involve a heterogeneous ECL
mechanism, where only TPrA undergoes direct oxidation on the electrode surface, followed
by deprotonation to form the TPrA radical. This radical species plays a vital role in the gen-
eration of excited state Ru(bpy)3

2+*, ultimately leading to the in situ generation of protons
on the membrane protein (Figure 3a). Later, Sojic’s group conducted further research on the
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vertical resolution of single-cell ECL imaging in both reflection and transmission configura-
tions, which expanded the applications of ECL as a surface-confined microscope [88]. The
results demonstrated that the ECL process involves short-lived electrogenerated radicals,
leading to the emission confined to the immediate proximity (~500 nm) of the electrode
surface. As a result, only the basal membrane of the cell exhibits luminescent characteristics
in the ECL image. Such fine details observed in the ECL image cannot be resolved using
conventional fluorescence microscopy techniques.

Surface-limited ECL microscopy offers the advantage of providing detailed informa-
tion about cell membranes and the spatial extension of cells, surpassing the capabilities
of conventional wide-field fluorescence microscopy. However, the ECL emission from
the luminophore is typically weak, and the continuous imaging process can result in a
significant loss of ECL intensity. These limitations make it challenging to visualize single
biomolecules, particularly in live cells. To address this issue, the development of novel
ECL emitters with high ECL intensity is critical. In 2021, Liu, Sojic, and our groups uti-
lized Ru(bpy)3

2+-doped silica/gold nanoparticles (RuDSNs/AuNPs) as both the protein
tag and ECL nanoemitter [89]. The local surface confinement effect leads to a notable
enhancement in ECL at the nanoemitter, facilitating the visualization of individual proteins
on the electrode surface and cell membrane (Figure 3b). To gain a deeper understanding
of nanoconfinement and mass transport in single-molecule ECL imaging, Liu’s group
developed a nanoreactor using Ru(bpy)3

2+-doped nanoporous zeolite nanoparticles. This
allowed for direct visualization of in situ-nanoconfinement-enhanced electrochemical reac-
tions at the single molecule level. This research helped establish the relationship between
the design of porous electrochemical materials and their nanoconfinement performance in
single cell ECL imaging [90]. Additionally, by leveraging the nanoconfinement effect and
high reaction activity within metal–organic frameworks (MOFs), Ru(bpy)3

2+-embedded
MOF complex (RuMOFs) were designed. These complexes exhibited a bright and consistent
ECL emission for up to 1 h, enabling the in operando visualization of protein movements
at the cellular membrane [91]. Compared to fluorescence observation, the near-zero ECL
background surrounding the target protein with the ECL emitter provided better contrast
for dynamic imaging of discrete protein distribution and movement. This advancement
has the potential to greatly advance the field of single-cell protein imaging.

In the above work, TPrA acts as the coreactant that is toxic for the cells. To achieve a
more biocompatible single-cell ECL co-reactant, Liu’s group developed a closed bipolar-
electrode-based simple electrochemical luminescence (BPEs-ECL) imaging strategy. They
used heterogeneous Ru(bpy)3

2+@SiO2/Au nanoparticles as functional nanoprobes, and
successfully achieved the first wireless, sensitive visual immunoassay of single-cell prostate-
specific antigen (PSA) through multiple amplification strategies [92]. In recent years, Zhu’s
group prepared a guanine-rich single-stranded DNA (G-ssDNA)-loaded high-index multi-
planar gold nanoflower (Hi-AuNF) as the co-reactant of Ru(bpy)3

2+. G-ssDNA, serving as a
highly efficient and biocompatible coreactant, could accelerate the electrochemical catalytic
pathway from Ru(bpy)3

3+ to Ru(bpy)3
2+*, and stabilize Hi-AuNF with a relatively sturdy

Au-S bond. As a result, this assembly increases the loading capacity of G-ssDNA and
promotes the enhancement of the ECL signal of Ru(bpy)3

2+ for better ECL visualization of
carcinoembryonic antigen (CEA) at cell membranes [93]. To further reduce cytotoxicity and
improve ECL imaging intensity, Ju’s group designed tertiary amine-conjugated polymer
dots (TEA-Pdots) as a novel coreactant-embedded ECL tag at the protein. This design uti-
lizes the superstructure and intramolecular electron transfer inside the probe to emit strong
ECL without the coreactant, enabling the in situ imaging of membrane proteins at single
cells without additional permeable treatment for transporting the coreactant [94]. This
further development of the highly luminescent probe with the biocompatible coreactant
or without the coreactant will be an important direction to better fit single-cell analysis in
biological studies.

In addition to the labeling strategy mentioned earlier, our group has reported a
capacitance imaging method based on ECL to visualize proteins on the cell membrane
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without the need for tagging the ECL probe to the antibodies [95]. This method relies
on the reduction in local capacitance when the antibody binds to the membrane protein,
leading to an increase in double-layer potential at the binding site. As the ECL intensity
is strongly influenced by the double-layer potential, the binding of the protein–antibody
complex enhances the ECL signal, enabling the visualization of the location of the target
membrane protein (Figure 3c). This strategy utilizes the ECL reaction from the reagents
in the solution and offers the advantages of label-free detection, simple setup, and high
sensitivity. Additionally, Sojic’s group has developed a label-free shadow ECL (SECL)
microscopy technique that confines the ECL emission layer spatially, allowing for the
imaging of subcellular organelles and single cells on the electrode surface. By exploiting
the local hindrance of ECL reagents by each mitochondrion, SECL enables the detection of
mitochondria that are challenging to detect using traditional biomarkers [96]. Moreover,
SECL achieves sharp negative contrast imaging at concentrations orders of magnitude
lower than conventional methods, offering enhanced sensitivity and the potential for
the imaging at the single molecule level. Currently, a bimodal and bicolor approach has
been introduced in ECL microscopy, enabling the simultaneous recording of positive ECL
(PECL) and SECL images of single cells [97] (Figure 3d). These advancements suggest the
feasibility of development high-sensitivity, label-free ECL imaging at the single-cell level,
which represents an important direction in this study.

Figure 3. ECL imaging of membrane proteins. (a) Surface-confined microscopy based on electrochem-
ical luminescence (ECL), imaging the ECL of the plasma membrane of a single cell at the interface
of an electrode [87]. Copyright 2017 J Am Chem Soc. (b) Schematic diagram of Ru(bpy)3

2+-doped
silica/gold nanoparticles (RuDSNs/AuNPs) used as ECL nanoemitters to image individual proteins
on the electrode surface and cell membrane [89]. Copyright 2021 J Am Chem Soc. (c) Schematic dia-
gram of capacitance microscope based on ECL [95]. Copyright 2019 J Am Chem Soc. (d) Multimodal
imaging of cells fixed on a glassy carbon electrode (GCE) and imaging of the same CHO-K1 cell by
PL, PECL, and SECL [97]. Copyright 2023 Anal Chem.

Cell–matrix adhesions play essential roles in the binding interactions between cells
and the extracellular matrix, as well as in various biological processes. Su’s group utilized
ECL microscopy for label-free imaging of cell–matrix adhesions and further investigated
the migration tendencies of cells during collective migration. Their strategy involved using
a modified indium tin oxide electrode as the substrate, with a silica nanochannel membrane
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that enhanced the ECL emission from freely diffusing luminophores. This enhancement
provided a distinct visual contrast and non-contacted domains, enabling label-free imag-
ing of cell–matrix adhesions [98]. They further modulated the ECL reaction pathway by
adjusting the concentrations of luminophores and/or co-reactants to sequentially image
cell–matrix and cell–cell connections at the bottom and near the top surface of the cells.
This approach provided an opportunity for developing spatially selective micro-imaging
strategies [99]. Recently, they successfully imaged cell–matrix adhesions and collective cell
migration by introducing microgrooved electrodes and surface-sensitive ECL microscopy
in the system (electrochemiluminescence imaging of cellular contact guidance on micro-
fabricated substrates). Additionally, Xia’s group proposed a label-free, rapid method for
imaging single-cell electrochemiluminescence using a bipolar nanoelectrode array. By
utilizing a closed bipolar electrochemical system with a single-sided platinum-coated gold
nanoelectrode array, they employed the dynamic concentration gradient of oxygen as an
electroactive probe. This approach achieved label-free, rapid, and positive ECL imaging of
single cells, allowing visualization of the local adhesion strength of individual cells [100].

Zhu’s group have developed a new dual ECL signaling system for evaluating cell sur-
face receptors and analyzing disease cells at the single-cell level. In this strategy, two ECL
probes, Au@L012 and g-C3N4, were used to specifically bind to epidermal growth factor
(EGFR) and phosphatidylserine (PS) on the cell surface. By scanning the potential, two dis-
tinct ECL signals were observed, and the apoptosis rate of normal and cancer cell samples
was visualized using ECL microscopy [101]. To enhance the ECL signal future, Ru(bpy)3

2+

was used as the luminophore and nitrogen-doped carbon dots (NCDs) were used as the
nano-coreactant. This created a catalytic route for the ECL microscopy cell imaging strat-
egy. The catalytic route between Ru(bpy)3

2+ and NCDs extended the ECL emitting layer,
significantly improving the ECL signal intensity. This enhancement allowed for the vertical
resolution imaging of the cell membrane and the imaging of phosphatidylserine (PS) on
apoptotic cell membranes. These advancements expand the application of ECL in biological
analysis [102].

An interesting phenomenon that must be mentioned in single-cell ECL imaging is the
observation of the ECL photobleaching by Sojic’s group. Due to the weak luminescence
from the ECL probe, it is not easy to observe ECL photobleaching. However, after the
photobleaching through sequential stepwise illumination, a linear correlation between
ECL reduction and PL loss was recorded in Ru(bpy)3

2+ derivatives labeled on the cellular
membrane. These losses should be attributed to the photobleaching of the labels, which
provide valuable information on the fundamentals of the ECL excited state. In the future,
combining ECL microscopy with photobleaching techniques will provide new methods
similar to fluorescence recovery after photobleaching (FRAP) or fluorescence loss in photo-
bleaching (FLIP) methods, which can provide kinetic information about protein movement
at the cellular membrane [103].

3.3. ECL Imaging of Intracellular Molecules

In the past ten years, most of the focus in single-cell ECL imaging has been on the
visualization of biomolecules at the cellular membrane, as the ECL reaction can occur at the
electrode surface. However, there has been a recent breakthrough in nanoelectrochemistry
that allows for intracellular biomolecule analysis, providing more information about the
cellular activity. Therefore, many groups are devoted to addressing the challenges in
intracellular ECL imaging. In our early work, we fabricated a luminol-gold composite
microelectrode that was inserted into the cell to react with intracellular hydrogen peroxide
for visualization [104]. Later on, we decorated a Pt deposit on the inside walls of a
nanopipette tip to create an open bipolar ECL device. Once positioned inside the cell,
the porous structure of the Pt deposit allows for electrochemical loading of intracellular
molecules. Coupled with enzymatic reactions and subsequent ECL reaction, we can
visualize intracellular concentrations of hydrogen peroxide or glucose, as well as the
intracellular sphingomyelinase activity [105].
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Table 2. Electrochemiluminescence detection and imaging of biomolecules at single cells.

Single-Cell ECL Method Category Luminophore Cell Type Target References

ECL Measurement

small molecules Luminol Raw264.7 Cholesterol [43]

macromolecule
ZnCQDs MCF-7,

MDA-MB-231 CD44 [45]

Au@Cu-PbCQD MCF-7 CD44 [46]

ECL Imaging

small molecules

L-012 Hela Cholesterol [70,77]
(Ru(bpy)3

2+ PC12 Dopamine [71,72]
Pdots PC12 Dopamine [78]
L-012 MCF-7, Hela H2O2 [73–75]
L-012 HMSC-BM, MCF-7 O2 [76]

membrane proteins

(Ru(bpy)3
2+ CHO-K1 EGFR [83]

(Ru(bpy)3
2+ L-02, MCF-7 CK19 [85]

(Ru(bpy)3
2+ MCF-7 EpCAM [86]

(Ru(bpy)3
2+ Hela, Ramos,

CCRF-CEM PTK7 [87]

(Ru(bpy)3
2+ MCF-7 CEA [89]

L-012 MCF-7 CEA [91]
TEA-Pdots SK-BR-3 HER2 [90]

L-012 MCF-7 EGFR, PS [97]
(Ru(bpy)3

2+ apoptotic PS [98]

intracellular
molecules

Luminol Hela H2O2 [100]
L-012 Hela Glucose, H2O2 [101]

Luminol Hela miRNA-21 [102]
L-012 MCF-7 KDM1/LSD1 [104]
L-012 Hela Glucose [105]

Additionally, Zhang’s group established a new ECL imaging technique for the parallel
imaging of miRNA-21 in single cancer cells using a Phorbol-12-myristate-13-acetate (PMA)-
loaded gold nanocage as a probe. In the cell, the PMA-supported gold nanocages (Au NCs)
are sealed by DNA gates and recognized and opened by miRNA-21. PMA is then released,
and HeLa cells are further induced to produce reactive oxygen species (ROS), enabling ECL
imaging of miRNA-21 within a single HeLa cell [106]. Although this work can visualize
the biomolecules inside the cell, the nanoelectrode-based measurement can only provide
a visualized image of local information. Imaging the spatial distribution of biomolecules
inside the whole cell remains a goal in this field.

In 2021, Zhu’s group reported a bio-coreactant-enhanced ECL microscopy to realize
the ECL imaging of intracellular structures and dynamic transport [107]. The key design
in this strategy is to utilize the electrochemical oxidation of Ru(bpy)3

2+ into Ru(bpy)3
3+

at the electrode surface, which enters into the cell to react with intracellular biomolecules
with reductive amine moieties, resulting in ECL emission. Consequently, intracellular
structures and autophagy involving DNA oxidative damage are imaged using the ECL
image for the first time. This strategy effectively employs Ru(bpy)3

3+ as the molecular
antenna, connecting extracellular and intracellular environments and providing a solution
for single-cell ECL imaging of intracellular structures and molecules. To further develop
intracellular ECL imaging, our group immobilized the cell into agarose hydrogel and
loaded antibody-modified single-walled carbon nanotubes into the cells to recognize the
corresponding antigen (e.g., KDM1/LSD1 antigen). Typically, an order of tens of kilovolts
should be applied to induce the ECL reaction at the nanotube, which is not easily achievable.
However, thanks to the confined voltage drop in the micropores of the gel, a low electric
field of 1000 V/cm was observed to electrochemically oxidize L012 at one end of the
nanotube, resulting in ECL emission. The significant decrease in the applied voltage enables
the observation of distinct ECL emission at the nucleus inside a single cell, reflecting the
distribution and amount of intracellular KDM1/LSD1 antigen [108] (Figure 4a). As this
early work progresses, further advancements in intracellular ECL imaging are expected in
the near future.
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Figure 4. (a) Schematic diagram of a BPE-ECL wireless device for the electrochemical visualization
of the KDM1/LSD1 antigen in the nucleus [108]. Copyright 2022 CCS Chem. (b) Electrochemical
luminescence imaging device and detection strategy for rapid analysis of intracellular glucose in
single cells [109]. Copyright 2016 Anal Chem.

Besides the acquisition of the spatial distribution of intracellular molecules, high-
throughput analysis of these molecules at the single-cell level is also important. Following
the previous protocol for the high-throughput ECL analysis of membrane molecules in
single cells, the measurement of intracellular molecules only requires the introduction of
Triton X-100 to disrupt the cellular membrane inside the microwells. For instance, our
group exposed the cells in the microwells to the physiological buffer with glucose oxidase
and Triton X-100. Triton X-100 breaks down the cell membrane, releasing glucose, which
reacts with glucose oxidase to produce hydrogen peroxide for ECL detection (Figure 4b).
By collecting the ECL intensities at the microwells in the image, the concentration of
intracellular glucose in single cells was determined, revealing the high heterogeneity of
glucose in cells [109]. The same protocol is also applied to measure intracellular cholesterol
ester, and the obtained information is crucial for understanding cholesterol trafficking at
the single-cell level.

4. Summary and Outlook

Over the past twenty years, single-cell ECL analysis has emerged as a rapidly devel-
oping field for determining various molecules at the plasma membrane and inside the
cytosol. It has been widely applied in research areas such as cell heterogeneity, disease
mechanisms, immunology, and drug response. This technology has brought significant
breakthroughs to biomedical research and clinical practice [110–116]. The features of sur-
face confinement, near-zero background, and high sensitivity enable this tool to provide
valuable information that is not easily resolved by classic fluorescence microscopy. Despite
the tremendous achievement in this field, single-cell ECL measurement and imaging still
face some challenges that need to be addressed before their full application in biological
and clinic studies. First, the spatial resolution in the image needs to be further improved.
Super-resolution fluorescence microscopy has overcome optical diffraction and can provide
a spatial resolution down to 20 nm. However, due to the poor luminescence efficiency from
the ECL tag, it is difficult to acquire sufficient protons from one ECL molecule. Therefore,
the current spatial resolution of a single-cell ECL image is still at the submicron level. The
incorporation of super-resolution radial fluctuation (SRRF) algorithms has pushed the
resolution down to 100 nm but is still limited in characterizing the electrocatalytic activity
at single particles [107,108]. Further development of this super-resolution ECL microscopy
is the most urgent direction in single-cell imaging. Second, the temporal resolution of ECL
imaging should be improved. As a low-light-emission process, the exposure time for captur-
ing one ECL image of a single cell requires at least a few hundred milliseconds, which may
not satisfy the requirements for fast tracking of bioprocesses. Some early work has been
conducted to increase the ECL intensity and shorten the exposure time through the usage of
new conductive materials [117–121]. More principles and strategies should be established
to achieve high-temporal-resolution single-cell ECL imaging. Moreover, obtaining new
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ECL reagents with high ECL efficiency, creating a more biocompatible environment to
maximize cellular activity, and enabling multivariate assays on more biomolecules within a
single cell are also important directions for the development of single-cell ECL imaging.

In summary, single-cell ECL analysis has become a research hotspot in the field
of chemistry and bioelectrochemistry and has attracted wide attention from biomedical
researchers. Compared to fluorescence methods, ECL single-cell analysis is still in its early
stages and faces numerous challenges that need to be addressed. With the continuous
application and development of new reagents, mechanisms, equipment, and research
strategies, this field should be grown into a broad research prospect [122–124]. We believe
that further innovations in ECL measurements will help enable spatiotemporal resolution
and high-throughput analysis of single cells, allowing us to gain a deeper understanding
of cell behavior and function.
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