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Preface

Biosensors have been under development for over 54 years, and research in this field has
been very popular for the last 34 years. At the beginning of this period, biosensors were known
as bioelectrodes, enzyme electrodes or biocatalytic membrane electrodes. Then, the definition of
biosensors broadened to include sensors buried within large automated instruments, including mass
spectrometry, chromatography and electrophoresis. Nowadays, a biosensor means a device or probe
that integrates a biological element, such as an enzyme or antibody, into an electronic component
to generate a measurable signal. The biosensors can be classified based on bioreceptors (e.g.,
enzyme, immunity, aptamer, nucleic acid, microbial or whole-cell), transducers (e.g., electrochemical,
electronic, thermal, optical and mass-based or gravimetric), detection systems (e.g., optical, electrical,
electronic, thermal, mechanical and magnetic) and technology (surface plasmon resonance (SPR),
biosensors-on-chip (lab-on-chip), micro/nanofluid and fluorescence).

We published this Special Issue entitled “State-of-the-Art Biosensors in China”, which is
a regional project aiming to collect high-quality research articles, comprehensive reviews and
communications regarding all aspects of biosensors and biosensing in China. Our aim is to
encourage scientists to publish their experimental and theoretical results in as much detail as possible,
including, but not being limited to, the following topics: DNA/RNA chips; DNA/RNA sensors;
Enzyme-based sensors; Lab-on-a-chip technology; micro/nanofluidic devices; immunosensors;
biomaterials; real-time and in situ assay based on biosensors technology; label-free biosensors; in
vivo and in vitro analysis; electroanalysis; bioelectrochemistry; nanopore sensors.

This Special Issue is composed of five papers. Firstly, Zhao et al.  prepared the
copper nanoclusters doped in lanthanide coordination polymer nanocomposites as the ratiometric
fluorescent probe to realize the selective detection of alkaline phosphatase activity in environmental
water samples. Then, Wei et al. reviewed the progress and prospects of electrochemiluminescence
biosensors based on porous nanomaterials (e.g., mesoporous silica, metal-organic frameworks,
covalent organic frameworks and metal-polydopamine frameworks). Next, Lin et al. developed a
label-free and homogeneous electrochemical biosensor to perform flap endonuclease 1 based on the
target-triggered difference in electrostatic interaction between molecular indicators and the electrode
surface. Then, Ma et al. developed a ratiometric electrochemical biosensor for the detection of
carbaryl based on a covalent organic framework loaded with acetylcholinesterase. Finally, Gao et
al. reviewed the progress in developing probe-based sensing techniques (e.g., force, temperature,
chemical and biomarker sensing) for in vivo diagnosis in China in recent years.

In conclusion, I would like to take this opportunity to express our most profound appreciation
to the MDPI Book staff, the Editorial Board of the journal Biosensors, and the Assistant Editor of this

Special Issue.

Ping Yu
Editor
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Abstract: In this paper, a novel, accurate, sensitive and rapid ratiometric fluorescent sensor was
fabricated using a copper nanoclusters@infinite coordination polymer (ICP), specifically, terbium
ion-guanosine 5’-disodium (Cu NCs@Tb-GMP) nanocomposites as the ratiometric fluorescent probe,
to detect alkaline phosphatase (ALP) in water. The fluorescence probe was characterized by scanning
electron microscopy, transmission electron microscopy, X-ray photoelectron spectroscopy, and Fourier
transform infrared spectroscopy. The experimental results showed that, compared with Tb-GMP
fluorescent sensors, Cu ratiometric fluorescent sensors based on NCs encapsulated in Tb-GMP had
fewer experimental errors and fewer false-positive signals and were more conducive to the sensitive
and accurate detection of ALP. In addition, the developed fluorescent probe had good fluorescence
intensity, selectivity, repeatability and stability. Under optimized conditions, the ratiometric fluores-
cent sensor detected ALP in the range of 0.002-2 U mL~! (R? = 0.9950) with a limit of detection of
0.002 UmL~!, and the recovery of ALP from water samples was less than 108.2%. These satisfying
results proved that the ratiometric fluorescent probe has good application prospects and provides a
new method for the detection of ALP in real water samples.

Keywords: alkaline phosphatase; copper nanoclusters; infinite coordination polymer; ratiometric;
fluorescent probe

1. Introduction

In recent years, water eutrophication [1,2], which is caused by the excessive enrich-
ment of nutrients such as nitrogen and phosphorus in water, has attracted increasing
attention from society. Accumulating evidence suggests that alkaline phosphatase (ALP)
not only provides available phosphorus to organisms in water but also plays a key role
in the phosphorus cycle in water [3-5]. The ALP can be used as the index of phosphorus
deficiency; the activity of ALP increases by 25 times when phosphorus deficiency occurs [6].
Meanwhile, ALP is an essential enzyme in phosphate metabolism because it can effectively
catalyze hydrolysis or the transphosphorylation of phosphate. Therefore, accurately de-
tecting the concentration of ALP in water, which is more important than other indicators
used to evaluate water quality, is of great significance for ecological environments and
human production activities [7-9]. To date, a variety of methods for detecting ALP, such
as colorimetric [10], electrochemical [11], surface-enhanced Raman dispersion [12], and
molecular fluorescence methods [13], have been reported. Among these methods, molec-
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ular fluorescence has attracted extensive attention due to its advantages of fast detection
speed, small sample quantity and high sensitivity.

In the molecular fluorescence method, ratiometric fluorescent sensors have been
widely used for the past few years because of their high selectivity and accuracy [14,15].
This method mainly analyzes the change in the ratios of the signal intensities at different
fluorescence wavelengths, which can effectively reduce the error and false-positive signals
in the experiment [16]. In recent years, the construction of ratiometric fluorescent sensors
has attracted the attention of many researchers. Loas and his colleagues developed a
Cu-based ratiometric fluorescent sensor for nitric oxide detection that operated on the
energy transfer between hydroxycoumarin and luciferin chromophores [17]. Wang and
coworkers designed a dual-emission ratiometric fluorescent sensor to detect folic acid by
doping ZnS quantum dots with Cu?* and Mn?* ions [18]. Ye and his workmates developed
a ratiometric fluorescent platform for the amplification of kanamycin without an enzyme
signal to enable the detection of antibiotics [19]. Although many nanocomposites have been
used in ratiometric fluorescent sensors, the development of a novel kind of nanocomposite
with excellent performance is still worth studying.

To date, an infinite coordination polymer (ICP) nanocomposite based on terbium ions
(Tb3*) and guanosine 5'-disodium (GMP) has been developed [20]. Compared with other
coordination polymers, ICPs have obvious advantages, such as high structural flexibility [21],
a good guest envelope, and a fast response to external stimuli [22-24]. Meanwhile, copper
nanoclusters (Cu NCs) have gradually become a research and application hotspot in the fields
of biological analysis and environmental monitoring with broad prospects because of their
good biocompatibility, low biotoxicity, good photostability and low cost [25-27]. However,
Cu NCs also have disadvantages such as easy oxidation and aggregation in the preparation
process [25]. To overcome these difficulties, researchers have proposed many different solutions.
Some researchers have used different materials to synthesize Cu NCs [28-30], whereas others
have used ZIFs and other materials to encapsulate Cu NCs to form nanocomposites [31-33].

In this paper, a ratiometric fluorescent probe named Cu NCs@Tb-GMP was success-
fully prepared and could detect ALP quickly. On the one hand, Cu NCs could be used to
sensitize Tb-GMP to enhance its fluorescence intensity; on the other hand, using Cu NCs
as an internal standard [34] could effectively correct the error and improve the accuracy
of the experiment. The mechanism is shown in Scheme 1. In the presence of ALP, the
phosphate group in GMP could be hydrolyzed by ALP, leading to the destruction of the
Tb-GMP network, and the characteristic emission intensity of Tb-GMP at 545 nm was
significantly reduced. At the same time, due to the hydrolysis of the polymer network, Cu
NCs were released into the solution, resulting in a slight but almost negligible increase
in their fluorescence at 425 nm [34,35]. Thus, the ratio of fluorescent intensity at 545 nm
and 425 nm has been choosing as the ratiometric fluorescent parameter value. After a
series of characterizations and condition optimization, the Cu NCs@Tb-GMP probe was
successfully applied to the detection of ALP in environmental water samples under the
optimal conditions. According to the experimental results, compared with other methods,
the constructed molecular fluorescent probe had the advantages of higher stability, better
sensitivity and excellent anti-interference ability. At the same time, the preparation method
of the synthesized fluorescent probe was simple and the cost was relatively low; therefore,
it has wide application prospects in the protection of ecological environmental systems and
human health.
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Scheme 1. A schematic of the mechanism of Cu NCs@Tb-GMP for ALP detection.

2. Materials and Methods
2.1. Materials

GMP, terbium nitrate hexahydrate (Tb(NO3); - 6H,0), n-2-hydroxyethylpiperazine-
n’-2-ethanesulfonic acid (HEPES), ALP, glucose dehydrogenase (GDH), thrombin, glucose
oxidase (GOx) and horseradish peroxidase (HRP) were purchased from Shanghai Aladdin
Biochemical Technology Co., Ltd. (Shanghai, China). Copper sulfate pentahydrate (CuSO4
- 5H,0), ethylenediamine (EDA) and L-ascorbic acid (AA) were obtained from Sinopharm
Chemical Reagent Co., Ltd. (Tianjin, China). Phosphate buffer solution (PBS, 0.1 M,
pH = 7.4) was prepared from a standard mixture of sodium dihydrogen phosphate and
dipotassium hydrogen phosphate. All the solutions involved in these experiments were
prepared with ultrapure water (18.25 MQ) cm).

2.2. Apparatus

Scanning electron microscopy (SEM) images and transmission electron microscopy
(TEM) images were obtained on JSM-7900F and JEM-2100 (200 kV) instruments, respectively
(JEOL Ltd., Tokyo, Japan). High-resolution transmission electron microscopy (HR-TEM)
images were obtained on a JEM-2100F transmission electron microscope at an accelerating
voltage of 200 kV (JEOL Ltd., Tokyo, Japan). X-ray photoelectron spectroscopy (XPS)
measurements were performed on a Thermo ESCALAB-250 instrument (Thermo Fisher
Scientific, Waltham, MA, USA). The fluorescence emission spectra were obtained on an
F-4700 fluorescence spectrophotometer (HITACHI, Tokyo, Japan). A Nicolet 5700 Fourier
transform infrared (FT-IR) spectrometer (Thermo Electron Corporation, Waltham, MA,
USA) was used to obtain FI-IR spectra. Ultraviolet-visible absorption spectroscopy (UV-vis)
was performed with an A560 ultraviolet-visible spectrometer (AOE Instruments, Shanghai,
China) at wavelength intervals of 2 nm.

2.3. Synthesis of Nanocomposites
2.3.1. Synthesis of Cu NCs

Cu NCs were prepared according to a simple approach reported previously [25]. The
specific steps were as follows: first, CuSOy - 5H,0O (0.08 mM), EDA (1.36 mM) and AA
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(0.800 mM) were dissolved in 24 mL of ultrapure water and adjusted with 1 M NaOH
to keep the pH at approximately 4.5. Next, the solution obtained above was heated to
37 °C and reacted at a constant temperature for 30 min. Then, the solution was cooled
to room temperature, transferred to a centrifuge tube and centrifuged at 4000 rpm for
10 min. After washing 3 times, the supernatant was removed and the precipitate was
dispersed in ultrapure water to obtain the required Cu NCs, which were stored at 4 °C for
further experiments.

2.3.2. Synthesis of Tb-GMP and the Cu NCs@Tb-GMP Ratiometric Fluorescent Probe

According to reference [20], Tb-GMP and Cu NCs@Tb-GMP were obtained. The
concentrations of Tb(NO3)3 - 6H,O and the GMP solution were both 10 mM. When the
two solutions were mixed in equal volumes at room temperature, a white precipitate was
obtained, washed with ultrapure water and centrifuged at 5000 rpm for 10 min. In this
way, Tb-GMP was successfully synthesized. Cu NCs@Tb-GMP was obtained by a similar
method. For the synthesis of the Cu NCs@Tb-GMP ratiometric fluorescent probe, the above
synthesis steps were changed slightly to ensure encapsulation of Cu NCs in the Tb-GMP.
The only difference was that Cu NCs were added to the Tb(NO3)3 - 6H,O solution during
the Tb-GMP synthesis process to fully encapsulate Cu NCs in Tb-GMP.

2.4. Construction of the Ratiometric Fluorescent Sensor

A series of experiments was designed to develop ratiometric fluorescent sensors. First,
an aqueous solution of ALP with an activity of 10 U mL~! was prepared. In addition, a cer-
tain volume of the ALP aqueous solution was successively added to the Cu NCs@Tb-GMP
ratiometric fluorescent probe, which resulted in an ALP activity in the Cu NCs@Tb-GMP
aqueous solution of 0-2 U mL~1. Then, the mixed solution was placed in a thermostatic
water bath at 37 °C for 30 min, ensuring full reaction. A fluorescence spectrophotometer
was selected as the detection method. In this way, a ratiometric fluorescent sensor that
could achieve sensitive detection of ALP in aqueous solutions was successfully fabricated.

2.5. Fluorescence Assay of ALP in Real Samples

Different samples were obtained from local river in Yantai City (water samples were
taken from the same river in upper, middle and lower reach area) to evaluate the perfor-
mance of the proposed method. First, the sample through a 0.45 um mem-143 brane was
filtered for further use. Next, the sample was diluted 10 times with PBS (0.1 M, pH = 7.4),
which was stored at —20 °C for further use.

3. Results and Discussion
3.1. Characterization of the Cu NCs, Tb-GMP and Cu NCs@Tb-GMP

The microstructures, elements and optical properties of the Cu NCs, Tb-GMP and
Cu NCs@Tb-GMP were investigated. The morphologies of the Cu NCs, Tb-GMP and Cu
NCs@Tb-GMP were characterized by TEM and SEM. Figure 1A and the inset showed that
the Cu NCs exhibited a random distribution characteristic of excellent dispersion, and
the diameter distribution of the Cu NCs was approximately 4.67 & 1.12 nm (Figure 1B).
SEM images of the ICP and Cu NCs@Tb-GMP are shown in Figure 1C,D, from which some
information about the microstructures could be obtained. Tb-GMP was clearly shown to
be a spherical colloid. No obvious changes were observed in the microstructure when the
Cu NCs were added to Tb-GMP, which proved that the addition of the Cu NCs had no
effect on the morphology of Tb-GMP. Thus, a ratiometric fluorescent probe with an ICP
network based on Tb and GMP containing Cu NCs was successfully prepared, and the Cu
NCs could be used to sensitize Tb-GMP, enhancing its fluorescence intensity. Furthermore,
using Cu NCs as an internal standard [36] could effectively correct the error and improve
the accuracy of the experiments.



Biosensors 2022, 12, 372

4.67£1.12

Figure 1. (A) A TEM image of the Cu NCs (inset shows an HR-TEM image of the Cu NCs) and
(B) the diameter distribution of the Cu NCs. (C,D) are SEM images of Tb-GMP and Cu NCs@Tb-GMP,
respectively.

XPS was used to explore the elemental compositions of the synthetic materials, as
shown in Figure 2A. All the expected elements were present, including C, N, O, Cu and Tb,
and their characteristic peaks were located at 285.51, 398.93, 530.97, 950.87 and 1073.23 eV,
respectively. Three peaks could be identified in the high-resolution XPS spectrum of Cu
(inset). The peaks located at 932.16, 940.83 and 951.89 eV could be assigned to Cu 2p, 3
and Cu 2p;/, [30]. The XPS results showed that the Cu NCs@Tb-GMP nanocomposite
contained all the elements of the raw materials, which proved that it had been successfully
synthesized [16]. The fluorescence properties of the Cu NCs (red curve), Tb-GMP (black
curve) and Cu NCs@Tb-GMP (blue curve) at an excitation wavelength of 330 nm are shown
in Figure 2B. The red curve shows that the maximum emission wavelength of the Cu NCs
was approximately 425 nm under the optimal excitation wavelength of 330 nm. The black
curve provided some information indicating that the emission wavelengths of Tb-GMP
situated at 489, 545, 587 and 642 nm due to the coordination of 06 and N7 moieties to Tb>*
promoted the energy transfer from the guanine base to the emissive Dy state of the Tb>* in
the process of self-assembly. To verify whether the Cu NCs were coated with Tb-GMP, the
blue curve that we obtained was compared with the red and black curves, and no overlap
between the emission wavelengths of the Cu NCs and Tb-GMP was observed at the same
excitation wavelength, demonstrating that the Cu NCs were successfully encapsulated in
the Tb-GMP network.

Figure 2C shows the FT-IR spectra of the Cu NCs (black curve), Tb-GMP (blue curve)
and Cu NCs@Tb-GMP (red curve). The characteristic peaks of the Cu NCs at 3550 and
3300 cm ! were attributed to amino groups (NH,). However, the peaks were not obvious,
indicating that EDA was connected with the Cu core through NH,, which was consistent
with a previous reference (black curve) [25]. As shown in the blue curve, the strong
absorption at 1537 cm™! was attributed to the pyrimidine ring vibration of GMP. The
absorption at 603 cm~! was attributed to the nonsymmetrical bending of PO,3* in GMP.
The weak absorption peak at 1388 cm~! came from the pyrimidine ring of GMP. The
peak at 1164 cm~! may have been the result of the vibration characteristics of the GMP
sugar ring. FT-IR spectroscopy proved that Tb/GMP was synthesized successfully. In the
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FT-IR spectrum of Cu NCs@Tb-GMP (red curve), we observed the previously mentioned
characteristic peaks. Based on the previous analysis, the Cu NCs@Tb-GMP nanocomposites
were successfully synthesized [37]. Figure 2D shows the UV-vis spectra of the Cu NCs
(black curve), Tb-GMP (red curve) and Cu NCs@Tb-GMP (blue curve). The black curve
had two peaks at 370 nm and 560 nm. The absorption peak at 370 nm was attributed to the
presence of NH, in the Cu NCs. The characteristic peak at 560 nm was consistent with the
characteristic surface plasmon resonance band of the Cu NCs. The absorption peaks of the
red and black curves at 240 nm were caused by the 7-7* transition in the nanocomposite,
whereas the disappearance of the absorption peak of the black curve indicated that the
Cu NCs were successfully encapsulated in Tb-GMP, which further proved the successful
synthesis of the composite materials and was consistent with previous research [38].

B —Th-GMP

s b CuNCs.
CuNCs@Th-GMP|
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" L s L s L s
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Figure 2. (A) The XPS spectrum of Cu NCs@Tb-GMP with the Cu 2p region (inset). (B) The
fluorescence properties of the Cu NCs (red curve), Tb-GMP (black curve) and Cu NCs@Tb-GMP
(blue curve). (C) The FT-IR spectra of the Cu NCs (black curve), Tb-GMP (blue curve) and Cu
NCs@Tb-GMP (red curve). (D) The UV-vis absorption spectra of the Cu NCs (black curve), Tb-GMP
(red curve) and Cu NCs@Tb-GMP (blue curve).

3.2. Optimization Assay

To explore the volume ratio of Cu NCs to Tb-GMP in the process of synthesis, a series
of experiments were designed. The amount of Tb-GMP remained the same, while the
amount of Cu NCs was changed to obtain volume ratios of 10:3, 10:4, 10:5, 10:6 and 10:7.
The results are shown in Figure 3A, from which a conclusion could be obtained. When the
volume ratio of Tb-GMP to Cu NCs was 10:5, the fluorescence intensity of the Cu NCs@Tb-
GMP nanocomposite was the strongest, and the emission peaks of the Cu NCs and Tb-GMP
existed simultaneously. Based on the above experiments, 10:5 was chosen as the optimal
volume ratio for the synthesis of Cu NCs@Tb-GMP in the subsequent experiments; when
the content of Cu NCs was low, they were insufficient to sensitize Tb-GMP, whereas when
the content of Cu NCs was too high, the fluorescence characteristics of Tb-GMP were good,
with an inconspicuous Cu NCs emission peak. After the synthesis of Tb-GMP, experiments
were conducted to determine the optimal excitation wavelength. Excitation wavelengths of
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330, 340, 350 and 360 nm were employed in the experiments (Figure 3B), and 330 nm was
found to be the optimal excitation wavelength of Tb-GMP.

aFA —10:3 s B

——330 nm

FL Intensity x 1000 / a.u.
FLIntensity / a.u.

s L L s s L
400 450 500 550 600 400 450 500 550 600
Wavelength / nm

Wavelength / nm

Figure 3. (A) The Cu NCs were added to Tb-GMP in different ratios. (B) The determination of the
optimal excitation wavelength of Cu NCs@Tb-GMP.

3.3. Linearity of the ALP Ratiometric Fluorescent Sensor in ALP Detection

Under the optimal experimental conditions, different concentrations of ALP were
added to the prepared Cu NCs@Tb-GMP, and the fluorescence response was detected after
a 30 min reaction at 37 °C. The mechanism of the ratiometric fluorescent sensor is shown
in Scheme 1. For the Cu NCs@Tb-GMP nanocomposites under an excitation wavelength
of 330 nm, the emission wavelengths of the nanocomposite were 425 and 545 nm. For Cu
NCs@Tb-GMP in the presence of ALP, the phosphate group in GMP could be hydrolyzed,
leading to the structural damage of the Cu NCs@Tb-GMP, leading to the wavelength at
545 nm decreasing. Simultaneously, the Cu NCs were released from the Cu NCs@Tb-GMP,
while the wavelength at 425 nm had no effect, which may have been due to the surface
of Tb-GMP possessing so many Cu NCs that the Cu NCs after being released from Cu
NCs@Tb-GMP uninfluenced the fluorescence intensity. The ratio of the two peaks was
used to construct a relationship. The results are shown in Figure 4A, from which much
information was obtained. The fluorescence intensity of Tb-GMP decreased (545 nm) as the
concentration of ALP increased between 0-2 U mL~!, whereas the fluorescence intensity of
the Cu NCs remained unchanged (425 nm). The inset in Figure 3A displays the correspond-
ing images of ALP solutions with different concentrations under 365 nm UV light (original
from the UV flashlight the fixed wavelength). The color of Cu NCs@Tb-GMP became lighter
(from left to right), proving that the degree of quenching became stronger with increasing
ALP concentration. Figure 4B shows the linear relationship between Fsy5/F455 and the ALP
concentration. The linear equation was Fsy5/Fsp5 = 2.694 — 0.8214 Carp and R2 = 0.9950,
and the detection limit (LOD) was 0.002 U mL~!, which suggested that the prepared sensor
based on the Cu NCs@Tb-GMP ratiometric fluorescent probe could detect ALP sensitively
and accurately. As shown in Figure 4C, the Tb-GMP detects the various concentrations of
ALP, and the fluorescence intensity of Tb-GMP was nearly lower than three times that of
Cu NCs@Tb-GMP at 545 nm, demonstrating that the Cu NCs possess the ability to sensitize
Tb-GMP to improve the intensity. Compared with other types of ALP probes (Table 1),
the prepared Cu NCs@Tb-GMP had a lower detection limit and a wider detection range,
attesting that the prepared sensor based on the Cu NCs@Tb-GMP ratiometric fluorescent
probe had better practicability and could be more effective at detecting ALP in real samples.
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Figure 4. (A) The response of the Cu NC@Tb-GMP sensor when exposed to ALP solutions with
different concentrations. The inset displays the corresponding images of ALP solutions with different
concentrations under 365 nm UV light. (B) The plot of the response of the Cu NC@Tb-GMP ratiometric
fluorescent sensor as a function of the concentration of ALP. (C) The response of the Tb-GMP sensor
when exposed to ALP solutions with different concentrations.
Table 1. A comparison of ALP detection of different kind of fluorescent probes.
Nanoprobes Linear Range/U mL~1 Detection Limit/U mL~1 Ref.
coumarin@Tb-GMP 2 0.025-0.2 0.01 [39]
AuNPs/GOP 0.1-1 0.009 [40]
ATP-Cu © 0.03-0.3 0.03 [41]
Cu(BCDS 9),2~ 0.027-0.220 0.027 [42]
Cu NCs@Tb-GMP 0.002-2 0.002 This work

2 Terbium-guanine monophosphate; b Gold nanoparticles/graphene oxide; © Adenosine triphosphate -copper
nanozymes; ¢ Bathocuproine disulfonate.

3.4. Stability, Salt Tolerance, Selectivity and Repeatability of the Probe

Cu NCs possess outstanding stability due to this synthesis method [25]. The Cu NCs
could be stable in Tb-GMP. A portion of Cu NCs has been encapsulated into Tb-GMP, and
others are located on the surface of Tb-GMP, due to the Cu NCs@Tb-GMP synthesis process.
The Cu NCs connect with Tb-GMP were not through any chemical bonds. Therefore,
Cu NCs could sustain the stability in the Cu NCs@Tb-GMP. To explore the stability of
Cu NCs@Tb-GMP, the synthesized nanocomposite was stored at 4 °C for 7 days, and its
fluorescence intensity was detected and recorded at the same excitation wavelength. As
shown in Figure 5A, the fluorescence intensity of Cu NCs@Tb-GMP decreased slightly after
7 days but remained basically unchanged. The inset shows the stability of Cu NCs@Tb-
GMP over seven days, indicating that the ratiometric fluorescent probe synthesized in the
experiment had high stability and would not undergo structural changes for a long time at
4 °C. Meanwhile, experiments were performed to further investigate the salt tolerance of Cu
NCs@Tb-GMP, that is, a certain amount of NaCl was added to the synthesized ratiometric
fluorescent probe to gradually increase its concentration from 0 to 100 mM, and at the
same time, the fluorescence intensity was measured and recorded under a fixed excitation
wavelength. As shown in Figure 5B, the fluorescence intensity of Cu NCs@Tb-GMP did
not change significantly with increasing NaCl concentration, which indicated that the
synthesized Cu NCs@Tb-GMP ratiometric fluorescent probe still had excellent stability in a
high concentration salt solution.

In addition, the selectivity of Cu NCs@Tb-GMP for ALP detection was further studied.
Other enzymes that may exist in freshwater lakes, such as GDH, thrombin, GOx and HRP,
were selected as interference substances to conduct control experiments under the same
experimental conditions. The results are shown in Figure 5C. The effect of the interference
substance alone on Cu NCs@Tb-GMP was almost negligible, but when the interference
substance and ALP were added at the same time, an obvious quenching phenomenon
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occurred. The results indicated that only the ALP could enable the hydrolysis of the
phosphate radical, leading to the structure and energy transmission of Cu NCs@Tb-GMP
being damaged. Additionally, the prepared Cu NCs@Tb-GMP had good anti-interference
ability during the detection of ALP and could be used for detection in real water samples.
Based on this, we selected Cu NCs@Tb-GMP toward ALP over other chosen interference
substances.
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Figure 5. (A) The stability of Cu NCs@Tb-GMP after one week; the inset shows the stability each
day of the week. (B) The salt tolerance of Cu NCs@Tb-GMP. (C) The selectivity of other interfering
substances over ALP: GDH, thrombin, GOx and HPR. (D) The repeatability of Cu NCs@Tb-GMP

over five experiments.

Moreover, some experiments were designed to verify the reproducibility of
Cu NCs@Tb-GMP under the same conditions. The satisfactory results are shown in
Figure 5D. In many experiments, the ratio of the fluorescence intensities of the synthe-
sized Cu NCs@Tb-GMP ratiometric fluorescent probe at 545 nm and 425 nm did not vary
considerably, which proved that the synthesized probe had good repeatability.

3.5. Detection of ALP in Real Samples

Water quality ensures people’s health, and the content of ALP in water is more
important than other indicators used to evaluate water quality. Therefore, the accurate
and sensitive determination of ALP in water is vital for evaluating water quality. Three
samples, which were obtained from a local river (Yantai City), were prepared, and the
results are displayed in Table 2. The recovery was between 96.7% and 108.2%, and the
relative standard deviation of recovery was obtained by each water sample have three
parallel experiments was less than 3%. The experimental results were satisfactory, and it is
expected that Cu NCs@Tb-GMP can be applied to ALP detection in various water samples
from the environment.
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Table 2. The recoveries for ALP determination in samples.

Sample Add/U mL-1 Founded/U mL-1 Recovery/%
1 0.2000 0.2164 108.2
0.5000 0.5036 100.7
5 0.2000 0.2120 106.0
0.5000 0.4982 99.64
3 0.2000 0.2127 106.4
0.5000 0.4835 96.70

4. Conclusions

In this paper, Cu NCs were encapsulated in an ICP based on Tb*" and GMP nanocom-
posites through a certain reaction to form a new type of ratiometric fluorescent probe called
Cu NCs@Tb-GMP. A ratiometric fluorescent sensor strategy for the detection of ALP in
water samples was developed based on this ratiometric fluorescent probe. Compared with
simple Tb-GMP, Cu NCs@Tb-GMP had much higher fluorescence intensity, and its salt
resistance and stability were satisfactory. When ALP was added to Cu NCs@Tb-GMP, the
fluorescence intensity corresponding to Tb-GMP showed a good linear relationship with
the change in ALP, but the fluorescence corresponding to the Cu NCs basically remained
unchanged. This satisfying result proved that the ratiometric fluorescent sensor constructed
in this paper had good stability, good reproducibility and high selectivity for ALP and
provides a new way to detect water eutrophication.
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Abstract: Porous nanomaterials have attracted much attention in the field of electrochemilumines-
cence (ECL) analysis research because of their large specific surface area, high porosity, possession of
multiple functional groups, and ease of modification. Porous nanomaterials can not only serve as
good carriers for loading ECL luminophores to prepare nanomaterials with excellent luminescence
properties, but they also have a good electrical conductivity to facilitate charge transfer and substance
exchange between electrode surfaces and solutions. In particular, some porous nanomaterials with
special functional groups or centered on metals even possess excellent catalytic properties that can
enhance the ECL response of the system. ECL composites prepared based on porous nanomaterials
have a wide range of applications in the field of ECL biosensors due to their extraordinary ECL
response. In this paper, we reviewed recent research advances in various porous nanomaterials
commonly used to fabricate ECL biosensors, such as ordered mesoporous silica (OMS), metal-organic
frameworks (MOFs), covalent organic frameworks (COFs) and metal-polydopamine frameworks
(MPFs). Their applications in the detection of heavy metal ions, small molecules, proteins and nucleic
acids are also summarized. The challenges and prospects of constructing ECL biosensors based on
porous nanomaterials are further discussed. We hope that this review will provide the reader with a
comprehensive understanding of the development of porous nanomaterial-based ECL systems in

analytical biosensors and materials science.

Keywords: porous nanomaterials; electrochemiluminescence; metal-organic frameworks; covalent
organic frameworks; metal-polydopamine frameworks; biosensors

1. Introduction

Among various electroanalysis techniques, the electrochemiluminescence (ECL) method
has attracted widespread attention due to its merits of high sensitivity and excellent ana-
lytical performance [1-3]. In the mid-1960s, Hercules, Santhanam, and Bard reported the
first study on ECL [4,5]. Since then, the ECL technology has received wide attention from
the scientific community. The ECL is a kind of new assay that combines two analytical
methods: chemiluminescence (CL) and electrochemical techniques. Different from the
traditional CL assay, ECL does not require an external excitation light source, so it has the
advantages of a wider linear detection range, a better repeatability and anti-interference,
a small background value, a good accuracy, and a high sensitivity [6,7]. The equipment
and instruments for fabricating an ECL platform are usually small, and the preparation
process is relatively simple and controllable [8,9]. Furthermore, ECL analysis can achieve
continuous measurement, which is very popular and appropriate in the field of biochemical
analysis, immunoassay, and pharmaceutical analysis. Attributing to these unique advan-
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tages, it has become one of the most highly interesting research areas for researchers in the
field of analytical chemistry and been regarded as a very promising analytical assay [10-12].

With the inherent merits of a large specific surface area, a high porosity, an adjustable
pore size and structure, and easy modification, porous nanomaterials have great potential
in the fields of multiphase catalysis, gas adsorption and separation, drug transport, and
biosensing [13-16]. In the field of ECL research, it is interesting that porous nanomaterials
can not only be used as carriers for loaded luminophores, catalysts for accelerating the
decomposition of catalytic co-reactants, and nanoreactors for accommodating ECL systems,
but also accelerate the process of substance transport and charge transfer, all of which
make ECL systems based on porous nanomaterials have a strong ECL response and a high
sensitivity [17-21].

Sensitivity, stability, and reproducibility are important indicators for ECL biosensors.
In order to improve the performance of ECL biosensors, it is particularly important to find
and develop luminophores with strong ECL signals and a high stability. Conventional lu-
minophores, such as g-C3Ny, have an excellent ECL response, but their sheet-like structure
makes their specific surface area relatively small, which reduces the probability of contact
between the luminophore and the co-reactant and seriously affects their ECL luminescence
efficiency. Luminol, tris-2-2’-bipyridyl ruthenium (i.e., Ru(bpy)3?*), and their derivatives
possess good water solubility, making it difficult to apply them alone as luminophores in
aqueous solutions. Therefore, finding nanomaterials with a large specific surface area and a
high porosity as carriers of ECL luminophores or preparing ECL materials with a large spe-
cific surface area and a high porosity is of extraordinary significance for the preparation of
high-performance ECL biosensors. In recent years, porous nanomaterials, such as ordered
mesoporous silica (OMS) [22], metal-organic frameworks (MOFs) [23], covalent organic
frameworks (COFs) [24], and metal-polydopamine frameworks (MPFs) [25] have received
extensive attention in the study of ECL biosensors because of their large specific surface
area, high porosity, tunable pore size and structure, and easy modification. It has also
demonstrated excellent performance in the detection of heavy metal ions, small molecules,
proteins, and nucleic acids.

In this review, we present a detailed description of porous nanomaterial-based ECL
biosensors, combining the basic construction process and the applied reaction mechanism
to show the innovative applications of porous nanomaterials in ECL biosensors, as shown
in Figure 1. We further discuss the challenges and the prospects of ECL systems based on
porous nanomaterials. This review will enable readers to understand the relevant contents
comprehensively and find more innovative applications.

Figure 1. Schematics illustrating the application of ECL biosensors based on porous nanomaterials,
as reviewed in this paper.
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2. Synthesis of Porous Nanomaterials with ECL Properties

Numerous experimental results have shown that ECL biosensors based on porous
nanomaterials can effectively enhance the ECL performance and enhance the accuracy
of analysis [26,27]. Therefore, we firstly summarize and discuss the preparation of those
porous nanomaterials with ECL properties, such as OMS, MOFs, COFs, and MPFs.

2.1. Ordered Mesoporous Silica (OMS) with ECL Properties

OMS has a wide range of applications in ECL biosensors, because of its excellent mor-
phological characteristics, excellent stability, and simple preparation method. It is usually
used as a carrier to load ECL substances by means of doping or coating techniques [28,29].
To make the discussion clearly, Table 1 summarizes several kinds of OMS-based nanocom-
posites being applied in the field of ECL biosensors and the corresponding synthesis
strategies in recent years.

Table 1. Different synthetic strategies for OMS-based nanocomposites with ECL properties.

Nanocomposites Methods Luminous Body Duration Ref.
mSiO,@CdTe@SiO, NSs In situ synthesis CdTe QDs Microemulsion method [30]
g-C3N4@ms-5i0, Post-synthesis modification g-C3Ny Agitating [31]
Ru-QDs@SiO, In situ synthesis CN QDs, Ru(bpy)32+ Microemulsion method [32]
Ru@SiO, In situ synthesis Ru(bpy)s?* Self-assembly [33]
CdTe@SiO, In situ synthesis CdTe QDs Microemulsion method [34]
NH,-Ru@SiO,-NGQDs Post-synthesis modification CNQDs, Ru(bpy)32+ Agitating [35]
Ru@SiO, NPs In situ synthesis Ru(bpy);?* Microemulsion method [36]
SiO,@Ir In situ synthesis Ir(ppy)s>* Microemulsion method [37]
5i0,@CQDs/AuNPs/MPBA  Post-synthesis modification C QDs Agitating [38]
Ru@SiO, Post-synthesis modification Ru(bpy)s2* Agitating [39]
SiO,@Ru-NGQDs In situ synthesis Ru(bpy)s2* Microemulsion method [40]

As shown in Table 1, the methods for the synthesis of OMS with ECL properties are
broadly divided into two categories. One is to synthesize silica nanoparticles (510, NPs)
and obtain OMS-based nanocomposites through sodium hydroxide (NaOH) etching on this
basis. The other is to encapsulate small organic particles in SiO; NPs by the microemulsion
method and then obtain OMS-based nanocomposites by the high temperature calcination
method [41]. The difficulty in controlling the process of etching SiO, NPs by NaOH makes
it hard to get OMS with uniform pore channels by this etching method. Recently, the OMS
prepared through the microemulsion method can effectively solve such problems [30,31].
For example, Lin et al. prepared OMS using this method, in which the luminescent g-C3Ny
was combined with the previously prepared OMS by post-modification method as an
efficient ECL probe. Based on this, the prepared sensor showed excellent correlation in the
range of 0.1 nm-10 pm with an extremely low limit of detection (LOD) of 33 pM.

In another work, You et al. directly employed a microemulsion method to encapsulate
Ru(bpy)s>* and CN QDs in SiO, NPs. The electrons were transferred from CN QDs to
Ru(bpy)32+ through an intramolecular pathway, which shortened the distance between the
electron transfer and thus improved the luminescence efficiency, yielding a self-enhanced
ECL signal probe [32]. In a creative study, Jin et al. prepared a homogeneous Ru@SiO,
NP colloidal solution and then applied it to develop Ru@SiO, NP nanomembranes on the
surface of indium tin oxide glass (ITO) by a liquid-liquid interface self-assembly method.
The obtained Ru@SiO, NP nanomembrane can be used as both an enhanced substrate
and a luminol enricher. A self-enhanced ECL biosensor was constructed based on the
intense luminescence of the Ru@SiO, NP nanomembrane and the enrichment of Ru(bpy)32Jr
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molecules on the surface of the Ru@SiO, NP nanomembrane [33]. In order to study the
effect of the preparation process of nanocomposites on the properties of ECL, Shen et al. pre-
pared CdTe@SiO; and SiO,@CdTe NPs via microemulsion and post-modification methods,
respectively. Interestingly, CdTe@SiO, with ordered mesopores is more efficient and less
bio toxic for the preparation of ECL biosensors. The ECL immunosensor for the detection
of methemoglobin was prepared using CdTe@SiO; as the signal probe with a good linearity
in the range of 1.0 pg/mL to 100 ng/mL and the LOD was 0.22 pg/mL [34].

2.2. Metal-Organic Frameworks (MOFs) with ECL Properties

MOFs are a new type of porous material formed by organic ligands and metal ions
or metal clusters linked by coordination bonds. Due to it inherit merits, such as a large
surface area, a high porosity, abundant active sites, and a strong mass transfer capability,
it has excellent performance in the field of novel materials and has a wider application
in the fields of multiphase catalysis, gas adsorption and separation, drug transport, and
biosensing [42-45]. Table 2 summarizes recent reported MOFs used in the field of ECL
biosensors and the synthesis strategies of their composite, especially illustrating post-
synthetic modifications, in situ synthesis and self-luminescent MOFs.

Table 2. Summary of different synthetic strategies for MOF composites with ECL properties.

MOF Composites Ligands Metal Source Ref.
In situ synthesis
MIL-101(Al)-NH, NH,-BDC AlCl3 [46]
IRMOF-3 NH,-BDC Zn(NO3), [47]
Ru(bpy)s** /NH,-UiO-66 NH,-BDC ZrCly [48]
Fe(III)-MIL-88B-NH, NH,-BDC FeCly [49]
UiOo-67 BPDC ZrCly [50]
GSH-Au NCS@ZIF-8 2-MI Zn(NO3), [51]
Zinc Oxalate MOFs Oxalic acid Zn(NO3), [52]
Post-synthesis modifications
Ru-MOF-5 NFs PTA Zn(NOs); [53]
Cu/Co-MOF 2-MI Co(NO3),, Cu(NO3), [54]
HH-Ru-UiO66-NH, NH,-BDC ZrCly [55]
Co-Ni/MOF 2-MI Co(NO3)3, Ni (NOs); [56]
AgNPs@Ru-MOF NH,-BDC ZrCly [57]
g-C3N4@NH,-MIL-101 NH,-BDC FeCl3-6H,0 [58]
Zn-Bp-MOFs H3BTC, 4,4-dipyridyl Zn(NO3), [59]
Ru-PCN-777 H;TATB ZrOCl, [60]
Self-luminous MOFs
Eu-MOFs 5-bop EuCly [61]
RuMOF NS [Ru(Hpdcbpy)s]Cly Zn(NOj3), [62]
Eu-MOF [Ru(Hydcbpy)s]1Cl, Eu(NO3)3 [63]
Zr-TCBPE-MOF H,TCBPE ZrCly [64]
Hf-TCBPE H,TCBPE HIfCly [65]
Zrlz-adb Hzadb ZI'C14 [66]
Tb-Cu-PA MOF IPA TbCl3, Cu(NO3); [67]
Zn-PTC PTC Zn(CH3COO); [68]
Ru@Zrq,-BPDC BPDC, Hydcbpy ZrCly [69]
Cu:Tb-MOF IPA TbCl3, Cu(NO3); [70]
UMV-Ce-MOF H;BTC Ce(NO3)3 [71]
PTP/Eu MOF H;BTC Eu(NO;); [72]
Ce-TCPP-LMOF TCPP Ce(NO3)3 [73]
Zn-MOF Hceptpy ZnSOy [74]

2.2.1. In Situ Synthesis

Although MOFs have a high porosity and a tunable pore size, the pore size could be
fixed along with the successful preparation of MOFs. Most classical MOFs contain only
micropores, which leads to the inability of guest luminophores to easily enter the MOF
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interior through the pores, making the luminophore loading capacity of MOF materials
greatly be reduced [75]. To solve this problem, Yang et al. wrapped the luminescence
inside the MOF material by an in situ synthesis method during the MOF growth process,
which resulted in a greatly enhanced loading capacity of the guest luminescence, and thus
prepared the nanocomposite with a high-intensity ECL response [47].

As we all know, as an excellent luminescent substance, Ru(bpy);2* is often used in
the process of constructing various ECL biosensors. For instance, Cao et al. encapsulated
Ru(pr)32Jr molecules into NH,-UiO-66 through the ligand effect during the growth of
NH,-UiO-66. The open channels or active cavities of MOFs could not only maintain
the excellent ECL response of Ru(bpy)32+, but also enrich the co-reactants, enabling the
ECL biosensor to exhibit a highly selective and efficient ECL response, thus facilitating
the ECL biosensor for ultra-sensitive and accurate analyses of the (3-amyloid [48]. As
shown in Figure 2D, Wang et al. applied mesoporous, hollow MIL-101(Al)-NH; in an ECL
system by the in situ growth process and achieved a large and stable loading of Ru(bpy)s>*
Additionally, the authors also made poly(ethylenediamine) as a co-reactant and combined it
with MIL-101(Al)-NH, through covalent bonding, which not only prevented the leakage of
Ru(bpy)s?*, but also made the Ru complex produce strong and stable ECL signals through
self-enhancement effect [46].
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Figure 2. (A) The preparation of Ru-MOF-5 NFs [53]. Copyright © 2021, Elsevier. (B) The synthesis
process of Cu/Co-MOF-luminol-AuNPs [54]. Copyright © 2021, Elsevier. (C) Preparation of HH-Ru-
UiO-66-NH;, / Au NPs/H; [55]. Copyright © 2021, American Chemical Society. (D) The synthesis
steps of MIL-101(Al): RuPEI-Au [46]. Copyright © 2019, Elsevier.
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In addition to Ru(bpy)s;%*, quantum dots (QDs) are often used in the field of ECL
biosensors as an efficient and stable luminescent [76,77]. In the recent study, Tan et al.
attached a large number of CdS QDs to chain-like polyethylenimine (PEI) via amide
bonding, wrapped the modified PEI on the surface of MIL-53(Al), achieved massive loading
of CdS QDs, and finally prepared MOF-based ECL signaling probes [78]. In another study,
Deng et al. successfully encapsulated ZnSe QDs in Fe (III)-MIL-88B-NH, through the in situ
growth process. Fe(IIT)-MIL-88B-NH, can not only achieve massive loading of ZnSe QDs,
but it also contains amino groups for catalyzing the conversion of the co-reactant S,042~
into sulfate anions (SO4°~), which shortens the electron transfer distance and reduces
the energy loss, enabling the ECL property of ZnSe QDs [49]. Although all of the above
works demonstrate that the preparation of nanomaterials with ECL properties by the in
situ growth method is an excellent strategy, the leakage of luminescent material is still an
inevitable issue in the practical operations.

2.2.2. Post-Synthesis Modification

Post-synthesis modification is an effective means to prepare MOFs with ECL properties.
The mechanism is mainly to attach luminophores to the surface of MOFs by ligand reaction,
electrostatic force adsorption, or amide bonding, so that the MOFs materials, originally
without ECL properties, become nanocomposites with ECL properties [79,80].

For example, As shown in Figure 2A, Wei et al. indicated that a flower-like nanomate-
rial with ECL properties was successfully prepared by loading Ru(bpy)3* onto the surface
of MOF-5 NFs via electrostatic force adsorption, exhibiting an excellent ECL response [53].

It is worth noting that MOFs with catalytic properties act as carriers, not only to
enrich the co-reactants but also to catalyze the co-reactants so that the ECL response is
enhanced. As shown in Figure 2B, Zhou et al. successfully prepared nanocomposites with
ECL properties by ligand bonding luminol to the MOF. The obtained hollow Cu/Co-MOF
not only acted as a carrier but also could catalyze the generation of more 02~ from H,0,,
which greatly enhanced the ECL response by means of this material [54].

As shown in Figure 2C, Yuan et al. connected the luminescent material (Ru(Bpy),
(Mcpbpy)?*) with the carrier MOF (HH-UiO-66-NH,) through amide bonding. On the
one hand, the hierarchical pore shell and hollow cavity of HH-UiO-66-NH, exposed more
amino groups, which made the loading of the luminescent greatly increased. On the
other hand, the HH-UiO-66-NH, surface amino group could catalyze the generation of
SO4°~ from SzOgZ*, which greatly shortened the distance between the co-reactant and
the luminophore, making the charge transfer more efficient and thus enhancing the ECL
signals [55].

2.2.3. Self-Luminous MOFs

Luminous metal-organic frameworks (LMOFs) that consist of organic bridging ligands
and metal-linked nodes are novel porous nanomaterials commonly used in ECL biosensors
in recent years [81]. Since LMOFs have multiple structural units, the ECL response may
come from metal centers and ligands within the MOF, and the optical properties can
be modulated by the interactions between the building components. Based on this, the
problems of low loading of modified luminescent substances and leakage from the in
situ-grown luminescent substances after MOF synthesis might be effectively solved [62,82].

Lanthanide rare-earth metal ions are an important emerging LMOFs precursor because
of their unique [Xe]4f" (n = 0-14) ground-state electronic grouping pattern, which is
prone to 4f—4f transitions and possesses abundant ladder electron energy levels and sharp
emission bands. As shown in Figure 3, Wei et al. prepared self-luminous (Ln) metal-
organic frameworks (Ln-MOFs) by hydrothermal treatment using Eu (III) ions and 5-boryl-
isophthalic acid (5-bop) as precursors. The 5-bop in the triplet excited state can transfer
its own energy to the Eu(IIl) ion by emitting ultraviolet light. When the Eu(III) ion gains
energy from the ligand, it can jump to a higher energy level and release more light energy
when it falls back to the ground state. The more intense ECL signal is obtained through the
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antenna effect of Eu(IlIl) ions. The prepared sensor showed a good linearity in the range of
0.005 to 100 ng/mL, and the obtained LOD was only 0.126 pg/mL [61].
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and Formation Route of the Suggested Signal-Enhanced ECL Model (C) [61]. Copyright © 2021,
American Chemical Society.

I'ime (s)

Ru(bpy);** and its derivatives can not only prepare porous nanomaterials with
ECL properties by post-synthesis modification or in situ growth, but also act as lig-
ands for the direct synthesis of self-luminous MOFs involved in the construction of ECL
biosensors [73,83].

In a pioneering work conducted by Yan et al., self-luminous Ru-MOF has been synthe-
sized by using the autoloading Ru(dcbpy);2* and zinc ions as precursors. The obtained
Ru-MOF nanosheets expose more active centers, promote closer contact with the target
molecule, and have shorter diffusion distances for ions, electrons, and co-reactants. The
excellent property makes the self-luminous Ru-MOF show great potential as a new Faraday
cage for developing a biosensing platform [62].

As shown in Figure 4, in another interesting work, Zhao et al. synthesized a new type
of Eu-MOF by a hydrothermal method using Eu (III) ions and Ru(dcbpy)32+ as precursors.
The Eu-MOF can undergo redox reactions and energy transfer between its ligand molecules
and achieve annihilation luminescence without any additional co-reactants. At the same
time, the antenna effect of Eu (III) ions in Eu-MOF is generated. In other words, when Eu (III)
ions absorb the energy from the ligand, the luminescence efficiency is greatly increased, and
the secondary near-infrared (NIR-II) luminescence is obtained. The prepared ECL sensor
using Eup[Ru(Dcbpy)s]s as the ECL signal probe was extremely resistant to interference and
achieved the rapid and sensitive detection of trenbolone in the range of 5 fg/MI1-100 ng/Ml
with a lower LOD of 4.83 fg/Ml [63].
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Although Ru(bpy);2* and its derivatives have very common applications in the field
of ECL, their high price and the biotoxicity carried by the co-reactants limit the current
application of Ru-containing MOFs.

In particular, aggregation-induced ECL (AI-ECL) was firstly discovered by Luisa De
Cola’s team in 2017 [84]. With the continuous development in recent years, some excellent
AI-ECL materials have emerged. Recently, researchers found that tetraphenylethylene (TPE)
and its derivatives have the characteristics of a high ECL efficiency via easy modification.
Compared with its aggregates and monomers, MOFs prepared based on TPE showed a
stronger ECL response. For instance, Yuan et al. successfully prepared a novel 2D ultrathin
MOF material based on the aggregation-induced emission (AIE) ligand H4ETTC and used
it to construct a novel ECL biosensor for the ultrasensitive detection of CEA. The newly
synthesized AIE luminogen (AIEgen)-based MOF (Hf-ETTC-MOF) yielded a higher ECL
intensity and efficiency than H4ETTC monomers, H4ETTC aggregates and 3D bulk Hf-
ETTC-MOF did [85]. As shown in Figure 5, Wei et al. synthesized a dumbbell-shaped metal-
organic backbone with high luminescence efficiency by combining the aggregation-induced
luminescent material HyTCBPE with Zr(IV) ions. The obtained Zr-TCBPE-MOF possesses a
more excellent ECL performance compared to the monomer and aggregates of HyTCBPE. In
addition, the authors combined Zr-TCBPE-MOF with polyethyleneimine (PEI) to prepare a
unique self-reinforced Zr-TCBPE-PEI electroluminescent complex, which could effectively
avoid the bio-toxicity of the co-reactant and exhibit a more dramatic ECL response. The
prepared ECL sensor showed good correlation in the range of 0.0001-10 ng/mL and the
lower LOD was 52 fg/mL, providing an effective way for the early and sensitive detection
of small cell lung cancer [64].
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2.3. Covalent Organic Frameworks (COFs) with ECL Properties

COFs is a class of organic porous crystalline materials composed of light elements
(C, O, N, B, etc.), which are connected to each other by covalent bonds. Due to their
structural designability, low density, high specific surface area, easy modification, and
functionalization, COFs have been widely investigated and shown excellent prospects for
applications in the fields of gas storage and separation, non-homogeneous catalysis, energy
storage materials, optoelectronics, sensing, and drug delivery [86].

Although COFs materials currently synthesized by solvothermal synthesis and Kno-
evenagel polycondensation reaction are often used for ECL biosensors, there are not so
many articles reported about the application of COFs in the development of ECL biosen-
sors. Recently, Zhuo et al. prepared a nanocomposite with ECL properties by attaching
Ru(bpy)s>* to the surface of COF-LZU1. Since COF-LZUT1 has a hydrophobic porous struc-
ture and TPrA is lipophilic, a large amount of TPrA in aqueous solution can be enriched
into the hydrophobic inner cavity of COF-LZU1, which will shorten the distance between
the luminescent material and the co-reactant and increase the concentration of co-reactant
around the luminescent, resulting in a greatly enhanced ECL response [87]. However, the
conductivity of COFs materials limits its application in the ECL field, which may be one
of the reasons for limiting applications of COFs in the ECL biosensing study. To solve
this problem, Yuan et al. provided a novel strategy. They prepared a conductive COF
(HHTP-HATPCOF), as shown in Figure 6. In their work, since HHTP-HATP-COF has a
large amount of ECL-emitting material and its conductive porous backbone accelerates
the charge transfer in the whole backbone, the ECL response of this composite is greatly
enhanced [88].
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2.4. Metal-Polydopamine Frameworks (MPFs) with ECL Properties

MPFs are a new hybrid material that perfectly combine the advantages of both MOFs
and polydopamine (PDA) [89]. The large specific surface area and high porosity can be used
to obtain a strong ECL signal by increasing the loading of luminophores. The PDA structure
contains active double bonds that can chemically react with multiple groups to connect
luminophores. The PDA structural fragment is a conjugated system that can generate 7—
stacking with luminophores containing 7 bonds and thus adsorb luminophores [90,91].

As shown in Figure 6, Ma et al. prepared the MOF (ZIF-8) as the basic framework by
the self-assembly method at first. After that, the hollow and porous metal-polydopamine
frameworks (MPFs) were gradually formed by reacting with dopamine in a mixture of
ethanol and Tris-HCl buffer, in which the polydopamine continuously replaced the original
ligands through coordination reactions. Finally, the nanocomposites with ECL properties
were formed by adsorption of Ru(bpy);?* through 7— stacking [25]. Although MPFs have
many advantages, there are still less related studies on applying MPFs in preparing ECL
biosensors. So, it is hoped that MPFs can achieve greater breakthroughs in the field of ECL
biosensors through the continuous efforts of researchers.

3. Application of ECL Biosensors Based on Porous Nanomaterials

Due to their excellent stability and selectivity, porous nanomaterials have a wide range
of applications in the field of ECL biosensors [92,93]. Here, we focus on introducing the
applications of ECL biosensors based on porous nanomaterials in the detection of heavy
metal ions, small molecules, proteins, and nucleic acids in recent years.

3.1. Biosensors for Detecting Heavy Metal Ions

It is well known that heavy metal ions have a great impact on human health and the
natural environment, especially the intake of large amounts of heavy metal ions can cause
irreversible damage to the human body, so the reliable and accurate detection of heavy metal
ions is of great importance [94]. For example, You et al. prepared a label-free ECL biosensor
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for the detection of Hg?* based on the different affinity of Ru-QDs@SiO, nanocomposites
for loading single-stranded DNA (SsDNA) and Hg?*-initiated double-stranded DNA
(DsDNA). When no ions of ngJr are present, single-stranded DNA is attached to the
Ru-QDs@SiO; surface by hydrogen bonding, i.e., electrostatic force adsorption, which
leads to the quenching of the ECL signal. When Hg?* is present, part of the single-stranded
DNA on the surface of Ru-QDs@SiO;, is guided to form a stable dsDNA, allowing part of
Ru-QDs@SiO; to exist in a free state, reducing the quenching of the ECL signal to single-
stranded DNA [32]. Additionally, You et al. attached one end of the ng+ aptamer to
NH,-Ru@SiO,-NGQds through an amide bond and the other end to AuNPs on the surface
of the glassy carbon electrode (GCE) through an Au-S bond. When Hg2+ is absent, the
aptamer is a long chain, and there is a large spatial site resistance between the luminescent
material and the electrode surface, and, thus, the ECL response is not strong. When Hg?* is
present, the aptamer bends due to the formation of a thymine-Hg?*-thymine (T-Hg?*-T)
specific structure, which draws the distance between the luminescent material and the
electrode surface and reduces the spatial potential resistance, making the ECL response
greatly enhanced [35].

3.2. Biosensors for Detecting Small Molecules

Table 3 summarizes ECL biosensors for detecting the small molecule based on porous
nanocomposites in recent years.

Table 3. Summary of the construction of ECL biosensors based on porous nanocomposites for small
molecule detection.

Analytes Nanocomposites Linear Range LOD Ref.
DES Ru@SiO2 4.8 x 1074~36.0 nM 0.025 pM [39]
DES UiO-67 0.01 pg/mL~50 ng/mL 3.27 fg/mL [50]
Rutin GSH-Au NCS@ZIF-8 0.05~100 uM 10 nM [51]
Acetamiprid Cu/Co-MOF 0.1 uM~0.1 pM 0.018 pM [54]
CAP Co-Ni/MOF 10 x 1078~1.0 x 1076 M 291074 M [56]
ATX-a AgNPs@Ru-MOF 0.001~1 mg/mL 0.00034 mg/mL [57]
Trenbolone Eu-MOF 5 fg/mL~100 ng/mL 4.83 fg/mL [63]
IMI UMV-Ce-MOF 2-120 nM 0.34 nM [71]
Lincomycin PTP/Eu MOF 0.1 mg/mL~0.1 ng/mL 0.026 ng/mL [72]

Chloramphenicol (CAP) is a broad-spectrum antibiotic that can effectively treat a
variety of microbial infections such as typhoid fever, meningitis, and salmonellosis. Since
the middle of last century, it has become a widely used antibiotic because of its low
production cost and good drug stability. However, many studies in recent years have
shown that excessive intake of CAP can inhibit bone marrow hematopoiesis, which in
turn can severely damage the human hematopoietic system. Therefore, it is necessary to
establish a rapid and sensitive detection method to accurately monitor CAP residues in
the aqueous environment. Chen et al. synthesized black phosphorus QDs (BPQDs) into
PTC-NH, solution to synthesize nanocomposites with ECL properties (BP/PTC-NH,). An
efficient and sensitive ECL sensor was prepared to detect CAP by combining BP/PTC-NH,
with Co-Ni/MOF as an ECL emitter via electrostatic adsorption. The composite material of
co-Ni/MOF has a good catalytic effect and can catalyze the co-reactant K,S,Og to generate
more SO4°~, which enhances the ECL response of the system. When CAP is present,
the specific recognition of the aptamer makes the aptamer detach from the surface of the
luminescent material, which reduces the burst of the aptamer for the ECL response and
thus enhances the ECL signal [56].

Anatoxin-a (ATX-a) is a highly toxic alkaloid neurotoxin isolated from Anabaena
flos-aquae (e.g., a semi-lethal dose of 200 ug/mL for rats) with a strong nicotine-like
neuromuscular depolarization blocking effect, and animals poisoned will experience my-
ofascicular twitching, corneal inversions, respiratory muscle spasms, and the animals will
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show symptoms such as muscle bundle convulsion, corkscrew, respiratory muscle spasm,
and salivation after poisoning. Therefore, it is of great interest to find a rapid and sensitive
test for the detection of ATX-a in water. As shown in Figure 7, Wang et al. proposed an
ECL biosensor based on the ECL-RET strategy with a low background signal by means
of double burst and dual stimulus response. The prepared ECL biosensor provides an
accurate signal output for the ultrasensitive detection of ATX-a. Specifically, the authors
wrapped Ru(bpy)s>* in UiO-66-NH, by the in situ growth method to act as an ECL signal
probe, wrapped it with silver nanoparticle (AgNPs) shells as the main bursting agent, and
tightly bound it to DNA-ferrocene (Fc). The AgNPs play an important role in the whole
system, not only to close the permanent pore of UiO-66-NH,; and prevent the leakage of
Ru(bpy)s2*, but also to act as a quencher to quench the ECL signal of Ru(bpy)s>*. Not
only that, the AgNPs generated in situ can specifically recognize and break the substrate
chain, generating an “On” signal, which helps to avoid false positive results. Thus, an
ultra-sensitive detection of ATX-a was achieved in the range of 0.001 to 1 mg/mL, and the
LOD was estimated to be 0.00034 mg/mL [57].
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Figure 7. Schematic illustration of in situ generation of AgNPs@Ru-MOF and progress of ECL-RET (A),
and the response process of ECL-RET aptasensor for ATX-a (B) [57]. Copyright © 2021, American
Chemical Society.

3.3. Biosensors for Detecting Protein

Cancer has now become a global difficult-to-treat disease, and it is well known that the
treatment of early-stage cancer patients saves much more labor, money, and time than that
of late-stage cancer patients, so early diagnosis of cancer is of great significance. The ECL
analysis method provide a potential assay for the sensitive and selective detection of certain
cancer disease-related biomarkers by coupling antigen—antibody specific binding with ECL
technology. As shown in Table 4, we summarize some of the porous nanomaterial-based
ECL sensors used for protein detection in recent years.
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Table 4. Summary of the construction of ECL biosensors based on porous nanocomposites for
protein detection.

Analytes Nanocomposites Linear Range LOD Ref.
HE4 g-C3N,@ms-SiO, 1075 to 10 ng/mL 3.3 x 107 ng/mL [31]
PSA Ru@SiO, 1071 t0 107 g/mL 0.169 fg/mL [33]
AFP CdTe@SiO, 1.0 pg/mL to 100 ng/mL 0.22 pg/mL [34]

HAase Ru@SiO; NPs 2 to 60 U/mL 2U/mL [36]
BNPT SiO,@Ir 0.1 ng/mL to 200 ng/mL 0.03 ng/mL [37]
AFP Si0,@CQDs/AuNPs/MPBA 0.001 to 1000 ng/m L 0.0004 ng/mL [38]
PCT MIL-101(Al)-NH; 0.0005 ng/mL to 100 ng /mL 0.18 pg/mL [46]
cTnl IRMOF-3 1 fg/mL to 10 ng/mL 0.46 fg/mL [47]
SCCA Fe(IIT)-MIL-88B-NH, 0.0001 to 100 ng/mL 31 fg/mL [49]
AB Zinc Oxalate MOFs 100 fg/mL to 50 ng/mL 13.8 fg/mL [52]
NSE Ru-MOF-5 NFs 0.0001 ng/mL to 200 ng/mL 0.041 pg/mL [53]

Thrombin HH-Ru-UiO66-NH, 100 fM to 100 nM 31.6 fM [55]

PCT NH,-MIL-101 0.014 pg/mL to 40 ng/mL 3.4 fg/mL 58]
MUC1 Zn-Bp-MOFs 1 pg/mL to 10 ng/mL 0.23 pg/mL [59]
MUC1 Ru-PCN-777 100 fg/mL to 100 ng/mL 33.3 fg/mL [60]

CYFRA21-1 Eu-MOFs 0.005 to 100 ng/mL 0.126 pg/mL [61]

cTInl RuMOENSs 1 fg/mL to 10 ng/mL 0.48 fg/mL [62]

NSE Zr-TCBPE-MOF 0.0001 to 10 ng/mL 52 fg/mL [64]
MUC1 Hf-TCBPE 1fg/mL to 1 ng/mL 0.49 fg/mL [65]
MUC1 Zrjp-adb 1 fg/mL to 100 ng/mL 100 ng/mL [66]

CYFRA21-1 Tb-Cu-PA MOF 0.01 to 100 ng/mL 2.6 pg/mL [67]
MUC1 Ru@Zry,-BPDC 1 fg/mL to 10 ng/mL 0.14 fg/mL [69]
ProGRP Cu:Tb-MOF 1.0 pg/mL to 50 ng/mL 0.68 pg/mL [70]

Mucin-1 (MUC1) is an important transmembrane glycoprotein that is considered an
important biomarker for colon, breast, ovarian, and lung cancers. Recently, Yuan et al.
prepared a novel multivacancy nanocomposite (Hf-TCBPE) with ECL properties based
on the principle of matrix coordination-induced ECL (MCI-ECL) enhancement. The MOF
constructed by Hf ions and TCBPE ligands has its internal spatial structure fixed, which re-
stricts the intramolecular free motion of TCBPE and suppresses the nonradiative relaxation,
and the high porosity of Hf-TCBPE enables both internal and external excitation of TCBPE,
which greatly enhances its ECL response. An ECL biosensor for the detection of mucin 1
(MUC 1) was constructed by combining HF-TCBPE with a phosphate-terminated ferrocene
(FC)-labeled hairpin DNA aptamer (FC-HP3) as a signal probe (HF-TCBPE /FC-HP3) with
the aid of an exonuclease III (Exo IIT) cyclic amplification strategy [65]. Another novel piece
of research is that Xiao et al. discovered that the ECL of the material could be enhanced
by restricting intramolecular motion, and based on this principle, a two-dimensional ul-
trathin MOF (Zr1,-ABD) with AI-ECL properties was prepared. In 2D MOF, the ligand
9,10-anthracene dibenzoate is immobilized, which restricts its intramolecular motion and
suppresses the energy loss due to spin, allowing more energy to be released in the form
of light energy and significantly enhancing the ECL response. Meanwhile, the ultrathin
multivacancy structure of 2D MOF not only allows more co-reactants to enter the interior of
MOE, but also reduces the migration distance between the electrons, ions, and co-reactants
due to the smaller spatial site resistance, which reduces the energy loss and further en-
hances the ECL response of Zri,-ABD. A biosensor for the sensitive detection of mucin 1
was prepared by combining Zr;,-ABD nanomaterials with a bipedal walking molecular
machine. The ECL signal decreased with an increasing concentration of MUC1 in the range
of 1 fg/mL to 100 ng/mL, showing a good linearity, and the LOD of the prepared ECL
sensor was only 0.25 fg/mL [66].

CYFRAZ21-1 is considered to be a tumor marker mainly used for the detection of lung
cancer and is especially valuable for the diagnosis of non-small cell lung cancer (NSCLC).
In a study, Wei et al. creatively prepared a rare earth (Ln) metal-organic backbone (LMOF)
with ECL properties. Ln-MOF was prepared from a precursor containing Eu(III) ions and
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5-boronic acid isophthalic acid (5-bop). The ligand 5-bop produces a triplet state upon
UV excitation, which triggers the red light emission of Eu(III) ions and enhances the ECL
response. The electron-deficient boric acid reduces the energy transfer efficiency from the
triplet state of 5-bop to the Eu(III) ion, resulting in both being efficiently excited under a
single excitation. In addition, the synthesized flower-like Ni/Fe composites (Ni/Fe 1:1)
have more active centers, higher stability, and good electrical conductivity by gradually
adjusting the atomic ratio of Ni/Fe. An ECL immunosensor for the highly sensitive
detection of CYFRA21-1 was prepared using Ln-MOF as the ECL emitter and flower-like
Ni/Fe composite as the substrate, and the prepared Eu-LMOF showed good performance
characteristics in the ECL immunoassay with the LOD of 0.126 pg/mL [61].

Ju et al. synthesized a MOF with ECL properties (Tb-Cu-PA MOF) using luminescent
Tb%* and catalytic Cu* ions as metal linkers and isophthalic acid (PA) as a bridging ligand.
The doping of Cu?" significantly reduced the size of the MOF and produced a strong
and stable ECL signal. Therefore, the authors prepared a novel ECL immunosensor for
the sensitive detection of CYFRA21-1 by using the synthesized Tb-Cu-PA MOF as an
ECL emitter and Ni-Co layered double hydroxide (LDH) containing ZIF-67 nanocubes
as a substrate. Compared with ZIF-67, ZIF-67@LDH has larger specific surface area and
more active centers. After depositing palladium nanoparticles (Pt NPs) on ZIF-67@LDH
nanocubes, it can improve the charge transport and electrocatalytic performance, catalyze
52082* to produce more SO4°~, and obtain more intense ECL signals. The linear range
of the successfully prepared ECL immunosensor was 0.01-100 ng/mL with a LOD of
2.6 pg/mL [67].

Except for the biomarkers, biological enzymes also play an irreplaceable role in human
life activities. The abnormal activity of certain enzymes can lead to disorders in human
functions. Therefore, to develop a rapid and highly sensitive measurement of some enzymes
is important for clinical diagnosis and basic biochemical research. The sensitive detection
of thrombin (TB), an important biomarker that plays an important role in hemostasis
and thrombosis, has attracted great interest. In a study, Yuan et al. prepared a hollow
graded MOF (HH-UiO-66-NH;) with graded pore shells by a simple hydrothermal etching
method and used it as a carrier to load Ru(bpy),(Mcpbpy)?*, and successfully prepared
a nanocomposite (HH-Ru-UiO66-NH;) with an excellent ECL signal. The multilayer
structure and cavity of HH-UIO-66-NH; allowed the macromolecule Ru(bpy)z(MCpbpy)zJr
to be immobilized not only on the surface of MOF but also on the interior of MOF, which led
to a significant increase in the loading of MOF on the luminescent group. On the other hand,
the multilayer structure of HH-UIO-66-NH, allowed the rapid diffusion of reactants, ions,
and electrons, thus promoting the excitation of more luminophores. In addition, the etched
HH-UIO-66-NH, exposes more amino groups, which can catalyze the co-reactant K,5,03
to generate SO4°~ radicals, and thus greatly improve the ECL luminophore utilization
rate. Ultimately, the authors used HH-RU-UIO-66-NH; as a high-performance ECL probe
combined with a catalytic hairpin assembly (CHA) enzyme-free amplification technology to
construct an ECL biosensor for the ultrasensitive detection of TB. The successfully prepared
ECL immunosensor exhibited a good linearity in the range of 100 fM-100 nM, and the LOD
of the prepared ECL sensor was only 31.6 fM [55].

Hyaluronidase (Haase) is another general term for enzymes that oligomerize hyaluronic
acid (HA). It can decrease the activity of hyaluronic acid in the body, thereby increasing
the ability of fluid permeation in tissues. In recent years, Haase has been considered as
a potential tumor marker. In a recent work, Lin et al. designed a slow-release system
based on a hydrogel constructed of HA with polyethyleneimine (PEI) and a large amount
of Ru(bpy)32+-doped silica nanoparticles (Ru@SiO,NPs) stably dispersed in the hydro-
gel as an ECL signaling probe. When Haase is present, the hydrogel is decomposed by
Haase, allowing Ru@SiO,NPs to escape from the hydrogel into the supernatant, and the
concentration of Haase can be quantified by the ECL signal generated from the supernatant.
Compared with previous work, this biosensor does not require large amounts of HA to
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immobilize the signal probe or tedious centrifugation methods to reduce background
interference, and thus has an excellent sensitivity and selectivity [36].

3.4. Biosensors for Detecting Nucleic Acids

MicroRNAs are small single-stranded non-coding RN As of about 19-23 nucleotides.
Although the first microRNAs were discovered as early as 1993, only in recent years has the
diversity and breadth of this class of genes been revealed. It is hypothesized that vertebrate
genomes have up to 1000 different miRNAs, regulating at least 30% of gene expression.
Moreover, microRNAs are also considered to be reliable biomarkers for various cancers
and genetic diseases. With the continuous development of biotechnology, scientists have
combined DNA amplification strategies, such as target cyclic amplification (TRC), catalytic
hairpin assembly (CHA), and strand displacement amplification (SDA). With the ECL
technique to prepare a number of efficient and sensitive ECL biosensors for the detection of
nucleic acids [95,96]. As shown in Table 5, an increasing number of ECL biosensors based
on porous nanocomposites have been successfully developed and applied for the sensitive
detection of nucleic acids in recent years.

Table 5. Summary of the construction of ECL biosensors based on porous nanocomposites for nucleic
acids detection.

Analytes Nanocomposites Linear Range LOD Ref.
miRNA-182 mSiO,@CdTe@SiO, NSs 0.1 to 100 pM 33 fM [30]
microRNA-21 Zn-PTC 100 aM to 100 pM 29.5 aM [68]
miRNA-133a Zn-MOF 50 aM to 50 fM 35.8 aM [74]
microRNA-21 Py-sp2c-COF 100 aM to 1 nM 46 aM [97]
microRNA-21 Co-MOEF-ABEI/Ti3C,p Tx 0.00001 to 10 nM 3.7 tM [98]
miRNA-155 RuMOFs 0.8 fM to 1.0 nM 0.3 fM [99]

Recently, Yuan et al. found that when polycyclic aromatic hydrocarbons (PAHs) were
used as ligands for the synthesis of MOFs, the aggregation-induced burst (ACQ) effect of
PAHs could be effectively eliminated by coordination immobilization of the ligands as a
way to improve the strength and efficiency of ECL. Based on this principle, a MOF (Zn-
PTC) with AI-ECL properties was prepared. The molecular spacing of PTC was effectively
increased by ligand immobilization in the MOEF, thus eliminating the ACQ effect and
resulting in a greatly enhanced ECL response of Zn-PTC. In addition, the PTCs in Zn-PTC
stacked in an edge-to-edge manner to form J-type aggregates, which also promoted the
enhanced ECL response. Based on the good ECL performance, an ECL biosensor for the
sensitive detection of microRNA-21 was constructed by using Zn-PTC as an ECL signaling
probe in combination with a dual amplification strategy of a nucleic acid exonuclease
[II-stimulated targeting cycle and DNAzyme-assisted cycling. The ECL sensor was able to
detect microRNA-21 in the range of 100 aM to 100 pM with an efficient and sensitive LOD
of 29.5 aM [68].

Additionally, Yuan’s team prepared a Py-sp2 carbon-conjugated nanosheet (Py-sp2c-CON)
with ECL properties based on the condensation reaction of tetrakis(4-formylphenyl)pyrene
(TFPPy) and 2,2'~(1,4-phenylene)diacetonitrile. The porous ultra-thin structure of Py-sp2c-
CON can effectively shorten the material transport distance and energy transfer process
of electrons, ions, and co-reactants (S,0g>~), which greatly enhances the ECL response of
luminescent substances. Based on these advantages, an ECL biosensor for microRNA-21
detection was prepared using the Py-sp2c-CON /S,0g%~ /BuyNPFg system, which has a
wide linear response (100 am~1 nM) and a lower LOD (46 am) [97].

In another study, a highly efficient and sensitive ECL biosensor for the detection
of miRNA-21 was constructed using a Co-MOF-ABE/TizC,Tx composite as an ECL lu-
minescent substance combined with a DSN-assisted target recovery signal amplification
strategy. Co-MOF has a large specific surface area and thus can be loaded with abundant
luminophores. Not only that, Co-MOF also exhibits excellent catalytic properties, and
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the ECL response of the composite is greatly improved by these factors. The successfully
prepared ECL immunosensor achieved sensitive detection of miRNA-21 in the range of
0.00001 and 10 nM with a LOD of only 3.7 fM [98].

4. Conclusions and Outlooks

In one word, we give a comprehensive overview of the recent progress in the construc-
tion of ECL biosensors based on porous nanomaterials. Due to their large specific surface
area, high porosity, large number of active sites, adjustable structure, easy modification,
and good biocompatibility, porous nanomaterials, such as OMS, MOFs, COFs, and MPFs,
have a large number of applications in the field of ECL biosensors. The preparation of
different types of porous nanomaterials with ECL properties were summarized and their
applications in the detection of heavy metal ions, small molecules, proteins, and nucleic
acids. In conjunction with the representative articles, we summarize the advantages of
porous nanomaterials in the field of ECL biosensors.

Firstly, porous nanomaterials with a large specific surface area and a variety of different
functional groups can provide a good modification basis for loading ECL luminescent
substances, which is beneficial for the construction of high-performance ECL biosensors.

Secondly, the high porosity and adjustable pore size can provide the basis for the
preparation of composites by means of various synthesis methods, such as in situ growth
and encapsulation, and it can additionally provide good channels for energy transfer and
substance transport such as ions, electrons, and co-reactants.

Thirdly, the loading of co-reactants and luminescent substances in an all-in-one struc-
ture or the loading of two luminescent substances with different wavelengths in the same
structure based on the RET effect can shorten the substance and charge transfer paths
between the luminescent substances and basis, and thus can realize the self-enhancement
of the ECL response, which reflects the superiority of the synergistic effect.

Although greater progress has been made in ECL biosensors based on porous nanoma-
terials, there are still some problems to be paid attention to that may limit the application of
porous nanomaterials in this field. One of the main issues is that most porous nanomaterials
with ECL properties in the field of macromolecular sensing still suffer from a high excitation
voltage and a low luminescence efficiency because of their high impedance. Therefore, the
development of luminescent substances with a high conductivity, a low voltage excitation,
and a high ECL efficiency are also discussed in detail. Although porous nanomaterials
have been widely used in the field of ECL biosensors, the limitations of synthesis methods
and synthetic materials prevent the application of organic composite materials with a poor
electrical conductivity (e.g., COFs materials) from being widely used. It is worth noting
that the application of MPFs and AI-ECL materials are still in the initial stage, and so is
the design of COFs materials with a high electrical conductivity. Based on this stage, the
design of COFs with a high conductivity and the construction of ECL biosensors based on
MPFs open new directions in the field of ECL.

1. AI-ECL materials or techniques are still a new research direction in the field of sensors.
The types of ligands currently used are relatively single, and the AI-ECL mechanism of
most materials is almost the same. Therefore, the search for new organic ligands, the
study of a new AI-ECL material reaction mechanism, and the design of synthesizing
innovative structures of AI-ECL materials will be hot directions.

2. Most of the current porous nanomaterials with functional groups have poor electrical
conductivities, and the functional group types are relatively single. How to prepare
porous nanomaterials with a high conductivity and multiple functional groups and
how to combine them with luminescent substances with different functional groups
to achieve the synergistic effect between each group are still needed to pay more
attention to.

3. At present, most of the ECL biosensors based on porous nanomaterials are still in
the laboratory stage. The instrumentation and experimental conditions required for
testing experiments are relatively strict. Consequently, combining ECL sensors with
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microfluidics and smartphone detection to build portable devices and instruments for
environmental detection remains a great challenge.
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Abstract: Target-induced differences in the electrostatic interactions between methylene blue (MB)
and indium tin oxide (ITO) electrode surface was firstly employed to develop a homogeneous
electrochemical biosensor for flap endonuclease 1 (FEN1) detection. In the absence of FEN1, the
positively charged methylene blue (MB) is free in the solution and can diffuse onto the negatively
charged ITO electrode surface easily, resulting in an obvious electrochemical signal. Conversely, with
the presence of FEN1, a 5'-flap is cleaved from the well-designed flapped dumbbell DNA probe
(FDP). The remained DNA fragment forms a closed dumbbell DNA probe to trigger hyperbranched
rolling circle amplification (HRCA) reaction, generating plentiful dSDNA sequences. A large amount
of MB could be inserted into the produced dsDNA sequences to form MB-dsDNA complexes, which
contain a large number of negative charges. Due to the strong electrostatic repulsion between MB-
dsDNA complexes and the ITO electrode surface, a significant signal drop occurs. The signal change
(ACurrent) shows a linear relationship with the logarithm of FEN1 concentration from 0.04 to 80.0 U/L
with a low detection limit of 0.003 U/L (S/N = 3). This study provides a label-free and homogeneous
electrochemical platform for evaluating FEN1 activity.

Keywords: homogeneous; electrochemical biosensor; label-free; hyperbranched rolling circle
amplification; flap endonuclease 1

1. Introduction

Flap endonuclease 1 (FEN1) exhibits multiple values in the early diagnosis [1,2],
targeting therapy [3-6], and prognostic monitoring [7,8] of various cancers. Traditional
assays, including western blot, reverse transcription-polymerase chain reaction (RT-PCR),
and enzyme-linked immunosorbent assay (ELISA) [1,3,4] had already been utilized to
detect FEN1. Several novel strategies were also designed for FEN1 detection [9-15]. For
instance, Zhang et al. [9] proposed a DNA-based fluorescent biosensor to evaluate FEN1
activity in living cells. Our group developed an electrochemiluminescence (ECL) biosensor
for FEN1 via combining branched hybridization chain reaction (BHCR) amplification,
ultrafiltration separation, and ECL detection [16]. Although these methods can realize
FENI1 detection with high accuracy, it is still desirable to explore novel analytical methods
with increased performance and decreased cost.
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Electrochemical analysis combining the merits of low cost, simple operation, high
sensitivity, and fast response has been extensively used in biological and biomedical
applications [17,18]. However, most electrochemical sensors require the laborious and
time-consuming immobilization of recognition probes on the electrode surface, labeling
of reporter molecules first. Additionally, target recognition takes place on the interface
between solution and electrode, which lowers the reaction efficiency and recognition
rates because of the steric hindrance. Immobilization-free homogeneous electrochemical
methods have been developed on the basis of the difference in the electrostatic interaction
between DNA sequences and the negatively charged indium tin oxide (ITO) electrode can
address these concerns well [19-21]. Methylene Blue (MB), as a widely used electrochemical
indicator, is a positively charged organic dye that can be inserted into double-stranded
DNA (dsDNA) through - stacking interactions [22]. Taking advantage of its special
interaction with dsDNA, MB has been adopted to design an enzyme-free and label-free
homogeneous electrochemical miRNA biosensor via the difference in electrostatic repulsion
between MB-intercalated dsDNA and ITO electrode [23]. However, as far as we know, this
strategy had not been applied to detect FENT activity.

Hyperbranched rolling circle amplification (HRCA) [24] evolved from rolling circle
amplification (RCA) and is a simple and convenient method with much higher isothermal
amplification efficiency (10°-fold) than that of RCA [25]. This can produce a large number of
dsDNAs with high efficiency. In this study, a label-free and homogeneous electrochemical
biosensor has been designed for monitoring FEN1 activity by combining the well-designed
flapped dumbbell DNA probe (FDP), target-induced electrostatic interactions between MB
molecules, and negatively charged dsDNA strands, and the excellent HRCA technology.
This homogeneous biosensor can avoid the complicated electrode modification, high cost
of labeling, and steric hindrance during the HRCA, which guarantees that the detection
process will be simpler and faster, while achieving low costs and good reproducibility.
Additionally, the proposed biosensor was used to measure the FEN1 levels in clinical
samples with satisfied performance, and therefore, could serve as a potent platform for
monitoring FEN1 activity in clinical diagnosis.

2. Experimental Section
2.1. Reagents and Oligonucleotides

The lysates of AGS and HaCaT cells were prepared and stored at —20 °C for the fol-
lowing assays (see the details in the Supplementary Information (SI)). All the other reagents
and chemicals were analytical grade. Ultrapure water with a resistance of 18.2 M(Q-cm
was adopted in the whole experiment. The designed oligonucleotides were synthesized by
Shanghai Sangon Biotechnology Co., Ltd. (Shanghai, China) with the following sequences:

FDP: 5-TTAACGACCATTCAAACGCACTGATGGTTGCCAACCACAAACGGCA A-3

P1: 5-CAGTGCGTT-3'

P2: 5'-ACCACAAAC-3

The other materials and reagents employed in this experiment are listed in the SI.

2.2. Apparatus

Differential pulse voltammetry (DPV) signals were measured by a CHI660a electro-
chemical workstation (Chenhua Instruments, Shanghai, China). ITO electrode served as
a working electrode, and platinum wires were utilized as the reference electrode and the
auxiliary electrode, respectively. ITO electrodes were bought from Huanan Xiangcheng
Technology Co., Ltd. (Shenzhen, China). Before DPV signals were acquired, the surface of
the ITO electrode was firstly decorated with negative charges by sequentially sonicating
it in Alconox solution (20 g/L), 2-propanol, and ultrapure water for 15 min. The ITO
electrode was then inserted vertically into the Nafion solution (0.5 mg/mL) for 10 s and
then removed and dried to quickly prepare a negatively charged electrode. The operating
area of the ITO electrode was set to 3 mm x 3 mm.
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In total, 12% polyacrylamide gel electrophoresis was employed to notarize the oc-
currence of each course in the HRCA reaction. Gel electrophoresis imager (JS-2012) was
obtained from Shanghai Peiging Technology Co., Ltd. (Shanghai, China). The test was
performed in 0.5% triborate-EDTA (TBE) buffer (pH 8.4) under a constant voltage of 90 V
for 60 min at room temperature. SYBR Green I (20x) was added to the amplification
product and incubated at room temperature in the dark for 15 min. Then, the fluorescence
signals were detected by an F-4600 Fluorescence spectrofluorometer purchased from Hi-
tachi high-technologies corporation (Tokyo, Japan) in the range of 500~650 nm with the
excitation wavelength setting to 488 nm.

2.3. Process of FEN1 Detection

The test sample (10 uL), FDP (10 nM), and reaction buffer (3 mM MgSOy, 15 mM
(NHy)2S04, 30 mM Tris-HCI, and 15 mM KCl, pH 8.8) of 30 uL were mixed and incubated
at 37 °C for 70 min. Afterward, T4 DNA ligase (2 pL, 5 U/pL) was added to the system
and incubated at 22 °C for 70 min with a corresponding 1x reaction buffer. Then, the
superfluous ssDNA and dsDNA probes were removed by Exo I (10 U) and Exo III (20 U) at
37 °C for 1 h and further inactivated at 80 °C for 15 min. Subsequently, primers (P1, P2,
1 uM), dNTPs (0.4 mM), Bst DNA polymerase (80 U/mL), and 1x reaction buffer were
mixed and amplified for 100 min at 63 °C. Finally, MB (40 uM) was added to the 200 uL
total reaction system, and the current signal was detected.

3. Results and Discussion
3.1. Principle of the Proposed Biosensor for FEN1

Scheme 1 clearly exhibits the principle of the designed strategy for FEN1 detection.
Firstly, FDP with a 5'-flap that can be identified and cleaved by FEN1 was rationally
designed. Free MB molecules have positive charges, and the ITO electrode carries negative
charges. Thus, MB can diffuse freely onto ITO to generate high electrochemical signals. In
the presence of FEN1, 5'-flap is separated from FDP and leaves an exposed 5 phosphate
group. Due to the stabilization of DNA scaffold the 5’ phosphate approaches the 3'-flap
to form a nick site that is ligatable by T4 DNA ligase. After ligation, a closed dumbbell
DNA probe (C-DNA) with a circular conformation is formed. Then, only C-DNA probes
remained by adding Exo I and III to the solution. Afterward, the HRCA mixture, including
primers, dNTPs, Bst DNA polymerase, and MB, was added to the above solution. After
initiating the HRCA reaction, a large amount of dsDNA was produced, and abundant
MB can be inserted into these dsDNA products to form MB-dsDNA complexes. The
resulting MB-dsDNA complexes carry negative charges. Hence, a significantly reduced
electrochemical signal was detected. Therefore, the recorded electrochemical signal of
this system is related to the concentration of the FEN1 target, resulting in a label-free and
immobilization-free electrochemical biosensor for detecting the FEN1 activity. In contrast,
without FEN1, the 5'-flap could not be cleaved and the ligation would not occur. So, the
current signal of the solution hardly changed.

a:
5 flap /—s
0 A
5

3. 5’ flap’ 5’ flap
wwW °
— =" e

)

(O=0 fop + T4 ¢ BstDNApolymerase Yo FEN1

A/ Primer 1 \/\/ Primer2 * MB

Scheme 1. Scheme of the homogeneous electrochemical biosensor for FEN1 detection based on the
difference in electrostatic interaction.

37



Biosensors 2022, 12, 528

3.2. Feasibility Test

First of all, polyacrylamide gel electrophoresis, as the gold standard to analyze nucleic
acids for length, bend, and flexibility was used to ensure the feasibility of the HRCA strategy.
As displayed in Figure 1A, seven lanes were observed in the image of polyacrylamide gel
electrophoresis. Lane a with a single bright band represents FDP in the monomeric and
uniform state. Upon the addition of FEN1, the 5'-flap of FDP can be cleaved by the FEN1
target, forming a dumbbell DNA and a short DNA. Thus, lane b contains two obvious
bands, in which the lower band corresponds to the dissociated flap sequences and the
upper band denotes the closed dumbbell-shaped DNA. This lane clearly evidences the
specific recognition ability of FEN1 to cleave the 5'-flap structure on FDP. Similar to lane
b, the mixture of FDP, FEN1, T4 DNA ligase, and the necessary buffer also generated two
bands in lane c. Different from lane c, only one bright band is left in lane d after adding
Exo I and III, with the same position as the uppermost band in lane c. This verifies the
above conjecture that a closed circular dumbbell-shaped DNA is indeed generated under
the action of T4 ligase. Finally, with the addition of the HRCA mixture, a band with tailing
appears in lane f, which corresponds to the products of the HRCA reaction. Conversely,
without FENT targets, no 5'-flap can be cleaved from FDP, and thus the HRCA cannot be
induced to occur. Therefore, no obvious bands emerged in lane e. All in all, these results
clearly revealed that FEN1 indeed could cleave the 5'-flap of FDP to initiate the subsequent
HRCA process.

A

==}

IS
o
S
=3

——— (a) with FEN1
= (b) without FEN1

o

w
S
=1
S

Fluorescence Intensity /a.u.
_
b
=3
=1

?

510 540 570 600 630
Wavelength /nm

@)

a b [ d e f | M 0
+ + + + + + L
< 2
- + + + = w | 2
-
5 4
-~ o T4DNA E
* * + ¥ ligase £
5
o — — Exo | & 4 == (a) without FEN1
S + + “I)JT 61 — (b) with FEN1
— - - — HRCA
# + mixture -8
0.5 0.4 03 02 0.1
Potential /V

Figure 1. Feasibility study. (A) Polyacrylamide gel electrophoresis under different conditions: (a) FDP,
(b) FDP + FENT, (c) FDP + FEN1 + T4, (d) FDP + FEN1 + T4 + Exo I and III, (e) FDP + T4 + Exo I andIII
+ HRCA mixture, (f) FDP + FEN1 + T4 + Exo I and III + HRCA mixture, (M) marker. (B) Fluorescence
spectra at present and absence of FEN1: (a) with FEN1, (b) without FEN1. (C) The DPV responses
with and without target: a) without FEN1; (b) with FEN1. The concentrations of FEN1 and FDP are
80 U/L and 5 nM, respectively.

In addition, fluorescence spectra have been also utilized to verify the proposed sensing
scheme (Figure 1B). SYBR Green I could be embedded into the holes of dsDNA, yielding
a strong fluorescent intensity at 530 nm. When FENT1 is added, an obvious fluorescence
emission could be recorded at 530 nm (curve a), indicating that plentiful dsDNAs were
produced. In contrast, in the absence of FEN1, very low fluorescence intensity was recorded
(curve b) because the FDP also has a certain amount of complementary structure. It is
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demonstrated that the FDP, T4 DNA ligase, and HRCA mixture are not capable to induce
HRCA to generate a large amount of dsDNA.

The feasibility of this sensor can be also verified by the change in the zeta potential
of the studied system before and after the reaction. As shown in Figure S1, a negative
potential of —40.99 mV was observed for the product of the sample with FEN1, which can
be attributed to the negatively charged phosphate on the amount of dsDNA molecular
skeleton. Concurrently, a negative potential of —8.06 mV was obtained for the product of
the sample without FENT1, indicating that no amplification reaction occurred in this system.
After incubating with positively charged MB, the zeta potential of the experimental group
changed to —26.65 mV, while the zeta potential of the control group turned into 2.62 mV.
This fact confirms the completion of the amplification reaction and successful embedding
of MB.

Furthermore, DPV responses were tested to examine this proposed sensing scheme.
As shown in Figure 1C, the DPV signal is significant in the absence of FEN1 (curve a). This
is because the amplification reaction cannot be initiated, which will not affect the MB in
the solution to freely diffuse to the electrode surface. When the FEN1 targets are present,
an obvious decrease in DPV signal can be found (curve b) because the HRCA reaction
generates a great amount of dsDNA and the DPV signal reporter MB molecules are mainly
embedded into the resulting dsDNA sequences. Thus, only a fraction of remaining MB
molecules can diffuse onto the ITO electrode surface to yield a much weaker DPV signal.

3.3. Optimization of the Experimental Conditions

To reveal the best performance of this homogeneous electrochemical sensor, the in-
fluence of FEN1 digestion time, HRCA reaction, and the concentration of MB on the final
readout have been investigated. Amongst these, the concentration of MB is a vital factor for
the performance of biosensors because an appropriate concentration of MB could assure
a satisfactory detection range and low background response. Firstly, the HRCA products
were treated with different concentrations of MB for 1 h. From Figure 24, it can be seen that
the DPV responses of both the blank sample and the one with FEN1 of 0.8 U/L gradually
increase with the increasing MB concentration. However, ACurrent values, namely the
difference in current in absence and presence of FEN1, progressively increase and sub-
sequently decrease slightly when the concentration of MB reaches 40 uM. Thereby, the
optimal MB concentration is settled as 40 pM.

The dosage of Bst DNA polymerase can directly affect the efficiency of HRCA. Figure 2B
shows that, along with the raising dosage of Bst DNA polymerase, the DPV peak current
sharply declines until 80 U/mL. After that, the DPV signals hardly change anymore, which
reveals that 80 U/mL of Bst DNA polymerase is suitable for the HRCA reaction. For HRCA
reaction, the concentration of dNTPs is also pivotal. As shown in Figure 2C, when the num-
ber of used dNTPs is more than 0.4 mM, the DPV current of the sample stops decreasing,
indicating that 0.4 mM is the minimum amount of dNTPs needed for the HRCA reaction.

Subsequently, different digestion time intervals and reaction times were evaluated.
As presented in Figure 2D, the current response firstly drops, and then reaches a plateau
after 70 min of digestion, suggesting that 70 min is long enough for completely cleaving
the flap of FDP. It is also observed from Figure 2D that, before reaching the lowest point at
100 min, the current is almost proportional to the HRCA reaction time. The current hardly
changes after 100 min of the HRCA reaction, which implied that 100 min is enough for the
amplification reaction. Such tests clearly demonstrate that the best digestion duration is
70 min, and the suitable HRCA reaction time is 100 min. Hence, these optimized conditions
have been used in the following assays.
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Figure 2. Condition optimization: (A) concentration of MB; (B) dosage of Bst DNA polymerase;
(C) concentration of dNTPs; (D) HRCA reaction time and FEN1 digestion time. The concentrations
of FEN1 and FDP are 0.5 U/L and 5 nM, respectively.

3.4. Performance of the Developed Homogeneous Electrochemical Biosensor

Under the optimal conditions, the analytical performance of this homogeneous elec-
trochemical biosensor was evaluated by testing a series of samples containing different
concentrations of FEN1. From Figure 3A, it is observed that, with the raising target con-
centration, the current intensity of the testing systems decreases synchronously. The inset
of Figure 3A showed that there is a linear relationship between the ACurrent and the
logarithmic concentration of FEN1 from 0.04 to 80.0 U/L. The fitted linear equation is
as follows:

ACurrent = 1.47 1gCppny +2.85  R2=0.996

where C represents the concentration of FEN1 (U/L), R is the meaning of the correlation
linear coefficient, and ACurrent is expressed in units of pA. The limit of detection (LOD)
of this biosensor is estimated to be 0.003 U/L (S/N = 3). As compared with the reported
sensors for FEN1 detection [12,13], this designed biosensor has a wide dynamic range,
higher sensitivity, and lower LOD since the HRCA reaction has greatly amplified the
detecting signals. That is to say, this designed homogeneous electrochemical biosensor
has a desirable linear range and high sensitivity, showing great potential in assessing
FENT1 activity.

Satisfactory selectivity and anti-interference are prerequisites for the practical applica-
bility of a sensing platform. The selectivity of this homogeneous electrochemical biosensor
was verified by choosing acetylcholinesterase (AChE), Dam methyltransferase (DAM), glu-
tathione (GSH), and bovine serum albumin (BSA) as interferences. Here, the interferences
concentration was set to 100 U/L, BSA was set to 50 pug/mL, and FEN1 concentration
was set to 8 U/L. None of these interferences can cleave 5’ -flap from the FDP substrate
to generate a dumbbell-shaped padlock probe, and thus, no HRCA can be initiated. As
a result, as shown in Figure 3B, the DPV signal changes (ACurrent) after adding these
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interferences are much smaller than significant signal changes upon the addition of the
FEN1. These results suggest that this designed biosensor has good specificity for FEN1
detection and prominent selectivity towards its analogs.
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Figure 3. (A) Relationship between DPV peak current and FEN1 concentration. Insert: Calibration
curve between ACurrent and the logarithm of the target FEN1 concentration. (B) Selectivity of
the proposed homogeneous electrochemical biosensor in the presence of 8 U/L FEN1 and other
interferences. (C) Reproducibility of the proposed electrochemical biosensor. (D) Test in the cell

lysates of HaCaT and AGS cells by the proposed sensor. The error bars show the standard deviation
of three replicate determinations.

The reproducibility of this proposed electrochemical biosensor was evaluated by re-
peated assays three times at 0.08 U/L, 0.8 U/L, and 8 U/L, respectively (see Figure 3C). The
root square deviation (RSD) of each group (1 = 3) at the equal concentration is 4.3%, 2.6%,
and 1.9%, respectively, indicating that this proposed biosensor has good reproducibility. In
addition, stability is also an important indicator to confirm the excellent performance of
biosensors. Five treated ITO electrodes were used to detect the same sample (2.0 U/L FEN1)
to obtain the stability curves, as shown in Figure S2. The RSD of current intensity is 2.6%
(n = 5), meaning that this electrochemical biosensor has satisfactory stability. These test
results verify the superior performance of this proposed electrochemical sensing platform.

3.5. Application of Biosensor to Detect FENT in Practical Samples

To assess the capability of the designed biosensor in practical application, this elec-
trochemical biosensor was further applied to evaluate the FEN1 levels in cell lysates. Two
cell lines, i.e., AGS (the FENI level positively correlated with the progression of gastric
cancer) and HaCaT (the FEN1 level barely changed) were selected. As shown in Figure 3D,
a significant current signal drop has been observed after adding the AGS cell lysates in
the range of 10~10* cells, while the current scarcely decreases upon adding the HaCaT cell
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lysates with the equivalent cell number. This indicates that the proposed homogeneous
biosensor has a satisfactory performance in the practical evaluation of FENT1 activity.

4. Conclusions

In this study, a label-free homogeneous electrochemical biosensor with ultra-high
sensitivity and selectivity was proposed for FEN1 activity detection based on the HRCA
technology. The well-designed FDP with 5'-flaps can be cleaved by FEN1 to form the
dumbbell DNA probes, which can trigger HRCA reactions to generate dsDNA sequences.
The resulting dsDNA could hinder the MB indicators to diffuse onto the IPO electrode
surface, which leads to a decrease in electrochemical signals. The signal change had a
direct relationship with the FEN1 concentration. Moreover, this biosensor is capable of
quantifying the FEN1 activity in cell lysates with satisfactory results, indicating that this
proposed electrochemical strategy has the potential to serve as a new method for FEN1
clinical assay.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390 /bios12070528 /s1, The details of materials and reagents, cell
culture and protein extraction; Figure S1: Zeta potential characterization of this sensor; Figure S2:
Stability of the proposed biosensor.
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Abstract: A ratiometric electrochemical biosensor based on a covalent organic framework (COFrp;trpp)
loaded with acetylcholinesterase (AChE) was developed. First, an electroactive COFry; tppg with
a two-dimensional sheet structure, positive charge and a pair of inert redox peaks was synthe-
sized via a dehydration condensation reaction between positively charged thionine (Thi) and 1,3,5-
triformylphenylbenzene (TFPB). The immobilization of AChE on the positively charged electrode
surface was beneficial for maintaining its bioactivity and achieving the best catalytic effect; therefore,
the positively charged COFry,;.Tppp Was an appropriate support material for AChE. Furthermore, the
COFrpi-Trpp provided a stable internal reference signal for the constructed AChE inhibition-based
electrochemical biosensor to eliminate various effects which were unrelated to the detection of car-
baryl. The sensor had a linear range of 2.2-60 uM with a detection limit of 0.22 uM, and exhibited
satisfactory reproducibility, stability and anti-interference ability for the detection of carbaryl. This
work offers a possibility for the application of COF-based materials in the detection of low-level
pesticide residues.

Keywords: carbaryl; acetylcholinesterase; covalent organic framework; inhibition-based electrochem-

ical biosensor

1. Introduction

Carbaryl as a kind of carbamate pesticide has been widely applied in agricultural
products due to their short-term toxicity and high insecticidal activity [1-4]. However,
because of the bioaccumulation effect, a large amount of residual carbaryl in water, soil,
food and the environment enter the human body through the skin, respiratory tract,
digestive tract, etc., resulting in irreversible damage [5-8]. Therefore, it is crucial to
achieve rapid detection and reliable quantification of carbaryl. Traditional detection
methods, such as chromatography [9-12], surface-enhanced Raman spectroscopy [13-15],
immunoassay [16,17], etc., have been developed very well, with high sensitivity and accu-
racy in the determination of pesticide residues in water and agricultural products. How-
ever, the limitations lie in the complex sample handling process, the use of highly toxic
organic solvents and the expensive and complex instruments that require professional
testing [18-20].

Nowadays, acetylcholinesterase (AChE) inhibition-based electrochemical biosensors
have attracted great attention with regard to the detection of carbaryl and other carbamate
pesticides due to their advantages of non-toxicity, simplicity, miniaturized, high specificity
and high sensitivity [21-23]. For example, Loguercio et al. established the biosensor for the
detection of carbaryl by immobilizing AChE on the polypyrrole nanocomposite, showing
satisfactory results [24]. Zhang et al. used graphene as the support material to load AChE,
and the constructed sensor realized the chiral recognition of (+)/(—)-methamidophos [25].
Considering that acetic acid, the hydrolysate of acetylthiocholine (ATCh), can induce the
collapse of unstable metal-organic frameworks (MOFs), Li et al. prepared a biodegradable
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ZIF-8/MB composite using the one-pot method and realized ultrasensitive detection of
paraoxon by using AChE as the recognition molecule [26]. The mechanism of the AChE
inhibition-based electrochemical biosensors is that the carbamate pesticides make the
serine residue hydroxyl group of the AChE catalytic center be carbamylated, resulting
in a decrease in its activity or even making it completely inactive. Thus, the catalytic
hydrolysis of ATCh is weakened, leading to a decrease in the production of thiocholine
(TCh). The response current of TCh is inversely proportional to the concentration of
carbamate pesticides such as carbaryl; therefore, this causes the simple, efficient and
sensitive detection of carbaryl [27-31].

The following two points are of great significance for the construction of high-performance
AChE inhibition-based pesticide electrochemical sensors. Firstly, choose an appropriate
support material to immobilize the enzyme and maintain its activity [32-34]. Suitable
electrode support materials should allow a large number of enzymes to be loaded and
provide a good microenvironment for maintaining enzyme activity [35-37]. Yang et al.
reported that fixing AChE on the support material with a positive charge not only favors
the maintenance of its bioactivity, but also promotes electron transport between the AChE
and electrode surface [38]. Secondly, the influence of the background current and change-
able environmental conditions on sensor performance should be avoided [39-41]. The
traditional single-signal electrochemical sensors have low accuracy and sensitivity and poor
reproducibility because their electrochemical signal is easily affected by the background cur-
rent of the workstation and environmental conditions such as temperature and pH [42,43].
Fortunately, dual-signal ratiometric electrochemical sensors have emerged [44-46]. Wang
et al. coated an electroactive covalent organic framework (COFpitppp) on the surface
of carbon nanotubes (CNTs) using the one-pot method, and the prepared COFry; rrpp-
CNT nanocomposite was used for electrochemical ratiometric detection of AA. Since the
monomer thionine (Thi) was positively charged, the positively charged COFry;_rppp could
self-peel into large-sized two-dimensional crystal nanosheets, and a pair of redox peaks
of the COFp;.Trpg Was inert to the detection of AA; thus, it could be used as a reference
signal [47].

Here, an electrochemical sensor based on the COFry,;.trpg [48-51] loaded with AChE
for the detection of carbaryl is proposed. The positively charged COFnitppg can be
easily stripped into two-dimensional nanosheets, and modified on the surface of a bare
glassy carbon electrode (GCE) without adhesives or conductive agents. The positively
charged COFThi—TFPB is conducive to effectively maintaining the bioactivity of AChE
and achieving the best catalytic effect. Its inherent redox peak at 0/ —0.22 V is inert to the
detection of carbaryl, which could be used as a reference signal to further improve the
sensitivity and accuracy of the detection. The prepared sensor shows good reproducibility,
stability and anti-interference ability. This work proposes an efficient strategy to immobilize
enzymes using an electroactive COF as a support material.

2. Experimental Procedure
2.1. Materials and Reagents

1,3,5-triformylphenylbenzene (TFPB) and thionine (Thi) were purchased from Jilin
Yanshen Technology Co., Ltd., (Beijing, China). N,N-dimethylformamide (DMF), N,N-
dimethylacetamide (DMA), mesitylene, tetrahydrofuran (THF), acetic acid (AcOH), acetyl-
cholinesterase (AChE), acetylthiocholine (ATCh) and other chemicals were purchased from
Inokay Co., Ltd. (Beijing, China). Carbaryl was purchased from Mokai Nike Technology
Co., Ltd. (Jiangxi, China).

2.2. Instruments

Scanning/transmission electron microscopy images (SEM/TEM) were obtained via
the HITACHI S-3400N SEM and JM-2010 (HR) TEM (Chiyoda City, Japan), respectively.
Atomic force microscopy (AFM) images were obtained via the instrument model BRUKER
Nanoscope V (MultiMode 8) (Billerica, MA, USA) multifunctional scanning probe micro-
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scope. Fourier transform infrared spectroscopy (FTIR) was recorded on model Perkin-Elmer
Spectrum 100 spectrometer (Waltham, MA, USA). N, adsorption/desorption isotherm mea-
surements were operated using a BELSORP-mini II instrument (Microtrac, Haan/Duesseldorf,
Germany) under the liquid nitrogen temperature of 77 K. Powder X-ray diffraction (XRD)
analysis was performed on the D/Max 2500 V/PC X-ray powder diffractometer (Rigaku,
Tokyo, Japan) with a scanning step of 1°/min. All electrochemical studies were performed
on an electrochemical workstation (CHI 760D, Shanghai, China).

2.3. Preparation of COFpi.Trpp

Firstly, 0.2 mM TFPB and 0.3 mM Thi were added to a mixture with 2 mL of 1,4-
dioxane, and 1 mL of mesitylene and DMF, and ultrasound was performed for 15 min.
Next, it was transferred to a 25 mL reaction kettle with 0.2 mL (concentration: 6 M) acetic
acid (used as an initiator), and placed in an oven at 120 °C for three days. Finally, the
dark-blue COFqnitppg Was obtained by centrifugation and freeze-drying [52].

2.4. Preparation of AChE/COFry,;.trpp/GCE

Firstly, the surface of the glassy carbon electrode (GCE) was treated with Al,O3,
ethanol and ultrapure water until smooth and clean. Then, 5 pL of the 2 mg/mL COFy;_1rpp
was dropped on the electrode surface. After drying, AChE/COFry; 1ppp/GCE was pre-
pared by dropping 0.4 mM AChE on the modified electrode. The detection mechanism of
carbaryl is shown in Scheme 1.

Detection of carbary;

ATCh TCh ATCh TCh
v
AChE
s E »,-E
g o
= carbaryl =
E/V vs.SCE E/V vs.SCE

Scheme 1. Schematic illustration for the detection mechanism of carbaryl.

3. Results and Discussion
3.1. Characterization of COFp;-rrpp

SEM (Figure 1a), TEM (Figure 1b) and AFM (Figure 1c) showed that the COFqpitrpp
owned a film-like lamellar structure, and the thickness was about 1.42 nm, which was
very favorable for the immobilization of AChE [53,54]. Next, an FTIR spectrum and
XRD pattern were used to demonstrate the successful synthesis of the COFpy;.rgpp. The
spectrum of the COFpy;tppg showed that a new peak of -C=N- appeared at 1658 cml,
whereas the disappearance of N—H in -NHj at 3292 cm ™! and C=0 in ~-CHO at 1689 cm~ 1.
Meanwhile, the stretching vibration peaks corresponding to -CH in ~-CHO at 2714 cm ™! and
2834 cm ! disappeared. These results demonstrated that the COFp;.Tppp Was synthesized
successfully (Figure 1d). The XRD pattern further confirmed the successful synthesis
of the crystalline COFy;tppp (Figure le). Diffraction peaks at 6.67°, 8.48°, 11.34°, 25.8°
and 45.6° corresponded to (100), (110), (210), (152) and (111) crystal planes. The N,
adsorption/desorption isotherm of the COFrp;.tppg showed that the specific surface area
was 67.4 m? g~ ! (Figure 1f).
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Figure 1. SEM, TEM and AFM images of COFp;_rgpp (a—¢). FTIR spectrum (d), XRD pattern (e) and
N adsorption/desorption isotherm (f) of COFp;_tppg.

3.2. Electrochemical Behaviors of COFy,;.rppp/GCE and AChE/COFry;.rppp/GCE

To successfully construct an electrochemical sensor for ratiometric detection of carbaryl,
the introduced internal reference signal should have good stability and a suitable oxidation
potential. Therefore, the electrochemical performance of the COFry; rppp was evaluated by
cyclic voltammetry (CV). As shown in Figure 2a, compared with the TFPB/GCE (b) without
a peak, both the COFry;.rppp/GCE (c) and Thi/GCE (a) had two pairs of redox peaks at
the same potential, indicating that the peaks on the COFry;.tppg/GCE came from the
electroactive Thi. Next, the CV of the COFyy;_1rpg/GCE was investigated at different scan
rates. It could be seen that the positions of their redox peaks were basically unchanged
with the increase in scanning rate (Figure 2b). The redox peak at —0.2/—0.07 V was caused
by the electrochemical reaction of Thi in the COFry;.rppp, and the redox peak at 0/ —0.22 V
was due to the conjugated structure of Thi in the COFry;.1ppp [55]. With the increase in
scanning rate, the peak current density of the two redox peaks of the COFyprppp also
increased and showed a good linear relationship, indicating that the reaction process was a
typical surface control process (Figure 2c). Based on the linear regression equation between
the anodic/cathodic peak potential and natural logarithm of the scan rate (Figure 2d), it
could be calculated that the electron-transfer number (n) was 1, and the electron-transfer
coefficient («xs) was 0.369 when the redox potential was 0/—0.22 V [56].

Then, CV and electrochemical impedance spectroscopy (EIS) tests were performed
using 5.0 mM [Fe(CN)¢]*>~/4~ in a 0.1 M KCl solution as a probe to investigate the electro-
chemical behaviors of the COFy;.tppg/ GCE and AChE/COFy;.trpg/GCE. As shown in
Figure 3a, compared with the bare GCE (curve a), the peak current of [Fe(CN)¢]*~/4 on
the COFry;1rpp/ GCE (curve b) was slightly increased, and the peak-to-peak potential dif-
ference was slightly decreased. This result might be attributed to the electrostatic attraction
between the negative [Fe(CN)¢]>~/4~ and the positive COFqpitrpp. In the meantime, the re-
dox peak of [Fe(CN)g]>~/4~ on the AChE/COFy;trpg/GCE (curve ¢) owned the smallest
peak current and the largest peak-to-peak potential difference. It was mainly due to the poor
conductivity of AChE, which would hinder the electron transport between [Fe(CN)6]3*/ 4-
and the surface of the electrode [57,58]. The charge transfer resistance (R¢) values of the
bare GCE, COFThi—TFPB/GCE and AChE/COFThi_TFPB/GCE were 31.3 (), 8.5 () and 288.1 (),
respectively (Figure 3b). In conclusion, compared with the COFry;.1rpp/GCE, the peak
current of [Fe(CN)¢]>~/4~ on the AChE/COFp;.1rps/GCE decreased and the Ry value
increased, which directly proved the successful fixation of AChE on the COFry;tppp/GCE.
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Figure 2. (a) CV of TFPB/GCE (curve b), Thi/GCE (curve a) and COFy;-trpp/GCE (curve c) in
0.1 M Njp-statured PBS (pH = 7.0). (b) CVs of COFrpi.1ppg/GCE at different scan rates (50 mV s~
to 500 mV s~1) in 0.1 M N,-statured PBS (pH =7.0). (c) The corresponding fitting curves between
current density and scan rates. (d) The corresponding fitting curves between Ep and In v.
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Figure 3. (a) CVs and (b) EIS of bare/GCE (curve a) and COFyytrpg/GCE (curve b),
AChE/COFrpi1epp/GCE (curve ¢) in 0.1 M KCI solution with 5.0 mM [Fe(CN)¢]>~/4~. Inset in
b is its equivalent circuit.

3.3. Optimization of the Experimental Conditions

It was known that when at the optimum pH value, the binding ability of the enzyme
molecule to the substrate was the strongest and the enzyme reaction rate was the highest;
however, if the pH was too large or too small, the enzyme might be inactivated [59,60].
Therefore, the pH value of the solution was optimized. As shown in Figure 4a, when
pH = 7.0, the current density of the AChE/COFry;1rpg/GCE was the largest in the 0.1 M
PBS with 0.6 mM ATCh and 5 uM carbaryl. Then, the amount of the COFry;.rppg modi-
fied on the electrode surface was optimized (Figure 4b), which showed that the optimal
volume was 5 pL (concentration: 2 mg/mL). Next, considering that the amount of loaded
AChE and the concentration of substrate molecule ATCh had important influence on the
detection results, they were also optimized. It could be observed that it was best to set the
concentration of AChE and ATCh at 0.4 mM and 0.6 mM in the subsequent experiments,

49



Biosensors 2022, 12, 625

respectively (Figure 5a,b). Figure 5c showed the relationship between the catalytic activity
inhibition of AChE and the incubation time. The inset is the formula for calculating the
percentage of inhibition (I%), where jpconirol Was the original current density recorded by
the AChE/COFry;.trpp/GCE in 0.1 M PBS (pH = 7.0) with 0.6 mM ATCH, jpeyp was the
residual current density recorded after immersing in 0.1 M PBS (pH = 7.0) with 0.6 mM
ATCh and 5 uM carbaryl for 0, 4, 8, 12, 16, 20 and 30 min. All in all, when the concentra-
tion of AChE was 0.4 mM, ATCh was 0.6 mM and the incubation time was 20 min, the
performance of the AChE/COFy;.1rpp/GCE sensor was the best.
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Figure 4. The plots of peak current density versus different pH (a) and different volumes of
COFrpitrpp (b).
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Figure 5. The plots of peak current density versus different concentrations of AChE (a), different
concentrations of ATCh (b) and different incubation times (c).

3.4. Electrochemical Detection of Carbaryl Based on AChE/COFy,;.trpp/GCE

Firstly, the affinity of AChE fixed on the COFpyirppg to ATCh was investigated.
Figure 6a shows the relation curve between response current density and time after contin-
uously adding ATCh. It could be seen that there was a good linear relationship between
the oxidation peak current density and the concentration of ATCh between 0.01 mM
and 0.27 mM. However, the slow-response current density at higher concentrations of
ATCh indicated a Michaelis-Menten process. According to the slope and intercept of
the linear regression equation in Figure 6b, the Michaelis-Menten constant (Km) was
calculated to be 0.24 mM. This value was lower than 0.622 mM as measured by the
AChE/COF@MWCNTs/GCE [61], suggesting good affinity between the enzyme and
the substrate. Then, a ratiometric electrochemical sensor based on the AChE/COFry;_1rpp
was used to detect carbaryl in 0.1 M PBS (pH = 7.0) containing 0.6 mM ATCh. As shown in
Figure 7a, the peak current density of the COFy; rppp at -0.05 V was basically unchanged
with the addition of carbaryl, whereas the peak current density of TCh at 0.6 V gradually
decreased. This was because the toxic effect of carbaryl on AChE led to a decrease in the
amount of TCh, and then, the electrochemical signal was weakened. The inset in Figure 7a
shows the linear relationship between jrch /jcor and the concentration of carbaryl, where
the linear range of the carbaryl sensor was 2.2-60 uM and the detection limit was 0.22 M.
The performance of the AChE/COFy;_trpg/GCE sensor was compared with other sensors
(Table 1). It could be seen that the detection limit of this sensor was lower than that based
on Au/PAMAM/GLUT/AChE (3.2 uM) and MWCNT/PANI/AChE (1.4 uM).
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Figure 6. (a) Amperometric response current density for AChE/COFry; tppg/GCE obtained by
continuously adding ATCh in 0.1 M PBS (pH =7.0) with constant stirring at a voltage set to 0.7 V. Inset:
the plots of response current density versus different concentrations of ATCh. (b) The Lineweaver—
Burk plot.
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Figure 7. (a) The DPV response of AChE/COFr;.rppg/GCE in 0.1 M PBS (pH = 7.0) containing
0.6 mM ATCh with different concentrations of carbaryl. (Inset: fitting curve between current den-
sity and the concentration of carbaryl). (b) The selectivity of AChE/COFy;.rgpg/GCE in 0.1 M
PBS (pH =7.0) with 0.6 mM ATCh, 10 uM carbaryl and 50 uM interferences. (c,d) The stability
and reproducibility of AChE/COFry;tppg/GCE in 0.1 M PBS (pH = 7.0) with 0.6 mM ATCh and
5 uM carbaryl.

The selectivity of the AChE/COFry;.trpp/ GCE sensor was investigated in 0.1 M PBS
(pH = 7.0) with 0.6 mM ATCh, 10 uM carbaryl and 50 uM interferences. It could be seen
that these interferences had little effect on the peak current density (Figure 7b). Then, one
AChE/COFp;1rpg/GCE was used to measure the corresponding peak current density
of 5 uM carbaryl in 0.1 M PBS (pH = 7.0) with 0.6 mM ATCh for 30 days. The relative
standard deviation (RSD) was only 1.15%, indicating that the AChE/COF;_tppg/GCE
sensor had good stability (Figure 7c). The RSD of 5 uM carbaryl detected by six independent
AChE/COFry;1rpp/ GCEs was 1.45% in 0.1 M PBS (pH = 7.0) with 0.6 mM ATCh (Figure 7d).
The good stability and reproducibility might be attributed to the fact that the positively
charged COFry;tppp could immobilize the AChE enzyme and maintain its activity, and its
oxidation peak played a self-correcting role in the detection of carbaryl.
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Table 1. Performance comparison of several carbaryl electrochemical sensors.

Electrode LOD (uM) Linear Range (uM) Reference
GC/rGO/AChE 0.0019 0.2-10 [62]
Au/PAMAM/GLUT/AChE 3.2 1-9 [63]
Nafion/ AChE/CHIT/IAM 0.004 0.005-5.0 [64]
AChE-MWCNTs/GONRs/GCE 0.0017 0.005-5.0 [65]
AChE/PDDA-MWCNTs-GR/GCE 0.001 0.255-14.9 [66]
MWCNT/PANI/AChE 1.4 9.9-49.6 [67]
GO-IL/GCE 0.02 0.1-12.0 [68]
ZXCPE 0.3 1-100 [69]
CB-NP electrode 12 25-125 [70]
IL/CC 14 10-75 [71]
AChE/COFThl_TFPB/GCE 0.22 2.2-60 This work

3.5. Detection of Carbaryl in Vegetable Samples

In addition, the AChE/COFry;.trpp/GCE sensor and high-performance liquid chro-
matography (HPLC) were used to detect carbaryl in real samples to demonstrate the
practical application capability of the sensor. Firstly, a 100 g lettuce sample was chopped
and put into a juicer containing 100 mL of 0.1 M PBS (pH = 7.0). Then, the obtained mixture
was filtered, and the filtrate was used as the actual sample. Next, different concentrations
of carbaryl were added to the actual sample, and the carbaryls in the actual samples were
determined by the AChE/COFry; 1rpg/ GCE sensor and HPLC. The obtained results are
shown in Table 2. It could be seen that the carbaryl content in the actual samples obtained
by the AChE/COFry;.trpp/ GCE sensor was close to the results of the HPLC test, which
proved that the AChE/COFy;tppg/GCE sensor has the potential to detect carbaryl in
real examples.

Table 2. The detection of carbaryl in lettuce juice by AChE/COFy;.tppg/GCE and HPLC.

Average o o _ o _
Sample Added (uM) Found (uM) Value (uM) Recovery (%) RSD (%,n=3) HPLC(uM) RSD (%, n=3)
1 0 - - - - -
2 5 4.85,5.03,4.96 4.95 99 1.8 4.98 1.8
3 10 10.2,10.8,9.8 10.27 102.7 4.9 10.33 4.9
4 20 20.7,20.1,20.5 20.4 102 15 20.45 1.5

4. Conclusions

The development of efficient, good, stable and reproducible AChE inhibition-based
electrochemical biosensors might rely on the immobilization of the enzyme on suitable
support materials and the introduction of internal reference signals to eliminate irrelevant
effects in detection. In this work, a ratiometric electrochemical sensor was constructed
by using the positively charged COFry;.7ppp With an inert redox peak as the support
material to load the AChE enzyme. The COFy;_rppp could immobilize the AChE enzyme
and maintain its activity. On the other hand, its inherent redox peak at 0/—0.22 V was
inert to the detection of carbaryl, which could be used as a reference signal to further
improve the sensitivity and accuracy of the detection. The linear range of this sensor was
2.2-60 uM, the detection limit was 0.22 uM, and it had good selectivity, reproducibility and
stability. This suggests that this material has the potential to be applied to detect low-level
pesticide residues.
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Abstract: Advancements in robotic surgery help to improve the endoluminal diagnosis and treatment
with minimally invasive or non-invasive intervention in a precise and safe manner. Miniaturized
probe-based sensors can be used to obtain information about endoluminal anatomy, and they can be
integrated with medical robots to augment the convenience of robotic operations. The tremendous
benefit of having this physiological information during the intervention has led to the develop-
ment of a variety of in vivo sensing technologies over the past decades. In this paper, we review
the probe-based sensing techniques for the in vivo physical and biochemical sensing in China in
recent years, especially on in vivo force sensing, temperature sensing, optical coherence tomogra-
phy/photoacoustic/ultrasound imaging, chemical sensing, and biomarker sensing.

Keywords: minimally invasive surgery; endoluminal intervention; physical sensing; biochemical
sensing; in vivo diagnosis

1. Introduction

Surgical procedures can be divided into three main categories: open surgery, minimally
invasive, and non-invasive surgery. Minimally invasive surgery (MIS), implementing the
procedure through small incisions or natural orifices, has developed rapidly in recent
decades, and continues to expand in many indications, such as cardiovascular, pancreatic,
gastric, and endometrial cancers [1]. For example, the number of minimally invasive
cardiovascular surgeries in 2019 in China reached 51,354, a 24.0% increase from 41,430
the year before [2]. Especially with the emergence of robotic surgery, minimally invasive
surgery techniques relieve the patient’s pain greatly, because of the shorter operation time,
lower risk, small incision, and more precise medicine [3-5].

The structures of commercial needle [6], guidewire [7], catheter [8], balloon [9], con-
tinuum robots [10-13], and other medical instruments, whose outer diameter is down to
several millimeters, submillimeters, or even micro-millimeters, are naturally fit for mini-
mally invasive surgery due to their slender characteristics (typical lumens or cavities of
humans are shown in Figure 1). Especially after introducing continuum robots to surgery,
diagnosis or treatment can be introduced deep into the human anatomy after passing
through tortuous lumens [14,15].

During the operation procedure, surgeons cannot recognize the precise status of the
robots in an uncertain environment without the sensing capability. To improve surgical
performance, medical robots or devices can be mounted with sensors to collect interaction
or surrounding information, including contact force [16-18], surrounding temperature,
vision [19,20], and geometrics or pathology inside the vessels [21-23]. Additionally, to
detect diseases in their early stages before symptoms appear, it is significant to make
deep tissue diagnoses. Biochemical sensing plays an important role in early diagnosis.
When tissues produce adverse effects and pathological changes, the body release important
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chemical signals or biomarkers, such as pH [24-26], superoxide anion [27], glucose [28-31],
specific proteins [32], and H,O, [33]. The expression of these signals often precedes the
noticeable decline in tissue or organ function.

2. Cardiovascular 1. Bronchus

3.Stomach

4. Intestinal tract

5.Bladder

Figure 1. Typical lumens or cavities of humans.

In this paper, we focus on probe-based biosensors (as shown in Figure 2), includ-
ing sensors with “probe” shapes, such as needle-based, guidewire-based, catheter-based,
balloon-based, and continuum robot-based sensors. We review these sensors from the
perspectives of in vivo physical sensing techniques, including force sensing, temperature
sensing, optical coherence tomography (OCT) imaging, photoacoustic (PA) imaging, and
ultrasound (US) imaging, and biochemical sensing techniques developed by domestic
researchers in recent years. Based on this review, we aim to provide a different perspec-
tive focused on interventional surgery. This will support the optimization of the sensors’
structural design and surface modification, and improve the devices” functionality and
integration level.
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Figure 2. Overview of probe-based sensing techniques for in vivo diagnosis. Various probe-based
sensors have been developed to detect physical and biochemical signals in vivo.
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2. Probes for In Vivo Physical Sensing
2.1. Probes for In Vivo Force Sensing

Visual feedback is a basic function for surgeons in minimally invasive operations, but
this single-mode feedback is not sufficient for delicate manipulation. Force sensing can
provide intuitive, real-time, and interactive feedback to the operator. Therefore, it plays an
important role in the high-quality diagnosis of biomedical environment [34,35].

2.1.1. Fiber Bragg Grating-Based Force Sensor

Fiber Bragg grating (FBG) is a periodic grating with a different refractive index to
the core of silica optical fiber. The refractive index of periodic FBG is usually modified by
UV exposition. The spatial period of the grating, as well as the refractive indices of the
core, are quantities that depend on mechanical strain and temperature, resulting in the
change of detected reflected wavelength. This can be used for accurate axial micro-strain
measurements at high sampling rates in real time [36,37]. The principle of FBG for force
sensing is shown in Figure 3.
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Figure 3. Mechanism of FBG-based force sensing. The FBG reflects the specific wavelength related to
grating period, which can be changed with the axial strain. According to the physical characteristics
and the reflected wavelength, the axis force can be calculated.

Optical fiber is a common optical waveguide for the transmission of light signals [38].
FBG-based optical fiber sensors have many advantages, such as high flexibility, lightweight,
dielectric suitability, and MRI compatibility. Additionally, owing to optical fiber’s inherent
vantages that include miniaturized size, biocompatibility, and intrinsic sensing elements, it
is suitable for fragile or confined environments, such as the intra-body parts of humans.

FBG sensors have been widely employed as surgical tools and biosensors, showing a
great potential for biomedical engineering [39]. Flexible probes allow performing large-area
tissue scanning or palpation for early stage cancer screening, which need to provide a gentle
contact between the probe and tissue. During this procedure, a continuum manipulator
equipped with a force/torque sensor is necessary [40]. Comparative studies between
medical imaging-based visual operation and tactile force feedback-assisted operation reveal
the superiority of interventional therapy with tactile force feedback [41]. The availability
of tactile force feedback could reduce perioperative complications. Wang et al. proposed
a scanning device for intraoperative thyroid gland endomicroscopy with one degree of
freedom (DOF) FBG force sensor [42]. To obtain more information for clinical surgery, force-
sensing devices with more degrees of freedom have been studied. Ping et al. presented
a 3-DOF scanning device including an axial linear motion for approaching the tissue and
two bending DOFs for surface scanning. To adapt the structure of commercial platforms,
such as a standard endoscope, four FBG sensors were integrated into a 2.7 mm continuum
robot. Three FBG sensors measured the transverse forces, while the other FBG sensor
monitored the axial forces. Then, the flexible instrument with the FBG sensors was used
for gastric endomicroscopy [43], as shown in Figure 4a. To avoid the failure of FBG, five
single-mode fibers were buried into the deformable matrix in parallel rather than being
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simply pasted on the surface of robot. Ex vivo tissue palpation was implemented to
validate the effectiveness of the sensor, and surface reaction forces and hard inclusions
could be identified. In addition to producing force feedback for localizing tissue hard
inclusions, an FBG-based fiber matrix was employed to reconstruct the surface profile of
tissues during the process of palpation [44], as shown in Figure 4b. The moment can also
influence the accuracy of sensing. The use of flexures coupled with FBG sensors has been
demonstrated with high accuracy and repeatability for tissue force sensing. So, in Gao’s
work, a decoupling sensitivity matrix based on beam theory was presented to analyze the
tip force and moment [45], as shown in Figure 4c.

In addition to tip force for palpation, lateral contact between the continuum robot
body and the surrounding environment is unavoidable. The calculation of the distributed
strain along the fiber body may provide diagnoses of diseases, such as motility of the
gastrointestinal tract. Zhang et al. proposed a distributed hyperelastic elastomer-packaged
pressure sensor for lateral force sensing [46].

However, temperature noise is a common negative interference for fiber-optical sens-
ing. To reduce the thermal noise effect on biosensors, Ran et al. employed a single microfiber
Bragg grating-based biosensor with second and third harmonic resonance. During the
heating process, the third harmonic resonance held a distinct response with respect to the
second harmonic resonance, and thus the thermal noise can be decoupled [47].

2.1.2. Electrical-Based Force Sensing

Electrical-based force sensing has the longest history of development and the most
widespread application. A variety of electrical-based force sensors based on triboelectric
nanogenerator, capacitive sensors, piezoresistive sensors, strain gauges, etc., have been
attempted for minimally invasive surgical instruments. The capacitive theory is one of
the most common methods used for force sensing. Senthil et al. proposed a stretchable
capacitive-based pressure sensor patch, which can be integrated onto balloons towards
continuous intra-abdominal pressure monitoring [48], for example, as shown in Figure 4d.
Triboelectric nanogenerator, as a kind of new developing technology, and its application
in force sensing has attracted more and more attention. Liu et al. reported an endocardial
pressure sensor based on a triboelectric nanogenerator, which is not only flexible but
also self-powered [8]. The sensor was assembled into a surgical catheter for minimally
invasive surgery (MIS), and the endocardial pressure was monitored by using the changes
in voltage. To sense the grasping force of surgical robots, some efforts need to be made
at the integration of electrical-based sensors and small grippers. Hou et al. developed
a biocompatible piezoresistive triaxial force sensor chip, which was integrated into the
grip of a continuum robot to sense the grasping force of the MIS [49]. Yu et al. presented
surgical forceps that consisted of double grippers with 3D pulling and grasp force sensing,
and a simple structure with a double E-type strain beam was used as the substrate to
minimize the size of the robot [50,51]. The main principle of these force sensing devices was
to transform the voltage changes in the strain gauges into the force with a mathematical
model. Machine learning is also used in electrical-based force sensing. Shi et al. proposed a
method of force detection for a surgical robot, where the 3D force of the end-effector was
decomposed by using an elastic element with an orthogonal beam structure. Moreover,
a machine algorithm was used to learn the relationship between the acting force and the
output voltage [52]. Other researchers also achieved the force sensing of robotics MIS with
electromagnetic sensors, but most of the robots integrated with these sensors were hard to
miniaturize, due to the rigid body or large diameter of the sensors.

2.1.3. Other Techniques

Two-photon printing is a powerful technique to fabricate micro- or nanostructures
for force sensing. With the continuous miniaturization of surgical instruments, force
sensors based on micro or nanostructures have gradually become a research hotspot.
Zou et al. proposed a Fabry-Perot-based nanonewton-scale force sensor, which was
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printed on a single-mode fiber tip to measure the adhesion forces applied on the surfaces
of micro/nanoscale structures [53]. A combination of multiple manufacturing methods
can provide a possible for complex microstructure to sensing. Li et al. exploited micro-
3D fabrication technology combining two photon polymerization and carbon-nanotube
spraying techniques to construct a microspring-based electrical resistive sensor on the tip
of a continuum robot. To demonstrate its potential, the device was employed to monitor
human arterial pulses and real-time non-invasive intraluminal intervention [54], as shown
in Figure 4e.
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Figure 4. Probes for in vivo force sensing. (a) Flexible medical instrument for 3-axis force sensing [43].
(b) An elastic element with an orthogonal beam structure for end-effector 3D force decomposing [44].
(c) A spiral FBG force sensors-based method to measure the force and torque applied at the tip of
the probe. Reprinted with permission from Ref. [45]. Copyright 2020, Elsevier. (d) A stretchable
capacitive-based pressure sensor for continuous intra-abdominal pressure monitoring [48]. (e) Printed
micro-spring with a carbon-nanotube force sensing layer on the tip of a continuum robot achieving a
non-invasive intraluminal intervention. Reprinted with permission from Ref. [54]. Copyright 2019,
American Chemical Society.

2.2. Probes for In Vivo Temperature Sensing

Thermal therapy, such as laser ablation and optogenetics, is a commonly surgical pro-
cedure in precision medicine. Ablation, especially laser treatment, is a medical procedure
to remove diseased tissue and optogenetics is a method to study the relationship between
biological conduction and light. To prevent the tissue from overheating during the process
of the aforementioned operation, tissue temperature needs to be accurately monitored to
ensure the quality and efficiency of therapy.

In order to achieve this, a flexible device, which contains platinum microsensors with
a linear temperature-resistance relationship and flexible interconnects, was attached to
the surface of the medical cryoballoon to detect the temperature distribution. Platinum
(Pt) was chosen due to its properties of biocompatibility and thermal-resistance linearity.
The temperature sensing ability of the device was verified by an ex vivo porcine heart
cryoablation experiment [55], as shown in Figure 5a. Additionally, a silicon-based probe
with Pt-based thin-film thermal-resistance sensor was proposed to reach deep tissues [56],
as shown in Figure 5b.
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Franz et al. reported the use of blackbody radiation in the short-wave infrared range
for the tissue temperature monitoring during the laser vaporization. The devices integrated
with the catheter to allow temperature sensing in vivo [57]. Ding et al. presented the
optoelectronic devices to achieve an efficient NIR-to-visible upconversion for thermal
detection, featuring high sensitivities and low-power excitation. Furthermore, the thermal
sensors can be assembled as arrays to map spatial temperature, and an integrated optical
fiber-thermometer device was employed for monitoring temperature variations in the deep
brain of mice [58]. An optical fiber probe composed of FBG and a graphene oxide film
coated S-shape fiber taper was made into a reflection type. The temperature measurements
were realized by monitoring the characteristic wavelength shifts of the SFT and FBG in the
reflection spectrum [59], as shown in Figure 5c. The master distributions of temperature
in cardiac tissue during and after ablation an important to understand and implement
this process. Koh et al. proposed an ultrathin and flexible needle-type system that could
be inserted into the myocardial tissue in a minimally invasive way. It can be used to
monitor the temperature in the transmural direction during the process of ablation. The
measurement results exhibited excellent performance [60], as shown in Figure 5d.
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Figure 5. Probes for in vivo temperature sensing. (a) Flexible platinum-based temperature-sensing mi-
crosensors for cryoablation temperature monitoring [55]. (b) Pt-thermo-resistance-based temperature
sensor for temperature monitoring to prevent overheating issues in optogenetics [56]. (c) Reflective
FBG-based probe for temperature sensing [59]. (d) Ultrathin temperature sensor for cardiac ablation
monitoring. Reprinted with permission from Ref. [60]. Copyright 2015, John Wiley and Sons.

2.3. Probes for In Vivo Imaging
2.3.1. Optical Coherence Tomography Imaging

OCT is a non-invasive three-dimensional imaging technique based on echo technology.
It uses low-coherence light to scan tissues and capture the optical backscatter from deep
tissues. It can provide cross-sectional images below the tissue surface rather than the
outer surface images provided by microscopy. Due to its non-invasive, deep penetration,
and high-resolution characteristics, the OCT technique has been widely used for medical
imaging [61-63]. Compared with other imaging techniques such as magnetic resonance
imaging (MRI) and optical microscopy, OCT possesses a higher resolution. The resolution
can be classified into axial and transverse resolutions. The axial resolution can be expressed
by Az = % g, determined by the center wavelength A and the spectral bandwidth
AM. The transverse resolution can be expressed by Ax = % é, determined by the center
wavelength A, the effective focal length f of the focusing optics, and the spot size d on the
objective lens [64].
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An endoscope integrated with OCT, such as intravascular optical coherence tomog-
raphy (IVOCT), is a significant clinical application for in vivo imaging in situ. It enables
obtaining information from a constrained space, such as blood vessels. These spaces
are hard to image using traditional methods, such as optical microscopy. The IVOCT is
commonly composed of a light source, a light detector, and a gradient-index lens with a
microprism at the distal end. The light is emitted from the light source, and then the distal
lens directs the light beam, resulting in a focused output beam perpendicular to the catheter
axis [65,66].

To better understand physical information of the blood vascular, such as blood pres-
sure, blood flow, and vascular stenosis, Wang et al. combined an OCT catheter with FBG
to acquire shape parameters and OCT images in real time to reconstruct the vascular
model [67]. Kang et al. demonstrated an all-fiber-based proximal-driven OCT catheter,
in which the lens can directly be assembled with the commercial single-mode fiber [68].
The in vivo imaging capability of the catheter was evaluated in animal models. Li et al.
presented a tri-modality intravascular imaging system that integrated a tri-modality probe,
including OCT, ultrasound, and fluorescence imaging, which makes it promising for clinical
management [69], as shown in Figure 6a.

2.3.2. Ultrasound Imaging

Ultrasound imaging, which is a safe, effective, and inexpensive technique for contin-
uous monitoring in vivo, has been widely used in biomedical applications, particularly
in clinical diagnosis, including extracranial steno-occlusive lesions diagnosis, intracranial
stenosis diagnosis, and acute intracranial occlusion [70-73]. Especially in the process of
stent graft placement, the use of intra-arterial is necessary. With the advancements in en-
dovascular treatment and device fusion, the use of intravascular ultrasound incorporated
with other techniques can treat more complex vascular pathologies [74,75]. Catheter-based
intravascular ultrasound is a commonly used method to obtain real-time sufficient geometri-
cal and pathological information from inside vessels for auxiliary diagnosis of intravascular
diseases [76]. There are two typical catheter-based transducers: a mechanically rotating
single-element transducer and an electronically phased array transducer. Zhang et al.
focused on developing all-optical ultrasound probe for a miniature imaging system. They
presented an ultrasound generator based on a step-indexed multimode fiber coated with a
carbon nanotube and silicone rubber. The ultrasound was excited at the composite mem-
brane with a nanosecond pulsed laser. Additionally, the ultrasound detector was made
with rare-earth-doped fiber incorporating two reflective Bragg reflectors. The ultrasound
probe was evaluated by imaging the cross-sectional structure of a swine trachea ex vivo [77],
as shown in Figure 6b. To measure multiple parameters in arteries, Hong et al. designed a
dual-mode ultrasound imaging catheter, including forwarding-looking and side-looking
transducer. The transducers were composed of a piezoelectric layer, a top matching layer,
and a backing layer. Tissue phantom experiments indicated that the dual-mode catheter
could be possibly used for a one-time acquisition of multiple parameters, such as morpho-
logical and functional flow information about the vessel [78]. For calculating fractional
flow reserve, a method combining coronary (X-ray) angiography curvature images with
the intravascular ultrasound cross-section images was used to reconstruct the 3D structure.
Based on the constructed structure, hemodynamics analysis was used to calculate fractional
flow reserve. Aiming to obtain compact driving system, Wang et al. utilized miniature
rotary-linear ultrasonic motor to drive the imaging catheter without any transmission struc-
tures. The motor could realize rotational and linear movements by changing ultrasonic
motor modes. This work holds great promise for further compact system design [79].

2.3.3. Photoacoustic Imaging

Photoacoustic imaging (PAI), which makes high-resolution deep tissue visualization
possible, is a fast-growing technology for medical diagnosis, such as cancer imaging [80,81].
The tissue absorbs laser energy instantaneously, when irradiated by pulse laser, and ex-
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pands to produce ultrasonic waves. The ultrasonic signal is then received by sensors for
post-processing. Photoacoustic imaging includes tomography and microscopic imaging.
The former uses diffused light to stimulate tissues, resulting in an imaging depth of several
centimeters and a spatial resolution of tens of microns. The latter uses a focused laser to
irradiate biological tissue and detects ultrasonic signals, resulting in transverse resolution
up to the submicron level [82].

Fiber integrated with a PAI device was used to image biological tissue at a subcellular
resolution in a minimally invasive manner [83]. Photoacoustic imaging microscopy (PAM)
excites a focused pulsed laser beam and detects ultrasound waves through a piezoelec-
tric transducer, and then generates images in a line. Moving the scanner could obtain
two- or three-dimensional imaging [84]. In order to image in a constrained environment,
steering imaging transducers will offer more applications. An ultrasound beam based
on photoacoustic effect was excited by laser irradiating the gold nanocomposites, which
was dip-coated on the tip of an optical fiber, and then a micro concave prism was fixed
on the gold nanocomposites” surface to focus the ultrasound waves. The ultrasound echo
was received by a Fabry-Perot fiber optic sensor to reconstruct the ultrasound field. The
potential of this minimally invasive diagnostics was implemented on an ex vivo porcine
tissue experiment [85]. To conveniently identify the area of interest, miniature endoscopy
combining photoacoustic microscopy and white-light microscopy was proposed. The
white-light microscopy can guide the PAM to the region of interest before imaging [86], as
shown in Figure 6c¢.
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Figure 6. Probes for in vivo imaging. (a) Tri-modality probe and OCT image [69]. (b) The 125 um
all-fiber-based ultrasound probe [77]. (¢) Miniature probe-based photoacoustic microscopy and
white-light microscopy endoscope. Reprinted with permission from Ref. [86]. Copyright 2020, John
Wiley and Sons.
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Catheter-based intravascular photoacoustic imaging is an emerging modality. It pos-
sesses many advantages. For example, the imaging depth of IVPA has been extended
beyond the ballistic regime and IVPA can share the same detector with IVUS imaging, re-
sulting in more complementary information of the tissue [87]. A miniature full field-of-view
photoacoustic/ultrasonic endoscopic catheter system was used to depict the vasculature
and morphology of the GI tract in vivo [88]. Cao et al. arranged a multimode fiber and
acoustic device in a catheter tip to obtain efficient imaging overlap. The imaging capabil-
ity was evaluated in a diseased porcine carotid artery and a human coronary artery ex
vivo [87].

2.3.4. Other Techniques

Raman spectroscopy is a vibrational spectroscopy capable of probing biomolecular
information, which has wide applications in cell/tissue characterization and diagnosis
without labeling. The development of the fiber-based Raman endoscopic probe makes
imaging internal organs possible, such as diagnosing nasopharyngeal carcinoma [89]. An
outer diameter 300-micron optical fiber with semispherical ball lens tip was inserted into a
syringe needle for a deep-tissue Raman imaging [90].

The diagnostic value of probe-based confocal laser endomicroscopy (pCLE) has been
recognized in many medical fields, such as endoscopic surveillance of Barrett’s esopha-
gus [91], diagnosis of gastric carcinoma and precancerous lesions [92], and colon polyp
histology [93]. Table 1 shows the comparison between these main in vivo imaging tech-
niques [94].

Table 1. Comparison between in vivo imaging techniques.

Imaging Axial Transverse Penetrating Integrated Typical
Techniques Resolution Resolution Depth Size Applications
Vascular shape reconstruction
. . 0.2-1 pm 0.6-2 um 1-2 mm Submillimeter [67] .
OCT imaging Intracoronary optical
[63] [63] [76] [65,67,68]
coherence tomography
[68]
Submillimeter Intravascular imagin:
L 20-200 pm 120-250 um 7-15 mm [77] ging
US imaging 1 [74,78,79]
[72] [76] [76] Millimeter Trachea imaging [77]
78,791 §ng
From a1 . . .
From From sub-millimeter to SubnEglg]meter Tls[s; s ;glgglmg
PA imaging  sub-micrometer to  sub-micrometer to depths up to s o .
sub-millimeter [94] sub-millimeter [94] several millimeters Millimeter Intravascular imaging
[73,75,86-88] [87]

[94]

3. Probes for In Vivo Biochemical Sensing
3.1. Probes for In Vivo Chemical Sensing

A chemical sensing system contains receptors for the target biomolecules in the tissue
fluid, and the transducers to convert the results into measurable signals, such as electrical or
optical signals [95,96]. Cancer is a common and intractable disease all over the world. There
are many efforts devoted to defeating cancer. A rapid and effective diagnosis is significant.
In the comparison of normal differentiated adult and cancer cells, the extracellular pH
of the former is about 7.4, but cancer cells have a higher pH. Dysregulated pH is a well-
known cancer indicator, which could be employed to diagnose cancer [97,98]. Optical
fiber-based pH sensors have the ability to measure pH in deep tissues. Chen et al. proposed
a miniaturized probe to detect the pH of the cancer tissue environment, based on the
ratio fluorescence method. The 520 nm laser passed through the fiber and irradiated the
fluorophore, which changed with the pH and the spectral band remained almost unchanged.
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The fluorescence emission light came back from the inner cladding, and then the returned
light wave was detected by a spectrometer [24]. A U-shaped multimode optical fiber
was demonstrated by Tang et al. The U-shaped bare region was coated with a hybrid
organic—-inorganic composite film, as a pH-sensitive layer. This bonding was affected by
the hydrogen concentration in the solution, resulting in a refractive index change in the
film. The sensor can be used to monitor the pH of human serum [25], as shown in Figure 7a.
A hydrogel-based fiber pH sensor was demonstrated by Gong et al. The sensor was in
situ photo-polymerized on the optical fiber tip with pH-sensitive hydrogel, the principle
of which is the same as the fluorophore mentioned before. This optical fiber sensor was
used to measure the pH of cancerous lung tissue [26], as shown in Figure 7b. To build
fully biocompatible systems, Li et al. constructed in vivo red blood cells waveguide using
two fiber probes in a microfluidic capillary to construct biosensors. By detecting the light
propagation mode of the biosensor, the pH of blood can be detected in real time with high
accuracy [99], as shown in Figure 7c. Peng et al. introduced a carbon-fiber microelectrode-
based chemical sensor for monitoring the superoxide anion. The superoxide anion was
acknowledged to be related to the development of many neurological diseases, including
Alzheimer’s disease [27], as shown in Figure 7d.
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Figure 7. Probes for in vivo chemical sensing. (a) A U-shaped optical pH sensor based on hydrogen
bonding [25]. (b) A hydrogel-based optical-fiber fluorescent pH sensor. Reprinted with permission
from Ref. [26]. Copyright 2020, Elsevier. (c) Red-blood-cells waveguide for blood pH detection in real
time. Reprinted with permission from Ref. [99]. Copyright 2019, John Wiley and Sons. (d) In vivo
monitoring of superoxide anion with functionalized ionic liquid polymer-decorated microsensor.
Reprinted with permission from Ref. [27]. Copyright 2019, Elsevier.

3.2. Probes for In Vivo Biomarkers Sensing

Blood glucose concentration is a typical parameter to represent the human metabolic
level. Chen et al. coated needle electrodes with polyaniline nanofiber, platinum nanopar-
ticles, glucose oxidase enzyme, and porous layers with a layer-by-layer deposition pro-
cess [28]. Nanoparticles incorporated into conductive polyaniline nanofibers resulted in
a high surface-to-volume ratio for the immobilization of electrocatalytic glucose enzyme.
The performance was then tested by inserting the needle into mice models, showing an
excellent response to the concentration of blood glucose and good biocompatibility with the
tissue. A minimally invasive glucose probe with an electropolymerized conductive poly-
mer polyaniline core capable of continuously monitoring subcutaneous glucose has been
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developed [29]. In vivo experiments using mice models showed the real-time response to
the variation of blood glucose, as shown in Figure 8a. Additionally, a chitosan/sodium-
alginate-modified polysulfone hollow fibrous membrane was fixed on the stainless-steel
needle electrode [30]. The needle electrode can be inserted into the skin to record responsive
currents to detect blood glucose, as shown in Figure 8b. With the help of advanced manu-
facturing techniques, a Fabry—Perot cavity sensor was printed on the tip of a single-mode
optical fiber by two-photon printing for glucose detection. The sensor was sensitive to the
refractive index changes induced by the concentration changes in glucose [31], as shown in
Figure 8c.
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Figure 8. Probes for in vivo biomarkers sensing. (a) A needle-type blood glucose biosensor for
long-term in vivo monitoring. Reprinted with permission from Ref. [29]. Copyright 2017, Elsevier.
(b) Implantable glucose biosensing probe. Reprinted with permission from Ref. [30]. Copyright 2019,
American Chemical. Society. (c) Fiber-tip micro Fabry-Perot interferometer for glucose concentration
measurement. The Fabry—Perot interferometer is sensitive to the refractive index changes in ana-
lytes [31]. (d) Flexible nanohybrid microelectrode arrays for in situ biomarker H,O, detection in live
cancer cells. Reprinted with permission from Ref. [33]. Copyright 2018, Elsevier.

Wang et al. demonstrated a new type of functionalized multi-walled carbon nanotubes
twisted fiber bundles to monitor multiple disease biomarkers, such as ions and prostate-
specific antigens, hydrogen peroxide, and glucose [100]. Zhang et al. developed a flexible
microelectrode based on carbon fiber wrapped by gold-nanoparticle-decorated nitrogen-
doped carbon nanotube arrays, and researched its clinical applications in detecting the
biomarker H,O, expressed by living cancer cells in situ [33], as shown in Figure 8d.

Surface plasmon resonance (SPR) possesses a high compatibility with fiber-optic
techniques. The sensors are sensitive to the refractive index of the certain materials. SPR
sensors are usually constructed by coating a metal film on fiber surfaces, where reactions
occur between the film and the environment. Additionally, the reaction changes the
complex refractive index of the medium near the sensor surface, and therefore the SPR
condition. Integrating SPR devices with an optical fiber can empower the biosensing
systems with easily reading and in vivo monitoring capability [101]. Guo et al. presented a
biosensor by coating a nanometer-scale silver film on tilted fiber Bragg grating to detect
urinary protein variations. The sensors have the potential for a narrow endoluminal
intervention in vivo [101]. A rare-earth-modified photothermal FBG-based fiber with fiber-
optic fluorescent sensor was proposed to detect tumors in vivo. The fiber probe can turn
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the 450 nm excitation laser to an echo wavelength of 550 nm under a hypoxia tumor
microenvironment and then kill the tumor through the photothermal effect [102].

4. Conclusions

This review focused on probe-based sensing techniques for the endoluminal inter-
vention of minimally invasive or non-invasive procedures. It aimed to help researchers in
the field of in vivo sensing techniques to diagnose/treat diseases, manipulate/assist inter-
ventional medical tools, and understand the latest domestic progress in recent years. The
structure of the probe with a miniature size naturally fits minimally invasive procedures
and enables a deeper tissue operation. A large amount of physiological information leads
to a variety of in vivo sensing technologies, including physical sensing and biochemical
sensing, in recent years. Physical sensing is the most direct perception for surgical interven-
tion. For force sensing, in order to better control surgical instruments and improve surgical
safety, the force feedback between instruments and tissues is important for both surgeons
and patients. For temperature sensing, the real-time monitoring of the tissue temperature
can improve the effectiveness of ablation. Research on the pathological characteristics of
vascular diseases and the morphology of vessels has attracted vast attention from clinical
medical researchers. Optical coherence tomography imaging, ultrasound imaging, photoa-
coustic imaging, and other imaging techniques can penetrate tissues, such as the vessel wall,
to image its deep morphology to provide precise diagnosis. Different from these physical
sensing techniques, biochemical sensing plays a more important role in early diagnosis
rather than surgical operation. When tissues produce adverse effects and pathological
changes in the initial stage of a disease, some important chemicals or biomarkers, such
as pH, glucose, protein, and H,O,, often precedes a detectable decline in function. Thus,
biochemical sensing can reflect the development of the disease, but physical sensing cannot
distinguish the differences very well. Table 2 shows the comparison between these main
probe-based sensing techniques.

Table 2. Comparison between probe-based sensing techniques.

Sensing Techniques Sensing Mechanism Carrier Overall Diameter Medical Scenario
Thyroidectomy
[42]
Fiber Bragg grating Gastric Endomicroscopy [43]
sensors Hard-inclusion Localization
- [42-40] . Continuum robot . [44].
Plastic Fiber Bragg grating [43,45,49,54] Optical biopsy
sensors A [45]

Scanning device

[36] [42] In vivo pressure sensor [46]
Triboelectric Probe Blood pressure
l’\anog[fgllerat()f [44] Conf(!)ig} laser
Piezoresistiv. Polymer package Submillimeter domicr
e 0[4e95]s e [46] [36,48,53] endo: [;noscopy
Force sensin, Piezoelectric Plastic optical fiber Millimeter Endocardial ressure
g Strain gauges 136] [42-46,49-51,54] monitor?n
5 (fgz]g Catheter Centimeter 8] g
Capacitive pressure sensor [8] [8,37,52] Three-dimensional force
[48] Gripper sensing for forceps
Closed-loop force [50-52] [%9—‘72] P
control[gﬁ] Foley catheter balloon Intra—abdomi;ml pressure
Fiber-tip microforce sensor op ti[cg]ﬁber monitoring
[53] [48]
Carbon nanotube-coated 1531 Measurement of interfacial
microsprings adhesion force [53]
[54] Transcutaneous monitoring of

human arterial pulses
[54]
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Table 2. Cont.

Sensing Techniques Sensing Mechanism Carrier Overall Diameter Medical Scenario
Thermo-resistance Ba[l;g]o n Cryoablation
effect[55,56,60] Silicon-ba;ed robe 1551
Infrared-to-visible 56] P Optogenetic
upconversion o Submillimeter [56]
Temperature sensin, 158] Needle ‘Ety}illli)cea%okg:n erted] [56-59] Arrhythmias
P & Thermal expansion and 58] Millimeter [60]
thermal-optic effects R X [55,60] Deep-brain thermal detection
Optical fiber
[59] [58]
. [59] o
Short-wave infrared Silica fib Laser vaporization
157] ilica fiber 57]
[57] i
. Submillimeter
Optt 1;311 C(;Zte;ence Light scattering Catheter [67,68] Intllzl\;asi;ular
omography [62,67-69] [62,67-69] Millimeter sing
imaging [62,67-69]
[69]
Catheter Submillimeter Intravascular Imaging
Ultrasound Pulse-echo [74,78,79] [79] [74,78,79]
imaging [74,77-79] Optical fiber Millimeter Trachea imaging
[77] [78] [77]
Catheter Tissue imaging
Photoacoustic Pulse-echo [86,88] Millimeter [85,86,88]
imaging [85-88] Optical fiber [86-88] Intravascular imaging
[85] [87]
pH sensitivity of Optical fiber Discrimination of tumorous
fluorophore [24,26] .
L . and normal tissues
[24,26] Organic-inorganic [24,26]
. . Polymer figg.regatlon leads Compos#e f1lm—coated Submillimeter Chronic wounds and/or fetal
Chemical sensing to refractive index changes optical fiber L
[24-26] acidosis
[25] [25] [25]
Enzymatic catalysis and Carbon fiber . . .
- . - Superoxide anion detection
electrochemical reactions microelectrode 271
[27] [27]
Enzymatic catalysis and
electrochemical reactions 0.005-0.03 mm Blood glucose detection
[28-30,33] Implantable electrode [33] [28-31]
Biomarker sensin Fabry—Perot (FP) cavity [28-30,33] Submillimeter Urinary protein detection [32]
g biosensor Optical fiber [28,31,32] Cancer biomarker H,O,
[31] [31,32] Millimeter detection
Surface plasmon [29,30] [33]

resonance [32]

There are many kinds of force sensors, including but not limited to FBG-based sensors,
triboelectric nanogenerators, capacitive sensors, piezoresistive sensors, and strain gauges.
Some of them are stable, reliable, and easy to miniaturize, but have large modulus and
single measurement modes, such as FBG-based sensors. Some of them are soft, sensitivity-
adjustable, and self-powered, but their applications may be compromised by their unstable
performance, difficulty of miniaturizing, and the difficulty to producing plentifully. As for
in vivo temperature sensing, it can be used to monitor thermal effects to avoid overheating,
but it has not been widely used in the clinical scenario and can easily be replaced by
other technologies, such as visual-based sensors. For in vivo imaging, IVUS is the most
commonly used method in intravascular imaging, and OCT possesses a high resolution of
intravascular imaging and has been applied to ophthalmology and other surgeries. The US
has a more extensive imaging range and can penetrate tissues 7-15 mm deeper, while the
OCT only has a 1-2 mm penetration power. Considering the high resolution of light-based
OCT imaging techniques, the OCT can easily be disturbed by the environment, such as
the scattering process in the background. Thus, the combination of US and OCT imaging
techniques can achieve macroscopic and microscopic pathological characteristics and
morphology of the tissue. PA imaging combines the high-contrast characteristics of optical
imaging and the high-penetration-depth characteristics of ultrasound imaging, which can
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provide high-resolution and high-contrast tissue imaging. PA’s imaging depth and spatial
resolution in tissues are related to acoustic frequency [94]. For in vivo biochemical sensing,
Doctors may obtain and evaluate symptoms in situ via markers most related to it, rather
than judging the symptoms through indirect features that may lead to misjudgments.
However, the lack of standard micro/nano fabrication approaches, long-term stability, and
repeatability are still challenging problems for these sensors, especially when they are used
in confined anatomical scenarios.

These probe-based sensing techniques for in vivo diagnosis do help the doctor to
understand the patients” conditions more quickly and directly. However, even though
these probe-based in vivo sensing techniques are implemented in minimally invasive way,
these operation procedures are still not easy to conduct. These problems further hinder the
commercialization of probe-based sensors. However, through successive efforts, in vivo
sensing is becoming more precise, more instantaneous, and easier.

Author Contributions: Writing—review and editing, A.G., C.Z., Z.L., S.H. and B.L.; supervision,
A.G. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the National Natural Science Foundation of China (62003209);
the Natural Science Foundation of Shanghai (21ZR1429500); the Shanghai Rising Star Program
(22QC1401400); the Science and Technology Commission of Shanghai Municipality (21511102100,
21DZ1100300, 20DZ2220400); SJTU Global Strategic Partnership Fund (2021 SJTU-UCL); the State
Key Laboratory of Robotics (2021-KF-22-09).

Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

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

References

1.

10.

11.
12.

13.

14.

15.

Concin, N.; Matias-Guiu, X.; Vergote, 1; Cibula, D.; Mirza, M.R.; Marnitz, S.; Ledermann, J.; Bosse, T.; Chargari, C.; Fagotti,
A.; et al. ESGO/ESTRO/ESP guidelines for the management of patients with endometrial carcinoma. Int. J. Gynecol. Cancer 2021,
31, 12-39. [CrossRef] [PubMed]

Wei, L.; Chen, N.; Yang, Y.; Zheng, Z.; Dong, N.; Guo, H.; Mei, J.; Xue, S.; Liu, L.; Guo, Y. The data of Chinese minimally invasive
cardiovascular surgery in 2019. Chin. |. Clin. Thorac. Cardiovasc. Surg. 2021, 12, 149-153.

Fuchs, K. Minimally invasive surgery. Endoscopy 2002, 34, 154-159. [CrossRef]

Burgner-Kahrs, J.; Rucker, D.C.; Choset, H. Continuum Robots for Medical Applications: A Survey. IEEE Trans. Robot. 2015, 31,
1261-1280. [CrossRef]

Runciman, M.; Darzi, A.; Mylonas, G.P. Soft Robotics in Minimally Invasive Surgery. Soft Robot. 2019, 6, 423—443. [CrossRef]
Hou, B.; Wang, M.; Song, Z.; He, Q.; Hao, Z. Renal puncture access using a blunt needle: Proposal of the blunt puncture concept.
World J. Urol. 2022, 40, 1035-1041. [CrossRef] [PubMed]

Shen, H.; Wang, C.; Xie, L.; Zhou, S.; Gu, L.; Xie, H. A novel remote-controlled robotic system for cerebrovascular inter-vention.
Int. . Med. Robot. Comput. Assist. Surg. 2018, 14, €1943. [CrossRef]

Liu, Z;; Ma, Y.; Ouyang, H.; Shi, B.; Li, N; Jiang, D.; Xie, E; Qu, D.; Zou, Y.; Huang, Y. Transcatheter self-powered ul-trasensitive
endocardial pressure sensor. Adv. Funct. Mater. 2019, 29, 1807560. [CrossRef]

Han, M.; Chen, L.; Aras, K.; Liang, C.; Chen, X.; Zhao, H.; Li, K.; Faye, N.R.; Sun, B.; Kim, J.-H.; et al. Catheter-integrated soft
multilayer electronic arrays for multiplexed sensing and actuation during cardiac surgery. Nat. Biomed. Eng. 2020, 4, 997-1009.
[CrossRef]

Ai, X.; Gao, A; Lin, Z.; He, C.; Chen, W. A Multi-Contact-Aided Continuum Manipulator with Anisotropic Shapes. IEEE Robot.
Autom. Lett. 2021, 6, 4560—4567. [CrossRef]

Wang, L.; Guo, C.E; Zhao, X. Magnetic soft continuum robots with contact forces. Extreme Mech. Lett. 2022, 51, 101604. [CrossRef]
Li, W.; Shen, M.; Gao, A.; Yang, G.-Z.; Lo, B. Towards a Snake-Like Flexible Robot for Endoscopic Submucosal Dissection. IEEE
Trans. Med Robot. Bionics 2020, 3, 257-260. [CrossRef]

Han, Y,; Marvi, H.; Sitti, M. Fiberbot: A miniature crawling robot using a directional fibrillar pad. In Proceedings of the 2015 IEEE
International Conference on Robotics and Automation (ICRA), Seattle, WA, USA, 26-30 May 2015.

Fu, Y;; Gao, A,; Liu, H.; Guo, S. The master-slave catheterisation system for positioning the steerable catheter. Int. |. Mechatron.
Autom. 2011, 1, 143. [CrossRef]

Gao, A,; Liu, H,; Zou, Y.; Wang, Z.; Liang, M.; Wang, Z. A Contact-Aided Asymmetric Steerable Catheter for Atrial Fibrillation
Ablation. IEEE Robot. Autom. Lett. 2017, 2, 1525-1531. [CrossRef]

70



Biosensors 2022, 12, 943

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Fontanelli, G.A.; Buonocore, L.R.; Ficuciello, E; Villani, L.; Siciliano, B. An External Force Sensing System for Minimally Invasive
Robotic Surgery. IEEE/ASME Trans. Mechatron. 2020, 25, 1543-1554. [CrossRef]

Gao, A.; Zhou, Y.; Cao, L.; Wang, Z.; Liu, H. Fiber Bragg Grating-Based Triaxial Force Sensor with Parallel Flexure Hinges. IEEE
Trans. Ind. Electron. 2018, 65, 8215-8223. [CrossRef]

Heunis, C.M.; Belfiore, V.; Vendittelli, M.; Misra, S. Reconstructing Endovascular Catheter Interaction Forces in 3D using Multicore
Optical Shape Sensors. In Proceedings of the 2019 IEEE/RS] International Conference on Intelligent Robots and Systems (IROS),
Macau, China, 3-8 November 2019.

Lin, Z.; Gao, A.; Ai, X.; Gao, H.; Fu, Y.; Chen, W.; Yang, G.-Z. ARei: Augmented-Reality-Assisted Touchless Teleoperated Robot
for Endoluminal Intervention. IEEE/ASME Trans. Mechatron. 2021, 27, 3144-3154. [CrossRef]

Wu, B.; Wang, L.; Liu, X.; Wang, L.; Xu, K. Closed-loop pose control and automated suturing of continuum surgical ma-nipulators
with customized wrist markers under stereo vision. IEEE Robot. Autom. Lett. 2021, 6, 7137-7144. [CrossRef]

Beaudette, K; Li, J.; Lamarre, J.; Majeau, L.; Boudoux, C. Double-Clad Fiber-Based Multifunctional Biosensors and Mul-timodal
Bioimaging Systems: Technology and Applications. Biosensors 2022, 12, 90. [CrossRef]

Miranda, B.; Rea, I.; Dardano, P.; De Stefano, L.; Forestiere, C. Recent Advances in the Fabrication and Functionalization of
Flexible Optical Biosensors: Toward Smart Life-Sciences Applications. Biosensors 2021, 11, 107. [CrossRef]

Hamed, A.; Tang, S.C.; Ren, H.; Squires, A.; Payne, C.; Masamune, K; Tang, G.; Mohammadpour, J.; Tse, Z.T.H. Advances in
Haptics, Tactile Sensing, and Manipulation for Robot-Assisted Minimally Invasive Surgery, Noninvasive Surgery, and Diagnosis.
J. Robot. 2012, 2012, 1-14. [CrossRef]

Chen, M.; Wang, J.; Tan, W.; Feng, Y.; Zheng, G. Miniaturized all fiber probe for optical coherence tomography and pH detection
of biological tissue. ]. Biophotonics 2020, 14, €202000239. [CrossRef] [PubMed]

Tang, Z.; Gomez, D.; He, C.; Korposh, S.; Morgan, S.P; Correia, R.; Hayes-Gill, B.; Setchfield, K.; Liu, L. A U-shape fi-bre-optic pH
sensor based on hydrogen bonding of ethyl cellulose with a sol-gel matrix. J. Light. Technol. 2021, 39, 1557-1564. [CrossRef]
Gong, J.; Tanner, M.G.; Venkateswaran, S.; Stone, ].M.; Zhang, Y.; Bradley, M. A hydrogel-based optical fibre fluorescent pH
sensor for observing lung tumor tissue acidity. Anal. Chim. Acta 2020, 1134, 136-143. [CrossRef] [PubMed]

Peng, Q.; Yan, X; Shi, X; Ou, S.; Gu, H.; Yin, X; Shi, G.; Yu, Y. In vivo monitoring of superoxide anion from Alzheimer’s rat brains
with functionalized ionic liquid polymer decorated microsensor. Biosens. Bioelectron. 2019, 144, 111665. [CrossRef] [PubMed]
Chen, D.; Wang, C.; Chen, W.; Chen, Y.; Zhang, ] X. PVDF-Nafion nanomembranes coated microneedles for in vivo transcutaneous
implantable glucose sensing. Biosens. Bioelectron. 2015, 74, 1047-1052. [CrossRef] [PubMed]

Fang, L.; Liang, B.; Yang, G.; Hu, Y,; Zhu, Q.; Ye, X. A needle-type glucose biosensor based on PANI nanofibers and PU/E-PU
membrane for long-term invasive continuous monitoring. Biosens. Bioelectron. 2017, 97, 196-202. [CrossRef]

Zhou, J.; Ma, Z.; Hong, X.; Wu, H.-M.; Ma, S.-Y.; Li, Y.; Chen, D.-].; Yu, H.-Y;; Huang, X.-]. Top-down strategy of im-plantable
biosensor using adaptable, porous hollow fibrous membrane. ACS Sensors 2019, 4, 931-937. [CrossRef]

Tang, S.; Zou, M.; Zhao, C.; Jiang, Y.; Chen, R.; Xu, Z.; Yang, C.; Wang, X.; Dong, B.; Wang, Y.; et al. Fabry-Perot Interferometer
Based on a Fiber-Tip Fixed-Supported Bridge for Fast Glucose Concentration Measurement. Biosensors 2022, 12, 391. [CrossRef]
Guo, T. Fiber Grating-Assisted Surface Plasmon Resonance for Biochemical and Electrochemical Sensing. J. Light. Technol. 2017,
35, 3323-3333. [CrossRef]

Zhang, Y.; Xiao, J.; Sun, Y.; Wang, L.; Dong, X.; Ren, J.; He, W.; Xiao, F. Flexible nanohybrid microelectrode based on carbon fiber
wrapped by gold nanoparticles decorated nitrogen doped carbon nanotube arrays: In situ electrochemical detection in live cancer
cells. Biosens. Bioelectron. 2018, 100, 453—-461. [CrossRef]

Al-Ahmad, O.; Ourak, M.; Vlekken, J.; Poorten, E.V. FBG-Based Estimation of External Forces along Flexible Instrument Bodjies.
Front. Robot. AI 2021, 8, 718033. [CrossRef]

Bandari, N.; Dargahi, J.; Packirisamy, M. Tactile Sensors for Minimally Invasive Surgery: A Review of the State-of-the-Art,
Applications, and Perspectives. IEEE Access 2019, 8, 7682-7708. [CrossRef]

Haseda, Y.; Bonefacino, J.; Tam, H.-Y.; Chino, S.; Koyama, S.; Ishizawa, H. Measurement of Pulse Wave Signals and Blood Pressure
by a Plastic Optical Fiber FBG Sensor. Sensors 2019, 19, 5088. [CrossRef]

Latt, W.T,; Newton, R.C.; Visentini-Scarzanella, M.; Payne, C.J.; Noonan, D.P.,; Shang, J.; Yang, G.-Z. A Hand-held Instrument
to Maintain Steady Tissue Contact during Probe-Based Confocal Laser Endomicroscopy. IEEE Trans. Biomed. Eng. 2011, 58,
2694-2703. [CrossRef]

Liu, Z.; Zhang, Z.; Tam, H.-Y.; Tao, X. Multifunctional Smart Optical Fibers: Materials, Fabrication, and Sensing Applications.
Photonics 2019, 6, 48. [CrossRef]

Presti, D.L.; Massaroni, C.; Leitao, C.S.J.; Domingues, M.D.E,; Sypabekova, M.; Barrera, D.; Floris, I.; Massari, L.; Oddo, C.M.; Sales,
S.; et al. Fiber Bragg Gratings for Medical Applications and Future Challenges: A Review. IEEE Access 2020, 8, 156863-156888.
[CrossRef]

Wu, Z,; Gao, A; Liu, N;; Jin, Z.; Yang, G.-Z. FBG-Based Triaxial Force Sensor Integrated with an Eccentrically Configured Imaging
Probe for Endoluminal Optical Biopsy. In Proceedings of the 2020 IEEE International Conference on Robotics and Automation
(ICRA), Paris, France, 31 May-31 August 2020.

Di Biase, L.; Perini, A.P.; Mohanty, P.; Goldenberg, A.S.; Grifoni, G.; Santangeli, P.; Santoro, F; Sanchez, J.E.; Horton, R.;
Gallinghouse, G.J.; et al. Visual, tactile, and contact force feedback: Which one is more important for catheter ablation? Results
from an in vitro experimental study. Hear. Rhythm 2014, 11, 506-513. [CrossRef]

71



Biosensors 2022, 12, 943

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Wang, H.; Wang, S.; Li, J.; Zuo, S. Robotic Scanning Device for Intraoperative Thyroid Gland Endomicroscopy. Ann. Biomed. Eng.
2018, 46, 543-554. [CrossRef]

Ping, Z.; Zhang, T.; Gong, L.; Zhang, C.; Zuo, S. Miniature Flexible Instrument with Fibre Bragg Grating-Based Triaxial Force
Sensing for Intraoperative Gastric Endomicroscopy. Ann. Biomed. Eng. 2021, 49, 2323-2336. [CrossRef]

Li, T; Pan, A.; Ren, H. Reaction Force Mapping by 3-Axis Tactile Sensing with Arbitrary Angles for Tissue Hard-Inclusion
Localization. IEEE Trans. Biomed. Eng. 2020, 68, 26-35. [CrossRef] [PubMed]

Gao, A; Liu, N,; Zhang, H.; Wu, Z; Yang, G.-Z. Spiral FBG sensors-based contact detection for confocal laser endomi-croscopy.
Biosens. Bioelectron. 2020, 170, 112653. [CrossRef] [PubMed]

Zhang, W.; Ni, X.; Wang, J.; Ai, F; Luo, Y.; Yan, Z.; Liu, D.; Sun, Q. Microstructured Optical Fiber Based Distributed Sensor for In
Vivo Pressure Detection. . Light. Technol. 2019, 37, 1865-1872. [CrossRef]

Ran, Y,; Long, J.; Xu, Z.; Yin, Y.; Hu, D.; Long, X.; Zhang, Y.; Liang, L.; Liang, H.; Guan, B.-O. Harmonic optical microfiber Bragg
grating immunosensor for the accelerative test of cardiac biomarker (cTn-I). Biosens. Bioelectron. 2021, 179, 113081. [CrossRef]
Kumar, K.S.; Xu, Z.; Kalairaj, M.S.; Ponraj, G.; Huang, H.; Ng, C.-E; Wu, Q.; Ren, H. Stretchable Capacitive Pressure Sensing
Sleeve Deployable onto Catheter Balloons towards Continuous Intra-Abdominal Pressure Monitoring. Biosensors 2021, 11, 156.
[CrossRef] [PubMed]

Hou, C; Geng, J.; Sun, Y.; Chen, T.; Wang, E; Ren, H.; Zuo, X,; Li, Y;; Liu, H.; Sun, L. A Sensorised Forcep Based on Piezoresistive
Force Sensor for Robotic-assisted Minimally Invasive Surgery. In Proceedings of the 2021 IEEE 16th International Conference on
Nano/Micro Engineered and Molecular Systems (NEMS), Xiamen, China, 25-29 April 2021.

Yu, L,; Yan, Y.; Yu, X,; Xia, Y. Design and Realization of Forceps with 3-D Force Sensing Capability for Robot-Assisted Surgical
System. IEEE Sensors |. 2018, 18, 8924-8932. [CrossRef]

Yu, L,; Yan, Y.; Li, C.; Zhang, X. Three-dimensional nonlinear force-sensing method based on double microgrippers with E-type
vertical elastomer for minimally invasive robotic surgery. Robotica 2018, 36, 865-881. [CrossRef]

Shi, H.; Zhang, B.; Mei, X.; Song, Q. Realization of Force Detection and Feedback Control for Slave Manipulator of Mas-ter/Slave
Surgical Robot. Sensors 2021, 21, 7489. [CrossRef]

Zou, M,; Liao, C.; Chen, Y,; Gan, Z,; Liu, S; Liu, D.; Liu, L.; Wang, Y. Measurement of Interfacial Adhesion Force with a 3D-Printed
Fiber-Tip Microforce Sensor. Biosensors 2022, 12, 629. [CrossRef]

Li, B.; Gil, B.; Power, M.; Gao, A_; Treratanakulchai, S.; Anastasova, S.; Yang, G.-Z. Carbon-nanotube-coated 3D mi-crospring force
sensor for medical applications. ACS Appl. Mater. Interfaces 2019, 11, 35577-35586. [CrossRef]

Zhan, Y.; Hong, W.; Sun, W.; Liu, ]. Flexible Multi-Positional Microsensors for Cryoablation Temperature Monitoring. IEEE
Electron Device Lett. 2019, 40, 1674-1677. [CrossRef]

Goncalves, S.B.; Palha, ].M.; Fernandes, H.C.; Souto, M.R.; Pimenta, S.; Dong, T.; Yang, Z.; Ribeiro, ].E; Correia, ].H. LED Optrode
with Integrated Temperature Sensing for Optogenetics. Micromachines 2018, 9, 473. [CrossRef] [PubMed]

Franz, P; Zhu, H.; Wang, X.; Chia, R.; Hasenberg, T.; Wang, H. Tissue temperature monitoring during laser vaporization through
black body radiation at wavelengths less than 1.8 um. In Proceedings of the Optical Interactions with Tissue and Cells XXXI. San
Francisco, San Francisco, CA, USA, 20 February 2020.

Ding, H.; Lv, G,; Cai, X.; Chen, ].; Cheng, Z.; Peng, Y;; Tang, G.; Shi, Z.; Xie, Y; Fu, X; et al. An Optoelectronic thermometer based
on microscale infrared-to-visible conversion devices. Light. Sci. Appl. 2022, 11, 130. [CrossRef] [PubMed]

Lv, Z.; Niu, P; Jiang, J.; Wang, S.; Liu, Y.; Liu, T. Reflective SFT-FBG Hybrid Micro-Probe for Simultaneous Measurement of
Relative Humidity and Temperature. I[EEE Photon. . 2021, 14, 6806506. [CrossRef]

Koh, A; Gutbrod, S.R.; Meyers, ].D.; Lu, C.; Webb, R.C.; Shin, G.; Li, Y;; Kang, S.-K.; Huang, Y.; Efimov, L.R.; et al. Ultrathin
Injectable Sensors of Temperature, Thermal Conductivity, and Heat Capacity for Cardiac Ablation Monitoring. Adv. Health Mater.
2015, 5, 373-381. [CrossRef]

Fujimoto, J.G. Optical coherence tomography for ultrahigh resolution in vivo imaging. Nat. Biotechnol. 2003, 21, 1361-1367.
[CrossRef]

Hoyt, T.; Phipps, ].; Vela, D.; Wang, T.; Buja, M.; Jang, 1.-K_; Milner, T.; Feldman, M. Diagnosis of Thin-capped Fibroatheromas in
Intravascular Optical Coherence Tomography Images: Effects of Light Scattering. Circulation 2016, 9, e003163. [CrossRef]

Li, J.; Chen, Q.; Sun, J.; Zhang, J.; Ding, J.; Zuo, C. Three-dimensional tomographic microscopy technique with mul-ti-frequency
combination with partially coherent illuminations. Biomed. Opt. Express 2018, 9, 2526-2542. [CrossRef]

Zheng, S.; Bai, Y.; Xu, Z.; Liu, P; Ni, G. Optical Coherence Tomography for Three-Dimensional Imaging in the Biomedical Field:
A Review. Front. Phys. 2021, 552. [CrossRef]

Zhang, R; Fan, Y.; Qi, W.; Wang, A_; Tang, X.; Gao, T. Current research and future prospects of IVOCT imaging-based detection of
the vascular lumen and vulnerable plaque. J. Biophotonics 2022, 15, €202100376. [CrossRef]

Ono, M.; Kawashima, H.; Hara, H.; Gao, C.; Wang, R.; Kogame, N.; Takahashi, K.; Chichareon, P.; Modolo, R.; Tomaniak, M.; et al.
Advances in IVUS/OCT and Future Clinical Perspective of Novel Hybrid Catheter System in Coronary Imaging. Front. Cardiovasc.
Med. 2020, 7, 119. [CrossRef] [PubMed]

Wang, J.; Tao, K.; Zhu, W.; Jiang, J.; Liu, T. A FBG-OCT Catheter to Reconstruct Vascular Shape in Intravascular Optical Coherence
Tomography. IEEE Photon. Technol. Lett. 2019, 31, 701-704. [CrossRef]

72



Biosensors 2022, 12, 943

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.
96.

Kang, J.; Zhu, R.; Sun, Y.; Li, ].; Wong, K.K. Pencil-Beam Scanning Catheter for Intravascular Optical Coherence Tomography. In
Proceedings of the 2020 Asia Communications and Photonics Conference (ACP) and International Conference on Information
Photonics and Optical Communications (IPOC), Beijing, China, 2427 October 2020.

Li, Y; Jing, J.; Qu, Y.; Miao, Y.; Zhang, B.; Ma, T.; Yu, M.; Zhou, Q.; Chen, Z. Fully integrated optical coherence tomography,
ultrasound, and indocyanine green-based fluorescence tri-modality system for intravascular imaging. Biomed. Opt. Express 2017,
8,1036-1044. [CrossRef] [PubMed]

Rodriguez-Luna, D.; Molina, C.A. Vascular imaging: Ultrasound. Handb. Clin. Neurol. 2016, 136, 1055-1064.

Marrocco, C.J.; Jaber, R.; White, R.A.; Walot, I.; DeVirgilio, C.; Donayre, C.E.; Kopchok, G. Intravascular ultrasound. Semin. Vasc.
Surg. 2012, 25, 144-152. [CrossRef]

Ma, X.; Cao, W. Single-Crystal High-Frequency Intravascular Ultrasound Transducer with 40 um Axial Resolution. IEEE Trans.
Ultrason. Ferroelectr. Freq. Control 2019, 67, 810-816. [CrossRef]

Wang, L.; Lei, P.; Wen, X.; Zhang, P; Yang, S. Tapered fiber-based intravascular photoacoustic endoscopy for high-resolution and
deep-penetration imaging of lipid-rich plaque. Opt. Express 2019, 27, 12832-12840. [CrossRef]

Wang, X.; Peng, C.; Liu, X.; Pan, Z. Functional Assessment of Stenotic Coronary Artery in 3D Geometric Reconstruction From
Fusion of Intravascular Ultrasound and X-Ray Angiography. IEEE Access 2018, 6, 53330-53341. [CrossRef]

Jansen, K.; Van Der Steen, A.E,; van Beusekom, H.M.; Oosterhuis, ].W.; van Soest, G. Intravascular photoacoustic im-aging of
human coronary atherosclerosis. Opt. Lett. 2011, 36, 597-599. [CrossRef]

Su, M.; Zhang, Z.; Hong, J.; Huang, Y.,; Mu, P; Yu, Y; Liu, R,; Liang, S.; Zheng, H.; Qiu, W. Cable-Shared Dual-Frequency Catheter
for Intravascular Ultrasound. IEEE Trans. Ultrason. Ferroelectr. Freq. Control 2019, 66, 849-856. [CrossRef]

Zhang, Y.; Liang, Y.; Jin, L.; Guan, B. 125 um fiber based all-optical ultrasound probes for pulse-echo imaging. Chin. Opt. Lett.
2019, 17, 070604. [CrossRef]

Hong, J.; Su, M.; Yu, Y.; Zhang, Z.; Liu, R.; Huang, Y.; Mu, P; Zheng, H.; Qiu, W. A Dual-Mode Imaging Catheter for Intravascular
Ultrasound Application. IEEE Trans. Med. Imaging 2018, 38, 657-663. [CrossRef] [PubMed]

Wang, B.; Li, X;; He, L.; Cao, T.; Zhu, C.; Wu, D. A Miniature Rotary-Linear Ultrasonic Motor for Intravascular Ultrasound (IVUS)
Imaging. In Proceedings of the 2020 IEEE International Ultrasonics Symposium (IUS), Las Vegas, NV, USA, 7-11 September 2020.
Wilson, K.E.; Wang, T.Y.; Willmann, J.K. Acoustic and Photoacoustic Molecular Imaging of Cancer. |. Nucl. Med. 2013, 54,
1851-1854. [CrossRef] [PubMed]

Wang, L.V.; Yao, J. A practical guide to photoacoustic tomography in the life sciences. Nat. Meth. 2016, 13, 627-638. [CrossRef]
[PubMed]

Wang, L.V.; Hu, S. Photoacoustic Tomography: In Vivo Imaging from Organelles to Organs. Science 2012, 335, 1458-1462.
[CrossRef] [PubMed]

Yao, J.; Wang, L.V. Photoacoustic microscopy. Laser Photon. Rev. 2013, 7, 758-778. [CrossRef]

Jin, L.; Liang, Y. Fiber laser technologies for photoacoustic microscopy. Vis. Comput. Ind. Biomed. Art 2021, 4, 11. [CrossRef]

Du, C.; Wang, Y.; Xu, L.; Wang, X. Fiber Optic Photoacoustic-Based Steering Imaging Transducer. IEEE Photon. Technol. Lett. 2022,
34,428-431. [CrossRef]

Li, G,; Ye, Z,; Liang, S.; Chen, S.L. Miniature probe for dual-modality photoacoustic microscopy and white-light micros-copy for
image guidance: A prototype toward an endoscope. J. Biophoton. 2020, 13, €201960200. [CrossRef]

Cao, Y.; Hui, J.; Kole, A.; Wang, P,; Yu, Q.; Chen, W,; Sturek, M.; Cheng, J.-X. High-sensitivity intravascular photoacoustic imaging
of lipid-laden plaque with a collinear catheter design. Sci. Rep. 2016, 6, 25236. [CrossRef]

Li, Y;; Lin, R; Liu, C; Chen, J.; Liu, H.; Zheng, R.; Gong, X.; Song, L. In vivo photoacoustic/ultrasonic dual-modality endoscopy
with a miniaturized full field-of-view catheter. J. Biophotonics 2018, 11, €201800034. [CrossRef] [PubMed]

Shu, C.; Zheng, W.; Lin, K.; Lim, C.; Huang, Z. Label-Free Follow-Up Surveying of Post-Treatment Efficacy and Recurrence in
Nasopharyngeal Carcinoma Patients with Fiberoptic Raman Endoscopy. Anal. Chem. 2021, 93, 2053-2061. [CrossRef] [PubMed]
Shu, C.; Zheng, W.; Wang, Z.; Yu, C.; Huang, Z. Development and characterization of a disposable submillimeter fiber optic
Raman needle probe for enhancing real-time in vivo deep tissue and biofluids Raman measurements. Opt. Lett. 2021, 46, 5197.
[CrossRef]

Shah, T.; Lippman, R.; Kohli, D.; Mutha, P.,; Solomon, S.; Zfass, A. Accuracy of probe-based confocal laser endomicroscopy (pCLE)
compared to random biopsies during endoscopic surveillance of Barrett’s esophagus. Endosc. Int. Open 2018, 06, E414-E420.
[CrossRef] [PubMed]

Ma, P; Cai, L.; Lyu, B.; Yue, M. Application of probe-based confocal laser endomicroscopy in diagnosis of gastric carcinoma and
precancerous lesions. J. Zhejiang Univ. Med. Sci. 2019, 48, 504-510.

Vennelaganti, S.; Vennalaganti, P.; Mathur, S.; Singh, S.; Jamal, M.; Kanakadandi, V.; Rai, T.; Hall, M.; Gupta, N.; Nutalapati,
V.; et al. Validation of Probe-based Confocal Laser Endomicroscopy (pCLE) Criteria for Diagnosing Colon Polyp Histology. J.
Clin. Gastroenterol. 2018, 52, 812-816. [CrossRef]

Wray, P; Lin, L.; Hu, P.; Wang, L.V. Photoacoustic computed tomography of human extremities. J. Biomed. Opt. 2019, 24, 026003.
[CrossRef]

Ethan Li, Y.-C.; Lee, I.-C. The Current Trends of Biosensors in Tissue Engineering. Biosensors 2020, 10, 88.

Singh, A.; Sharma, A.; Ahmed, A.; Sundramoorthy, A K.; Furukawa, H.; Arya, S.; Khosla, A. Recent advances in elec-trochemical
biosensors: Applications, challenges, and future scope. Biosensors 2021, 11, 336. [CrossRef]

73



Biosensors 2022, 12, 943

97.

98.

99.

100.

101.

102.

Webb, B.A.; Chimenti, M.; Jacobson, M.P.; Barber, D.L. Dysregulated pH: A perfect storm for cancer progression. Nat. Rev. Cancer
2011, 11, 671-677. [CrossRef]

White, K.A.; Grillo-Hill, B.K.; Barber, D.L. Cancer cell behaviors mediated by dysregulated pH dynamics at a glance. J. Cell Sci.
2017, 130, 663-669. [CrossRef] [PubMed]

Li, Y; Liu, X.; Xu, X; Xin, H.; Zhang, Y.; Li, B. Red-blood-cell waveguide as a living biosensor and micromotor. Adv. Funct. Mater.
2019, 29, 1905568. [CrossRef]

Wang, L.; Xie, S.; Wang, Z.; Liu, E; Yang, Y.; Tang, C.; Wu, X; Liu, P; Li, Y,; Saiyin, H.; et al. Functionalized helical fibre bundles of
carbon nanotubes as electrochemical sensors for long-term in vivo monitoring of multiple disease biomarkers. Nat. Biomed. Eng.
2020, 4, 159-171. [CrossRef] [PubMed]

Guo, T,; Liu, F; Liang, X.; Qiu, X.; Huang, Y.; Xie, C.; Xu, P.; Mao, W.; Guan, B.-O.; Albert, J. Highly sensitive detection of
urinary protein variations using tilted fiber grating sensors with plasmonic nanocoatings. Biosens. Bioelectron. 2016, 78, 221-228.
[CrossRef] [PubMed]

Ran, Y.; Xu, Z.; Chen, M.; Wang, W.; Wu, Y.; Cai, J.; Long, J.; Chen, Z.; Zhang, D.; Guan, B. Fiber-Optic Theranostics (FOT):
Interstitial Fiber-Optic Needles for Cancer Sensing and Therapy. Adv. Sci. 2022, 9, 2200456. [CrossRef]

74



MDPI
St. Alban-Anlage 66
4052 Basel
Switzerland

www.mdpi.com

Biosensors Editorial Office
E-mail: biosensors@mdpi.com
www.mdpi.com/journal/biosensors

Z

MDPI
>

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

any ideas, methods, instructions or products referred to in the content.






[w]*:F[m] Academic Open
"¢ Access Publishing

£ mdpi.com ISBN 978-3-0365-8873-5



