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Gastric cancer (GC) is a common malignant tumour of the digestive tract with a high mortality rate
worldwide. However, many patients delay treatment due to the avoidance of the costly and painful
procedure of gastroscopy. Therefore, an early convenient screening method is essential to improve the
survival rate of GC patients. To address this issue, we constructed an electrochemical immunosensor
supported by rhombohedral CuzPt and MoS, nanoflowers (MoS, NFs) for rapid, painless and quantitative
detection of the GC biomarker in vitro. Here, pepsinogen | was employed as a model protein biomarker
to analyse the performance of the immunosensor. The rhombohedral dodecahedral CuzPt nanoparticles
decorated with MoS,-NFs were further functionalized; this allowed the constructed sensor to possess
more nano- or micro-structures, thereby improving the detection sensitivity. In specific applications, the

corresponding bioactive molecules can be flexibly captured. Under optimal conditions, the immunoassay
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Accepted 6th November 2022 showed a wide linear range from 500 pg mL™! to 400 ng mL™* and a low detection limit of 167 pg mL™*

(S/N = 3). This covers the critical value of 70 ng mL™, and the results obtained from the analysis of

DOI: 10.1039/d2na00556e human serum samples were on par with those from the enzyme immunoassay, suggesting significant
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1 Introduction

Nowadays, with the increasing pressure of social competition,
fast-paced lifestyles, and heavy mental pressure, more and more
people suffer from digestive problems due to their inability to
rest.»* Gastric cancer (GC), in particular, has become a common
and high-mortality malignant tumour of the digestive tract
worldwide.*”® Therefore, the detection of early GC through mass
screening is an effective way to improve patient survival rates.
Pepsinogen (PG) is the inactive precursor of pepsin.®” Since PG
is secreted by the stomach, and it cannot be affected by short-
term diet or other external conditions, and enters the blood-
stream through the gastric mucosa. Therefore, the PG level in
the serum of each independent individual is relatively stable
and can accurately reflect the state of the gastric mucosa.®®
Previous clinical studies have found a gradual decrease in
serum PG I as the disease worsens and have established 70 ng
mL~" as an alert value.’®* Therefore, a sensitive and rapid
detection of samples below the threshold could help patients to
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potential for this new method in daily diagnosis.

seek medical attention quickly and thus manage their
condition.

There are several assays available that can detect PG, such as
chemiluminescent immunoassays (CLEIA), enzyme-linked
immunosorbent assays (ELISAs), enzyme immunoassays (EIAs),
and fluorescent immunochromatographic assay (FM-LFIA).">™*¢
However, although these methods are capable of detecting PG,
they are not suitable for daily use. Gastroscopy is the gold
standard for detecting gastric disorders, but the high cost and
invasive nature of the procedure make it unappealing to
patients."” Electrochemical methods have attracted a great deal
of attention due to their good physicochemical properties and
the advantages of simplicity of operation, high population
acceptance and reproducibility.'®® Moreover, there are no
published studies on the detection of PG in serum via electro-
chemical methods. Therefore, it is necessary to develop an
electrochemical biosensor for PG I detection.

Electrochemical immunosensors are used for real-time
detection of target antigens through antibody-based specific
recognition and measurement of electrical signal changes
caused by antigen-antibody interactions.”>** However, the
electrical signal generated by the electrochemical immuno-
sensors is very weak; the signal can be amplified by modifying
nanomaterials on the working electrode surface of the immu-
nosensor. Polyaniline (PANI) has been widely used in the field of
electrochemical sensors due to its excellent redox properties,
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rapid preparation, and high adhesion to electrode surfaces.**>*
In addition, MoS,, a graphene-like nanomaterial with a typical
sandwich structure, can be used as a substrate to enhance the
stability and electrochemical performance of PANI by exploiting
the structural stability of these nanomaterials.>**® This offers
excellent biocompatibility due to the many specific active sites
on its surface, making it more amenable to functional modifi-
cation.”” However, it cannot interact with biomolecules directly.
Normally, MoS, is functionalised using different noble metal
nanoparticles to improve this problem.*® Notably, Pt-based
nanocrystals have gained a lot of attention due to their excellent
catalytic properties.”>*° Various shapes of Pt-based nanocrystals
have been synthesised, such as, spherical, cubic, octahedral and
icosahedral.**** However, the electrochemical properties of
platinum-based nanocrystals are more influenced by the
internal crystal properties than by the exposed crystalline
surfaces.®® After considering various factors, we prepared
rhombic dodecahedral PtCu nanoparticles (PtCu NPs) by a sol-
vothermal method.

In this study, we developed a novel electrochemical immu-
nosensor based on rhombohedral CuzPt and MoS, NFs for PG I
detection. First, aniline was immobilised onto a screen-printed
electrode (SPE) surface by electrodeposition to form a sensitive
PANI layer. Then, MoS,@Cu;Pt NPs were added dropwise to the
modified electrode. The CuzPt NPs integrated on MoS, NFs
provided a suitable platform for immobilising biomolecules via
Cu-S and Pt-S bonds and accelerated electron transfer. The
detection mechanism was based on monitoring the changes in
the peak current response caused by the specific recognition
between antibodies and antigens. In brief, the value of the
electrochemical signal decreases when the antigen concentra-
tion increases in this signal amplification strategy. Therefore,
the proposed immunosensor can effectively detect the target
analyte (PG I).

2 Experimental methods
2.1 Materials

K;3Fe(CN)s, (NH4)¢M0,0,,°4H,0, aniline, CuCl,-2H,0, and
Pt(acac), were purchased from Aladdin Company (Shanghai,
China). FeCl;-6H,0, sodium citrate, oleylamine (OAm), and
HCI were acquired from Xilong Scientific Company (Guang-
dong, China). Bovine serum albumin (BSA), carcinoembryonic
(CEA), A-fetoprotein (AFP), and human serum albumin (HSA)
were obtained from Sangon Biotech (Shanghai, China). PG Iand
anti-PG I were purchased from BioCare Diagnostics Ltd
(Guangdong, China). All other chemicals employed were
analytical grade and double-distilled water was used in all
experiments.

2.2 Apparatus

Cyclic voltammetry (CV), differential pulse voltammetry (DPV)
and electrochemical impedance spectroscopy (EIS) were per-
formed on a CHI660D electrochemical workstation (Chenhua
Instrument Co. Ltd, Shanghai, China). The transmission elec-
tron microscope (TEM) image was obtained using a Tecnai G220
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electron microscope, and the scanning electron microscope
(SEM) image was obtained from a QUANTA430 (FEI, American).
A conventional SPE with a three-electrode system was used for
all electrochemical measurements. The pH measurements were
carried out on a PHS-3E (Shanghai INESA Scientific Instrument
CO. Ltd, China). All centrifugations were accomplished by using
a high-speed freezing centrifuge TGL-20M (Hunan Xiangyi
Development Co. Ltd, China).

2.3 Preparation of MoS, NFs

The MoS, NFs were synthesised following the procedures re-
ported in a previous study with minor changes.**** First, 1.24 g
of (NH,)6Mo0,0,,-4H,0 was dissolved in 15 mL of water, and
then 1.67 g of aniline was added (pH 4-5, adjusted with HCI).
After reacting at 50 °C for 2 h, the resulting mixture was filtered
and washed several times with ethanol. The resulting product
was dried at 50 °C to obtain MoO;. Subsequently, 0.1 g of the
obtained product was homogeneously dispersed into 20 mL of
deionized water, and then 0.28 g of t-cys was dissolved into the
solution stirring continuously. The mixture was heated to 200 °©
C for 14 h in a Teflon-lined autoclave. Finally, the MoS, NFs
were centrifuged and washed several times and then dried for
further use.

2.4 Preparation of Cu;Pt NPs

CuzPt NPs were prepared according to the published litera-
ture.***¢ Briefly, 160 mg of CTAC, 16 mg of Pt(acac), and 7 mg of
CuCl,-2H,0 were sequentially added to OAm (20 mL) under
constant stirring at 60 °C to obtain a homogeneous suspension.
Then, 61 mg of Tris was added into the above solution, causing
the color to change from yellow to blue-green. Subsequently, the
homogeneous solution was solvothermally treated in a Teflon-
lined stainless-steel autoclave at 180 °C for 12 h. The treated
solution was then removed from the furnace and allowed to cool
to ambient temperature before being opened. The resulting
products were collected and thoroughly washed with an
ethanol/cyclohexane mixture by centrifugation, and then dried
in a vacuum at 60 °C.

2.5 Preparation of MoS,@Cu;Pt NPs

For the preparation of the MoS,@Cu;Pt NPs, 2 mL of MoS, NFs
was added one drop at a time to 4 mL of CuzPt NPs and stirred
at room temperature for 24 h. After that, the MoS,@Cu;Pt NPs
were centrifuged by washing three times with distilled water.
Finally, the obtained nanocomposite was stored at 4 °C for
further use.

2.6 Fabrication of the immunosensor

Fig. 1 shows the fabrication procedure of the proposed label-
free electrochemical immunosensor. The electrodeposition of
aniline onto the SPE was conducted using CV in an electrolyte
solution containing 0.15 M aniline and 0.5 M H,SO,. The
potential, scan rate and cycles of the synthesized PANI were
—0.2Vto1.1V,50 mV s " and 15 cycles, respectively. Then, 1.5
uL of MoS,@Cuz;Pt NPs was added to the surface of the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic illustration of the fabrication of the electrochemical immunosensor.

modified SPE and dried at 25 °C. Afterwards, 5.0 pL of anti-PG I
(200 pg mL™") were applied to the modified electrode and
incubated at 4 °C for 12 h. After that, 10 pL BSA (1 wt%) was
coated onto the surface of the modified electrode to block non-
specific active sites. Finally, the fabricated immunosensor was
washed with phosphate-buffered saline (PBS) and dried at room
temperature.

2.7 Electrochemical measurements

The prepared immunosensor was incubated with 5.0 pL of
various concentrations of PG I at 25 °C for 20 min to ensure that
the immunoreaction between PG I and anti-PG I occurred.
Then, the immunosensor was washed with PBS to remove any
unbound PG I. Next, the electrochemical measurements were
conducted in 50 pL [Fe(CN)e]>/*~ at room temperature. CV was
performed in a potential range of —0.5-0.7 V with a scan rate of
110 mV s~ *. DPV was conducted in a potential range from —0.3-
0.5 Vwith a pulse period of 0.2 s and an amplitude of 25 mV. EIS
was performed with a frequency range of 0.05-100 000 Hz.

3 Results and discussion
3.1 Detection methods and principles

Fig. 1 illustrates the preparation procedure for the MoS,@Cu;Pt
NPs and label-free electrochemical immunosensor. Signifi-
cantly, MoS, NFs with petal-like structures were used as support
materials. In addition, the abundance of unsaturated sulphur
and the large accessible surface area provided opportunities for
functionalisation with noble metal nanoparticles. CuzPt NPs
were uniformly grown on the surface of MoS, NFs without using
a reducing agent, and the combination provided plenty of
binding sites for anti-PG 1. Then, BSA solution was applied to
the electrode to block the non-specific binding sites. Subse-
quently, PBS was used to rinse the electrode to eliminate the
remaining BSA. After that, the fabricated electrochemical
immunosensors were incubated with 5 pL of various concen-
trations of PG I for specific immunoreaction.

© 2023 The Author(s). Published by the Royal Society of Chemistry

3.2 Characterization of MoS,@Cu;Pt nanocomposites

The morphological characteristics and structure of the
nanocomposites were characterized by SEM and TEM. As
shown in Fig. 24, the synthesized PANI appears as relatively
large clusters with regular shapes and a rough morphology,
allowing a stronger affinity for immobilization. Fig. 2B shows
the SEM of MoO;, in which some large lumpy products
appear. MoS, (Fig. 2C) displays a typical petal-like hierar-
chical architecture composed of layered MoS, nanosheets.
This structure improves porosity and provides structural
stability to the composite. Fig. 2D shows the MoS,@Cu;Pt
NPs, and the CuzPt NPs are irregularly distributed on MoS,
NFs, with an average particle size of 30 nm. As shown at
different magnifications (Fig. 2E and F), the CuzPt NPs in the
sample are numerous and well dispersed, and the high-reso-
lution TEM image indicates that the Cuz;Pt NPs have
a rhombic dodecahedral morphology.

The structures of the MoS,@Cus;Pt NPs were further per-
formed by energy-dispersive X-ray spectroscopy (EDS) (Fig. 3A)
and EDS elemental mapping (Fig. 3D). As shown in Fig. 3A, the
elements of Mo, S, Cu and Pt are present in the EDS spectrum,
implying successful loading of the Cu;Pt NPs onto the MoS,
nanosheet. Fig. 3D shows that Pt and Cu appear homogeneously
throughout the whole particle, which further demonstrates the
alloy nature of CusPt NPs.

Additionally, X-ray photoelectron spectroscopy (XPS) and
Raman were employed for elemental analysis to further
confirm the successful synthesis of the MoS,@Cu;Pt nano-
composites. As shown in Fig. 3B, three predominant peaks
are present in the XPS spectrum, 284.5 eV (C 1s), 532.3 eV (O
1s) and 399.3 eV (N 1s), when no loading material was
present on the working electrode surface (curve a). In
comparison, a new peak S 2p (226.7 eV) is seen after the
electrodeposition of the PANI nanocomposite (curve b),
suggesting that the PANT has been successfully immobilized.
After loading the MoS, NFs onto the modified electrode, an
additional peak, Mo 3d (171.2 eV), was detected (curve c).

Nanoscale Adv., 2023, 5, 133-141 | 135
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Fig.2 SEM images of (A) PANI, (B) MoOs, (C) MoS;, NFs and (D) MoS,@CusPt NPs, (E) TEM image of CuzPt NPs (inset: log-normal size distribution

of CuszPt NPs) and (F) HR-TEM image of CuzPt NPs.

Curve d shows two more additional peaks, Pt 4f (109.9 eV)
and Cu 2p (904.3 eV), supporting that the Cus;Pt NPs were
successfully modified. Fig. 3C shows the Raman spectra of
the MoS, NFs (curve a) and MoS,@ CuzPt NPs (curve b); two
characteristic peaks (the D-band at 384 cm ™' and the G-band
at 407 cm™ ') were observed. Comparing curves a and b, the
peak intensity increased notably after modification with
Cu;zPt NPs, which may be caused by the interaction between
the MoS, NFs and the metal atoms. Overall, these results
demonstrated the successful synthesis of the MoS,@Cu;Pt
nanocomposites.

3.3 Electrochemical characterisation

To further verify the stepwise modification processes, EIS was
used to characterise the immunosensors (Fig. 4B). The EIS
image of the bare SPE shows a semicircle with a relatively large
radius (curve a). When PANI was modified onto the electrode,
the semicircle diameter decreased significantly (curve b), since
it can improve the electrode's specific surface area, enhancing
electrochemical sensitivity. After immobilising MoS, NFs, the
semicircle diameter decreased dramatically (curve ¢). When the
MoS,@Cu;Pt nanocomposites modified the electrode surface,
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Fig. 4 (A) CVs and (B) EIS of different modified electrodes in a 5 mM Fe(CN)g> /4 solution: (a) bare SPE, (b) SPE/PANI, (c) SPE/PANI/MoS,, (d)
SPE/PANI/MoS,@CusPt, (e) SPE/PANI/MoS, @CuszPt/anti-PG |, (f) SPE/PANI/MoS,@CusPt/anti-PG I/BSA and (g) SPE/PANI/MoS, @CuzPt/anti-PG

I/BSA/PG I.

the impedance value was further reduced (curve b), indicating
that the nanocomposites were conducive to the transmission of
electrons. However, when anti-PG I was immobilised on the
surface of the modified electrode, the semicircle diameter
increased significantly (curve e). The resistance further
increased when the non-specific sites on the electrode surface
were blocked with the non-conductive BSA (curve f). Further-
more, resistance increased when the modified electrode was
incubated with PG I (curve g). All of the above phenomena were
explained by the efficiency of electron transfer being hindered
by the bioactive substances produced by the specific antigen-
antibody reaction. In addition, the results obtained support the
successful construction of the biosensor.

The step-by-step manufacturing process of the biosensor
was characterised by CV and EIS in a 5 mM [Fe (CN)s]>~/*~
solution. The results of the CV are shown in Fig. 4A, and the
curve of the bare SPE (curve a) exhibits two characteristic redox
peaks at 0.15 V and 0.29 V. This is because the [Fe (CN)e]>/*~
electron pair induced a redox reaction after applying voltage.
After electrode modification with PANI, the peak current was
obviously increased (curve b). The peak current increased
when MoS, NFs were deposited on the electrode surface (curve
¢). When MoS,@Cu;Pt nanocomposites were added, the elec-
trochemical response increased markedly (curve d) because
CuzPt NPs have excellent conductivity and enhance the
transmission of electrical signals. However, after being
combined with anti-PG I (curve e), BSA (curve f) and PG I (curve
e), a further decrease can be observed in the peak current
because the bioactive substances greatly inhibited electron
transfer efficiency.

Fig. S11 shows the CV diagram of PANI/MoS,@Cu;Pt nano-
composite-modified electrodes performed at different scan
rates (10-230 mV s~ ). As shown in Fig. S1A,T both the anodic
peak current (I,,) and cathodic peak currents (I,.) increased
proportionally with an increased scan rate. Fig. S1Bt shows the
two linear regression equations for the peak currents and scan
rates: I, (LA) = 34.64 + 0.26x (R* = 0.978) and I, (RA) = —28.65-
0.22x (R> = 0.976). These results demonstrate that the redox

© 2023 The Author(s). Published by the Royal Society of Chemistry

reaction on the modified electrode was a diffusion-controlled
process.

3.4 Optimisation of experimental conditions

The electrochemical performance of the immunosensors is
influenced by several factors. To improve the catalytic efficiency
and obtain a high sensitivity electrochemical sensor, we chose
to optimise several experimental conditions.

The amount of antigen captured by the antibody immobi-
lised on the surface has a significant effect on the peak elec-
trochemical response of the immunosensor. Anti-PG I was
tested in the range of 100-250 pg mL ™" at a determined antigen
concentration. Fig. S2AT shows that the peak current gradually
decreased as the anti-PG I concentration increased and stabi-
lised at 200 ug mL~". Therefore, the optimal concentration of
anti-PG I was determined to be 200 pg mL™".

As shown in Fig. S2B,t with the incubation time increasing,
the current response of the oxidation peak decreased and sta-
bilised at 40 min. Therefore, 40 min was chosen as the optimal
incubation time for the subsequent experiment.

The effect of incubation temperature on the peak currents
was examined at 10-50 °C, as shown in Fig. S3C.1 And the results
show that the electrochemical signal decreases rapidly as the
incubation temperature increases and then remains stable at 30
°C, indicating a favourable effect of increasing temperature on
the immune response over a range of temperatures. However,
when the temperature exceeded 50 °C, the peak current
increased rapidly, suggesting that the electrode's immune
response may be disrupted at higher temperatures. Therefore,
30 °C was chosen as the optimum incubation temperature.

Additionally, the immunosensor's sensitivity was investigated
by varying the volume ratios of Cu;Pt NPs and MoS, NFs in the
nanocomposite. Fig. S3D} shows that for certain MoS, NFs, the
electrochemical signal increased rapidly as the proportion of
Cu;Pt NPs in the composite increased. When the volume ratio of
CuzPt NPs to MoS, NFs in the composite reached 2:1, the
increase in the electrical signal almost stopped. Therefore, we
chose a volume ratio of 2: 1 between Cu;Pt NPs and MoS, NFs.
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3.5 Stability, specificity and reproducibility of the
immunosensor

The stability is an important analytical parameter for
monitoring the performance of the designed electro-
chemical immunosensor. The prepared immunosensor was
incubated at 4 °C. After 30 days of storage, no significant
change in the electrochemical signal response was
observed, and the same concentration of PG I was detected,
indicating that the prepared immunosensor has good
stability (Fig. 5A).

To evaluate the specificity of the immunosensor, we con-
ducted experiments with several common and highly inter-
fering substances, such as CEA, HSA, AFP and HBsAg. Under the
same experimental conditions, we also additionally set up
a comparison experiment group to be tested containing only PG
I and a group containing all of the above four interfering
substances mixed with PG I. Fig. 5B shows the histogram of the
peak currents corresponding to the detection results for the
different samples, indicating that the immunosensor has good
selectivity.

To analyse the reproducibility of the proposed immuno-
sensor, PG 1 (100 ng mL™ ') was detected by using five prepared
immunosensors (Fig. 5C). The relative standard deviation
(RSD) obtained for repeated measurements was 3.1%, sug-
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3.6 Analytical performance

To verify the analytical detection performance of the immuno-
sensor, electrochemical detection of PG I at different concen-
trations was carried out using DPV under optimal experimental
conditions. As illustrated in Fig. 6A, the peak response
decreased with increasing PG I concentration, with a detection
range from 0.5 ng mL™" to 400 ng mL™". The linear relationship
between the logarithmic value of PG I concentration and the
current response is illustrated in Fig. 6B, and the regression
equation is I (pA) = —7.81logcpg; (pg mL ') +89.79, with
a correlation coefficient of 0.983 and a limit of detection of
166.67 pg mL ™" (S/N = 3). The results show that the detection
range far exceeds the warning value range, which is due to the
excellent electrochemical performance of the as-prepared 3D
nanocomposites. Compared with the reported methods
(Table 1), the prepared immunosensor showed a wide linear
range and a high sensitivity. Moreover, as this biosensor is
prepared by an electrochemical method, it has better cost
performance and a simpler preparation process, which also
makes it more suitable for large-scale use.

3.7 Analysis of real samples

To investigate the precision and accuracy of the proposed

gesting that the designed immunosensor has good jmmunosensor in clinical practice, PG I in human serum
reproducibility. samples from healthy individuals (sample 3) and patients
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(A) DPV response of the immunosensor incubated with different concentrations of PG I: 0.5, 0.75, 1, 2.5, 5, 10, 25, 50, 100, 200, 250, 300

and 400 ng mL~tin pH = 7.4 PBS; (B) the linear relationship between the current response and concentration of PG I.
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Table 1 Comparison with other reported methods for the determination of PG |

Immunosensor Linear range (ng mL ") LOD (ng mL %) Reference
Lamb microfluidic device 0.06-3 0.06 37
EU/PS/PMMA 0.5-500 0.5 38
FM-LFIA 10-210 2.6 14
Electrochemical microfluidic chip 37.5-600 37.5 39

CLEIA 3.65-192.73 0.412 13
PANI/MoS,@Cu;PtNPs 0.5-400 0.17 This work
Table 2 Assay results of clinical serum samples using the proposed

and reference methods ACknOWledgementS

Proposed method  Reference method Relative error

Sample No. (ngmL ') (n=5) (ngmL") (%)

1 6.2 7.3 —15.07
2 18.89 20.27 —6.81
3 125.63 118.19 5.76
4 41.2 43.32 4.91
5 50.13 52.18 3.93

(Table 2, samples 1, 2, 4 and 5) was assayed. The results were
compared with those of EIAs, which are commonly used in
clinical practice to detect and quantify PG I (reference method).
The relative error between the two methods ranged from
—15.07% to 5.76%. These data indicate good agreement
between the two analytical methods and suggest that the
designed immunosensor has potential for clinical use in
detecting PG 1.

4 Conclusions

In this study, an electrochemical biosensor was developed for
the efficient detection of PG I. PANI contains many amino
groups, which can significantly accelerate electron transfer.
Furthermore, CuzPt NPs could be uniformly coordinated with
MoS, NFs, providing better conductivity and active sites for the
immobilisation of anti-PG I. Thus, the developed biosensor
exhibits a wide detection range, a low detection limit, excellent
selectivity and efficient anti-interference capability. In partic-
ular, the constructed sensor can identify samples with
concentrations in and around the alert range, which can greatly
accelerate the screening process for patients. However, as only
PG I was quantified in this study, PG II was not measured. And
the PG Il concentration is a key clinical criterion for doctors to
assess the health of a patient's stomach. In future research, we
will strive to overcome this problem and develop a highly
sensitive sensor that can detect PG I and PG II simultaneously.
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