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Abstract

A novel photoelectrochemical (PEC) immunosensor for the determination of cardiac troponin I (cTnl) was constructed. The
flower-like stannic oxide (SnO,) with large specific surface area was prepared by hydrothermal synthesis. Nitrogen-doped carbon
quantum dots (NCQDs) with excellent surface property were used as a sensitizer for SnO,. Bismuth oxyiodide (BiOl) is a narrow
band gap (1.83 eV) nanomaterial, which was firstly modified on NCQDs-sensitized SnO, through in situ growth method. After
NCQDs with small size and BiOI nanoparticles are successively combined with SnO,, the SnO,/NCQDs/BiOI microflower was
obtained, which possessed good photochemical properties. Using visible light as excitation source and ascorbic acid (AA) as
electron donor, the ultrasensitive and quantitative determination of cTnl was realized by detecting the changes of photocurrent
under different concentrations of cTnl. The PEC immunosensor showed a large-scaled response (0.001-100 ng mL™") and a low
detection limit (0.3 pg mL™") under optimised experimental conditions. The sensor has potential clinical value in the prediction
and diagnosis of cardiovascular diseases in elderly patients with diabetes.

Keywords Photoelectrochemical immunosensor - Stannic oxide - Nitrogen-doped carbon quantum dots - Bismuth oxyiodide -
Cardiac troponin I

Introduction

The term photoelectrochemical (PEC) reflects the electro-

Electronic supplementary material The online version of this article chemical behavior of semiconductor under light illumination
(https://doi.org/10.1007/500604-020-04302-x) contains supplementary [1,2]. PEC analysis is developed based on the photocurrent or
material, which is available to authorized users. photovoltage signal changes resulting from the physical and

chemical interactions between the analyte and photoactive
substance [3—-5]. Light is as excitation signal, and electrical
signal is as detection signal. This method has the advantages
of high sensitivity and simple equipment and has been widely
used in many fields [6-8]. Therefore, the successful construc-
tion of the PEC immunosensor has high potential application
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relatively weaker [19, 20]. However, the large specific surface
area of SnO, had one advantage that could combine more
nanoparticles with excellent photochemical properties
[21-23]. Based on it, nitrogen-doped carbon quantum
dots (NCQDs) with excellent surface properties and fluo-
rescence characteristics were modified on SnO, to obtain
SnO,/NCQDs composites. The addition of NCQDs im-
proved the photochemical activity of SnO,. Recently,
NCQDs, which possess strong anti-interference ability,
good water solubility, small size, and good dispersion
and compatibility, have been widely used in catalysis,
imaging, sensing, and other fields [24-27]. Therefore,
NCQDs could be used not only as a sensitizer for SnO,
but also as a carboxyl linker in the construction of PEC
immunosensor.

Bismuth oxyiodide (BiOI), a narrow band gap (1.83 eV)
nanomaterial, possesses high photocatalytic activity under vis-
ible light irradiation [28, 29]. In addition, as a cost-effective
and promising visible photocatalyst, BiOI has been widely
used in many studies. BiOI is conductive to the separation of
photogenerated electron-hole pairs. In this experiment, BiOI
combined with SnO,/NCQDs composite by in situ method to
obtain SnO,/NCQDs/BiOI composite. NCQDs and BiOI can
form nanojunctions, which were proved to enhance the pho-
tocatalytic activity of BiOI [30-33]. Hence, the PEC
immunosensor based on SnO,/NCQDs/BiOI composite with
excellent photochemical properties was constructed, which
could achieve ultrasensitive detection of cardiac troponin I
(cTnl). Cardiac troponin I is a specific indicator of myocardial
injury, and its diagnostic specificity could be used to diagnose
unstable angina pectoris [34, 35]. An increase in the level of
cTnl often portended a higher risk of short-term death, so
continuous measurement of cTnl level was crucial to prevent
myocardial infarction [36—40]. Hence, a new type PEC
immunosensor was developed based on NCQDs and BiOI
co-sensitized SnO, microflowers for ¢Tnl detection. First,
the anti-cTnl was immobilized on SnO,/NCQDs/BiOI-modi-
fied ITO electrode, and then bovine serum albumin (BSA)
was used to block the nonspecific binding sites. Therefore,
different concentrations of cTnl were dropped on the elec-
trodes to form a sensitive PEC platform for ¢Tnl detection.

Experimental section
Reagents and materials

Indium tin oxide (ITO) glass obtained by Zhuhai Kaivo
Electronic Components Co., Ltd. (Zhuhai, China) was used
as a working electrode. Tin tetrachloride and potassium iodide
were provided by Shanghai Macklin Biochemical Co., Ltd.
(Shanghai, China). Isopropanol was obtained from Tianjin
Fuyu Fine Chemical Co., Ltd. (Tianjin, China). Sodium
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sulfide was purchased from Tianjin Komeio Chemical
Reagent Co., Ltd. (Tianjin, China). The other details are pro-
vided in Electronic Supplementary Material (ESM+).

All PEC experiments were tested on CHI760E electro-
chemical workstation (Shanghai Chenhua Instruments Co.,
Ltd., China) with a three-electrode system including an
ITO working electrode, a platinum wire electrode as coun-
ter electrode, and a saturated calomel electrode as reference
electrode. A 100 W LED lamp (white light) was used as an
irradiation source in the PEC test. The other details are
given in ESM+.

The synthesis of flower-like SnO, and NCQDs

Flower-like SnO, was prepared by hydrothermal synthesize
method [18], and NCQDs was prepared by the previous work
according to the literature [41].

The construction process of the PEC immunosensor

Preparatory works of required materials and reagents were as
follows. The ITO electrodes (2.5 x 0.8 cm?) were cleaned with
an aqueous solution mixed with cleanser essence, acetone,
ethanol, and ultrapure water, respectively. The cleaned ITO
electrodes were dried in oven (70 °C) for 2 h, naturally cooled
for further use. Phosphate buffer saline (PBS) with different
pH values (pH 5.8-8.8) were prepared by mixing disodium
hydrogen phosphate (Na,HPO,4, 1/15 mol-L™"), potassium
dihydrogen phosphate (KH,PO,, 1/15 mol-L™"), and ultrapure
water in different proportions. Several concentrations of ¢Tnl
and 1 ug'mL™" anti-cTnl were prepared with PBS buffer
(pH =7.4) and stored in thermostatic refrigerator (4 °C) for
later use.

Figure 1 shows the construction process of the PEC
immunosensor. Firstly, 10 pL of SnO, suspension
(3 mg mL ") was accurately transferred to a clean ITO elec-
trode to form ITO/SnO, electrode, which was placed in a
muffle furnace (500 °C) for 30 min, naturally cooled. A total
of 3 uL of NCQDs solution (1 mol L™") was dropped on the
ITO/SnO, electrode, which was dried at room temperature
and then washed with ultrapure water to remove excess
NCQDs. Subsequently, 3 uL of 0.06 mol L ! Bi(NOs); dilute
nitric acid solution and 0.01 mol L™" KI solution were modi-
fied to the surface of ITO/SnO,/NCQDs electrode, respective-
ly. Rinsing with anhydrous ethanol, the ITO/SnO,/NCQDs/
BiOI was successfully prepared. Whereafter, 3 puL of
0.1 mol L' dopamine (DA) tris-HCI (pH 8.5) solution was
dropped onto the surface of ITO/SnO,/NCQDs/BiOl elec-
trode for 30 min to form polydopamine (PDA) by the self-
polymerization of dopamine molecules. DA had a unique mo-
lecular structure, similar to mussels’ adhesion proteins: cate-
chol and amine functional groups. In weakly alkaline aqueous
solution (pH 8.5), DA easily self-polymerized to form PDA.
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Fig. 1 Construction process of the ultrasensitive PEC immunosensor based on SnO,/NCQDs/BiOI composite for cTnl detection

Due to the strong adhesion of PDA, many biomolecules could
be immediately attached to the surface of the PDA [42, 43].
Hence, 3 pL of anti-cTnl (1 ug mL ") was attached to PDA,
and excess of BSA (1 mg mL ") was used to block the non-
specific binding site on anti-cTnl. Finally, different concen-
trations of cTnl were dropped to the above electrodes by spe-
cific junctions of antigenic antibodies. Therefore, the PEC
immunosensor was successfully constructed.

Results and discussion

Characterization of Sn0O,, Sn0,/NCQDs,
and Sn0O,/NCQDs/BiOl materials

In this experiment, the morphologies and elements analyze of
Sn0,, SnO,/NCQDs, and SnO,/NCQDs/BiOI by scanning
electron microscope (SEM) and transmission electron micro-
scope (TEM) are shown in Fig. 2. The morphology of SnO,
(Fig. 2 a and b) has rich mesoporous structure, which could
provide a large number of binding sites to bind other
nanomaterials with very small particle size. NCQDs had abun-
dant carboxy groups, so it was easier to combine with SnO,.
From Fig. 2c¢, the lamella of SnO, microflower became thicker
when NCQDs was modified on SnO,, which indicated that
NCQDs successfully combined with SnO,. SEM (Fig. 2d)
and TEM (Fig. 2e; Fig. S1A) images indicated that the

structure of SnO,/NCQDs/BiOI was similar to SnO,, which
retained the same mesoporous flower-like structure. The dif-
ference was that a mass of small nanoparticles attached to the
surface of SnO,/NCQDs composite. Combined with the EDS
image (Fig. 2f) and the TEM relevant mapping image (Fig.
S1B to Fig. S1F) of SnO,/NCQDs/BiOl, it was observed that
the elements Sn, O, N, Bi, and I were all detected. As the TEM
operation of this process was carried out on a spraying carbon
copper mesh, no element C was added in Fig. SI.

The X-ray diffraction (XRD) pattern of SnO,, SnO,/
NCQDs, and SnO,/NCQDs/BiOlI is demonstrated in Fig. 3a.
The XRD curve of flower-like SnO, was matched well with
the rutile tetragonal phase SnO, (PDF#41-1445). As a small
quantity of NCQDs and BiOI was modified on SnO, layer by
layer, the main peak of SnO, unchanged. The peak position of
BiOI matched well with PDF#02-0634, which could be found
on the curve of SnO,/NCQDs/BiOI composite [44—46]. From
Fig. 3b, the UV-vis diffuse reflectance of the prepared mate-
rials was revealed. The pure SnO, with wide band gap
(3.60 eV) (Fig. 3c) exhibited the weak absorption ability in
visible light region (Fig. 3b, curve a). NCQDs combined with
SnO, increased the absorption intensity (Fig. 3b, curve b) and
the utilization rate of visible light could be improved.
Furthermore, BiOI with narrow band gap (1.83 eV, Fig. 3d)
was modified on NCQDs sensitized SnO, to form SnO,/
NCQDs/BiOI composite, which had the strongest absorption
ability in visible region (Fig. 3b, curve c).
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Fig. 2 The SEM images of a SnO,, ¢ SnO,/NCQDs, and d SnO,/NCQDs/BiOl. The TEM images of b SnO, with mesoporous structure and e SnO,/
NCQDs/BiOL. The EDS image of f SnO,/NCQDs/BiOL

Characterization of the prepared PEC immunosensor

The successful construction of ultrasensitive PEC
immunosensor was demonstrated by photocurrent measure-
ment (Fig. 4a) and electrochemical impedance spectroscopy

Fig. 3 a XRD image of SnO,,
Sn0,/NCQDs, SnO,/NCQDs/
BiOl, and BiOI; b UV-vis diffuse
reflectance spectra images of
Sn0O,, SnO,/NCQDs, and SnO,/
NCQDs/BiOI; The band gap im-
ages of ¢ SnO, and d BiOl
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(EIS) method (Fig. 4b) through layer-by-layer assembly.

From Fig. 4a, the photocurrent of unloaded ITO electrode

was about 0 pA (curve a). The photocurrent response of
ITO/SnO, (curve b) and ITO/SnO,/NCQDs (curve ¢) elec-
trodes had been improved to some extent due to the successive
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Fig.4 a Photocurrent variation trend and b EIS Nyquist curves during the
construction of ultrasensitive PEC immunosensor through layer-by-layer
assembly: (a) ITO, (b) ITO/SnO,, (c) ITO/SnO,/NCQDs, (d) ITO/SnO,/
NCQDs/BiOl], (e) ITO/SnO,/NCQDs/BiOI/PDA, (f) ITO/SnO,/NCQDs/
BiOI/PDA/anti-cTnl, (g) ITO/SnO,/NCQDs/BiOl/PDA/anti-cTnl/BSA,
(h) ITO/SnO/NCQDs/BiOI/PDA/anti-cTnl/BSA/cTnl. Inset figure of

modification of SnO, and NCQDs on the ITO electrode. After
BiOI nanoparticles grew on the surface of above electrode
through in-situ growth method, the photocurrent changed sig-
nificantly (curve d) from around 1 to 33 pA. Herein, NCQDs
acted as a linker in the in-situ growth of BiOI on SnO,
microflower. After DA formed to PDA via self-
polymerization on the ITO/SnO,/NCQDs/BiOIl electrode,
the photocurrent improved to 35 pA (curve e). This phenom-
enon could be attributed to the reduction of the phenolic hy-
droxyl groups on the surface of the PDA, which helped to
reduce photogenerated holes and achieved the separation
photogenerated holes/electrons. As anti-cTnl (curve f), BSA
(curve g), and cTnl (curve h) were successively modified on
the above electrode, the photocurrent signal gradually de-
creased. As protein molecules, anti-cTnl, BSA, and c¢Tnl
had a certain insulating property, which inhibited ¢ from
AA to the photosensitive matrix and hinder the transmission
of photon-generated carrier. What is more, the photocurrent
intensity decreased again after anti-cTnl binding to cTnl.
Hence, the construction of this ultrasensitive PEC
immunosensor through layer-by-layer assembly was
successful.

EIS method was carried out to further confirm the suc-
cessful construction of the PEC immunosensor (Fig. 4b).

b: the electrical equivalent circuit applied to fit the impedance spectra.
The concentration of ¢Tnl was 1 ng mL™" and the applied potential was
0 V. ¢ The electron-transfer mechanism of the PEC sensor based on
SnO,/NCQDs/BiOl composite in PBS electrolyte containing AA for
cTnl detection

The electrode was immersed in a mixture solution con-
taining KC1 (5.0 mmol L™") and [Fe(CN)4]* /*
(0.10 mol L") throughout the process. Inset in Fig. 4b
indicates the equivalent circuit, which included four parts:
the ohmic resistance of the electrolyte solution (Ry), the
Warburg impedance (Z,,), the interfacial double layer ca-
pacitance (Cy), and the electron transfer resistance (Re).
The unloaded ITO electrode showed a very small R, val-
ue (curve a). The R, value gradually increased as SnO,
(curve b), NCQDs (curve c¢), and BiOI (curve d) were
modified on the unloaded ITO electrode in sequence.
The R, value further increased after PDA on ITO/SnO,/
NCQDs/BiOl electrode (curve e). PDA generated organic
molecular membrane on the surface of above electrode,
which could hinder electron transfer. Since proteins were
nonconductive and blocked electron transport, the R val-
ue was gradually increased after modification with anti-
cTnl (curve f), BSA (curve g), and cTnl (curve h) on
above electrode in turn. Hence, the gradual increase of
R value indicated that the ultrasensitive PEC
immunosensor had been constructed successfully and
could be used for c¢Tnl detection.

The electron transfer of the ultrasensitive PEC
immunosensor in AA electrolyte is shown in Fig. 4c. SnO,
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was used as the photosensitive matrix, NCQDs/BiOI
photoactive nanocomposites were used as sensitizers. SnO,
had wide band gap of 3.60 eV, which limited its visible light
absorption ability. However, because of its good biocompati-
bility, high stability, and environmental protection, SnO, was
used as excellent electrode material. NCQDs was modified on
SnO, could enhance the PEC response. NCQDs had absorp-
tion activity under visible light, which was beneficial to im-
proving the absorption of SnO, to visible light and could
enhance photocatalytic performance. Therefore, NCQDs
modified on SnO, could enhance the PEC response [47].
SnO, and BiOI could be stimulated to generate e/h™ pairs,
the photo-induced electrons on the valence band (VB) of
BiOI flowed into its conduction band (CB), then transfused
to the CB of SnO,. The strong PEC response furnished a basic
for successful construction and high detection sensitivity of
the ultrasensitive PEC immunosensor for cTnl detection.
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Fig. 5 a The working curve and b the relevant logarithmic curve of the
PEC immunosensor under conditions of SnO, (3.0 mg mL™"), NCQDs
(1 mg mL™"), Bi(NO3)5 (0.06 mol L™"), KI (0.01 mol L™"), and AA with
0.1 mol L™" in pH 8.0 PBS buffer. The concentration of cTnl was 0.001 to
100 ng mL'. ¢ The stability measurement of PEC immunosensor
(cerni=1 ng'mLfl) at 400 s on/off light cycles. d The selectivity text of
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Optimization of method

The following parameters were optimized: (a) concentra-
tion of Bi(Ill) (Fig. S2A), (b) concentration of AA (Fig.
S2B), and (c) pH value of PBS buffer (Fig. S2C).
Respective text and figures on optimization are given in
the Electronic Supporting Material. It was worth mention-
ing that excessive amounts of AA (>0.1 mol LY could
cause the decrease of photocurrent, at high AA concen-
tration, the reduction of photocurrent could be attributed
to the absorption of quencher solution, thus reduced the
irradiation intensity and efficiency of the excited electron
hole center [48]. In short, the following experimental con-
ditions were found to give best results: (a) optimal Bi(III)
concentration was 0.06 mol L™, (b) optimal concentration
of AA was 0.1 mol L™, and (c) the best pH value of PBS
buffer was 8.0.
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PEC immunosensor for ¢Tnl detection (a) Blank, (b) Blank + CEA
(100 ng mL™"), (c) Blank + SCCA (100 ng mL™), (d) Blank + H-IgG
(100 ng mL™"), (e) ¢Tnl (0.1 ng mL™"), () ¢Tnl (1 ng mL™")+ CEA
(100 ng mL ™), (g) ¢Tnl (1 ng mL ") + SCCA (100 ng mL ™), (h) ¢Tnl
(1 ng mL™") + H-IgG (100 ng mL™"). The applied potential was 0 V
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Table 1  Different detection methods for ¢Tnl
Technique Materials Linear range Detection limit Reference
(ng mL™) (pg mL ™)
PEC immunosensor SnO,/NCQDs/BiOI 0.001-100 0.3 This
method

Immunosensor Amine functionalized graphene 0.01-1 10 [50]

Fluorescent aptasensor Graphene oxide 0.1-6 70 [51]

Surface plasmon resonance (SPR) biosensing  Fe;04,@PDA immune probe 15-2500 3750 [52]

Immunoassay Fluoro-microbead guiding chip 0.1-100 41 [53]

Voltammetric aptasensor Magnetic metal-organic framework ~ 0.01-100 5.7 [54]

Dendrimer enhanced impedimetric Tetramethylbenzidine 0.001-1000 0.0117 [40]
immunosensor

Self-accelerated electrochemiluminescence Ag@SnO, nanoflowers 1x10°-0.1 0.11x107 [34]
emitters

Electrochemical sandwich immunosensor Nitrogen/sulfur co-doped graphene 0.1 x1073-250 0.033 [35]

oxide

modified with Au@ Ag nanocubes

PEC analysis for cTnl

The working curve (Fig. 5a) and the logarithm fitting curve
(Fig.5b) reflected the performance of the PEC immunosensor,
which displayed the photocurrent corresponding to various
concentrations of ¢Tnl (0.001-100 ng mL ™). The linear equa-
tion was /= 9.392-2.2951g c.tn1, and the linear coefficient was
0.998. On the basis of the previous literature [49], the detec-
tion limit was 0.3 pg mL ™" by calculation. Hence, the prepared
PEC immunosensor had wider detection range and lower de-
tection limit compared with other detect methods of cTnl
(Table 1). Besides, the reproducibility evaluation of the pre-
pared PEC immunosensor (¢ =1 ng mL ) were investi-
gated utilizing five electrodes. Under the same conditions, five
electrodes (8.56 pA, 8.47 uA, 8.55 nA, 8.52 uA, 8.59 nA)
were detected, and the relative standard deviation (RSD) was
about 4.55%.

A PEC immunosensor with excellent performance, good
stability, reproducibility, and selectivity was essential. In
a stability test of the immunosensor under 400 s on/off circu-
lation, the photocurrent has no obvious change (Fig. 5b). The
result of the selectivity test of the immunosensor is shown in
Fig. 5d; no obvious photocurrent change was discovered after
100 ng mL™" of carcinoembryonic antigen (CEA), squamous

cell carcinoma antigen (SCCA), and human immunoglobulin
antigen (H-IgG), which were modified on the blank electrode
(ITO/SnO,/NCQDs/BiOI/PDA/Anti-cTnl/BSA) either mixed
with cTnl or not, respectively. Therefore, the PEC
immunosensor had great selectivity and specificity for the
determination of cTnl.

Application of the PEC immunosensor in human
serum

Using the standard addition method, various concentrations of
cTnl were added into human serum samples to analyze the
practicability of the PEC immunosensor. The genuine serum
samples were obtained from the University of Jinan Hospital
(Jinan, China). Before the measurement, the genuine serum
sample was centrifuged at 2800 rpm for 10 min under 4 °C,
and the supernate was received as the detection sample. When
cTnl levels in genuine serum samples were found to exceed
the calibration range, they were then diluted appropriately
with 1/15 mol L' PBS buffer (pH 7.4). After obtained the
real sample (0.70 ng'mL "), a standard concentration of ¢Tnl
with 0.50, 1.00, and 5.00 ng mL " was added to the obtained
sample, respectively. Using standardized recycling method,
traditional three-electrode system (saturated calomel electrode

Table 2  The testing results of cTnl-spiked human blood serum samples
Content of ¢Tnl in serum Added content of The detection content RSD (%, n=5) Recovery (%)
sample (ng mL ™) cTnl (ng mL ) (ng mL n=5)
0.70 0.50 1.27,1.21, 1.20, 1.23, 1.19 3.16 104
1.00 1.73,1.67, 1.73, 1.68, 1.74 3.24 101
5.00 5.70, 5.62, 5.69, 5.68, 5.71 3.54 99.6
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(SCE) for reference, platinum electrode for counter) was used
for measuring the PEC response in 10 mL of PBS (pH 7.4)
buffer dissolving 0.1 mol L™ AA. To further analyze the
accuracy of the immunosensor, a recognized ELISA method
was compared with the designed PEC immunosensor
(Table S2). When the confidence coefficient « was 0.05, the
calculated F was less than Fy (F=2.24, Fy=6.39) and the
calculated ¢ value was less than ¢, F (t=0.222, F=2.31),
which fully proved that the designed PEC immunosensor
had excellent feasibility and accuracy. From Table 2, the cal-
culated RSD of the prepared PEC immunosensor was 3.16—
3.54%, while the range of recovery was 99.6—104%.
Therefore, the PEC immunosensor owned excellent feasibility
and veracity.

Conclusion

To sum up, an ultrasensitive PEC immunosensor was trium-
phantly established for detection of ¢Tnl on the basis of SnO,/
NCQDs/BiOI composite. The NCQDs and BiOI co-sensitized
structure effectively promote the electron transfer and en-
hanced the use rate of visible light, which achieved excellent
PEC response and sensitivity of the immunosensor. In addi-
tion, AA was designed as electrode donor, which eliminated
the photogenerated holes and further enhanced the photocur-
rent and increased the sensitivity of the immunosensor. This
novel and ultrasensitive PEC immunosensor achieve high sen-
sitivity to cTnl detection with a wide liner and a low detection
limit. Furthermore, excellent stability and satisfactory repro-
ducibility was also been owned of the immunosensor for sen-
sitive ¢Tnl detection, which had a broad application prospect
in the fields of early diagnosis of cardiovascular disease.
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