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Abstract: The double specific nuclease (DSN)-based methods for microRNAs (miRNAs) detection
usually require the immobilization of DNA probes on a solid surface. However, such strategies have
the drawbacks of low hybridization and cleavage efficiency caused by steric hindrance effect and
high salt concentration on the solid surface. Herein, we proposed an immobilization-free method
for miRNA detection on the basic of DSN-assisted signal amplification. The biotin- and fluorophore-
labeled probes were captured by streptavidin-modified magnetic beads through streptavidin-biotin
interactions, thus producing a poor fluorescence signal. Once the DNA probes were hybridized with
target miRNA in solution to form DNA-miRNA duplexes, DNA stands in the duplexes would be se-
lectively digested by DSN. The released target miRNA could initiate the next hybridization/cleavage
recycling in the homogeneous solution, finally resulting in the release of numerous fluorophore-
labeled fragments. The released fluorophores remained in solution and emitted strong fluorescence
after treatment by the streptavidin-modified magnetic beads. The immobilization-free method
achieved the assays of miRNA-21 with a detection limit down to 0.01 pM. It was employed to
evaluate the expression levels of miRNA-21 in different cancer cells with satisfactory results.

Keywords: microRNAs; double specific nuclease; magnetic bead; immobilization-free; homogeneous analysis

1. Introduction

MicroRNAs (miRNAs) are a group of endogenous, non-coding RNAs that play an
important role in physiological and pathological processes. The abnormal expression levels
of miRNAs are associated with many human diseases, including cancers and degenerative
diseases [1,2]. Therefore, miRNAs have been regarded as the credible biomarkers for early
diagnosis and treatment evaluation of diseases. Reverse transcription real-time quantitative
polymerase chain reaction (RT-qPCR) is the currently used gold standard method for
monitoring the expression levels of miRNAs. The method shows high specificity and
sensitivity but requires complex operation procedures, specialized equipment, and a clean
experimental environment [3]. Thus, it is meaningful and highly desired to develop a
simple and sensitive detection system for the real-time monitoring of the level of miRNAs.

As one of the isothermal amplification strategies for biological analysis, a double
specific nuclease (DSN)-based sensing system exhibits the advantages of simple principle,
convenient operation, and high specificity [4-7]. DSN can specifically cleave DNA in
DNA-DNA or DNA-RNA duplexes but shows no activity toward single-stranded DNA
(ssDNA) or double-stranded RNA (dsRNA) [8,9]. The principle of DSN-assisted signal
amplification is mainly based on target miRNA recycling. Thus, a few miRNAs could
trigger the cleavage of considerable amounts of DNA in DNA-RNA heteroduplexes, lead-
ing to the release of a large number of signal molecules, including enzymes, electroactive
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molecules, fluorophores, nanoparticles, and nucleotide sequences [10-24]. The concentra-
tion of miRNAs can be determined by monitoring the optical or electrical signal change
induced by the release of signal molecules. In these methods, signal-labeled capture probes
are usually attached onto a solid surface and DSN-based enzymatic reactions happen at
the solid-liquid interface. The heterogeneous sensing systems show the advantages of
less sample consumption, ultrahigh sensitivity, and excellent selectivity. However, the
probe-immobilized methods may cause several drawbacks. First, the steric hindrance effect
of the solid surface may affect the configurational freedom of capture probes and prevent
interactions between DNA-RNA hybrids and nucleases, thus decreasing the hybridization
and cleavage efficiency [25-29]. Second, the high salt concentration on the probe-modified
solid surface may limit the activity of nucleases [30,31]. In addition, the immobilization and
removal of capture probes require laborious and time-consuming procedures. In contrast to
heterogeneous sensing systems, homogeneous assays have the merits of a simple operation
and high cleavage efficiency. Although a few DSN-based homogeneous methods have been
developed and used for miRNA detection [32,33], they are usually involved in complex
procedures, special instruments, and/or the use of additional enzymes or nanomaterials
for signal amplification. Thus, it is of importance to develop a simple, sensitive, and
high-throughput homogeneous method for the detection of miRNAs with DSN-assisted
signal amplification.

Magnetic beads (MBs) have been extensively used for the development of various
biosensors for detective applications. Magnetically assisted sensing systems show remark-
able advantages in the separation and pre-concentration of targets and high throughput
detection of multiple samples [34-37]. Streptavidin (SA) is a homotetramer protein that can
bind up to four biotin molecules with a high affinity. Biotin is a commonly used reagent for
labeling biomolecules due to its small size and highly selective and stable interaction with
SA. Many SA-modified materials, including MB-SA, are commercially available for the
collection and immobilization of biotin-labeled proteins or nucleic acids [38]. In this work,
we proposed a homogeneous strategy for the detection of miRNAs with DSN-assisted
signal amplification. In the absence of target miRNA, the biotinylated fluorescently labeled
DNA probes were captured by MB-SA through fast and strong SA-biotin interactions, thus
causing a decrease in the fluorescence. In the presence of target miRNA, the capture probes
would be digested by DSN, and the released signal molecules in solution showed a high
fluorescence. The reaction rate of DSN for the DNA capture probes immobilized on the
MB surface and dispersed in solution was investigated. The proposed strategy can be used
for the design of various immobilization-free miRNA biosensors by changing the type
of signal molecules. Moreover, magnetically assisted sensing systems could be used for
the high-throughput detection of multiple miRNAs with different fluorescently labeled
sequences.

2. Materials and Methods
2.1. Chemicals and Reagents

DNA, miRNAs, and Trizol reagent were ordered from Sangon Biotech. Co., Ltd.
(Shanghai, China). Their sequences are Biotin-TCAACATCAGTCTGATAAGCTA-FAM
(Bio-DNA-FAM), UAGCUUAUCAGACUGAUGUUGA (miRNA-21), UAGCUUAUCG-
GACUGAUGUUGA (single-base mismatch), UUGCUUAUCGGACUGAUCUUGA (three-
base mismatch), and GUAAGGCAUCUGACCGAAGGCA (non-complementary). DSN
was obtained from Evrogen Joint Stock Company (Moscow, Russia). MB-SA was purchased
from Thermo Fisher Scientific (Shanghai, China). Other reagents were of analytical grade
and used without further purification. The miRNA samples were prepared freshly using
RNase-free ultrapure water. The hybridization and reaction solutions were prepared with
TNE buffer (pH 7.4). All aqueous solutions were prepared with ultrapure water treated by
a Millipore system.
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2.2. Procedures for miRNA Detection

In total, 150 pL of 500 nM DNA probe was mixed with 25 pL of miRNA sample in
TNE buffer at 45 °C. After incubation for 10 min, 25 pL of 0.1 U DSN solution was added
to the mixture. After reaction for a given time, 10 pL of 10 mg/mL MB-SA suspension was
added to the mixed solution and incubated for about 5 min. Under a magnetic force, the
supernatant solution was taken out for assays to be conducted. The signals were collected
on a Cary Eclipse fluorescence spectrometer (Palo Alto, CA, USA) with an excitation
wavelength of 492 nm.

2.3. Assays of miRNAs in Cell Lysates

The cell lysates were extracted from MCF-7 and Hela cells with the procedures detailed
in previous reports [39,40]. Briefly, the cells were counted, collected, and washed with
phosphate buffer. Then, Trizol reagent was added to extract total RNA according to the
manufacturer’s protocol. The collected lysates were centrifuged at 10,000 rpm for 15 min
and the aqueous supernatants were diluted 10-fold with TNE buffer. Then, 25 pL of the
diluted supernatant with additional treatment was added to 150 pL of probe solution for
quantification assay. Other procedures for the assays of miRNA in the lysates were the
same as those of the standard samples.

3. Results and Discussion
3.1. Detection Principle

The mechanism of the magnetically assisted detection of miRNA is depicted in
Scheme 1. The DNA probe labeled with a biotin tag and a fluorophore at two ends
(denoted as Bio-DNA-FAM) could hybridize with the target miRNA to form a DNA-
miRNA heteroduplex. The DNA strand in the duplex was then selectively digested by
DSN. The released miRNA could hybridize with another Bio-DNA-FAM probe and initiate
the next cleavage event. In this way, the target miRNA-initiated enzymatic digestion of Bio-
DNA-FAM probes by DSN was recycled, leading to the release of numerous FAM-labeled
fragments. The released fragments could not be removed by MB-SA under the magnetic
force and thus showed a strong fluorescence. In the absence of target miRNA, the Bio-DNA-
FAM probe remained intact and would be removed by MB-SA through streptavidin-biotin
interaction. In this case, the solution showed weak fluorescence. Therefore, the fluorescence
intensity is proportional to the level of target miRNA. Through the signal amplification
of DSN, miRNA at a low abundance would be detected. The method should be simple
and sensitive since it does not require the pre-immobilization of DNA probe on a solid
surface, thus improving the hybridization and cleavage efficiency without the effect of
steric hindrance.

s
‘ AN N\
Soc0o0y D= O g . . "
h,\ . DSN NNN MB-SA & Nk
L High fluorescence

ah P N eycles
L%
L2 N Yoo,
L%2%" T ,&};' ‘
Bio-DNA-FAM . S

DSN MB-SA PN
é Low fluorescence

Scheme 1. Schematic representation of the magnetically assisted immobilization-free method for
miRNA detection.
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3.2. Feasibility of this Method

To probe the feasibility of the method, miRNA-21 was tested as a target model because
its expression level is closely related to many cancers. As shown in Figure 1, the Bio-DNA-
FAM probe emitted a strong fluorescence at 521 nm (curve a). When it was incubated with
MB-SA under magnetic force (curve b), the fluorescence peak disappeared, indicating that
the probe could be captured and removed by MB-SA. When the Bio-DNA-FAM probe
was mixed with miRNA-21 in the absence of DSN, the fluorescence signal was close
to the background value (curve c), indicating that the hybridization of miRNA-21 with
Bio-DNA-FAM did not limit the capture of the probe by MB-SA. However, when the DNA-
miRNA duplexes were incubated with DSN for a given time and then treated by MB-SA
under the magnetic force, the fluorescence signal was intensified greatly (curve d). The
result suggested that the Bio-DNA-FAM probes were enzymatically digested by DSN, thus
releasing a large number of FAM-labeled fragments into the solution. To study the effect
of steric hindrance on the hybridization/cleavage efficiency, the DNA-miRNA duplexes
were pre-immobilized onto the MB-SA surface, and then DSN was added to the suspension
for enzymatic digestion under the same reaction conditions. As a result, a smaller signal
(curve e) was observed in contrast to the immobilization-free strategy (curve d). The result
implied that the cleavage efficiency was reduced by the steric hindrance, which is consistent
with that in the previous works [27,41]. Thus, our proposal could improve the detection
sensitivity without increasing the operation complexity.

300

250+

2004

150

FL intensity

T T T
500 550 600 650 700

A/mm

Figure 1. Fluorescence spectra of Bio-DNA-FAM before (curve a) and after (curve b) incubation with
MB-SA, as well as the mixture of Bio-DNA-FAM/miRNA-21 (curve c¢) and Bio-DNA-FAM/miRNA-
21/DSN (curve d) after treatment by MB-SA. Curve corresponds to that of incubating the MB-SA-Bio-
DNA-FAM conjugates with the mixture of miRNA /DSN. The used concentrations of Bio-DNA-FAM,
DSN, and miRNA-21 were 500 nM, 0.1 U, and 100 pM.

3.3. Optimization of Experimental Conditions

To achieve optimum analytical performance, the experimental conditions, such as the
probe concentration and cleavage time, were investigated. Because the background signal
would be dependent upon the probe concentration, we first measured the fluorescence
signals of different concentrations of Bio-DNA-FAM after treatment by MB-SA under a
magnetic force. As shown in Figure 2A, when the probe concentration was lower than
500 nM, the fluorescence intensity was negligible. Over the value, the signal began to
increase, indicating that the surface of MB-SA was saturated by the probe through the
SA-biotin interaction. The abundance of miRNAs in biological samples is extremely low
(usually in the range of femtomolar to picomolar), and the background signal can affect
the sensitivity of the analytical method. Thus, a low concentration of probe was used in
the following trials. When the incubation time for the mixture of DNA/miRNA-21 and
DSN was increased, the fluorescence intensity was gradually intensified and began to
level off beyond 60 min for 100 pM miRNA-21 (Figure 2B). To attain high sensitivity and
save detection time, the samples were incubated for 60 min to achieve hybridization and
cleavage recycling.
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Figure 2. Effect of probe concentration (A) and incubation time (B) on fluorescence intensity. The
concentrations of Bio-DNA-FAM, miRNA-21, and DSN were 500 nM, 100 pM, and 0.1 U, respectively.

3.4. Sensitivity for miRNA-21 Detection

Under the optimal conditions, various concentrations of miRNA-21 were determined
to indicate the analytical performance. As shown in Figure 3A, the fluorescence signals
were intensified with the increase in the miRNA concentration in the range of 0~100 pM. A
good linear relationship was found at the concentration range of 0.01~10 pM (Figure 3B).
The linear equation can be expressed as FL = 3.47 + 6.23 [miRNA-21] (pM). The detection
limit as the minimum detectable concentration (0.01 pM) [42] is lower than that achieved
by other DSN-based fluorescence methods with nanomaterials as the quenchers, including
gold nanoparticles, graphene oxide, molybdenum disulfide, and polydopamine-coated
magnetic nanoparticles (Table 1). The sensitivity was also comparable to that achieved by
DSN plus other signal-amplified techniques [4,6]. The high sensitivity can be attributed to
the immobilization-free strategy, the low background signal, and the high hybridization
and cleavage efficiency.

(A) 200 (B) 200
100 pM

-
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H
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Figure 3. (A) Fluorescence spectra for the detection of different concentrations of miRNA-21 (from to
bottom to top: 0, 0.01, 0.1, 1, 5, 10, 25, 50, and 100 pM). (B) Calibration curve between fluorescence
intensity and miRNA-21 concentration. The errors were deduced from three replicate measurements.
The inset shows the linear portion of the calibration curve.

Table 1. Analytical performances of DSN-based fluorescence methods for miRNA detection.

Materials/Reporters Linear Range Detection Limit Ref.
AuNPs/dye 5-200 pM 5pM [41]
AuNPs/dye 0.1-1000 pM 33.4 fM [43]
AuNPs/dye 0.1-10 pM 45 M [44]
PS@Au/dye 1-1000 pM 50 fM [45]

MWCNT-

AuNCs/dye 0.1-1000 pM 33.4 fM [46]
GO/dye 0.5-1000 pM 160 M [47]
GO/dye 5-40 nM 132 pM [48]

MoS, /dye 1-10,000 pM 10 fM [49]
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Table 1. Cont.

Materials/Reporters Linear Range Detection Limit Ref.
MoS, /dye 0.5-50 nM 426 pM [50]
CCP/dye 10-200 pM 46 pM [51]
PDA-PEI/dye 0.8-50 nM 0.52nM [52]
MNPs@PDA /dye 5-5000 pM 0.42 pM [53]
MB/QDs 0.5-10 pM 0.5 pM [54]
Cu3z(POy), NFs/dye 1-100,000 pM 0.23 pM [55]
MB-SA/dye 0.01-10 pM 0.01 pM this work

Abbreviations: AuNPs, gold nanoparticles; PS@Au, gold nanoparticle-coated polystyrene microbeads; MWCNT-
AuNCs, multi-walled carbon nanotube-gold nanocomposites; GO, graphene oxide; MoS,, molybdenum disulfide;
CCP, cationic conjugated polymer; PDA-PEI, dopamine and polyethyleneimine (PEI) copolymerized nanodots;
MNPs@PDA, magnetic nanoparticles coated with polydopamine; MB, magnetic bead; QDs, quantum dots;
Cu3(POy); NFs, Cus(POy), hybrid nanoflowers.

3.5. Selectivity

To indicate the selectivity of the strategy, a series of miRNA strands were tested, includ-
ing miRNA-21 and its base-mismatched and non-complementary sequences. As shown in
Figure 4, only the target miRNA-21 caused a significant increase in the fluorescence signal.
Although the single-based mismatched sequence may hybridize with the probe at room
temperature, it did not induce an obvious enhancement in the fluorescence signal. The
result should benefit from the high specificity of DSN and the high reaction temperature
where the mismatched sequences could not form DNA-RNA duplexes. In addition, the
probability and abundance are very low for the existence of the miRNA-21 variant with
a single mismatch in the real sample. By labeling the DNA probes with different fluo-
rophores, we believe that the immobilization-free method could be used to simultaneously
determine multiple types of miRNAs with a simple operation procedure and high detection
throughput.

150

100

FL intensity
&

1 2 3 4 §
Sample

Figure 4. Selectivity of the method. Bar 1, buffer blank; bar 2, single-base mismatch; bar 3, three-base
mismatch; bar 4, non-complementary; bar 5, miRNA-21.

3.6. Assays of miRNA-21 in Cellular Lysates

To evaluate the validity of our method for real sample assays, the levels of miRNA-21
extracted from two types of cancer cell lines were determined. As depicted in Figure 5, the
signals increased significantly with an increasing concentration of MCE-7 cells, while no ob-
vious change was found for Hela cells even at a concentration higher than 10,000 cells. This
indicated that the expression level of miRNA-21 in MCE-7 is higher than that in Hela cells.
The result is in agreement with that found by the heterogeneous biosensors [39,40,56,57],
indicating that our method can be used to measure the expression levels of miRNA in
biological samples. The detectable cell number is higher than that of the heterogeneous
assays, which may be attributed to the differences in the used sample volume and the
expression level as well as extraction method for miRNA-21. We believe that the sensitivity
would be further improved by the signal amplification of enzymes or nanomaterials in
combination with the use of a more sensitive fluorescence spectrometer.
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Figure 5. Results for the assays of miRNA-21 in lysates extracted from MCF-7 and Hela cells.

4. Conclusions

In summary, an immobilization-free fluorescence method with DSN-assisted signal
amplification was developed for the sensitive detection of miRNAs. The effect of steric
hindrance on the hybridization/cleavage efficiency was also investigated. The detection
limit of this method is lower than that of other DSN-based fluorescence assays and even
comparable to that achieved by multiple signal amplification strategies. It was successfully
employed to monitor the expression levels of miRNA-21 in two cancer cell lines. In addition,
the strategy does not require the pre-immobilization of a DNA probe on a solid surface
for hybridization/cleavage recycling, thus eliminating the effect of steric hindrance and
improving the detection efficiency. We believe that the proposal shows great potential
for the simultaneous detection of multiple miRNAs by matching the DNA probes with
different fluorophores.
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Abstract: Hydrogen peroxide (H,0,) is an important reactive oxygen species that mediates a variety
of physiological functions in biological processes, and it is an essential mediator in food, phar-
maceutical, and environmental analysis. However, HyO, can be dangerous and toxic at certain
concentrations. It is crucial to detect the concentration of H,O, in the environment for human health
and environmental protection. Herein, we prepared the red-emitting copper nanoclusters (Cu NCs)
by a one-step method, with lipoic acid (LA) and sodium borohydride as protective ligands and
reducing agents, respectively, moreover, adding chitosan (CS) to wrap LA—Cu NCs. The as-prepared
LA—Cu NCs@CS have stronger fluorescence than LA—Cu NCs. We found that the presence of H,O,
causes the fluorescence of LA—Cu NCs@CS to be strongly quenched. Based on this, a fluorescent
probe based on LA—Cu NCs@CS was constructed for the detection of HyO, with a limit of detection
of 47 nM. The results from this research not only illustrate that the as-developed fluorescent probe
exhibits good selectivity and high sensitivity to H,O, in environmental water samples but also
propose a novel strategy to prepare red-emitting copper nanoclusters (Cu NCs) by a one-step method.

Keywords: copper nanoclusters; chitosan; aggregation-induced emission; fluorescent probe; hydrogen
peroxide

1. Introduction

Copper nanoclusters (Cu NCs), which have attracted much attention as functionalized
green metal nanomaterials, have been widely studied and applied in the fields of fluo-
rescent probes, biosensing, and cell imaging [1-3]. Different from traditional fluorescent
materials (such as semiconductor quantum dots, organic dyes, and polymer microspheres),
Cu NCs with ultrasmall size endow them with diversified functions, tunable fluorescence,
low biological toxicity, and low cost [4-6] also prompt Cu NCs to possess broad appli-
cation prospects. At present, Cu NCs can be synthesized by many generally adopted
methods, such as the chemical reduction method, template method, and electrochemical
method [7-9], and the prepared Cu NCs show fluorescence emission that ranges from blue
to red light [10]. However, most Cu NCs show blue fluorescent emission with a short
emission wavelength and a small Stokes shift. The penetrating ability of the sample is weak,
and there is background signal interference, which partly damages biological samples and
limits the applicability of Cu NCs as fluorescent probes for highly sensitive detection and
biological analysis [11,12]. Therefore, the development of red fluorescent Cu NCs with
stable performance and a large Stokes shift has always been the focus of researchers.

Chitosan (CS), a glycosaminoglycan, is a product of partial deacetylation of chitin,
with a wide range of sources, and the main biomass sources are fungi, animal bones, and the
shells of shrimps and crabs [13-15]. As a multifunctional polymer material, CS has various
excellent properties, such as biocompatibility, biodegradability, antibacterial activity, and
nontoxicity [16,17], and is regarded as a good applicable raw material in many fields,
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such as the food industry, pharmaceutical industry, cosmetics, and biotechnology [18-20].
A valuable feature of CS is that its chemical structure contains many intrinsic oxygen and
nitrogen functional groups, which can be used as the starting point for covalent modification
or chitosan chain cross-linking. However, the poor solubility limits the further application
of CS, and many studies have modified CS to prepare derivatives to improve its solubility.
At present, CS can be modified by adjusting the degree of deacetylation and viscosity,
introducing hydrophilic groups, and changing the solvent pH (weakly acidic) [21-23]. In
addition, CS can self-assemble and combine with nanomaterials such as graphene and
metal nanomaterials [24,25] through covalent bonds and hydrogen bonds, which not only
expands the application of CS but also provides functionalized properties.

The proposal of the aggregation-induced emission (AIE) effect fundamentally solved
the problem of luminescence quenching caused by aggregation in solution, and the majority
of researchers have performed much work on AIE [26-28]. The AIE enhancement effect
is also an effective means for many metal nanoclusters to enhance fluorescence. In the
aggregated state, intramolecular movement is restricted, which increases the coplanarity
of the fluorescent molecules and contributes to fluorescence emission [29]. Several past
studies [30-32] have shown that metal clusters can also produce AIE. Combined with
these studies and our experimental results, we reasonably believe that the reason for the
fluorescence of LA—Cu NCs@CS is related to the AIE effect of Cu NCs. After the coating
of LA—Cu NCs with chitosan, the connection between Cu NCs and its ligand is closer, to
produce AIE and emit strong red fluorescence. In this study, with lipoic acid (LA) as the
ligand and sodium borohydride (NaBHj) as the reducing agent, LA—protected Cu NCs
(LA—Cu NCs) were synthesized by a one-step method. The prepared LA—Cu NCs showed
red fluorescence emission, but the stability was poor, the yield was low, and the NCs were
difficult to separate and purify (Scheme 1). After adding CS, the dispersed LA—Cu NCs
showed a state of aggregation, and the fluorescence intensity was increased by four times,
showing AIE enhancement characteristics. Based on this, LA—Cu NCs@CS nanocomposites
were prepared, and their related properties were explored. Finally, a fluorescent probe was
constructed to realize the selective and sensitive detection of H,O, in environmental water
samples, and the limit of detection (LOD) was 47 nM in the detection range of 0.2-128 uM.

La NCues

=
LACu MOS0, .
— —

Quenching

-

Wovelengeh (amb

Scheme 1. The preparation of the LA—Cu NCs@CS nanocomposite and the detection principle
of HzOz.
2. Materials and Methods
2.1. Materials
Lipoic acid (LA) and chitosan (CS) were purchased from Aladdin Reagent Co., Ltd.

(Shanghai, China). Sodium borohydride (NaBH4) was obtained from Kelon Chemical
Reagent Co., Ltd. (Chengdu, China). Copper nitrate trihydrate (Cu(NO3),3H,0), anhy-
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drous ethanol, and acetic acid were purchased from Sinopharm Chemical Reagent Co., Ltd.
(Shanghai, China). Hydrogen peroxide (H,0O;) was purchased from Beilian Fine Chemicals
Development Co., Ltd. (Tianjin, China). Different metal—ionic (Ag™, A+, Cd?*, Cr2+, Cu?t,
Eu*, Fe?*, Fe3*, Hg?*, Mn2*, Ni?*, Pb*, and Zn?*) and anionic (F~ CI~, Br—, I, $?,
NO,2~, $,03%, SO42~, Ac™, [Fe(CN)]°~, CO32~, and PO,3~) solutions were prepared
by their respective crystal salts with the same concentration (32 uM). The tap water and
lake water samples were randomly taken from the local tap water and Sanyuan Lake of
Yantai University. All experimental water in this study was produced from a UPT—II-10T
ultrapure water purifier (18.2 MQecm). All chemical reagents were not further purified
unless otherwise specified.

2.2. Apparatus

Scanning electron microscope (TEM) images were taken through a TSM-7900F elec-
tron microscope (JEOL Ltd., Tokyo, Japan). Transmission electron microscopy (TEM) and
High resolution transmission electron microscope (HRTEM) images were taken through
a JEM—2010 transmis XCsion electron microscope with an accelerating voltage of 200 kV
(JEOL Ltd., Tokyo, Japan). Ultraviolet-visible absorption (UV-Vis) spectroscopy was ob-
tained by a PerkinElmer Lambda 365 spectrometer (Shimfusa, Japan) with a wavelength
interval of 5 nm. Fourier transform infrared (FT—IR) spectroscopy was performed using a
Nicolet 5700 FT—IR spectrometer (Thermo Fisher Scientific, Waltham, MA, USA). X-ray
photoelectron spectroscopy (XPS) was carried out using a Thermo ESCALAB—250 (Thermo
Fisher Scient-ific, Waltham, MA, USA). The fluorescent spectrum was measured by an
F—2700 spectrophotometer (Hitachi, Japan). Energy dispersive X-ray spectrometry (EDS)
and EDS mapping elemental analysis were measured by an Ultim Extreme detector (Oxford
Instruments Technology, Shanghai, China).

2.3. Synthesis of Nanocomposites
2.3.1. Preparation of LA—Cu NCs

Seventy —two milligrams (0.35 mmol) of LA and 14 mg (0.37 mmol) of NaBH4 were
accurately weighed into 16 mL ultrapure water and stirred thoroughly for 5 min at room
temperature. Then, 700 pL of 25 mM Cu(NO3),e3H,0 was added to the above-mixed
solution, and the color of the solution gradually changed from colorless to yellow-brown.
After that, the dissolved oxygen in the mixed solution was pumped out with a vacuum
pump, and then high-purity nitrogen was injected. The step was repeated three times to
ensure that the oxygen was completely removed. Finally, the above-mixed solution was
stirred and reacted for 6 h in an ice water bath (5-10 °C) to obtain a clear yellow-brown
LA —Cu NC solution, which exhibited weak red fluorescence under 365 nm UV light. The
prepared LA—Cu NC solution was stored at 4 °C for subsequent use.

2.3.2. Preparation of LA—Cu NCs@CS

The operation was to add 1.6 mL 1 mg/mL CS—1% acetic acid solution (ratio of
CuNCs and CS solutions = 10:1 v/v) to the preprepared LA—Cu NC solution, and there
was a clear yellow precipitate in the solution. After vigorously stirring for 30 min at room
temperature, a large amount of aggregated precipitate was generated, which emitted obvi-
ous red fluorescence under irradiation with 365 nm UV light. After that, the same volume
of absolute ethanol was added to the above-mixed solution, and ultrasonic treatment was
performed for 5 min to uniformly disperse the yellow precipitate. Then, the mixture was
centrifuged at 8000 rpm for 8 min, washed three times with anhydrous ethanol, and dried
in a rotary evaporator at 50 °C for 1 h. The yellow powder obtained was the pure product
of LA—Cu NCs@CS, which was stored at 4 °C for future use.

2.4. Construction of Fluorescent Probe Based on LA—Cu NCs@CS

First, an anhydrous ethanol solution of LA—Cu NCs@CS (2 mg mL !, pH = 7.40) was
prepared, and then a series of H,O, aqueous solutions with different concentrations (0.8, 2,
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8,16, 32, 64 and 128 uM) were added to 1 mL of LA—Cu NCs@CS solution. After reacting
at room temperature for 5 min, the fluorescence emission spectrum was measured with
fluorescence spectrophotometry. As the concentration of HyO; increased, the intensity
of the fluorescence spectrum showed a gradually decreasing trend, a linear curve was
drawn, and a linear regression equation was obtained by fitting, which was a model of the
fluorescent probe.

In addition, under optimized conditions, different methodological verifications of the
fluorescent probe were also carried out. Selectivity: Explore the interference of different
cations and anions on the fluorescence of LA—Cu NCs@CS; Stability: the fluorescence
intensity changes of LA—Cu NCs@CS within a certain time; Reproducibility: Three parallel
experiments were performed to verify that the LA—Cu NCs@CS fluorescent probe has a
good response to HyO5.

2.5. Detection of HyO, Using LA—Cu NCs@CS

To investigate the performance of the fluorescent probe in actual detection, different
actual water samples were analyzed. After filtering the tap water and lake water samples
with a 0.22 pm filter membrane, the fluorescent probe was used to test the tap water and
lake water samples to find no H,O,, and then the spiked recovery method was used for
H,0O; determination. Three groups of H,O, spiked solutions of different concentrations (0.8,
8,32 uM) were added to the treated tap water and lake water samples, and the fluorescence
emission spectrum was tested after incubating at room temperature for 5 min. Three
experiments were performed in parallel, and the relative standard deviation (RSD) was
calculated. The measured fluorescence intensity value was substituted into the constructed
linear regression equation to calculate the final spiked recovery rate.

3. Results and Discussion
3.1. Morphology of LA—Cu NCs and LA—Cu NCs@CS

Figure 1 demonstrates the morphology and nanometer size of the prepared LA—Cu
NCs and LA—Cu NCs@CS by TEM and HRTEM. LA —Cu NCs showed spherical dispersion
in shape with an average size of 3.1 nm (Figures 1A and S2). In the presence of CS, LA—Cu
NCs appeared to aggregate in an aqueous solution, which was also confirmed by TEM.
LA—Cu NCs@CS did show an aggregate state in Figure 1B. The HRTEM image (Figure 1C)
showed that the single crystal lattice of LA—Cu NCs@CS was approximately 0.33 nm
(3.3 A), which corresponded to the 102 planes of Cu [30], and the average size was 3.5 nm
(Figure 1D). The characterization of the morphology above showed that the successful
combination of CS and LA—Cu NCs, the formation of an aggregated state, and the size
distribution had not changed significantly.

3.2. Optical Performance Analysis

As shown in Figure 2A, the UV-vis spectra showed that synthesized LA—Cu NCs
had a broad absorption shoulder at 250~300 nm; LA—Cu NCs@CS had a strong and broad
absorption peak at approximately 300 nm. The change in the spectrum proved that the
encapsulation of the LA—Cu NCs by CS caused variation in the molecular structure of the
light—absorbing group, which led to a shift in the absorption peak. In the FT—IR spectra
(Figure 2B), the infrared peak at 515 cm™! in the curve (a) was located in the disulfide bond
(=S—=S5—) in LA. Under alkalinity and the reduction of NaBHy, the —S—S— in LA—Cu
NCs was broken and bonded with the reduced Cu?* to form a —S—Cu bond and the
characteristic peak position was at 2509 cm ! (curve c). The infrared peaks at 1060 cm 1,
1066 cm ™!, and 3439 cm ! in curve (b) were the C—O and C—O—C stretching vibration
peaks and the characteristic peaks of amino (—NH;) in CS, respectively. When LA—Cu
NCs were encapsulated by CS, the peak position of —S—Cu (2368 cm™!) was redshifted
under the influence of the electron—donating group (—NH;, —OH) in CS (curve d), and
the infrared peak positions of other groups were unchanged.
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Figure 1. The TEM images of (A) LA—Cu NCs, (B) LA—Cu NCs@CS, (C) HRTEM image of LA—Cu
NCs@CS, The diameter distributions histogram of (D) LA—Cu NCs@CS.
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Figure 2. (A)The UV—vis and (B) FT—IR spectra of LA (a), CS (b) LA—Cu NCs (c) and LA—Cu
NCs@CS (d), XPS spectra of (C) LA—Cu NCs@CS and (D) Cu 2p region.

XPS was employed to perform chemical element and valence analysis. The XPS total
spectrum showed that there were five peaks of C1s,N 15,0 1s,S2p, and Cu 2p under
the corresponding binding energy, corresponding to the existence of C, N, O, S, and Cu
elements in LA—Cu NCs@CS (Figure 2C), which was consistent with expectations. In
the Cu 2p spectrum (Figure 2D), the characteristic peaks at 932.2 eV and 952.3 eV were
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attributed to Cu 2p3/2 and Cu 2p1/2 of Cu(0), respectively. In addition, there was no
obvious absorption peak at 943.5 eV, which indicated that Cu(II) in LA—Cu NCs@CS was
almost nonexistent and had been completely reduced. The difference in binding energy
between Cu(0) and Cu(I) was only approximately 0.1 eV, indicating that the valence state of
Cu in LA—Cu NCs@CS may be 0 or +1 [33]. In addition, the EDS spectrum clearly shows
the inclusion of C, N, O, S, and Cu elements (Figure S1), which was consistent with the XPS
spectrum test result, and the mapping element distribution of the characteristic elements
of N, O, S, and Cu was also very uniform. In addition, EDS Mapping analysis of LA—Cu
NCs@CS was performed to further verify the successful synthesis of the materials. As
shown in Figure S1, the characteristic spectra of Cu, N, S and other elements can be seen
from the figure, indicating that the elements in LA—Cu NCs@CS are closely combined.

As shown in Figure 3A, under different excitation wavelengths (350-440 nm), LA—Cu
NCs@CS had the maximum fluorescence emission when the excitation wavelength was
400 nm. At the optimal excitation wavelength, the excitation and emission spectra of
LA—Cu NCs and LA—Cu NCs@CS showed that the fluorescence emission intensity of
LA—Cu NCs was relatively weak, and the fluorescence intensity became approximately
four times that of the original after adding CS (Figure 3B). After CS encapsulated LA—Cu
NCs to form LA—Cu NCs@CS, it triggered the aggregation of fluorophores and increased
the fluorescence intensity. Figure 3C shows the fluorescence decay spectrum of LA—Cu
NCs, whose fluorescence lifetime was 77.94 ns, as calculated by the weighted average
method [34]. After adding CS, the fluorescence lifetime calculated by the same method was
58.03 ns (Figure 3D), which was less than that without CS. This result indicated that the
presence of CS can enhance the fluorescence intensity of LA—Cu NCs.
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Figure 3. (A) Emission spectra of LA—Cu NCs@CS with different excitation wavelengths (B) Excita-
tion and emission spectra of LA—Cu NCs (black line) and LA—Cu NCs@CS (red line). Time—resolved
fluorescent decay spectra of (C) LA—Cu NCs and (D) LA—Cu NCs@CS.

3.3. Optimization of Conditions

During the synthesis process, the effects of different reaction conditions on the fluo-
rescence performance of LA—Cu NCs@CS were determined, including the ratio of raw
materials, reaction time, pH, and reaction temperature. Figure 4A shows the fluorescence
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emission intensity of the different molar ratios of LA and Cu?* (1:1, 5:1, 10:1, 20:1, and
30:1) and the volume ratios (1:1, 5:1, 10:1, 20:1, and 30:1) of the total volume of the LA—Cu
NC solution under excitation at 400 nm. As the ratio of LA increased, the fluorescence
intensity gradually increased, reaching a maximum of 20:1. At the same time, the fluo-
rescence intensity was the largest when the ratio of the total volume of the LA—Cu NC
solution to the volume of the CS solution was 10:1. The appropriate reaction time was
not only conducive to the benign growth of LA—Cu NCs@CS molecules but could also
avoid the excessive growth of the reaction time that would affect the fluorescence perfor-
mance. The fluorescence emission intensity at different reaction times in Figure 4B shows
that the fluorescence intensity was the maximum at 6 h, which was the time for the final
reaction to prepare LA—Cu NCs@CS. The initial pH value of the synthesized LA—Cu
NCs@CS was 4.14. When the pH was adjusted by adding 1 M NaOH, it was found that the
fluorescence intensity changed little at pH 4-6, and the fluorescence intensity decreased
significantly when the pH value was greater than 6 (Figure 4C), which indicated that the
weakly acidic environment (pH = 4-6) was suitable for the synthesis of LA—Cu NCs@CS.
The effect of reaction temperature on fluorescence was also further optimized. As shown
in Figure 4D, as the reaction temperature increased, the fluorescence intensity decreased
greatly, which demonstrated that low temperature was more suitable for the synthesis of
LA—Cu NCs@CS, and the final preparation of LA—Cu NCs@CS was carried out in an ice
bath environment (5-10 °C).
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Figure 4. Optimization results of (A) the molar ratio of LA and Cu?* (black line) and the ratio of
LA—Cu NCs solution volume to CS (red line), (B) reaction time (25 °C), (C) pH value and (D) reaction
temperature (reaction time: 6 h).

3.4. Fluorescence Response of LA—Cu NCs@CS in the Presence of HyO»

H,0, is an important and abundant reactive oxygen species in organisms that play an
important role in maintaining the physiological balance of cells in the body, and H,O, has a
wide range of applications in the food, environment, pharmaceutical, and textile industries.
However, excessive discharge of sewage and waste liquid containing a large amount of
H,O; will cause harm to the environment and water resources. At present, the analysis and
monitoring of HyO, have always been the focus of related research. In this study, it is found
that the presence of HyO, will cause the fluorescence of the LA—Cu NCs@CS solution to
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be significantly reduced. Therefore, the construction of a probe based on LA—Cu NCs@CS
will show good prospects in the detection of HyO».

Figure 5A and Table S1 show the changes in fluorescence intensity after adding a series
of concentrations (0.2, 0.8, 2, 8, 16, 32, 64, and 128 uM) of H,O, to LA—Cu NCs@CS for
5 min at room temperature. With increasing H,O, concentration, the fluorescence intensity
of LA—Cu NCs@CS showed a declining trend, and the greater the H,O, concentration, the
higher the fluorescence quenching degree. Figure 5B shows the linear relationship between
the HyO, concentration and LA—Cu NCs@CS fluorescence intensity ratio ((Fy — F)/Fy).
Where Fjy and F are the fluorescence intensities of the LA—Cu NCs@CS solution without
H,O; and with different concentrations of H,O,, respectively. There was a good linear
relationship between LA—Cu NCs@CS and the fluorescence intensity ratio. The linear
equation was (Fg — F)/Fg = 0.00378C + 0.00578 (R? = 0.9941), where C is the H,O, concen-
tration. The LOD of the probe for the HyO, response was 47 nM (S/N = 3). In addition,
to reflect the good detection performance of this method for H,O,, the detection of H,O,
by different methods was compared with the methods mentioned in this study. As shown
in Table 1, compared with other nanomaterials [35-39], this method had a lower LOD for
H,O, detection. The above results showed that the fluorescent probe based on LA—Cu
NCs@CS had a good performance and could achieve sensitive detection of HO,. Moreover,
this result was obtained by using three different hydrogen peroxide probes on the same
day, which also proved that the probe had little difference in the detection performance of
hydrogen peroxide during the day with acceptable RSD (2.21%).
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Figure 5. (A) The emission spectra of LA—Cu NCs@CS with increasing H,O, concentration (B) Linear
relationship between H,O, concentration and LA—Cu NCs@CS FL quenching.

Table 1. Comparison of different nanomaterials for HO, detection.

Nanomaterial Linear Range/uM  Detection Limit/uM Ref.
carbon quantum dots 0.5~50 0.2 [35]
gold nanoclusters capped 5
by hemoglobin 0.5-700 0.21 [36]
Fe, N—incorporated 0.1~100 0.068 [37]
carbon nanotubes
naphthalene bsflckbone and a boric 1250 07 [38]
acid ester

sulfonated porphyrin 1~8 0.32 [39]

LA—Cu NCs@CS 0.2~128 0.047 This work

3.5. Stability and Selectivity

Stability and selectivity experiments were performed separately to evaluate the appli-
cability of the probe based on LA—Cu NCs@CS. Figure 6A shows the fluorescence intensity
changes of LA—Cu NCs and LA—Cu NCs@CS prepared under the same conditions at
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different periods after storage at room temperature for approximately five days. In the
first 20 h, the fluorescence intensity of LA—Cu NCs (red line) was reduced by approx-
imately half, and the fluorescence intensity of LA—Cu NCs@CS (black line) decreased
slowly within 20 h. Even after 128 h, the fluorescence intensity was also greater than the
initial value of LA—Cu NCs. From this point of view, after adding CS to LA—Cu NCs, CS
might have a certain stabilizing and protective effect on LA—Cu NC molecules, and the
electron—donating groups (—NH, and —OH) contained in CS were also beneficial to the
fluorescence emission of LA—Cu NCs. It is worth noting that the difference in inner—day
fluorescence intensity is slightly larger, and the relevant RSDs are between 3.77% and 4.84%.
In addition, the red fluorescence intensity of the powder products of LA—Cu NCs@CS was
much higher than that of LA—Cu NCs (inset a) under ultraviolet light. It is worth noting
that the fluorescence intensity of the LA—Cu NCs@CS powder product under ultraviolet
light hardly changed after storage for 2 months (inset b). Therefore, the addition of CS to
LA—Cu NCs not only enhanced the fluorescence but also improved the stability, which
provided a guarantee for practical applications.
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Figure 6. (A) The stability test of LA—Cu NCs (lower, red line) and LA—Cu NCs@CS (upper, black
line), Insert: (a) Photos of the solid powder products of LA—Cu NCs (left) and LA—Cu NCs@CS
(right) under UV light; (b) The photos of LA—Cu NCs@CS powder under UV light before (left) and
after (right) two months. (B) Fluorescence responses of the fluorescence probe towards H,O, and
various metal ions.

Under optimized conditions, the interference of different metal ions and anions with
the same concentration (32 M) on the response of the LA—Cu NCs@CS system to H,O,
was explored separately. Figure 6B shows that only the fluorescence response of H,O; had
a significant change, and different metal ions and anions had almost no effect on the H,O,
probe test process, which indicated that the fluorescent probe based on LA—Cu NCs@CS
had good anti-interference ability for HyO, detection.

3.6. Actual Detection of HyO,

To verify the feasibility of the prepared fluorescent probe for H,O, detection, we tested
tap water and lake water samples and the presence of H,O, was not detected. Then, the
recovery rate was calculated using the spiked recovery method. First, the tap water and
lake water were filtered with 0.22 um membranes, and then the filtered tap water and
lake water were used to prepare H,O, with different concentrations (0.8, 8, and 32 uM)
as the spiked samples. Finally, the linear equation of (Fp—F)/Fy and H,O, concentration
was employed for the calculation of the final recovery rate. The spiked experiment was
performed three times in parallel, and the results are shown in Table 2. The recovery rate
of tap water was 95.88-98.44%, the recovery rate of lake water was 94.38-102.5%, and the
total RSD ranged from 2.9% to 4.5%.
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Table 2. Detection of H,O; in actual water samples. (n = 3).

Samples Added (uM) Found (uM) Recovery (%) RSD (%)
0 0 - -
Tap water 0.80 0.767 95.88 3.6
8.00 7.860 98.25 45
32.0 31.50 98.44 3.7
”””””””” [ N
0.80 0.755 94.38 29
Lake water 8.00 7.650 95.62 35
32.0 32.80 102.5 3.4

Accordingly, the fluorescent probe based on LA—Cu NCs@CS had good sensitivity
and selectivity, which opened up a new path for the analysis and monitoring of H,O, in
actual environmental water samples.

4. Conclusions

In summary, we report a novel method that is used to construct a probe for detecting
H,0O;. The as-synthesized LA—Cu NCs@CS had good nanomorphology and superior
luminescence properties. The linear range of the method was from 0.2 uM to 128 uM, and
the limit of detection was 47 nM. In addition, this probe exhibits strong anti-interference
ability in water samples with excellent selectivity and reproducibility. Furthermore, the
synthesis of LA—Cu NCs@CS was simple and environmentally friendly, inexpensive, and
served as a reference for the quantitative analysis of H,O, in natural water and other
water samples.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/bios13030361/s1, Figure S1: The EDS image of LA—CuNCs@CS§;
Figure S2: The diameter distribution histogram of LA—Cu NCs.; Table S1: The corresponding
fluorescence intensity under different concentrations of HyO, from Figure 5A. Equation (S1): The
equation to calculate the LOD.
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Abstract: Au particles are commonly used for deposition on the surface of a bipolar electrode (BPE)
in order to amplify electrochemical and electrochemiluminescence (ECL) signal because of their
excellent conductivity, biocompatibility, and large surface area. In this work, a closed BPE device was
fabricated and Au particles were deposited on the two poles of a BPE via bipolar deposition. Results
indicated that the electrochemical stability of Au film on the anode part of the BPE and the reduction
of AuCly~ to Au on the cathode part of the BPE depended on the conductivity of the solution. The
prepared Au-Au BPE exhibited a remarkable amplification effect on the ECL signal. Then, a specific
sensing interface was constructed on one pole of the BPE for the visual detection of prostate-specific
antigens (PSA) based on sandwich-type immunoreactions between primary PSA antibodies (Ab;) on
the electrode surface, PSA, and SiO;, nanoparticles labeled secondary PSA antibodies (5iO;-Ab;). The
designed biosensor exhibited a good linear relationship for the ECL detection of PSA in the range
0of1x107%to1 x 10710 g/mL with a correlation coefficient of 0.9866; the limit of detection (LOD)
was 1.5 x 1071 g/mL. Additionally, the biosensor can realize the electrochemical imaging of PSA by
regulating the electrochemical oxidation of the Au anode with the immunoreactions on the cathode
part of BPE. Therefore, the small, portable and highly sensitive biosensors have great potential for
on-site detection.

Keywords: bipolar electrode; ECL imaging; electrochemical imaging; electrochemical dissolution; biosensor

1. Introduction

Bipolar electrochemistry devices, as a newly emerging analytical approach, have
attracted significant attention because of their easy fabrication, high sensitivity, low pro-
duction cost, etc. [1-6]. A bipolar electrode is a conductor situated in solution; it has no
direct electrical connection with an external power source. When an electric field is applied
to the solution, a potential difference is generated between the conductor and the solution
on its surface. Therefore, one end of the conductor becomes the anode, and the other end
becomes the cathode, namely bipolar electrodes (BPEs). According to the current flow
path, BPE devices can be divided into open BPEs and closed BPEs [7,8]. In closed BPEs,
the anode and the cathode of the BPE are immersed into two electrochemical cells which
enable the specific modifications of one pole of the BPE and avoid the chemical interference
between the two solutions.

In recent years, visualized detection of the current changes in BPEs using imaging
technology has attracted great attention [9-12]. For example, Liu et al. constructed a mul-
ticolor electrochemiluminescence (ECL)-BPE device for visualized sensing of Salmonella
typhimurium [13]. Cheng has developed a novel ratiometric ECL-BPE device for miRNA-21
measurement by introducing mesoporous silica nanoparticles (NPs) at the cathode of the
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BPE as a molecular gating system to amplify the cathodic ECL signal [14]. To achieve a
visual readout of target, it is essential to integrate signal amplification strategies into the
BPE system.

Since the only way that the current can pass through the two electrochemical cells in
closed BPE devices is by BPE, many efforts have been made to improve the electrochemical
signal at the anode of BPEs, such as changing the electrochemical reactions that occur
at the cathode of BPEs [11] and introducing electroactive species and catalysts on the
cathode of BPEs [15-17] to increase the current [18], catalyze the redox reactions of the
BPEs [19], and decrease the onset voltage for driving the redox reactions occurring at
BPEs [20,21]. For example, Xu and coworkers have developed an enhancement strategy to
detect prostate-specific antigen (PSA) through a BPE-ECL approach [22]. By immobilizing
the thionine@ SiO; NPs at a BPE’s cathode and the Au nanoparticles at its anode through
DNA hybridization, the ECL signal was improved approximately five-fold compared with
that of a bare indium tin oxide (ITO) electrode.

Besides the above catalysts, Au NPs are extensively used in BPE devices due to their
good electrical conductivity, high catalytic activity, and large specific surface area [5,16,23,24].
For example, Ge and coworkers have constructed an Au BPE by growing an Au NPs layer
in situ on the surfaces of cellulose fibers to improve the BPE’s conductivity [23]. In addition,
they constructed a biosensing interface with AuPd NPs tags at the cathode of the bipolar
electrode which can catalyze a H,O, reduction reaction, causing significant enhancement
of the ECL signal at the anode. The designed biosensor enables the measurement of
miRNA-155 in the range of 1 pM-10 uM, with a detection limit of 0.67 pM. Ding’s group
introduced patchy gold coated Fe3O4 hybrid nanoparticles on Au NPs-modified cathode
in immunoreaction [24]. The biosensor achieved sensitive detection of carcinoembryonic
antigen (CEA) with a low detection limit of 0.03 pg/mL. However, little attention has been
paid to improve the sensitivity of BPE-ECL device by modifying Au NPs on both poles of
BPE. This is because Au NPs on the anode of BPE may undergo electrochemical oxidation
under high voltage, thereby reducing the stability and reproducibility of the BPE. Therefore,
improving the stability of the gold film in the BPE system is one of the challenges in further
improving the sensitivity of BPE systems.

Inspired by these, we designed a portable ECL-BPE device and attempted to fabricate
a Au (cathode)-Au (anode) BPE through bipolar deposition. The oxidation conditions of
the Au anode and the deposition conditions of the Au particles on the cathode of the BPE
were studied in detail by adjusting the solution in the anodic reservoir. The amplification
effect and the reproducibility of the prepared BPE were evaluated by ECL imaging. Then,
a sandwich-type immunointerface was constructed on the cathode of the BPE by using
SiO,-Ab; as the recognition probe. In the presence of PSA, SiO,-Ab, was bound to electrode
surface, leading to an inhibited ECL signal at the anode of the BPE due to the increased
resistance. Additionally, the PSA could be visualized using the electrochemical imaging
method based on the resistance-modulated oxidation of the Au film on the anode.

2. Materials and Methods
2.1. Reagents

Chloroauric acid (HAuCly), N-(3-(Dimethylamino)propyl)-N’-ethylcarbodiimide hy-
drochloride (EDC), N-hydroxysuccinimide (NHS), and Ru(bpy)s;2* were purchased from
Sinopharm Chemical Reagent Company (Shanghai, China). L-Cysteine was purchased from
Sinopharm chemical reagent company (Shanghai, China). Total prostate-specific antigen
(PSA) and PSA antibodies were purchased from Linc-Bio Science (Shanghai, China). SiO,
nanoparticles modified with KH550 (20 nm) were purchased from Nanjing Xianfeng Nano
Co. (Nanjing, China). A 10 mM PBS bulffer solution (pH 7.4) was purchased from KeyGEN
Bio-Technology Co., Ltd. (Taixing, China). Sylgard 184 (including a polydimethylsiloxane
(PDMS) monomer and curing agent) was purchased from Dow Corning (Midland, MI,
USA). Graphite paper (GP) was purchased from Jing Long TeTan Co., Ltd. (Beijing, China).
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2.2. Instruments

The voltage applied on the driving electrodes was supplied by a CHI 660E electro-
chemical workstation (Shanghai Chenhua instrument, Shanghai, China). A MS23 CCD
camera was used to capture images and movies (Guangzhou Mingmei Technology Co.,
Ltd., Guangzhou, China). The conductivity meter used (DDS-307A) was purchased from
INESA Scientific Instrument Co., Ltd., Shanghai, China.

2.3. Bipolar Deposition

A closed BPE device was designed by placing graphite paper (GP, length of 2 cm,
width of 1 cm) on a flat PDMS slice and then covering it with two layers of PDMS slices
(Scheme S1). Two holes were punched in each PDMS slice as reservoirs. The diameter of
holes on the second PDMS slice was 3 mm, with a gap of 2 mm. The diameter of the holes
on the top layer was 7 mm, with a gap of 1 mm. After that, two Pt wires were placed on
the top of the second PDMS slice and connected with CHI 660E to perform the bipolar
deposition of Au.

Bipolar deposition of Au particles at the two poles of BPE was carried out in two
steps. First, 100 uL of 5 mM HAuCly was introduced into the right reservoir and 100 pL
of PBS (10 mM, pH 7.4) was added into the left reservoir. A constant voltage of 4.5 V was
applied for 300 s, using an amperometric i-t curve technique. After finishing the deposition,
the solutions were removed and the GP was washed with water three times. Second,
the direction of the electric field was reversed. The left reservoir was filled with 5 mM
HAuCly and the right reservoir was filled with different solutions such as water, various
concentrations of PBS, KCl, HCI, and HAuCl,. A constant voltage of 4.5 V was applied for
300 s. Movies and images were taken by a CCD camera at the same time. In order to study
the mechanism, a linear sweep voltage (LSV) from 0 to 5.5 V at a scan rate of 0.005 V/s was
applied to the driving electrodes. Images were taken every 1 min and when the current
exhibited remarkable change.

2.4. Fabricating of Specific Sensing Interface for PSA Assay

The left pole of GP BPE was first modified with Au particles by adding 100 uL of
5 mM HAuCly in the left reservoir, PBS in the left reservoir and a constant voltage of 4.5 V
for 300 s. Then, the right pole of the BPE was modified with Au particles by applying 4.5 V
for 200 s, and the two reservoirs were filled with 5 mM HAuCly. The left reservoir was
filled with 0.175 M L-cysteine at room temperature for 10 h. Then, the carboxyl group at
the Au surface was activated by the mixture solution of 7.0 mg/mL EDC and 21.0 mg/mL
NHS. After rinsing with PBS, 20 uL of primary PSA antibody (Ab;) was introduced and
incubated at 4 °C overnight. Then, 0.2% BSA was added to block the unreacted sites on
Au NPs at 37 °C for 1 h in order to avoid non-specific adsorption. The modified electrode
was then incubated with different concentrations of PSA. After washing with PBS, 20 uL of
SiO;-modified secondary PSA antibody (5iO,-Ab;) was introduced and reacted at 37 °C
for 1 h. Finally, the electrode was washed with PBS, and a sandwich immunocomplex was
formed at the right pole of BPE.

2.5. ECL Imaging

The left reservoir was filled with 50 mM H,O, (PBS) and the right reservoir was filled
with the mixture solution of 10 mM Ru(bpy)3>* and 100 mM 2-(Dibutylamino) ethanol
(DBAE). A constant voltage of 3.5 V was applied and the ECL images were captured by the
CCD camera. The exposure time was 7 s.

2.6. Electrochemical Imaging

For the visual assay of PSA based on the oxidative electrodissolution of the Au anode,
the left reservoir was filled with 100 puL of 50 mM H,O; (PBS) and the right reservoir was
filled with 100 uL of PBS. The external voltage was set at 3.0 V to drive the dissolution of
Au film in the right reservoir.
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3. Results and Discussion
3.1. Bipolar Deposition of Au on Two Poles of BPE

In our study, both ends of a graphite paper (anode and cathode) were exposed to
different solutions; this can effectively avoid the chemical interference of the solutions.
Through this configuration, different interfaces can be constructed on the anode and
cathode of the device. For example, a signal amplification unit can be constructed at one
end, and a sensing interface can be constructed at the other end for the specific detection
of target substances. Gold was electrodeposited on both ends of the bipolar electrode by
two-step electrodeposition. First, Au particles were deposited on one end of the electrode
by bipolar electrodeposition. Then, the direction of the applied electric field was changed,
and Au particles were deposited at the other end. At the same time, the factors affecting the
electrochemical stability of gold films and the electrodeposition of gold were investigated.
Finally, the Au (cathode)-Au (anode) bipolar electrode was used for the visualization of
prostate-specific antigen (PSA).

The detailed construction process of the closed bipolar electrode device was described
as the following. Two Pt wires were placed on the top of the middle PDMS slice and
were connected to a power source. We plated Au particles at the GP surface in the right
reservoir, under voltages ranging from 3.0 to 5.5 V, by filling reservoir-1 (anode) with
10 mM PBS, and reservoir-2 (cathode) with HAuCly (Figure 1A). The reduction of HAuCly
at the BPE cathode in reservoir-2 was coupled with the oxidation of H,O at the BPE anode
in reservoir-1. Figure 1B shows that the GP color (in reservoir-2) gradually turned yellow
with the increase in external voltage. However, the left reservoir’s GP was damaged (as
pointed out by the red arrow) when the voltage was 5.5 V. Additionally, a lot of bubbles
could be observed escaping from the Au surface due to the reduction of H*, when the
voltage was 5.0 V, which resulted in the formation of a porous Au film. Therefore, 4.5V
was chosen as the optimal voltage for the bipolar deposition of Au.

— =+ Pt wires

Reservoir-1

Figure 1. Bipolar electrodeposition of Au particles on one pole of the GP BPE. (A) Schematic
representation of bipolar deposition of Au on one pole of GP BPE. (B) Optical images of Au film
obtained under various external voltages from 3.0 to 5.5 V for 300 s. The concentration of HAuCly
was 5 mM. The black arrow indicates the corrosion of GP in the right reservoir; the scale bar
represents 3 mm.

After washing the prepared Au-modified BPE with water, we reversed the direction
of the electric field and exchanged the solutions in these two reservoirs for the deposition
of Au film on the left GP surface. We applied 4.5 V to the driving electrodes for 5 min.
Figure 2A and Video S1 (x5 frame rate) show that Au particles were produced in the
left reservoir with a lot of bubbles, indicating that both AuCly~ and H* were reduced at
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the BPE cathode (see Figure 2B for the reactions). For the anodic pole (right), water was
oxidized before the Au film, because the voltage needed to drive the oxidation of water is
lower than that of the Au film (Figure 2B). However, the results of Figure 2A revealed that
the Au film was promptly decomposed, it disappeared within 93 s (Video S1). Once the Au
completely disappeared, the current was significantly decreased and then reached a steady
state (Figure S1, curve a, in Supplementary Material). This result suggested that 4.5 V was
too high. We then decreased the external voltage to 3.0 V (Figure 2A). Unfortunately, the
Au film was dissolved again. Additionally, the speed of Au particles’” disappearance and
the number of bubbles produced at the cathode’s surface also decreased.

A Left: HAuCls; Right: PBS C Left and Right: HAuCls
30V 4.5V

0 min 0 min

1 min 1 min
2 min

2 min

5 min 5 min

Image Image
of GP of GP
B . D .
—0.44V (PBS,pH7.4) 1. =—0.14V (5 mM)!
Gapaadd! H, ' A1F9_>1 52 uee Inhibited ks H —> ISZ " ): “
= E EL1.23V = E t1.23V
HAuCII':?ﬂg Xu i HO— 9, HAuCﬁ-—?ﬂgXu ' Hzg —> 05
| Cathode Anode | Cathode Anode

Figure 2. Deposition of Au particles on GP in the left reservoir. GP in the right reservoir was pre-
modified with Au particles under 4.5 V for 300 s through bipolar deposition. (A) The left reservoir
was filled with 5 mM HAuCly, and the right reservoir was filled with 10 mM PBS. (B) Redox reactions
occurred at the two poles of the BPE in (A). (C) Both reservoirs were filled with 5 mM HAuCly.
(D) Redox reactions occurred at the two poles of the BPE in (C). The deposition time was 300 s.

The above results showed that it is difficult to electrodeposit Au particles on both
ends of the bipolar electrode. However, in the previous work, we successfully adopted a
two-step bipolar electrodeposition method to electrodeposit gold and platinum on its two
ends, using carbon spheres as the BPE [25]. Compared with the current method, an open
system was used in previous work wherein both the anode and cathode of the BPE were
immersed in the same solution for electrodeposition. In the current work, the end of the
BPE that needed to be gold-plated was immersed in HAuCly, and the anode of the BPE that
did not need to be gold-plated was immersed in PBS. To understand whether the solution
had an impact on the BPE’s electrochemical reactions, we replaced the PBS in the right
reservoir (anode) with HAuCly during the second bipolar deposition process (Figure 2C).
To our surprise, the Au film in the right reservoir showed no significant change, and bright
yellow Au could be observed on the GP surface in the left reservoir (cathode) after 2 min.
Even when a high voltage was applied (4.5 V) (Figure 2C, Video S2, x10 frame rate), the Au
film at the right reservoir (anode) still maintained its original color, and the Au deposition
rate in the left reservoir (cathode) increased. By comparing the videos (Videos S1 and S2)
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and images (Figure 2A,C) captured at 4.5 V, it was found that a lower number of bubbles
were produced on the cathodic BPE filled with HAuCly than those filled with PBS. This
difference indicated that the reduction of protons at the cathode and the oxidation of Au at
the BPE anode were greatly inhibited (Figure 2D) when PBS was replaced with HAuCly.
In this case, the fact that only water could be oxidized at the BPE anode suggested that
the voltage at both the BPE poles was decreased insufficiently to drive the oxidation of Au
at the anode. Furthermore, the amperometric i-t curve obtained from electrodes exposed
to HAuCly was very stable after approximately 40 s (curve b in Figure S1), which was
different from that obtained from the electrode exposed to PBS (curve a in Figure S1).

We speculated that the factors that influence the deposition procedure included the pH
and the conductivity of the solution. To verify our speculation and understand the influence
of these factors on the electrochemical reaction on BPE, we replaced the right liquid reservoir
with a series of different candidate solutions to carry out the next experiment. HAuCly
solution was used in the left reservoir in the experiment. To investigate the effect of pH,
the second-step electrodeposition was performed by using HCI solution (acidic) and KCl
solution (neutral) at the right reservoir. Figure 3 shows the images of Au deposition in the
second step captured before (0 min) and after (5 min). When the right reservoir was filled
with either HCI or KCl solution, the colors of the Au film exhibited no significant change
(at both 0 and 5 min), and Au was successfully deposited on the left GP surface (Figure 3).
The result suggested that the oxidation of Au observed previously was not caused by the
pH value.

HCI KCl1 0.5mM PBS 1 mM PBS 5 mM PBS Water

0 min
5 min

Image
of GP

Figure 3. Deposition of Au at the cathode in the left reservoir. The anode was pre-deposited with
Au at 4.5V for 300 s. The left reservoirs were filled with 5 mM HAuCly. The right reservoir was
filled with 5 mM HCl and 5 mM KCl, respectively. The right reservoir was filled with ultra-pure
water and different concentrations of PBS. Solutions were prepared with ultra-pure water unless
otherwise specified.

Different concentrations of PBS solutions were used to study the effect of solution
conductivity on the electrochemical reaction on the bipolar electrodes (Table S1). The right
reservoir was filled with water, 0.5 mM PBS, 1 mM PBS, and 5 mM PBS. The left reservoir
was filled with a 5 mM HAuCly solution. As shown in Figure 3, Au was deposited on
the left GP without any significant change from the right reservoir’s Au film when 0.5
and 1 mM PBS were used. However, the Au film in the right reservoir decomposed when
the PBS concentration was increased to 5 mM. When the right reservoir was filled with
ultrapure water, no obvious change was observed on the graphite paper electrodes at the
left and right ends, suggesting that the electrochemical oxidation of gold did not occur at
the BPE anode, and the reduction of HAuCly did not occur at the cathode. In summary, the
electrochemical reactions on bipolar electrodes are mainly affected by the conductivity of
the solution.

3.2. Mechanism of Au Film Dissolution in BPE Device

To further investigate the dissolution and formation of Au at the BPE’s two poles, a
linear sweep voltage (LSV, Figure 4A), from 0 to 5.5 V was applied to the driving electrodes
during the second Au deposition, and a low scan rate of 0.005 V /s was used to decrease the
speed of the electrochemical reactions, including the oxidization speed of Au particles at
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the anode of the BPE and the reduction speed of AuCl, ™~ at the cathode of the BPE. With a
decreased concentration of PBS, the electrical conductivity was clearly decreased (Table S1),
leading to a decreased current flowing across the BPE (Figure 4A), and a high iRt Which
cannot be ignored. The voltage on the BPE (AEgpg, Equation (1)) decreased accordingly, and
an enhanced external voltage was needed to trigger the BPE’s electrochemical reactions.

AEcxternal = iRsoution + AE ppe + AEsys (1)

where AE,tornq1 is the voltage applied to the driving electrodes, iR (AEppg) refers to the
voltage applied at the BPE’s two poles, and i stands for the current flowing through the
BPE. AEyys denotes the voltage losses in this device.

Aol

Current (pA)
|
2

—150 |

—200

0 1 2 3 4 5
Voltage (V)

Figure 4. (A) LSV curves recorded during the second-step deposition of Au. The currents were
obtained by filling the right reservoir with different solutions: 10 mM PBS (a), 5 mM PBS (b), 1 mM
PBS (c), 0.5 mM PBS (d), water (e), 5 mM HAuCly (f), and 5 mM HCI (g). The left reservoir was
filled with 5 mM HAuCly. (B) Optical images were recorded during the second deposition of Au
under linear sweep voltage. Both reservoirs were filled with 5 mM HAuCly. The applied voltage was
changed from 0 to 5.5 V at a scan rate of 0.005 V/s.

As discussed above, when the right reservoir was filled with a poor conductive
solution (i.e., water), no obvious change was observed at either pole of BPE (Figure S2) and
an ultra-low current was obtained (Figure 4A, curve e). If the right reservoir contained
10 mM PBS (i.e., an excellent conductive solution), the Au film started to dissolve when the
voltage reached 2.9 V (Figure S3). Subsequently, the rate of dissolution increased, and most
of the Au film was dissolved when the voltage was 3.4 V, leading to a sharp decrease in
current (Figure 4A, curve a). The rate of Au particles” deposition at the cathode increased
along with the increase in voltage. When the voltage was further increased to 4.8 V, the
GP in the right reservoir began to degrade. A small number of bubbles started to appear
at the cathode’s surface when the voltage was approximately 5.2 V. A large number of
bubbles at the cathode’s surface appeared when a constant voltage of 4.5 V was applied for
1 min (Figure 2A). This suggested that the formation of Au particles at the cathode could
significantly catalyze the reduction of H* at its surface. As the concentration of PBS was
increased, the onset voltage for the deposition of Au on the GP in the left reservoir was
decreased from 4.2 to 3.9 V (Figure S4). Moreover, the dissolution of the Au anode in the
right reservoir was inhibited.

When the right reservoir was filled with HAuCly, which is less conductive than 5 mM
PBS (Table S1), the current was the highest at the lowest external voltage (around 0.5 V,
Figure 4A, green line). A small amount of Au could be seen on GP in the left reservoir
when the voltage was 2.4 V (Figure 4B), which is a much lower voltage than that for all
the other solutions. This result illustrated that the BPE’s electrochemical reactions not only
depended on the solution’s conductivity but also changed with the reactions that happened
on the driving electrodes, which could enhance the current flowing through the electric
circuit. The Au film in the right reservoir remained intact except for several bubbles being
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produced. Similar results were observed when HAuCly was replaced with 5 mM HCl.
Figure S4 shows that the minimum voltage for driving the deposition of Au was about
3.3 V when the Au anode was immersed in HCl, which was lower than that in the diluted
PBS solution (4.2 to 3.9 V), but was higher than that in the solution of 5 mM HAuCly (2.4 'V,
Figure S3) even though these solutions have similar conductivity (Table S1). This was
because both the protons and AuCl ™~ could be reduced at the driving electrodes in the
right reservoir, leading to an enhanced current flowing through the BPE (Figure 4A). As
a result, the voltage drop across the BPE increased, and a low external voltage could be
applied to drive the redox reactions on the BPE. Therefore, the unwanted decomposition of
the Au film at the BPE anode could be avoided by adjusting the conductivity of the solution
and controlling the electrochemical reactions at the driving electrode.

3.3. Characterization of Au—Au BPE

Figure S5 displays the scanning electronic microscopy (SEM) images of Au film ob-
tained under optimal conditions by filling the two reservoirs with HAuCly for bipolar
deposition of Au film. Figure S5A showed that the graphite paper (GP) had a relatively
smooth surface. After the first-step deposition of Au, the GP was coated with a high density
of Au layer (Figure S5B). In the second-step deposition of Au, a highly dense Au layer
could also be observed on GP surface (Figure S5C). The crystal structure of Au film was
analyzed by XRD (Figure S6). Both Au-1/GP and Au-2/GP showed a new obvious peak at
26 of 38.12° compared to that of GP, corresponding to the Au [111] plane [26].

The remarkable signal amplification effect of the modified BPE was then studied by
immersing the Au film anode in Ru(bpy);?*/DBAE solution and the Au film cathode in
H,O, (PBS). As shown in Figure 5A, three different BPEs, including a bipolar electrode
with two poles without gold plating (BPE-1, a and b), a bipolar electrode with one pole
plated with gold (BPE-2, ¢ and d), and a bipolar electrode with two poles plated with
gold (BPE-3, e and f), were used in the experiment. BPE-1 and BPE-2 were used as control
electrodes. When the voltage was 3.0 V, ECL signal could only be observed on BPE-3. With
the further increase in voltage to 3.5 V, the brightest ECL signal could be observed on
BPE-3, indicating a high amplification effect of Au particles on the ECL signal. Additionally,
Figure S7 shows the stability of ECL signal on BPE-3 under different voltages from 2.5 to
4.0 V. A stable and strong ECL intensity could be obtained when the voltage was 3.5 V.
The reproducibility and stability of the prepared BPE was evaluated by recording the ECL
signals on three different batches of electrodes. Each electrode was measured three times
(Figure S8). The relative standard deviation (RSD) values obtained on each electrode in
three consecutive measurements were 2.1%, 1.8%, and 1.3%, respectively. The RSD value
on these three Au-modified (cathode)-Au-modified (anode) GP BPEs was 3.5%, indicating
the good repeatability and reproducibility of the prepared BPEs. Furthermore, after three
consecutive measurements, there was no significant change to the anode surface of the
BPE (Figure S9). All these results showed that the prepared BPEs have good stable and
signal-amplifying characteristics which are promising for sensitive ECL detection.

3.4. ECL Imaging of PSA

The prepared BPE device was then used for ECL detection of prostate-specific antigen
(PSA) concentration based on the sandwich immunoassay. First, a primary PSA antibody
was constructed at the cathode surface of Au-Au-modified GP BPE. In the presence of
PSA, silica nanoparticles labeled secondary PSA-antibodies (Ab,-5i0;) (TEM image in
Figure S10A, ca. 20 nm) could be captured, and formed sandwich immunocomplexes at
the Au anode surface, resulting in the enhanced resistance of electrode and a quenched
ECL signal. The resistance change in the presence of PSA was characterized by an elec-
trochemical impedance spectroscopy (EIS) (Figure S10B). The resistance of bare GP was
about 1600 Q) (curve a). After the deposition of Au film and the modification of primary
antibody, the resistance decreased significantly (curve b) due to the excellent conductivity
of Au film. When PSA was introduced, the resistance was increased (curve c). With the
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further combination of Ab,-SiO,, the resistance was increased again (curve d), indicating
the successful formation of a sandwich structure on the electrode surface.

10

-9 -8 7
Log,, (Cpsa,g/mL)

Figure 5. (A) ECL images obtained at bare (cathode)-bare (anode) GP BPE (BPE-1, a and b), bare
(cathode)-Au-modified (anode) GP BPE (BPE-2, c and d), and Au-modified (cathode)-Au-modified
(anode) GP BPE (BPE-3, e and f). The voltage applied in a, ¢, e was 3.0 V. The voltage applied in b, d,
and f was 3.5 V. Images were obtained after applying voltages for 110 s. (B) Calibration curve for PSA
detection. The deposition time of Au in the second process was 100 s. The concentration of PSA was
101,109, 1078, 1077, and 10¢ g/mL.

Figure 5B is the calibration curve of the prepared electrode for the detection of PSA at
the anode of BPE. A good linear relationship was observed between the ECL intensity and
the logarithmic PSA concentration from 1 x 10710 to 1 x 107 g/mL, with a correlation
coefficient of 0.9866. The linear equation is lg Igcy, = —0.0322 1gC (g/mL) + 5.944. The
limit of detection (LOD) and quantification (LOQ) was calculated to be 1.5 x 10~!! and
1.0 x 10710 g/mL based on 3 0/s and 10 o/s, respectively. Here, o and s are the standard
deviation of the blank signal and the slope of the calibration curve. Compared with other
PSA biosensors based on imaging strategies [27-30], the ECL biosensor developed in this
work displayed a wider linear range and a high sensitivity for imaging of PSA (Table S2).

The selectivity of the designed biosensor was then evaluated in the presence of in-
terfering proteins such as thrombin and BSA. Figure S11 exhibited that the ECL signal
obtained in the presence of those two proteins was similar to the blank sample, which
demonstrated the biosensor has good specificity and anti-interference ability.

3.5. Electrochemical Imaging of PSA

Alternatively, the electrodissolution of Au film at the anode of the BPE provided
a novel way to visualize reactions at the cathode of Au/BPE. Here, the primary PSA
antibody (Ab;) was labeled at the cathode of the BPE. Figure 6A shows that the Au anode
was dissolved completely within 50 s and without modification. Upon the combination
of the primary PSA antibody (Ab,) at its surface (Figure 6B), the oxidative dissolution
time of the Au anode was prolonged slightly. After the specific formation of a sandwich
immunocomplex in the presence of 10 (Figure 6C) and 100 ng/mL PSA (Figure 6D), the
dissolution of the Au anode was inhibited, apparently due to the increased resistance of the
Au cathode (Figure S10B). The Au film was partially dissolved, even when the voltage was
applied for 100 s (Figure 6D). The change in RGB value could be used for the quantitative
measurement of PSA concentration based on the dissolution of Au film. The visual readout
of the dissolution of the Au anode provides a good way to observe the sensing reactions at
the BPE cathode.
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Figure 6. Dissolution of Au film at the anode of the BPE when the cathode of the GP BPE was
modified with Au (A), Ab;/Au (B), SiOy-Ab, /PSA (10 ng/mL)/Ab; /Au (C), and SiO,-Ab, /PSA
(100 ng/mL)/Ab; /Au (D). The external voltage was 3.0 V.

4. Conclusions

In conclusion, we studied the mechanism of electrochemical oxidation of Au particles
on the anode surface of a BPE. Additionally, the factors that affect the electrodeposition
of Au particles at both ends of a BPE were also studied. The electrochemical oxidation of
Au film on BPE anode is affected by many factors, including solution conductivity and pH
value. The Au BPE device prepared by this method showed a good signal amplification
effect and can emit a strong visible red-light emission signal in ECL reagent. The biosensor
constructed by this method has good signal stability and a wide linear range for the
detection of tumor markers (PSA). Because the detection platform is simple to prepare and
the signal can be collected by taking photos, it could be extended to the measurement of
various targets by coupling different recognition probes on the electrode surface.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/bios13020158 /s1. Video S1: Deposition of Au at the cathode of
bare GP (cathode)—Au particles modified GP (anode). Video S2: Deposition of Au at the cathode of
bare GP (cathode)—Au particles modified GP (anode). Scheme S1: Close bipolar deposition device.
Figure S1: Amperometric i-t plots. Figure S2: Effect of water on the dissolution and deposition of Au
particles. Figure S3: Effect of 10 mM PBS on the dissolution and deposition of Au. Figure S4: Effects
of HCl and different concentrations of PBS on the dissolution and deposition of Au. Figure S5: SEM
images of (A) GP, (B) Au-1 film modified GP, and (C) Au-2 film modified GP. Figure S6: XRD patterns
of GP substrate, Au-1 film modified GP (Au-1/GP), and Au-2 film modified GP (Au-2/GP). Figure S7:
ECL signal obtained on the prepared BPE modified with Au particles at both poles. Figure S8:
Reproducibility and stability of the prepared Au modified BPE in ECL measurement. Figure S9:
Optical images of Au modified BPE after three consecutive detections. Figure S10: TEM image
of 5iO, NPs and EIS of different biomolecules modified Au electrodes. Figure S11: Selectivity of
the designed biosensor towards thrombin and BSA. Table S1: Electrical conductivity of solutions.
Table S2: Performance of the proposed biosensor compared with other biosensors
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Abstract: The hollow-core fiber-based sensor has garnered high interest due to its simple structure
and low transmission loss. A new hollow-core negative-curvature fiber (HC-NCF) sensor based on
the surface plasmon resonance (SPR) technique is proposed in this work. The cladding region is
composed of six circular silica tubes and two elliptical silica tubes to reduce fabrication complexity.
Chemically stable gold is used as a plasmonic material on the inner wall of the sensor structure
to induce the SPR effect. The proposed sensor detects a minor variation in the refractive indices
(RIs) of the analyte placed in the hollow core. Numerical investigations are carried out using the
finite element method (FEM). Through the optimization of structural parameters, the maximum
wavelength sensitivity of 6000 nm/RIU and the highest resolution of 2.5 x 1075 RIU are achieved
in the RI range of 1.31 to 1.36. In addition, an improved figure of merit (FOM) of 2000 RTU~! for
Y-polarization and 857.1 RIU~! for X-polarization is obtained. Because of its simple structure, high
sensitivity, high FOM, and low transmission loss, the proposed sensor can be used as a temperature
sensor, a chemical sensor, and a biosensor.

Keywords: photonic crystal fibers; hollow core; negative curvature; surface plasmon resonance;
gold; sensitivity

1. Introduction

In recent years, the optical fiber has emerged as a feasible option for sensing applica-
tions because of its small size, precision, remote sensing, and high sensitivity [1]. There are
numerous versions of optical fibers, including single-mode fibers [2], multimode fibers [3],
and micro- and nanostructured fibers [4]. Different types of sensing approaches are used in
an optical fiber, including Bragg gratings, long-period gratings, interferometers, surface
plasmon resonance (SPR), and fluorescence [5]. Yang et al., developed a long-period fiber
grating (LPFG) sensor for the rapid detection of Staphylococcus aureus bacteria. Bacterial
adhesion and sensitivity are enhanced by poly-electrolyte coatings. This sensor has ob-
tained a sensitivity of 0.478 =+ 0.005 nm/log (colony-forming unit/mL) at a short detection
time of 30 min [6]. Ivanov et al., proposed a thin-core optical fiber sensor coated with
polymer monolayers. When the layer thickness increased, the resonance frequency shifted,
and this structure has been used as a chemical sensor to measure the pH level [7].

The SPR-based optical fiber sensing approach is more feasible than other conventional
prism-based sensing methods due to their small size, real-time sensing, high sensitivity,
and high accuracy [8,9]. A surface plasmon is produced when guided light of a specific
wavelength interacts with a metal surface. As a result, the core develops a leaky mode
that transfers the partial energy from core mode to plasmon mode. That particular wave-
length is called the resonance wavelength, and this state is known as the phase-matching
condition [10]. This SPR technique detects the minute RI variation near the metal surface.
Different types of metallic coatings are used in SPR-based sensors. In optical-fiber-based
sensors, noble metals are coated on the lateral surface of the fiber to realize the SPR ef-
fect [11], while in nanostructured fibers, metallic arrays are developed in the fiber tip, which
enhances the sensor performance by improving the light-matter interaction [12].
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The performance of the sensor is strongly influenced by the SPR effect when plasmonic
materials are used. In general, the SPR effect is induced by coating or filling the sensor
structure with noble metals. Gold [13] and silver [14] are the two common noble metals
that are most frequently used in SPR sensors because of their sharp resonance peak, low
material loss, and excellent sensitivity. Many researchers prefer gold over silver due to its
higher chemical stability and biocompatibility. The two basic types of sensing techniques
that can be used to find RI variations are internal and external sensing techniques. In the
external sensing method, the analyte is placed on the outer surface of the sensor structure,
which leads high transmission loss. To overcome this issue, the internal sensing method is
used, in which the analyte is infiltered inside a hollow-core fiber, and this method reduces
transmission loss and improves sensitivity by having light pass through the hollow core.

The photonic crystal fiber (PCF) is another form of optical fiber. Unlike conventional
fibers, the PCF has unique properties, such as a flexible structure, strong nonlinearity, high
birefringence, low transmission loss, and control sensing [15]. The limitations of conven-
tional fiber sensors are overcome by combining PCFs with SPR techniques. Compactness
and performance tuning using structural parameters of the PCF are the key benefits of
SPR-based PCF sensors [16]. Depending on the guiding mechanism, the PCF has been
categorized into two major types: solid-core PCF and hollow-core PCEF. In solid-core fibers,
light is guided by a total internal reflection method and the hollow-core fiber (HCF) drives
the light inside the air core using the photonic bandgap method [17].

In an HCE, lights are guided inside the hollow core, which reduces transmission loss,
which provides better accuracy and a wide transmission band [18]. In an HCE, the central
air core is encased by air tubes of varying wall thicknesses. Momota et al. designed a
circular-lattice hollow-core SPR-based refractive index sensor in which silver was used
as a plasmonic material to induce the SPR effect, and it was placed on the outer surface
of the structure. The highest wavelength sensitivity of 4200 nm/RIU was obtained for
analyte RI value ranges between 1.33 and 1.37 [19]. Nazeri et al., developed a hollow-
core photonic crystal fiber sensor for gas detection. This sensor obtained a maximum
wavelength sensitivity of 4629 nm/RIU for the RI range of 1.0000347-1.000436 [20].

Hollow-core negative-curvature fibers (HC-NCFs) are another form of HCFs with a
simple cladding region consisting of a single layer of circular or elliptical air tubes [21]. In
HC-NCFs, the surface normal to the boundary is in the opposite direction from the core,
which minimizes the coupling between core and cladding, which results in minimal trans-
mission loss [22]. This type of fiber is used in remote sensing, chemical applications [23],
and biosensing applications [24]. The HC-NCF has many advantages over the HCF, which
include low transmission loss, a simple structure, and a large bandwidth.

Qiu et al.,, proposed a hollow-core negative-curvature fiber based on the surface
plasmon resonance method for refractive index sensing. The cladding region was composed
of eight circular silica tubes, two of which were filled with gold to produce the SPR effect.
The optimum wavelength sensitivity of 5700 nm/RIU was achieved for analytes with RI
values between 1.2 and 1.34 [25].

In this paper, a new HC-NCF sensor based on the SPR technique is proposed. A
minimal number of silica tubes, such as six circular and two elliptical silica tubes, were
preferred in the cladding region, which minimized fabrication complexity. Gold was
used as a plasmonic material to realize the SPR effect. The proposed sensor is capable of
detecting the RI variation in the substance present in the hollow-core region. Numerical
analyses were carried out using the finite element method (FEM) in the frequency domain,
and the confinement loss obtained for the proposed SPR sensor was 279.69 dB/cm and
376.83 dB/cm for X-polarization and Y-polarization, respectively. For the RI range of 1.31 to
1.36, a measured wavelength sensitivity of 6000 nm/RIU and a resolution of 2.5 x 107> RTU
were obtained by the optimization of structural parameters. The proposed sensor can be
used as a temperature sensor, a chemical sensor, a biosensor, and a gas sensor due to its
simple structure, high sensitivity, high FOM, and low transmission loss.
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2. Materials and Methods

The graphical representation of the proposed SPR-based HC-NCF sensor structure
is illustrated in Figure la. The cladding region was composed of six circular silica tubes
and two elliptical silica tubes to reduce fabrication complexity. A higher birefringence was
generated by using elliptical tubes; their sensing capabilities outperform those of circular
ones [26]. This birefringence concept facilitates the fiber to function as a polarization filter.
The analyte was filled in that structure, and it was used as a sensor to realize the resonance
shift of X- and Y-polarization in different wavelengths. To generate birefringence, circular
silica tubes with two different diameters, such as d1 of 3.4 um and d2 of 1 um, and an
elliptical silica tube with major (a) and minor (b) axis diameters of 3.4 um and 2.8 pm were
used. The significant birefringence of the core separates the X- and Y-polarized modes [27].
For all circular and elliptical silica tubes, the same 0.1 pum thickness (tsjj;ica) Was maintained.
A 0.2-pm-thick (tgo14) gold layer was coated on the inner wall of the structure to induce
the SPR effect, because gold is chemically balanced and biocompatible. The outer diameter
of the sensor structure was 9.8 pm, with a 0.1 um thickness. The length of the fiber sensor
was taken as 1 mm, because in photonics, the coupling length between two modes is
below 6 mm [28]. The fabrication of HC-NCFs is similar to that of conventional PCFs.
The two-stage stack-and-draw technique [29] was used to fabricate the proposed sensor.
In the first stage, capillaries and spacing elements were stacked into a small jacket tube
to create a preform, which was then pulled into canes. The second stage preform was
made by inserting the cane into a large tube with an outer diameter of 9.8 um. Different
gas pressures were used in the preform to obtain a different size of hollow tubes. After
assembling the fiber framework, a 0.2-um-thick layer of gold was deposited on the inner
wall of the fiber using the electroless plating technique [30] or the high-pressure chemical
vapor deposition method [31]. The analyte was injected into the sensor using an infiltration
method [32].

1315

Silica
Analyte

Wavelength [um]

(b) ()

(e)

Figure 1. (a) Graphical representation of the proposed HC-NCF sensor. (b) Dispersion relations of
the core-guided mode as a function of wavelength. Electric field distribution of (¢) X-polarized mode,
(d) Y-polarized mode, and (e) plasmon mode.
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Numerical analyses were carried out using the finite element method (FEM) in the
frequency domain. The amount of energy reflected was further decreased by applying a
scattering boundary condition to the outer surface of the structure.

The dispersion relationship between the real and the imaginary part of the effective
mode index (neff) with respect to the wavelength is shown in Figure 1b. The effective index
of the real part decreased when the wavelength increased. A sharp drop in the real part of
X- and Y-polarization indicates that light in the core mode is coupled to the plasmon mode.
The resonance peak is the point at which the effective index of imaginary value reaches
its highest value. Y-polarization reached its resonance peak at a wavelength of 1.42 um,
whereas X-polarization was minimal at this time, which shows that only Y-polarization
propagated at this time, while X-polarization diminished. X-polarization reached its
maximum at 1.44 um; however, Y-polarization was attenuated in this situation. Figure 1c—e
represents the electric field distribution of the X-polarized mode, the Y-polarized mode, and
the plasmon mode, where incident light was guided via the core. The maximum amount
of energy was transferred from core mode to plasmon mode when the phase-matching
condition was achieved.

The proposed HC-NCF sensor was made up of pure silica, and the RI of pure silica
was obtained using the Sellmeier equation [10]:

A2 ApA? A2

2 _
n(A) _1+A27A%+A27/\§+/\27)%

M

where Aj = 0.6961663, Ay = 0.4079426, Az = 0.897479, A1 = 0.068404, A, = 0.1162414, and A3
=9.896161 are the Sellmeier constants and A is the operating wavelength.

The Drude model was used to estimate the wavelength-dependent dispersion phe-
nomenon of gold [10] and is expressed by

2
w
-1-_-r 2
¢ w? +iwlp @
where the plasma frequency wp = 9.06 eV and the damping rate I'p = 0.07 eV.
The confinement loss refers the amount of light that leaks when light is guided in the
core region [33]. The following equation is used to calculate the confinement loss:

211
Confinement loss = 8.686 x - X Im(ngg) x 10*(dB/cm), (3)
where Im (ngy) is the imaginary part of the effective mode index and A is the
operating wavelength.

3. Results

The performance if the proposed SPR-based HC-NCF sensor was evaluated by opti-
mizing geometrical parameters, such as the gold layer thickness and the diameter of the
circular and elliptical silica tubes. The sensor’s performance was enhanced when these
parameters were optimized. The impact of each parameter was investigated by individually
varying it, while maintaining the other structural elements constant, and a constant RI
value of 1.33 was used for the analyte throughout the optimization procedure.

The gold layer thickness, as well as the resonance wavelength, had a substantial
impact on the sensor’s performance. The effects of various gold layer thicknesses, including
0.15 pm, 0.2 um, and 0.25 pum, were analyzed, Figure 2a,b shows the confinement loss
spectrum for X-polarization and Y-polarization. The resonance peak shifted to shorter
wavelengths when the gold layer thickness increased. The best sensitivity was obtained
by using the strongest resonance peak, which could be seen at a thickness of 0.2 um. The
effectiveness of a sensor is dependent on its sensitivity. The following expression can be
used to calculate the sensor’s wavelength sensitivity [10]:
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Figure 2. Confinement loss characteristics for different gold layer thicknesses for (a) X-polarization

and (b) Y-polarization.

The circular and elliptical silica tube diameter plays a vital role in the sensor’s sensing
performance because these silica tubes create the path between core and analyte. In the
cladding region, elliptical as well as circular silica tubes combine to form an anisotropic
shape. An anisotropic shape provides a strong negative curvature and a node-free anti-
resonance element [34], and this structure also enhances sensor performance. Figure 3a,b
depicts the loss spectrum for different values of d1 for X-polarization and Y-polarization.
The core effective area decreased as the silica tube radius increased, which in turn decreased
the core strength. This shows that as the silica tube diameter increases, the resonance peak
shifts to longer wavelengths. At a diameter of 3.4 pm, a sharp peak was obtained for both
polarizations and was used for further analysis.
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The loss spectrum for various major and minor axes of the elliptical tube for X-
polarization and Y-polarization is shown in Figure 4a,b. The core effective area decreased
as the elliptical tube’s major axis increased, which in turn decreased the core strength. This
shows that as the elliptical tube major and minor axes increase, the resonance peak shifts to
longer wavelengths. A sharp loss peak was observed for both polarizations at 3.4 um for
the major and 2.8 pm for the minor axis.

500 T

400

300

200

100 +

] n, =133
n =133 :

—=—a =3.2 um; b=2.6 um (ny)
400 - —e— a=3.4um; b=2.8 um (ny) —
—— a=3.6 um; b=3.0 um (ny)

—=—a =3.2 um; b=2.6 um (nx)
—e— a=3.4um; b=2.8 um (nx)
—+— a=3.6 um; b=3.0 um (nx)

300

Confinement loss [dB/cm]
>
-/
~.
N
—

400

T T
1.2 1.3 1.4 1.5 1.6 17

Wavelength [um] Wavelength [um]

() (b)

Figure 4. Confinement loss characteristics of different major and minor axes for (a) X-polarization
and (b) Y-polarization.

To evaluate the proposed sensor, the confinement loss properties of various analytes,
which had a range of 1.31 to 1.36 with a step value of 0.01, were analyzed. Figure 5a,b depicts
the loss spectrum for various analyte RI values for X-polarization and Y-polarization.
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Figure 5. Confinement loss characteristics with respect to wavelength for RI ranges of 1.31-1.36 for
(a) X-polarization and (b) Y-polarization.

As shown in Figure 5a,b, the resonance peak moved to longer wavelengths as the RI
value increased. For various RI values, Y-polarization also exhibited greater confinement
loss. The maximum confinement loss of 376.83 dB/cm was found for an analyte RI value
of 1.32 at a resonance wavelength of 1.36 um. In contrast to Y-polarization, X-polarization
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experienced less confinement loss. The maximum confinement loss of 279.69 dB/cm was
observed at a resonance wavelength 1.38 um, where the RI value was 1.32. Table 1 shows
the performance analysis results of the proposed sensor for different analyte RI values for
X- and Y-polarization.

The proposed sensor’s resolution was a measurement of its capacity to identify even
the slightest fluctuations in the analyte RI. The following expression can be used to calculate
the resolution of the sensor [10]:

Resolution = An, X Bin (RIU) )
AApeak

where AA,,;, represents the minimum spectral resolution, and this was taken as 0.1 nm.

AApek is the peak wavelength shift, and An, is the change of the analyte RI. The highest

resolution measured using this sensor was 2.5 x 10~5 RIU.

The figure of merit (FOM) is another significant sensor characteristic. This is a
wavelength-dependent parameter, and it is defined as the ratio between the sensitiv-
ity and the full width half maximum (FWHM), which was obtained from the following
equation [10]:

S (nm/RIU)

FOM'= FWHM (nm)

(RIU™) ©6)

Table 1. Sensitivity analysis for different analyte RI values.

X-Polarization Y-Polarization Refractive
Refractive ~ Resonance Confinement Resonance Confinement Index Sensitivity
Index Wavelength Loss F\(/an11)VI (Ifl%l\,/ll) Wavelength Loss F:Ian‘ll)Vl (]fl%l\,/[l) Resolution  (nm/RIU)
(1m) (dB/cm) (pm) (dB/cm) (RIU)

1.31 1.34 169.34 12 - 1.32 283.07 04 - 25x107° -

1.32 1.38 279.69 05 800 1.36 376.83 02 2000 1.67 x 1075 4000
1.33 1.44 276.90 09 666.7 1.42 366.07 03 2000 1.67 x 1075 6000
1.34 1.5 270.94 08 750 1.48 292.27 05 1200 1.67 x 1075 6000
1.35 1.56 27413 07 857 1.54 266.36 05 1200 1.67 x 1075 6000
1.36 1.62 262.97 09 666.7 1.6 250.58 07 857.1 - 6000

The sensitivity of the proposed sensor for X- and Y-polarization is depicted in Figure 6.
It shows that a maximal sensitivity of 6000 nm/RIU was obtained in the RI range of 1.31 to
1.36. The proposed sensor performed better than those described in the recent literature.
Table 2 shows a performance comparison between the proposed sensor and the most
recent publications.
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Figure 6. Sensitivity analysis of different analyte RI values for X- and Y-polarization.
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Table 2. Comparative study of the sensor’s performance and sensors in other recent published work.

Ref. Structures Material Used Sensitivity (nm/RIU) RI Range

[19] Hollow-core PCF Silver 4200 1.33-1.37

[20] Hollow-core PCF - 4629 1.000034-1.000449

[25] Hollow-core NCF Gold 5700 1.2-1.34

[35] Hollow-core graded-index fiber Silver 4350 1.38-1.49

[36] Hollow-core micro-structured fiber - 3000 1.325-1.36

[37] Negative-curvature HC fiber - 4411 1.33-1.39
Proposed work Hollow-core NCF Gold 6000 1.31-1.36

Comparing the obtained result with experimentally investigated HCF-based sen-
sors, the proposed sensor performed better than previously reported sensors in terms of
sensitivity, FOM, resolution, and confinement loss [38,39].

4. Conclusions

A new SPR-based hollow-core negative-curvature fiber (HC-NCF) sensor was pro-
posed. The cladding region was formed by six circular silica tubes and two elliptical
silica tubes to reduce fabrication complexity. Both elliptical and circular silica tubes were
combined to generate an anisotropic shape, which outperformed an isotropic sensor in
terms of performance. A high birefringence was created using two different sizes of circular
silica tubes. Chemically stable gold was used as a plasmonic material on the inner wall
of the sensor structure to induce the SPR effect. The proposed sensor detected the minor
variation in the RI of the analytes placed in the hollow core. Numerical analyses were
carried out using the FEM in the frequency domain, and the confinement loss obtained
for the proposed SPR sensor was 279.69 dB/cm for X-polarization and 376.83 dB/cm for
Y-polarization. The highest resolution of 2.5 x 10~° RIU and the maximum wavelength
sensitivity of 6000 nm/RIU were accomplished in the RI range of 1.31 to 1.36 through
the optimization of structural parameters. In addition, a FOM value of 2000 RIU! for
Y-polarization and 857.1 RIU~? for X-polarization was realized. Due to high confinement
loss and FOM, Y-polarization was used for better performance of the proposed sensor.
Because of its simple structure, high sensitivity, high FOM, and low transmission loss, this
sensor can be used as a temperature sensor, a chemical sensor, and a biosensor.
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O N

Abstract: Tenofovir disoproxil fumarate (TDF) is an antiretroviral medication with significant curative
effects, so its quantitative detection is important for human health. At present, there are few studies on
the detection of TDF by electrochemical sensors. This work can be a supplement to the electrochemical
detection of TDE. Moreover, bare electrodes are susceptible to pollution, and have high overvoltage
and low sensitivity, so it is crucial to find a suitable electrode material. In this work, zirconium oxide
(ZrO;) that has a certain selectivity to phosphoric acid groups was synthesized by a hydrothermal
method with zirconyl chloride octahydrate as the precursor. A composite modified glassy carbon
electrode for zirconium oxide-chitosan-multiwalled carbon nanotubes (ZrO,-CS-MWCNTs/GCE)
was used for the first time to detect the TDF, and achieved rapid, sensitive detection of TDF with
a detection limit of sub-micron content. The ZrO,-CS-MWCNTs composite was created using
sonication of a mixture of ZrO, and CS-MWCNTs solution. The composite was characterized using
scanning electron microscopy (SEM) and cyclic voltammetry (CV). Electrochemical analysis was
performed using differential pulse voltammetry (DPV). Compared with single-material electrodes,
the ZrO,-CS-MWCNTs/GCE significantly improves the electrochemical sensing of TDF due to the
synergistic effect of the composite. Under optimal conditions, the proposed method has achieved
good results in linear range (0.3~30 uM; 30~100 uM) and detection limit (0.0625 uM). Moreover,
the sensor has the merits of simple preparation, good reproducibility and good repeatability. The
ZrO,-CS-MWCNTs/GCE has been applied to the determination of TDF in serum and urine, and it
may be helpful for potential applications of other substances with similar structures.

Keywords: Tenofovir disoproxil fumarate; zirconium oxide; multiwalled carbon nanotubes; differen-
tial pulse voltammetry; biological samples

1. Introduction

Acquired Immune Deficiency Syndrome (AIDS) and hepatitis B can cause a series
of physical and mental health problems, about which the global community has become
increasingly concerned. AIDS is caused by human immunodeficiency virus (HIV), which
mainly causes damage to CD4 T cells [1], affecting the human immune system and causing
the human body to become infected with other diseases or even die, due to the loss of
resistance to diseases. Hepatitis B is one of the most dangerous forms of hepatitis. It
is a disease caused by hepatitis B virus (HBV) and can cause damage to liver tissue [2].
Antiretroviral drugs are used in the treatment of retroviral infection. They can effectively
treat HIV and HBV, and according to their molecular mechanism and drug resistance
distribution, they are divided into six types: nucleoside reverse transcriptase inhibitors
(NRTIs), non-nucleoside reverse transcriptase inhibitors (NNRTIs), integrase inhibitors,
protease inhibitors (PIs), fusion inhibitors, and coreceptor antagonists [3]. One of the
NRTIs, Tenofovir disoproxil fumarate (TDF, trade name Viread®) was researched and
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developed by Gilead Sciences, Inc. Its International Union of Pure and Applied Chemistry
(IUPAC) name is Bis{[(isopropoxycarbonyl)oxy]methyl}({[(2R)-1-(6-amino-9H-purin-9-yl)-
2-propanyl]oxy}methyl) phosphonate fumarate. TDF has been approved by the Food and
Drug Administration (FDA) for the treatment of AIDS and hepatitis B, and it appears in
the list of essential drugs of the World Health Organization (WHO) [4]. TDF is a precursor
of Tenofovir (TFV). The oral bioavailability of TFV is low, while that of TDF is greatly
improved [5]. At the same time, compared with other mainstream NRTIs, TDF has the ad-
vantages of reducing the rate of development of drug resistance, longer half-life and fewer
side effects [6]. The possibility of drug resistance of TDF is very low [7]. These characteris-
tics make TDF more popular in the treatment of HIV and HBV. After oral administration of
TDE, it is first metabolized into TFV in vivo. Next, this is phosphorylated into the active
metabolite Tenofovir bisphosphate under the action of cell kinase. After this, it actively
inhibits virus activity, thus acting as a treatment. After 3 days of administration, TDF is
excreted in vivo through glomerular filtration and the active tubular transport system, such
that about 70%~80% of it is excreted in urine. At the same time, TDF does not need to be
taken on an empty stomach; on the contrary, it can have improved bioavailability when it
is consumed with high-fat food [8]. However, long-term use of TDF may lead to nephrotox-
icity [9] and halisteresis [10]. Therefore, it is of great significance for individualized drug
delivery, rational drug use, and precision medicine to quantitatively detect the content
of TDF.

Nowadays, several analytical techniques for detection TDF have been reported upon,
including spectrophotography [11-13], ultraviolet spectrophotometry [14,15], liquid chro-
matography tandem mass spectrometry [16], reversed-phase high-performance liquid
chromatography [17], ultra-high efficiency supercritical fluid chromatography [18], high-
performance thin layer chromatography [19], and so on. Although these traditional meth-
ods have been widely used and these technologies are mature, they often need large-scale
precision instruments, and the pretreatment process is often complex. In this case, elec-
trochemical methods are being gradually developed. Electrochemical analysis is used to
determine the different oxidation states of an element in solution. This technique is more
advantageous for analyzing the active components of drugs with extremely low detection
limits. It also allows the determination of the mechanisms of a given drug, through the
study of its electrochemical behavior. This method is not affected by excipients. This means
that electrochemical detection can be directly used to detect drugs, with the advantages
of speed, high sensitivity, low cost, and miniaturization [20,21]. In addition to modifying
the electrode to detect substances [22], electrochemistry is also used in photocatalysis [23],
disease screening and diagnosis [24,25], real-time monitoring of living cells [26], brain
electrodes [27,28], and so on. At present, only one document on the use of a bare electrode
has been reported on, for the electrochemical detection of TDF [29]. However, the bare
electrode is easily polluted and interfered with, and has the disadvantages of high over-
voltage and low sensitivity [30], so it is important to modify the electrode. Materials used
for the surface modification of glassy carbon electrodes (GCEs) for electrochemical sensors
mainly include carbon-based nanomaterials (such as carbon nanotubes and graphene),
metal nanoparticles, metal oxide nanoparticles, and polymer materials. The materials used
for electrochemical sensors should have good conductivity and selectivity to given drug
molecules [31]. Therefore, it is necessary to choose suitable electrode materials to design a
sensitive, cheap and effective electrochemical method, to determine TDF.

Metal oxide nanostructures are an ideal class of sensing materials [32-37], because
of their large surface-to-volume ratio, high electroactive surface area, and good electrical
conductivity [38]. These characteristics lead to their widespread use in electrochemical
detection. They are usually used in combination with conductive support materials, to
improve their electrochemical properties. At the same time, metal oxides have the advan-
tages of rich sources and low cost. They have been extensively used in the preparation of
electrochemical sensors and successfully used to analyze a variety of substances [23,39-47],
such as biological small molecules, food additives, pesticides [48] and drugs. Zirconium
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oxide (ZrO;) is an inorganic oxide crystal with thermal stability, chemical inertia and
avirulence. Additionally, it has a strong affinity for the phosphonic part. It was originally
studied for use in the detection of enriched phosphopeptides, captured phosphoprotein
and organophosphorus pesticides [49]. It has potential applications in catalysis, solid
oxide fuel cells, sensors and nuclear radiation shielding materials [50,51]. At present, the
methods of synthesizing zirconium oxide include the sol-gel method, precipitation method,
solvothermal synthesis, hydrothermal synthesis, etc. [52]. The synthesized pure zirconium
oxide has three crystal forms: monoclinic phase (m-ZrO,), tetragonal phase (t-ZrO;) and
cubic phase (c-ZrO;) [53]. Zirconium oxide has been used in an electrochemical sensor
and biosensor [54]. ReddyPrasad et al. added zirconyl chloride octahydrate (ZrOCl,) and
C-dots to chitosan solution, obtained a C-dots/ZrO;, nanocomposite modified electrode by
ultrasound and electrodeposition, and successfully applied it in the detection of Parathion
in rice samples [49]. Chen et al. prepared an alveolated zirconium oxide with a chitosan
modified electrode for electrochemical detection of the antituberculosis drug Rifampicin,
and achieved good results. It has been applied to biological samples such as human serum
and urine [55]. Tan and Wu used zirconium chloride and alcohol to synthesize zirconium
oxide for an oxygen molecular sensor and achieved good results [56]. It can be seen that
zirconium oxide can be used as electrode modification material.

Multiwalled carbon nanotubes (MWCNTSs) have the properties of large specific surface
area, strong adsorption capacity, strong conductivity and strong catalytic properties [57],
and they can be used to construct high-performance sensors. Although carbon materials
have many advantages, they lack selectivity to target molecules when used alone in sensing
devices [58]. In practical applications, MWCNTs are often combined with other materials
to enhance selectivity. Chitosan (CS) is deacetylated from natural chitin. It not only has
hydrophilic and hydrophobic groups, but also -NH, and -OH groups. It has been reported
that a chitosan modified electrode can be used to detect various substances [2,57,59], and
it can promote the even and steady dispersion of MWCNTs [2]. Drawing on the idea of
using composites, metal and carbon matrix composites are developed, in order to obtain
good selectivity and excellent thermal and electrical properties. Therefore, in this work,
zirconium oxide-chitosan-multiwalled carbon nanotubes composites were prepared to
detect TDF.

A ZrO,-CS-MWCNTs mixture was evenly modified onto the smooth surface of a
glassy carbon electrode (GCE) using the drop coating method, to get a modified electrode
(ZrO,-CS-MWCNTs/GCE). The electrochemical properties of the ZrO2-CS-MWCNTs/GCE
were studied using cyclic voltammetry (CV) and differential pulse voltammetry (DPV).
The sensor shows good selectivity, repeatability, reproducibility and low detection limit. In
addition, the prepared electrochemical sensor was used to detect chemicals in serum and
urine, with satisfactory results.

2. Materials and Methods
2.1. Materials

Tenofovir disoproxil fumarate was provided by Hunan Qianjin Xiangjiang Pharmaceu-
tical Joint Stock Co., Ltd. (Zhuzhou, China); zirconium oxychloride octahydrate, MWCNTs,
and sodium acetate trihydrate were purchased from Aladdin Biochemical Technology Co.,
Ltd. (Shanghai, China); chitosan, sodium hydroxide, glycerol and glacial acetic acid were
purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). Other reagents
used in the laboratory were analytically pure and can be used directly, without purification.
All solutions were prepared with deionized water (resistivity is 18.2 MQ-cm).

The preparation method was to weigh 0.0636 g of TDF and dissolve it in deionized
water, then dilute it with water in a 100 mL brown volumetric flask to prepare a stock
solution, and keep it away from light. A solution of 1 M acetic acid and 1 M sodium acetate
solution was mixed to prepare an acetic acid-sodium acetate buffer as the supporting
solution of the working solution.

46



Biosensors 2022, 12,1123

2.2. Apparatus

Every electrochemical measurement was performed using a CHI660E electrochemical
workstation (Shanghai Chenhua Instruments Co., Ltd., Shanghai, China). The pH of the
solution was measured using a digital PHS-3C pH meter (Shanghai Leici Instrument Factory,
Shanghai, China). The morphologies of nano-materials were characterized using a scanning
electron microscope (SEM, ZEISS Sigma 300, Jena, Germany) and an energy dispersion
spectrometer (EDS) attached to the SEM. The crystal structures of the nanomaterials were
characterized using X-ray diffraction (XRD, Rigaku Smart Lab SE, Tokyo, Japan).

2.3. Preparation of ZrO,

ZrO, was synthesized using a hydrothermal method. 1.289 g zirconium oxychloride
octahydrate was turned into a 4 mM zirconium oxychloride octahydrate solution with
deionized water, and then added to the 8 mM glycerol solution. At this time, their molar
ratio was 1:2. Then they were mixed evenly with a magnetic stirrer, and 0.2 M sodium
hydroxide solution was added to adjust the solution to pH = 9. When the solution presented
as a white emulsion, the mixture was transferred to a 100 mL stainless steel autoclave and
reacted at 180 °C for 18 h, after which it was cooled at room temperature. The obtained
white precipitate was centrifuged and washed with water and ethanol multiple times, and
finally dried in a vacuum at 60 °C for 3 h to obtain zirconium oxide nanoparticles.

2.4. Preparation of ZrO,-CS-MWCNTs Composite Dispersion

To prepare the composite dispersion, 1 mg ZrO, and 1 mg MWCNTs were scattered
in 2 mL acetic acid solution (2% v/v) containing 1 mg CS. Ultrasonication was performed
for 1 h to obtain a uniform dispersion. Used as a dispersant, 2% acetic acid can easily
dissolve CS.

2.5. Fabrication of Modified Electrode

Firstly, the bare electrode was thoroughly polished on suede with 1.0, 0.3 and 0.05 uM
aluminum oxide (Al,O3) slurries in that order. After each polishing process, the electrode
was washed with ethanol and deionized water in turn, until a mirror-like surface was
formed. Finally, the GCE was dried under an infrared lamp. In order to prepare the
TDF electrochemical sensor (ZrO,-CS-MWCNTs/GCE), ZrO,-CS-MWCNTs composite
dispersion was carefully dropped on the electrode surface. After the electrode was dried
under an infrared lamp, the sensor we prepared was obtained. The fabrication process of the
modified electrode is displayed in Figure S1. Similarly, ZrO, /GCE and CS-MWCNTs/GCE
were also fabricated in accordance with the above process.

2.6. Electrochemical Detection of TDF

All electrochemical measurements in this work were carried out on a CHI660E
electrochemical workstation including a conventional three-electrode system. ZrO,-CS-
MWCNTs/GCE was used as the working electrode, a platinum wire electrode was used
as the auxiliary electrode, and a saturated calomel electrode (SCE) was used as the ref-
erence electrode in this system. Cyclic voltammetry (CV) was used for characterization
in a solution of 5 mM potassium ferricyanide, 5 mM potassium ferrocyanide and 0.1 M
potassium chloride. The performance, optimization of measurement conditions, selectivity,
repeatability, reproducibility and stability of TDF on ZrO,-CS-MWCNTs/GCE were tested
using differential pulse voltammetry (DPV). Before each experiment, the newly prepared
electrode needed to be activated and have dust removed by scanning 20 cycles using CV in
1 M acetic acid—sodium acetate buffer solution. Next, the treated electrode was inserted
into the working solution of TDF that had been diluted with acetic acid-sodium acetate
buffer solution, and stirred continuously for 90 s at the potential of 0.2 V. Then the TDF
was measured by the DPV at the scanning rate of 0.1 V/s within the potential range of
1.0 V~1.5V. For DPV, the potential pulse amplitude is 0.05 V, potential pulse width is
0.05 s, data sampling width is 0.0167 s, and potential pulse period is 0.2 s. After every
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measurement, stirring and using the electrochemical workstation were suspended. After
this, under the condition of constant potential of —1 V, the corresponding potential of 30 s
was applied in the detection solution to prevent electrode passivation. Each electrochemical
measurement was carried out at room temperature.

2.7. Sample Preparation

In this experiment, serum and urine were used as the actual samples. The blood
of a drug-free human was acquired from the local hospital, and the urine was from the
laboratory staff. First, 1 mL of blood and an appropriate amount of TDF stock solution
were centrifuged for 30 min with 4000 rpm at room temperature. Next, 0.9 mL of 15% (w/v)
zinc sulfate solution—acetonitrile (50/40, v/v) was added to remove protein from the blood
sample [60]. The supernatant was collected, and then acetic acid-sodium acetate buffer was
added to make the supernatant and buffer reach a constant volume of 10 mL to prepare
the serum sample containing TDF of the required concentration. Additionally, 1 mL of
urine and an appropriate amount of TDF stock solution were centrifuged for 30 min with
4000 rpm. The collected supernatant was diluted to 10 mL with acetic acid-sodium acetate
buffer to prepare a urine sample containing TDF of the required concentration. Both were
detected using the standard addition method.

3. Results and Discussion
3.1. Crystal Phase and Morphology Characterization

The crystal structures of the ZrO,, CS-MWCNTs and ZrO,-CS-MWCNTs composites
were studied using XRD. As shown in Figure 1, CS-MWCNTs showed an obvious peak at
26 = 26°, which was consistent with the reported typical diffraction peaks of MWCNTs [61].
It can also clearly be seen from Figure 1 that the diffraction peaks appeared at 26 = 30.12°,
34.96°, 50.22°, 59.74°, 62.68°, 73.94°, 81.76° and 84.40°, which corresponded to the (111),
(200), (220), (311), (222), (400), (331) and (430) crystal planes of ZrO,. These peak positions
were compared with the diffraction peak of a c-ZrO; standard card (JCPDS, No. 49-1642),
which indicated that the ZrO, synthesized by us was of cubic phase structure. In the XRD
pattern of the ZrO,-CS-MWCNTs composite, not only the characteristic diffraction peak of
CS-MWCNTSs, but also the characteristic diffraction peak of ZrO, can be observed; this was
the first indication that the composite had been successfully prepared.

a1

(©) Zr0,-CS-MWCNTs

@311
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Figure 1. The X-ray diffraction (XRD) patterns of ZrO, (a), CS-MWCNTs (b) and ZrO,-CS-MWCNTs
composites (c).
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The morphologies of the ZrO,, CS-MWCNTs and ZrO,-CS-MWCNTs composites were
characterized using SEM, as shown in Figure 2. It can be observed in Figure 2a that ZrO,
had a small spherical shape with relatively uniform particles. In Figure 2b, CS-MWCNTs
showed tubular structure. Figure 2c,d illustrates the morphologies of ZrO,-CS-MWCNTs
composites at different magnification. These SEM images showed that a dense covering
of spherical ZrO, was present on the surface of CS-MWCNTs; this phenomenon may be
caused by the particle size difference between the them. At the same time, they form a
honeycomb shape, which is conducive to the attachment of the target detection object.

Figure 2. Scanning electron microscope (SEM) images of the ZrO, (a), CS-MWCNTs (b) and ZrO,-
CS-MWCNTs composites (c,d).

Figure S2a shows the EDS of the ZrO,-CS-MWCNTs composites. The peaks of carbon
(C), nitrogen (N), oxygen (O) and zirconium (Zr) can be observed in EDS. Their contents in
the composite were 54.27%, 5.59%, 15.62% and 24.52%, respectively, and their atomic ratios
were 73.32%, 6.48%, 15.84% and 4.36%, respectively. The mass ratio of oxygen to zirconium
in the composite was about 0.64:1, which is greater than the theoretical ratio of zirconium
dioxide 0.35:1, and the atomic ratio is about 3.6:1, which is greater than the theoretical ratio
of zirconium dioxide of 2:1. This may be due to the presence of oxygen in chitosan and
air. Combined with the XRD analysis of the composites, the results further confirmed that
Zr0O,-CS-MWCNTs composites had been successfully prepared. Figure S2c—f shows the
element mapping of the designated area of ZrO,-CS-MWCNTs composites (Figure S2b),
which more clearly shows the distribution of carbon, nitrogen, oxygen and zirconium in
the ZrO,-CS-MWCNTs composites. It was found that they are evenly distributed in the
composites, further indicating that the composite has been successfully prepared.

3.2. Electrochemical Characterization

GCE, ZrO, /GCE, CS-MWCNTs/GCE and ZrO,-CS-MWCNTs/GCE were immersed
in a potassium ferricyanide-potassium ferrocyanide solution (5 mM), containing 0.1 M
potassium chloride, and CV characterization was performed at a scanning speed of 0.1 V/s
in the potential range of —0.2~0.6 V (Figure 3a). The current of oxidation peak (Ip,) and
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I/pA

reduction peak (Ipc) on GCE was 108.4 pA and 109.9 A, respectively. On ZrO, /GCE, the
redox peaks of [Fe(CN)6]3*/ 4= were slightly reduced; these were 69.32 pA and 69.07 nA,
respectively. This may be due to the thin conductivity of ZrO,. On CS-MWCNTs/GCE,
the currents of Ip, and Ip. were 113.8 pA and 125.6 pA, respectively. The values of these
currents are slightly higher than those of GCE, due to the excellent conductivity and
catalytic performance of multiwalled carbon nanotubes. Compared with other electrodes,
Z1r0,-CS-MWCNTs/GCE showed the largest redox peaks; the values of these currents were
177.3 pA and 172.1 pA, respectively. This may be due to the synergistic effect of ZrO, and
multiwalled carbon nanotubes, which improves the performance of the sensor. The surface
active areas of these electrodes are calculated according to the Randles-Sevéik formula [62]:
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Figure 3. Cyclic voltammetry (CV) diagrams (a) and Nyquist plots (b) obtained on different
electrodes in a solution of 5 mM K3[Fe(CN)s]*~ /4~ and 0.1 M KCI (a: GCE, b: ZrO,/GCE,
c¢: CS-MWCNTs/GCE, d: ZrO, —CS—MWCNTs/GCE).

In the Randles-Sev¢ik formula, I, is the peak current of K3[Fe(CN)s] (A), 1 is the
number of electrons transmitted, A is the surface active area (cm?), D is the diffusion
coefficient of K3[Fe(CN)s] (7.6 x 1076 cm?s™1), v is the scanning rate (V/s), and C is the
concentration of K3[Fe(CN)g] (mol/cm?). The calculated effective areas of GCE, ZrO,/GCE,
CS-MWCNTs/GCE and ZrO,-CS-MWCNTs/GCE are 0.092 cm?, 0.059 cm?, 0.097 cm? and
0.151 cm?, respectively. The results show that the ZrO,-CS-MWCNTs composites notably
improved the effective area value of the glassy carbon electrode.

Electrochemical impedance spectroscopy (EIS) is an effective method to characterize
electronic heterogeneity at the solution/electrode interface. Figure 3b shows the Nyquist
diagrams of GCE, ZrO, /GCE, CS-MWCNTs/GCE and ZrO,-CS-MWCNTs/GCE in potas-
sium ferricyanide—potassium ferrocyanide solution (5 mM) containing 0.1 M potassium
chloride. The figure includes the semicircular part of the high-frequency region and the
linear part of the low-frequency region. The electron transfer resistance (Rct) of the electrode
is equal to the semicircle diameter of the high-frequency region of the Nyquist diagram.
This resistance regulates the electron transport kinetics of the redox probe on the electrode
surface. Two obvious semicircles can be seen in GCE and ZrO,/GCE, and the semicir-
cle diameter of ZrO,/GCE is larger than that of GCE, indicating that the impedance of
ZrO, /GCE is larger than that of GCE, which may be due to the poor conductivity of
ZrO,. In CS-MWCNTs/GCE and ZrO,-CS-MWCNTs/GCE, it can be seen that the curves
obtained in the high-frequency region are almost straight lines, which indicates that their
impedance is significantly reduced. The R.; values of GCE, ZrO, /GCE, CS-MWCNTs/GCE
and ZrO,-CS-MWCNTs/GCE are 210.4 (2, 294.0 ), 35.23 () and 19.32 (), respectively. The
impedance of ZrO,-CS-MWCNTs/GCE is the lowest, indicating that the combination of
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ZrO, and CS-MWCNTs has a synergistic effect and is more conducive to the electrochemical
reaction. This result is consistent with the CV characterization results.

3.3. Electrochemical Behavior of TDF on Different Electrodes

The electrochemical behaviors of different electrodes in 10~ M TDF solution (acetic
acid-sodium acetate buffer solution at pH 4.5) were investigated by DPV, as shown in
Figure S3. It was found that the peak current of TDF is the smallest on ZrO, /GCE, while it
is the largest on ZrO,-CS-MWCNTs/GCE, at more than eight times that of TDF on the bare
electrode. This shows that the synergistic effect of ZrO, and CS-MWCNTs enhances the
electrocatalysis effect, which increases the electrochemical response of TDF.

3.4. Effect of pH

The effect of the pH value of buffer solution on the peak current of 10~ M TDF on
Z1r0,-CS-MWCNTs/GCE was studied using DPV. Figure 4a shows the corresponding DPV
diagrams of 10~* M TDF in the pH range of 3.5 to 6.5. It can be clearly seen that when the
value of pH is 4.5, the maximum oxidation peak current of TDF can be obtained (Figure 4b),
and when the pH value increases, the oxidation peak potential gradually moves negatively
(Figure 4c), and the linear regression equation is: Ep, (V) = —0.04931 pH + 1.489 (R% =0.9936).
The oxidation reaction of TDF on the surface of ZrO,-CS-MWCNTs/GCE is a process with
same number of protons and electrons because the slope of E,-pH is close to the theoretical
value [63] of —0.0590 V/pH.
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Figure 4. Differential pulse voltammetry (DPV) diagrams (a), current response (b) and the rela-
tionship diagram between peak potential and pH (c) of Tenofovir disoproxil fumarate (TDF) on
ZrO;—CS—MWCNTs/GCE at different pH values.

3.5. Effect of Scan Rate

In this work, the effect of the scanning rate on the oxidation of 10~# M TDF on the
modified electrode was studied and compared using CV. Figure 5a shows the CV diagrams
of TDF in a certain scanning rate range (0.03 V/s~0.24 V/s). It can be seen that the
oxidation reaction of TDF on ZrO,-CS-MWCNTs/GCE is irreversible. As illustrated in
Figure 5b,c, the linear regression equation of v'/2 and peak current can be expressed as:
Ip (nA) = 325.2 v!/2 — 24.18 (R? = 0.9993); the linear regression equation of logv and logl,,
can be expressed as: logl}, = 0.6444 logo + 2.531 (R? = 0.9921). The slope of logv and logl,, is
0.6444, between 0.5 and 1, and there is a linear relationship between I, and vl/2, indicating
that the oxidation reaction of TDF on ZrO,-CS-MWCNTs/GCE is a mixed control process,
dominated by diffusion. Simultaneously, it can be concluded from Figure 5d that the
peak potential of TDF is directly proportional to Inv, and the linear regression equation is
expressed as: Ep (V) = 0.03111 Inv + 1.417 (R2 = 0.9906). In accordance with the Laviron
equation [64]:

E, = E+ (RT/anF) ln(RTkO /omF) + (RT/anF)Inv @)
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Figure 5. (a) CV diagrams of TDF on ZrO,—CS—MWCNTs/GCE at different scan rates
(0.03V/s ~0.24 V/s); (b) the plot of the peak current versus v'/2; (¢) the plot of logl}, versus logy;
(d) the plot of the peak potential versus Inv.

For the Laviron equation, Ep, EY v, a, k% n, T, Fand R respectively represent the
peak potential (V), the formal potential (V), the scanning rate (V/s), the charge transfer
coefficient, the standard heterogeneous velocity rate constant, the number of electron
transfers, temperature in Kelvin (K), the Faraday constant (96,480 C/mol) and the molar
gas constant (8.314 J/mol-K). Because the reaction of TDF on ZrO,-CS-MWCNTs/GCE is
irreversible, it can be known that a = 0.5 [55]. It is calculated that n = 1.652, so TDF is an
oxidation reaction involving two electrons on ZrO,-CS-MWCNTs/GCE. Combined with
the conclusion obtained from the pH, it can be seen that the electrochemical oxidation of
TDF on the electrode is a two-electron and two-proton transfer process. According to the
existing reports on the oxidation mechanism of TFV (of which TDF is a precursor) [65,66],
it can be speculated that the oxidation mechanism of TDF on ZrO,-CS-MWCNTs/GCE is
as shown in Figure S4.

3.6. Effects of Deposition Conditions and Dropping Amount of ZrO,-CS-MWCNTs Composites

The effects of deposition time, deposition potential, and dropping amount of ZrO,-
CS-MWCNTs composites on the electrochemical activity of 107* M TDF on ZrO,-CS-
MWCNTs/GCE were analyzed using DPV. As shown in Figure S5a, the peak current first
increases and then decreases with the increase of deposition time from 30~210 s, and reaches
the maximum at 90 s. This may be because the supersaturated adsorption of TDF on the
electrode surface leads to the passivation of ZrO,-CS-MWCNTs/GCE, which hinders the
transfer of electrons and reduces the activity of the electrode. Therefore, 90 s is selected as
the deposition time. As shown in Figure S5b, the deposition potential is between 0.0~1.0 V,
the degree of TDF adsorbed on the electrode gradually increases, the peak current also first
increases and then decreases, and reaches a maximum at 0.2 V. At this point, the TDF is
fully adsorbed. With the growth of deposition potential, the background current also grows,
which has a certain impact on the electrochemical response of TDF. Therefore, 0.2 V is
selected as the optimum deposition potential. The film thickness of electrode modification
material will also affect the determination of TDF. In the range of 1~9 uL, the effects of
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different dropping amounts of ZrO,-CS-MWCNTs composites on the TDF oxidation peak
current were studied (Figure S5¢). Between 1 and 5 uL, the peak current increases with
the increase of the dropping amount. When the dropping amount exceeds 5 uL, the peak
current decreases with further increases in dropping amount; this may be because the
film thickness hinders the transmission of electrons. Therefore, 5 pL is selected as the best
dropping amount. To sum up, the optimal detection conditions for the electrochemical
detection of TDF with the modified electrode are a deposition time of 90 s, a deposition
potential of 0.2 V, and a dropping amount of 5 L.

3.7. Standard Curve and Detection Limit

Under the optimal detection conditions, DPV was used for the detection of differ-
ent concentrations (0.3 uM~100 uM) of TDF, as shown in Figure 6a. Within this range,
the oxidation peak current increases linearly with the increase of TDF concentration
(Figure 6b, its specific data are in Table S1), and the linear regression equations are
Ip (A) =1.079 ¢ (uM) + 0.2354 (R? = 0.9904) (0.3 uM~30 uM) and I, (1A) = 0.2989 ¢ (M)
+21.34 (R% = 0.9924) (30 uM~100 uM). The standard errors for estimated parameters of
linear regressions for the peak current and TDF concentration can be calculated by the
Formula (3):

Oost = \/Z(Y —Y")?/(N —K) @)
100
9p] (2) 504 (b) 1,=0.2989 ¢ +21.34
804 " R?=0.9924
-] ZE 100 uM < a0
z =
~ zE 03 pM _‘;20_

1,=1.079 ¢ +0.2354

10 R%=0.9904
204
10ls - - - - . 0
w1l 12 13 14 L5 0 10 20 30 40 50 60 70 80 90 100
E/V ¢/ uM

Figure 6. (a) DPV diagrams of different concentrations of TDF (0.3 uM~100 uM); (b) the linear
relationship between the peak current and TDF concentration in the range of 0.3 uM~30 uM and
30 uM~100 pM.

In Formula (3), 0egt is the standard error of the estimate, Y is an actual value, Y’ is
a predicted value, and N is the number of pairs of value, K is the number of parameters.
These values of standard errors for estimated parameters of linear regressions for I;, and
TDF concentration can be calculated to 0.9479 and 1.280 respectively. It can be seen that the
approximation error between the estimator and its true value is smaller.

When the signal-to-noise ratio was 3 (S/N = 3), the limit of detection (LOD) was
estimated using the Formula (4) [21]:

LOD =3s/m “)

In Formula (4), s is the standard deviation of 5 blank signals and equals to 0.02248 uA,
m is the slope of the calibration line within the corresponding range and equals to
1.079 pA/puM. The LOD is accordingly calculated as 0.0625 uM. The TDF electrochemical
sensor prepared in this work is compared with other detection methods. The results are
shown in Table 1. The detection limit is one of the important indicators to judge the sensi-
tivity of a method. The lower the detection limit, the better the sensitivity of the method.
Compared with other traditional methods, ZrO,-CS-MWCNTs/GCE, as an electrochemical
method, is faster and more sensitive. Although spectrophotometry uses acid triphenyl-
methane dye as a material to make TDF complexed with dye ion pairs [11], the linear range
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and detection limit of the current work are still superior to this method. Compared with
the existing electrochemical methods, although TDF has certain electrochemical activity
that can be directly detected with bare electrodes, ZrO,-CS-MWCNTs/GCE overcomes the
shortcomings of direct detection with bare electrodes, and shows a wider range of linearity
and lower limit of detection. The results show that the sensor has good sensitivity.

Table 1. Comparison of various Tenofovir disoproxil fumarate (TDF) determination methods.

Method Material Linear Range (uM) Detection Limit (uM) Reference
Spectrophotometry Acid trlph(;}r]lgllmethane 6.29~62.9 0.692 [11]
Ultraviolet
spectrophotometry / 7.87-62.9 0.804 1]
2 RP-HPLC / 236~708 4.75 [67]
First order derivative / 7 87-62.9 103 [15]
spectrophotometry
b AdSDPV GCE 0.6~60 0.102 [29]
¢ AdSSWV GCE 0.6~60 0.0839 [29]
ZrO,-CS-
d 2 ~30: 30~ i
DPV MWCNTs,/GCE 0.3~30; 30~100 0.0625 This work

2 RP-HPLC: reversed-phase high performance liquid chromatogram. b AdSDPV: adsorptive stripping differ-
ential pulse voltammetry. ¢ AASSWV: adsorptive stripping square wave voltammetry. d DPV: differential
pulse voltammetry.

3.8. Selectivity

In order to investigate the anti-interference of ZrO,-CS-MWCNTs/GCE, under the
best conditions, potential interfering substances in body fluids and products were added to
10~* M TDF solution. As shown in Figure S6, within +5% of the allowable relative error,
100 times amounts of Fe3*, Cu?*, K*, Zn?* and Na* did not significantly interfere with
the electrochemical response of TDF on ZrO,-CS-MWCNTs/GCE, and 10 times amounts
of glucose, L-glutamic acid, dopamine hydrochloride, citric acid, uric acid and Fumaric
acid also did not interfere with the electrochemical response of TDF. The results show that
the sensor has good anti-interference properties for the analysis of TDF, which makes the
detection of TDF in actual samples feasible. It can therefore be used for the detection and
analysis of complex samples.

3.9. Repeatability, Reproducibility and Stability

The indicators for evaluating the reliability and accuracy of the electrode also include
repeatability, reproducibility and stability. These indicators of ZrO,-CS-MWCNTs/GCE
were studied through DPV in 10~ M TDF working solution, which provided a basis for
demonstrating the reliability and accuracy of this method. On a ZrO,-CS-MWCNTs/GCE,
the peak currents were recorded for five consecutive times (Figure S7a). The relative
standard deviation (RSD) of these measured peak currents is 4.94%, implying that the ZrO,-
CS-MWCNTs/GCE has good repeatability in TDF determination. In addition, five different
Zr0,-CS-MWCNTs/GCEs were obtained through the same preparation process to research
the reproducibility. The peak currents of different electrodes under the same conditions
are shown in Figure S7b. The RSD of these measured peak currents is 4.60%, which
means that the ZrO,-CS-MWCNTs/GCE shows good reproducibility in TDF determination.
Two ZrO,-CS-MWCNTs/GCEs were prepared in the same way and reused for five days. It
was found that the peak currents of ZrO,-CS-MWCNTs/GCE remained 92.23% and 93.15%,
respectively (Figure S7c), indicating that the modified electrode has good stability.

3.10. Sample Detection

Tenofovir plasmatic concentration has a high predictive value in monitoring the pre-
vention of HIV infection by TDF, and different concentrations have different protection rates
against HIV [68]. In addition, the monitoring of plasmatic and urinary drug concentrations
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of TDF has a certain reference value for the clinical treatment of CHB patients [69]. It can
be seen that the treatment effect on HIV and CHB patients can be predicted by measuring
the concentration of TDF in serum and urine. In order to study the feasibility of using
Zr0,-CS-MWCNTs/GCEs to detect the content of TDF in actual situations, human serum
and urine were taken as actual samples and tested by the method of standard addition and
recovery. Under optimal conditions, the results are shown in Table 2 (specific urine and
serum measurement data are shown in Table S2, and the histogram of their related I;, and
c is shown in Figure S8), which also contains the use of traditional methods to detect the
recoveries of TDF products, and the use of electrochemical methods to detect the recoveries
of TDF and TFV (the key intermediate of TDF [70]). Compared with the recovery of TDF
tablets determined by RP-HPLC ((99.57% =+ 0.09)~(101.42% = 0.08)) [17], the recovery
of TDF tablets determined by UV-vis spectrophotometry (99.45%~100.4%) [14] and the
recovery of TDF tablets determined by AdSDPV (100.35%) and AdSSWV (100.50%) [29],
the serum recovery (96.13%~99.70%) and urine recovery (95.87%~101.0%) measured by
ZrO,-CS-MWCNTs/GCE were consistent. Meanwhile, the recoveries of TEV in the elec-
trochemically detected drugs, using AASSWV (101.33%) and SWV (95.8% or 101.9%) were
also consistent with those in this work. The results show that the electrode can be used for
the determination of TDF in actual samples, which is similar to the results obtained from
the intermediates and products, and has good feasibility.

Table 2. Recovery of TDF in actual samples.

Sample Method Measured/uM  Added/uM Detected/uM  RSD/%  Recovery/%  Reference
3.147 1.574 4.743 0.17 101.42 £+ 0.08
TDF tablets a RP-HPLC 3.147 3.147 6.323 0.25 100.89 + 0.07 [17]
3.147 4.721 7.849 0.31 99.57 £ 0.09
9.441 4.721 / 0.54 100.21
TDF tablets b yv-vis 9.441 9.441 / 0.94 100.4 [14]
9.441 14.16 / 0.54 99.45
¢ AdSDPV / / / 1.69 100.35
TDF tables d AdSSWV / / / 150 100.50 (291
TFVin pharmaceutical —\ yyy / / / 136 101.33 [65]
dosage form
TI"{:E/V in Vlread' e SWV / / / / 95.8 (71]
in Tenofovir
: : / / / / 101.9
disoproxil Teva
& ND 5 4.881 291 97.62
serum 1 ND 10 9.689 2.38 96.89
ND 15 14.42 4.84 96.13
ND 5 4.985 2.01 99.70
serum 2 ND 10 9.810 4.58 98.10
t DPV ND 15 14.68 242 97.87 This work
ND 5 4.862 1.32 97.24
urine 1 ND 10 9.587 2.59 95.87
ND 15 14.55 4.96 97.00
ND 5 4.851 0.196 97.02
urine 2 ND 10 9.791 211 97.91
ND 15 15.15 1.21 101.0

3 RP-HPLC: reversed-phase high performance liquid chromatogram. ® UV-Vis: ultraviolet and visible spectropho-
tometry. © AdSDPV: adsorptive stripping differential pulse voltammetry. d AdSSWV: adsorptive stripping square
wave voltammetry. ¢ SWV: square wave voltammetry. f DPV: differential pulse voltammetry. & ND: not detected.

4. Conclusions

In this work, cubic zirconium oxide was synthesized using the hydrothermal method,
and based on this, a new fast and ultrasensitive electrochemical method for the determi-
nation of TDF, based on ZrO,-CS-MWCNTs/GCE, was studied. The prepared ZrO,-CS-
MWCNTs composites were characterized using XRD, SEM and EDS. The results showed
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that under the optimum experimental conditions, ZrO,-CS-MWCNTs composites have
good electrochemical activity for TDF determination. The ranges of 0.3 uM~30 pM and
0.3 uM~100 uM show good linear correlation with the oxidation current of TDF, and the
detection limit reaches 0.0625 M. In addition, ZrO,-CS-MWCNTs/GCE has good selec-
tivity, repeatability, reproducibility and stability for TDF. The sensor can be used in the
determination of TDF in serum and urine, with good recovery. The electrochemical sensor
is a simple and fast method for TDF detection.
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Abstract: A new spectroelectrochemical two-enzyme sensor system has been developed for the
detection of acetaldehyde in wine. A combination of spectroscopy and electrochemistry improves
the analytical features of the electrochemical sensor because the optical information collected with
this system is only associated with acetaldehyde and avoids the interferents also present in wines
as polyphenols. Spectroelectrochemical detection is achieved by the analysis of the optical prop-
erties of the K5[Fe(CN)y]/K4[Fe(CN)s] redox couple involved in the enzymatic process: aldehyde
dehydrogenase catalyzes the aldehyde oxidation using $-nicotinamide adenine dinucleotide hydrate
(NAD™) as a cofactor and, simultaneously, diaphorase reoxidizes the NADH formed in the first
enzymatic process due to the presence of K3[Fe(CN)g]. An analysis of the characteristic UV-vis bands
of K3[Fe(CN)4] at 310 and 420 nm allows the detection of acetaldehyde, since absorption bands are
only related to the oxidation of this substrate, and avoids the contribution of other interferents.

Keywords: spectroelectrochemistry; acetaldehyde; aldehyde dehydrogenase; diaphorase; screen-
printed electrodes (SPEs)

1. Introduction

Acetaldehyde (AA) is a basic compound present in certain alcoholic beverages such as
wine. It is mainly produced through two processes, through the oxidation of ethanol by the
action of the enzyme alcohol dehydrogenase, and also during the fermentation process by
the decarboxylation of pyruvate by the enzyme pyruvate decarboxylase. Both reactions can
take place throughout the wine production process, with the quantity of aldehyde produced
in these processes being important. AA is currently an indicator of wine quality despite
being used to control its biological aging, since it has a negative impact on the wine’s aroma
when it is present in high concentrations. Furthermore, due to its toxic effects, it plays a
crucial role in alcohol intoxication [1,2]. Concentration of AA in wine depends on many
important factors [3,4], such as, its rapid reaction with sulfur dioxide, the grape variety, the
manufacturing process, fermentation time, alcoholic strength, etc. Quantification of AA
in alcoholic beverages is traditionally carried out using chemical methods based on the
distillation of AA with bisulfite [5,6], colorimetry [7], chromatography [8,9] or enzymatic
methods [1,10]. However, these methods show several drawbacks such as a derivatization
step due to its high volatility, the necessity of weak interactions to improve the sensitivity,
their susceptibility to environmental interferences, the need to decolorize, filter, or degas
samples before assay, tedious and long (more than 2 h) protocols for the preparation of the
sample, high costs, etc.

The development of new methods for fast and easy AA detection as well as to avoid
complicated instrumentation and long and complex procedures is still required. A com-
bination of enzymatic systems with electrochemistry provides new devices for the easy
and quick detection of aldehyde compounds [11-13]. Particularly, AA detection is based
on the enzymatic system formed by the combinative work of aldehyde dehydrogenase
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(ALDH) and diaphorase (DP) (Figure 1). ALDH catalyzes the oxidation of aldehydes to
carboxylic acids using NAD™" as a cofactor, and particularly, AA is oxidized to acetate. At
the same time, DP reoxidizes the NADH previously generated during the ALDH reaction
and reduces K3[Fe(CN)s] to K4[Fe(CN)g]. The enzymatic system is completed with the
electrochemical oxidation of K4[Fe(CN)¢], previously generated to K3[Fe(CN)g].

Aldehyde ALDH | Carbo_xyllc
acid

NAD* NADH

N

DP

UV—Vis_.-""'""
bands -"K3Fe(CN)‘i'.. K,Fe(CN)g

.

+0.40 V

Figure 1. Enzymatic system formed by aldehyde dehydrogenase (ALDH), diaphorase (DP), (3-
nicotinamide adenine dinucleotide hydrate (NAD*), and K3[Fe(CN)4] which catalyzes the aldehyde
oxidation to carboxylic acid.

A combination of electrochemical sensors and spectroscopy has been scarcely used
due to the traditional instrumental limitations of spectroelectrochemical techniques. For-
tunately, the development of new setups and commercial instruments [14] enables the
spectroelectrochemical detection of a variety of analytes [15,16] due to UV-vis spectroelec-
trochemistry and joins the advantages of electrochemistry and UV-vis spectroscopy. In a
single experiment, spectroelectrochemistry provides two signals of different natures, which
is a very powerful feature to obtain valuable information about the system being studied. In
this enzymatic system, electrochemistry produces the oxidation of K4[Fe(CN)g], previously
generated during the enzymatic process, to K3[Fe(CN)g]. The simultaneous optical moni-
torization takes the advantage of the optical properties of the K4[Fe(CN)g]/K3[Fe(CN)¢]
redox couple, allowing the quick and easy detection of AA. Furthermore, the autovalidated
character of this technique provides valuable information in a single experiment [17,18].
Although the number of spectroelectrochemical sensors is increasing due to the advantages
of this hybrid technique [19-23], enzymatic systems are rarely analyzed using spectroelec-
trochemical techniques.

In the present work, the usefulness of the proposed enzymatic sensor system is
demonstrated for the spectroelectrochemical detection of AA. To the best of our knowledge,
this is the first time that a disposable sensor combines UV-vis spectroelectrochemistry with
the enzymatic system previously described, providing excellent results.

2. Materials and Methods
2.1. Reagents and Instrumentation

Aldehyde dehydrogenase, potassium activated from baker’s yeast (S. cerevisiae) (ALDH,
EC 1.2.1.5), diaphorase from clostridium kluyveri (DP, EC 1.8.1.4), B-nicotinamide ade-
nine dinucleotide hydrate (NAD*), bovine serum albumin (BSA), potassium ferricyanide
(K3[Fe(CN)g]), polyvinylpolypyrrolidone (PVPP), and acetaldehyde (AA) were purchased
from Merck (Sigma—-Aldrich, Madrid, Spain). All chemicals were analytical grade. Aqueous
solutions were prepared using ultrapure water (Direct-Q™ 5 system, Millipore, Spain).

Screen-printed carbon electrodes (DRP-110, Metrohm DropSens, Oviedo, Spain) were
used to perform the electrochemical experiments, while spectroelectrochemical measure-
ments were carried out with screen-printed gold electrodes (DRP-220AT, Metrohm DropSens,
Spain) in order to favor the reflection of the light on the electrode surface. The elec-
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tronic systems consisted of a flat ceramic card with a circular carbon or gold working
electrode (WE, 4 mm diameter), a carbon or gold counter electrode (CE), and a silver
pseudoreference electrode (RE). Electrochemical measurements were performed at room
temperature using a multichannel bipotentiostat, galvanostat, and impedance analyzer
uStat-i Multil6 controlled using DropView 8400 M v.1.01 software in combination with
an eight-channel connector and specific connectors for SPEs (DRP-4MMHCASTS8 and
DRP-CASTDIR respectively, Metrohm DropSens, Oviedo, Spain). Spectroelectrochemical
measurements were performed with SPELEC instrument (Metrohm DropSens, Oviedo,
Spain) controlled using DropView SPELEC software in combination with a bifurcated re-
flection probe (DRP-RPROBE-VIS-UV, Metrohm DropSens, Oviedo, Spain), and a reflection
cell (DRP-REFLECELL, Metrohm DropSens, Oviedo, Spain) for working in a near-normal
reflection configuration.

A fluorometric assay kit (Sigma—Aldrich, Madrid, Spain) was used to determine the con-
centration of acetaldehyde in white and rosé wines. Fluorometric experiments were carried
out using the 532 nm laser of SPELECRAMANG532 instrument (Metrohm DropSens, Oviedo,
Spain) as an excitation source, while the fluorescence signal was acquired with SPELEC.

2.2. Methods
2.2.1. Electrochemical and Spectroelectrochemical Detection of Acetaldehyde

Electrochemical detection was performed with a drop of 60 pL on the screen-printed
electrode (SPE), ensuring that the solution covers WE, RE, and CE, using chronoamperome-
try at +0.40 V for 60 s.

Spectroelectrochemical detection was also carried out using chronoamperometry ap-
plying +0.40 V for 300 s. In order to favor the increase of the absorption bands and their
better definition, longer times were required for the spectroelectrochemical detection than
for the electrochemical one. In addition, 100 pL of solution was used to ensure the spec-
troelectrochemical cell was filled and bubbles did not remain inside of the device. Light
reflected onto the electrode surface was collected using an integration time of 1 s. UV-vis
spectra were simultaneously recorded with the electrochemical measurements. Accord-
ing to the experimental time of the spectroelectrochemical experiments (300 s) and the
integration time selected (1 s), 300 spectra were recorded during the whole measurement.

2.2.2. Preparation of Wine Samples

Two Spanish wines, Carifiena white wine and Jerez rosé wine, were tested. The
samples were not treated before taking the electrochemical and spectroelectrochemical
measurements, and were only diluted in a 0.1 M phosphate + 0.1 M KCl buffer solution
(pH 8). Calibration plots of wine dilutions were represented in terms where, for example,
the value of 0.1 corresponded to the dilution of 1 mL of wine to 10 mL (1:10), 0.25 corre-
sponded to a dilution of 2.5 mL of wine to 10 mL (2.5:10), etc. For fluorometric tests, white
and rosé wine samples were diluted 100 times in ultrapure water.

2.2.3. Determination of Enzyme Activities and Michaelis Constants

Enzyme activity of ALDH and DP, expressed in U (umole of substrate transformed
per minute and per mg of protein), has been calculated using spectroscopic methods [10]
in previous work [24]. Briefly, ALDH activity was measured following the rate of reduc-
tion of NAD* using spectroscopic monitoring for 3 min of the band at 340 nm, which
was associated with NADH. DP activity was measured following the rate of reduction
of K3[Fe(CN)s] by the analysis of the band at 420 nm for 3 min. Spectroscopic deter-
mination was performed in transmission configuration considering Lambert—Beer’s law
(A =€ x b x C)and the calculated activities of ALDH and DP were 0.26 U/mg and
5.93 U/mg, respectively.

In addition, Michaelis constants for NAD* and AA were also calculated in previous
work by the fitting of the amperometric data to the Lineweaver-Burk model [24]. The
calculated Ky of NAD* and AA were 0.101 mM and 0.907 mM, respectively.
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3. Results
3.1. Electrochemical Detection of Acetaldehyde

Preliminary assays were considered to establish the initial experimental conditions.
Electrochemical detection of AA was performed in 0.07 U/mL ALDH, 0.07 U/mL DP, 1 mM
NAD*, 1 mM Kj3[Fe(CN)g], and 0.1% BSA in 0.1 M phosphate + 0.1 M KClI buffer solution
(pH 8) applying +0.40 V for 60 s (electrochemical data are shown in Figure S1). Under these
experimental conditions, Figure 2 shows the calibration plot obtained from 1 x 1075 M to
5 x 107* M AA. As can be observed, the results fit the equation y = 1.816 + 0.0592 for this
concentration range. In addition, the high correlation coefficient value (R? = 0.999) and
very low error bars ensures good adjustment and reproducibility.

1.00
y = 1.5816x + 0,0592
0.80 R2=0.999 .

0.60

0.40

Current (pA)

0.20

0.00
0.00 0.10 0.20 0.30 0.40 0.50

[AA] (mM)

Figure 2. Calibration plot of current obtained after applying +0.40 V for 60 s with different concentra-
tions of acetaldehyde (AA) and 0.07 U/mL ALDH, 0.07 U/mL DP, 1 mM NAD*, 1 mM K3[Fe(CN);],
and 0.1% bovine serum albumin (BSA) in 0.1 M phosphate and 0.1 M KCI buffer solution (pH 8).

In order to obtain a wider concentration range, different concentrations of ALDH
and DP were evaluated. The ratio between ALDH and DP is a crucial parameter because
the lack of activity of one of them could hamper the reliability of the electrochemical
measurements [13]. According to previous works [12,13,24], ratio ALDH/DP = 1 remains
constant and both concentrations were modified in the same way. Different amounts of
enzymes were evaluated, but the best results shown in Figure 3 were obtained working in in
0.14 U/mL ALDH, 0.14 U/mL DP, 1 mM NAD"*, 1 mM K3[Fe(CN)¢], and 0.1% BSA in 0.1 M
phosphate + 0.1 M KCl buffer solution (pH 8) (electrochemical data are shown in Figure S2).
A higher concentration of ALDH and DP did not improve the electrochemical results.
The calibration curve showed a higher slope than the value obtained under the previous
conditions (Figure 2), a wider concentration range (from 5 x 107° M to 2.5 x 10~# M), and
maintained a good adjustment (R? = 0.999) and reproducibility.
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Figure 3. Calibration plot of AA obtained after applying +0.40 V for 60 s with different concentrations
of acetaldehyde (AA) and 0.14 U/mL ALDH, 0.14 U/mL DP, 1 mM NAD", 1 mM Kj[Fe(CN)s], and
0.1% BSA in 0.1 M phosphate and 0.1 M KCl buffer solution (pH 8).

Table 1 summarizes the experimental conditions and the electrochemical results in the
detection of AA. According to the linear range of AA, 0.14 U/mL ALDH and 0.14 U/mL
DP were selected to continue with the development of the new enzymatic device.

Table 1. Experimental conditions for the electrochemical detection of acetaldehyde.

Ele’lc"::l;ﬁ;;?;cal Potential ~ Time ALDH DP NAD* K;3[Fe(CN)s] BSA AA Linear Range
Chronoamperometry 60s 0.07U/mL  0.07U/mL 1mM 1mM 0.1% 1x107°-5 x 1074 M
Chronoamperometry 60s 0.14 U/mL 0.14U/mL 1mM 1mM 0.1% 5x 107025 x107*M

However, apart from AA there were more components in wine samples that could
interfere in the electrochemical detection, for instance, polyphenols. Initially, calibration
curves with different dilutions of rosé and white wines in buffer solution were carried out
(green dots in Figure 4a,b, respectively) (electrochemical data are shown in Figure S3a,b).
As can be observed, dilutions from 0.05 to 0.5 for rosé wine and 0.1 to 1 (no dilution) for
white wine fit a linear curve. In addition, the same experiments were performed without
a NAD" cofactor in the sample (orange dots in Figure 4a,b) to remove the contribution
of AA to the current. In this way, these measurements provide the electrochemical signal
associated with other components but not with AA because the enzymatic reaction did
not take place. Similar slopes were obtained working without NAD*, and the interferents
contribution is clearly demonstrated since the electrochemical current was closer than the
response obtained with NAD*. The average of the current difference observed with and
without NAD* was 0.29 pA and 0.19 pA for rosé and white wine, respectively.
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Figure 4. Calibration plot of (a) rosé and (b) white wines obtained after applying +0.40 V for 60 s
with different dilutions of wine and 0.14 U/mL ALDH, 0.14 U/mL DP, with (green dots) and without
(orange dots) 1 mM NAD*, 1 mM Kj[Fe(CN)g], and 0.1% BSA in 0.1 M phosphate and 0.1 M KCl
buffer solution (pH 8).

Other parameters involved in the detection of AA were optimized to minimize the
contribution of the interferents. Particularly, lower potential + 0.20 V was applied to carry
out the AA calibration with and without NAD*. As was expected, the current value
obtained was lower than when applying +0.40 V, but the contribution of the interferents
in the electrochemical signal did not decrease when NAD™" was not added in the system
(data not shown). A significant alternative to remove the phenolic compounds in wines
consists of their treatment with polyvinylpolypyrrolidone (PVPP) [25-27]. Accordingly,
25 mL of each wine was mixed with 0.5 g of PVPP, the mixture was stirred for at least
5 min and then filtered before being used [28,29]. After this protocol, the samples were
decolored due to the fact that PVPP absorbs most polyphenol present in wines. The
electrochemical calibration of decolored rosé and white wines was performed under the
same experimental conditions as those shown in Figure 4 (0.14 U/mL ALDH, 0.14 U/mL
DP, 1 mM NAD*, 1 mM Kj3[Fe(CN)g], and 0.1% BSA in 0.1 M phosphate and 0.1 M KCl
buffer solution). Although PVPP is useful to decrease the amount of phenolic compounds,
the electrochemical results (data not shown) do not display good reproducibility and the
accurate quantification of AA cannot be achieved. According to the results obtained, the
electrochemical detection of AA based on the enzymatic ALDH/DP sensor systems seems
complicated and alternative methodologies must be developed.

3.2. Spectroelectrochemical Detection of Acetaldehyde

Spectroscopic detection simultaneously performed with the electrochemical oxida-
tion is an interesting methodology based on the optical properties of the enzymatic sys-
tem employed, particularly those related to the K3[Fe(CN)s]/K4[Fe(CN)g] redox cou-
ple. K3[Fe(CN)s] shows two characteristic UV-vis bands at 310 and 420 nm [30], while
K4[Fe(CN)s] does not show an absorption signal. The main advantage with respect to
electrochemical detection is that K3[Fe(CN)s]/K4[Fe(CN)g] conversion is only related to AA
and not to polyphenols or other interferents present in wine samples. In order to ensure the
removal of this contribution, gallic acid was considered as representative polyphenol and
its optical properties were analyzed. Gallic acid only shows one band at 280 nm, which does
not interfere with K3[Fe(CN)¢] bands. An additional advantage of spectroelectrochemical
analysis is that the pretreatment of wine samples is not required.

UV-vis spectroelectrochemistry was carried out, applying +0.40 V for 300 s instead of
60 s to favor the enhancement of the optical signal. The electrochemical reaction (chronoam-
perogram shown in Figure 5a) produces the oxidation to K3[Fe(CN)¢] while their char-
acteristic bands are simultaneously detected (Figure 5b) during the whole measurement.
Figure 5b shows the evolution of the spectroelectrochemical signal in 0.6 mM AA during
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300 s. The spectrum of the initial solution, which corresponds to the K4[Fe(CN)4] gener-
ated during the enzymatic reaction, was taken as a reference (blue line in Figure 5b). As
Figure 5b shows, absorbance of UV-vis bands of K3[Fe(CN)s] increases during the oxida-
tion process of K4[Fe(CN)g]. In order to demonstrate that the observed signal corresponds
to the oxidation process previously explained, the optical monitoring of the enzymatic
reaction (10 min) without potential, was carried out. As can be observed in Figure 54, the
absorbance decreases during the enzymatic reaction because the initial K3[Fe(CN)g] present
in solution is reduced to K4[Fe(CN)4] which does not absorb in the UV-vis region.
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Figure 5. (a) Chronoamperometry and (b) UV-vis spectra recorded in 0.6 mM AA, 0.14 U/mL ALDH,
0.14 U/mL DP, 1 mM NAD", 1 mM K3[Fe(CN);], and 0.1% BSA in 0.1 M phosphate and 0.1 M KCl
buffer solution (pH 8). Potential of +0.40 V was applied for 300 s.

Different concentrations of AA were evaluated in 0.14 U/mL ALDH, 0.14 U/mL DP,
1 mM NAD*, 1 mM Kj[Fe(CN);], and 0.1% BSA in 0.1 M phosphate and 0.1 M KCl buffer
solution. Figure S5 displays the spectrum obtained after 300 s with different concentrations
of AA. The calibration curve done with the absorbance at 420 nm after 300 s (Figure 6) from
0.1 to 0.7 mM AA fits the equation y = 0.993x + 0.0014. The high correlation coefficient
value (R? = 0.996) ensures the good adjustment and the usefulness and sensitivity of
the spectroelectrochemical method for the detection of AA in this concentration range.
Furthermore, good reproducibility is demonstrated with the small error bars.
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Figure 6. A calibration plot of absorbance at 420 nm obtained after applying +0.40 V for 300 s with
different concentrations of acetaldehyde (AA) (0.1-0.7 mM) and 0.14 U/mL ALDH, 0.14 U/mL
DP, 1 mM NAD*, 1 mM Kj[Fe(CN)g], and 0.1% BSA in 0.1 M phosphate and 0.1 M KClI buffer
solution (pH 8).
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Once the AA calibration was obtained, wine samples were measured. Different
dilutions of white and rosé wines were tested, allowing us to optimize the dilution factor
for each type of wine. In the case of white wine, the most reproducible results which fit
the calibration range were obtained with the sample 1:2 diluted, while rosé wine must be
1:4 diluted to optimize the spectroelectrochemical results. Applying these dilution factors
to the wine samples, the mixture with the other reagents was achieved. After 10 min of
enzymatic reaction, the spectroelectrochemical detection was performed applying +0.40 V
for 300 s and UV-vis spectra were simultaneously recorded. For white wine, absorbance at
420 nm was 0.0212 +/— 0.0012 a.u. (n = 3), while for rosé wine it was 0.0287 +/— 0.0025 a.u.
(n=3). Quantification of AA was easily calculated extracting the AA concentration from the
calibration curve (y = 0.993x + 0.0014, Figure 6) and considering the dilution factor for each
type of wine, but also the dilution of the wine sample in the mixture with the other reagents.
The concentration of AA was calculated, obtaining 1.99 mM (87.56 mg/L) in white wine
and 5.51 mM (242.44 mg/L) in rosé wine. In addition, an RSD of 5.79% and 8.84% were
obtained for white and rosé wine, respectively. As was previously explained, the variability
in the concentration of AA present in wines is very high, since it not only depends on the
type of wine (white, rosé, etc.), but also on many other factors, with certain wines able to
have a concentration of up to 700 mg/L [3]. As is reported in literature, a concentration
of AA in Carifiena white wine, calculated using gas chromatography—mass spectrometry,
is 87.2-87.9 mg/L [31]. In terms of Jerez rosé wine, the characteristic concentration in
this kind of wine is 220-380 mg/L [32]. Hence, the experimental results obtained in this
work agree with the data reported in the literature using other methods, demonstrating the
usefulness of the spectroelectrochemical enzymatic system.

To validate the spectroelectrochemical method, a commercial assay kit was used to
determine the AA concentration in wine samples. According to the protocol, white and
rosé wines were evaluated using fluorometric tests after 30 min of incubation, obtaining
2.13 £0.05mM (93.72 & 2.2 mg/L) and 5.41 £ 0.16 mM (238.04 & 7.4 mg/L), respectively.
Hence, the spectroelectrochemical results obtained with the enzyme sensor system not only
agree with those reported in literature, but also with the value calculated with a commercial
kit designed for that purpose (Table 2).

Table 2. Comparison among several methods for the determination of acetaldehyde in Carifiena and
Jerez wines.

Detection Technique Carifiena White Wine (mg/L) Jerez Rosé Wine (mg/L)
GC-MS 87.2-87.9 [31] 220-380 [32]
Fluorometry 93.72 (this work) 238.04 (this work)
Spectroelectrochemistry 87.56 (this work) 242 .44 (this work)

4. Conclusions

In summary, a new spectroelectrochemical enzymatic sensor has been developed in this
work. A combination of electrochemistry and UV-vis spectroscopy in a single experiment
allows us to improve the analytical features that both techniques have separately. The
new device is based on the joint action of ALDH and DP, which produce the oxidation
of AA to acetate, but also generate K4[Fe(CN)s] during the enzymatic reactions. The
K4[Fe(CN)s]/Ks[Fe(CN)g] redox couple has interesting optical properties, Kz[Fe(CN)¢]
has two absorption bands, while K4[Fe(CN)g] does not have any. The spectroscopic signal
obtained in the spectroelectrochemical measurements only displays the two absorption
bands of K3[Fe(CN)s], and additional bands related to the interferents also present in
wines are not detected. In that way, it avoids the pretreatment of the samples to remove
the contribution of other compounds as polyphenols, simplifies the detection protocol,
and saves time and cost. Furthermore, the easy spectroelectrochemical monitoring of the
oxidation of K4[Fe(CN)4] to K3[Fe(CN)] allows the quantification of AA. Two different
wines have been evaluated in this work and, as the pretreatment was very easy, they only
required an initial dilution, white wine was diluted 1:2 and rosé wine 1:4. The calibration
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curve with absorbance at 420 nm vs. the AA concentration, allowed the quantification of
aldehyde, being 1.99 mM or 87.66 mg/L in white wine and 5.51 mM or 242.57 mg/L in
rosé wine. The spectroelectrochemical results agree with the literature as well as with those
obtained with a commercial kit, and in this way, this spectroelectrochemical enzymatic
sensor opens new possibilities in the detection of acetaldehyde in the wine industry.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/bios12111032/5s1, Figures S1 and S2: Chronoamperograms obtained applying +0.40 V for
60 s with different concentrations of AA, ALDH, DP, NAD*, K3[Fe(CN)] and BSA in phosphate and
KCl buffer solution (pH 8). Figure S3: Chronoamperograms obtained applying +0.40 V for 60 s with
different dilutions of rosé and white wines, ALDH, DP, NAD"*, K3[Fe(CN)4] and BSA in phosphate
and KClI buffer solution (pH 8). Figure S4: UV-vis spectra recorded during the enzymatic reaction
(10 min) in AA, ALDH, DP, NAD*, K3[Fe(CN)g] and BSA in phosphate and KCl buffer solution (pH 8).
Figure S5: UV-vis spectra obtained after applying +0.40 V for 300 s with different concentrations of
AA, ALDH, DP, NAD", K;[Fe(CN)g] and BSA in phosphate and KClI buffer solution (pH 8).
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Abstract: Alzheimer’s disease (AD) is an irreversible neurodegenerative disease with clinical symp-
toms of memory loss and cognitive impairment. Currently, no effective drug or therapeutic method
is available for curing this disease. The major strategy used is to identify and block AD at its initial
stage. Thus, early diagnosis is very important for intervention of the disease and assessment of
drug efficacy. The gold standards of clinical diagnosis include the measurement of AD biomarkers
in cerebrospinal fluid and positron emission tomography imaging of the brain for amyloid-3 (Af)
deposits. However, these methods are difficult to apply to the general screening of a large aging
population because of their high cost, radioactivity and inaccessibility. Comparatively, blood sample
detection is less invasive and more accessible for the diagnosis of AD. Hence, a variety of assays
based on fluorescence analysis, surface-enhanced Raman scattering, electrochemistry, etc., were
developed for the detection of AD biomarkers in blood. These methods play significant roles in
recognizing asymptomatic AD and predicting the course of the disease. In a clinical setting, the
combination of blood biomarker detection with brain imaging may enhance the accuracy of early
diagnosis. Fluorescence-sensing techniques can be used not only to detect the levels of biomarkers in
blood but also to image biomarkers in the brain in real time due to their low toxicity, high sensitivity
and good biocompatibility. In this review, we summarize the newly developed fluorescent sensing
platforms and their application in detecting and imaging biomarkers of AD, such as A and tau in
the last five years, and discuss their prospects for clinical applications.

Keywords: Alzheimer’s disease; biomarkers; diagnosis

1. Introduction

Alzheimer’s disease (AD) is a common neurodegenerative disease accompanied by the
clinical features of memory loss and cognitive decline [1]. Approximately 34 million people
worldwide are suffering from this disease at present. With the rising aging population,
more than 131 million people are expected to be affected by this disease by 2050, resulting
in a huge burden to individuals and society [1,2]. So far, the pathogenesis of the disease has
not been revealed clearly, and there are no effective measures for the treatment in clinical
settings. Early diagnosis and intervention are still the only measures to prevent the disease.
Amyloid plaques formed by extracellular A peptide precipitation and neurofibrillary
tangles (NFTs) formed by intracellular tau protein aggregation are the main pathological
features of AD in the brain [3], whose levels in the cerebrospinal fluid (CSF) have been
used as the gold standards for neuropathological diagnosis of AD. Alteration in A and
tau levels in CSF and plasma may appear many years before symptoms. Tracking these
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changes in biomarkers is very important to identify asymptomatic AD, and thus, predict
the progression of the pathological process.

According to the report by the National Institute on Aging-Alzheimer’s Association
(NIA-AA) in 2018 [1,3,4], the quantitative detection of AD biomarkers, including A{340
and Ap42 peptides and phosphorylated and total tau proteins, in CSF was established
as the diagnostic criteria for identifying probable AD patients. However, these methods
based on CSF biomarkers are not applicable for physical examination of the public due to
their invasiveness during sample collection via lumbar puncture. Research showed that
biomarkers in CSF can access the blood due to damage to the blood-brain barrier (BBB) in
AD [5-9]. In the blood, a low level of Af42 and high levels of total and phosphorylated
tau proteins indicate damage and degeneration of neurons in the brain [10], and the
contents of these biomarkers are altered with the process of AD development. Therefore,
detecting readily available blood biomarkers (e.g., A42 peptides, phosphorylated tau
proteins and total tau proteins) is becoming a promising strategy for AD diagnosis. In
clinical settings, the currently available and practical methods for AD diagnosis are the
rating scale tests and brain imaging, including positron emission tomography (PET) [11],
single-photon emission computed tomography (SPECT) [12-15] and magnetic resonance
imaging (MRI). However, the rating scale tests are highly dependent on the judgment of
doctors, with high subjectivity and inaccuracy. Brain imaging with the above investment
is comparably accurate, but the expensive instruments and radioactive tracer for PET
block their application in physical examinations and population screening [16,17]. For
example, PET detection uses the accumulation of ¢ or 18F isotopes in the metabolism of
radionuclides in the human body to reflect the metabolic activities of life. However, the
half-lives of ''C and !8F are relatively short at 20 and 110 min, respectively, and they are
quickly metabolized in the body [18].

The combination of blood biomarker detection with neuroimaging in the brain could
be an effective strategy to enhance the accuracy of early diagnosis. With the rapid progress
of sensing techniques, fluorescent methods are used not only to detect the levels of biomark-
ers in blood but also to instantly image them in the brain based on the low toxicity, high
sensitivity and good biocompatibility of fluorescent agents and the excellent sensing per-
formance and accessibility of the technology platform. However, for the detection of a trace
amount of samples, such as a drop of blood, the fluorescence signal is weak, and thus, the
detection sensitivity needs to be improved, leading to the optical signal detection equip-
ment needing to be much more complex and expensive, which limits its application [19].
At present, a single-molecular array (Simoa) based on the principle of immunofluorescence
became a mature technology from Quanterix company that can measure AD blood biomark-
ers at femtomolar concentrations. As shown in Figure 1, the ultra-high sensitivity of Simoa
mainly relies on its femtoliter-sized reaction system to reduce the background noise. This
technology requires expensive equipment for the measurement, which is a typical example
of using a large-scale detection system to achieve an ultra-sensitive measurement [20]. In
contrast to the published articles on the targeting of amyloid aggregates using photoactive
probes [21], the targeting of AD using small molecule near-infrared fluorescence probes [22]
was discussed. In this review, we excluded the fluorescence methods considering their high
cost and restrictions regarding equipment. We focused on the newly developed enhanced
fluorescent sensing platforms for their application in detecting AD blood biomarkers, such
as AP, tau, BACE1 and APOE4. Moreover, the imaging of A3 plaques and tau tangles in the
brain based on fluorescent sensing platforms is also summarized. In brief, this review first
overviews some AD biomarkers in the blood from the last five years and then introduces
enhanced fluorescence-sensing platforms for detecting them, with further applications
in imaging A plaques and NFTs in the brain. The prospects and challenges of those
platforms are also discussed in terms of research directions and clinical applications.
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Fluorescence sensing
platforms for AD
biomarkers

Figure 1. Schematic illustration of enhanced fluorescence-sensing platforms for detecting trace-level
AD blood biomarkers and imaging AD features in the brain.

2. Biomarkers for AD Diagnosis

Compared with cerebrospinal fluid sampling via a lumbar puncture and other invasive
methods, using blood as a non-invasive method to detect AD biomarkers has attracted
great attention. AD occurs over a long period with various biomarkers, such as Af,
tau, APOE, BACE1 and microRNAs, showing up in the blood. The main pathological
features of AD are senile plaques, which are mainly formed by the aggregation of A3
and neurofibrillary tangles (NFTs) formed by the hyperphosphorylation of tau (P-tau),
with both of these leading to the death of neurons [23,24]. Therefore, Af3 (including A3
monomers, oligomers and plaques) [17,25,26] and tau (including total tau proteins and
phosphorylated tau proteins) [9,20,27] are generally regarded as the two most important
types of AD biomarkers in blood. In addition, other blood biomarkers were also reported,
such as the specific microRNAs [28], BACEL1 [29,30] APOE [31-34] and metal ions [35,36].

Many studies showed that the level of A3 protein begins to change 10-15 years before
clinical manifestation [25]. As the major component of senile plaques, A is derived from
amyloid precursor protein (APP). APP metabolism is mediated by three hydrolases, i.e.,
o-, B- and y-secretases. AP is produced by APP cleavage sequentially through (- and
v-secretases. Polypeptides A340 and A {342 containing 40 and 42 amino acids, respectively,
are the two most important isoforms [26]. Normally, the production and clearance of A3
peptides should be balanced, but in AD patients, increased production and decreased
clearance of Af3 lead to abnormal extracellular accumulation of AB340 and A42 peptides.
Since the concentration of AR40 in CFS is ten times that of AR42, the concentration of
A[40 does not change significantly during the process of AD, and the ratio of A42/A340
is more accurate than that of a single indicator [37]. The abnormally aggregated A342
monomer self-assembles into soluble A oligomers, which then form fibrils and plaques
that eventually lead to tau pathology and subsequent neuronal dysfunction [38]. Soluble
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AR oligomers are the main toxic substances and are more specifically involved in neuronal
death and cognitive impairment than insoluble fibrils [38,39].

Tau proteins play physiological roles in stabilizing microtubules, reducing the disso-
ciation of tubulin molecules and inducing microtubules to form bundles. There are six
isoforms of tau proteins containing 352, 381, 383, 410, 412 and 441 amino acids [40]. In the
case of full-length tau, which contains 441 amino acids, there are a total of 85 possible phos-
phorylation sites that regulate the binding of tau to microtubules to keep them stable [41].
In healthy people, a tau protein contains 2-3 phosphate groups, while in AD patients, tau
is abnormally hyperphosphorylated and can contain 5-9 phosphate groups per protein.
Hyperphosphorylation of tau reduces the binding affinity between tau and microtubules
and grabs other microtubule-associated proteins (MAPs) from microtubules, which leads
to the formation of NFTs and ultimately results in microtubule depolymerization and
impaired neuronal function [42].

In addition, APOE, BACE1 and some microRNAs are used to analyze the pathology
of AD. Apolipoprotein E (APOE) is a major lipid transporter in the brain, with three
main isoforms (APOE2, APOE3 and APOE4) [31]. The APOE4 allele is one of the most
important genetic risk factors [43]. APOE4 heterozygous carriers have a 2-3 times higher
risk of AD than noncarriers, while homozygous individuals have a 12 times higher risk
of AD than noncarriers [31,44]. APOE2 carriers have a protective effect compared with
APOE3 and APOE4 carriers [45]. Although the exact mechanism of how APOE4 mediates
AD pathology is still unclear, APOE4 was accepted in clinical settings as a biomarker to
distinguish AD candidates and healthy controls. BACEI (i.e., 3-secretase) is an aspartic
acid protease that mediates the cleavage of APP to release Ap. Therefore, the reduction
in BACE1 can effectively reduce the overproduction of A [46]. Studies showed that
BACE1 inhibitors effectively reduce excessive production and abnormal accumulation of
A [47]. MicroRNAs are small endogenous noncoding RNAs [48]. Some microRNAs are
regulatory factors used to regulate the expression of APP and the production and clearance
of AR during their formation. MicroRNAs are very stable in blood, plasma and CSF,
and are gradually becoming biomarkers for the detection of AD [49]. For example, Arun
Richard Chandrasekaran et al. [50] developed AD-related miR-107 native assays, achieving
ultrasensitive detection of miR-107 without amplification or labeling. The metabolism
of human cells produces reactive nitrogen species (RNS) and reactive oxygen species
(ROS). ROS has a dual role in the body. Overactivity of ROS will play a destructive role
in accelerating human aging and cell damage [51]. The content of ROS in AD patients
is higher than that in normal people. ONOO™ is a combination product of superoxide
and nitric oxide, which is an active substance that causes great harm via oxidative stress.
Wang et al. [52] designed a peroxynitrite (ONOO™)-activated near-infrared probe, namely,
Rd-DPA3, whose detection limit of ONOO™ was 3.4 nM, which is higher than that of other
ROS. In this study, the structure and lipophilicity of the probe scaffold were adjusted to
improve the ability of the current probe to cross the weak blood-brain barrier and realize
the monitoring of ONOO™ in vivo.

3. Enhanced Fluorescence-Sensing Platforms for the Detection of AD
Blood Biomarkers

As mentioned above, AD blood biomarkers are important for early diagnosis, predict-
ing the stage of disease and monitoring drug effects [9,10]. Compared with CSF sampling
using a lumbar puncture and other invasive methods, blood detection has attracted great
attention. However, blood-analysis methods also have certain limitations, such as very
low levels of pathological proteins transferring from the brain to the blood and a wide
range of interfering proteins. Therefore, there is an urgent need for ultrasensitive, stable
and repeatable methods to detect AD biomarkers in blood [53]. The fluorescence detection
technique was previously tried for detecting AD blood biomarkers, which exhibited some
advantages, including high sensitivity, simple operation and fast detection speed compared
with traditional protein analytical methods. However, the fluorescence signal is very weak
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when the concentration of the target analyte is low. To obtain higher sensitivity, there are
generally two strategies. One is to use large detection equipment to identify weak signals,
and the other is to amplify weak fluorescence signals. Under physiological conditions, the
concentration of AD blood biomarkers is only in the order of pg/mL, which is beyond the
detection limit of ordinary fluorescence detection methods [19]. Considering the complexity
and high cost of large-scale instruments, here we mainly summarize the application and
advance of enhanced fluorescence-sensing platforms in the detection of AD biomarkers in
blood, including A, tau, metal ions and microRNA.

3.1. Amyloid-p Peptide

The AP peptide is a classical biomarker of AD in its early stage. It includes multiple
forms, such as AB40, AB42, AB oligomers and Ap fibers. To improve the sensitivity of
fluorescence detection, Chen et al. [54] constructed an enhanced fluorescence platform for
the ultrasensitive detection of AB40 and Af42 based on gold nanoislands. The research
procedures included the screening of A antibody, optimizing the conditions and adjust-
ing the program to realize near-infrared fluorescence enhancement of a plasmonic gold
nanochip. The detection limit of this method reached 0.1 pg/mL. As shown in Figure 2A,
the plasmonic gold nanochip surface contains a gold nanoisland layer with nonuniform
gap separation. The gold nanoislands provide a powerful surface plasmon resonance
enhancement, which, in turn, significantly increases the fluorescence signal.
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Figure 2. Schematic diagrams of four enhanced fluorescence-sensing platforms. (A) Enhanced
fluorescence-sensing platform based on plasmonic gold nanoislands for the detection of Af40
and Ap42. Copyright (2021) ACS publications [54]. (B) Design of an amyloid-AIE fluorescence
molecule and the principle of detecting amyloid proteins. Copyright (2022) Wiley [55]. (C) En-
hanced fluorescence sensor based on gold nanorods for A aggregates. Copyright (2020) MDPI [56].
(D) Fluorescence-sensing platform based on MoS, nanosheets for monitoring Af oligomers. Copy-
right (2020) RSC publications [57].

Tang et al. [55] conjugated a hydrophilic peptide GNNQQNY (G7) with the hydropho-
bic AIE fluorescent molecule triphyenylvinyl benzoic acid (TBA) to form a G7-TBA molecule
for the multifunctional detection and regulation of Ap (Figure 2B). As an A3 probe G7-
TBA solves the problems of poor water solubility and low permeability of traditional AIE
molecules. The hydrophilic peptide of G7, i.e., GNNQQNY, is a short fragment of the yeast
prion protein Sup35 with a binding motif to interact with A and human islet amyloid
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polypeptide (hIAPP) in type II diabetes. According to the AIE luminescence mechanism,
the G7-TBA probe has low fluorescence in an A3 monomer state and high fluorescence in
an aggregated state. The G7-TBA probe showed a higher affinity for amyloid aggregates
than the commercial ThT and amyloid aggregates.

Francisco Morales-Zavala et al. [56] combined CRANAD-2 with functionalized gold
nanorods (GNRs) to significantly improve the fluorescence signals of CRANAD-2 for
Ap aggregates (see Figure 2C). The detection method consists of two parts: CRANAD-2
fluorescent probe and GNRs. The CRANAD-2 probe is a curcumin analog that has a high
affinity for insoluble amyloid aggregates, such as A fibrils (K; = 38 nM); however, its
low quantum yield (20%) makes the probe difficult to detect [58], and this limited the
application of the probe in detecting amyloid aggregates in AD. The surface of the gold
nanorods was modified with HS-PEG-OMe and HS-PEG-COOH, and then coupled with a
peptide with selective recognition of A3 aggregates (please refer to the author’s article) [59].
The functionalized GNRs enhance the fluorescence signal of the CRANAD-2 probe and
target AP aggregates that are impossible to be detected using CRANAD-2 alone. This
method can be used for the detection of amyloid in vivo, and it provides a more reliable
way for the fluorescence imaging of AD pathology.

Lingna Kong et al. [57] combined fluorescent dye-labeled single-stranded DNA (ss-
DNA) with molybdenum disulfide nanosheets (MoS, NSs) and realized the detection of
Ap oligomers with a detection limit of 3.1 nM (Figure 2D). The fluorescence group FAM,
which specifically recognizes A oligomers, was labeled on single-stranded DNA and then
coupled with MoS; NSs. At this time, fluorescence quenching is caused by the action of
van der Waals forces. After the addition of an A oligomer, a hybrid structure was formed
between the A oligomer and ssDNA, resulting in the stripping of fluorescent dye-labeled
single-stranded DNA from the molybdenum disulfide nanosheet and fluorescence recovery.
By adding different concentration gradients of Af oligomers and measuring different
fluorescence signals, the ultra-low concentration of Af oligomers was detected. In addition,
the team also found that MoS; NSs can inhibit A aggregation and degrade the formed
AP fibrils.

3.2. Tau

Tau protein plays an important role in stabilizing microtubules; however, its hyper-
phosphorylation destabilizes microtubules and leads to the pathogenesis of AD. Total tau
and phosphorylated tau in CSF have been widely accepted in clinical settings as the key
biomarkers of AD. With the advances in analytical techniques, the phosphorylated tau at
amino acid positions 181 (p-taul81) and 217 (p-tau217) are also considered the biomarkers
of AD in blood.

Yao et al. [60] developed a non-enzyme-linked secondary antibody to recognize pro-
teins and an enzyme substrate to generate optical signals, which greatly reduced the
operation steps for tau detection and improved the experimental accuracy (Figure 3A). The
team adsorbed anti-human tau antibodies onto graphene oxide (GO) surfaces to provide
specific binding sites for tau. The tau protein, which binds to the binding site, is added to
a buffer containing antibody-conjugated GO, followed by the addition of standard fluo-
rescein isothiocyanate-labeled tau (tau-FITC). The GO surface is both a nanoscale binding
platform and an energy acceptor, which quenches the fluorescence of tau-FITC that is close
to and adsorbed to the graphene surface, while those that are not close to the graphene
surface emit fluorescence. The number of binding sites for modified GO is limited, where
the more tau protein that is adsorbed, the less tau-FITC that is adsorbed and the stronger the
fluorescence signal generated by free tau-FITC in the solution. Therefore, the fluorescence
intensity can be controlled by the tau protein concentration, and the tau protein can be
detected according to the changes before and after fluorescence.
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Figure 3. Fluorescence-sensing platforms for the detection of tau proteins. (A) Fluorescence quench-
ing based on graphene oxide for detecting the tau protein. Copyright (2018) RSC publications [60].
(B) Anti-tau arrays on chip for detecting tau protein in the blood. Copyright (2021) Elsevier [61].
(C) The fluorescence immunoassay based on CulnS;/ZnS quantum dots for the detection of tau
protein. Copyright (2019) Springer [62]. (D) Fluorescence-sensing platform based on magnetic
nanoparticles for detecting AD biomarkers. Copyright (2019) Ivyspring International Publisher [63].

Sun et al. [61] developed fluorescent peptide nanoparticle (f-PNPs) arrays to simul-
taneously detect multiple signals of AD blood biomarkers (Figure 3B). Tryptophane-
phenylalanine (WF) dipeptide is an effective self-assembly sequence that induces the
formation of f-PNPs arrays on glass substrates. The f-PNPs arrays are modified by anti-tau
antibodies to target serum tau protein. This method not only shows a high signal-to-noise
ratio for AD diagnosis but also detects multiple signals simultaneously, such as tau protein
concentration and aggregation stages.

Zhang et al. [62] established a redox-mediated fluorescent immunoassay for the de-
tection of tau protein based on dopamine (DA)-functionalized CulnS,/ZnS quantum dots
(Figure 3C). DA is modified on the surface of CulnS,/ZnS quantum dots via amide reac-
tions. A biotin-modified aptamer, tau protein and TRY-anti-tau were sequentially added
to the 96-hole polystyrene plate coated with avidin. Tyrosinase (TYR) is an oxidase that
catalyzes dopamine oxidation. After washing off the excess TRY-anti-tau, CulnS,/ZnS-
DA quantum dots were added. Under the catalysis of TYR, the DA in CulnS,/ZnS-DA
is partially oxidized to dopamino quinone, which can be used as a quenching agent of
CulnS;/ZnS quantum dots, triggering fluorescence quenching. By modifying TYR, the
sensitivity of the fluorescence-sensing platform was improved to a detection limit of 9.3 pM
and a linear range of 10 pM~200 nM.

Chan et al. [63] developed an ultrasensitive multiple assay using a hybrid antibody-
aptamer immunoassay, and then amplified the target signal via DNA amplification tech-
nology, with a sensitivity down to the femtomolar level (Figure 3D). For example, the
simultaneous detection and recognition of p-taul81 and tau441 can be achieved using
two different morphometric magnetic probes with detection limits of 3.6 fM and 4.3 fM,
respectively. This method uses fewer samples, does not require pre-labeled antibodies and
can distinguish protein isomerism.

3.3. Other Biomarkers in the Blood

In addition to the most important A3 and tau biomarkers, there are some other AD
biomarkers in the blood, such as microRNA, metal ions, APOE and BACE1. We also
summarize the fluorescence-sensing platform for detecting these AD blood biomarkers.
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Specific miRNAs in the blood are biomarkers for the early diagnosis of AD, and the
detection procedure is minimally invasive and painless. Zhang et al. [64] developed a
method that combines acoustic-aggregation-induced particles with fluorescence enhance-
ment, providing a new strategy for the detection of the AD biomarker miRNA (Figure 4A).
Briefly, carboxyfluorescein (FAM)-modified DNA probes were coupled with carboxyl-
functionalized polystyrene particles. The DNA probes on fluorescein-labeled particles were
complementary to the miRNAs and base-paired with them to form double-stranded struc-
tures. DNA exonuclease was then introduced to cut the unhybridized DNA probe to release
FAM, and the double-stranded structure with bases complementary to the miRNA was
protected. When the ultrasound is turned off, the particles modified by the FAM-labeled
DNA probe are in a dispersed state, and the fluorescence signal is weak. However, when
the ultrasound is turned on, driven by sound waves with a frequency of 530 kHz and a
voltage of 500 mV, the particles modified by the FAM-labeled DNA probes will move and
gather in the center of the chip, and strong fluorescence can be detected at this time. The
research group verified miRNA-101 with a detection limit of 5 fM.

Studies showed that Cu?* is involved in the regulation of A fibril assembly and
neurotoxicity. Cysteine plays the role of redox signaling in AD, and thus, the detection
of Cu?* and cysteine is essential for the study of the pathology of AD [65]. In 2021, Niu
et al. [32] developed a label-free fluorescent probe to continuously detect the levels of
cysteine and Cu?*. As shown in Figure 4B, under alkaline conditions, gold nanoclusters
(AuNCs) were prepared using the reaction of HAuCly with bovine serum protein (BSA-
AuNCs). The electron transition of BSA-AuNCs molecular orbitals produced fluorescence
signals. When cysteine was added, it filled the gap on the BSA-AuNCs surface and reacted
with BSA-AuNCs, resulting in a significantly enhanced fluorescence signal. With the
addition of Cu®*, cysteine is oxidized and the Au-S bond between cysteine and BSA-
AuNCs is destroyed. Cu®* will also interact with tryptophan in BSA, which will destroy
the stability of BSA-AuNCs and lead to fluorescence quenching. The detection limit of Cu®*
in AD mice was 0.1465 pM.
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Figure 4. Fluorescence-sensing platforms for the detection of microRNA, metal ions and pathological
enzymes of AD. (A) Fluorescence enhancement based on acoustic aggregation for detecting miRNA.
Copyright (2021) Elsevier [64]. (B) Fluorescence switch for the detection of Cu?*. Copyright (2021)
Elsevier [35]. (C) Fluorescence nanosensors based on the self-assembly of superquenched AuNPs for
the detection of BACE-1. Copyright (2021) ACS publications [66]. (D) Fluorescence-sensing platform
based on ThT@Er-MOF for AChE detection. Copyright (2020) RSC publications [67].
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Zhang et al. [66] constructed a self-assembly superhardened gold nanoparticle (AuNP)
nanosensor to detect and image BACE-1 instantaneously in living cells (Figure 4C). The
nanoprobes consist of three parts: multiple fluorophore-labeled peptide probes, an assistant
DNA containing a black hole quencher 2 (BHQ2) and AuNPs. The fluorescein-labeled
peptide probes and BHQ2-labeled DNA probes assist with self-assembly on the surface of
AuNPs, resulting in superfluorescence quenching. When BACEI is added, this enzyme
catalyzed the cleavage of the fluorophore-labeled peptide probes to release abundant
fluorophores. The fluorophores signal can be displayed directly using single-molecular
imaging. This enhanced fluorescent sensor has the advantages of high efficiency, low
detection limit and good stability. The quenching efficiency of the self-assembly process is
up to 98.37% and the background fluorescence is close to zero. Combined with the single
molecule detection technique, the sensor can sensitively detect BACE1 with a detection
limit of 26.48 pM. This nanoprobe can also be used to instantaneously image endogenous
BACET1 in living cells.

Ding et al. [67] introduced the fluorescent dye thioflavin (ThT) into the three-dimensional
material Er-MOF (a novel metal-organic framework [Er(L)(DMF); »7],) to construct a ratiomet-
ric fluorescence sensor based on ThT@Er-MOE. The ThT@Er-MOF sensor successfully achieved
ultrasensitive detection of AD biomarkers, such as presenilin 1 (PS1), AR and acetylcholine
(ACh), with three different detection strategies. Mutation in the PS1 gene leads to the pathol-
ogy of AD [68]. ACh is a neurotransmitter that can be degraded by acetylcholinesterase (AchE),
which is considered one of the biomarkers of AD [69]. Figure 4D introduces two different
ACh detection processes based on the ThT@Er-MOF-modified fluorescence-sensing platform.

There were many valuable studies on enhanced fluorescence-sensing platforms for
detecting AD blood biomarkers. Detailed information about each biomarker and the
analytical performance, including the limit of detection (LOD) is shown in Table 1.

Table 1. Fluorescence-sensing platforms based on nanomaterials for detecting AD blood biomarkers.

Nanomaterials Biomarkers LOD Clinical Samples References
Cu-BTC/Tb AR40 0.3nM Human blood [70]
3D hydrogel AB 0.5 pM Human serum [71]

pGOLD AB 0.1 pg/mL Human blood [54]

H-USM/BHQ-1 Ap oligomers 28.4 pg/mL / [72]

AuNP-RAMRA AP oligomers 22.3 pM AD mice [73]

ThT@Er-MOF AchE 0.03226 nM / [67]

L-MOF A oligomers 0.4 pg/mL Human serum [74]
LMOEF/Apt-Au AP oligomers 0.3 pM Human serum [75]
CDs@Eu/GMP AB 0.17 nM Brain tissue of rat [76]

MoS, NSs AP oligomers 3.1 nM Brain tissue of AD mice [57]
FAM-AptAB@PBNPs A oligomers 1.0nM Human CSF [77]
CulnS, /ZnS quantum dots Tau protein 9.3 pM Human serum [62]
GO Tau protein 0.14 nM Human samples [60]

WS; nanosheet BACE1 66 pM Rat CSF [46]
GQD-CM APOE4 18.6 pg/mL Human plasma [78]

AuNPs BACE-1 26.48 pM / [66]

PS nanoparticle miRNA-101 5fM Human serum [64]
GOX-SYBR ﬁﬁ:ﬁiﬁi;’ 82 nM Human serum [79]

WS; nanosheets miR-29a 745 pM Human serum [80]
BSA-AuNCs Cu?* 0.1465 uM Mice sample [35]

4. Fluorescence-Sensing Platforms for Imaging AD Biomarkers in the Brain

The detection of AD biomarkers in blood has the advantages of less invasiveness,
lower cost and faster response time. However, currently, its accuracy is not good enough
for clinical diagnosis. The combination of blood biomarkers’ detection with brain imaging
analysis can greatly improve the accuracy of diagnosis. Enhanced fluorescence-sensing
techniques also show important value in brain imaging in addition to their advantage in
detecting trace amounts of AD biomarkers in blood. This section mainly reviews the appli-

78



Biosensors 2023, 13, 515

cation of fluorescence-sensing technology in high-resolution imaging of AD biomarkers in
the brain.

Real-time imaging plays an important role in tracing the distribution and alteration of
neuronal development and disease processes, as well as the efficiency of drug treatment in
living animals. Wang et al. [81] developed a PBAE-PLGA-Ag,S-RA-SiSOX9 (PPAR-SiSOX9)
(PBAE: poly(beta- amino esters), PLGA: poly(D,L-lactide-co-glycolide)) nanoformulation
with high gene/drug deliverability to neural stem cells (NSCs). After co-transfection with
the lentivirus-carrying neprilysin (NEP) gene, the multifunctional NSCs were then trans-
planted into mouse brains with the guidance of second near-infrared (NIR-II) imaging. The
therapeutic potential of NSCs that clear A3 plaques and regenerate nerve cells through
NEP expression were investigated following the treatment. For accurate stereotactic trans-
plantation, fluorescence imaging based on Ag,S quantum dots (QDs) was used in real time.
As shown in Figure 5A, the NIR-II imaging based on Ag,S QDs can be used to monitor the
whole process.

Reconstruct & unmix |~

A}

\

)
NEP-neuronsifor
neural regenerktion

Fluorescent staining of AD brain sections

Cell imaging

Figure 5. Fluorescence-sensing platforms for imaging AD biomarkers in the brain. (A) The schematic
of a multifunctional PPAR-SiSOX9 nanoformulation for the treatment and imaging of AD. Copyright
(2021) Wiley [81]. (B) The hybrid epifluorescence-vMSOT system for tau mapping. Copyright
(2022) Springer [82]. (C) Intact skull imaging for Ap plaques and NFTs. Copyright (2023) Springer
Nature [83]. (D) High-resolution 3D crops of NA neurons according to the spatiotemporal three-
dimensional imaging. Copyright (2022) Springer [84]. (E) Dual-functional AIE probe for imaging A
aggregates and lipid droplets (FB: a quinoline derivative). Copyright (2020) Elsevier [85].

High-resolution imaging of whole-brain scale tau deposits is of great significance.
Patrick et al. developed a non-invasive tau-targeted probe and imaged tau deposits in
the whole mouse brain using a multi-spectral optoacoustic tomography (vMSOT) system,
fluorescence imaging setup and data analysis [83]. Figure 5B shows the hybrid fluorescent—
vMSOT system that was established for tau mapping across the entire mouse brain. This
high-resolution imaging platform is of great significance for studying tau spreading and
clearance and evaluating the therapeutic effect of tau-targeting drugs.

79



Biosensors 2023, 13, 515

Hak Soo Choi et al. [83] reported a NIR heptamethine fluorophore ZW800-1C with a
peak excitation of 753 nm and emission of 772 nm in the NIR window. This NIR fluorescent
probe can combine with A} and tau simultaneously and can be used as a multifunctional
probe for AD imaging in vivo. The probe can be applied to image the intact skull. As
shown in Figure 5C, both plaques and NFTs can be imaged using the intact skull. In
addition, the NIR fluorescent probe can cross the BBB, which is very important for imaging
encephalopathy. Abris Gilvesy et al. studied the spatiotemporal characterization of the
process of cellular tau pathology in the human locus coeruleus using 3D imaging. This
study addressed the relationship between the locus coeruleus cell structure in the 3D view
and tau cytoskeletal pathology and the possible transmission mode of disease-associated
tau (Figure 5D) [84].

Yan et al. [86] designed two quinoline-based AIE probes to perform high-resolution
imaging of AP plaques and lipid droplets at the cellular level and in the brain (Figure 5E).
It would be helpful to specify what the probe is enhancing fluorescence of, such as “the A3
plaques”. To target lipid droplets, the research team introduced a fat-soluble substance to
the probe, which facilitates its penetration of the blood-brain barrier. The detection limit
reached 26.9 nM. With further development, this high-resolution imaging probe has great
promise for AD clinical diagnosis.

5. Conclusions and Prospects

Alzheimer’s disease poses a serious threat to cognitive function and quality of life
in affected individuals. Its pathogenic factors are very complex. A aggregation, tau hy-
perphosphorylation, neuroinflammation and even intestine flora change were all reported
to be associated with AD; however, its pathogenesis remains unclear [1,86,87]. Therefore,
early detection and intervention are still the only measures to prevent this disease. The
enhanced fluorescence-sensing platform is a technique to improve the sensitivity of fluores-
cence detection through the plasma resonance effect on the basis of classical fluorescence
analysis. A large number of studies showed that trace amounts of AD biomarkers in
blood can be detected well by fluorescence enhancement technology, such as A340, A342,
T-tau and P-tau. Furthermore, fluorescence-sensing platforms also provide great potential
in high-resolution, three-dimensional and living biological imaging. A combination of
blood biomarkers detection and brain imaging can significantly improve the accuracy
of distinguishing AD patients at different stages, including subjective cognitive decline
(SCD), mild cognitive impairment (MCI) and dementia. As an easy method and readily
available instrument, fluorescence enhancement platforms provide a promising future in
the application of AD diagnosis, mainly including the following three aspects:

(1)  Application of novel composite nanomaterials. The accuracy and sensitivity of the ana-
lytical method can be significantly improved via the development of special structures
and biocompatible nanomaterials combined with fluorescence enhancement technology.

(2) In-depth application of near-infrared fluorescence probes. The biggest defect of flu-
orescence detection is the decrease in resolution with the increase in fluorescence
emission depth, and thus, only the outer surface of the brain can be identified. Further-
more, the fluorescence wavelength is below 550 nm, and some biological substances
themselves also fluoresce in this range, which interferes with the detection of organ-
isms in vivo [12,13,15]. With the advent of near-infrared fluorescence imaging, the
above problems are gradually solved. The wavelength range of NIR fluorescence
imaging is between 700 nm and 2500 nm, which greatly enhances the penetration
depth and reduces the interference of biomaterials themselves [88].

(3) Simultaneous detection of different forms of aggregates. For example, A3 has many
aggregation forms, and the current method still utilizes the single detection of only
one form. Simultaneous detection of different aggregation forms can not only reduce
the cost but also save time and samples, leading to the method being simple, fast and
sensitive for the trace analysis of AD biomarkers.
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In summary, we believe enhanced fluorescence techniques may be the most promising
diagnostic technology for detecting AD blood biomarkers. Although the accuracy of
diagnosing AD based on blood biomarkers still needs to be improved, it is the least harmful
diagnostic method for patients. Currently, fluorescent detection is still limited to being
used by professionals. An integrated, miniaturized testing equipment may be the ultimate
layman’s product. As the aging population grows, non-invasive enhanced fluorescence
techniques for both blood detection and brain imaging provide great potential for the early
diagnosis of AD in clinical settings.
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Abstract: Molecular immobilization and recognition are two key events for the development of
biosensors. The general ways for the immobilization and recognition of biomolecules include covalent
coupling reactions and non-covalent interactions of antigen—antibody, aptamer-target, glycan—lectin,
avidin-biotin and boronic acid-diol. Tetradentate nitrilotriacetic acid (NTA) is one of the most
common commercial ligands for chelating metal ions. The NTA-metal complexes show high and
specific affinity toward hexahistidine tags. Such metal complexes have been widely utilized in protein
separation and immobilization for diagnostic applications since most of commercialized proteins
have been integrated with hexahistidine tags by synthetic or recombinant techniques. This review
focused on the development of biosensors with NTA—metal complexes as the binding units, mainly
including surface plasmon resonance, electrochemistry, fluorescence, colorimetry, surface-enhanced
Raman scattering spectroscopy, chemiluminescence and so on.

Keywords: nitrilotriacetic acid; metal complexes; molecular recognition; biosensors

1. Introduction

The immobilization of biomolecules onto solid supports (e.g., electrodes, chips,
quartz and substrates) or functional units (e.g., dyes, enzymes and nanomaterials)
is of great importance for implementing bioassays [1,2]. A desired methodology for
bioreceptor immobilization should ensure the following terms: (i) a proper orientation
and uniform distribution to promise target accessibility, recognition and detectability;
(ii) stability and robustness to allow flow-through assays or sequential measurement cy-
cles; and (iii) antifouling capabilities to lower nonspecific interactions and reduce false
positive signals [3]. Currently, versatile immobilization strategies have been reported,
including physical adsorption based on electrostatic and hydrophobic interactions,
direct chemical adsorption based on the gold—thiol binding, chemical cross-linking
to functional monolayers and affinity-or linker-mediated immobilization [4,5]. The
selection of an appropriate immobilization approach is dependent on the physico-
chemical and chemical properties of solid interfaces and target proteins as well as
the intended usage scenario. For example, surface-accessible active functional groups
of exposed amino acid residues, such as an amine group in lysine residue and thiol
group in cysteine residue, can be utilized as the anchoring points through covalent
coupling onto a pretreated solid surface [6-9]. Despite the high simplicity and stability,
covalent binding may lead to the random orientation of biomolecules and the follow-up
conformational change, thus decreasing the activity of bioreceptor and the partial or
complete loss of its binding ability toward the target. Thus, site-specific immobilization
strategies based on specific recognitions or affinity ligands are peculiarly attractive
for the construction of biosensors. Typically, biotinylated antibodies have been well
tethered to the avidin-modified layers via the strong avidin-biotin interactions [10-12].
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However, the chemical modification of proteins may result in the decline inactivity and
the presence of multiple siteson proteins may cause their uncontrollable orientation.

The immobilized metal ion affinity chromatography (IMAC) principle is based on the
relatively strong interaction between transition metal cations (e.g., Cu®*, Ni**, Zn?* and
Co?*) and accessible metal-binding amino acid residues (e.g., cysteine, histidine and tryp-
tophan) [13-15]. It is originally applied to the purification of proteins containing histidine
residues on the surface with the equal strength of “bio-specific” interactions. A multitude
of metal-chelating ligands with different denticities have been fixed on the solid support
matrixes changed from agarose gels to rigid silica particles. In this process, the ligands
act as Lewis bases to bind divalent transition metal ions, such as tridentate iminodiacetic
acid, tetradentate nitrilotriacetic acid (NTA) and pentadentatetris(carboxymethyl)ethylene
diamine [16,17]. The entrapped metal ions serve as Lewis acids and the remained un-
occupied coordination sites can further ligate to the imidazole moieties of hexahistidine
(Hisg) tags. As coordination-bonding-based artificial receptors, the ligands exhibit different
IMAC protein separation efficiencies based on the number and conformation of chelation
sites [18,19]. Among them, the tetradentate ligand of NTA can be chelated with bivalent
transition metal cations (e.g., Cu?*, Ni%*, Zn2* and Co?*) to form a hexagonal complex and
two unoccupied coordination sites remain for the further ligation to the imidazole moieties
of Hisg tag. Nowadays, NTA-based IMAC is one of the most promising approaches for
reversible and controlled protein immobilization [3,20].

Some characteristic groups of biomolecules can be used as the anchor sites or affinity
tags for the coupling of them onto the transducer surfaces with preserving activity [21]. As
one of the smallest and most commonly used affinity elements, Hisg tag can be readily fused
to the N- or C-terminal of a synthetic peptide or recombinant protein without influence on
the target-binding activity [22]. Moreover, the immobilized Hisg-tagged proteins can be
easily displaced by competing coordinators (e.g., ethylenediaminetetraacetic acid (EDTA)
or imidazole) under mild conditions, realizing the elution of targets and the regeneration
of solid surfaces and materials [23,24]. Furthermore, histidine-rich proteins with unusually
high histidine contents can also interact with NTA-metal complexes [25,26]. The dysregu-
lation of these proteins has been associated with several diseases, including liver cirrhosis,
cancer, asthma and pulmonary disease [27,28]. Wright’s group has reported a series of
novel works for Plasmodium falciparum histidine-rich protein 2 (pf HRP-II) extraction and de-
tection using NTA-metal complexes [29-31]. Thus, the broad arrays of chelators modified
on various materials, including NTA, polydopamine, 1-acetato-4-benzyl-triazacyclononane
and chitosan, have been popularly used to extract and immobilize biomolecules from
real samples while retaining bioactivity for further research [32-39]. Currently, count-
less NTA-functionalized molecules and materials are commercially available for protein
immobilization and site-specific labeling, including fluorescent dyes, lipids, antibodies,
peptides, magnetic beads and gold nanoparticles [40]. Considering their great potential,
the applications of NTA-metal complexes in different fields have been summarized in
several reviews [41-44]. For instance, Wieneke et al. reviewed the development of multi-
valent chelators for in vivo protein labeling [45]. You et al. summarized the progress of
multivalent chelators for spatially and temporally controlled protein functionalization [46].
Lopez-Laguna et al. provided comprehensive insights on the emerging biotechnology
of histidine-rich peptides [47]. However, no systematic reviews currently focus on the
advancement of biosensors with NTA-metal complexes as the binding units. To maintain
the theme of this review, herein, we summarized the current developments of biosensors
based on the binding events of NTA-metal complexes. We classified the developments of
such biosensors according to the detection techniques, including surface plasmon resonance
(SPR), electrochemistry, fluorescence, colorimetry, surface-enhanced Raman scattering spec-
troscopy (SERS), chemiluminescence and so on. Moreover, future challenges and research
trends for NTA-metal complexes-based bioassays are briefly discussed.
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2. NTA-Metal Complexes—Based Biosensors

There are several important factors for the modulation of the binding affinity and the
constant between NTA-metal complexes and biomolecules. The choice of the NTA-metal-
based system for a particular application is critical for the efficient immobilization and
detection of biomolecules [48]. The reversible character is favorable for protein purification
and a higher affinity interaction is desired in the case of protein labeling in vitro and in
live cells. The length, number and position of Hisg tag may influence the purification and
immobilization of recombinant proteins [49-51]. In this aspect, Knechtet al. investigated
the binding properties between several different series of oligohistidines as well as mixed
oligohistidines/oligoalanines and Ni?*~NTA by SPR experiments [52]. The results sug-
gested that Hisg tag possessed an equilibrium dissociation constant (Kp) of 14 & 1 nM, and
the highest affinity of the peptides and two His residues separated by either one or four
residues are the preferred binding motifs. Although a longer histidine tag (e.g., Hisg or
Hisjg) can achieve higher purity efficiency, it may cause the inhibition of protein functions
and require a higher concentration of imidazole to elute. In addition, Madoz-Gurpide et al.
suggested that the orientation of enzyme ferredoxin/NADP* reductase on the surface of
NTA-Cu®* complexes-functionalized electrode could be tuned by adjusting the position of
a histidine pair (His—X3—His) in «-helices [53]. Schroper et al. investigated the effect of Hisg
tag-based affinity-binding strategy on the immobilization of redox protein horse heart cytc
on the gold electrode surface [54]. It was found that cytc with C-terminal His tag exhibited
the strongest redox signal due to the proximity between the Hisg tag and the intramolecular
electron transfer pathway. Moreover, Khan et al. found that double-His, tags separated by
an 11-amino acid spacer exhibited at least one order of magnitude stronger binding affinity
to Ni-NTA-modified surfaces, compared with the single-His¢ tag or two single-Hise tags at
both the N- and C-terminals [55].

An individual metal-NTA-Hiss complex shows relatively low stability and affinity
(Kp =1 x 107° M) [56]. The binding stability can be enhanced by increasing the surface
density of NTA [57,58]. Multivalent chelators such as di- (2.7 x 1077 M), tri- (2 x 10~7 M)
or tetra-NTA (4 x 1078 M) derivatives have also been designed to achieve a high density
of chelators as binding sites, thus enhancing the NTA-based surface stability [59-63]. For
instance, Lata et al. demonstrated that an increasing number of NTA moieties could lead
to a substantial increase in binding stability, achieving a subnanomolar affinity [64]. You
et al. reported the application of multivalent chelators for high-affinity and spatially and
temporally controlled the recognition and functionalization of Hiss-tagged proteins [46].
Moreover, other irreversible covalent interactions were combined with the reversible coordi-
nation interaction, including photochemical reaction, amine coupling reaction and epoxide
chemistry [65-69]. However, these approaches typically require complicated synthetic
processes and lack high specificity.

The chelators exhibit a different affinity for bivalent metal ions (Cu?* > Ni?* > Zn?* > Co?)
and distinctive specificity (Co?* > Zn?* > Ni?>* > Cu?*) toward Hisg-tagged proteins, which
may affect their utilization in practical applications [70,71]. Compared with the carboxyl
self-assembled monomer (SAM), that of Ni-NTA can pattern Hiss-tagged biomolecules in
a higher immobilization capacity and binding activity, improving the detection sensitiv-
ity [72]. However, the sensing surface may suffer from slow and continuous dissociation
of immobilized biomolecules due to the low affinity and stability between the His-tagged
biomolecules and NTA mediated by Ni2* and other metal ions [73]. Moreover, low pH,
reductants and chelators, such as EDTA and imidazole in matrices, may quickly disturb the
NTA-metal complexes. Cu’* shows the greatest affinity, which can be used to isolate low
abundant proteins from crude lysates, followed by other purification steps. In addition, the
conversion of bivalent metal ions to different metal oxidation states is one of the alternative
strategies to address those shortcomings and maintain the benefits of Hisg-tagged protein
immobilization [74]. For example, Spatz’s group developed the Co®*-mediated, stable
and kinetically inert interaction between His, tag and NTA for a permanent, oriented and
specific protein immobilization [75,76]. In this strategy, the formation constant of exchange-
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inert Co®* complexes is higher than that of conventional Co?* and Ni?>* complexes, which
is resistant toward competitive chelators and washing off over time.

In case of the NTA-Ni?*—Hisy tag system, the stability constants of four complexes
should be considered, including Ni?* /Hisg-tagged protein, Ni%* /NTA (Kp = 1.8 x 10711 M),
Ni2* /imidazole (Kp = 9.8 x 1074 M) and Ni** /EDTA (Kp = 4 x 10~1° M) [52]. Taking
advantage of the differences between the adjustable dissociation constants, the captured
Hisg-tagged proteins can be eluted by imidazole under mild conditions, resulting in Ni%*
ions to remain bound to NTA. In the context of protein purification, the addition of imi-
dazole can improve the selectivity of NTA-metal complexes toward Hisg-tagged proteins.
Based on the differences between the dissociation constants of Ni?* /EDTA and Ni%* /NTA,
the surface can be regenerated by completely removing Ni?* ions with EDTA and then fol-
lowed by repeatedly loading the chelators with Ni** ions [52]. The regeneration of sensing
surfaces can make the ligand density similar with that for the incubation or injection of
each analyte, which is helpful for the conventional analysis [77].

The compatibility of NTA with chemical conjugation protocols can enable versatile
and efficient surface chemistries for the robust and reproducible immobilization of Hisg-
tailed biomolecules on different solid surfaces and nanomaterials. SAMs of NTA-metal
chelators can endow the interface with desired properties. At present, various strategies
have been reported to modify the interface with NTA-metal chelators for the deposi-
tion of Hisg-tagged biomolecules [78-80]. For example, NTA moieties can be functional-
ized with different alkyl thiols to form metal-chelating layers on gold electrodes [81-83].
However, the synthesis of the alkane thiol chelators was complicated and the formed
monolayer was less well-ordered. To overcome these difficulties, NTA modified with an
amino group can be covalently tethered onto the carboxyl-terminated SAM preformed
on the electrode through the 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide (EDC)/N-
hydroxysuccinimide (NHS)-activated amine coupling reaction [58,84,85]. In addition,
Haddour et al. reported that the pyrrole monomer modified with NTA could be elec-
trochemically polymerized into a conductive poly(pyrrole)-NTA film for the reversible
oriented immobilization of Hisg-tagged proteins [86]. NTA conjugated with pyrene can
attach onto carbon-based nanomaterials (e.g., carbon nanotubes and graphene) deposited
on the interface via m-stacking interactions between pyrene derivatives and the materials,
which could be reinforced by electropolymerization [87-90].

2.1. SPR Biosensors

SPR technique can determine the binding affinity and kinetics between ligands
and receptors, which has been widely used in the monitoring of various biological
recognition events in real time. The rational fabrication of biorecognition interface
is responsible for the reliability and accuracy of SPR assays [91]. Among various
immobilization strategies, NTA-metal complex-aided approach can facilitate the im-
mobilization of His¢-tagged bioreceptors on SPR platform in a site-specific and oriented
manner [92-95]. For example, thiol-functionalized NTA can be tethered on the gold-
based SPR chip [96]. However, the oxygen sensitivity of thiol species may cause the
degradation of the chemisorbed SAM during storage. For this consideration, NTA
could be coupled to polymer brushes which were pre-immobilized on the chips for the
construction of protein-resistant interfaces [97,98].

Hise-tagged biomolecules can be immobilized on NTA-functionalized chips for
the sensitive and accurate investigation of the interaction between bioreceptor and
analyte [99,100]. The integration of single-layer graphene with gold chip can improve
the sensitivity of SPR biosensors. Singh et al. developed a SPR immunosensor by
growing graphene on the chip surface through chemical vapor deposition, which is
different from that of graphene oxide, reduced graphene oxide (rGO) or grapheme dec-
orated metal nanoparticle-based platforms (Figure 1A) [101]. In this study, graphene
was modified with the film of ploypyrrole-NTA or pyrene-NTA, followed by the im-
mobilization of biotinylated cholera toxin as the bioreceptor unit via the effective
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NTA-Cu?* /biotin system for antibody detection. The result demonstrated that the
ultrathin functional layer formed by the m-stacking interaction of pyrene-NTA and the
subsequent electropolymer achieved the best detection performance (Table 1). With
the similar immobilization system, Yuan et al. reported SPR-based DNA assays using
an NTA-Cu?*-covered graphene-modified chip to immobilize a biotinylated DNA
capture probe, in which the enzymatic catalysis was integrated into SPR assay for
signal amplification (Figure 1B) [102]. In this study, nickel-chelated pyrene-NTA was
tethered onto the rGO-modified chip to immobilize biotin-labeled capture DNA. After
the hybridization between capture DNA, target DNA and reporter DNA, HRP-tagged
reporters could catalyze the conversion of aniline into polyaniline precipitation, result-
ing in great signal amplification via the mass-effect. However, the gradual dissociation
of His¢-tagged proteins may result in an unstable baseline, adversely influencing the
accurate analysis.

To increase the binding stability, Wang et al. reported the SPR detection of small
molecule binding events by integrating the Hisg-Ni%* coordination and the amine cou-
pling reaction to covalently affix Hisg-tagged proteins [103,104]. Although proteins
exhibit amore uniform orientation and a higher density through this immobilization
approach, the chip surface would not be regenerated due to the covalent linkage. Double-
or triple-Hisg residues could be added into the sequence of proteins for enhancing the
attachment [55,105,106]. However, the increased cost and complexity in expressing
proteins with double- or triple-Hisg residues will present a disagreeable problem. To
overcome this shortcoming, trisNTA-functionalized polymers, such as poly-L-lysine
graftpoly(ethyleneglycol) polymer and dextran, were utilized to stably yet reversibly
bind Hise-tagged or biotin-labeled proteins for the investigation of different protein
bindings and interactions [107-112]. With a trisNTA-Ni2*-covered chip, Liu et al. devel-
oped a SPR biosensor for the detection of biomarkers in body fluids (Figure 1C) [113]. It
was found that the His¢-tagged proteins attached on the chip surface could be readily
regenerated by changing the pH of EDTA solution. Alternatively, Spatz’s group reported
a novel surface functionalization strategy by using Co®* ion as the mediator between
NTA and Hisg-tagged protein [76,114]. In this approach, Co?* ion in the complex was
oxidized to Co®* in situ by H,O,. Compared with Co?* and Ni** complexes, Co®* com-
plexes exhibit exchange-inert property, higher association and lower dissociation rate
constant under the similar coordination environments [114]. Thus, Co®* complexes have
been employed to immobilize Hisg-tagged proteins for bioassays, such as QCM, biolayer
interferometry and fluorescent assays [99,115-119]. Notably, Lammertyn’s group used
NTA-Co3-modified surface to design fiber optic (FO)-SPR biosensors (Figure 1D) [70].
The analytical performances, including immobilization efficiency, surface coverage, re-
producibility, stability and specificity, were investigated with plasminogen activator
inhibitor-1 (PAI-1) as the model example. Hisg-tagged anti-PAI-1 antibody fragment
(scFv-33H1F7) was used as the receptor and anti-PAI-1 monoclonal antibody (MA-31C9)-
modified AuNPs were used as the recognition elements for signal amplification.
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Figure 1. (A) Schematic illustration of the functionalization of the graphene layer via 7-stacking of
pyrene-NTA followed by electropolymerization for the reinforcement of the layer [101]. Copyright
2015 American Chemical Society. (B) Schematic illustration of the noncovalent functionalization of
rGO for sensitizing SPR-based DNA sensing synergistically with biocatalytic polymerization [102].
Copyright 2017 Elsevier. (C) Schematic illustration of trisNTA-based rapid and regenerable SPR de-
terminations of biomarker concentration and biomolecular interaction [113]. Copyright 2021Elsevier.
(D) Schematic illustration of (a) the immobilization steps of Hisg-tagged protein on Au-coated surface
by Co®>*-NTA strategy and (b) FO-SPR based bioassay of PAI-1 using Co®*-NTA for bioreceptor
immobilization [70]. Copyright 2020 American Chemical Society.

2.2. Electrochemical Biosensors

Electrochemical biosensors can measure the target concentration by monitoring the
change of current, potential, conductance or impedance at a solid electrode [120,121]. The
electrode modifiers can significantly affect the performances of electrochemical biosensors.
The assembly of redox enzymes in a proper alignment is particularly critical for the re-
alization of fast electron transfer between the electrode surface and the redox center of
enzyme, retaining the catalytic and regulatory property of protein [122-124]. The SAMs
of NTA-metal chelators on the electrode surface can allow for the well-controlled and
reversible immobilization of a wide range of Hiss-tagged enzymes via the specific affinity
binding, including horseradish peroxidase (HRP), alkaline phosphatase (ALP), laccase and
glucose oxidase and nitrate reductase [125-130]. For instance, Blankespoor et al. fabricated
a dense monolayer of NTA-Cu”* complexes on the surface of a carbon electrode for the
immobilization of Hise-tagged HRP and realized the electrochemical reduction of H,O,
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in the presence of an artificial redox mediator [131]. Wang et al. reported the immobiliza-
tion of superoxide dismutase (SOD) on the NTA-Ni**-modified electrode for the in vivo
detection of O,°~ in a rat brain, demonstrating that the direct electron transfer of SOD was
greatly enhanced by the NTA-Ni?* complexes (Table 1) [132]. Conzuelo et al. reported the
competitive detection of B-lactam antibiotics using an NTA-Co?*-modified electrode to
immobilize the recombinant bacterial penicillin binding protein (PBP) (Figure 2A) [133].
In this study, HRP-labeled specific tracer (PENG-HRP) was used as the signal label for
the competitive binding and hydroquinone (HQ) was used as the redox medjiator for the
catalytic oxidation of HyO5.
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Figure 2. (A) Schematic illustration of the development of the affinity biosensor involved in the
immobilization of the recombinant Hiss-tagged PBP by using Co?* —NTA-modified SPCEs [133].
Copyright 2013 American Chemical Society. (B) Schematic illustration of the aptameric peptide
(IP29)—PKA conjugate as a sensing platform to monitor kinase [134]. Copyright 2012 American
Chemical Society.

Aptamers including DNA/RNA and peptide possess several intrinsic properties,
such as excellent structure flexibility, high specificity and affinity, good target diversity
and ease of synthesis. The immobilization of Hiss-tagged aptamers on an NTA-metal
complex-modified electrode can produce a highly oriented aptamer assembly to prevent
the nonspecific adsorption [135]. Cosnier’s group utilized poly(pyrrole-NTA) film to
immobilize Hiss-tagged aptamer in the presence of Cu* ions for a label-free impedimetric
detection of thrombin and bisphenol-A, respectively [136,137]. Quartz crystal microbalance
(QCM) is a simple and direct electrochemical method to study molecular interactions.
Xu et al. reported the QCM-based detection of protein kinase A (PKA) with a Hisg-
tagged peptide inhibitor of 1Py as the aptamer-mimicking biorecognition element, in
which the aptameric peptide was immobilized on the NTA-Ni?*-covered quartz electrode
(Figure 2B) [134]. The kinase concentration could be sensitively determined based on
the frequency response of the QCM crystal. In addition, Zaitouna et al. developed an
electrochemical biosensor for Ara h 2 antibody detection using the NTA-Ni** SAM to
immobilize the Hisg-tagged and methylene blue (MB)-labeled peptide [138]. The detection
performance of NTA-Ni**SAM-based assay was better than that of the biosensor based on
the conventional immobilization with a thiolated peptide.

Aside from Hisg tag, biotinylated biomolecules can bind with NTA-metal complexes
because three potential binding sites (carboxylate, thioether and ureido groups) of biotin
can coordinate with a bivalent metal cation in the NTA chelate [88,139]. For this view,
Bauret al. reported the immobilization of biotinylated GOx and polyphenol oxidase on
the Cu?*-chelated poly(pyrrole-NTA) film for the amperometric detection of glucose and
catechol, respectively [140]. Meanwhile, Palomar et al. developed an impedimetric im-
munosensor for the determination of an anticholera toxin antibody by the immobilization
of biotin-labeled cholera toxin B subunit on the Cu?*-chelated poly(pyrrole-NTA) [141].
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The coordinated metal ions in an NTA complex can also bind specifically to phosphorylated
biomolecules. Gao et al. reported an electrochemical assay for sphingosine kinase 1 (SphK1)
detection using NTA-Fe3+ complex to recognize phosphorylated lipids on liposomes [142].
As presented in Figure 3A, liposome was used to embed a substrate of SphK1 in lipid layer
through hydrophobic interaction and encapsulate electroactive MB molecules. After the
catalytic reaction on the membrane, the reacted liposomes were captured by the NTA-Fe3*
complex-modified sensing electrode, and the abundant MB molecules in liposome could
generate a strong electrochemical signal, thus reflecting the kinase activity.
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Figure 3. (A) Schematic illustration of the principle and fabrication procedures for lipid kinase activity
based on liposome-assisted electrochemical assay [142]. Copyright 2017 Elsevier. (B) Schematic illus-
tration of SphK1 activity assay based on the bifunctional NTA-Fe3* complex-modified AuNPs [143].
Copyright 2016 Elsevier.

SAM of NTA assembled on the electrode can coordinate with metal ions for electro-
chemical detection by stripping voltammetry. For instance, Kerekovic et al. investigated
the copper(Il) binding capacity of an NTA-modified gold electrode via adsorption transfer
stripping voltammetry [144]. The results showed that Cu?* ions in the chelates could
be directly determined by adsorption transfer stripping voltammetry without an electro-
chemical accumulation step. Meanwhile, Sasaki et al. developed an electrical assay for
the on-site detection of Cu?* ions based on the SAMs of NTA-modified organic thin-film
transistor [145]. The coordination of Cu?* ions with NTA could induce the potential shift
of the extended-gate, generating an observed change in the drain current. Moreover, Fe>*
in the chelating condition retains the ability to catalyze the electrochemical redox of H,O».
Gu et al. reported a bifunctional NTA-Fe3* complex-based nanoprobe for the electrochemi-
cal detection of SphK1 activity [143]. As displayed in Figure 3B, gold nanoparticles (AuNPs)
were employed to carry NTA-Fe>* complexes to recognize phosphorylated sites of sub-
strates. Then, multiple NTA-Fe?* complexes and AuNPs catalyzed the decomposition of
H,0,, largely amplifying the catalytic amperometric response.
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2.3. Fluorescence Biosensors

Fluorescence assays are the most commonly used optical methods to determine molec-
ular interaction, mobility and conformational change. NTA moieties have been linked
to peptide substrates or modified with fluorescent units for fluorescent bioassays and
bioimaging [146-149]. For example, Kim et al. used NTA-Ni?* complex-modified tetram-
ethylrhodamine (TMR)-doped SiO;nanoparticles to label a bacterial lysate containing
estrogen receptor R ligand binding domain [150]. SiO, NPs could improve the sensitivity
and limit the fluorescence quenching of dyes by external nickel ions.

Magnetic nanoparticles (MNPs) or magnetic beads (MBs) can be facilely manipulated
with an extra magnetic field. They have been widely used in protein/peptide isolation after
modification with NTA-metal complexes. Thus, NTA-metal-coated MBs or MNPs have
been employed to separate fluorescently labeled peptides from a homogeneous solution
(Table 1), leading to the change of fluorescence intensity. For example, Wang et al. reported
a label-free fluorescent method for the detection of thrombin activity based on a His¢-tagged
recombinant green fluorescence protein (EGFP) and Ni**-NTA-coated MNPs [151]. As
shown in Figure 4A, EGFP with a thrombin cleavage site and a His, tag at the N-terminal
could be enzymatically cleaved by thrombin, thus resulting in the release of His, tag with
the inability to attach NTA-Ni?"-coated MNPs. After magnetic separation, the fluores-
cence intensity of EGFP in the solution is positively related to the activity of thrombin.
However, the high cost, large size and pH sensitivity may limit the application of the
method for protease assays. In addition, Tan et al. developed a fluorometric method for
the detection of protein kinase activity based on the adsorption between NTA-Zr** MNPs
and phosphorylated peptides [152]. As shown in Figure 4B, the fluorescein isothiocyanate
(FITC)-conjugated substrate peptide was phosphorylated by protein kinase. The phos-
phorylated product could adsorb on the surface of NTA-Zr** MNPs via the chelation of
Zr** and phosphate. After magnetic separation, the fluorescence intensity of the solution
evidently decreased, which was indicative of the activity of protein kinase.
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Figure 4. (A) Schematic illustration of the strategy using Ni%*~NTA MNPs and the recombinant EGFP
to detect the activity of thrombin [151]. Copyright 2013 Elsevier. (B) Schematic illustration of the
fluorescence kinase activity assay based on Zr-NTA MNPs enrichment [152]. Copyright 2013 Elsevier.

Organic fluorophores have been extensively used to label proteins in vivo through
different chemically and biologically labeling techniques without changing the structure
and disrupting the normal function of proteins. NTA has been used as a chemical recog-
nition unit to modify fluorescent probes for labeling Hisg-tagged proteins or peptides at
a specific site via reversible metallochelate coupling of metal ion and Hiss tag. A few
organic dyes have been conjugated with NTA complexes to label Hisy tags, such as fluo-
rescein, perylene and Atto488 [56,153-157]. Typically, Glymenaki et al. synthesized three
different porphyrin—NTA dyads and successfully employed them to label different Hisg-
containing peptides [158]. Lata et al. modified different fluorophores with trisNTA groups
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for the selective labeling of proteins in cell lysates and on the surface of living cells [159].
Gatterdam et al. prepared several NTA-based multivalent chelators with linear, cyclic
and dendritic scaffolds, respectively, and compared their performances on the labeling
of cellular His¢-tagged proteins [160]. The results demonstrated that the cyclic trisNTA
chelator exhibited the highest affinity and kinetic stability. Furthermore, Uchinomiya et al.
reported a site-specific covalent labeling of Hisjo-tagged proteins [161]. In this study, the
interaction between His-tag and NTA-Ni?* facilitated the nucleophilic reaction between
ahistidine residue in Hisg tag and the electrophilic tosyl group in the NTA-Ni% probe
by the proximity effect. Different from the probes that merely labeled proteins, dye-NTA
conjugates designed by Margulies and coworkers could monitor the change on protein sur-
face by altering the intensity or wavelength of emission upon binding [162-164]. Peri-Naor
et al. used the DNA probe modified with both His tag and boronic acid group to develop
targeted, pattern-generating and protein surface sensors (Figure 5A) [165]. The method
can be used to discriminate between the distinct glycoform populations and identify the
glycosylation states of therapeutic proteins.

The poor ability of NTA-based fluorescent probes to penetrate cell membrane may
significantly limit the applications in the study of intracellular proteins and subcellular
organelles. To facilitate the identification of proteins in living cells, Wieneke et al. designed
a cell-penetrating multivalent {risNTA chelator of carrier complexes to label protein of
interest (POI) based on the cell-penetrating peptide (CPP) [166]. As shown in Figure 5B,
Ni?*-loaded and fluorophore-modified t7isNTA could bind to Hisg-tagged HIV TATy9_s;.
After being delivered into the cytosol and nucleus, the trisNTA preferentially interacted
with His;o—POI, thus resulting in the release of the carrier peptide. In addition, Zhang et al.
synthesized a Nap-G/Biotin/ ANA-FFpYGK-NTA-Ni?* probe consisting of an NTA-Ni%*
group, a self-assembling peptide FFpY and a hydrophobic group [167]. After the hydrolysis
is catalyzed by ALP, the product could self-assemble into nanofibers and enter the cells
with an increased efficiency to label Hisg-tagged proteins.

In single-molecule fluorescence imaging, it is important to improve the pho-
tostability of fluorophores by using solution additives/photostabilizers or directly
conjugating the photostabilizer to the fluorophores, leading to the quenching of
photodegradation-involved transient intermediates. It has been documented that
Ni%* ion is an efficient photostabilizing agent through a physical route to quench the
triplet excited state of some fluorophores [168,169]. For example, Glembockyte et al.
designed a trisNTA Alexa647 fluorophore as a self-healing dye for single molecule
fluorescence imaging [170]. As illustrated in Figure 5C, four different Alexa647-labeled
trisNTA probes were synthesized with various length and rigidity of linkers. After
the complexation of three Ni%* ions, the photostability of Alexa647 was significantly
enhanced due to the closer proximity between Ni?*ions and fluorophores. Moreover,
trisNTA in the fluorophores also acted as a handle to specifically label Hiss-tagged POI
for single-molecule imaging.

Transition-metal ions with paramagnetic nature can quench the fluorescence of molecules
and nanomaterials with a distance-dependence property [171,172]. Ahn et al. reported
the label-free, single-protein detection based on a near-infrared fluorescent NTA-Ni%*
complex-modified single-walled carbon nanotube (SWNT) [173]. As shown in Figure 5D,
when the Hisg-tagged proteins were bound to the complex, the fluorescence intensity was
reduced due to the decrease in the intermolecular distance between Ni** and SWNT. After
the addition of target protein (antiHise-tag antibody), the fluorescence signal increased
based on the analyte—protein interaction. Based on this platform, Ahn et al. investigated
glycan-lectin binding for glycan profiling [174].

NTA chelator can also be used to immobilize drugs and biomolecules on the surface
of nanomaterials for targeting delivery. For instance, the trisNTA-modified graphene
oxide has been used to load Hisjo-tagged EGFP for the delivery of drugs into cells [175].
Morales et al. developed a light-activated genome editing platform by monitoring the
release of enzymes from hollow gold nanoshell (HGN) nanocarriers [176]. As shown in
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Figure 6, Crerecombinase, a protein fusion with a TAT internalization peptide segment, was
tested. The protein was immobilized on the HGN modified with NTA-labeled dsDNA in
the presence of Cu”*. A red fluorescence was observed after the release of Crerecombinase.
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Figure 5. (A) Schematic illustration of glycoform differentiation by a targeted, self-assembled, pattern-
generating protein surface sensor [165]. Copyright 2020 American Chemical Society. (B) Schematic
illustration of live-cell labeling of His-tagged proteins in distinct cellular compartments using a
cell-penetrating noncovalent trisNTA carrier complex formed by fluorescent trisNTA and Hisg-tagged
TATy9_57 [166]. Copyright 2018 American Chemical Society. (C) Schematic illustration of: (a) the
structure of trisNTA construct, (b) structure of Alexa647, (c) structure of the linkers used for trisNTA-
Alexab47; trisNTA-Pro12-Alexa647; trisNTA-Pro4-Alexa647 and trisNTA-OEG,-Alexa647 constructs.
(d) Schematic illustration of the single-molecule experiment used to evaluate the photostability of
trisNTA constructs [170]. Copyright 2018 American Chemical Society. (D) Schematic of a label-free
protein array based on fluorescent NTA-Ni%* complex-modified SWNT [173]. (a) Array fabrication
using SWNT/CHI and in situ generation of individually addressed capture proteins using cell-free
protein synthesis for label-free optical detection of protein interactions. A SWNT/CHI suspension
is spotted on glass and functionalized with Ni-NTA to bind His-tag-containing capture proteins.
Cell-free extract and PCR amplified DNA coding for each protein were added to each spot for protein
expression and in situ immobilization. (b) Optical and NIR fluorescence image of the SWNT/CHI
array. (c) Signal transduction mechanism for label-free detection of protein-protein interactions: a
NIR fluorescence change from the SWNT occurs when the distance between the Ni2p quencher and
SWNT is altered upon analyte protein binding. Copyright 2011 American Chemical Society.
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Figure 6. Schematic of (a) a light-activated delivery of gene editing enzymes, such as Cre recombinase
by HGN-mediated release by NIR laser irradiation and (b) assembly of a TAT peptide fusion of Cr-
erecombinase on HGN surfaces by a modular handle based on the affinity of polyhistidine tags to a
NTA-metal complex presented by a double-stranded DNA scaffold [176]. Copyright 2018 WILEY-VCH.

2.4. Colorimetric Assays

Colorimetric assays have attracted intensive attention due to their low cost and high
simplicity. Such methods do not require expensive or sophisticated instrumentation because
the color change can be read by the naked eye. Enzymes can efficiently catalyze various
chromogenic reactions for colorimetric assays [177,178]. For example, a phosphotriesterase
(PTE) trimer can hydrolyze the substrate organophosphate paraoxon to produce faint
yellow p-nitrophenol. However, the stability and activity of enzymes are not sufficient
for usage in the development of portable sensing devices. Medintz’s group demonstrated
that the stability and activity of PTE were obviously enhanced when it was adsorbed onto
NTA-Ni?* complex-modified AuNPs [179]. For this view, they developed a colorimetric
method for the detection of organophosphates with PTE-NTA-Ni?*-AuNPs [180].

Peptide-based colorimetric assays have been widely developed to evaluate different
protease activities. The signal reporter-modified Hiss-tagged peptide can be immobilized
on the solid surface or nanoparticles (Table 1). In the presence of target protease, peptide
was enzymatically hydrolyzed and the release of signal reporter would result in the change
of solution color. Moss et al. designed an enzyme-based amplification system for the colori-
metric detection of proteases [181]. HRP-conjugated Hiss-tagged substrate peptides were
attached onto NTA-Ni?*-modified MBs. In the presence of target enzymes matrix metallo-
proteinase 2 or disintegrin and metalloproteinase 8, the peptide was cleaved to release HRP
into solution. After magnetic separation, HRP in the unreacted peptide on the MBs was
quantified by a standard HRP color assay with 3,355 -tetramethylbenzidine (TMB) and
H,0; as the substrates. However, the high cost and complicated cross-linking procedures
of the enzyme-conjugated substances may limit the applications of the colorimetric assays.

To enhance the sensitivity of colorimetric methods, nanomaterials can be used as
the carriers to load signal molecules in a high loading efficiency. Under the external
stimulus, such as pH, light and surfactants, signal molecules will be rapidly released,
generating a significant colorimetric response for signal amplification. For this consid-
eration, Gao et al. reported an integrated magneto-colorimetric method for the assay of
lipid kinase (SphK1) activity using NTA-modified MNPs and TMB-loaded liposomes [182].
As shown in Figure 7A, lipid substrates anchored on liposomes were phosphorylated by
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SphK1. NTA-Fe?**-MNPs could specifically bind to the phosphate sites on liposomes. After
magnetic separation, TMB molecules were released from the liposomes and then oxidized
by HyO, under the catalysis of NTA-MNPs, producing a colorimetric signal for the visual
detection of SphK1 activity.
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Figure 7. (A) Schematic illustration of the principle and assay procedures of the magneto-colorimetric
assay for SphK1 activity [182]. Copyright 2018 American Chemical Society. (B) Schematic illustration
of colorimetric assay for protein phosphatase activity based on AuNPs and Hisg-tagged phospho-
peptides in the presence of Zn?* [183]. Copyright 2015 American Chemical Society. (C) Schematic
illustration of the colorimetric assay for protease activity based on metal-induced self-assembly of
AuNPs [184]. Copyright 2013 Elsevier.

The aggregation/disaggregation of AuNPs can result in a detectable color change due to
the surface plasmon coupling. Based on this unique property, several colorimetric assays based
on AuNPs and NTA-metal complexes have been reported for clinical diagnosis and environ-
mental protection [31,185,186]. For example, Lee et al. reported the AuNPs-based colorimetric
assay of protein phosphatase activity through Zn®**—phosphate interaction (Figure 7B) [183].
The Hisg-tagged peptide substrates could bind to NTA-Ni?*-covered AuNPs by specific
coordination. After phosphorylation, the peptide could trigger the aggregation of AuNPs in
the presence of 7Zn%* jons. In addition, Kim et al. found that the carboxy AuNPs could adsorb
metal ions such as Ni2* through metal-affinity coordination [184]. As illustrated in Figure 7C,
peptide labeled with His, tags at both ends could trigger the aggregation of Ni?*-adsorbed
carboxy AuNPs. Cleavage of the peptide into two segments by protease (matrix metallopro-
teinase) prevented the aggregation of AuNPs. Swartz et al. developed a colorimetric sensor
for the detection of histidine-rich proteins based on NTA-Ni?*-functionalized AuNPs and
AgNPs [187]. In this work, pf HRP-II with multiple repeats of AHH and AHHAAD exhibited
high affinity toward NTA-Ni?* and could induce the aggregation of NTA-Ni?*-functionalized
AulNPs in a concentration-and pH-dependent manner. Additionally, AuNPs can catalyze
the silver deposition on the nanoparticle surface. Based on this catalytic ability, Cheng et al.
reported a scanometric strategy for the determination of matrix metalloproteinases using
Hise-tagged peptide-AuNPs [188]. The metalloproteinases could cleave the specific substrate
peptide to release AuNPs from the NTA-Ni?*-modified chips. The greyscale signal from the
silver enhancement decreased with the reduction of the amount of bound AulNPs.

2.5. Others
2.5.1. SERS

SERS can provide the molecular fingerprint information for sensitive chemical andbio-
logical detection. However, most of biomolecules only produce weak SERS response due to
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their small Raman cross-section and low polarizability. To enhance the sensitivity, silver and
gold nanoparticles could be used as the substrates to amplify the SERS signal. NTA-metal
complexes modified on the substrate can act as the recognition elements to capture targets
from complex samples. The captured target in proximal to the substrate surface would
offer a Raman signal. For example, catechol can bind to Fe>* ions with exceptional stability
via the coordination interaction. Kaya et al. used NTA-Fe3* complex-modified AgNPs
as the substrate for the SERS detection of dopamine in the presence of ascorbic acid [189].
The formed NTA—Fe3+—dopamine complexes caused the signal enhancement. In addition,
Cao et al. reported the sensitive SERS determination of catecholamine by using NTA-Fe3*
complexes-modified polyvinylpyrrolidone-capped AuNPs as the substrates [190]. Li et al.
prepared NTA-Ni?* complex-modified AuNPs active substrate to capture histamine via
the formation of NTA-NiZ*-histamine complex for histamine detection [191].

2.5.2. Chemiluminescence

Chemiluminescence signal can be generated by a redox reaction in which the electron-
ically excited species from a chemical reaction return to the ground state. Based on this
principle, Han et al. developed a chemiluminescence immunosensor for the detection of
allergen-specific IgE (sIgE) by immobilizing the Hise-tagged allergens to the NTA-modified
MNPs [192]. As shown in Figure 8, NTA was conjugated to the surface of Fe30,@SiO, through
the amidation reaction and the recombinant Hisg-tagged Can f 1 (rCan 1), which was then
adsorbed onto the Fe30,@Si0,-NTA surface in the presence of Ni2* ions. Next, sIgE in sera
from allergic patients specifically captured by Fe30,@SiO,-NTA@rCan f1 was labeled with
HRP-modified anti-IgE. After the magnetic separation, HRP on MNPs surface-catalyzed the
chemiluminescence reaction, achieving the quantitative detection of sIgEs.
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Figure 8. Schematic illustration of (a) the synthetic route of Fe304@SiO,-NTA and immobilization of
rCan f1 via Ni-NTA and His-tag interaction, and (b) the immunosensor Fe30,@SiO,-NTA@rCan f1
for quantitative detection of sIgE in real samples [192]. Copyright 2020 Elsevier.

2.5.3. Immunochromatic Rapid Diagnostic Tests (RDTs)

RDTs show the advantages of easy operation, wide applicability, rapid response and
low cost [193]. Wright's group used NTA-Ni2*-coated MBs to concentrate the malarial
biomarker of histidine-rich protein II (pfHRP-II) for enhancing test performances [194]. To
realize the detection of low level of infection by multiantigen RDTs, they further developed a
magnetically assisted multiplex biomarker enrichment strategy [195]. As shown in Figure 9,
the antibodies were first modified with Hisg tags by maleimide-thiol interaction and then
captured by NTA-Ni?*-coated magnetic beads. The captured antibody-antigen conjugates
could be magnetically purified, concentrated, and then released into a RDT-compatible
volume for assay.
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Figure 9. Schematic illustration of conjugation strategy and operation principle for the pLDH and
HRPII biomarker enrichment strategy [195]. Copyright 2017 American Chemical Society.

Particles in an evaporating colloidal drop can migrate onto the drop’s edge to form a
ring on the underlying substrate, which has been widely exploited in the analytical science
called as the coffee-ring effect [196]. Wright’s group reported an RDT for the detection of
poly-L-histidine (PLH) as a pf HRP-II biomimic based on the biomarker-mediated disruption
of coffee-ring formation [197]. In this work, pfHRP-II promoted the cross-linking between
NTA-Ni?*-functionalized magnetic particles and indictor particles with red fluorescence.
The conjugates were then pulled to the center under a magnetic field. Meanwhile, the
indictor particles with green fluorescence were transported to the edge. However, in the
absence of pfHRP-II, the colocation of both indicator particles at the edge led to a ring with
yellow emission with no center signal. However, this method exhibited the shortcomings
of low sensitivity, the requirement of an extra magnetic field and a high background signal.
To solve those problems, Wright’s group developed a platform for recombinant HRP-II
detection using NTA-Ni?* complex-modified gold-plated polystyrene microspheres (AuPS)
and NTA-NiZ* complex-functionalized glass [198]. During the coffee ring formation, the
conjugate of recombinant HRP-II and AuPS particles moved to the drop edge by binding to
the NTA-Ni?* complex-functionalized glass. The non-specific materials could be washed
away from the surface.

Table 1. Biosensors based on the binding events of NTA-metal complexes.

']l?eit}(\ef\tiicf:e s Substrate gli;)‘l::‘o‘tgsnition Metal Ions Target Linear Range LOD Ref.
E;?:;‘:i‘gfgb%dd'coate‘i gll“?‘s/:gal; fg7 Co™* PAI-1 3.125~400 ng/mL 0.20 ng/mL [70]
Polypyrrole-NTA-modified BiotinylatedCT . _
gral)::izne-gold chip choler); toxin Cu?* Anti-CT 4 x 10~°~4 ng/mL 4 pg/mL [101]

. I His-tagged S1 . Anti-SARS-CoV-2

- TrisNTA-modified chip p;ggeiﬁgge Ni2* tibo dy © 0.5~96 pg/mL 57 ng/mL [111]
TrisNTA-modified chip }If;gfe'ﬁg ed Ni2* IgG 0.5~20 pg/mL 47 ng/mL [113]
NTA-modified gold-coated Hise-tagged 3 Anti-ADAMTS13
fiber-optic probe ADAMTS13 €0 autoantibodies 1.56~100 ng/ml. 0-24 ng/ml. (el
NTA-modified electrode Hise-tagged Cu2* Amyloid-betaigos 1 x 103~1 uM 1.43nM [82]

receptor
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Table 1. Cont.

Detection

Biorecognition

Techniques Substrate Elements Metal Ions Target Linear Range LOD Ref.
ggﬁr’:f(‘i‘f‘hed gold NTA-Cu? Cu?+ Lipopolysaccharide 1 x 10~~0.1 ng/mL 0.1 pg/mL [84]
Ie\{;rc‘?r'g‘i‘;diﬁed carbon SHci)Sgtagged Ni2* 0~ 0.1~100 uM 21 nM [132]
NTA-modified SPCEs Hlisy-tagged Co? Ampicillin 1.3-9.9 ng/mL 0.7 ng/mL [133]
g;“;‘é“e‘l’fc‘ﬁﬁ ﬁ“‘“’ated Ilje‘;i;:fegged Ni2* PKA 0.64~22.33 mU/ uL 0061 mU/uL  [134]
Folypyrrole-NTA-modified.  Nts-Hiss- cu? HIV DNA 1% 10-5~10 nM 1M [135]
EC Folypyrrole-NTA-modified ﬁf;ﬁ;‘;dlﬁed cu? Thrombin 47 X 10-~05 nM 44pM [136]
Eﬁgfgdrg’le'NTA'm"d‘ﬁed gfg;r’g‘r’diﬁed cu?t Bisphenol A 1% 10-5-1uM 10 pM [137]
I;gé;?é‘zd‘ﬁ"‘d gold E;:":;gg“ Ni2* Ara h 2 antibody 1~10 pM 1pM [138]
Polypyrrole /NTA-modified  Biotinylated ¢ 20 Anti-CT 1% 10710 pg/mL 0.1 pg/mL [141]
NTA-modified gold NTA Cu? 0.4~100 uM 10nM [144]
g;flf‘s'i‘s“t‘gfiﬁed thin-film NTA cu 0~15 uM 0.51 uM [145]
FL Zr-NTA-modified MNPs EGFP Ni2* thrombin 3x107%~5%x102U/mL 03mU/mL [151]
Zr-NTA-modified MNPs ggjﬁj@beled Zrt+ PKA 0~1U/uL 05mU/uL [152]
Dual
Col Carboxy AuNPs Hise-tagged Niz+ MMP-7 3~52nM 10 nM [184]
olor peptide
NTA-modified chip }Ife‘;i;?egg"d Niz+ MMP-7 0.1~100 ng/mL 97 pg/mL [188]
NTA-modified AgNPs NTA-Fe** Feb Dopamine 0.5~4 M 60 pM [189]
SERS Dopamine, 0.556~10 pM;
NTA-modified AuNPs NTA-Fe** Fe3* norepinephrine 0.125~10 puM; Notreported [190]
and epinephrine 0.2~9.09 uM
NTA-modified AgNPs NTA-N#2* Ni2* Histamine 1~100 uM 1uM [191]
Hisg-
CL Fe304@Si0,-NTA SpecifcIgE 2.52~10.02 ng/mL 0.35ng/mL [192]

taggedCan f Ni**
1

Abbreviation: EC, electrochemistry; FL, fluorescence; CL, chemiluminescence; CT, cholera toxin; PKA, pro-
tein kinase A; Ara h2, Arachishypogaea2; SOD, superoxide dismutase; SPCEs, screen-printed carbon electrodes;
PBP, penicillin binding protein; MNPs, magnetic nanoparticles; FITC, fluorescein isothiocyanate; recombinant-
enhanced green fluorescence protein; MMP-7, matrix metalloproteinase-7; AuNPs, gold nanoparticles; AgNPs,
silver nanoparticles.

3. Conclusions

NTA-metal complexes were initially developed as coordination-bonding-based ar-
tificial receptors for protein purification. Their pleiotropic merits have facilitated their
expanded applications recently as functional and structural agents in multidisciplinary
research such as protein engineering, synthetic chemistry and biological analysis. The
noncovalent, specific and strong interaction between NTA—metal complexes and Hisg tags
enabled the site-specific and reversible immobilization or labeling of biomolecules, which
is helpful to fabricate versatile optical and electrochemical biosensors, especially for point-
of-care tests in low-resource settings. For example, NTA-metal complex-functionalized
materials, such as cellulose membranes and MBs, have been successfully used to enrich
the biomarker concentration for sample preparation, resulting in the enhanced sensitivity
of diagnostics. NTA-metal complexes-based affinity techniques provide site-specific, con-
trollable and reversible approaches to immobilize biorecognition elements on detection
platforms or nanomaterials under mild conditions without decreasing their functional
activities. Moreover, NTA-metal complexes conjugated with other functional species can
be used to label Hisg-tagged proteins, and their unique optical, catalytic, electrochemical
and magnetic properties have endowed them with signal generation ability in diagnostics.

Despite the successful applications in different research fields, there are still some
important challenges to be resolved. For example, the cytotoxicity of NTA-metal-Hisq tags
and their influence on the structure, function and stability of proteins should be carefully
investigated even though the site-specific modification of proteins by NTA derivatives
have already been widely used for living-cell and single-molecule imaging. In addition,
the insufficient fouling resistance ability should be improved when the biosensors are used
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for the assays of undiluted blood plasma samples. NTA-metal complexes can be coupled
with other strategies for signal amplification, such as DNA techniques and enzymes. We
believe that the integration of NTA-metal complexes with modern analytical techniques
would result in a remarkable boost for the design and implementation of powerful and
novel biosensors.
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Abstract: Biosensors capable of onsite and continuous detection of environmental and food pollutants
and biomarkers are highly desired, but only a few sensing platforms meet the “2-SAR” requirements
(sensitivity, specificity, affordability, automation, rapidity, and reusability). A fiber optic evanescent
wave (FOEW) sensor is an attractive type of portable device that has the advantages of high sensitivity,
low cost, good reusability, and long-term stability. By utilizing functional nucleic acids (FNAs) such as
aptamers, DNAzymes, and rational designed nucleic acid probes as specific recognition ligands, the
FOEW sensor has been demonstrated to be a general sensing platform for the onsite and continuous
detection of various targets ranging from small molecules and heavy metal ions to proteins, nucleic
acids, and pathogens. In this review, we cover the progress of the fluorescent FNA-based FOEW
biosensor since its first report in 1995. We focus on the chemical modification of the optical fiber and
the sensing mechanisms for the five above-mentioned types of targets. The challenges and prospects
on the isolation of high-quality aptamers, reagent-free detection, long-term stability under application
conditions, and high throughput are also included in this review to highlight the future trends for the
development of FOEW biosensors capable of onsite and continuous detection.

Keywords: functional nucleic acid; evanescent wave biosensors; optical fiber; aptamers; DNAzymes

1. Introduction

Onsite continuous detection techniques are highly desired for real-time monitoring of
pollutants in environmental waters [1] and food production processes [2,3]. They also are of
central importance for the development of wearable medical devices to routinely measure
biomarkers [4,5]. These technical advances are dramatically changing traditional lab-based
strategies into more and more convenient, automatic, and labor-free means. To realize onsite
continuous detection for daily use, a technology should be sensitive, specific, affordable,
automated, rapid, and reusable, criteria referred to as “2-SAR”. Numerous biosensors have
been reported in recent years with the overall purpose to achieve high sensitivity or rapidity.
Quite often, expensive and complicated signal amplification strategies, most commonly
enzymatic reactions, are used to enhance the detection sensitivity. In addition, tedious
sample processing steps prior to detection are required to avoid matrix interference. These
offline processes greatly lengthen the assay time and complicate the operation, preventing
their application for continuous detection, where the timely monitoring of the concentration
of the target is required. Ideally, the detection should be reagent-free, where no reagents
need to be added for signal amplification or sensor regeneration.

Of the existing sensing platforms, only a few meet the “2-SAR” criteria and are
commercially available [6]. The most outstanding example is the wearable electrochemical
sensor for the real-time detection of blood sugar levels [7,8]. The continuous detection is
based on the electrochemical signals generated by the in situ oxidation reactions of glucose
catalyzed by the enzymatic electrode. The technique is elegant, but only suitable for targets
that can undergo specific redox reactions. Most pollutants or biomarkers do not have redox
activity under mild conditions and the specific enzymes are also not available. Moreover,
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the sensitivity of this technique is in the low millimole per liter (mM) concentration range,
which does not meet the sensitivity requirements for most pollutants and biomarkers
(typically in the picomole to nanomole per liter concentration range). Electrochemical
devices are also commercially available for the onsite detection of heavy metal ions [9].
They are based on the redox reaction of metal ions, rendering high sensitivity and specificity.
The limitation is the interference from the sample matrix resulting from the nonspecific
absorption of various components on the electrode, which interferes with the current.
Therefore, offline sample pretreatment is commonly required to ensure the reusability of
the electrodes, leading to the long assay time and the high cost. Fluorescent evanescent
wave sensors are another type of portable optical sensors that are suitable for continuous
detection [6,10-13]. They are based on the evanescent wave generated on the surface of
waveguide materials (chip or fiber) upon laser incidence from the light-dense medium
to the light-sparse medium. Planar waveguide sensors are capable of the simultaneous
detection of multiplex targets but require a much more sophisticated and expensive optical
system than fiber optical evanescent wave (FOEW) sensors [14]. Fluorescent FOEW sensors
are, therefore, more suitable for continuous detection merely from an affordability point
of view. In fact, fluorescent FOEW sensors have attracted more attention than planar
waveguide sensors in recent years. Over the past half-century, tremendous advances have
been made in FOEW sensors, from the optical system, fluid system, to the modification
chemistry of optical fiber and sensing mechanisms [6,10-13].

Functional nucleic acids (FNAs) include aptamers, DNAzymes, and rationally de-
signed nucleic acids, which all have the ability to specifically recognize targets and are
widely used in various types of biosensors [15]. Due to rapid advances in FNAs in the last
thirty years, the application scope of FOEW sensors has been rapidly expanding from com-
mon water quality parameters including pH, temperature, oxygen, ions, refractive index,
and (dissolved) gases and vapors to almost any type of target. FNA-FOEW sensors have
been reported for the detection of all types of targets including metal ions, small molecules,
proteins, nucleic acids, bacteria, and viruses with the promise of more affordable, durable,
and flexible detection compared to antibody-based FOEW sensors. The sensitivity and
dynamic range of all FNA-based sensors are strongly affected by the probe density on the
sensor surface [16]. FNA-based electrochemical sensors are typically orders of magnitude
more sensitive than FOEW, but they are difficult to regenerate. In contrast, FNA-FOEW
sensors can be regenerated, enabling repeated measurements using the same sensor and,
therefore, a higher accuracy.

After over 40 years of innovation, fluorescent FOEW biosensors are proceeding quickly
and have found respective applications in highly diversified fields. Several excellent
reviews on them have been published with different focuses on instrument configurations
and patents [6], enzyme- or antibody-based biosensors [10,14], or a specific type of target
such as viruses [17]. Recently, Loyez et al. published an excellent review on aptamer-
based optical fiber sensors using all types of sensing strategies including surface plasmon
resonance (SPR), localized SPR (LSPR), lossy mode resonance, fluorescence, and others [18].
The review covers a broad scope with less specific information for certain types of sensing
strategy. There is no review with a focus on the functional-nucleic-acid-based fluorescent
FOEW (FNA-FOEW) for diverse types of targets. In view of the significant difference
of FNAs from antibodies, a comprehensive review of FNA-FOEW sensors would be a
valuable complement to the reviews of fiber-optic sensing technology. The novelty of our
review is to summarize the recent progress, challenges, and perspectives of FNA-FOEW
sensors with a special focus on the probe immobilization chemistry and diverse sensing
mechanisms for different types of targets. Please note that this review does not include SPR-
or silicon-photonic-based FOEW biosensors. In those biosensors, the detection of targets
is achieved by measuring the refractive index changes, instead of fluorescence intensity
changes [19-21].

The major content of this review is summarized in Figure 1. Since the sensor optical
and fluidic system is general for the optical fibers with different coating materials, the
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above-mentioned reviews and many other books and articles are excellent resources for
detailed information. This review focuses on the surface chemistry of the optical fiber and
the sensing mechanisms, and the optical physics are briefly introduced. We started with
an introduction of the recent advances in FNAs, which are responsible for specific target
recognition in FNA-FOEW sensors. We then conducted a brief introduction of the major
components of FOEW sensors and optical mechanisms for real-time fluorescence detection.
The major methods for fiber modification and the representative sensing mechanisms for
different types of targets are systemically reviewed according to the surface chemistry of
the fiber. The challenges and prospects of fluorescent FNA-FOEW sensors are provided at
the end of this review.
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Figure 1. Scheme diagram of the content of this review.

2. Functional Nucleic Acids (FNAs)

Nucleic acids were initially defined as a hereditary substance that carries genetic
information. Later, research clearly evidenced that some nucleic acids, called FNAs, also
play many other important biological functions in vivo or in vitro [15,22-25]. FNAs with
catalytic activity or specific molecular recognition capability have attracted tremendous
attention in many fields. They are divided into two categories: natural and artificial FNAs.
Natural FNAs are found in vivo and include ribozymes and riboswitches. Artificial FNAs
are obtained by in vitro screening or engineering, and include rationally designed nucleic
acid probes, aptamers, DNAzymes, and aptazymes (Figure 2). Artificial FNAs are attractive
synthetic probes because of their low cost, ease of synthesis and modification, high stabil-
ity, and biocompatibility. They have been extensively used for sensing detection [26,27],
drug delivery [28] and disease therapy [22], molecular imaging [29], and self-assembly of
nanomaterials [30,31]. Among these applications, their applications in fluorescent, colori-
metric, and electrochemical sensors are dominant and have shown the greatest potentials
for practical uses.
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Figure 2. The artificial FNAs most popularly used in biosensors including FNA-FOEW sensors.
(A) Complementary DNA probe (cDNA); (B) rationally designed thymine (T)-rich probe for highly
specific Hg?* detection; (C) rationally designed guanine (G)-rich probe for highly specific Pb*
detection; (D) aptamers; (E) DNAzymes specific to various metal ions; (F) aptazymes for nonmetal
ion targets.

The different types of FNAs enable the specific recognition of different types of targets.
The first groups of FNAs are short complementary DNA probes (cDNAs) (Figure 2A),
typically 10-25 mer in length, which are rationally designed to be completely or partially
complementary to the target DNA or RNA sequences. The hybridization reactions between
cDNAs and target sequences cause the formation of duplex structures in a solution or on
the sensor surface, allowing the specific detection of target sequences by various signal
transformation means. The hybridization reaction has also been extended for the indirect
detection of other types of targets beyond nucleic acids by incorporating the following
FNAs. Another type of rationally designed FNA sequence is metal-ion-specific DNA
probes. The most applied ones are thymine (T)-rich probes highly specific to ng+ [32-34]
(Figure 2B) and guanine (G)-rich probes highly specific to Pb?* [35-38] (Figure 2C). The
two types of probes respectively undergo a large conformation change from random coil
to duplex or G-quadruplex structures upon binding to Hg?* or Pb?*. Rationally designed
probes have also been reported for other metal ions, such as Ag* [39] and K* [40,41], but
are much less applied because they are not the most common pollutants of concern in the
environment or food.

Both aptamers and DN Azymes are in vitro isolated nucleic acids from a nucleic acid
library by SELEX (Systematic Evolution of Ligands by Exponential Enrichment) technol-
ogy [27,42,43]. Aptamers are specific binding ligands without catalytic activity (Figure 2D).
Since the invention of SELEX, more than one thousand aptamers have been isolated, target-
ing all types of targets from metal ions, small molecules, and proteins to complex targets
such as bacteria and viruses [44—47]. The specific binding event can be signally transformed
in diverse sensing platforms. DNAzymes are FNAs with diverse enzymatic activities.
DNAzymes with cleavage activity catalyzed by a wide spectrum of metal ions as cofactors
have been reported in recent years [27,48] (Figure 2E). Among them, the most popularly
used are those specific to Pb>*. The DNAzyme forms two duplex segments with its sub-
strate, leaving the central loop region as the metal ion recognition pocket. In the presence
of the right metal ion, the cleavage activity is activated due to the binding between the
metal ion and the loop, and the phosphodiester bond next to the RNA nucleotide in the
substrate sequence is cleaved. The catalytic cleavage of the substrate sequence lays the
basis for various sensing mechanisms. Due to their catalytic property, one metal ion can
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Signal amplifier

Filter

trigger multiple cycles of cleavage, leading to high sensitivity and negating the use of
protein enzymes for signal amplification.

Aptazymes are a type of FNA with both catalytic activity and specific binding ca-
pability, in which the binding pocket in DN Azymes for metal ions is designed through
engineering to include aptamer sequences [49] (Figure 2F). Even though the design is
elegant, tedious optimization is required and their extended applications are limited. So
far, no aptazymes have been used in FOEW sensors.

In FOEW sensors, the above-described FNAs are either functionalized on the fiber
surface or added into the test sample. The fluorescent group is typically modified on the
FNAs or their complementary sequences for signal transduction of the specific molecular
recognition event that occur on the fiber surface. The representative designs are illustrated
in the following sections.

3. The Major Components of Fluorescent FOEW Sensors and Optical Mechanisms for
Real-Time Fluorescence Detection

A typical fluorescent FOEW sensor consists of an optical system (laser, optical fiber
coupler, filter, photodiode, and signal amplifier), a mechanic fluidic system (peristaltic
pump, tubes, reaction chamber), and a data analysis system (software and computer)
(Figure 3A) [6]. The optical fiber is installed inside the reaction chamber. The inlet and
outlet tubes are connected to the chamber for automatic sample injection and waste elution
with controlled flow rate and time [50]. For the purpose of portability, the FOEW sensors
have been miniaturized and several portable FOEW sensors have been commercialized for
in situ applications [10]. Continuous onsite measurements are realized by the regeneration
of the sensor surface by simply rinsing with sodium dodecyl sulfate solution (0.5% SDS,
pH 1.9) after each measurement [51]. Very recently, the miniaturized all-fiber-optical
system and microfluidic system have been integrated with smartphones for onsite real-time
quantitative detection of bisphenol A and norfloxacin in 15 min with high sensitivity and
reusability, and automated interpretation of reporting results [52].

B

Sample injection

-
Sensing region

Fiber optical coupler

Cladding

Computer
Waste effusion

Figure 3. (A) The components of a typical fluorescent FOEW sensor; (B) the structure of the tapered
fiber and the evanescent wave generated vertical to the fiber surface.

The optical fiber is the core element of an FOEW sensor for real-time fluorescence
sensing. It usually consists of the inside core and the outside cladding. The refractive index
(RI) of the fiber core is higher than that of the fiber cladding. Light travels through the fiber
via total internal reflection. The material of the core is usually transparent glass (5iO;) or
plastic with excellent laser transport capability and ease of surface modification. With the
purpose of improving sensitivity, optical fibers with diverse shapes have been reported.
They can be roughly divided into two categories, fiber gratings (FGs) and structured optical
fibers (SOFs) [11]. FGs are optical fibers that have periodic gratings, which change the
refractive index (RI) of the core. Common SOFs include D-shaped, U-shaped, tapered,
and biconical fibers (Figure 4). The SOFs, especially the tapered fiber, are much easier to
fabricate than FGs. Optical fibers for the preparation of tapered fibers are commercially
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available at quite a low price (approximately USD 1-2 per probe). For this reason, tapered
fibers are the most widely used fibers in FOEW sensors.

A C

Figure 4. The most common optical fiber structures. (A) D-shaped fibers; (B) U-shaped fibers;
(C) tapered fibers; (D) biconical fibers. The gray part is the core, and the orange part is the cladding.
The section without the cladding is the sensing region, where the surface modification is typically
performed prior to the sensing.

Taking the tapered fiber as an example, the generation of the optical phenomenon
inside and on the surface of the fiber was illustrated (Figure 3B). For other shapes of optical
fibers, an excellent review has introduced them in detail [11]. When the laser incidence from
the light-dense medium (such as SiO;) to the light-sparse medium (such as an aqueous
sample) and the angle of incidence is greater than the critical angle, the refracted light
disappears, and total reflection occurs. The total reflection of the incident laser inside the
fiber leads to the formation of the evanescent wave field propagated vertical to the surface
of the fiber. The distance is called the depth of penetration (d,) when the intensity of
the evanescent wave decays to 1/e of the original light wave intensity [53]. The dp is a
function of several parameters as shown in the following equation and is typically in the

100-200 nm range.

d A

27(n? sin” @ — n3) 2
where A represents the wavelength of the incident light; n; represents the refractive index
of the fiber core medium; n, represents the refractive index of the surrounding solution
medium; and 0 is the angle of incidence of the fiber at the interface. A large dp, is the key to
achieve high sensitivity for FOEW sensors. The tapering, launch angle, and taper length of
the fiber strongly affect the sensitivity and can be easily optimized.

The evanescent wave excites the fluorescence emission of fluorophores inside the
evanescent wave field. The intensity of the emission fluorescence is then real-time measured
by the photodiode detector after the filter. It is worth pointing out that FOEW sensors tend
to show a higher signal-to-noise (or lower background interference) ratio compared to the
fluorescence measurements conducted in solution because only the fluorophores within
the evanescent wave field can be effectively excited [6].

In order to realize the simultaneous detection of multiple targets, Long et al. designed
and manufactured a compact dual-color FOEW sensor installed with two lasers for the
simultaneous excitation of two fluorophores at distinct wavelengths. The simultaneous
detections of aflatoxin M1 (AFM1) and ochratoxin A (OTA) [54], Escherichia coli (E. coli)
0157:H7 and Salmonella typhimurium [55], or acetamiprid and fipronil [56] were respectively
achieved. The group further simplified the optical structure, where a single-multi mode
fiber optic coupler was employed to replace the sophisticated confocal optical system for
the transmission of two excitation lights and dual-color fluorescence [57,58]. A photodiode
detector was used instead of a photomultiplier for the simultaneous detection of dual-
color fluorescence.

Besides the solid fibers described above, a hollow-core fiber has also been used in
fluorescent FNA-FOEW sensors [59]. Wang et al. recently demonstrated that hollow-core
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microstructured antiresonant fibers (HARFs) can stringently confine light in the fiber core,
ensuring a high signal and sensitivity. The hollow-hole fiber or capillary serving as a
waveguide was first invented in 2000 by Liger et al., and has been commercialized. Those
seeking more information on the progress of the systems using the hollow-hole fiber can
refer to the excellent review [10].

4. Optical Fiber Interfacial Modification Methods

Optical fibers can be chemically modified at the interface before use or left unmodified,
depending on the different sensing mechanisms. Unmodified optical fibers have been
used for the detection of diverse types of targets including bacteria and metal ions [60].
Taking advantage of the large size of bacteria (at least submicron in diameter) and the short
evanescent wave depth (typically less than 100 nm), an unmodified bare SiO; fiber has
been used for the detection of E. coli O157:H7. A bare fiber etched with a nanoporous layer
was used and better sensitivity was achieved, which not only separates E. coli O157:H7
from the aptamer, but also enhances the performance of the evanescent wave [55,61]. The
benefits for using the unmodified fiber include no need for surface modification, easy
surface regeneration, and low cost. However, the sensitivity is commonly much lower
than those using modified fibers. To overcome the sensitivity limitation, offline signal
amplifications are required to improve the detection sensitivity.

The well-controlled surface modification of fiber optics is critical for sensor perfor-
mance including sensitivity, specificity, dynamic range, binding kinetics, long-term stability,
reproducibility, and surface regeneration. Many different chemical reactions have been
used for surface modification. Among them, the silanization and the mild crosslinking
reactions compatible with aqueous solutions are the most popularly used. In the following,
we summarized the most popularly used methods for the interfacial modification of SiO,
fibers according to different purposes including modification to introduce active functional
groups, nucleic acid probes, and targets, or to block the surface.

4.1. Modification to Introduce Active Functional Groups on Fiber Surface

Through silanization reactions and the following one- or two-step crosslinking reac-
tions, various functional groups can be facilely introduced on the SiO; fiber surface. The
most popularly used silanization reaction is the reaction between the hydroxyl groups
and 3-aminopropyltriethoxysilane (APTS), by which the fiber is functionalized with amino
groups (Figure 5A) [62]. The hydroxyl groups are generated by soaking the fiber in pi-
ranha solution.

The amino-group-modified fiber surface can be further converted into other ac-
tive function groups such as the carboxylic acid group (Figure 5B) and aldehyde group
(Figure 5C) by soaking the fiber in different crosslinkers. The crosslinker with dual-amino
groups is commonly used to lengthen the spacer (Figure 5D). Very recently, a single-
stranded binding protein (SSB) was immobilized on the fiber surface using the same
EDC/NHS-mediated reaction for the capture of the free aptamer [63]. The dethiobiotin
groups bind to streptavidin or streptavidin-modified molecules with weaker affinity than
biotin, rendering easier interruption of the binding for surface regeneration [64-66]. They
can be modified on the fiber through the highly efficient coupling reaction between the
amino group on the fiber and the ECD/NHS-activated carboxylic acid group on dethiobi-
otin (Figure 5D). Very recently, a single-stranded binding protein (SSB) was immobilized
on the fiber surface using the same EDC/NHS-mediated reaction for the capture of the
free aptamer [63]. By using 3-mercaptopropyl-trimethoxysilane (MTS), the sulthydryl
groups are introduced to the fiber surface [67]. One maleimide group in the bifunctional
crosslinking reagent N-(4-maleimidobuty-ryloxy) succinimide (GMBS) reacts specifically
with sulfhydryl groups and forms a stable thioether linkage. The other maleimide group
further reacts with the amino group in streptavidin to covalently immobilize streptavidin
on the fiber surface (Figure 5E). Streptavidin can be used for immobilization of any target
labeled with the biotin group via the strong binding between streptavidin and biotin [63].
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Figure 5. The representative methods to modify the fiber with active functional groups: (A) amino-
group-functionalized surface; (B) carboxylic-acid-group-functionalized surface; (C) aldehyde-group-
functionalized surface; (D) dethiobiotin-group-functionalized surface; and (E) sulthydryl, NHS ester,
or streptavidin-group-functionalized surface. EDC: 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide;
NHS: N-hydroxysuccinimide.
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4.2. Immobilization of Nucleic Acid Probes on Fiber Surface

Three types of immobilization chemistry are used for the immobilization of nucleic
acid probes on the fiber including gold-thiol (Au-S) coordinate interaction (Figure 6A),
covalent coupling (Figure 6B), and noncovalent binding (Figure 6C). To be compatible with
these modification strategies, the nucleic acid probes are respectively modified with the
thiol, amino, or biotin group at either end of the terminals.
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Figure 6. The representative methods to functionalize the fiber with nucleic acids modified with
(A) thiol; (B) amino; and (C) biotin groups.

The coating of a thin layer of gold film is typically used to enhance the evanescent
wave and, therefore, the sensing sensitivity in various types of waveguide sensors including
FOEW sensors, but is not often used in fluorescent FOEW sensors. Gold nanoparticles are
a universal fluorescence quencher and widely used in biosensors. They have been recently
used in FNA-FOEW sensors for the detection of exosomes in blood samples from breast
cancer patients [56]. The gold film is compatible with several commonly used surface
characterization techniques such as SPR [65], quartz crystal microbalance (QCM) [66], and
electrochemical sensors [67]. Thus, multiple characterization techniques can be simulta-
neously used to investigate the complicated surface effects on sensor performance. The
thiolated nucleic acids are the most popularly used for the immobilization on the gold
surface due to the well-controlled formation of the self-assembled monolayer. However,
the Au-S bond is prone to be auto-oxidized in air, resulting in quite a limited surface
stability (typically within one to two weeks) [68,69]. Therefore, the Au-S-based nucleic acid
immobilization method is more suitable for theoretical study, but not robust enough for
practical uses.

The immobilization of nucleic acid probes via the covalent bond can overcome the
stability limitation of the Au-S-based immobilization strategy. Our experiments showed
that fibers functionalized with DNA probes retain stable hybridization signals over several
months when they are stored at 4 °C in a humid environment. The high stability has
also been demonstrated by other research groups [68-70]. The drawback of this covalent
immobilization method is its multiple-step process and the difficulty to quantitatively
monitor each modification step on the surface. The most popularly used route consists of
several steps: (1) oxidation to form hydroxyl groups, (2) silanization to convert the hydroxyl
groups into an amino group, (3) the transformation of the amino to an aldehyde group
by amine aldehyde condensation reaction, (4) covalently coupling the amino-modified
nucleic acid probes, and (5) reduction of the less-stable imine bond into a C-N single bond
and the unreacted aldehyde groups into hydroxyl groups by NaBHj reduction [50]. Many
works use a similar approach to immobilize amino aptamers on the fiber surface with slight
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differences [51,71-78]. For examples, glycine [60,79] and NaCNBHj3; [60,80] were used to
deplete the remaining aldehyde sites after the coupling of aptamers. A similar route has
also been used for the attachment of nucleic acid probes on PMMA fibers [81].

Another strategy for nucleic acid probe immobilization is via the strong noncovalent
binding between biotin and streptavidin. The whole process is largely the same as the
covalent route described above except for the final noncovalent binding step, where the
biotin-labeled nucleic acid probes are attached to the surface via the strong noncovalent
binding between streptavidin (or avidin) and biotin [82-84]. The advantage of the use of
noncovalent binding to immobilize the nucleic acid probes might be its better antifouling
property. However, the long-term surface stability of the sensor is not as good as the
covalent one, besides the high cost of streptavidin. Therefore, this immobilization strategy
is not often used for continuous detection.

4.3. Immobilization of Target Molecules

The immobilization of targets (most commonly small molecules and their protein
complexes) on the fiber is most widely performed when antibodies are used as recognition
elements. Thus, the targets in the testing samples and those bound on the surface com-
petitively bind with the antibodies added in the testing samples, enabling the signal-off
detection of targets. In FNA-FOEW sensors, targets, complementary probes to FNAs, and
FNAs all can be immobilized on the fiber surface for different sensing mechanisms. The
following two processes are most utilized to immobilize the targets according to their avail-
able function groups on the optical fiber. For a target with at least one primary amino group,
such as kanamycin [50], it is covalently immobilized on the fiber through the crosslink-
ing reaction between the aldehyde group pre-functionalized on the fiber and the amino
group of the target (Figure 7A). This method is also used for the immobilization of the
target—protein complex when a target itself has no amino group. For example, to construct
an FOEW sensor for the detection of 17(3-estradiol, a complex of 173-estradiol and bovine
serum albumin (BSA) was immobilized on the surface of an optical fiber via the reaction of
an amino group of BSA with an aldehyde group on the fiber surface [85]. For a target with
at least one carboxylic acid group, such as dethiobiotin (Figure 5D) and ochratoxin A [86],
the carboxylic acid group is activated by EDC/sulfo-NHS or NHS in solution, followed by
the highly efficient reaction between the activated carboxyl group with the amino group on

the fiber.
Target containing amino group
A o= Ay ———— O—(S;)‘C\Zisv“w””_ e e A AT
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B _O_gicﬁ5 N N —COOH ?CZHS . .
(I)C\2H§N Y M, EDC/sulfo-NHS O_EC\ZH{)\/ W M M\hi—co—

Figure 7. The representative methods to modify the fiber with targets containing (A) amino or
(B) carboxylic acid groups.

4.4. Surface Blocking of Optical Fiber

After the immobilization of nucleic acid probes or targets, it is necessary to block
the fiber surface to quench the remaining active groups or to minimize the nonspecific
absorption of fluorescent probes and other components in the sample matrix. Quenching
the unreacted active function groups is easy. For example, the remaining aldehyde groups
can be depleted by the small-molecule reagents containing the amino group, such as Tris
or ethanolamine. The minimization of the nonspecific absorption on the sensor surface
remains one of the most challenging issues for biosensors, including FNA-FOEW sensors.
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In recent years, several types of antifouling reagents have been reported, such as thio-
lated oligo(ethylene glycol) [87-89], mercaptohexanol [90], zwitterionic moieties [91,92],
polyethylene glycol [93], and BSA [94]. The oligo(ethylene glycol) moiety, zwitterionic
moieties, and BSA are well known for their capability to prevent the nonspecific absorption
of proteins. Mercaptohexanol can prevent the nonspecific absorption of nucleic acids [90].
Unfortunately, the most widely reported thiolated passivation reagents are only used for
the gold surface, and are not compatible with the SiO, fiber, where the well-controlled
self-assembly of the passivation monolayer is formed by Au-S interactions. BSA has been
used to block all types of surfaces ranging from microplates, nitrocellulose membranes,
to electrodes and glass surfaces. So far, BSA is the most popularly used blocking agent in
FNA-FOEW sensors due to its low cost and chemical compatibility [60,66,75,80,85,86].

Even though the specific mechanisms are unclear, the antifouling capability of the
oligo(ethylene glycol) moiety and zwitterionic moieties has been related to the formation of
an aqueous layer [87-89,91-93]. Quite differently, the mechanism of BSA for the minimiza-
tion of nonspecific absorption is due to the physical coverage of the active binding sites
of the surfaces. Therefore, the complete coating of the surface is essential. One important
advance is the formation of the passivation layer using denatured BSA at pH near its
isoelectric point (4.6), instead of the routine neutral pH. At the isoelectric point, the BSA
is neutral, allowing the formation of a more uniform passivation layer on the fiber. The
iep-BSA-blocked FNA-FOEW sensor showed a 10-fold-improved limit of detection (LOD,
S/N =3, 125 pM) for the detection of target DNA and the highest number of regeneration
cycles (120 cycles) [95]. Even though the BSA layer minimized the nonspecific absorption
of nucleic acids, its capability to resist the interference from the complex sample matrix is
still not satisfactory.

5. Sensing Mechanisms

FNA-FOEW sensors have been utilized for the detection of all types of targets after
Krull et al. demonstrated their capability for the detection of DNA in 1995 (Figure 8). In the
following, we summarized the progress of the sensing mechanisms according to the types of
targets. We drew the core sensing mechanisms in the literature in the same style to highlight
the differences among different strategies. We also summarized the important progresses
in the tables to facilitate the direct comparison of the performance (LOD, dynamic range,
reusability, et al.) of each method for the detection of small molecules, heavy metal ions,
and nucleic acids, respectively (Tables 1-3).
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Figure 8. The major progress of FNA-FOEW sensors according to the target scope.

5.1. Separation-Free Detection of Small Molecules Using Aptamers

Small molecules are the most diverse type of environmental and food pollutants
including antibiotics, toxins, hormones, etc. In recent years, the number of small-molecule-
binding aptamers has been rapidly increasing, which lays the basis for the development
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of aptamer-based FOEW sensors. Different from antibodies, aptamers not only bind with
their targets, but also bind with the complementary sequences. In addition, some aptamers,
called split aptamers, can be split into two fragments, which are assembled upon target
binding [96]. Thus, aptamer-based sensing mechanisms for the detection of small-molecule
targets are more diverse than the antibody-based ones (Figure 9). We classified the current
reported methods into the separation-free and offline-separation-based methods. According
to the different surface modifications of the fiber, we divided the first category methods
into five different sensing mechanisms.
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Figure 9. The separation-free detection of small-molecule targets using FNA-FOEW sensors installed
with fibers functionalized by (A) target [85,86]; (B) cDNA [75]; (C) aptamer [71,72,77]; (D) cDNA com-
plementary to one of the split aptamer fragments [73]; or (E) one fragment of the split aptamer [76,80].

The first aptamer-based FOEW sensor for small molecule detection was reported
in 2012 for the detection of 17p-estradiol, a frequently detected endocrine-disrupting
compound (EDC) in environmental waters (Figure 10) [85]. The sensing mechanism is an
analogue of the most popularly used, indirect competitive binding immunoassays for small-
molecule targets, in which 173-estradiol 6-(o-carboxy-methyl)oxime-BSA is covalently
immobilized on the surface (Figures 9A and 10). The 17(-estradiol molecules in the water
sample and immobilized on the surface competitively bind with the fluorophore-labeled
aptamer in the water sample, enabling the signal-off detection of 173-estradiol in the water
sample with an LOD of 2.1 nM. The same strategy was also used for the development of
an FOEW sensor for the detection of mycotoxin ochratoxin A (OTA, LOD = 0.97 nM) in
wheat samples [86]. The advantage of this type of sensing method is high accuracy because
the dynamic range is typically only within two orders of magnitude. The sensors also
possessed excellent reusability (>100 times) and quite a short assay time (within 10 min).
The limitations included low sensitivity and the difficulty of target immobilization for the
targets lack of functional groups.

To avoid the complication of target immobilization, the cDNA was immobilized on
the fiber instead of the target (Figure 9B) for the detection of bisphenol A (BPA) with an
LOD of 1.86 nM [75]. BPA is a known endocrine disruptor and one of the most serious
environmental contaminants. The sensors retain excellent reusability (>100 times) and quite
a short assay time (within 10 min). However, the LODs are typically in the low nanomole
per liter (nM) concentration range for the targets when the dissociation constants (Kp) of
their aptamers are 10-100 nM (Table 1). The sensitivity is not high enough for practical
applications because the samples have to be diluted to minimize the matrix interference.
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Figure 10. Aptamer-based FOEW sensor for rapid and sensitive detection of 17(3-estradiol in water
samples. Reprinted from Yildirim et al. (2012) [85], Copyright (2018), with permission from American
Chemical Society.

Table 1. Detection of small molecules.

Sensing LOD Linear Range Reusability Time ? -
Target Mechanism @M) (@M) Real Sample (Times) (min) Selectivity Ref.
Estriol; 17 3-estradiol;
. ) 2,4-dichlorophenol;
Bisphenol A Figure 9B 1.86 2-100 Wastewater 100 10 bromophenol blue; phenol; [75]
phenol red
Aflatoxin B1; aflatoxin B2;
Ochratoxin A Figure 10A 3 6-500 Oat samples 300 5 deoxynivalenol; [66]
chloramphenicol
Ochratoxin A Figure 9A 0.97 1.81-31.0 Wheat sample 100 10° Aflatoxin B1; deoxynivalenol [86]
Cocaine Figure 9D 165.2 200-2 x 10°  Human serum 40 750 Kanamycin; amikacin; 73]
sulfadimethoxine; ibuprofen
Tetracycline; terramycin;
Aminoglycoside . 3 . chlortetracycline; ibuprofen;
b5 Figure 10C 26 0-1 x 10 Milk 60 N/A bisphenol A; [78]
sulfadimethoxine
1% 104 Neomycin;
Cocaine Figure 9B 1.05 x 10* 5% 106 N/A 50 16.5 sulfadimethoxine; [74]
x ampicillin; kanamycin
4_
Adenosine Figure 9F 25 x 10* Sl N/A N/A N/A N/A 761
Penicillin G; tetracycline;
Streptomycin Figure 9D 33 60-526 Waters 4 100 5 tobramycin; neomycin; [80]

kanamycin A
Corn flour Deoxynivalenol; aflatoxin B1,
Zearalenone Figure 9C 2.31 x 10°° 1 x 107°-0.1 28 6 B2, G1, G2, M1; ochratoxin 771
extract P
A; fumonisin B1, B2

1x107-
0.2 x 107°¢ 1x103e Kanamycin A; ampicillin;
Sulfonamides Figure 9C 0.5 x 10-°f 1x107- Lake water 40 5 doxycycline; diethylhexyl [71]
4.8 x 10738 1 x 1072f phthalate; tobramycin
1x1073-108
42 x 1076h 1 >; 101?;?‘1 " Vomitoxin; zearalenone;
Alternariol Figure 9C 6x 10701 1 * 10,27 Wheat powder 35 5 patulin; altenuene; [72]
2 x 107°1 1% >1<0,6 1] tenuazonic acid; tentoxin

2 Detection time only; b including incubation time; ¢ kanamycin A, kanamycin B, amikacin, gentamycin; d mineral
spring water, bottled purified water, tap water, surface water, wastewater; © for sulfaguanidine; f for sulfamethizole;
8 for sulfamethoxazole; ' original truncated aptamer; ! bivalent aptamer; ] trivalent aptamer.
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Recently, our group devised an ultrasensitive FNA-FOEW sensing platform to over-
come the sensitivity limitation, named the nanoscale affinity double layer (NADL)-FOEW
sensor, for the detection of small-molecule targets regardless of their hydrophobicity
(Figure 11) [50]. In the NADL-FOEW sensor, the aptamer is covalently immobilized on the
fiber along with a nonspecifically absorbed Tween 80 thin layer (Figures 9C and 11). The
fluorophore-labeled cDNA and target competitively bind with the immobilized aptamer,
enabling the signal-off detection of targets. Different from the target or cDNA-immobilized
strategies, the NADL-FOEW sensor enables in situ target enrichment, purification, and sens-
ing on the same surface simultaneously, therefore dramatically improving the LOD down to
the unprecedented femtomolar ranges. So far, we have demonstrated the ultrasensitive and
specific detection of kanamycin [50], sulfadimethoxine [50], di-(2-ethylhexyl) phthalate [50],
zearalenone [77], sulfonamides [71], and alternariol [72] in diverse matrices including envi-
ronmental water, fresh milk, wine, wheat, and corn extracts. Both the detection sensitivity
and the dynamic range all meet the practical applications. The reusability (around 30 times
for different targets) is not as good as the FOEW sensors shown in Figure 9A,B, but is
much higher than typical electrochemical biosensors (commonly less than three times).
We also demonstrated the first class-specific detection of sulfonamides, where the total
concentration of 14 sulfonamides spiked in the environmental water was continuously
detected [71]. Due to the rapid increase in the numbers of synthetic structure analogues, the
total concentration of structure analogues is commonly used for the evaluation of pollution
levels. This is the first example to demonstrate the applicability of the FOEW sensor for the
detection of the total concentration of multiple structure analogues. The broad dynamic
range is a benefit for the detection of targets with a broad concentration distribution in real
samples such as industrial waste. However, it also limits applications for the detection of
targets, such as immunosuppressive drugs, with a narrow effective concentration range.
This is an important issue.
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Figure 11. NADL-FOEW for rapid and ultrasensitive detection of small-molecule targets in environ-
mental water, fresh milk, wine, and urine samples. Reprinted from Zhao et al. (2021) [50], Copyright
(2021), with permission from American Chemical Society.

Enzymatic signal amplification has also been used to improve the sensitivity of FNA-
FOEW sensors. Li et al. reported a portable chemiluminescent FNA-FOEW sensor for
the ultrasensitive onsite detection of four mycotoxins in food samples. The SSB was
immobilized on the fiber surface and the unbound biotin-labeled free aptamer was captured
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by the SSB, while the target-bound aptamer was not captured by the SSB. The streptavidin—
biotinylated horseradish peroxidase (SA-Bio-HRP) complex was then employed as a signal
amplification tag to catalyze the oxidation of luminol into a chemiluminescent product [63].
The sensors possess low LODs in the range of 0.015-0.423 pg/mL for different mycotoxins.
The limitation of this method is the high cost since both SSB and SA-Bio-HRP are expensive.
The reusability of the sensor would also be limited since SSB is protein, which tends to
be denatured.

Split aptamers enable novel sensing mechanisms that are not suitable for monolithic
aptamers. He et al. reported the first split-aptamer-based FOEW sensor for the detection
of cocaine in serum, in which the cDNA complementary to one fragment of the split
aptamer was immobilized on the fiber (Figure 9D). The flow sample contains cocaine and
the two split aptamer fragments, one labeled with fluorophore and the other labeled with
a quencher. The binding between cocaine and the pair of fragments not only allows the
fluorescence quenching, but also prohibits the hybridization of the fluorophore-labeled
fragment with the cDNA. Thus, only the free fluorophore-labeled fragment hybridizes
with the cDNA immobilized on the fiber, enabling the signal-off detection of cocaine
(LOD = 165.2 nM) [73]. The advantage of this sensing mechanism is that it is a separation-
free process. The limitations of this design include its low sensitivity and the signal-off
detection mode.

Later on, a signal-on sensing mechanism was reported by immobilizing one of the
split aptamers on the fiber (Figure 9E). The fluorophore-labeled single fragment of the
spilt aptamer and the target, adenosine, are assembled with the other fragment of the split
aptamer attached to the surface, enabling the detection of adenosine (LOD = 25 uM) [76].
The same sandwich strategy has also been used for the continuous detection of streptomycin
(LOD = 25 uM) [80]. The signal-on detection is attractive, while the split aptamers sacrifice
binding affinity compared to the original aptamer, resulting in unsatisfactory sensitivity.

5.2. Offline-Separation-Based Detection of Small Molecules Using Aptamers

Offline separation using magnetic beads or graphene oxide has been coupled with
FOEW sensors for the detection of small molecules (Figure 12). It not only helps to min-
imize the matrix interference on the fiber, but also enables the new surface regeneration
method [66], signal-on detection [66,74], or novel sensing mechanisms [78]. The limitation is
arelatively longer assay time and less convenient operation compared to the separation-free
strategies described above.

The first offline magnetic-bead-based detection strategy was reported by Shi et al.
for the signal-on detection of OTA (LOD = 3 nM) [66]. In their method, the OTA-binding
aptamer is immobilized on the magnetic beads and the cDNA probe is dual-labeled with
fluorophore and streptavidin. The cDNA is immobilized on the magnetic beads via the
hybridization with the aptamer. The cDNA probe is displaced from the magnetic bead
when OTA binds with the aptamer. The released cDNA in the supernatant after mag-
netic separation is captured by dethiobiotin functionalized on the fiber via the strong
dethiobiotin—streptavidin interaction. The sensor can be easily regenerated over 300 times
without losing sensitivity. Later, the same group used a similar strategy for the signal-on
detection of cocaine (LOD = 10.5 uM) [74]. The major difference is the use of a fiber coated
with the capture probe complementary to the fluorophore-labeled cDNA to quantitate the
amount of replaced cDNA via hybridization.

Graphene oxide is an effective fluorescence-quenching material and a widely used
absorption material. Taking advantage of its selective absorption capability to single-
stranded DNA over G-quadruplex, He et al. used graphene oxide as both quencher and
separation matrix to realize the continuous detection of aminoglycoside antibiotics with an
LOD of 26 nM [78]. Specifically, the fluorophore-labeled aptamers fold into an interstrand G-
quadruplex in the absence of aminoglycosides. The fluorescence is partially quenched due
to the photo-induced electron transfer (PET) when the aptamer binds with aminoglycoside.
The fluorescence of the aptamer-aminoglycoside complex is further quenched by graphene
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oxide when it absorbs on graphene oxide. The remaining free aptamer forms the G-
quadruplex with the surface-attached aptamer, enabling the signal-off detection of several
aminoglycosides. The limitation of this sensing mechanism is its limited generality. Only
the aptamers that can form multiple strand complexes may possibly be compatible with
this sensing mechanism.
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Figure 12. The offline-separation-based detection of small-molecule targets using FOEW sensors
installed with fibers functionalized by (A) dethiobiotin [66]; (B) capture probe complementary to
c¢DNA of aptamer [74]; and (C) aptamer [78].

5.3. Detection of Heavy Metal Tons Using DNAzyme and T-Rich Probes

Heavy metal ions are extremely harmful to both the ecosystem and human health.
The sensitive and specific detection of heavy metal ions in the environment and food is
of paramount importance. The rapid development of FNAs specific to certain metal ions
has provided valuable chances for the development of biosensors. Even though numerous
FNA-based biosensors have been reported in recent years, most of them are only suitable
for a one-time test and not capable of continuous detection [97,98]. Several FNA-FOEW
sensors have been reported for the onsite continuous detection of Pb>* and Hg?*, which
show great potential for real applications (Table 2).

The first detection of Pb%* using FNA-FOEW was reported by Long et al. in 2014 [99].
They used the fluorophore-labeled G-rich aptamer as a molecular probe (Figure 2C), which
forms a stabilized G-quadruplex structure upon binding with Pb?*. The G-quadruplex
cannot hybridize with the cDNA attached to the fiber, enabling the signal-off detection
of Pb?* (Figure 13A). The good regeneration of the sensor in the absence of Pb?* was
demonstrated (50 times). The sensing mechanism is simple; however, the sensor may suffer
from difficulty in surface regeneration after Pb?* detection due to the nonspecific binding
of Pb?* on the fiber.
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Figure 13. Schematic diagrams of FOEW sensors for Pb%* detection using (A) G-rich probe [99] or

DNAzymes via (B) offline magnetic-separation-based strategy [65] and (C,D) separation-free means
enabled by cDNA functionalized fiber [79] or bare fiber [100].

Later, Shi et al. reported the first DNAzyme-FOEW sensor for the detection of Pb?*
with a greatly improved reusability (>300 times) and long-term stability (over one month
at room temperature) [65]. The Pb2+-speciﬁc DNAzyme 8-17 is so far the most popularly
used DNAzyme in all types of Pb?* biosensors [101]. In their method, the sensor was
constructed using DNAzyme 8-17 in an offline-separation-based mode (Figure 13B). The
magnetic beads are immobilized with the duplexes, which are formed by the streptavidin
and fluorophore dual-modified signal probe and the strand complementary to the substrate
of 8-17. Pb?* catalyzes the cleavage of the substrate of 8-17 and the released fragment
hybridizes with the above complementary strand on the magnetic bead. The dual-labeled
signal probe is replaced and subsequently detected by the dethiobiotin-modified fiber. The
signal-on detection of Pb>* was then realized with an LOD of 1 nM and the linear range was
from 20 nM to 800 nM. The limitation of this method is the requirement of offline operation
(1 h), which complicates the detection process and lengthens the total detection time.

The DNAzyme 8-17 and GR-5 were respectively used to construct the separation-free
FOEW sensors by direct detection of the fluorophore-labeled cleaved substrate
(LOD =20 nM) either using the cDNA functionalized fiber (Figure 13C) [79] or the bare
fiber (Figure 13D) [100]. The hybridization and the nonspecific absorption were respectively
utilized to capture the cleaved substrate. LODs of 20 nM and 9.34 nM were respectively
achieved by both methods. The detection time was similar for both sensors (approximately
13 min per test). The use of bare fiber for the detection of Pb2* provides several advan-
tages including low cost and better reusability. The nonspecific absorption-based sensing
methods are prone to be strongly affected by the presence of nontargets. Therefore, the
limitation is the hard-to-predict matrix interference from different samples.
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Table 2. Detection of heavy metal ions.

Sensing

LOD Linear Range

Reusability

Time

Target Mechanism (nM) (nM) Real Sample (Times) (min) Selectivity Ref.
Bottled water; tap 24 N2 (24 (24
b2 Figure 13A 0.22 1-300 water; lake water; 50 10 R RN [99]
wastewater &
Bottled water; tap 24 NI2E (24 (24
Pb2* Figure 13B 1 20-800 water; mineral spring 250 60+52 Hg (Ij\lalb gﬁh Cd [65]
water
Ag* Ca?* Zn?* Fe?*
: : e Cd?t Cot M2+
Pb2+ Figure 13C 20 0-1 x 10* Dan] e I:‘t’e‘; reservolr 18 13 %}[’gZ*CPCI‘)Z* %’ng\l’:':3+ [79]
AP+
Tap water;
) ) underground water; Zn** Mg?* Ca** Cu**
Pb** Figure 13D 9.34 N/A bottled purified water; N/A 13 cd th [100]
human serum
Ag*t Ca2t Zn2* Fe2*
. . e A2t Calt 2+
Hg Figure 14C 22x102  22x10230  DnJiang Koureservoir 18 7 %}[lgz+CI’dl)z+%)gz+l\;:3+ 179]
AP+
Tap water; pinery Ca%* Zn** Fe** Cu**
Hg?* Figure 14A 2.1 N/A wastewater plant; 100 6 Sn?* Cr?* Mn?* Ni?* [51]
bottled water Pb?*
) Bottled water; tap Ni?* Co?* Cd?* Pb%*
2 . 3 ;
Hg** Figure 14B 1.06 75-1 x 10 water; pond water 200 N/A Ca? [64]
. Effluent of wastewater Ni?* Co** Cd** Pb**
24 =
Hg Figure 14D 1 7-1200 treatment plants 31 30 Ca?* Mg?* [60]
Tap water; bottled 2+ 7 24 24 24
Hg? Figure 14E 85 N/A water; lake water; N/A 10 o Me [60]

underground water

2: offline incubation time + online detection time.

The T-rich probes have been widely used for the specific detection of HgZJr [102] since
the finding of the specific coordination binding between T-Hg?*-T [32]. Five different
strategies have been developed to realize the detection of Hg?* and are all in the separation-
free modes (Figure 14). The sensing mechanisms are very similar to those used for the
detection of Pb?* except the molecular probes are different. The advantages and limitations
of each method are not repeatedly discussed. The first Hg?*-FOEW sensor was reported in
2011 by A.Z. Gu et al. (Figure 14A) [51]. In their method, the T-rich probe is immobilized
on the optical fibers. Hg?* and the fluorophore-labeled cDNA probe compete for the T-rich
sequence on the fiber, realizing the signal-off detection of Hg?* (LOD = 2.1 nM). The sensing
mechanism is simple, but the signal-on sensing mechanism is preferred, and the sensitivity
is not high enough to meet the requirements.

Later, a signal-on method was developed by adopting a strand-displacement-based
method with slightly improved sensitivity (LOD = 1.06 nM), where the T-rich probe is
dual-labeled with fluorophore and streptavidin and the cDNA is labeled with a quencher
(Figure 14B). The cDNA and the T-rich probe are separated upon the binding of Hg?* with
the T-rich probe. The released T-rich probe is then captured by the dethiobiotin-coated fiber,
enabling the signal-on detection of Hg?* [64]. The LOD was further improved to 22 pM
when a different pair of T-rich probe and cDNA are used, and they are respectively labeled
with quencher and fluorophore (Figure 14C). The displaced cDNA upon the binding of
ngJr with T-rich probe is detected by the capture probe immobilized on the fiber [79].

The sensing mechanism was further simplified by only using the fluorophore-labeled T-
rich probe (LOD =1 nM) (Figure 14D) [60]. The T-rich probe forms a hairpin structure upon
binding to Hg?* and is unable to bind to the cDNA on the fiber. The sensing mechanism was
also simplified by using a bare fiber and the quencher-labeled T-rich probe/fluorophore-
labeled cDNA pair (LOD = 8.5 nM) (Figure 14E) [60]. The signal-on detection of HgZJr is
realized by the fluorescence increase caused by the adsorption of the released cDNA on the
bare fiber. The method avoids the surface modification of the fiber, while the limitation is
its lower sensitivity compared to the above modified-fiber-based methods.
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Figure 14. Schematic diagrams of T-rich probe-based FOEW sensors for Hg?* detection using fibers
functionalized by (A) T-rich DNA [51]; (B) dethiobiotin [64]; (C) capture DNA [79]; (D) cDNA [60];
or (E) nothing (bare fiber) [60].

fr

NSosog-
o

[ J
(X ]

5.4. Detection of Nucleic Acids

FOEW sensors have been used for the detection of all types of nucleic acids including
DNA and miRNA since its first report in 1995 (Table 3) [103]. In the first demonstration,
the 20 mer cDNA probes (dT20) were in situ-synthesized on the surfaces of derivatized
quartz optical fibers, and the hybridization on optical fibers was detected by the use of the
fluorescent DNA stain ethidium bromide (EB). One year later, a more facile streptavidin—
biotin-based strategy similar to what we introduced in Section 4.2 (Figure 5E) was utilized
for cDNA immobilization [82]. Different shapes of fibers have been used for the detection
of nucleic acids. However, the sensitivity for most FOEW sensors is in the micromolar to
low nanomolar range [104], which is too low for practical applications. Therefore, different
from the above sensing mechanisms for small-molecule targets and metal ions, the sensing
mechanisms for nucleic acids commonly involve signal amplifications, as we summarized
below, to improve the sensing sensitivity. The signal amplification strategies can be roughly
divided into three categories (Figure 15): (1) using more sensitive optical labels such
as gold nanoparticles or quantum dots (QDs); (2) introducing multiple optical labels
via synthesis, hybridization chain reaction, or polymerase chain reaction; and (3) other
enzymatic reactions. The gold nanoparticles are typically used in the SPR-based FOEW
sensors [81,105,106]. In the following, we only summarize the progress of fluorescent
FOEW sensors using organic fluorophore or QDs for the detection of nucleic acid targets.
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Figure 15. Schematic diagrams of FOEW sensors for detection of nucleic acids via hybridization with
(A) single-fluorophore Cy5.5-labeled target [107]; (B) quantum-dots-labeled target [67]; (C) multiple-
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fluorophore-labeled target synthesized by PCR [108]; or (D) multiple-fluorophore-labeled duplex
formed via hybridization reaction (HCR) [109].

The use of more sensitive optical labels is the easiest way to improve detection sensitiv-
ity. For example, the LOD for the detection of Cy5.5-labeled Shigella DNA was 100 pM [107].
In their method, the cDNA was immobilized on the fiber and the signal on detection of
target DNA was then realized due to the specific hybridization on the fiber (Figure 15A).
The three-strand sandwich detection mode has also been used for the detection of nucleic
acid. For example, Zhang et al. realized the detection of miRNA let-7a by using a cDNA
probe immobilized on the fiber and a Cy5.5-labeled signal probe complementary to the
target (LOD = 24 pM). They also used a “locker” strand to partially hybridize with the
target to reduce the false-negative results at the high target concentration [110].

Compared with organic dyes, quantum dots are 20 times brighter and several orders of
magnitude more photostable. The LOD was improved to 1 pM when the target was labeled
with quantum dots and hybridized with the cDNA on the fiber for 30 min (Figure 15B) [67].
The lower LOD can be achieved by lengthening the hybridization time.

The multiple-fluorophore-labeled target was used for the detection of the microcystin
synthetase A gene (LOD = 10 pM) [108]. Cy5.5-labeled deoxycytidine triphosphate (dCTP)
was used in the polymerase chain reaction (PCR) to introduce multiple Cy5.5 labels on one
target sequence (Figure 15C). The sensitivity was greatly improved by the combination
of the CRISPR-Cas13a system and hybridization chain reaction (HCR) (Figure 15D) [109].
Specifically, CRISPR-Cas13a was activated upon binding of the target gene to crRNA.
The reporter DNA was subsequently cleaved, and the generated fragment triggered the
HCR. The formed duplex contained multiple biotin labels for its immobilization on the
fiber and multiple Cy5.5 labels for signal transduction. The LODs of S genes, N genes,
and Orflab genes were 10, 100, and 10 aM, respectively. The HCR-based multiple Cy5.5
and biotin label strategy has also been used for ultrasensitive detection of miRNA let-7a
(LOD = 0.8 fM) [111].

As shown above, all the methods rely on the labeled analyte or intercalation reagents
or other reagents for signal amplification and transduction. In 1999, Tan et al. reported the
first reagent-free FOEW sensor for the detection of DNA, in which a biotin, fluorophore,
and quencher tri-modified molecular beacon DNA probe (MB) was used to replace the
cDNA probe. MBs were immobilized on the optical fiber surface via biotin-avidin or
biotin—streptavidin interactions. The MBs become fluorescent upon hybridization with
target DNA/RNA molecules. The sensor can be used to directly detect, in real-time, target
DNA /RNA molecules without using competitive assays. The limitation of the sensor is its
low sensitivity (LOD = 1.1 nM) and that the offline PCR amplification of targets is needed.
The development of reagent-free FOEW sensors for continuous detections is highly desired,
but quite challenging, as we discuss in Section 6.

Table 3. Detection of nucleic acids.

Target Miiﬁ:iﬂ‘zm LOD (nM) Linear Range (nM) Re(;iszilsl)l ty 3;::::3 Ref.
DNA Figure 15B 1x103 0.1-2.5 30 N/A [67]
Shigella DNA Figure 15A 0.1 0-2.5 30 5 [107]
dsDNA N/A N/A 5 x 10400 x 10° N/A 0.5 [112]
ssDNA Figure 15B (AuNP) 0.2 x 1073 N/A N/A 7 [81]
Fluorescent-
Let-7a labeled signal 24 x 1072 N/A N/A 4 [110]
probes
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Table 3. Cont.

Target Miigesxlnni%m LOD (nM) Linear Range (nM) Re(};isr:]llsl; ty ;1;::;3 Ref.
ssDNA Transmission 10 N/A N/A N/A  [104]
spectroscopy
Shift in the
Let-7a interference 0.212 2-2 x 10% N/A N/A [113]
spectrum
;}f;ﬁ;ﬁ;’i‘g Figure 15C 10 x 1073 0.05-5 150 725 [108]
Let-7a Figure 15D 0.8 x 107 1x 106~ 100 N/A  [111]
‘ 7.1 x 1072
Let-7a; mRNA 141; . 9
let-7c; mRNA 21; Gold triangular 108 >10 7~ 1 % 1076-100 2 N/A  [106]
mRNA 200 nanoprisms 261 x 10
Three genes of - 10 x 1072 ab
SARS.CoV-2 Figure 15D 100 x 10~? 0-1 100 60 [109]
10 x 1079¢
Chilli Leaf Curl Virus LSPR of AuNP 179.3 N/A N/A N/A [114]
Prostate-specific g, 158 (AuNP) 0.54 x 1076 N/A N/A N/A  [105]
antigen

ag b N, and ¢ Orflab of SARS-CoV-2; 9 local surface plasmon resonance.

5.5. Detection of Proteins Using Aptamers

Most biomarkers that are currently tested in clinics are proteins in nature. The ma-
jor sensing platforms for protein biomarker detection are immunoassays, especially the
chemiluminescence immunoassay and electroluminescence immunoassay, due to the high
sensitivity, specificity, and reliability. The use of FNA-FOEW sensors for the detection
of proteins is rather limited. In most applications, the continuous detection of protein
biomarkers may not be necessary. In addition, FOEW sensors have low throughput, which
cannot meet the high throughput requirement typically needed for hospital applications.
However, an FOEW sensor is a low-cost instrument and is quite suitable for small clinics
when the number of samples is not large. The current major effort for the detection of
proteins is to improve detection sensitivity. Our group recently isolated several high-affinity
DNA aptamers specific to human serum albumin (HSA) [115,116] and used one of the
aptamers to construct an NADL-FOEW sensor [50]. The ultrasensitive detection of HSA in
urine was realized with an LOD of 0.14 fM. Even though the sensitivity meets the practical
requirement, the dynamic range is too broad, which results in a precision issue.

Exosomes are regarded as a promising biomarker for the noninvasive diagnosis and
treatment of diseases. A sandwich-based sensing mechanism was developed for exosome
detection (Figure 16) [117]. In their method, an exosome fluorescence probe/aptamer sand-
wich structure was formed based on both types of interactions: (1) hydrophobic interaction
between the cholesteryl on the fluorescent probe and phospholipid bilayer membrane; and
(2) CD63 on the surface of the exosome and aptamer attached to the fiber surface. The
LOD was 7.66 particles/mL and the linear range was 47.5-4.75 x 10° particles/mL. The
detection time was 1 h and the sensor can be regenerated for 60 cycles. The good surface
regeneration should be attributed to the surface passivation using BSA.
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Figure 16. A sandwich-based sensing mechanism for exosome detection using FNA-FOEW sensor.
Reprinted from Li et al. (2022) [117], Copyright (2022), with permission from Elsevier.

5.6. Detection of Pathogens

Pathogens are microorganisms such as bacteria and viruses that can cause diseases
in humans or animals and plants. The development of rapid and low-cost methods
for pathogen detection has been a hot topic in recent years. Recent progress on optical
biosensors developed for nucleic acid detection related to infectious viral diseases has been
recently reviewed [17]. Numerous methods have been reported with a focus on real-time
PCR detection kits and immune test strips. Aptamers have also been used for pathogen
detections on diverse sensing platforms.

Very recently, a few aptamer-FOEW sensors for the detection of pathogens were
reported by Long’s group. The detection of E. coli O157:H7 was realized by using the
fluorophore-labeled aptamer and bare optical fiber (LOD = 610 CFU/mL) [118]. The
nonspecific adsorption of the aptamer on the fiber decreased with the increase in the E. coli
concentration in the sample. They further improved the sensitivity by using a fiber with an
in situ etched nanoporous layer to effectively prohibit the entrance of the pathogen-bound
Cy5.5 aptamer into the nanopores and to enhance the fluorescence intensity [61]. The LODs
for the detection of E. coli O157:H7 and Salmonella typhimurium were 110 and 210 CFU/mL,
respectively. They further realized the simultaneous detection of E. coli O157:H7 and
Salmonella typhimurium using a dual-color FOEW sensor [55]. In their method, the two
aptamers were respectively labeled with Cy5.5 and Cy3. The LODs for the detection of E. coli
0157:H7 and Salmonella typhimurium were 340 CFU/mL and 180 CFU/mL, respectively.
They also used hybridization chain reaction and CRISPR/Cas12a to detect E. coli O157:H7
with an LOD of 17.4 CFU/ mL [119]. An evanescent wave fluorescence nanobiosensing
platform based on CRISPR/Cas12a was developed for the ultrasensitive detection of
Staphylococcus aureus. (LOD = 13.2 CFU/mL) (Figure 17) [120].
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Figure 17. A CRISPR/Cas12a-powered FOEW sensor for nucleic acid amplification-free detection of
Staphylococcus aureus with multiple signal enhancements. Reprinted from Song et al. (2023) [120],
Copyright (2023), with permission from Elsevier.

6. Challenges and Perspectives

With the improvement of people’s living standard, there is an increasing demand
for green environment and food and healthy life. To achieve these goals, intelligent
technologies including biosensors are highly desired and the market is rapidly growing.
Biosensors with continuous monitoring capability are going to be one of the major types of
products for environment protection, food safety, and point-of-care applications. Although
some FOEW sensors, such as those used for the measurement of temperature, pH, oxygen,
and refractive index, are now commercially available [12], FOEW sensors for the detection
of heavy metal ions, small molecules, proteins, nucleic acids, and microorganisms are still
at the laboratory research stage. There are some major challenges that need to be overcome
to realize the commercial applications of FNA-FOEW sensors.

6.1. High-Quality Small-Molecule-Binding Aptamers

Compared to other biosensors, FNA-FOEW sensors are most attractive for the contin-
uous detection of small-molecule targets. One of the major challenges is the availability
of high-quality small-molecule-binding aptamers. Even though hundreds of them have
been reported in the last 30 years, aptamers with satisfactory affinity (e.g., nanomolar
range dissociation constant) and specificity (low crossreactivity required for the detection
of a specific target; high crossreactivity for the detection of class-specific targets) are still
limited [121]. Aptamers suitable for clinical uses are even rarer due to the presence of
numerous structural analogues in vivo. To speed up the discovery of high-quality small-
molecule-binding aptamers, the following fields need to be developed first. First, new
strategies are needed for the isolation of small-molecule-binding aptamers since the cur-
rent methods have been demonstrated to be insufficient. Second, crossreactivity tests are
either missing or rather limited in many original aptamer isolation papers, which impedes
the wide acceptance of aptamers. More systematic characterization of the specificity and
crossreactivity is required to push the aptamer field for practical uses. Third, standard
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affinity characteristic methods are lacking for small-molecule-binding aptamers, causing
conflicting results in the literature [122,123]. More general affinity characteristic methods
are urgently needed.

6.2. Reagent-Free and Continuous Detection

Achieving continuous and reagent-free detection of trace amounts of targets is difficult
for biosensors, including FNA-FOEW sensors. Even though extremely low LODs have been
achieved by many methods, almost all of them rely on multiple-step signal amplification
and/or advanced and expensive instruments. For example, we recently developed NADL-
FOEW sensing platforms enabling femtomolar LODs for small-molecule targets without
the need for multiple-step signal amplification, but the samples still need to be 1000- to
10,000-fold diluted to minimize the matrix interference. Clearly, the method cannot be
used for the direct detection of biomarkers in a reagent-free form like wearable blood
sugar electrochemical sensors. To solve this problem, several challenging issues need
to be solved. First, the reagent-less detection mode requires target-induced structure
switching to realize signal transduction, instead of competitive sensing modes. Aptamers
with structure-switching capability are rare, and the rational design of structure-switching
aptamers are challenging [124]. Second, continuous and reagent-less detection requires
that FNAs can rapidly respond to changes in target concentration. Therefore, both the
association and disassociation kinetics need to be fast. However, the study of the kinetic
performance of aptamers is quite limited. Third, regenerating the sensor surface without
the need for chemicals is quite challenging. So far, the surface regeneration is completely
carried out by chemical regeneration [125]. Novel surface modification strategies, especially
biomimic layers, are expected to be more effective than the current BSA or nonionic liquid
layers. So far, the fundamental studies in this direction are rather limited compared to the
development of new sensing mechanisms.

6.3. Long-Term Stability under Application Conditions

The long-term stability of FNA-FOEW sensors is critical for continuous detection.
Many previous works have demonstrated the successful regeneration of the sensor surface
up to 300 times and a storage time of more than one month at 4 °C. However, these tests
are typically performed using buffer samples, not real samples, and at low temperatures.
The stability tests of FNAs and FNA-FOEW sensors at an outdoor temperature (such
as ~40 °C) and in real samples that might contain nucleases have not been reported.
These conditions might cause a shortening of the storage time of FNA-functionalized
fibers. Modified nucleic acids might be needed to improve the long-term stability and the
nuclease-resistance capability.

6.4. Throughput

The limitation of the FOEW sensor is its low throughput compared to planar array
sensors. Fiber bundles are the future direction to realize the simultaneous detection of
multiple targets. The technical challenges are the design and fabrication of the compact
optical and signal transduction systems.

7. Conclusions

FNA-FOEW sensors have great potential for in situ continuous detection of environ-
mental and food pollutants and biomarkers, with attractive features including low cost,
reusability, and portability. We reviewed the recent progress of FNA-FOEW sensors with
a focus on the fluorescent FOEW sensors. We sequentially introduced FNAs, the major
components of FOEW sensors, and the optical mechanism for real-time fluorescence detec-
tion, and the optical fiber interfacial modification methods. The progresses of the sensing
mechanisms were then reviewed according to the types of targets, small molecules, heavy
metal ions, proteins, nucleic acids, and pathogens. We finally discussed the challenges faced
by ENA-FOEW sensors and future directions. FNA-FOEW sensors are a multidisciplinary
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research field. Technical advances from aptamer isolation, surface modification, organic
synthesis chemistry, optics, electrical, and manufacturing engineering are all required. With
progressing technical advances, we believe that FNA-FOEW sensors will gradually broaden
their application scope from lab benchtop use to onsite practical applications.
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Abstract: Enzymes play a critical role in most complex biochemical processes. Some of them can be
regarded as biomarkers for disease diagnosis. Taking advantage of aggregation-induced emission
(AIE)-based biosensors, a series of fluorogens with AIE characteristics (AIEgens) have been designed
and synthesized for the detection and imaging of enzymes. In this work, we summarized the
advances in AlEgens-based probes and sensing platforms for the fluorescent detection of enzymes,
including proteases, phosphatases, glycosidases, cholinesterases, telomerase and others. The AlEgens
involve organic dyes and metal nanoclusters. This work provides valuable references for the design
of novel AIE-based sensing platforms.

Keywords: aggregation-induced emission; enzymes; fluorescent biosensors; organic dyes; metal
nanoclusters

1. Introduction

Enzymes are a family of proteins or RNA with specific catalytic activities toward the
substrates. They are involved in most of the complex biochemical processes, including
gene expression, metabolic pathways, cell growth and differentiation, and signaling [1].
Abnormal manifestations of enzyme activities could be indicative of humans’ health status.
Thus, enzymes can be used as biomarkers for disease diagnosis [2-4]. For example, changes
in the activity and content of proteases may cause some diseases, such as cancers, ac-
quired immune deficiency syndrome, and neurodegenerative diseases [5,6]. Phosphatases
have been considered important indicators for some diseases, including anemia, chronic
nephritis, hypothyroidism, and hepatobiliary as well as bone diseases [7]. Evaluated con-
centrations of y-glutamyltranspeptidase have been found in hepatocellular carcinoma as
well as cervical and ovarian cancers [8]. Excessive use of organophosphorus pesticides
can cause the inhibition of acetylcholinesterase (AChE) activity and the accumulation of
neurotransmitter acetylcholine, eventually leading to the incidence of Alzheimer’s and
Parkinson’s diseases [9]. In acute pancreatitis, lipase concentration in serum is at least
three times the normal level [10]. Increased leucine aminopeptidase expression is closely
related to many diseases, such as hepatic dysfunction and liver cancer [11].

Owing to the importance of enzymes in clinical diagnosis, various novel methods
have been developed for the accurate and sensitive determination of enzymes, such as
fluorescence, colorimetry, electrochemistry, electrochemiluminescence, and photoelectro-
chemistry [12,13]. Among them, fluorescent biosensors have attracted extensive attentions
due to their excellent advantages of inexpensive equipment, rapid response, high sensitivity,
and real-time and on-site detection [14,15]. However, traditional fluorophores with planar
and intermolecular interaction may suffer from the aggregation-caused quenching (ACQ)
problem at high concentrations or in the solid state [16], which will decrease the sensitivity
and limit the applications of fluorescent biosensors in vivo detection and imaging of en-
zymes. Since Tang’s group first introduced the concept of aggregation-induced emission
(AIE) in 2001, AIE-based techniques have opened up the field with huge potential practical
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applications [17]. Unlike ACQ fluorophores, fluorogens with AIE features (AIEgens) exhibit
a remarkable optical property and strong resistance toward photobleaching. Generally,
AlEgens in the molecular state are non-emissive, because they can consume the excitation
energy through the active intramolecular motion in a non-radiative decay manner. How-
ever, under the restrictions of intermolecular motion, AIEgens in the aggregate state will
produce significantly enhanced and stable emission. Thus, versatile AIEgens have been
used as functional components to prepare light-up probes. They have been used in a broad
range of applications, including organic optoelectronic devices, biosensing, bioimaging,
photodynamic therapy, photothermal therapy, and so on [18-21].

Within the continuous exploration of the new AIE systems, more mechanisms have
been proposed as branches of AIE, including crystallization-induced emission, room-
temperature phosphorescence, clusterization-triggered emission, and so on [22,23]. Besides
tetraphenylsilols and tetraphenylethylene, versatile AIEgens with different structures
have been innovatively synthesized for various applications under the guidance of these
AIE mechanisms in recent years, such as tetraphenylpyrazines, perylene, organoboron or
carborane complexes, cyclooctatetrathiophene, and so on [24,25]. Through modification
of the m-conjugation systems with different functional groups, the absorption/emission
wavelengths of AIEgens can cover the whole visible and near-infrared range. When the
ACQ dyes were modified with AIEgens, the resulting probes may exhibit AIE characteristics.
Moreover, some nanomaterials have also been reported to possess AIE properties, including
quantum dots (QDs), copper nanoclusters (CuNCs), gold nanoclusters (AuNCs), silver
nanoclusters (AgNCs) and carbon quantum dots [26,27]. The aggregation of AIEgens can be
triggered by different stimuli, such as solubility change, hydrophobic assembly, hydrogen
bonding, target-receptor binding, and electrostatic interactions. By linking AIEgens to the
target ligands or reactive groups, many AIE light-up sensors have been developed for the
signal-on detection of various targets, including ions, small molecules, microenvironment
sensing (e.g., pH, temperature and viscosity), biological macromolecules (e.g., toxin, nucleic
acids, proteins, enzymes), cellular processes and pathogens [28,29]. Thereby, the in vitro
determination and in vivo monitoring of enzymes have been realized using AIEgens to label
peptide probes due to their good biocompatibility, adjustable fluorescence wavelength,
ultra-low background signal, and strong photobleaching resistance [30,31]. Moreover,
peptides can improve the hydrophilicity of AlEgens, especially in imaging applications. In
the presence of target enzymes, AIEgens-labeled peptide probes would be cleaved, causing
the aggregation of AIEgens and thus generating a bright AIE luminescence for the in situ
imaging of enzymes. Based on the approaches to activate the restriction of intramolecular
motion and trigger the AIE process, the detection mechanisms of the works involved in this
review could be classified into three categories: (i) the electrostatic interactions between
AlEgens themselves or between AlEgens and other charged species (e.g., polymers and
nanomaterials) cause the aggregation of AlEgens, (ii) enzyme catalysis adjusts the solubility
of AlEgens and triggers the appearance of nanoaggregates, and (iii) enzyme catalysis
induces the formation of intramolecular hydrogen bonds that can hamper the restriction
of intramolecular motion and produce the effect of excited-state intramolecular proton
transfer. These mechanisms have provided versatile approaches for the sensitive and
selective detection of enzyme activity in vitro or in vivo.

Some excellent reviews have summarized the progresses in AIE-based applications,
which mainly focus on the molecular design, detection mechanism, and AIEgens [32-36].
For instance, Liu et al. reported recent advances in AIE light-up probes for photodynamic
therapy [37]. The achievements of tetraphenylethylene (TPE)-based AIE-active sensing
probes have been reviewed by Bhosale’s group [32]. Wang et al. summarized the devel-
opment of Schiff base AlEgens for sensing applications [38]. In this work, we aimed to
highlight the advances in AIEgens-based probes and sensing platforms for the detection of
enzymes. According to the type of enzymes, AIE-based biosensors have been classified into
six categories: proteases, phosphatases, glycosidases, cholinesterases, telomerase and oth-
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ers. We mainly focus on the enzyme-responsive detection mechanisms and the analytical
performances.

2. Proteases

With AlEgens-labeled peptide as the probe, the fluorescent detection and imaging of
proteases has been achieved, including chymase, caspases, thrombin, metalloproteinase-2
(MMP-2), furin, carboxypeptidase Y (CPY), autophagy-related cysteine protease ATG4B, and
so on (Table 1). The AlEgens involve the derivatives of TPE, PyTPA, (2-(2'-hydroxyphenyl)-
4(3H)-quinazolinone (HPQ), pyrene and tetraphenylsilole (BATPS). Moreover, through the
integration of AIE and excited-state intramolecular proton transfer (ESIPT) characteristics,
some proteases such as aminopeptidase could be determined with leucine-conjugated
TPE or tetraarylimidazole scaffolds [39,40]. In this section, we primarily summarized
the AlEgen-labeled peptide probes for the detection and in vivo imaging of proteases.
Meanwhile, applications of the AIE probes for monitoring apoptosis and tracking drug
delivery were also discussed.

Among the different kinds of AlEgens, TPE is most the commonly used for the modifi-
cation of protease substrates because of its advantages of easy synthesis and functional-
ization and excellent AIE characteristics [41]. Zhang et al. designed a fluorescent light-up
probe for chymase detection. The probe contains the AIEgen TPE-thiophene (TPETH) with
red emission in the aggregation state and two chymase-specific peptide (CFTER) sequences
(Figure 1A) [42]. In order to improve the water-solubility and decrease the background,
three aspartic acid residues (D3) were introduced to the peptide sequence. The probe of
TPETH-2(CFTERDj3) showed nearly no emission in buffer solution. After the enzymatic
cleavage, the released hydrophobic TPETH segments could readily assemble into aggre-
gates, lighting up the fluorescence. In order to promote the assembly of TPE and enhance
the sensitivity of AIE biosensors, a self-assembly peptide could be incorporated into the
probe. For example, Han et al. designed an AlEgen probe using a short self-assembly
peptide GFFY to conjugate the protease-responsive peptide and AIEgen residue [43]. After
responding to caspase-3, GFFY promoted the ordered assembly of AIEgen residues, substan-
tially restricting the intramolecular motion of AlEgens and greatly improving the sensitivity.
In addition, Li et al. designed an AIEgen probe named HPQF for the in situ detection and
imaging of endogenous furin (Figure 1B) [44]. The probe consists of a furin-specific peptide
(RVRR) and the fluorophore 6-chloro-2-(2-hydroxyphenyl) quinazolin-4(3H)-one (CI-HPQ).
The catalytic cleavage of peptide probes by furin caused the release of insoluble CI-HPQ
precipitates, turning on the fluorescence through the AIE effect.

H;N\(NN

Fatonf ~
o: Q N, 0
o NTNANH 0 NH
}ri oyt R s
HNi:‘:N HN=(::? Furin cleavage wate : ecipit

Ac-RVRR-linker-HPQ
HPQF CI-HPQ

Ac-RRRV-linker-HPQ
control probe HPQN

Figure 1. (A) Schematic illustration of the functional mechanism of the probe TPETH-2(CFTERD).
n =2 or 3 for chymase sensing. Reprinted with permission from ref. [42]. Copyright 2016, American
Chemical Society. (B) Chemical structure of the activatable probe HPQF and its working mechanism
with furin (top), and the molecular design strategy of the negative control non-cleavable probe HPQN
(bottom). Reprinted with permission from ref. [44]. Copyright 2018, American Chemical Society.
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In order to improve the sensitivity of AIE-based biosensors, Wu et al. developed a two-step
sensing system for protease detection based on the peptide probe of RRRRRRGGPLGLAGPra
(PyTPA)-NH, (MP), negatively charged nanoparticles (NPs) and slippery lubricant-infused
porous substrates (SLIPS) (Figure 2) [45]. The water-soluble MP with an AIEgen of PyTPA
showed weak fluorescence. Cleavage of MP by MMP-2 promoted the aggregation of the
hydrophobic PyTPA-included residues. The aggregates were then electrostatically adsorbed
onto the negatively charged NPs on SLIPS. With MMP-2 as the analytical example, the
sensitivity was obviously improved in contrast to the previously reported AIE-based
methods.
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Figure 2. Design of modular peptide-conjugated AIEgen MP and development of the MP /NPs-SLIPS
sensing system for sensitively detecting tumor marker MMP-2. Reprinted with permission from
ref. [45]. Copyright 2021, American Chemical Society.

Real-time monitoring of apoptosis can provide valuable insights for the early detection
of therapeutic effects and the evaluation of disease progress. Shi et al. designed an AIEgen
probe for the real-time imaging of cell apoptosis by monitoring the caspase activity
(Figure 3A) [46]. The probe consists of a hydrophilic caspase-specific peptide (DEVD)
and a hydrophobic AIEgen of TPE unit. The water-soluble probe showed almost no fluores-
cence in the aqueous phase. Cleavage of the probe by caspase-3/7 led to the formation of
hydrophobic TPE residues. The aggregation of TPE residues could restrict the intramolecu-
lar rotation of the TPE phenyl ring and populate the radiative decay channel, thus lighting
up the fluorescence. Moreover, Ding et al. designed an AIEgen probe for the imaging of cell
apoptosis by monitoring the activity of caspase-3 [47]. The probe (Ac-DEVD-TPS-cRGD)
consists of a caspase-specific hydrophilic peptide (DEVD), a cell-binding cyclic peptide
cRGD and an AlEgen of a tetraphenylsilole (TPS) unit. The two peptides were linked at
both ends of the TPS unit. Cleavage of the probe by caspase-3 led to the release of TPS-
cRGD. The aggregation of released TPS-cRGD residues lit up the fluorescence, enabling
real-time imaging of cell apoptosis. Lately, Yuan et al. reported a dual-signal AIEgen probe
for monitoring caspase activity. The probe (TPETH-DVEDIETD-TPS) includes three com-
ponents: a hydrophilic peptide (DVEDIETD) specific to apoptosis initiator caspase-8 and
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effector caspase-3 and two AlEgens with green (TPS) and red (TPETH) emission colors [48].
The probe could be cleaved into a TPETH-DVEDIETD and a TPS unit by caspase-8. The
product of TPETH-DVEDIETD could be further cut into a TPETH unit and DVEDIETD
by caspase-3. The aggregates of TPS and TPETH emitted green and red fluorescence,
respectively.
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Figure 3. (A) Illustration of Ac-DEVDK-TPE for the study of caspase activities. Reprinted with
permission from ref. [46]. Copyright 2012, American Chemical Society. (B) Schematic illustration of
DPBP as a bioprobe for autophagy detection. Reprinted with permission from ref. [49]. Copyright
2019, American Chemical Society.

Effective methods for cancer treatment largely depend on inducing the apoptosis
of cancer cells through chemotherapy and/or radiotherapy. Magnetic resonance (MR)
imaging is one of the frontiers of experimental and clinical radiology. It has unlimited
tissue penetration depth, excellent soft tissue contrast and time—space resolution, without
the use of ionizing radiation. Recently, Meade’s group reported a bimodal fluorescence—
magnetic resonance (FL-MR) probe named CP1 for apoptosis imaging by monitoring the
activity of caspase-3/7 (Figure 3B) [49]. The CP1 probe contains three parts: a DOTA-GA(III)
chelate for MR signal enhancement, an AIEgen of the TPE unit, and an enzyme-specific
peptide, DEVD. In the presence of caspase-3/7, the water-soluble peptide DEVD was
removed, and the resulting Gd(IIT)-AlEgen (Gad-AIE) conjugates tend to aggregate, thus
inducing the increase of FL-MR signals. The dual-signal FL-MR probe was successfully
used for the fluorescent imaging of cell apoptosis.

In addition, Yuan et al. designed a protease-responsive chemotherapeutic Pt(IV)
prodrug with real-time in situ monitoring of drug release (Figure 4A) [50]. The chemother-
apeutic Pt(IV) prodrug was modified with a cell-binding cyclic tripeptide, cRGD, and
a TPS-labeled enzyme-specific peptide, DEVD. Pt(IV) could be reduced in active Pt(Il)
in cells and release the TPS-DEVD simultaneously. The cell apoptosis induced by Pt(II)
activated the activity of caspase-3 to cleave TPS-DEVD. The released TPS residues tend
to aggregate, thus causing fluorescence enhancement. Chen et al. designed a protease-
responsive prodrug (DOX-FCPP-PyTPE, DFP) with AIE characteristics (Figure 4B) [51].
The drug delivery and release in living cells could be controlled and tracked. The DFP pro-
drug involved three parts: AIEgen PyTPE, functionalized cell-penetrating peptide (FCPP)
with a cell-penetrating peptide (CPP) and a short MMP-2-specific peptide (LGLAG), and
a therapeutic drug (doxorubicin, DOX). The prodrug itself cannot enter the cells. However,
the prodrug could be cleaved by MMP-2 into two components: DOX-linked CPP and
a PyTPE-containing peptide segment. The DOX-linked CPP could go inside the cells
through the interaction of CPP with cell membrane, thus realizing controlled drug delivery.
The hydrophobic PyTPE-containing peptide segments could self-assemble into aggregates
to yield yellow fluorescence, thereby achieving the real-time tracking of drug release. Re-
cently, Qin et al. prepared a self-assembly tracking micelle (TPR@DOX) by modifying the
RGD peptide and TPE AIEgen on both ends of a caspase-responsive amphiphilic polymer
(Figure 4C) [52]. The drug-induced apoptosis activated caspase to cut the DEVD-containing
peptide in the polymer, thus releasing the hydrophobic TPE residues to form fluorescent
aggregates. The turn-on of fluorescence indicated the successful delivery and release
of DOX.
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Figure 4. (A) Schematic illustration of the targeted theranostic platinum (IV) prodrug with a built-
in aggregation-induced emission (AIE) light-up apoptosis sensor for noninvasive, in situ early
evaluation of its therapeutic responses. Reprinted with permission from ref. [50]. Copyright 2014,
American Chemical Society. (B) Schematic illustration showing the probe DFP for rapid drug delivery
and drug release tracking in MMP-2 over-expression living cells. Reprinted with permission from
ref. [51]. Copyright 2016, American Chemical Society. (C) Schematic illustration of TPR@DOX
for tumor treatment and apoptosis monitoring. Reprinted with permission from Reference [52].
Copyright 2021, American Chemical Society. (D) Caspase-3/7-sensing mechanism of CP1. Reprinted
with permission from ref. [53]. Copyright 2017, American Chemical Society.

Table 1. Overview on AIE-based methods for the detection and imaging of different proteases.

Targets Probes Linear Range LOD Ref.
LAP DPA-TPE-Leu - 8.9 ng/mL [39]
LAP ASSI-Leu 0~0.05 U/mL 2.983 mU/mL [40]
CKII TPE-GRRRADDSDDDD 0.1~80 mU/pL 0.05 mU/pL [41]
chymase TPETH-2(CFTERD;3) 0~9.0 ng/mL 0.1 ng/mL [42]
caspase-3 TPE-GFFYK(DVEDEE-Ac) 0~70 pM 0.54 pM [43]
Furin Ac-RVRR-linker-HPQ Imaging - [44]
MMP-2 RRRRRRGGPLGLAGPra(PyTPA)-NH, Imaging - [45]
caspase-3/7 Ac-DEVDK-TPE Imaging - [46]
caspase-3 Ac-DEVD-TPS-cRGD 0~80 ng/mL - [47]
caspase-3/8 TPETH-DVEDLEHD-TPS Imaging - [48]
caspase-3/7 DOTA-GA(III)-TPE-KDEVD Imaging - [49]
caspase-3 TPS-DEVD-Pt-cRGD - 1pM [50]
MMP-2 DOX-FCPPs-PyTPE Imaging - [51]
ATG4B DPBP Imaging - [53]
trypsin TPE-2+/BSA 1~12.5 mU/mL 1.43 mU/mL [54]
trypsin TPE-2+ 0.1~1 nM 0.02nM [55]
trypsin PSMA-PhB+TPE /heparin 0~1.5U/mL 0.02U/mL [56]
trypsin SINPs@GSH-AuNCs/protamine 0.15-3.0 ug/mL 0.07 ug/mlL [57]

10~100 ng/mL 4.50 ng/mL

Abbreviations: LAP, leucine aminopeptidase; DPA, diphenylamine; Leu, leucine; CKII, casein kinase; MMP-2,
matrix metalloproteinase-2; TPS, tetraphenylsilole; PyTPE, tetraphenylethene derivative; DOX, doxorubicin;
FCPPs, functionalized cell penetrating peptides; ATG4B, an autophagy-specific enzyme; PSMA, polystyrene-co-
maleic anhydride; PhB, phloxine B; SiNPs, silicon nanoparticles; GSH, glutathione; AuNCs, gold nanoclusters.
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Autophagy plays a crucial role in the metabolic process. ATG4B is an important
autophagy-related protease, which can be used to regulate autophagy for cancer treatment.
With a bis(pyrene)-derivative (BP)-labeled peptide (GKGSFGFTG) named DPBP as the AIE
probe, Lin et al. proposed an effective strategy for the determination of autophagy in living
objects by monitoring the activity of ATG4B (Figure 4D) [53]. The DPBP probe was modified
onto the fourth-generation poly(amidoamine) dendrimer (PAMAM) as the carrier. The
cleavage of DPBP led to the release of hydrophobic BP residues. The self-assembly of BP
residues could enhance the fluorescence by AIE process, thus achieving the determination
of autophagy in a living system.

Based on the electrostatic interaction-induced assembly of charged TPE derivatives,
several groups have reported the detection of proteases with bovine serum albumin (BSA),
protamine and heparin as the triggers. For example, Xu et al. demonstrated that BSA could
trigger the assembly of positively charged TPE salts named TPE-2+ through electrostatic
interactions, lighting up the fluorescence by AIE process [54]. The digestion of BSA by
active trypsin limited the assembly of TPE-2+, thus depressing the fluorescence signal.
Jiang’s group reported the fluorescent assay of trypsin through the histone-controlled
heparin-triggered aggregation of TPE-2+ by electrostatic interactions (Figure 5A) [55]. The
cationic protein of histone could electrostatically bind with the anionic polymer of heparin,
hindering the interaction between TPE-2+ and heparin. However, the cleavage of histone
by trypsin allowed for the heparin-triggered aggregation of TPE-2+, thus enhancing the
emission signal. Moreover, Zhao et al. reported the ratiometric fluorescence sensing of
heparin and trypsin with phloxine B (PhB) and TPE-modified electrospun fibrous strips
(Figure 5B) [56]. Protamine was attached to the modified fibers via electrostatic interactions,
causing the static quenching of PhB fluorescence and the AIE-induced enhancement of
TPE emission. The digestion of protamine by heparin or trypsin led to the increase of PhB
emission at 574 nm, which was accompanied by the decrease of TPE emission at 472 nm.
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Figure 5. (A) Schematic illustration of the fluorometric assay for protease activity. Reprinted with
permission from ref. [55]. Copyright 2018, Elsevier. (B) Synthetic route of TPE derivatives, schematic
drawing of the ratiometric color changes of fibers, and grafting process of PhB on electrospun
PSMA fibers. Reprinted with permission from ref. [56]. Copyright 2017, American Chemical Society.
(C) Schematic illustration of the mechanism of the ratiometric detection of protamine and trypsin
based on a nanohybrid probe. Reprinted with permission from ref. [57]. Copyright 2019, Elsevier.

With glutathione (GSH)-protected gold nanoclusters (GSH-AuNCs) as the AlEgens
and positively charged silicon nanoparticles (5iNPs) as the triggers to induce the assem-
bly of AuNCs, Xue et al. reported a ratiometric fluorescence sensing strategy for trypsin
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detection (Figure 5C) [57]. Protamine could electrostatically adsorb onto the surface of
GSH-AuNCs in order to disperse the assemblies, causing fluorescence quenching at 450 nm.
In this process, the emission signal of SiNPs as the internal reference showed a negligi-
ble change. Subsequently, the trypsin-catalyzed hydrolysis of protamine dissociated the
protamine/GSH-AuNCs complexes, facilitating self-assembly and recovering the fluores-
cence at 570 nm.

3. Phosphatases

Phosphatases widely existing in mammalian body fluids and tissues can catalyze
the hydrolysis of phosphate ester during osteogenesis. The abnormal expression of
phosphatases is closely related to many diseases, such as liver dysfunction, diabetes,
bone tumors, and prostatic cancer [7]. As an important biomarker, alkaline phosphatase
(ALP) is one of the most commonly used enzymes in medical diagnosis. Taking ad-
vantage of AIE—based biosensors, a series of AIEgens have been designed and synthe-
sized for ALP detection, including phosphorylated TPE (TPE-PA, TPE-2PA and TPE-
4PA) [58-60], phosphate-modified quinolone-malononitrile (QMTP), and tyrosine phos-
phate (pY)—included TPEPy-peptide (TPEPy-FpYGpYGpY and TPEPy-PFPFpYPEGPK)
(Table 2). The AIE detection mechanism is based on the difference in the water solubility
between substrates and products. After removing the phosphate group from TPE-phos by
ALP—catalytic hydrolysis, the product emitted blue or green color due to the AIE effect
(Figure 6A) [59]. This light-up probe could be used for the clinical analysis of ALP with high
specificity. The auto-fluorescence from living cells may interfere with AIEgens emitting
blue or green color. For this reason, several groups have designed fluorescent probes with
red emission for ALP analysis [61-64]. ESIPT can induce redder emission by altering the
conjugation system of fluorophores. For this reason, Song et al. designed a ratiometric
strategy for ALP detection with greenish-yellow phosphorylated chalcone derivatives as
the probes (Figure 6B) [63]. The enzymatic products could assemble into red fluorescent
aggregates with ESIPT and AIE processes, realizing the visual and fluorescent detection of
ALP in living cells.

Table 2. Analytical performances of AIE-based methods for the detection of phosphatases.

Targets Probes Linear Range LOD Ref.
ALP TPE-PA 0~0.1 U/mL 18 mU/mL [58]
ALP TPE-2PA 3~526 U/L 02U/L [59]
ALP TPE-4PA 10~50 mU/mL - [60]
ALP THP 0~200 U/L 1.21228 U/L [61]
ALP QMTP 0~1200 U/L 536 U/L [62]
ALP HCAP 0~150 mU/mL 0.15mU/mL [63]
ALP FAS-P 1~100 U/L 0.6U/L [64]
ALP TPEPy-PFPFp YPEGPK 1~10° CFU/mL 6.6 x 1073 U/mL [65]
ALP TPE-Py-FpYGpYGpY 0~2U/mL - [66]
ALP PET-Flu-PO4/TPE 0~100 mU/mL 5mU/mL [67]
ALP BSPOTPE-PrS 0~36 mU/mL 28.7 pU/mL [68]
ALP H4TCPE/SR101/Cu-GMP ICP 0.01~0.1 U/mL 0.0032 U/mL [69]
ALP GSH-capped CuNCs 0.5~25 mU/mL 0.15mU/mL [70]
ACP CuNCs 2.2~100 U/L 0.8U/L [71]
ALP P-Glu/CuNCs 0.56~30U/L 0.17U/L [72]
ALP PAH-AuNCs 0.5~100 U/L 02U/L [73]
ACP GSH-AuNCs 0.005~2.4U/L 0.001 U/L [74]
PPase AgNCs 2.1~35U/L 0.7U/L [75]
PKM2 TEPC466 0~20 pg/mL 21.25ng/mL [76]

Abbreviations: ALP, alkaline phosphatase; TPE, tetraphenylethylene; PA, phosphate; THP, 2-(benzo[d]thiazol-
2-y1)-4-(1,4,5-triphenyl-1H-imidazole-2-yl)phenyl dihydrogen phosphate; QMTP, the conjugate of quinolone—
malononitrile and phosphate-modified thiophene; HCAP, phosphorylated conjugate of 2’-hydroxyacetophenone
and 4-dimethylaminobenzaldehyde; FAS-P, (E)-2-(((9H-fluoren-9-ylidene) hydrazono)methyl) phenyl dihydro-
gen phosphate; BSPOTPE, 1,2-Bis[4-(3-sulfonatopropoxyl)phenyl]-1,2-diphenylethene; pY, tyrosine phosphate;
PrS, protamine sulphate; H4TCPE, 1,1,2,2-tetra(4-carboxylphenyl)ethylene; SR101, sulforhodamine 101; GMP,
guanosine-5-monophosphate; P-Glu, D-glucose 6-phosphate; CuNCs, copper nanoclusters; GSH, glutathione;
PAH, polyallylamine hydrochloride; AuNCs, gold nanoclusters; ACP, acid phosphatase; PPase, inorganic py-
rophosphatases; PKM2, pyruvate kinase.
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Figure 6. (A) Illustration of the design principles of ALP assay with a TPE-2PA probe. Reprinted with
permission from ref. [59]. Copyright 2013, American Chemical Society. (B) Schematic illustration
of HCAP for ALP activity assay in solution and in living cells. Reprinted with permission from
ref. [63]. Copyright 2014, American Chemical Society. (C) Schematic illustration of the peptide
self-assembly-controlled turn-on probe for sensing ALP activity. Reprinted with permission from
ref. [65]. Copyright 2020, American Chemical Society.

The above AIE probes may suffer from complex design, low sensitivity and limited sol-
ubility in 100% aqueous solution. Compared to them, TPE-based peptide probes exhibited
weak emission in a solution state and simple structure with easy synthetic modification.
In addition, the ordered self-assembly of peptides can limit the intramolecular rotation
of AlEgens, thus enhancing the luminescence. In this aspect, AIEgens—conjugated pep-
tides have been used for the design of various AIE-based biosensors [65,66]. For example,
Zhang et al. reported the detection of ALP activity in bacteria with a TPEPy-conjugated
peptide probe TPEPy-DFDFpYDEGDK (Figure 6C) [65]. To enhance the resistance of the
probe to proteases, D-amino acids were used instead of natural L-amino acids in the pep-
tide sequence. The dephosphorylated peptide probes could assemble into fibers on the
bacterial surface due to their hydrophilicity, thus activating the AIE process and turning on
the fluorescence.

Based on the self-assembly of anionic and cationic AIEgens mediated by phosphory-
lated products via electrostatic interactions, ALP could be determined with low background.
For example, Zhao et al. found that the phosphorylation of fluorescein (Flu) on the polyethy-
lene terephthalate (PET) fiber allowed for the attachment of bisquaternary ammonium salt
of tetraphenylethylene (TPE-2N*) through electrostatic interaction [67]. The assembled
TPE-2N"* on the phosphorylated PET-Flu fiber (PET-Flu-PO,) showed an emission peak at
471 nm. Compared to methods based on the absolute change of the fluorescence intensity,
the ratiometric fluorescent assays exhibited minimized environmental fluctuation and
enhanced sensitivity. Kaur et al. reported a sensing system for ALP detection involving
the AlEgen of di-anionic 1,2-Bis[4-(3-sulfonatopropoxyl)phenyl]-1,2-diphenylethene salt
(BSPOTPE) and polycationic protamine sulphate (PrS) [68]. The supramolecular complexes
of BSPOTPE-PrS showed strong fluorescence. Hexametaphosphate (HMP) could compete
with BSPOTPE to bind PrS, thus leading to the release of BSPOTPE from the supramolecu-
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lar complexes and a decrease in fluorescence intensity. In contrary, the cleavage of HMP
facilitated the formation of supramolecular BSPOTPE-PrS complexes, thus turning on the
fluorescence. Moreover, Luo et al. reported the detection of ALP based on the stimulus
response-regulated simultaneous ACQ and AIE effects from infinite coordination polymer
(ICP) nanoparticles (Figure 7) [69]. The nanoparticles were formed by the self-assembly
of 1,1,2,2-tetra(4-carboxylphenyl)ethylene (H4sTCPE), sulforhodamine 101 (SR101), Cu®*
ions, and guanosine-5-monophosphate (GMP). The encapsulation of Cu-GMP made the
H4TCPE/SR101/Cu-GMP nanoparticles emit blue fluorescence from the AIE of H4TCPE at
450 nm, while the ACQ-induced red fluorescence emission of SR101 was inhibited. The
enzymatic dephosphorylation of GMP to produce adenosine and PO, ™ destructed the
networks of Cu-GMP hosts, leading to the separation of two guests (HyTCPE and SR101).
Consequently, the AIE of HyTCPE with blue fluorescence was quenched, while the ACQ of
SR101 with red fluorescence was recovered.
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Figure 7. Schematic illustration of the real-time monitoring of ALP activity, based on the ratiometric
fluorescence response of HyTCPE/SR101/Cu-GMP ICP nanoparticles stemming from the AIE guest
and the ACQ guest simultaneously, and its field application for algal bloom warning implanted with
a smartphone. Reprinted with permission from ref. [69]. Copyright 2021, American Chemical Society.

Taking advantage of metal nanoclusters with AIE characteristics, several groups have
reported the detection of ALP activity through the phosphorylated product-mediated
assembly of CuNCs and AuNCs. Based on the competitive interaction between GSH-
CuNCs and PPi with AI®*, Geng et al. reported the signal-on detection of ALP [70]. The
complexation of Al** by PPi prevented the Al**-induced aggregation of CuNCs. The
enzymatic hydrolysis of PPi allowed for the formation of Al**/CuNCs nanoaggregates,
thus activating the AIE process and turning on the fluorescence. Based on a similar
sensing mechanism, acid phosphatase was analyzed using penicilamine-capped CuNCs
as the AlEgens [71]. The AIE progress of CuNCs was activated by adjusting the pH. The
bright red luminescence of the AIE of CuNCs could be quenched by Fe>* ions but not
PPi-Fe3* complexes. The enzymatic hydrolysis of PPi released Fe?* ions, thus quenching
the fluorescence of CuNCs aggregates. Phenylboronic acids can form boronate ester bonds
with the cis-diols of glucose (Glu) molecules. Based on the Glu-triggered assembly of p-
mercaptophenylboronic acid, (MBA)-stabilized CuNCs to activate the AIE process. Huang
et al. reported the detection of ALP using D-glucose 6-phosphate (P-Glu) to modify the
CuNCs (Figure 8A) [72]. In this method, a part of the MBA groups on CuNPs reacted
with the cis-diol on P-Glu molecules through the formation of boronate ester bonds. After
dephosphorylation, P-Glu was converted into Glu, which triggered the assembly of CuNPs.
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The method with dual recognitions (ALP/P-Glu and 5,6-diol/MBA) was applied for the in
situ imaging of ALP activity in cells.

AuNCs have provided a series of platforms for various fluorescence assays. Han et al.
reported a fluorescent and colorimetric dual-signal system for ALP assay through via
2, 6-dichlorophenolindophenol (DCIP)-mediated fluorescence resonance energy transfer
(FRET) (Figure 8B) [73]. The positively charged polyallylamine hydrochloride (PAH)-
capped AuNCs (PAH-AuNCs) with AIE characteristics showed an emission at 570 nm. The
negatively charged DCIP could adsorb on the PAH-AuNCs via electrostatic interaction,
thus quenching the fluorescence of PAH-AuNCs by fluorescence resonance energy transfer
from PAH-AuNCs to DCIP. L-Ascorbic acid (AA), produced by ALP-catalytic hydrolysis of
2-phospho-L-ascorbic acid (AAP), reduced DCIP and can cause color change from blue to
colorless, thereby recovering the quenched fluorescence from PAH-AuNCs. Moreover, it
was found that Ce3* but not Ce** ions could enhance the fluorescence of GSH-protected
AuNCs via the AIE process [74]. The enzymatic product of AA could reduce Ce*" into
Ce3*, thus turning on the fluorescence and achieving the detection of acid phosphatase.
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Figure 8. (A) Schematic illustration of (top) the proposed mechanism for specific recognition between
MBA-stabilized CuNCs and glucose and (bottom) the cleancap-regulated AIE strategy for the imaging
of ALP activity. Reprinted with permission from ref. [72]. Copyright 2020, American Chemical Society.
(B) Schematic illustration of the detection strategy for ALP activity based on FRET. Reprinted with
permission from ref. [73]. Copyright 2019, Elsevier. (C) Schematic illustration of AIEE-based AgNC
nanoswitches in response to multiple stimuli and a detection strategy for PPase activity based
on ion-triggered switch. Reprinted with permission from ref. [75]. Copyright 2017, American
Chemical Society.

Inorganic pyrophosphatase (PPase) can catalyze the conversion of pyrophosphate (PPi)
into phosphate (Pi) ions. It plays an important role in lipid synthesis and decomposition,
calcium absorption, bone formation and DNA synthesis, and other biochemical transfor-
mations. With glutathione-capped silver nanoclusters (AgNCs) as the AIEgens, Tang et al.
reported the assays of PPase by Al**-triggered luminescence switch (Figure 8C) [75]. The
AP/ AgNCs aggregates showed bright red luminescence. Complexation of Al** by PPi
but not Pi prevented the aggregation of AgNCs, while the decomposition of PPi by PPase
facilitated the formation of AI3*/ AgNCs aggregates. Moreover, the AIE effect of AgNCs is
dependent upon the change of solution pH and temperature.
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4. Glycosidases

Glycosidases are responsible for removing the monosaccharide residues from gly-
coconjugates [2]. They are involved in many biological and pathological processes. For
example, 3-galactosidase is a key enzyme for monitoring gene transcription and transfec-
tion efficiency [77]. It is also an important biomarker of cell aging, ovarian cancer and other
pathological processes. Several groups have reported the detection of 3-galactosidase with
AlE-active fluorescent probes, such as TPE-ETh-R-GFFY(gal)ERGD, TPE-DCM, HBTTPAG,
TPh-PyBz-Bgal, SA-BGal, and QM—fgal (Table 3) [78-82]. The enzymatic hydrolysis of
the hydrophilic substrates could cause the release of hydrophobic fluorophores (e.g., TPE,
SA or QM moieties), thus facilitating the formation of AIE aggregates with intensive emis-
sion. Some of the probes have been used for the on-site sensing and long-term imaging
of B-galactosidase in living cells with low background interference. Moreover, the AIE
luminogens (AIEgens) have been synthesized and used for the detection of other glycosi-
dases. Typically, a-amylase can hydrolyze the x-1,4-glycosidic bonds in starch for the
production of maltose, glucose, syrup, beer, rice wine, soy sauce, vinegar, juice, and so on.
It can also be regarded as the biomarker for psychological stress (e.g., eustress, distress,
anxiety, and depression) [83]. Shi et al. developed an AIE-based method for the assay of
a-amylase with water-soluble TPE-labeled maltotriose as the probe (Figure 9A) [84]. The
enzymatic cleavage of «-1,4 glycosidic bonds by «-amylase led to the release of maltotriose
units and the production of insoluble TPE residues. Based on the AIE of TPE residues, the
activity of x-amylase in a patient’s body fluid has been determined.
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Figure 9. (A) Schematic illustration of the sensing mechanisms of the probe S2 in a-amylase activity
sensing. Reprinted with permission from ref. [84]. Copyright 2018, American Chemical Society.
(B) Schematic representation of the strategy for the determination of 3-Gal. Reprinted with permission
from ref. [87]. Copyright 2020, American Chemical Society.

Table 3. Analytical performances of AIE-based methods for the detection of glycosidases.

Targets Probes Linear Range LOD Ref.
B-gal TPh-PyBz-Bgal 0.2~2U/mL 0.22 U/mL [78]
B-gal HBTTPAG 0~3.15U/mL 3.7mU/mL [79]
B-gal SA-Bgal 0~0.1U/mL 14 mU/mL [80]
3-gal QM-pgal 0~6 U 1 mU/mL [81]
B-gal TPE-DCM 0~7U/mL 1.5U/mL [82]
x-amylase TPE-maltotriose 0~455U/L 0.14U/L [84]
-gal CuNCs 0~200U/L 09U/L [85]
-gal CuNCs 2.3~96 U/L 0.7U/L [86]
3-gal DTE/p-CD CuNCs 0~50 U/L 056 U/L [87]
GUS BTBP-Gluc 0~7U/mL - [88]

Abbreviations:  f3-gal, p-galactosidase; SA, salicylaldehyde azines; QM, qnoline-malononitrile; TPE,
tetraphenylethene; DCM, dicyanomethylene-4H-pyran; CuNCs, copper nanoclusters; DTE, dithioerythritol;
B-CD, B-cyclodextrin; GUS, -glucuronidase.
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In contrast to organic AIEgens, it has been found that some metal nanoclusters show
unique AIE properties with longer wavelength emission, which may decrease the inter-
ference of fluorescent proteins in biological systems. For example, Zhao et al. found
that CuNCs with weak emission could assemble into particles with bright luminescence
through hydrophobic interactions [85]. Unlike the thiolated CuNCs, the intense red lumi-
nescence of the 4-methylthiophenol protected CuNCs AIE particles and remained stable
in neutral and alkaline solution. -Galactosidase could trigger the substrate hydrolysis
to produce galactose and 4-nitrophenol. The resulting 4-nitrophenol could adsorb on the
surface of CuNC particles, thus quenching the luminescence and achieving the quantifi-
cation of 3-galactosidase. Qian’s group found that AI%* could induce the aggregation of
GSH-capped CuNCs to activate the AIE process [86]. 4-Nitrophenol produced from the en-
zymatic hydrolysis of 4-nitrophenyl-f-D-galactopyranoside by 3-galactosidase quenched
of the emission of CuNCs aggregates. The method could be applied for the assay of
[3-galactosidase activity under physiological condition. However, CuNCs-based assays only
show one function, which may limit the detection sensitivity to a certain extent. Recently,
Huang et al. developed an on-off-on fluorescent method for the detection of 3-galactosidase
with multi-functional dithioerythritol (DTE) and -cyclodextrin (3-CD)-covered CuNCs
as the probes (Figure 9B) [87]. AI®* cations caused the aggregation of CuNCs through the
formation of Al-O bonds, thus triggering the AIE property. The product of p-nitrophenol
from the enzymatic hydrolysis of 4-nitrophenyl-3-D-galactopyranoside could bind with
B-CD to quench the fluorescence of aggregated CuNPs through photoelectron transfer.
This is the first report integrating AIE and host-guest interaction in one system.

5. Cholinesterases

Cholinesterases are a class of key enzymes for biological nerve transmission. Typically,
AChE can degrade acetylcholine between cholinergic synapses, prevent the excitatory effect
of neurotransmitters on the postsynaptic membrane, and ensure the normal transmission
of neural signals in the organism [9]. Organophosphorus pesticides (OPs) are widely used
in agricultural production because of their advantages of effectively controlling pests and
improving crop yield. Unfortunately, the abuse of OPs has caused the pollution of water re-
sources, fruits, vegetables and processed food, thus causing great damage to the ecological
environment and human health. Serine on AChE can be phosphorylated by OPs, thus in-
hibiting the enzyme activity and preventing the decomposition of neurotransmitters. Based
on the AChE substrate or product-induced aggregation of AlEgens, three TPE derivatives
have been designed and used for the evaluation of AChE activity and the detection of OPs
content (Table 4), including sulfonated TPE, maleimide-functionalized TPE (TPE-M) and
leucine—conjugated TPE (TPE-Leu). In the first report, myristoylcholine was used as the
AChE substrate, which can assemble into an aggregate or heteroaggregation complex in
the presence of sulfonated TPE through electrostatic interactions (Figure 10A) [89]. The
formation of TPE assemblies turned on the fluorescence. However, the AChE-catalytic hy-
drolysis of myristoylcholine limited the formation of assembles, thus causing the decrease
in the fluorescence signal. The method could be used for screening of AChE inhibitors
in a signal-on detection format. In the second work, acetylthiocholine (ATCh) was used
as the AChE substrate [90]. The hydrolysis product of thiocholine could react with the
maleimide ring of TPE-M to form an AIE molecule named TPE-M-S. The resulting TPE-M-S
on a paper-based fluorescent sensor significantly enhanced the fluorescence. Additionally,
a pH-responsive AIE probe of TPE-Leu has also been used for the assay of AChE [91]. The
protonated TPE-Leu was water-soluble under basic conditions, showing poor fluorescence.
However, the AIEgen would exhibit strong fluorescence in an acidic environment due to
its hydrophobic properties. The AChE-catalytic hydrolysis of acetylcholine into choline
and acetic acid decreased the pH value of the solution, thus promoting the formation of
TPE-Leu aggregates and turning on the fluorescence.

Gold nanoparticles (AuNPs) show excellent fluorescence quenching efficiency. By
integrating AIE with nanotechnology, AChE has been detected with AIE nanoparticles and
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AuNPs as the sensing platforms [92]. The AIE-Au nanoconjugates showed weak fluores-
cence due to the fluorescence resonance energy transfer from AIE (QAU-1) nanoparticles
to AuNPs. The hydrolysis product of thiocholine could interact with AuNPs by the Au-S
interaction to separate AIE nanoparticles from the nanoconjugates, thus recovering the
fluorescence. Cai et al. reported a metal —organic framework (MOF)-based system for the
detection of AChE with AuNCs as the AIEgens (Figure 10B) [93]. The encapsulation of
AuNCs on the ZIF-8 MOF to form AuNCs@ZIF-8 nanocomposites triggered the AIE effect
and turned on the fluorescence. In the presence of choline oxidase (CHO), H,O, was pro-
duced during the enzymatic oxidation of choline. The produced H,O, decomposed ZIF-8
and destroyed the AuNCs aggregates on MOF, thus reducing the fluorescence. Moreover,
the released AuNCs could be used as peroxidase mimics to catalyze the oxidization of
3,3’ ,5,5'-tetramethylbenzidine (TMB), thus achieving the visual detection of AChE activity
in parallel.
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Figure 10. (A) Illustration of the formation of heteroaggregate between myristoylcholine and
tetraphenylethylene 1 and the disassembly of the aggregate in the presence of AChE. Reprinted with
permission from ref. [89]. Copyright 2009, American Chemical Society. (B) Schematic diagram of
the mechanism for the detection of OPs. Reprinted with permission from ref. [93]. Copyright 2021,
American Chemical Society.

Butyrylcholinesterase (BChE) is an important cholinesterase in the process of metabolism
and regulation. It is associated with various diseases, such as liver disease, diabetes and
Alzheimer’s disease [94]. Recently, Xiang et al. designed a ratiometric fluorescent probe
(TB-BChE) for imaging of BChE based on AIE mechanisms [95]. The TB-BChE probe
showed a low intramolecular charge transfer effect because of the poor electron-donating
ability of the ester group. Once the cyclopropyl group in TB-BChE was removed by BChE,
the resulting tricyanofuranyl iminosalicylaldehyde (TCFIS) showed strong intramolecular
charge transfer and caused the blue-shifted enhanced fluorescence. The probe was further
employed for the ratiometric imaging of endogenous BChE in a nonalcoholic fatty liver
mouse model.

Table 4. Analytical performances of AIE-based methods for the detection of cholinesterases.

Targets Probes Linear Range LOD Ref.
AChE Sulfonated TPE 0.5~2U/mL 0.5U/mL [89]
AChE TPE-Maleimide 0.3~3 mU/mL 2.5 mU/mL [90]
AChE TPE-Leu 0~100 mU - [91]
AChE AIE-AuNPs 0~8 mU/mL 0.015 mU/mL [92]
BChE TB-BChE 0~70 ug/mL 39.24 ng/mL [95]

Abbreviations: AChE, acetylcholinesterase; TPE, tetraphenylethylene; Leu, leucine; AuNPs, gold nanoparticles;
BChE, butyrylcholinesterase.
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6. Telomerase

Telomerase is a basic nuclear protein reverse transcriptase responsible for telomere
elongation in cells [3]. It can add telomere DNA (TTAGGG),, to the chromosome ends of
eukaryotic cells, fill in the telomeres lost in DNA replication, and extend telomere repair.
Telomerase plays an important role in maintaining chromosome stability and cell activity
in different kinds of cells. Its activity in normal human tissues is inhibited, but it can be
reactivated in tumors and participates in malignant transformation. Therefore, telomerase
is believed to be a tumor biomarker for the early diagnosis, treatment and monitoring of
cancers. Based on the electrostatic interactions between positively charged fluorogens and
negatively charged extended DNA sequences, Lou and co-workers developed a series of
AlE-based sensing systems for telomerase detection [96-100]. In their first study, a water-
soluble tetraphenylethene salt (TPE-Z) with two positive charges was used as the AIEgen
(Figure 11A) [97]. The fluorescence signal of TPE-Z was poor in the presence of telomerase
substrate oligonucleotides (TS primers). When the repeated (TTAGGG),, stands were added
to the end of TS primers by telomerase, TPE-Z molecules were bound to the extended
DNA backbone, resulting in the increase of fluorescence intensity. Based on the same
sensing principle, they reported a more specific strategy for telomerase detection using
Silole-R as the AIE indicator (Figure 11B) [98]. In contrast to TPE-Z, Silole-R shows a higher
fluorescence quantum yield. Thus, the sensitivity and specificity have been remarkably
improved for the detection of telomerase extracted from different cell lines.
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Figure 11. (A) Schematic illustration of the AIE-based simple one-pot technique for telomerase activity
detection. Reprinted with permission from ref. [97]. Copyright 2015, American Chemical Society.
(B) Schematic illustration of the quencher group-induced high specificity fluorescence strategy for the
detection of telomerase activity. Reprinted with permission from ref. [98]. Copyright 2015, American
Chemical Society. (C) Schematic Illustration of the AIE-based in situ telomerase activity detection
and imaging. Reprinted with permission from ref. [99]. Copyright 2016, American Chemical Society.
(D) Schematic illustration of the ratiometric fluorescent bioprobe for telomerase activity detection.
Reprinted with permission from ref. [100]. Copyright 2016, American Chemical Society.
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For the application of fluorescence probes in a complex biological environment, light-
emitting dyes with long wavelengths are particularly popular due to their low background
interference from optical self-absorption and autofluorescence. To overcome this limita-
tion, Lou’s group proposed an AIE sensing system for the fluorescent analysis and in
situ imaging of telomerase in normal and tumor cells with yellow-emissive AIE dyes
(Figure 11C) [99]. The AIEgen (TPE-Py) was synthesized by coupling a pyridinium unit to
TPE with vinyl functionality. The positively charged TPE-Py could bind with the free TS
primer or quencher-labeled primer (QP) via electrostatic interactions. Without the extension
reaction, the emission of TPE-Py aggregates in the primer backbone was quenched due to
the fluorescence-resonance energy transfer from TPE-Py to quencher. After the extension re-
action, TPE-Py aggregates bound to the repeat units of (TTAGGG),, which are relatively far
away from the quencher, thus producing a distance-dependent fluorescence emission. Fur-
thermore, Lou’s group reported an AIE-based ratiometric fluorescent probe for telomerase
detection by using Cy5-labeled TS primer and AIEgen Silole-R (Figure 11D) [100]. When
the Silole-R molecules were attached onto the extended primer to form the aggregates,
a strong blue emission was observed, while the red emission from the internal reference
(Cysb5) had no change. In the contrast to previous methods, the ratiometric probe showed
higher reproducibility and positive result rate for urine samples from bladder cancers.

7. Others

v-Glutamyltranspeptidase (GGT) is believed to be a biomarker of hepatocellular
carcinoma (HCC). Its imaging is of great significance for the early monitoring of precise
medicine and intraoperative navigation. Based on the enzymatic generation of hydrophobic
products, GGT has been determined with TPE derivatives functionalized with y-glutamyl
amide residues. The substrates dispersed in aqueous solution exhibited no or a poor
fluorescence peak. When the y-glutamyl amide group was removed through enzymatic
cleavage, the hydrophobic TPE derivatives were assembled into aggregates with blue
fluorescence. The probe could be used to determine GGT in serum samples and image
endogenous GGT in living cells [101]. In addition, Zeng’s group reported a near-infrared
fluorescence probe for GGT imaging by combining AIE and ESIPT (Figure 12A) [102]. The
glutamic acid-conjugated ABTT, named ABTT-Glu, is water-soluble and showed almost
no fluorescence emission. The GGT-mediated cleavage of ABTT-Glu caused the formation
of ABTT aggregates via intramolecular hydrogen interactions, thereby enhancing the
fluorescence emission. The probe was further used to detect GGT in HepG2 cells for
precision medicine in surgery. Moreover, fluorophores with AIE and ESIPT characteristics
have been designed and synthesized for the fluorescent sensing of other enzymes such as
lactamase esterases (Table 5) [103-105]. For example, esterases are a kind of hydrolase
enzyme which participate in a variety of biochemical reactions, depending on the receptors
and protein structures and functions; several AlEgen probes have been prepared for esterase
detection with the combination of AIE and ESIPT effects by the hydrolysis of esters into
acids and alcohols (Figure 12B) [104,105].

Additionally, AIEgen probes have been synthesized for the detection and imaging of
other enzymes such as lipase [106,107], fucosidase [108], cyclooxygenase-2 (COX-2) [109]
and 3-N-acetylhexosaminidase (Hex) [110]. For example, lipase plays an important role in
industrial catalysis, drug discovery and disease diagnosis; two AIEgens have been designed
and used for the detection of lipase, including TPE and benzophenone derivatives [106,107].
It has been documented that COX-2 is an effective biomarker for the early diagnosis of some
cancers. It is overexpressed in cancer cells but not in normal tissues. Xie et al. reported
an AlEgen with COX-2 binding ability using the modification of rofecoxib (Figure 12C) [109].
The rofecoxib analogues showed good AIE properties due to the introduction of a phenyl
ring. 3-N-acetylhexosaminidase (Hex) is a kind of glucoside hydrolase which participates
in the catalytic release of N-acetylhexose at the non-reducing end of the substrate. Human
Hex (HsHex) plays a key role in lysosomal storage disorders, which can mediate the
degradation of GM2 ganglioside in neuronal lysosome [111]. The dysfunction of HsHex
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can lead to severe neurodegenerative lipid storage disorders. Wang et al., for the first
time, designed a lysosome-targeting Hex-lighting-up AIE-active probe (GlcNAc-TPE) for
Hex detection (Figure 12D) [110]. The Hex-catalyzed hydrolysis of GIcNAc-TPE produced
hydrophobic Py-TPE with poor water solubility. The Py-TPE aggregates boosted the bright
emission with large Stokes shift and excellent photostability.

Based on the electrostatic interactions, methyltransferases (MTase) and hyaluronidase
(HAase) have also been determined by the AIE mechanism. For example, DNA MTase is
a type of enzyme involved in the regulation of gene expression. It can lead to aberrant DNA
methylation of tumor-suppressor genes, thus becoming highly methylated and transcrip-
tional silenced in some blood cancers. With the combination of AIE and target-initiated
template-free DNA polymerization, Nie et al. designed an AIE probe of TPE-Z to detect
MTase [112]. The positively charged TPE-Z bound with single-stranded DNA through
electrostatic interactions. Then, DNA MTase catalyzed the polymerization of a sequence-
specific hairpin DNA, thus turning on the fluorescence through the AIE effect. The method
was used to detect DNA MTase activity in serum samples and evaluate the inhibition effi-
ciency of 5-fluorouracil inhibitor. HAase can catalyze the hydrolysis of hyaluronic acid (HA)
into small pieces. It can reduce the activity of hyaluronic acid in the body, thus improving
the liquid permeability of tissues. HAase is associated with a variety of physiological and
pathological processes, including embryogenesis, inflammation, and wound healing. Tt
has been demonstrated that HAase was overexpressed in some cancer patients, such as
those with cancers of the bladder, colon, and prostate [113]. Thus, the evaluation of HAase
activity has attracted much attention. Li et al. reported the detection of HAase through the
HA-triggered assembly of TPE-4N* compounds via electrostatic interactions [114]. The
resulting assemblies showed a yellow-greenish emission. The enzymatic digestion of HA
was limited the assembly of TPE-4N*, causing the fluorescence quenching. Moreover,
based on the quenching ability of AuNPs, Wang et al. reported the detection of HAase
with AIE-dot-based nanoprobes (AIEDs) [115]. In this method, the negatively charged HA
stabilized AuNPs and promoted their assembly on AIEDs to form HA-AuNPs@AIEDs,
thus quenching the fluorescence through fluorescence resonance energy transfer. HAase-
induced degradation of HA to small pieces caused the dissociation of AuNPs and thus
recovered the fluorescence. Moreover, the HA-AuNPs@AIEDs assemblies could specifically
recognize the HA receptors on the cells, thus facilitating endogenous detection and in vitro
imaging of HAase.

Table 5. Analytical performances of AIE-based methods for the detection of other enzymes.

Targets Probes Linear Range LOD Ref.
GGT ABTT-Glu 10~90 U/L 29U/L [101]
GGT TPE 0~80U/L 0.59 U/L [102]
-lactamase DNBS-CSA 0~10 mU/mL 0.5mU/mL [103]
Lyso AIE-Lyso-1 0.1~0.5U/mL 2.4 mU/mL [104]
esterase probe 4 0.01~0.15 U/mL 5mU/mL [105]
lipase TPE—COOCgH;3 0.1~1.3 mg/mL 0.1 mg/mL [106]
lipase benzophenone 0.1~4 U/mL 50 mU/mL [107]
o-fuc QM-NHafuc 0~1.75U/mL 10 mU/mL [108]
Hex GIcNACc-TPE 0~02U/mL 3mU/mL [110]
MTase TPE-Z 0.5~100 U/mL 0.16 U/mL [112]
HAase TPE-4N* 0.05~2 U/mL 20 mU/mL [114]
HAase HA-AuNPs@AIEDs  0.01~60 U/mL 72mU/mL [115]

Abbreviations: GGT, y-glutamyltranspeptidase; Glu, y-glutamate; Lyso, lysosomal esterase; CSA, salicylaldehyde
azine derivative; x-fuc, x-L-fucosidase; QM, quinoline malononitrile; Hex, 3-N-acetylhexosaminidase; MTase,
methyltransferases; TPE-Z, tetraphenylethene salt; HAase, hyaluronidase; HA, hyaluronic acid; AuNPs, gold
nanoparticles.
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Figure 12. (A) Schematic illustration of the probe’s fluorescent detection for GGT. Reprinted with
permission from ref. [102]. Copyright 2016, Elsevier. (B) Schematic illustration of red-emissive
fluorophore with AIE and ESIPT characteristics for light-pp sensing of esterase. Reprinted with
permission from ref. [105]. Copyright 2014, American Chemical Society. (C) Schematic illustration of
rofecoxib-based fluorescent probes for COX-2-targeted bioimaging. Reprinted with permission from
ref. [109]. Copyright 2021, American Chemical Society. (D) Detection mechanism of GIcNAc-TPE
towards Hex. Reprinted with permission from ref. [110]. Copyright 2019, American Chemical Society.

8. Conclusions

This review has summarized the recent advances in AIEgen-based biosensors for the
detection and imaging of enzymes. When triggered by certain stimulus, the well-designed
AlEgens in aggregate state exhibit the unique advantages of excellent signal-to-noise ratio,
strong photostability and large Stokes’ shift. By simply adjusting the molecule structures,
the optical properties of AIEgens can be easily modulated to meet the requirement of
enzyme sensing. By selecting the corresponding substrate probes to conjugate with AIEgens,
different enzymes have been sensitively detected in vitro and in vivo, including proteases,
phosphatases, 3-galactosidases, cholinesterases, telomerase, and others. However, there are
still some shortcomings and challenges in the AIE-based detection and imaging of enzymes.
For example, in order to decrease the back fluorescence from proteins in cells, AIEgens
with far-red or near-infrared emission and multiphoton excitation characteristics should
be extensively explored for the in vivo sensing and monitoring of enzymatic processes.
Second, more detection mechanisms should be proposed in order to detect other types of
enzymes, such as redox enzymes and isomerases. Third, aiming to monitor the dynamic
enzymatic process, it is necessary to explore reversible enzyme-responsive AIE probes.
Lastly, the undefined degradation and cell toxicity of AIEgens-based probes in cells and
tissues needs more detailed assessments.

Author Contributions: Writing—original draft preparation, EG., G.L., M.Q. and Y.L.; writing—review
and editing, X.Y.; project administration, X.Y.; funding acquisition, X.Y. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China (21705166)
and the Central South University Innovation-Driven Research Programme (2023CXQD022).

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

155



Biosensors 2022, 12, 953

References

1.  Kwek, G; Do, T.C; Lu, X;; Lin, J.; Xing, B. Scratching the surface of unventured possibilities with in situ self-assembly:
Protease-activated developments for imaging and therapy. ACS Appl. Bio. Mater. 2021, 4, 2192. [CrossRef] [PubMed]

2. Yao, Y.; Zhang, Y.; Yan, C.; Zhu, W.H.; Guo, Z. Enzyme-activatable fluorescent probes for beta-galactosidase: From design to
biological applications. Chem. Sci. 2021, 12, 9885. [CrossRef] [PubMed]

3. Luo, S;; Zhang, Y,; Situ, B.; Zheng, L. Fluorescence sensing telomerase activity: From extracellular detection to in situ imaging.
Sens. Actuat. B Chem. 2018, 273, 853. [CrossRef]

4. Feng, G, Liao, S; Liu, Y;; Zhang, H.; Luo, X.; Zhou, X.; Fang, ]. When AIE meets enzymes. Analyst 2022, 147, 3958. [CrossRef]

5. Hu, Z,;Li, Y,; Hussain, E.; Huang, X.; Zhang, Y.; Niu, N.; Shahzad, S.A.; Yu, C. Black phosphorus nanosheets based sensitive
protease detection and inhibitor screening. Talanta 2019, 197, 270. [CrossRef]

6.  Oliveira-Silva, R.; Sousa-Jeronimo, M.; Prazeres, D.M.E. Monitoring proteolytic activity in real time: A new world of opportunities
for biosensors. Trends Biochem. Sci. 2020, 45, 604. [CrossRef]

7. Balbaied, T.; Moore, E. Overview of optical and electrochemical alkaline phosphatase (ALP) biosensors: Recent approaches in
cells culture techniques. Biosensors 2019, 9, 102. [CrossRef]

8.  Park, S; Lim, S.Y.; Bae, S.M.; Kim, S.Y.; Myung, S.J.; Kim, H.J. Indocyanine-based activatable fluorescence turn-on probe for
y-glutamyltranspeptidase and its application to the mouse model of colon cancer. ACS Sens. 2016, 1, 579. [CrossRef]

9. Xia, N.; Wang, Q.; Liu, L. Nanomaterials-based optical techniques for the detection of acetylcholinesterase and pesticides. Sensors
2015, 15, 499. [CrossRef]

10. Hameed, AM.; Lam, V.W.T.; Pleass, H.C. Significant elevations of serum lipase not caused by pancreatitis: A systematic review.
HPB 2015, 17, 99. [CrossRef]

11. Hata, R.; Nonaka, H.; Takakusagi, Y.; Ichikawa, K.; Sando, S. Design of a hyperpolarized molecular probe for detection of
aminopeptidase N activity. Angew. Chem. Int. Ed. 2016, 55, 1765. [CrossRef] [PubMed]

12.  Niu, N.; Zhou, H.; Liu, N.; Jiang, H.; Hussain, E.; Hua, Z.; Yu, C. A smart perylene derived photosensitizer for lysosome-targeted
and self-assessed photodynamic therapy. Chem. Commun. 2019, 55, 1036. [CrossRef] [PubMed]

13.  Eivazzadeh-Keihan, R.; Saadatidizaji, Z.; Maleki, A.; de la Guardia, M.; Mahdavi, M.; Barzegar, S.; Ahadian, S. Recent progresses
in development of biosensors for thrombin detection. Biosensors 2022, 12, 767. [CrossRef] [PubMed]

14. Hori, Y.; Kikuchi, K. Chemical tools with fluorescence switches for verifying epigenetic modifications. Acc. Chem. Res.
2019, 52, 2849. [CrossRef]

15.  Suzuki, Y.; Yokoyama, K. Development of functional fluorescent molecular probes for the detection of biological substances.
Biosensors 2015, 5, 337. [CrossRef]

16. Hu, Z,; Chen, J.; Li, Y,;; Wang, Y.; Zhang, Q.; Hussain, E.; Yang, M.; Shahzad, S.A.; Yu, D.; Yu, C. Nucleic acid-controlled quantum
dots aggregation: A label-free fluorescence turn-on strategy for alkaline phosphatase detection. Talanta 2017, 169, 64. [CrossRef]

17. Yan, Y.; Zhang, J.; Yi, S; Liu, L.; Huang, C. Lighting up forensic science by aggregation-induced emission: A review.
Anal. Chim. Acta 2021, 1155, 238119. [CrossRef]

18. Cai, X,; Liu, B. Aggregation-induced emission: Recent advances in materials and biomedical applications. Angew. Chem. Int. Ed.
2020, 59, 9868. [CrossRef]

19. Suzuki, S.; Sasaki, S.; Sairi, A.S.; Iwai, R.; Tang, B.Z.; Konishi, G.I. Principles of aggregation-induced emission: Design of
deactivation pathways for advanced AIEgens and applications. Angew. Chem. Int. Ed. 2020, 59, 9856. [CrossRef]

20. Wang, X.; Hu, J.; Zhang, G.; Liu, S. Highly selective fluorogenic multianalyte biosensors constructed via enzyme-catalyzed
coupling and aggregation-induced emission. J. Am. Chem. Soc. 2014, 136, 9890-9893. [CrossRef]

21. Gao, Y; He, Z.; He, X.; Zhang, H.; Weng, J.; Yang, X.; Meng, E; Luo, L.; Tang, B.Z. Dual-color emissive AlEgen for specific
and label-free double-stranded DNA recognition and single-nucleotide polymorphisms detection. J. Am. Chem. Soc. 2019, 141,
20097-20106. [CrossRef]

22. Shi,J.; Li, Y;; Li, Q.; Li, Z. Enzyme-responsive bioprobes based on the mechanism of aggregation-induced emission. ACS Appl.
Mater. Interfaces 2018, 10, 12278. [CrossRef] [PubMed]

23.  Gao, M.; Tang, B.Z. Fluorescent sensors based on aggregation-induced emission: Recent advances and perspectives. ACS Sens.
2017, 2, 1382. [CrossRef] [PubMed]

24. Li, Y, Zhou, H.; Chen, J.; Shahzad, S.A_; Yu, C. Controlled self-assembly of small molecule probes and the related applications in
bioanalysis. Biosens. Bioelectron. 2016, 76, 38. [CrossRef]

25.  Shellaiah, M.; Sun, K.-W. Pyrene-based AIE active materials for bioimaging and theranostics applications. Biosensors 2022, 12, 550.
[CrossRef] [PubMed]

26. Dai, D,; Yang, J.; Yang, Y.W. Supramolecular assemblies with aggregation-induced emission properties for sensing and detection.
Chem. Eur. ]. 2022, 28, €202103185. [PubMed]

27. Li, X.; Zha, M;; Li, Y;; Ni, J.; Min, T,; Kang, T.; Yang, G.; Tang, H.; Li, K.; Jiang, X. Sub-10 nm aggregation-induced emission
quantum dots assembled by microfluidics for enhanced tumor targeting and reduced retention in the liver. Angew. Chem. Int. Ed.
2020, 59, 21899. [CrossRef]

28. Mao, L; Liu, Y;; Yang, S.; Li, Y.; Zhang, X.; Wei, Y. Recent advances and progress of fluorescent bio-/chemosensors based on

aggregation-induced emission molecules. Dyes Pigments 2019, 162, 611. [CrossRef]

156



Biosensors 2022, 12, 953

29.

30.

31.

32.

33.

34.
35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Wei, W.; Qiu, Z. Diagnostics and theranostics of central nervous system diseases based on aggregation-induced emission
luminogens. Biosens. Bioelectron. 2022, 217, 114670. [CrossRef]

Yang, J.; Wei, J.; Luo, F; Dai, J.; Hu, J.J.; Lou, X.; Xia, F. Enzyme-responsive peptide-based AIE bioprobes. Top. Curr. Chem.
2020, 378, 47. [CrossRef]

Chen, B,; Yuan, H.; Zhang, W.; Hu, J.; Lou, X,; Xia, F. AIEgen-peptide bioprobes for the imaging of organelles. Biosensors
2022, 12, 667. [CrossRef] [PubMed]

La, D.D.; Bhosale, S.V.; Jones, L.A.; Bhosale, S.V. Tetraphenylethylene-based AIE-active probes for sensing applications. ACS Appl.
Mater. Interfaces 2018, 10, 12189. [CrossRef] [PubMed]

Mei, J.; Huang, Y.; Tian, H. Progress and trends in AIE-based bioprobes: A brief overview. ACS Appl. Mater. Interfaces
2018, 10, 12217. [CrossRef] [PubMed]

Wiirthner, F. Aggregation-induced emission (AIE): A historical perspective. Angew. Chem. Int. Ed. 2020, 59, 14192. [CrossRef]
Zhao, Z.; Zhang, H.; Lam, ] W.Y.; Tang, B.Z. Aggregation-induced emission: New vistas at the aggregate level. Angew. Chem. Int. Ed.
2020, 59, 9888. [CrossRef]

Kang, X.Y.; Li, Y.; Yin, S.; Li, W.; Qi, J. Reactive species-activatable AIEgens for biomedical applications. Biosensors 2022, 12, 646.
[CrossRef]

Liu, S.; Feng, G.; Tang, B.Z; Liu, B. Recent advances of AIE light-up probes for photodynamic therapy. Chem. Sci. 2021, 12, 6488.
[CrossRef]

Wang, J.; Meng, Q.; Yang, Y.; Zhong, S.; Zhang, R.; Fang, Y.; Gao, Y.; Cui, X. Schiff base aggregation-induced emission luminogens
for sensing applications: A review. ACS Sens. 2022, 7, 2521. [CrossRef]

Huang, S.; Wu, Y.; Zeng, F.; Chen, J.; Wu, S. A turn-on fluorescence probe based on aggregation-induced emission for leucine
aminopeptidase in living cells and tumor tissue. Anal. Chim. Acta 2018, 1031, 169. [CrossRef]

Huang, X; Lei, Q.; Huang, S.; Zeng, H.; Feng, B.; Zeng, Q.; Hu, Y.; Zeng, W. Construction of a novel asymmetric imidazole-cored
AIE probe for ratiometric imaging of endogenous leucine aminopeptidase. Chem. Commun. 2021, 57, 6608. [CrossRef]

Luan, Z.; Zhao, L.; Liu, C.; Song, W.; He, P.; Zhang, X. Detection of casein kinase II by aggregation-induced emission. Talanta
2019, 201, 450. [CrossRef] [PubMed]

Zhang, R.; Zhang, C.].; Feng, G.; Hu, E; Wang, J.; Liu, B. Specific light-up probe with aggregation-induced emission for facile
detection of chymase. Anal. Chem. 2016, 88, 9111. [CrossRef] [PubMed]

Han, A,; Wang, H.; Kwok, R.T; Ji, S.; Li, J.; Kong, D.; Tang, B.Z.; Liu, B.; Yang, Z.; Ding, D. Peptide-induced AlEgen self-assembly:
A new strategy to realize highly sensitive fluorescent light-up probes. Anal. Chem. 2016, 88, 3872. [CrossRef] [PubMed]

Li, K,; Hu, X.X;; Liu, HW.,; Xu, S.; Huan, S.Y,; Li, ].B.; Deng, T.G.; Zhang, X.B. In situ imaging of furin activity with a highly stable
probe by releasing of precipitating fluorochrome. Anal. Chem. 2018, 90, 11680. [CrossRef]

Wu, F; Huang, Y.; Yang, X.; Hu, ].].; Lou, X.; Xia, E; Song, Y.; Jiang, L. Tunning intermolecular interaction of peptide-conjugated
AlEgen in nano-confined space for quantitative detection of tumor marker secreted from cells. Anal. Chem. 2021, 93, 16257.
[CrossRef]

Shi, H.; Kwok, R.T,; Liu, J.; Xing, B.; Tang, B.Z.; Liu, B. Real-time monitoring of cell apoptosis and drug screening using fluorescent
light-up probe with aggregation-induced emission characteristics. J. Am. Chem. Soc. 2012, 134, 17972. [CrossRef]

Ding, D.; Liang, J.; Shi, H.; Kwok, R.T.K.; Gao, M.; Feng, G.; Yuan, Y.; Tang, B.Z.; Liu, B. Light-up bioprobe with aggregation-
induced emission characteristics for real-time apoptosis imaging in target cancer cells. . Mater. Chem. B 2014, 2, 231. [CrossRef]
Yuan, Y.; Zhang, C.J.; Kwok, R T.K.; Mao, D.; Tang, B.Z.; Liu, B. Light-up probe based on AlEgens: Dual signal turn-on for caspase
cascade activation monitoring. Chem. Sci. 2017, 8, 2723. [CrossRef]

Li, H.; Parigi, G.; Luchinat, C.; Meade, T.J. Bimodal fluorescence-magnetic resonance contrast agent for apoptosis imaging. J. Am.
Chem. Soc. 2019, 141, 6224. [CrossRef]

Yuan, Y.; Kwok, R.T,; Tang, B.Z.; Liu, B. Targeted theranostic platinum(IV) prodrug with a built-in aggregation-induced emission
light-up apoptosis sensor for noninvasive early evaluation of its therapeutic responses in situ. J. Am. Chem. Soc. 2014, 136, 2546.
[CrossRef]

Cheng, Y.; Huang, E; Min, X,; Gao, P; Zhang, T,; Li, X,; Liu, B.; Hong, Y.; Lou, X.; Xia, F. Protease-responsive prodrug
with aggregation-induced emission probe for controlled drug delivery and drug release tracking in living cells. Anal. Chem.
2016, 88, 8913. [CrossRef] [PubMed]

Qin, W.; Wu, Y;; Hu, Y.; Dong, Y.; Hao, T.; Zhang, C. TPE-Based Peptide Micelles for Targeted Tumor Therapy and Apoptosis
Monitoring. ACS Appl. Bio Mater. 2021, 4, 1038. [CrossRef]

Lin, Y.X,; Qiao, S.L.; Wang, Y.; Zhang, R.X.; An, HW.; Ma, Y.; Rajapaksha, R.P; Qiao, Z.Y.; Wang, L.; Wang, H. An in situ
intracellular self-assembly strategy for quantitatively and temporally monitoring autophagy. ACS Nano 2017, 11, 1826. [CrossRef]
[PubMed]

Xu, J.P; Fang, Y.; Song, Z.G.; Mei, J.; Jia, L.; Qin, A.J.; Sun, ].Z.; Ji, ].; Tang, B.Z. BSA-tetraphenylethene derivative conjugates
with aggregation-induced emission properties: Fluorescent probes for label-free and homogeneous detection of protease and
alphal-antitrypsin. Analyst 2011, 136, 2315. [CrossRef] [PubMed]

Zhang, Y.; Li, Y;; Yang, N.; Yu, X.; He, C.; Niu, N.; Zhang, C.; Zhou, H.; Yu, C,; Jiang, S. Histone controlled aggregation of
tetraphenylethene probe: A new method for the detection of protease activity. Sens. Actuat. B Chem. 2018, 257, 1143. [CrossRef]

157



Biosensors 2022, 12, 953

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Zhao, L.; Wang, T.; Wu, Q.; Liu, Y.; Chen, Z.; Li, X. Fluorescent strips of electrospun fibers for ratiometric sensing of serum heparin
and urine trypsin. ACS Appl. Mater. Interfaces 2017, 9, 3400. [CrossRef]

Xue, F; Qu, F; Han, W,; Xia, L.; You, J. Aggregation-induced emission enhancement of gold nanoclusters triggered by silicon
nanoparticles for ratiometric detection of protamine and trypsin. Anal. Chim. Acta 2019, 1046, 170. [CrossRef]

Gu, X,; Zhang, G.; Wang, Z.; Liu, W.; Xiao, L.; Zhang, D. A new fluorometric turn-on assay for alkaline phosphatase and inhibitor
screening based on aggregation and deaggregation of tetraphenylethylene molecules. Analyst 2013, 138, 2427. [CrossRef]
Liang, J.; Kwok, R.T,; Shi, H.; Tang, B.Z.; Liu, B. Fluorescent light-up probe with aggregation-induced emission characteristics for
alkaline phosphatase sensing and activity study. ACS Appl. Mater. Interfaces 2013, 5, 8784. [CrossRef]

Cao, FY.; Long, Y.; Wang, S.B; Li, B.; Fan, ] X.; Zeng, X.; Zhang, X.Z. Fluorescence light-up AIE probe for monitoring cellular
alkaline phosphatase activity and detecting osteogenic differentiation. . Mater. Chem. B 2016, 4, 4534. [CrossRef]

Huang, L.; Cao, X.; Gao, T.; Feng, B.; Huang, X.; Song, R.; Du, T.; Wen, S.; Feng, X.; Zeng, W. A novel aggregation-induced dual
emission probe for in situ light-up detection of endogenous alkaline phosphatase. Talanta 2021, 225, 121950. [CrossRef] [PubMed]
Zhao, M.; Gao, Y,; Ye, S.; Ding, J.; Wang, A.; Li, P; Shi, H. A light-up near-infrared probe with aggregation-induced emission
characteristics for highly sensitive detection of alkaline phosphatase. Analyst 2019, 144, 6262. [CrossRef] [PubMed]

Song, Z.; Kwok, R.T.; Zhao, E.; He, Z.; Hong, Y.; Lam, ].W.; Liu, B.; Tang, B.Z. A ratiometric fluorescent probe based on ESIPT and
AIE processes for alkaline phosphatase activity assay and visualization in living cells. ACS Appl. Mater. Interfaces 2014, 6, 17245.
[CrossRef] [PubMed]

Li, Y,; Xie, R.; Pang, X.; Zhou, Z.; Xu, H.; Gu, B.; Wu, C; Li, H.; Zhang, Y. Aggregation-induced emission fluorescent probe for
monitoring endogenous alkaline phosphatase in living cells. Talanta 2019, 205, 120143. [CrossRef] [PubMed]

Zhang, X.; Ren, C.; Hu, F; Gao, Y.; Wang, Z.; Li, H; Liu, ].; Liu, B.; Yang, C. Detection of bacterial alkaline phosphatase activity by
enzymatic in situ self-assembly of the AIEgen-peptide conjugate. Anal. Chem. 2020, 92, 5185. [CrossRef]

Ji, S.; Gao, H.; Mu, W.; Ni, X; Yi, X;; Shen, J.; Liu, Q.; Bao, P; Ding, D. Enzyme-instructed self-assembly leads to the activation of
optical properties for selective fluorescence detection and photodynamic ablation of cancer cells. . Mater. Chem. B 2018, 6, 2566.
[CrossRef]

Zhao, L.; Xie, S.; Song, X.; Wei, J.; Zhang, Z.; Li, X. Ratiometric fluorescent response of electrospun fibrous strips for real-time
sensing of alkaline phosphatase in serum. Biosens. Bioelectron. 2017, 91, 217. [CrossRef]

Kaur, J.; Singh, PK. An AlEgen—protamine assembly/disassembly based fluorescence turn-on probe for sensing alkaline
phosphatase. Sens. Actuat. B Chem. 2021, 346, 130517. [CrossRef]

Luo, Y;; Li, J.; Li, Y;; Yang, B.; Zhou, T.; Deng, J. Lanthanide-Free Infinite Coordination Polymer Nanoparticles for Real-Time
Monitoring of Alkaline Phosphatase and Its Application for Digital Algal Bloom Detection. ACS Appl. Nano Mater. 2021, 4, 11134.
[CrossRef]

Geng, F; Zou, C; Liu, J.; Zhang, Q.; Guo, X,; Fan, Y.; Yu, H.; Yang, S.; Liu, Z.; Li, L. Development of luminescent nanoswitch for
sensing of alkaline phosphatase in human serum based onAl3+-PPi interaction and Cu NCs with AIE properties. Anal. Chim. Acta
2019, 1076, 131. [CrossRef]

Zhao, M.; Feng, H.; Han, J.; Ao, H.; Qian, Z. Multi-stimuli responsive copper nanoclusters with bright red luminescence for
quantifying acid phosphatase activity via redox-controlled luminescence switch. Anal. Chim. Acta 2017, 984, 202. [CrossRef]
[PubMed]

Huang, Y,; Zhu, L.; Ji, J.; Li, Y; Liu, T, Lei, J. Cleancap-regulated aggregation-induced emission strategy for highly specific
analysis of enzyme. Anal. Chem. 2020, 92, 4726. [CrossRef] [PubMed]

Han, X.; Han, M.; Ma, L.; Qu, E; Kong, R M.; Qu, E. Self-assembled gold nanoclusters for fluorescence turn-on and colorimetric
dual-readout detection of alkaline phosphatase activity via DCIP-mediated fluorescence resonance energy transfer. Talanta
2019, 194, 55. [CrossRef] [PubMed]

Pan, T.; Zhou, T.; Tu, Y.; Yan, J. Turn-on fluorescence measurement of acid phosphatase activity through an aggregation-induced
emission of thiolate-protected gold nanoclusters. Talanta 2021, 227, 122197. [CrossRef] [PubMed]

Tang, C.; Feng, H.; Huang, Y.; Qian, Z. Reversible luminescent nanoswitches based on aggregation-induced emission enhancement
of silver nanoclusters for luminescence turn-on assay of inorganic pyrophosphatase activity. Anal. Chem. 2017, 89, 4994. [CrossRef]
Wang, D.; Li, C.; Zhu, Y,; Song, Y.; Lu, S.; Sun, H.; Hao, H.; Xu, X. TEPP-46-Based AIE Fluorescent Probe for Detection and
Bioimaging of PKM2 in Living Cells. Anal. Chem. 2021, 93, 12682. [CrossRef]

Gao, Z.; Gao, H.; Zheng, D.; Xu, T.; Chen, Y,; Liang, C.; Wang, L.; Ding, D.; Yang, Z. 3-galactosidase responsive AIE fluorogene for
identification and removal of senescent cancer cells. Sci. China Chem. 2020, 63, 398. [CrossRef]

Zhang, S.; Wang, X.; Wang, X.; Wang, T.; Liao, W.; Yuan, Y.; Chen, G.; Jia, X. A novel AIE fluorescent probe for beta-galactosidase
detection and imaging in living cells. Anal. Chim. Acta 2022, 1198, 339554. [CrossRef]

Gao, T,; Li, H.; Wu, Y;; Deng, C.; Xie, Y.; Wang, J.; Yang, Y.; Lv, Q.; Jin, Q.; Chen, Y.; et al. First aggregation-induced emission-active
probe for species-specific detection of beta-galactosidase. Talanta 2021, 235, 122659. [CrossRef]

Peng, L.; Gao, M.; Cai, X,; Zhang, R.; Li, K; Feng, G.; Tong, A_; Liu, B. A fluorescent light-up probe based on AIE and ESIPT
processes for beta-galactosidase activity detection and visualization in living cells. J. Mater. Chem. B 2015, 3, 9168. [CrossRef]
Gu, K;; Qiu, W.; Guo, Z; Yan, C.; Zhu, S.; Yao, D.; Shi, P,; Tian, H.; Zhu, W.H. An enzyme-activatable probe liberating AlEgens:
On-site sensing and long-term tracking of beta-galactosidase in ovarian cancer cells. Chem. Sci. 2019, 10, 398. [CrossRef] [PubMed]

158



Biosensors 2022, 12, 953

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

Dong, L.; Zhang, M.Y,; Han, H.H.; Zang, Y.; Chen, G.R.; Li, ].; He, X.P,; Vidal, S. A general strategy to the intracellular sensing of
glycosidases using AIE-based glycoclusters. Chem. Sci. 2021, 13, 247. [CrossRef] [PubMed]

Mandal, N.; Bhattacharjee, M.; Chattopadhyay, A.; Bandyopadhyay, D. Point-of-care-testing of alpha-amylase activity in human
blood serum. Biosens. Bioelectron. 2019, 124, 75. [CrossRef] [PubMed]

Shi, J.; Deng, Q.; Li, Y.; Zheng, M.; Chai, Z.; Wan, C.; Zheng, Z,; Li, L.; Huang, F; Tang, B. A rapid and ultrasensitive
tetraphenylethylene-based probe with aggregation-induced emission for direct detection of alpha-amylase in human body fluids.
Anal. Chem. 2018, 90, 13775. [CrossRef]

Zhao, M.; Qian, Z.; Zhong, M.; Chen, Z.; Ao, H.; Feng, H. Fabrication of stable and luminescent copper nanocluster-based AIE
particles and their application in beta-galactosidase activity assay. ACS Appl. Mater. Interfaces 2017, 9, 32887. [CrossRef]

Huang, Y.; Feng, H.; Liu, W.; Zhang, S.; Tang, C.; Chen, J.; Qian, Z. Cation-driven luminescent self-assembled dots of copper
nanoclusters with aggregation-induced emission for beta-galactosidase activity monitoring. J. Mater. Chem. B 2017, 5, 5120.
[CrossRef]

Huang, X.; Lan, M.; Wang, J.; Guo, L.; Lin, Z.; Sun, N.; Wu, C.; Qiu, B. A fluorescence signal amplification and specific
energy transfer strategy for sensitive detection of beta-galactosidase based on the effects of AIE and host-guest recognition.
Biosens. Bioelectron. 2020, 169, 112655. [CrossRef]

Wei, X.; Wu, Q; Feng, Y,; Chen, M.; Zhang, S.; Chen, M.; Zhang, J.; Yang, G.; Ding, Y.; Yang, X.; et al. Off-on fluorogenic substrate
harnessing ESIPT and AIE features for in situ and long-term tracking of B-glucuronidase in Escherichia coli. Sens. Actuat. B Chem.
2020, 304, 127242. [CrossRef]

Wang, M.; Gu, X.; Zhang, G.; Zhang, D.; Zhu, D. Convenient and continuous fluorometric assay method for acetylcholinesterase
and inhibitor screening based on the aggregation-induced emission. Anal. Chem. 2009, 81, 4444. [CrossRef]

Chang, J.; Li, H.; Hou, T,; Li, F. Paper-based fluorescent sensor for rapid naked-eye detection of acetylcholinesterase activity and
organophosphorus pesticides with high sensitivity and selectivity. Biosens. Bioelectron. 2016, 86, 971. [CrossRef]

Shi, L.; Liu, Y.; Wang, Q.; Wang, T.; Ding, Y.; Cao, Y.; Li, Z.; Wei, H. A pH responsive AIE probe for enzyme assays. Analyst
2018, 143, 741. [CrossRef]

Wang, C.; Wang, X.; Gai, P.; Li, H.; Li, F. Target-responsive AIE-Au nanoconjugate for acetylcholinesterase activity and inhibitor
assay with ultralow background noise. Sens. Actuat. B Chem. 2019, 284, 118. [CrossRef]

Cai, Y;; Zhu, H.; Zhou, W.; Qiu, Z.; Chen, C; Qileng, A.; Li, K.; Liu, Y. Capsulation of AuNCs with AIE effect into metal-organic
framework for the marriage of a fluorescence and colorimetric biosensor to detect organophosphorus pesticides. Anal. Chem.
2021, 93, 7275. [CrossRef] [PubMed]

Holas, O.; Musilek, K.; Pohanka, M.; Kuca, K. The progress in the cholinesterase quantification methods. Expert Opin. Drug Dis.
2012, 7, 1207. [CrossRef] [PubMed]

Xiang, C.; Xiang, J.; Yang, X,; Li, C.; Zhou, L.; Jiang, D.; Peng, Y.; Xu, Z.; Deng, G.; Zhu, B.; et al. Ratiometric imaging of
butyrylcholinesterase activity in mice with nonalcoholic fatty liver using an AIE-based fluorescent probe. J. Mater. Chem. B
2022, 10, 4254. [CrossRef] [PubMed]

Ou, X.; Hong, E; Zhang, Z.; Cheng, Y.; Zhao, Z.; Gao, P,; Lou, X,; Xia, F.; Wang, S. A highly sensitive and facile graphene oxide-
based nucleic acid probe: Label-free detection of telomerase activity in cancer patient’s urine using AlEgens. Biosens. Bioelectron.
2017, 89, 417. [CrossRef]

Lou, X,; Zhuang, Y.; Zuo, X,; Jia, Y.; Hong, Y.; Min, X.; Zhang, Z.; Xu, X,; Liu, N.; Xia, F.; et al. Real-time, quantitative lighting-up
detection of telomerase in urines of bladder cancer patients by AlEgens. Anal. Chem. 2015, 87, 6822. [CrossRef]

Zhuang, Y.; Zhang, M.; Chen, B.; Duan, R.; Min, X.; Zhang, Z.; Zheng, F.; Liang, H.; Zhao, Z.; Lou, X,; et al. Quencher group
induced high specificity detection of telomerase in clear and bloody urines by AlEgens. Anal. Chem. 2015, 87, 9487. [CrossRef]
Zhuang, Y.; Huang, F; Xu, Q.; Zhang, M.; Lou, X.; Xia, F. Facile, fast-responsive, and photostable imaging of telomerase activity in
living cells with a fluorescence turn-on manner. Anal. Chem. 2016, 88, 3289. [CrossRef]

Zhuang, Y.; Xu, Q.; Huang, F; Gao, P,; Zhao, Z.; Lou, X.; Xia, F. Ratiometric fluorescent bioprobe for highly reproducible detection
of telomerase in bloody urines of bladder cancer patients. ACS Sens. 2016, 1, 572. [CrossRef]

Liu, Y,; Feng, B.; Cao, X.; Tang, G.; Liu, H.; Chen, F; Liu, M.; Chen, Q.; Yuan, K.; Gu, Y,; et al. A novel “AIE + ESIPT” near-infrared
nanoprobe for the imaging of gamma-glutamyl transpeptidase in living cells and the application in precision medicine. Analyst
2019, 144, 5136. [CrossRef] [PubMed]

Hou, X.; Zeng, F; Wu, S. A fluorescent assay for gamma-glutamyltranspeptidase via aggregation induced emission and its
applications in real samples. Biosens. Bioelectron. 2016, 85, 317. [CrossRef] [PubMed]

Peng, L.; Xiao, L.; Ding, Y.; Xiang, Y.; Tong, A. A simple design of fluorescent probes for indirect detection of beta-lactamase
based on AIE and ESIPT processes. |. Mater. Chem. B 2018, 6, 3922. [CrossRef]

Gao, M.; Hu, Q.; Feng, G.; Tang, B.Z.; Liu, B. A fluorescent light-up probe with “AIE + ESIPT” characteristics for specific detection
of lysosomal esterase. |. Mater. Chem. B 2014, 2, 3438. [CrossRef] [PubMed]

Peng, L.; Xu, S.; Zheng, X.; Cheng, X.; Zhang, R.; Liu, J.; Liu, B.; Tong, A. Rational design of a red-emissive fluorophore with AIE
and ESIPT characteristics and its application in light-up sensing of esterase. Anal. Chem. 2017, 89, 3162. [CrossRef] [PubMed]
Shi, J.; Zhang, S.; Zheng, M.; Deng, Q.; Zheng, C.; Li, J.; Huang, F. A novel fluorometric turn-on assay for lipase activity based on
an aggregation-induced emission (AIE) luminogen. Sens. Actuat. B Chem. 2017, 238, 765. [CrossRef]

159



Biosensors 2022, 12, 953

107.

108.

109.

110.

111.
112.
113.

114.

115.

Guan, P; Liu, Y,; Yang, B.; Wu, Y.; Chai, J.; Wen, G.; Liu, B. Fluorometric probe for the lipase level: Design, mechanism and
biological imaging application. Talanta 2021, 225, 121948. [CrossRef]

Koo, S.; Won, M.; Li, H.; Kim, W.Y.; Li, M,; Yan, C.; Sharma, A.; Guo, Z.; Zhu, W.H.; Sessler, ].L.; et al. Harnessing alpha-l-fucosidase
for in vivo cellular senescence imaging. Chem. Sci. 2021, 12, 10054. [CrossRef]

Xie, L.; Li, R.; Zheng, B.; Xie, Z.; Fang, X.; Wang, Y.; Cuny, G.D.; Li, Z,; Lin, B.; Chen, X; et al. Development of rofecoxib-based
fluorescent probes and investigations on their solvatochromism, AIE activity, mechanochromism, and COX-2-targeted bioimaging.
Anal. Chem. 2021, 93, 11991. [CrossRef]

Wang, Q.; Li, C.; Chen, Q.; Zhang, P.; Wang, D.; Kang, M.; Jiang, G.; Wang, J. Lysosome-targeting red-emitting aggregation-
induced emission probe with large Stokes shift for light-up in situ visualization of beta-N-acetylhexosaminidase. Anal. Chem.
2019, 91, 12611. [CrossRef]

Horsch, M.; Mayer, C.; Sennhauser, U.; Rast, D.M. beta-N-acetylhexosaminidase: A target for the design of antifungal agents.
Pharmacol. Therapeut. 1997, 76, 187. [CrossRef]

Niu, S.; Bi, C.; Song, W. Detection of DNA methyltransferase activity using template-free DNA polymerization amplification
based on aggregation-induced emission. Anal. Biochem. 2020, 590, 113532. [CrossRef]

Mio, K.; Stern, R. Inhibitors of the hyaluronidases. Matrix Biol. 2002, 21, 31. [CrossRef]

Li, X.; Zhou, Z.; Tang, Y.; Cheng Zhang, C.; Zheng, Y.; Gao, J.; Wang, Q. Modulation of assembly and disassembly of a new
tetraphenylethene based nanosensor for highly selective detection of hyaluronidase. Sens. Actuat. B Chem. 2018, 276, 95.
[CrossRef]

Wang, S.; Zhang, C.H.; Zhang, P; Chen, S.; Song, Z.L.; Chen, ].; Zeng, R. Rational design of a HA-AuNPs@AIED nanoassembly
for activatable fluorescence detection of HAase and imaging in tumor cells. Anal. Methods 2021, 13, 2030. [CrossRef] [PubMed]

160



biosensors

Review

An Overview of the Design of Metal-Organic
Frameworks-Based Fluorescent Chemosensors and Biosensors

Ning Xia, Yong Chang, Qian Zhou, Shoujie Ding and Fengli Gao *

Citation: Xia, N.; Chang, Y.; Zhou, Q.;
Ding, S.; Gao, F. An Overview of the
Design of Metal-Organic
Frameworks-Based Fluorescent
Chemosensors and Biosensors.
Biosensors 2022, 12, 928. https://
doi.org/10.3390/bios12110928

Received: 10 October 2022
Accepted: 24 October 2022
Published: 26 October 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 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/).

College of Chemistry and Chemical Engineering, Anyang Normal University, Anyang 455000, China
* Correspondence: flgao@aynu.edu.cn

Abstract: Taking advantage of high porosity, large surface area, tunable nanostructures and ease
of functionalization, metal-organic frameworks (MOFs) have been popularly applied in different
fields, including adsorption and separation, heterogeneous catalysis, drug delivery, light harvesting,
and chemical/biological sensing. The abundant active sites for specific recognition and adjustable
optical and electrical characteristics allow for the design of various sensing platforms with MOFs as
promising candidates. In this review, we systematically introduce the recent advancements of MOFs-
based fluorescent chemosensors and biosensors, mainly focusing on the sensing mechanisms and
analytes, including inorganic ions, small organic molecules and biomarkers (e.g., small biomolecules,
nucleic acids, proteins, enzymes, and tumor cells). This review may provide valuable references for
the development of novel MOFs-based sensing platforms to meet the requirements of environment
monitoring and clinical diagnosis.

Keywords: metal-organic frameworks; fluorescence; chemosensors; biosensors

1. Introduction

Metal organic frameworks (MOFs), a class of porous-crystalline materials, are self-
assembled from metal ions/clusters and organic ligands. They have been popularly
applied in different fields, such as adsorption and separation, heterogeneous catalysis,
drug delivery, light harvesting and chemical /biological sensing [1-4]. Various strategies
have been proposed for the synthesis of MOFs, including hydrothermal/solvothermal
reaction, solvent volatilization, and microwave-assisted, sonochemical and electrochemical
methods. The influence of experimental parameters on the properties of MOFs have been
investigated, such as metal ions, ligands, solvent, temperature, and reactant ratio. Many
groups have summarized the progress in the advantages and disadvantages of different
methods for the synthesis of MOFs [5-10]. Recently, MOFs have received special attention
due to their versatile optical properties. Because some metal ions and organic ligands
show adjustable fluorescence properties, a series of multi-dimensional MOFs with inherent
fluorescence have been prepared and successfully implemented as fluorescent platforms
for a wide range of applications, such as photocatalysis, chemical /biological sensing and
biomedical imaging [11-15].

For the MOFs with intrinsic fluorescence, the emitting mechanisms can be classified
into four subtypes: ligand-centered emission, metal ion-centered emission, ligand-to-
metal charge transfer (LMTC)-based metal-centered emission, and metal-to-ligand charge
transfer (MLCT)-based ligand-centered emission [16]. The resulting emission depends
on the structure of MOFs, such as the spacing and orientation between linkers, the en-
ergy gap between linkers and metal units, the electronic configuration of metal ions and
the bonding geometry. In addition, the aggregation-induced emission (AIE) luminogens
(AIEgens) have been used as ligands to synthesize luminescent MOFs with AIE prop-
erties for various applications [17]. Moreover, the morphology and size of MOFs (e.g.,
spherical, wheat ear-like, and flower-like nanostructures) have a significant impact on
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the optical properties [18,19]. Fluorescent dyes and nanomaterials (e.g., quantum dots
(QDs), carbon dots (CDs), and metal nanoclusters) can be integrated with MOFs as addi-
tional emission units by the ways of physical adsorption, covalent coupling and in-situ
encapsulation [20-23]. For example, Rhodamine 6G (Rh6G) could be encapsulated into
Zn-MOFs to form dual-emitting MOFs for the detection of 2,4,6-trinitrophenol (TNP) [24].
CdSe/ZnS core/shell QDs could be immobilized on porphyrin-based MOFs with the
amine—Zn coordination interaction for enhancing light harvesting by energy transfer from
QDs to MOFs [25]. Fluorescent CDs could be embedded into MOFs with molecularly
imprinted polymers for the detection of quercetin [26]. Moreover, Ln*" ions could bound
with the functional groups of ligands in MOFs for emitting the characteristic fluorescence
via the antenna effect [27].

During the past decades, MOFs-based fluorescent sensing platforms have been devel-
oped for the detection of various targets, including metal ions, small organic molecules and
biomolecules [28-32]. Besides their unique optical properties, the high porosity and the
abundant active sites of MOFs provide the spatial environment and multiple recognition
sites and facilitate the adsorption of analyte in the pores, leading to the preconcentration
of target and the enhancement of detection sensitivity. Recently, a few review papers
have summarized the applications of MOFs-based materials in chemical /biological sens-
ing [33-39]. For example, Wu's group and Wang’s group reviewed the recent progress in
fluorescence biosensors based on DNA-MOF hybrids [36,37]. Jia’s group discussed the
post-synthetic modification methods for MOFs-based fluorescent sensors [38]. Li et al.
summarized the achievements of CDs@MOFs-based sensors [39]. In this context, we sys-
tematically introduce the recent advancements of MOFs-based fluorescent chemosensors
and biosensors, mainly focusing on the detection mechanisms and analytes. First, the
common detection mechanisms in MOFs-based fluorescent sensing platforms are briefly
introduced. Then, MOFs-based sensors for the detection of inorganic ions (i.e., metal ions
cations and inions) are summarized. Next, the assays of small organic molecules using
MOFs as fluorescence probes are reviewed. Last, most efforts were put into the summa-
rization of recent advances in the field of MOFs-based sensing of biological species, such
as small biomolecules, nucleic acids, enzymes, proteins and tumor cells. Additionally, the
outlook and several issues of MOFs-based fluorescent sensing platforms are discussed.
The aim of this review is to provide an extensive overview of a wide range of fluorescent
MOF-based sensing methods.

2. Detection Mechanisms of MOFs-Based Fluorescent Sensing Platforms

Through a judicious selection of linkers and metal ions, functional groups, Lewis
basic/acidic sites, and metal ions in MOFs can be used as the specific recognition sites for
preferential responses toward targets. For example, MOFs with free-base porphyrin as the
linker can bind to metal ions with high affinity, leading to the change of optical properties
of porphyrinic MOFs [40]. Fluorescent MOFs containing pyridyl could be utilized for Cu®*
detection because of the strong affinity between pyridyl and Cu?* ions [41]. Meanwhile,
the quenching or increasing of the ligand fluorescence by extra metal ions can be used as
a switch mode for target analysis. The general detection modes in fluorescence assays can
be divided into three categories: signal-on, signal-off, and ratio analysis. MOFs can also be
used as fluorescent sensing platforms to act as fluorescent probes or fluorescent modulators.
The specific receptor—target interaction can induce the change in the fluorescence of MOFs
via different mechanisms [42]. Herein, we briefly introduced four common detection
mechanisms involved in most works, including photoelectron transfer (PET), Forster
resonance energy transfer (FRET), inner filter effect (IFE), and target-induced chemical or
structural change of MOFs (Figure 1) [43].

PET is an excited-state charge-transfer process in which the excited electron in the
lowest unoccupied molecular orbital (LUMO) of the photo-excited donor can be transferred
to the LUMO of acceptor, leading to the fluorescence quenching (Figure 1A) [44,45]. FRET
with a distance-dependent non-radiative energy transfer process is the mostly common
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mechanism for fluorescence sensing. When the emission spectrum of donor partially over-
laps with the absorption spectrum of acceptor, the energy is transferred from the donor
to the acceptor through FRET process (Figure 1B) [46]. The FRET efficiency depends on
several factors, including the spectral overlap extent, the distance between the donor and
the acceptor, and the dipole—dipole interaction. Thus, when the excitation spectrum of
targets overlaps with the emission spectrum of MOFs, the presence of targets (acceptors)
can induce the change of the fluorescence of MOFs (donors). IFE involves the competitive
absorption of the excitation light between analyte and MOFs or the adsorption of the fluo-
rescent emission of MOFs, resulting in the obvious fluorescence quenching (Figure 1B) [46].
In this method, the adsorption spectrum of analyte always overlaps with the emission or
adsorption of MOFs. Unlike PET and FRET, this process is independent on the distance
between two species. Moreover, appropriate functional groups on ligands can influence
the fluorescence properties of MOFs. They can act as the active sites for specific recognition
of targets through coordination or covalent interaction, thus leading to the change of the
fluorescence of MOFs. Furthermore, during the detection process, a target can induce the
destruction of the skeleton of MOFs-based composites by interacting with the metal nodes
or the ligands in MOFs, resulting in the change of fluorescence signal [47,48].
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Figure 1. (A) Schematic illustration of the process of PET. Reproduced with permission [45]. Copy-
right 2020, Elesvier. (B) Schematic illustration of the process of IFE and FRET. Reproduced with
permission [46]. Copyright 2019, Elsevier.

3. Chemosensors

Chemosensors based on the analyte-induced signal change are the most direct and
convenient methods for sensing of ions, pollutants, pesticides, volatile organic compounds
and drugs. Currently, a wide range of fluorescent chemosensors have been extensively
exploited, including small organic molecules, semiconductor QDs, metal nanomaterials,
CDs, and AlEgens-based chemosensors [49-53]. Compared to those fluorescent materi-
als, MOFs exhibited several excellent advantages in the field of fluorescent assays. First,
the tunable pore sizes of MOFs can act as the sieves to control the entry of analytes
into the pores, resulting in the increased selectivity. Second, the large surface area of
MOFs can adsorb and concentrate targets to high levels, leading to the enhanced sensi-
tivity. Third, the versatile functional sites (e.g., open metal sites, functional groups in
ligands and Lewis acidic/basic sites) can realize the specific recognition through differ-
ent chemical reaction. Four, the tunability in optical properties of MOFs facilitates the
development of fluorescent sensors with multiplex emissions. We do not discuss these
topics here since many excellent reviews about the adsorption and separation of targets
with porous MOFs are available elsewhere [54-57]. In this part, we mainly discussed the
recently advancements of chemosensors for the direct detection of inorganic ions and small
organic molecules.
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3.1. Inorganic Ions
3.1.1. Metal Ions

Inorganic metal ions, including heavy metal ions and transition metal ions, have an
important role in environmental and ecological systems. Heavy metal ions (e.g., Cu?t,
Fe®*, Hg?" and Cr®*) can cause serious harm to the water and soil resources. Several
transition metal ions are essential trace elements in biological metabolism. As a result,
a large number of MOFs-based fluorescent sensors have been developed for the detection of
metal ions in recent past years (Table 1). Due to the abundant functional groups of ligands
in MOFs (e.g., carboxyl, amino, and phenolic hydroxyl group), metal ions with the unfilled
d orbital can bind to the groups with the lone-pair of electrons to result in the quenched
fluorescence of MOFs by PET. Several excellent reviews have been reported to summarize
the progress of MOFs-based fluorescent assays for metal ions [58-62]. In this section, we
mainly summarized the recently reported and representative literatures.

Copper is a fundamental metal element in biological systems due to its enzymatic
property. Exposure to excessive concentrations of Cu?* may cause neurodegenerative dis-
orders such as Wilson’s disease and Parkinson’s disease. Several fluorescent MOFs-based
Cu?* sensors have been developed in a signal-off mode based on the excellent fluorescence
quenching ability of Cu?*. For example, Chen et al. designed a ratiometric fluorescent
probe for Cu?* detection by integrating UiO-66(OH), with porphyrin-based MOF PCN-224
(Figure 2A) [63]. The green-emission UiO-66(OH); acted as the internal reference, while
Cu®* quenched the red emission of PCN-224 by binding to the porphyrin ligand with
strong affinity. Cheng et al. applied fluorescent porphyrinic MOF-525 as the probe for
signal-off detection of Cu* ions [64]. Because the sensitivity of “turn-off” sensors may be
lower than that of “turn-on” sensors. Chen et al. reported “turn-on” fluorescent sensing
of Cu?* ions based on the porphyrinic MOFs-catalyzed Heck reaction [65]. As displayed
in Figure 2B, porphyrin in PCN-222 was pre-inserted with Pb?* ions. Cu?* ions could
replace Pb?* ions due to the stronger binding affinity. Then, the released Pb?* ions were
in-situ reduced into PbNPs in MOFs and catalyzed the transformation of non-fluorescent
aniline into fluorescent product via Heck cross-coupling reaction. More interestingly, ra-
tiometric fluorescence MOFs-based sensors have been widely constructed because they
can overcome the shortcomings of single-emission fluorescence methods. Xia et al. pre-
pared dual-emission MOFs with dual ligands and used them for the ratiometric detection
of Cu?* ions in human serum [66]. As shown in Figure 2C, the ligand terephthalic acid
(H,BDC) was used to sensitize Eu®* ions via the antenna effect. 2,5-Diaminoterephthalic
acid (H,DATA) with the emission at 465 nm could selectively identify the target. Cu®*
was coordinated with the -NH, group of DATA, thus quenching the fluorescence of DATA
via PET. For simultaneously monitoring of Cu* and Cu®* ions in biological samples,
Zhang et al. reported a dual-channel fluorescence method for the speciation of both
Cu* and Cu?* ions based on CDs-encapsulated Eu-MOFs (Figure 2D) [67]. In this work,
fluorescent CDs were prepared from folic acid through a hydrothermal method and then
in-situ encapsulated in Eu-MOFs. Cu?* could quench the fluorescence of Eu-MOFs at
Aex/Aem = 380/454 nm by replacing Eu* in the frameworks. Cu* was interacted with
bathocuproine disulfonate (BCS) and the product (BCS—Cu™) to quench the fluorescence
of CDs at Aex/Aem = 275/615 nm via the IFE mechanism.

Aluminum is widely used in aluminum tableware, food packaging, and other produc-
tion products. An excessive intake of aluminum in the body will disrupt the activities of the
central nervous system, cause human dysfunction, and hinder the normal metabolism of
calcium and phosphorus. Zhong et al. prepared two types of fluorescent curcumin@MOF-5
composites through post-adsorption and one-pot synthesis and applied them to detect
AI%* jons [68]. In this method, the fluorescence was quenched by the PET process, and
AI%* could inhibit the PET process between curcumin and MOFs-5, resulting in the restora-
tion of curcumin fluorescence. Li et al. applied an AIE-active MOFs for sensing of Al** in
a “turn-on” mode (Figure 3A) [69]. The fluorescence of Zn-MOF containing AIE ligands was
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quenched by the auxiliary ligand of 4,4"-bypyridine (Bpy) through the exciton migration.
A¥* was competitively coordinated with Bpy to recovery the fluorescence.
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Figure 2. (A) Schematic illustration of process for encapsulating the UiO-66(OH), into the porphyrin
MOFs (PCN-224) and concept for sensing Cu?*. Reproduced with permission [63]. Copyright 2019,
American Chemical Society. (B) Schematic illustration of the fluorescence “turn-on” sensing of Cu?*
ions based on the porphyrinic MOFs-catalyzed Heck reaction. Reproduced with permission [65].
Copyright 2016, American Chemical Society. (C) Schematic illustration of the design principle of
dual-emission Eu-DATA /BDC MOFs and the ratiometric sensing and visible detection of Cu?* ions in
human serum. Reproduced with permission [66]. Copyright 2022, Elsevier. (D) Schematic illustration
of the detection mechanisms for Cu* ions and Cu?* ions with the dual fluorescence Eu-MOFs@CDs.
Reproduced with permission [67]. Copyright 2022, American Chemical Society.

Fe®* is an essential trace element in human nutrition. However, the abnormal level of
Fe3* may cause many health problems, such as anemia, diabetes, cardiovascular failure,
liver laceration and so on. Due to the half-filled d orbits and the light absorption ability,
MOFs (e.g., NTU-9 nanosheets, Tb-MOFs and dye@Zr-MOFs) were used to develop fluo-
rescence Fe%* sensor in which Fe?* ions could quench the fluorescence of MOFs through
the PET and/or IFE process [70-73]. For example, Qi et al. demonstrated that Fe3* could
quench the fluorescence of Tb-MOF via the IFE process and the inhibition of the energy
transfer between linker and Tb3* [74]. Recently, Yin et al. developed a fluorescent sensor for
Fe%* and HCHO detection based on the mixed-ligand MOFs [75]. As shown in Figure 3B,
the prepared Zn-MOFs exhibited dual emission at 450 and 550 nm and the relative intensity
was controlled by adjusting the ligand ratio and the excitation wavelength. Fe3* could
be coordinated with the amino group of the ligand 2-aminoterephthalic acid (BDC-NH)),
thus quenching the fluorescence via the PET and IFE mechanism. HCHO could react
with the amino group of BDC-NHj to form a Shiff base, leading to the decrease of the
fluorescence. Consequently, the yellow emission of the ligand of 2,5-dihydroxylterephthalic
acid [BDC-(OH);] at 550 nm increased. Additionally, Fe** ions can cause the collapse of the
structure of Tb-MOFs and disturb the energy transfer from the ligand to Tb3*, resulting in
the quenching of the fluorescence of Tb-MOFs [76].

As one of the most toxic heavy metals, mercury exists extensively in the ecosystem by
the format of inorganic ion (HgX,, X = halide) or organic mercury [77]. Guo et al. prepared
Eu®*-functionalized Ca-MOF through the post-synthesis modification and applied it for the
detection of ngJr [78]. In this study, HgZJr chelated with the soft Lewis base S in the ligand
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and inhibited the LMCT, leading to the decrease of the fluorescence signal of Eu3* and the
recovery of the emission of the ligand. Wang et al. reported the detection of Hg?* and
CH3Hg* ions by using boric acid (BA)-functionalized Eu-MOF as the dual-signal probe
(Figure 3C) [79]. The BA-Eu-MOF was prepared with 5-boronobezene-1,3-dicarboxylic
acid (5-bop) as the ligand. The 5-bop ligands can sensitize the red emission of Eu** and
provide the binding sites for Hg?* and CH3Hg*. The electron-withdrawing effect of BA
could passivate the antenna effect of 5-bop. Hg?* and CH3Hg" ions could replace the BA
groups in the framework by transmetalation reaction, thus activating the antenna effect of
5-bop and resulting in the increase of red emission.
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Figure 3. (A) Schematic illustration of the AIE-active MOFs-based sensor for the detection of AI>*.
Reproduced with permission [69]. Copyright 2018, American Chemical Society. (B) Schematic
illustration of BA-Eu-MOF synthesis and the sensing process of BA-Eu-MOF toward Hg?* and
CH3Hg* ions based on transmetalation. Reproduced with permission [75]. Copyright 2016, American
Chemical Society. (C) Schematic illustration of the design principle of dual-emission Eu-DATA /BDC
MOFs and the ratiometric sensing and visible detection of Cu®* ions in human serum. Reproduced
with permission [79]. Copyright 2022, Elsevier.

Furthermore, Li et al. developed a Cd(II)-MOFs-based signal-on fluorescence sensor
for Cr¥* detection [80]. Cr** could be chelated by the -COOH group on the ligand, im-
proving the rigidity of the framework and resulting in the increased fluorescence. Liu’s
prepared NHj plasma-functionalized UiO-66-NH, for the detection of U(VI) [81]. The
functionalized UiO-66-NH, showed high fluorescence intensity due to the large number of
electron-donating groups. U(VI) could quench the fluorescence of MOFs through the static
quenching effect by binding to the amino group.

pH plays an important regulatory role in physiological /pathologic processes. The ab-
normal intracellular pH is related to many diseases, such as cancer, stroke, and Alzheimer’s
disease [82]. Several fluorescent MOFs have been reported to exhibit response toward
different pH values, such as PCN-225(Zn), Y(III)-MOFs and Dy-MOF [83-87]. Typically,
Chen et al. reported a dual-emission fluorescent MOF for monitoring the change of pH
value with an excitation wavelength (Figure 4) [88]. In this work, the DBI-PEG-NH;-
functionalized Fe3O4 NPs were first embedded to the MOF PCN-224. Then, rhodamine B
isothiocyanate (RBITC) was conjugated onto the surface of Fe3Oy to form the RBITC-PCN
nanoprobe. The covalent coupling of RBITC with DBI-PEG-NH, prevented the leaching
of RBITC. Under single excitation, the core-shell-like nanoprobe showed dual-emission
from porphyrin of PCN and RBITC. H* ions could enter into the pores rapidly to open the
channels of MOFs. The RB-PCN nanoprobe could detect the pH change over a wide range.
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In the acidic pH (1.7 — 7.0), the nanoprobe showed two emissions from RBITC at 575 nm.
However, it showed an emission at 641 nm for PCN-224 in the pH ranging from 7.0 to 11.3.

<

Figure 4. Schematic illustration of the dual-emission fluorescent MOF for monitoring the change

of pH value with an excitation wavelength. Reproduced with permission [88]. Copyright 2018,
American Chemical Society.

3.1.2. Anions

Anions (e.g., C17, Br-, I7, SCN™ and NO3 ™) can replace the free counterions in MOFs
via anion-exchange, thus changing the optical properties of MOFs. In addition, anions can
restore the fluorescence of MOFs quenched by metal ions based on different interactions,
such as high affinity interaction and chemical reaction, achieving a fluorescence “on-off-on”
switch. A lot of MOFs-based fluorescence sensors have been fabricated to determine anions
with satisfactory results (Table 1). Herein, we summarized only the recent advancement
since several excellent reviews have been reported to discuss MOFs-based fluorescent
anions sensors [89,90].

Fluoride ion (F~) is one of the most harmful elements in drinking water. Over-intake of
F~ can result in dental fluorosis, kidney failure, or DNA damage. According to the Pearson
hard —soft acid—base (HSAB) classification, F~ as a hard Lewis base can bind to Ln®* ions
as hard Lewis acids with high affinity. Thus, Ln-MOFs can be used to develop fluorescent
sensors for F~ detection [91]. Zeng et al. synthesized a series of mixed Ln-MOFs with
triazine-based planar 4,4,4”-s-triazine-2,4,6-triyltribenzoate (TATB) as the ligand and Tb/Eu
ions as the centers (Figure 5A) [92]. The luminescent wavelength of Tb/Eu(TATB) MOFs
could be regulated by adjusting the ratio of the two lanthanide metal ions. The host—guest
interaction between F~ and MOF induced the signal change in color and luminescence
intensity of MOFs, thus realizing the visual and ratiometric luminescent detection of F~.
Che et al. reported a portable logic detector based on Eu-MOF for the detection of Eu®* and
F~ in groundwater [93]. In this study, Eu** combined with the amino groups on MOFs,
leading to the aggregation of MOFs and the fluorescence quenching. F~ ions could replace
Eu3* to bind with the amino groups, resulting in the recovery of the fluorescence. Dalapati
et al. prepared the pyrene-tagged UiO-66-NH, through the post-synthetic modification
and used it to detect F~ and H,PO,~ based on “turn-on” fluorescence mechanism [94]. In
this work, the hydrogen bonding interactions between anions and pyrene units made the
two m-stacked pyrene moieties closer and formed static pyrene excimers, resulting in the
enhancement and blue shift of the fluorescence.

Hypochlorous acid (HCIO) is a typical reactive oxygen species. Excessive endogenous
HCIO may cause oxidative stress, tissue damage and diseases. With dual ligands of BDC-
NH; and dipicolinic acid (DPA) and metal node Eu®* ions as the precursors, a ratiometric
fluorescent MOF probe was prepared (Figure 5B) [95]. The Eu-BDC-NH,/DPA MOF with
exposed amino groups could be used to determine hypochlorous (C1O™) ions due to the
formation of hydrogen bonds [95]. In this process, the blue fluorescence from BDC-NH,
was reduced, while the antenna effect emission from Eu’* remained stable. Moreover,
Tan et al. used MOFs as the scaffolds to develop a FRET system for the ratiometric detection
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of ClIO™ ions [96]. In this work, CDs as the donor and curcumin as the acceptor were
entrapped into MOFs for the construction of the FRET system. In the presence of C1O™,
curcumin was oxidized and the FRET was blocked, resulting in the increase of the CDs
fluorescence at 410 nm and the decrease of the curcumin (CCM) fluorescence at 585 nm.
Phosphate (PO4T) plays an important role in many biological functions. An excessive
content of PO43~ in the human body is harmful to blood vessels and may accelerate
aging [97]. PO, has a significant quenching effect on the fluorescence of Ln-MOF or
Ln-functionalized MOFs [98]. For example, Fan et al. used a Tb(III)-functionalized Zn-
MOFs for fluorometric detection of PO43~ [99]. In this work, the binding between PO,3~
and Tb%* inhibited the antenna effect, leading to the decrease of Tb3* emission. Recently,
Shi et al. prepared dual-ligands Eu-MOF with dual emissions for the ratiometric/visual
determination of PO~ [100]. As illustrated in Figure 5C, Eu-MOFs with benzene-1,3,
5-tricarboxylate (BTC) and BDC-NHj as ligands exhibited two emissions at 425 nm and
617 nm. PO43~ could replace a part of the ligand to coordinate with Eu?* and weakened
the antenna effect, causing a reduced intensity at 617 nm and an enhanced signal at 425 nm.
Other anions can also be sensitively determined by fluorescent MOFs. For instance,
Zhang et al. demonstrated that bromate could oxidize FeZ* into Fe?* in Eu-MOFs@Fe?*,
thus quenching the fluorescence [101]. Karmakar et al. modified ZIF-90 with the di-
cyanovinyl (DCV) group for the specific recognition of CN~ (Figure 5D) [102]. The nu-
cleophilic addition reaction between cyanide and DCV group resulted in the loss of con-
jugation and the decrease of fluorescence intensity. Jain et al. reported a boric-acid-
functionalized Eu-MOFs-based sensor for Cr,O72" detection [103]. The red fluorescence of
dual-emission MOFs was quenched and the blue emission was enhanced. Zhang et al. re-
ported that Cry07% could quench the fluorescence of Zn-MOFs via the IFE mechanism [104].
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Figure 5. (A) Schematic illustration of visual detection of F~ using mixed Ln-MOFs with a smart-
phone. Reproduced with permission [92]. Copyright 2020, American Chemical Society. (B) Schematic
illustration of the preparation of Eu-BDC-NH,/DPA and fluorescence spectra and photographs in
the absence and presence of HCIO. Reproduced with permission [95]. Copyright 2021, American
Chemical Society. (C) Schematic illustration of the detection of PO,3~ based on Eu-BTC-BDC-NH,.
Reproduced with permission [100]. Copyright 2022, Elsevier. (D) Schematic illustration of the
post-synthetic modification in MOF leading to selective sensing of CN ™. Reproduced with permis-
sion [102]. Copyright 2016, Wiley.
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H,S is one of the reactive sulfur species that is generated from the decomposi-
tion of sulfur-containing organic molecules by microbes. Ma et al. prepared a Cu(Il)-
contained 3D porous nanoscale MOF (denoted as nano-MOF PAC) by using meso-tetrakis
(4-carboxylphenyl)porphyrin (TCPP) as the ligand (Figure 6A) [105]. The reactive Cu(II)
ions were introduced into the framework as the responding sites of H,S. The fluorescence
of ligand in PAC was quenched by Cu(II) due to its paramagnetic characteristics. H,S could
sequester Cu(Il) from the porphyrin center to form CuS, thus turning on the fluorescence.
With the nano-MOF as fluorescent probe, the signal-on in-situ detection of H,S in living
cells was achieved. Gao et al. reported the detection of H,S with the ratiometric fluorescent
MOF (rthodamine B (RhB)/UiO-66-N3) (Figure 6B) [106]. The nanoprobe exhibited dual
emissions (425 nm and 575 nm) with a single excitation wavelength. The red fluorescence
at 575 nm as the internal reference is attributed to RhB. The HyS-mediated biorthogonal
reduction of azide to amine caused the increase in the blue fluorescence at 425 nm. The
signal-on ratiometric sensing strategy could be used to image HjS in live cells.

Table 1. Performances of MOFs-based fluorescent chemosensors for the detection of inorganic ions.

MOFs Targets Linear Range LOD Ref.
Cd-MOFs Cr3* 0~3 mM 0.164 uM [80]
UiO-66-NH; U(vI) 0~1.2 uM 0.08 uM [81]
UiO-66(OH),@PCN-224 Cu?* 0~10 uM 0.068 nM [63]
Porphyrinic Zr-MOF-525 Cu?* 1~250 nM 220 pM [64]
Pgl‘\’]r_gtz‘;’_rgg(cm Cu?* 0.05~2 uM 50 nM [65]
Eu-MOF Cu?* 1~40 uM 0.15 uM [66]
CDs@Eu-MOF Cu™* and Cu?* 0.5~20 uM and 0.5~20 uM 0.22 and 0.14 uM [67]
CCM@MOF-5 AR 0~0.33 mM 2.84 uM [68]
AlE-active Zn-MOFs ARt Not reported 3.73 ppb [69]
Tb-MOFs Fe3* 0.33~33 uM 0.936 uM [74]
Tb-MOFs Fe?* 0~100 M 0.35 uM [71]
Zn-MOFs Fe?* and HCHO 1~40 uM and 1~40 ppm 0.58 uM and 370 ppb [75]
RhB@Zr-MOF Fe3* and Cr, 0,2~ 0.01~1 mM and 1~100 uM Not reported [72]
Eu-modified Ga-MOFs Hg2+ 0.02~200 uM 2.6 nM [78]
BA-Eu-MOF Hg?* and CH3Hg* 1~60 uM and 2~80 uM 220 and 440 nM [79]
BODIPY@Eu-MOF F~, Hy0, and glucose  0~30 M, 0~6 uM and 0~6 uM 01737 M, 6.22 nM [91]

! ! and 6.92 nM
Tb*" and Eu*-MOFs F- 0~1.9 ppm 96 ppb [92]
Eu-MOFs Eu®* and F~ 0~7.4 uM and 0~515 uM 0.2481 uM and 1.145 M [93]
Eu-MOFs HCIO 1~20 1M and 20~40 pM 37 nM [95]
CDs/CCM@ZIF-8 HCIO 0.1~50 uM 67 nM [96]
Eu-MOFs PO,3~ 0.1~10 uM and 10~50 uM 0.07 uM [100]
M-ZIF-90 CN- 0~0.1 mM 2 1M [102]
UiO-66@COFs PO, 0~30 uM 0.067 uM [97]
Tb-modified Zn-MOFs PO,3~ 0.01~200 uM 4nM [99]
Eu-MOF@Fe?* BrO4~ 0~0.2 mM 3.7 uM [101]
BA-Eu-MOFs Cr, 0%~ 0.1~3 uM 0.58 uM [103]
Zn-MOFs Cry, 0,2~ 0.3~20 uM 0.09 uM [104]
RhB/UiO-66-N3 H,S 0.1~4 mM 82.4 uM [106]

Abbreviation: CDs, carbon dots; CCM, curcumin; AIE, aggregation-induced emission; RhB, rhodamine B; BA,
boric acid; BODIPY, boron-dipyrromethene; COFs, covalent organic frameworks.

3.2. Small Organic Molecules

Organic molecules with functional groups can coordinate with metal nodes or react
with the linkers, finally changing the emission properties of MOFs. In addition, metal
ions-mediated fluorescence “turn-off-on” switch can be utilized to detect small organic
molecules. Based on these principles, many MOFs-based fluorescence sensors have been
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reported for the detection of a wide range of analytes, including nitro explosives, pesticides,
antibiotics and other small molecules (Table 2) [107].
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Figure 6. (A) Schematic illustration of structural fragment of nano-MOF PAC and the proposed
strategy for fluorescent variation of PAC upon reactive Cu(Il) ions as the H,S-responding site.
Reproduced with permission [105]. Copyright 2014, American Chemical Society. (B) Schematic
illustration of one-step hydrothermal synthesis of UiO-66-N3 in acetic acid/DMF with tunable size,
the principle of H,S detection on the basis of RhB/UiO-66-N3 and their applications for intracellular
H,S imaging. Reproduced with permission [106]. Copyright 2021, Elsevier.

For homeland security, environmental and humanitarian implications, various flu-
orescent methods have been developed for explosive substances detection. Explosives
with electron-deficient -NO, groups are good electron acceptors that can interact with
the electron-rich aromatic rings and functional groups with lone-pair electrons, leading
to decreased fluorescence [108-110]. For this view, Zhang et al. prepared a 2D MOF
(NENU-503) for the detection of nitroaromatic molecules with different numbers of -NO,
groups [111]. Wang et al. introduced a cationic dye into MOFs through ion-exchange
process and used the fluorescent dye@bio-MOFs as the dual-emitting platforms for the
detection of different kinds of nitro-explosive substances [112]. In this work, nitroaromatics
could quench the fluorescence of MOFs, and aliphatic nitro-organics could increase the
fluorescence via confinement-induced enhancement. Sun et al. in-situ encapsulated RhB
molecules into Cd-MOFs and used the dual-emission of MOFs to detect 4-nitroaniline [113].
Sharma et al. synthesized a hydroxyl-functionalized indium MOF for the fluorescent detec-
tion of nitro-aromatic compounds [114]. The fluorescence was quenched due to the PET
effect. With tetraphenylethylene, y-cyclodextrin (y-CD) and metal ion (K*) as the precur-
sors, Qiu et al. synthesized y-CD-MOF-K and used it to encapsulate the AIE molecules
of tetraphenylethylene (Figure 7A) [115]. The resulting TPE@y-CD-MOF-K composites
exhibited a strong fluorescence emission. Attachment of nitro-aromatic compounds on the
surface of TPE@y-CD-MOF-K caused solid-state fluorescence quenching.

Chemical pesticides have been widely used around the world, including organophos-
phate pesticides and dinotefuran. When entering the surrounding environment, they may
show an important influence on human health and life quality. MOFs have been used as
fluorescent probes to detect various pesticides [116-118]. For example, Jiao et al. reported
a fluorescent method for the detection of dinotefuran with Cd-MOFs, in which dinotefuran
quenched the fluorescence of MOFs via the IFE and static quenching process [119]. Based
on the host-guest interaction, Yu et al. reported the detection of pesticide glyphosate with
tetra-pyridyl calix [4]arene decorated ultrathin 2D MOF nanosheet as the fluorescence
probe (Figure 7B) [120]. Glyphosate could interact with the calix [4]arene (Calix) group on
the surface of 3D layered MOF nanosheets, thus causing fluorescence enhancement. Dyes-
encapsulated MOFs can also be used to detect pesticides. Zhang et al. used methylene blue
(MB)-loaded Cd-MOF as the dual-emission probe for the detection of carbaryl that could
enhance the fluorescence through the energy transfer and PET mechanisms [121]. Wei et al.
prepared eosin Y (EY)-embedded Zr-MOFs for the ratiometric detection of nitenpyram
(Figure 7C) [122]. In this study, the dual-emissive characteristics of EY@Zr-MOFs could
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be tuned by changing the loading quantity of EY. The FRET between EY@Zr-MOFs and
nitenpyram blocked the energy transfer from pristine MOFs to EY, resulting in the decrease
of the emission at 430 nm and 560 nm.

Aldehydes are one of the typical volatile organic compounds (VOCs), which can cause
serious health problems. Wang et al. reported the detection of formaldehyde (FA) with
N-propyl-4-hydrazine-naphthalimide (PHN)-embedded UiO-66-NH; (PHN@MOF) as the
ratiometric fluorescent probe (Figure 7D) [123]. The intrinsic fluorescence of UiO-66-NH;
offered a reference signal. FA was reacted with the hydrazine group of PHN through the
surrounding confinement space provided by MOFE.
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Figure 7. (A) Schematic illustration of the AlE-active MOFs for sensitive detection of explosives in
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liquid and solid phases. Reproduced with permission [115]. Copyright 2020, American Chemical
Society. (B) Schematic illustration of the fabrication of 2D MOF-Calix nanosheets and sensitive
detection of pesticide through host-guest chemistry. Reproduced with permission [120]. Copyright
2020, Elsevier. (C) Schematic illustration of EY-embedded Zr-MOFs as a dual-emitting built-in self-
calibrating platform for nitenpyram detection. Reproduced with permission [122]. Copyright 2020,
American Chemical Society. (D) Schematic illustration of the PHN@MOF probe for the detection of
FA. Reproduced with permission [123]. Copyright 2021, American Chemical Society.

Antibiotics have been widely used in the treatment of infectious diseases by killing
a variety of bacteria and parasites. The misuse of antibiotics seriously threaten the safety of
water resources, food, and humans. Thus, many MOFs-based fluorescent sensing platforms
have been constructed for the detection of antibiotics, including tetracycline antibiotics
(TCs), nitrofuran and fluoroquinolone [124-131]. For instance, Chen et al. employed Zn-
MOFs as fluorescent probes for the detection of TCs and NH** [132]. Qin et al. prepared
two-dimensional ultrathin Cd-MOF/Tb3* fluorescent nanosheets and applied them to
detect cefxime antibiotic [133]. In this work, cefxime quenched the fluorescence of Cd-
MOF/Tb%" via the PET and IFE effects. To reduce environmental interferences, Gan et al.
reported a ratiometric fluorescence sensor for visual detection of TC based on the nanohy-
brid of MOFs and lanthanide the coordination polymers [134]. As shown in Figure 8A, the
coordination polymers assembled by Eu®* and guanosine monophosphate (GMP) were
in-situ synthesized on the surface of fluorescein-encapsulated MOF-5 (FSS@MOF-5). The
resulting FSS@MOF-5/GMP-Eu composites exhibited two fluorescence (yellowish-green
and red). In the presence of TC, the red emission from Eu®* was enhanced due to the
antenna effect between TC and Eu®*. The yellowish-green emission from FSS@MOF-5 kept
constant as an internal reference. Under a UV lamp (365 nm), the fluorescence color of
FSS@MOF-5/GMP-Eu changed from yellowish-green to red. Dual MOFs-based heterostruc-
ture composites (ZIF-8@PCN-128Y) were used to detect TC in milk and beef samples [135].
In this work, TC enriched by ZIF-8 quenched the fluorescence of PCN-128Y, attributing
to the IFE and PET processes. To improve the selectivity of sensors toward TC antibiotics,
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Yu et al. found that the AIE effect of chlortetracycline (CTC) could be enhanced by bind-
ing with the zinc/pyromellitic acid-based MOF (Zn-BTEC) (Figure 8B) [136]. The CTC
molecules were embedded into the porous Zn-BTEC to form assemblies or aggregates.
The nanoprobe showed high sensitivity for CTC detection by discriminating it from other
antibiotics with high specificity.

There are many toxic and cancerogenic substances in crops and food. For example,
gossypol, a natural toxin existing in cottonseeds, shows a great risk to the safe consump-
tion of cottonseed products. Rosi’s group found that Yb3*-based MOF (Yb-3,3"-diamino-
1,1":4/,1"-terphenyl-4,4”-dicarboxylic acid) could be used to detect gossypol with a low
detection limit (Figure 8C) [137]. In this method, gossypol could sensitize Yb3* and turn on
its photoluminescence by facilitating the energy transfer and/or reacting with the amine-
functionalized aromatic linker in MOF. The resulting Schiff base compounds caused the
red shift of the wavelength. The proposed method could be further used for the design of
novel probes for the detection of other aromatic molecules.
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Figure 8. (A) Schematic illustration of the synthesis process of FSS@MOF-5/GMP-Eu for rapid and
visual detection of TC. Reproduced with permission [134]. Copyright 2021, Elsevier. (B) Schematic
illustration of sensing process for CTC using MOF Zn-BTEC as a fluorescent probe based on AIE
mechanism. Reproduced with permission [136]. Copyright 2019, American Chemical Society.
(C) Schematic illustration of fluorescent “turn-on” detection of gossypol using Ln>*-based MOFs and
Ln3* salts. Reproduced with permission [137]. Copyright 2020, American Chemical Society.

Biological molecules playing an important role in the pathophysiology can be rec-
ognized as the biomarkers for disease diagnosis. MOFs have been used to construct
fluorescent sensors for the direct determination of biological molecules, such as hypoxan-
thine, uric acid, histidine and 3-nitrotyrosine [138-143]. For example, Zhang et al. used
the mixed-crystal Ln-MOF as a fluorescent indicator for the detection of lysophospha-
tidic acid, a biomarker for ovarian cancer [144]. Wang et al. reported a UiO-66-NH;
MOF-based ratiometric fluorescent sensor for the detection of dopamine and reduced
glutathione [145]. In this work, dopamine was reacted with polyethyleneimine to form
copolymer, and it quenched the fluorescence of MOF via FRET. However, glutathione
could inhibit the formation of copolymer and block the FRET, leading to the recovery of
the fluorescence of MOFs. Reversibly, MOFs can also act as the acceptor to quench the
fluorescent dye-labeled probes. Bhardwaj et al. reported a Tb-MOFs-based sensor for
fluorescent detection of DPA, a biomarker for bacteria in feces [146]. In this work, the
competitive interaction between Tb3* ions and DPA inhibited the sensitization of Tb%*
ions in MOFs, leading to the decrease of the fluorescence. Li et al. reported a ratiometric
fluorescent system for monitoring the main component of bacterial spore, DPA with CdS
QDs-loaded ZIF-8 MOF as the sensing platform [147]. As shown in Figure 9A, Rhodamine
6G (Rho 6G) was encapsulated in the QDs/MOF nanocrystal as the internal reference. The
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fluorescence from QDs could be quenched by the capture of Eu®* ions. Once the Eu3* ions
were sequestered by DPA, the fluorescence of QDs would be restored, while no signal
change was observed for Rho 6G. The method showed a high sensitivity and excellent
anti-interference ability for monitoring spore germination. Qu et al. reported the detection
of creatinine by using 8-hydroxy-2-quinoline-carboxaldehyde (HQCA) and AP*-modified
MOFs (UiO-66-NH,) (Figure 9B) [148]. In this method, the formed creatinine-Al** Lewis
acid-base complexes turned on the fluorescence by interrupting the energy transfer and
electron transfer from UiO-HQCA to AI**. With the rhodamine B (RhB)-encapsulated
porous Zn(II)-MOF (DiCH3MOEF-5) composite as the sensing platform, Guo et al. reported
an “on-off-on” fluorescent switching method for the determination of Fe3* and ascorbic
acid (Figure 9C) [149]. The fluorescence of RhB@DiCH3;MOF-5 could be quenched by Fe®*
due to the synergism of IFE and PET. However, addition of ascorbic acid to the quenched
solution would recover the fluorescence due to the oxidation—reduction reaction. Benzene
is one of the ubiquitous environmental pollutants. The trans,trans-muconic acid (tt-MA)
is a suitable urinary biomarker for benzene at high levels. Qu and co-workers found that
the bi-metal-loaded Eu(IIl)/ Tb(IIN)@MOE-SO5; ~ showed a Tb(III)-induced luminescence of
Eu(Ill) (Figure 9D) [150]. Based on the fluorescence quenching effect, the lanthanide-based
MOF hybrids were used for the signal-off detection of tt-MA in urine.
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Figure 9. (A) Schematic illustration of the preparation of R6G/Eu-CdS@ZIF-8 and its application
for DPA detection. Reproduced with permission [147]. Copyright 2020, American Chemical Society.
(B) Schematic illustration of the HQCA and AI**-modified MOFs-based fluorescent sensor for the
detection of creatinine. Reproduced with permission [148]. Copyright 2020, Elsevier. (C) Schematic
illustration of synthesis of fluorescent RhnB@DiCH3;MOF-5 composites and their application in Fe3*
and ascorbic acid detection. Reproduced with permission [149]. Copyright 2019, American Chemical
Society. (D) Schematic illustration of the design principle of Tb(II)@MOF-SO3~ as a fluorescent
probe for tt-MA. Reproduced with permission [150]. Copyright 2018, American Chemical Society.

For some solid pharmaceuticals and chemical products, water may be a contaminant
and impurity. Trace water may affect the stability and efficacy of drugs. Several MOFs-
based fluorescent sensors have been developed for water determination. For instance,
Yin et al. reported the ratiometric fluorescence detection of water in organic solvents based
on Ru(bpy)s>*-encapsulated MIL-101(Al)—~NHj [151]. Water facilitated the protonation
of the ligand BDC-NH), resulting in the shift of the fluorescence of MOFs. Zhou et al.
presented a ratiometric and turn-on fluorescence method for water detection by using Eu-
MOFs as the probes [152]. Water could switch on the intramolecular charge transfer from
the electron donating amino group to the electron-withdrawing carboxyl group, leading
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to the enhancement of the fluorescence from ligand. However, these sensors are limited
to the determination of water in organic solvents. To realize the analysis of water in solid
samples, Yu et al. designed a portable analytical device based on Eu-dipicolinic acid/
2-aminophthalic acid (Eu-DPA /PTA-NH;) [153] MOFs. As shown in Figure 10, a one-to-
two logic gate was developed for determining water content and the two fluorescence
signals as the input and output signals. MOFs were deposited on the fiber paper to prepare
a microsensor. When the water content increased, the fluorescence of PTA-NH, increased
and the fluorescence of Eu3* declined. Under the illustration of 254 nm UV light, the color
of paper changed from red to blue. Furthermore, Chen et al. developed a ratiometric
fluorescent and colorimetric method for the detection of methanol using bimetallic Ln-
MOFs [154]. In this work, methanol could improve the LMCT efficiency from the ligand to
Tb%*, resulting in the increase of the fluorescence of Tb** ions.

Table 2. Performances of MOFs-based fluorescent chemosensors for the detection of small
organic molecules.

MOFs Targets Linear Range LOD Ref.
NH,-Cu-MOF TNP 0.5~30 uM 80 nM [108]
RhB@Cd-MOFs 4-nitroaniline 0~0.054 mM 43.06 UM [113]
2D MOF-Calix glyphosate 2.5~45 uM 2.25 uM [120]

EY-Zr-MOF nitenpyram 0~0.1 mM 0.94 uM [122]
PHN@UiO-66-NH, FA 1~3 and 3~4 UM 0.173 uM [123]
Ui0-67/Ce-PC glyphosate 0.02~30 pg/mL 0.0062 pg/mL [116]
Cd-MOFs dinotefuran 0~130 uM 2.09 ppm [119]
MB@Cd-MOF carbaryl 0~90 uM 6.7 ng/mL [121]

DOX, TET, 0.001~46.67 M for DOX, 0.56, 0.53, 0.58 and
Zn-MOF OTC amd CTC 0.001~53.33 uM for TET, 086 00 [124]

OTC and CTC ’

Zn-MOFs ofloxacin 0~0.0215 mM 0.52 uM [125]
Cd-MOFs NFT and NFZ 4~18 nM 0.15 and 0.29 nM [126]
Eu-MOFs BRH and TET 0.5~320 uM and 0.05~160 uM 78 nM and 17 nM [128]
Zn-MOFs TEA, TET and NB e R [129]
Zn-MOFs OTC 0.02~13 uM 0.017 uM [132]
Tb3*-modified Cd-MOFs CFX 0~6 uM 26.7nM [133]
FSS@MOF-5/GMP-Eu TET 0~20 uM 18.5 nM [134]
ZIF-8@PCN-128Y TET 0.4~200 uM 60 nM [135]
Zn-BTEC MOFs CTC 0~8 UM 28 nM [136]
Yb-NH,-TPDC MOFs gossypol 25~100 pug/mL 25 ug/mL [137]
NH;,-Cu-MOF hypoxanthine 10~2000 uM 3.93 uM [138]
Pyrene-modified Hf-UiO-66 UA 0~30 uM 1.4 uM [139]
Eu*-modified Mn-MOFs histidine 0~30 uM 0.23 uM [140]
Eu/Bi-MOF histidine 0.001~10 mM 0.18 uM [141]
Zn-MOFs 3-nitrotyrosine 0~4 uM 0.3099 uM. [142]
QD_eifingC}wOFs BA 0.002~5 ppm 1.2 ppb [143]
Tb-MOFs DPA 0.001~5 uM 0.04 nM [146]
CdS QDs@ZIF-8 DPA 0.1~150 uM 67 nM [147]
H%icégg_‘f\‘fg‘;d creatinine 0.05~200 uM 47nM [148]
RhB@Di-MOF Fe’* and AA 1~10 uM and 1~25 uM 0.36 uM and 0.31 uM [149]
Eu(III)/ Tb(III)@MOF-SO; ~ tH-MA 0~20 pg/mL 0.1 pg/mL [150]

Abbreviation: TNP, 2,4,6-trinitrophenol; RhB, rhodamine B; Calix, calix [4]arene; EY, eosin Y; PHN, N-propyl-
4-hydrazinenaphthalimide; FA, formaldehyde; Ce-PC, porous carbon materials derived from Ce-MOF; MB,
methylene blue; DOX, doxycycline; TET, tetracycline; OTC, oxytetracycline; CTC, chlortetracycline; NFT, nitrofu-
rantoin; NFZ, nitrofurancillin; BRH, berberine hydrochloride; TEA, triethylamine; CFX, cefxime; FSS, fluorescein;
GMP, guanosine monophosphate; BTEC, pyromellitic acid; NH,-TPDC, 3,3"-diamino-1,1:4’,1"-terphenyl-4,
4"-dicarboxylic acid; UA, uric acid; BA, benzaldehyde; GNR, gold nanorod; QD, quantum dot; DPA, dipicolinic
acid; HQCA, 8-hydroxy-2-quinolinecarboxaldehyde; tt-MA, trans,trans-muconic acid.
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Figure 10. Schematic illustration of Eu-DPA /PTA-NH;-based portable analytical device for water analysis
in solid samples. Reproduced with permission [153]. Copyright 2020, American Chemical Society.

4. Biosensors

Chemicals and metabolites can provide important information about human healthy.
Thus, it is meaningful to monitor their contents from the biological samples. Biomarkers
can reflect the relationship between biological systems and external chemical, physical and
biological factors. Thus, considerable effort has been devoted to develop fluorescent MOFs-
based biosensors for the determination of biomarkers (Table 3) [155-159]. Among them,
a variety of DNA-based switch fluorescent biosensors have been extensively developed for
the detection of various biomarkers because of the intrinsic specificity and predictability,
including small biomolecules, nucleic acids, enzymes, proteins and tumor cells. In com-
mon switch fluorescent DNA /MOFs-based biosensors, dye-labeled DNA /aptamers are
adsorbed on the surface of MOFs through the -t stacking, electrostatic, coordination, and
hydrogen bonding interactions. Then, the fluorescence was efficiently quenched by MOFs
via PET or FRET process in a “turn-off” mode [160]. In the presence of a target, the higher
affinity between target and DNA/aptamer may result in the release of DNA /aptamer from
the surface of MOFs, thus recovering the fluorescence. In this part, we highlighted the
MOFs-based for the detection of biomarkers including small biomolecules, nucleic acids,
enzymes, proteins and others.

4.1. Small Biomolecules

Nucleotides as the energy supply for human body have a critical influence on the reg-
ulation of various cellular metabolic processes. Extensive efforts have been focused on the
fabrication of MOFs-based fluorescent biosensors for the detection of nucleotides [161-163].
For example, Qu et al. developed a fluorometric aptasensor for adenosine triphosphate
(ATP) detection [164]. In this method, AuNPs were used to quench the emission of Tb-MOF
by FRET. Under the condition of high concentration of salts, AuNPs would assembly into
aggregates, thus losing the fluorescence quenching ability. In the presence of ATP, the
aptamer specifically bound to ATP, and the complex was adsorbed onto the AuNPs to
prevent the formation of aggregates, resulting in the decrease of the fluorescence. How-
ever, due to the similar structure and binding mode of ATP with its analogues, it is dif-
ficult to selectively respond to certain nucleotides with this method. To further improve
the discrimination ability, Wang et al. synthesized a series of bimetallic CoxZnjp.x-ZIF
(x = 0~100) MOFs and investigated their interactions with different nucleoside triphos-
phates (Figure 11A) [165]. It was found that Coz9Znso-ZIF and CogyZny-ZIF could rec-
ognize guanosine triphosphate (GTP) and ATP with high specificity. However, CogsZn3s-
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ZIF and Coy0Zngy-ZIF could bind with both ATP and GTP. The resulting MOFs could
quench the fluorescence of dye-labeled DNA. The target nucleoside triphosphate was
then determined by displacing the attached DNA probe from the MOF surface to recover
the fluorescence.

Due to its simplicity and specificity, aptamers against different molecules have been
designed and used to develop fluorescent biosensors by combining with MOFs [166]. For
example, Lu et al. reported a bimetallic MOFs-based fluorescent aptasensor for the detection
of chloramphenicol [167]. Amalraj et al. developed a dual-mode MOFs-based fluorescent
aptasensor for simultaneous determination of 173-estradiol and chloramphenicol using
two different dyes-labeled aptamers [168]. Ochratoxin A (OTA) is primarily generated
through the consumption of improperly stored food products and uptake of OTA may
cause organ damage. Recently, Li et al. developed a Zr-MOFs-based fluorescent and
electrochemical dual-channel biosensor for OTA detection [169]. As displayed in Figure 11B,
in the presence of OTA, its aptamer was released from the surface of Zr-MOFs due to
the specific interaction between them. Thus, the fluorescence of dye-labeled aptamer
was enhanced and the decreased amount of aptamer on the electrode surface resulted in
a reduced electrochemical signal.
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Figure 11. (A) Schematic illustration of DNA coated CoZn-ZIF MOFs for fluorescent sensing GTP.
Reproduced with permission [165]. Copyright 2022, Elsevier. (B) Schematic illustration of the dual-
channel Zr-MOFs-based detection strategy of OTA. Reproduced with permission [169]. Copyright
2022, American Chemical Society.

4.2. Nucleic Acids

Based on the canonical Watson—Crick model, DNA is a type of natural probe for
selective detection of nucleic acids. MOFs can selectively adsorb ssDNA against dsDNA
due to the difference in the adsorption affinity, thus quenching the fluorescence of dye-
labeled ssDNA via PET or FRET [170,171]. For example, Chen et al. for the first time
reported a Cu-MOF-based biosensor for the fluorescent detection of duplex DNA (HIV
16-bp oligopyrimidine oligopurine proviral DNA) [172]. In this study, the duplex DNA
target could preferentially bind to the dye-labeled probe triplex-forming oligonucleotide
(TFO), leading to the release of TFO from MOFs and the restoration of the fluorescence.
Zhao et al. prepared ultrathin 2D Zn-TCPP MOF nanosheets through a surfactant-assisted
synthetic method and used them to construct a fluorescent biosensor for the detection
of DNA [173]. In this work, Zn-TCPP MOF with a m-electron conjugated system could
adsorb the dye-labeled ssDNA and quench the fluorescence via FRET. The influenza A
virus subtype H5N1 gene hybridized with ssDNA to form dsDNA, thus recovering the
fluorescence. Recently, Zhang et al. investigated the interaction between ultrathin 2D
Zr-BTB MOF nanosheets and fluorophore-labeled dsDNA as well as ssDNA by molecular
dynamics simulations (Figure 12A) [174]. The nanosheets composed of Zr-O clusters and
1,3,5-benzenetribenzoate were prepared by a bottom-up method. Based on the difference
in the affinity of dsSDNA and ssDNA toward the Zr-BTB MOF nanosheets, the target DNA
could be determined with high sensitivity and specificity. Besides the direct adsorption,
dye-labeled DNA was covalently immobilized on MOFs, leading to the quenching of the
fluorescence. Han et al. developed a fluorescent biosensor for the ratiometric detection of
miRNAs based on UiO-66-NH; and triple helix molecular switch (THMS) [175]. As shown
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in Figure 12B, the pre-formed THMS was modified on the amino-functionalized MOFs. The
emission from UiO-66-NH, at 440 nm was selected as the internal reference and that from
FAM at 525 nm was related to the detection of target miRNA-203. The target miRNA-203
could hybridize with the dye-labeled probe, causing it to move away from MOFs to restore
the quenched fluorescence.

By using different dye-labeled DNA probes, multiplex detection of DNA can be real-
ized by monitoring the corresponding emission at different wavelengths [176]. For instance,
Ye et al. developed a Cu-MOFs-based fluorescent biosensor for multiplexed detection of
DNA with two carboxyfluorescein (FAM) and 5(6)-carboxyrhodamine triethylammonium
salt (ROX)-modified probes [177]. Yang et al. synthesized a 3D zwitterionic Cu-MOFs for
the selective fluorescent detection of human immunodeficiency virus 1 (HIV 1) ds-DNA
and Sudan virus RNA [178].

MOFs with intrinsic fluorescence can be used as the electron or energy donor to
develop biosensor for DNA detection. Afzalinia et al. developed a fluorescent miRNA
biosensor by using Ln-MOFs as the donors and silver nanoparticles (AgNPs) as the accep-
tors [179]. As shown in Figure 12C, fluorescent Ln-MOFs and AgNPs were modified with
two DNA probes that were partially complementary to target miRNA-155. In the presence
of miRNA-155, the energy donor—acceptor probes were linked and the fluorescence of
Ln-MOFs were quenched through FRET. G-Quadruplexes (G4s), a typical noncanonical
conformation of guanine-rich DNA and RNA fragments, can regulate the transcriptional
functions of the genome. Kouzegaran et al. reported the detection of human telomeric
G4s DNA based on a hemin-modified fluorescent Ce-MOFs [180]. In this work, the hemin
molecules were adsorbed on the pores and surface of Ce-MOF to quench the fluorescence.
The target H-Telo G4s bound to hemin with the high affinity, resulting in the recovery of
the fluorescence.

Due to their excellent properties of large specific surface area with well-defined poros-
ity, MOFs can be employed as nanocarriers to load a large number of dyes and release the
guest molecules under certain stimulus (e.g., targets, hypoxia and acidic pH). For this view,
Wau et al. reported a fluorescent biosensor for the multicolor detection of DNA by using
MOFs to load different dyes (Figure 12D) [181]. In this study, different DNA hairpins were
used to cap the pores, preventing the leakage of dyes due to the steric-hindrance effect. In
the presence of targets, the DNA hairpins hybridized with its complementary DNA targets
to release the fluorophores from the MOFs’ pores, producing an enhanced fluorescence
signal. However, the single signal mode may suffer from the interference of other sub-
stances in complex samples. To improve sensitivity and selectivity, Han et al. reported
a DNA/MOF-based ratiometric fluorescent system for miRNA detection by FRET [182]. In
this work, UiO-66-NH; MOFs were used as the carriers to encapsulate RhB and capture
DNA via the formation of Zr-O-P bonds. The DNA-modified MOFs could further encapsu-
late Thiazole Orange (TO) to form DNA-RhB@QUiO-66-NH,. The target miRNA could bind
with the ratiometric fluorescent DNA-RhB@UiO-66-NH, probe by strand displacement
reaction, thus restoring the fluorescence of TO.

Dysregulated expression of miRNAs is associated with different diseases including
cancers. Real-time imaging of miRNAs with low expression level in vivo would provide
valuable information for disease diagnosis and evaluation of drug efficiency. MOFs can
be used as the carriers to fabricate the stimuli-responsive cargo delivery nanosystems
and efficiently deliver nucleases and detection probes to cytoplasm [183]. For example,
Zhang et al. reported an enzymatic amplification strategy for the detection of miRNA in
living cells by using pH-sensitive MOF (ZIF-8) nanoparticles to deliver $29 DNA poly-
merase and detection probes (Figure 13A) [184]. After entering cells, the ZIF-8 nanoparticles
could be dissolved due to the low pH environment, which led to the release of $29DP
and DNA probes. Then, the target miRNA triggered a rolling circle amplification (RCA)
with the aid of $p29DP. The autonomously produced Mg?*-dependent DN Azymes could
cleave the fluorogenic substrates, thus generating a readout fluorescence signal. Meng et al.
reported the in vivo detection of aberrant miRNA by using a hypoxia-responsive Cu-MOF

177



Biosensors 2022, 12, 928

to load the signal strand block Cu-specific DNAzyme precursors and substrate strands
(Figure 13B) [185]. The tumor microenvironment promoted the dissolution of DNA@Cu-
MOF, leading to the release of extensive Cu?* ions, DNAzyme precursors, and substrate
strands. The aberrant target miRNA could displace the signal strand by toehold-mediated
strand displacement hybridization, thus recovering the fluorescence signal of Cy3-labeled
block DNA. More importantly, this reaction would trigger the Cu-specific DNAzyme
signal amplification and cause the release of an increasing number of Cy3-labeled DNA
stands. Thus, the work proposed a novel method for aberrant miRNA-related hypoxic
tumor diagnosis.
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Figure 12. (A) Schematic illustration of preparation of Zr-BTB MOF nanosheets and projected interac-
tion between nanosheets with ssDNA and dsDNA. Reproduced with permission [174]. Copyright
2020, American Chemical Society. (B) Schematic illustration of UiO-66-integrated programmable
DNA triple-helix molecular switch for tumor-related miRNA-203 ratiometric detection. Reproduced
with permission [175]. Copyright 2021, Elsevier. (C) Schematic illustration of fluorescence quenching-
based detection of miRNA-155 by the FRET process. Reproduced with permission [179]. Copyright
2020, American Chemical Society. (D) Schematic illustration of fabrication of the probe (DNA-
RhB@UiO-66-NH, + TO) and reaction mechanism. Reproduced with permission [182]. Copyright
2022, Elsevier.
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Figure 13. (A) Schematic illustration of the intracellular RCA by Using ZIF-8 NPs as a nanocarrier for
codelivery of $29 DNA polymerase and DNA probes for miRNA-21 imaging in vivo. Reproduced
with permission [184]. Copyright 2019, American Chemical Society. (B) Schematic illustration of
hypoxia-responsive DNA@Cu-MOF nanoprobes for aberrant miRNA and hypoxic tumor imaging
using Cu?* self-powered DNAzyme-assisted amplification. Reproduced with permission [185].
Copyright 2020, American Chemical Society.
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4.3. Enzymes

Enzymes play an important role in almost all organs by participating in different
biological processes. Overexpressed enzymes are closely related to various diseases. There-
fore, the development of effective methods for enzyme activities is of great importance for
the early diagnosis of diseases. The fluorescence of MOFs can be modulated by enzyme
catalysis in which the substrate or the product can quench the fluorescence of MOFs via
different mechanisms. For example, Yu et al. used the dual-emission Ln-MOFs for the
detection of alkaline phosphatase (ALP) and demonstrated that ALP-based enzymatic
products of phosphate ions (PO4%) could quench the emission of Tb>* ions and enhance the
fluorescence of ligands by blocking the energy transfer from ligand to Tb>* [186]. Guo et al.
found that the RhB-encapsulated porous crystalline Zn(IT)-MOF (RhB@MOF-5) could be
used to detect 3-Glucuronidase (3-GCU) (Figure 14A) [187]. In this work, the RhRB@MOF-5
nanoprobe showed a yellow-green emission of RhB at 552 nm. Based on the synergistic
effect of IFE and static quenching effect (SQE), the fluorescence of RhB could be quenched
by 4-nitrophenyl-3-D-glucuronide (PNPG), the substrate of 3-GCU. The enzymatic hydrol-
ysis of PNPG into p-nitrophenol caused the recovery of fluorescence, thus achieving the
signal-on detection of 3-GCU in human serum.

Taking advantage of the quenching ability of metal ions, enzyme activities can be de-
termined through the capture of metal ions from MOFs by their products or substrates. For
example, Chen et al. reported the detection of glutathione S-transferase (GST) with brightly
red emissive ZIF-8@QDs (Figure 14B) [188]. The nanoprobes exhibited the advantages
of MOFs, and the assembly of Hg-ZnSe QDs and ZIF-8 MOFs enhanced the fluorescence
of QDs. Cu?* ions were attached onto the surface of ZIF-8@QDs, thus leading to the
fluorescence quenching. The addition of glutathione (GSH) recovered the fluorescence of
ZIF-8@QDs by the interaction of Cu?* and GSH. However, GST could catalyze the reaction
between GSH and 1-chloro-2,4-dinitrobenzene (CDNB), thus preventing the release of Cu?*
ions from the ZIF-8@QDs.

Enzymatic products can further react with other reagents to in-situ form complexes
that can change the fluorescence of MOFs. Yu et al. reported a dual-response biosensor,
the detection of tyrosinase (TYR) monophenolase activity by integration of fluorescent
polymer dots and luminescent lanthanide MOF (Ln-MOF) (Figure 14C) [189]. In this
study, monoaromatic ligand DPA was used as the linker for the preparation of Eu®*-
based Ln-MOF. In alkaline boric acid buffer, L-tyrosine was converted into boric acid-
levodopa by TYR monophenolase. With the aid of Eu-DPA, BA-levodopa was initiated
by diethylaminepropyltrimethoxysilane (DAMO), thus promoting the formation of BA-
levodopa polymer dots. This reaction could turn on a strong blue fluorescence and quench
the red fluorescence of Eu-DPA via enhanced PET.

Moreover, enzyme products can regulate the surface, chemical and structure properties
of MOFs by tuning the formation of chemical bonds [190,191]. Li et al. reported a lumi-
nescent MOFs-based label-free assay of polyphenol oxidase (PPO) [192]. In this study, the
fluorescence of La-based MOFs was quenched by the enzymatic product of o-benzoquinone
through the Michael-type addition reaction between o-quinone and the free amino group
of MOFs. Wang et al. proposed a strategy for monitoring apyrase activity by mediating the
catalytic and fluorescence quenching abilities of nanoscale MOFs through coordination-
driven self-assembly (Figure 14D) [193]. Platinum nanoparticles (PtNPs) were loaded onto
the commonly used MIL-88B-NH, Fe-MOEF. The catalytic activity of Pt/MIL-88B-NH,
nanozyme was enhanced due to the binding of ATP. Meanwhile, the fluorophore-labeled
DNA could adsorb onto the surface of Pt/MIL-88B-NH,, thus quenching the fluorescence
signal. Enzymatic products, such as phosphates, small DNA strands and H,O,, could
lead to the release of ATP and fluorophore-labeled DNA, thus allowing for the detection
of apyrase and alkaline phosphatase. Cai et al. encapsulated gold nanoclusters (AuNCs)
into MOFs and used the fluorescent MOFs to detect organophosphorus pesticides with the
aid of acetylcholinesterase (AChE) and choline oxidase (CHO) [194]. In this study, AuNCs
were confined in MOFs to show an enhanced fluorescence due to the AIE effect. Under
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the sequential catalysis of AChE and CHO in the presence of acetylcholine, the produced
H,0; could destroy the structure of MOFs and weaken the restraint on AuNCs, resulting
in decreased fluorescence. However, pesticides could inhibit the enzyme activity, thus
protecting MOFs from the decomposition and leading to the unchanged fluorescence.
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Figure 14. (A) Schematic illustration of the preparation procedure of RhB@MOF-5 by one-pot
synthesis approach and the mechanism for 3-GCU detection based on the synergistic effect of IFE and
SQE. Reproduced with permission [187]. Copyright 2019, Elsevier. (B) Schematic illustration of the
preparation of ZIF-8@QDs nanoprobe and its detection principle for GST activity. Reproduced with
permission [188]. Copyright 2022, Elsevier. (C) Schematic illustration of fluorescence on/off dual-
response sensing of TYR monophenolase activity based on Eu-MOF-assisted boric acid-levodopa
polymer dots. Reproduced with permission [189]. Copyright 2022, Elsevier. (D) Schematic illustration
of enzyme-modulated catalytic and fluorescence quenching of nanoscale MOFs. Reproduced with
permission [193]. Copyright 2022, American Chemical Society.

4.4. Proteins

Sensitive and specific determination of proteins is of great importance in early diag-
nosis, prognosis and therapeutic evaluation. MOFs-based fluorescent aptasensors have
also been developed for protein detection. For example, Zhang et al. reported a fluo-
rescence proximity assay for the detection of prostate specific antigen (PSA) by using
MOFs as the platforms [195]. Huang et al. reported a no-wash fluorescence biosensor
for ratiometric detection of PSA with the nanohybrid of MOF@AuNP@graphene oxide
as the nanoquencher [196]. Zhang et al. reported the fluorescent detection and imaging
of phosphorylation and glycosylation based on the Zr(IV)-phosphate and boronic acid-
diol interactions, respectively (Figure 15) [197]. Phosphate could interact with the metal
node Zr(IV) of UIO-66-NH; to interrupt the metal-ligand charge transfer, restoring the
fluorescence. Boronic acid anchored on the framework could react with alizarin red by the
formation of borate ester bonds. The embedded alizarin red showed poor fluorescence. The
release of alizarin red from the framework by the competitive reaction with glycosyl turned
on the fluorescence. In addition, Wei et al. developed a MOFs-based fluorescent biosensor
for HsNj antibody detection [198]. In the absence of a target, exonuclease I (Exo I) catalyzed
the hydrolysis of the DNA probe at the 3’-terminus and the fluorophore was released from
the MOF, resulting in the recovery of the fluorescence. HsNj antibody could bind with the
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antigen conjugating at the end of the DNA, and it protected the DNA from the hydrolysis,
leading to the adsorption of DNA on MOFs and the quenching of the fluorescence.
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Figure 15. Schematic illustration of the proposed mechanism of MOFs-based detection of the levels of
glycosylation and phosphorylation (left) and in-situ fluorescence imaging of the levels of glycosylation
and phosphorylation in depressed mice (right). Reproduced with permission [197]. Copyright 2020,
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4.5. Others

Exosomes derived from tumor cells carry important molecular information from par-
ent tumor cells. Thus, increasing levels of exosomes are closely related to the occurrence
and progress of tumors. Exosomes could be detected by using magnetic bead-modified
MOFs, such as UiO-66 to extract the target [199]. As shown in Figure 16A, the fluorescent
probe of UiO-66-NH, modified with anti-epithelial cell adhesion molecule (anti-EpCAM)
was used as the signal reporter to recognize the EpCAM-positive exosome. Circulating
tumor cells are shed from metastatic sites or primary tumors to peripheral blood and travel
in the blood vessels, which is regarded as the main reason of metastatic spread. Circulating
tumor cells from the blood of cancer patients could be determined with rhodamine 6G
(Rho 6G)-entrapped MOF probe [200]. The probe denoted as MOF-Rho 6G-DNA was pre-
pared by connecting sulfhydrylated DNA (Arm-DNA), entrapping Rho 6G and modifying
EpCAM hairpin DNA onto the MOE. The binding of CTCs with hairpin DNA opened the
hairpin structure and thus induced its conformational change, causing the release of en-
trapped Rho 6G molecules. Moreover, BA-functionalized MOF named Zr-UiO-66-B(OH);
has been used for fluorescence detection of bacteria (Figure 16B) [201]. Zr-UiO-66-B(OH),
was attached onto the bacteria surface by the interaction of BA and glycolipid outside the
bacteria, in the presence of which the fluorescence of Zr-UiO-66-B(OH), was intensified by
converting -B(OH), group into -OH group.
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Figure 16. (A) Schematic illustration of the fluorescence detection method for cancer cell-derived exo-
somes based on Zr-MOFs. Reproduced with permission [199]. Copyright 2022, Elsevier. (B) Schematic
illustration of (a) preparation of Zr-UiO-66-B(OH), and its fluorescence “turn-on” mechanism by
H,0O;; (b) the immunoassay process for detection of E. coli through fluorescence signal; (c) Mechanism
underlying the photocatalytic elimination of E. coli by the Zr-UiO-66-B(OH),. Reproduced with
permission [201]. Copyright 2021, Elsevier.
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Table 3. Performances of different MOFs-based fluorescent biosensors.

Probes Targets Linear Range LOD Ref.
Tb-MOFs and
aptamer-modified AuNPs ATP 0-5-10 uM 032 M f161]
ZIF-67 and FAM-aptamer ATP 0.03~30 uM 29 nM [162]
Cr-MIL-101 and FAM-aptamer ATP 5~400 uM 1.7 uM [163]
Tb-MOFs, aptamer and AuNPs ATP 0.05~10 uM 23 nM [164]
CoxZnygox-ZIF (x = 0-100)
and FAM-aptamer GTP 0~50 uM 0.13 uM [165]
UiO-66-NH; and
TAMRA-aptamer AFB1 0~180 ng/mL 0.35ng/mL [166]
Cu/UiO-66 and ROX-aptamer CAP 0.2~10 nM 0.09 nM [167]
MOF—-MoS; and

ROX/TAMRA-aptamer CAP and 17E 0~5nM 200 and 180 pM [168]
Zr-MOFs and aptamer OTA 0.10~160 pg/mL 0.051 pg/mL [169]
Cu-MOFs and FAM-aptamer H5NT1 antibody 0.005~1 uM 1.6 nM [198]
Cu-MOFs and FAM-aptamer dsDNA 4~200 nM 1.3 nM [172]
UiO-66-NH; and FAM-DNA miRNA 1~160 nM 400 pM [175]

DNA-modified Ln-MOFs .
and DNA-modified AgNPs miRNA-155 0.0027~0.01 pM 5.2 M [179]
Tb-MOFs ALP 0~8 mU/mL 0.002 mU/mL [186]
RhB@MOF-5 B-glucuronidase 0.1~10 U/L 0.03U/L [187]
Cu@Eu-BTC MOFs ALP 0.3~24 mU/mL 0.02 mU/mL [190]
Ln-MOFs PPO 0.001~0.1 mU/mL 0.12 mU/mL [192]
EpCAM-modified UiO-66-NH;, exosomes 168~1 x 10° particles/pL 16.72 particles/puL [199]
Zr-UiO-66-B(OH), E. coli 5~2.5 x 10* CFU/mL 1 CFU/mL [201]

Abbreviation: ATP, adenosine triphosphate; AuNPs, gold nanoparticles; FAM, 5-carboxyfluorescein; GTP, guano-
sine triphosphate; TAMRA, tetramethylrhodamine; AFB1, aflatoxin B1; ROX, 6-carboxy-x-rhodamine; CAP,
chloramphenicol; 17E, 173-estradiol; OTA, ochratoxin A; ALP, alkaline phosphatase; RhB, rhodamine B; QD,
quantum dot; BTC, 1,3,5-benzenetricarboxylic acid; PPO, polyphenol oxidase; E. coli, Escherichia coli.

5. Conclusions

In summary, we presented a brief overview of the current status of MOFs-based
fluorescent sensing platforms via diverse sensing mechanisms. MOFs exhibiting intrinsic
emission or encapsulated with fluorescent species can be used as fluorescent probes for the
detection of various targets. The excellent results of MOFs-based sensing platforms can be
attributed to their distinguished characters of large surface area, high porosity and tunable
optical properties. However, MOF-based fluorescent chemosensors and biosensors are still
limited by several bottlenecks. For example, some MOFs involved in this review show low
stability against moisture/aqueous conditions and prone to breakdown under certain harsh
conditions. Modifying the linker with water-repelling (hydrophobic) functional groups
may be an effective way to improve stability. Second, the poor solubility and inadequate
dispersiveness may decrease sensitivity and limit the applications of MOFs in portable
sensing devices. Third, for the detection of anions and cations, the sensitivity and selectivity
depending on the binding affinity between inorganic ions and MOFs should be improved.
Although highly selective sensors have been proposed by careful selection and design,
the ability to specifically differentiate analytes with their similar structures is still weak.
Finally, the fluorescence quenching mechanism for some MOFs should be systematically
investigated and the quenching efficiency for biosensing should be further improved in
MOFs-based biosensors. Additionally, the combination of MOFs with other materials and
signal amplification strategies is helpful to achieve a higher sensitivity under the synergistic
enhancement effect. It can be expected that MOFs-based fluorescent sensing platforms will
possess broader application prospects under continuous efforts and in-depth investigation.
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