biosensors

Article

A Dual Nano-Signal Probe-Based Electrochemical
Immunosensor for the Simultaneous Detection of Two
Biomarkers in Gastric Cancer

Li-Ting Su 12, Zhen-Qing Yang 2, Hua-Ping Peng >* and Ai-Lin Liu %*

check for

updates
Received: 4 November 2024
Revised: 28 January 2025
Accepted: 29 January 2025
Published: 31 January 2025

Citation: Su, L.-T,; Yang, Z.-Q.; Peng,
H.-P; Liu, A.-L. A Dual Nano-Signal
Probe-Based Electrochemical
Immunosensor for the Simultaneous
Detection of Two Biomarkers in
Gastric Cancer. Biosensors 2025, 15, 80.
https://doi.org/10.3390/
bios15020080

Copyright: © 2025 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license

(https:/ /creativecommons.org/
licenses /by /4.0/).

1 Quanzhou Medical College, Quanzhou 362000, China; 2005009@qzmc.edu.cn
2 The School of Pharmacy, Fujian Medical University, Fuzhou 350122, China; Ibe_yzq@accube.cn
*  Correspondence: penghuaping@fimu.edu.cn (H.-P.P.); ailinliu@fjmu.edu.cn (A.-L.L.)

Abstract: Detecting multiple tumor markers is of great importance. It helps in early cancer
detection, accurate diagnosis, and monitoring treatment. In this work, gold nanoparticles—
toluidine blue—graphene oxide (AuNPs-TB-GO) and gold nanoparticles-carboxyl ferrocene—
tungsten disulfide (AuNPs-FMC-WS;,) nanocomposites were prepared for labeling Carci-
noembryonic antigen (CEA) antibody and Carbohydrate antigen 72-4 (CA72-4) antibody,
respectively, and used as two kinds of probes with different electrochemical signals. With
the excellent magnetic performance of biotin immune magnetic beads (IMBs), the biofunc-
tional IMBs were firmly deposited on the magnetic glassy carbon electrode (MGCE) surface
by applying a constant magnetic field, and then the CEA and CA72-4 antibody were immo-
bilized on the IMBs by the avidin-biotin conjugation. The assay was based on the change in
the detection peak current. Under the optimum experimental conditions, the linear range
of detection of CEA is of the two-component immunosensor is from 0.01 to 120 ng/mL,
with a low detection limit of 0.003 ng/mL, and the linear range of detection of CA72-4
is from 0.05 to 35 U/mL, with a detection limit of 0.016 U/mL. The results showed that
the proposed immunosensor enabled simultaneous monitoring of CEA and CA72-4 and
exhibited good reproducibility, excellent high selectivity, and sensitivity. In particular, the
proposed multiplexed immunoassay approach does not require sophisticated fabrication
and is well-suited for high-throughput biosensing and application to other areas.

Keywords: dual biomarkers; dual nano-signal probe; electrochemical immunosensor

1. Introduction

Gastric cancer (GC) is one of the most common cancers and the third leading cause
of cancer-related death globally, making early diagnosis crucial for improving the overall
treatment outcomes for gastric cancer patients [1-3]. However, the diagnosis and treatment
of gastric cancer still face significant challenges due to its numerous heterogeneities and
complex pathogenesis [4]. Currently, the early diagnosis of gastric cancer mainly relies
on upper gastrointestinal endoscopy combined with tissue biopsy, serum gastric function
analysis, ultrasound, and radiological examinations [5]. Nevertheless, these means may
be limited by high costs, time-consuming procedures, complex equipment, and invasive
biopsies [6]. The screening and detection of tumor markers are some of the most effec-
tive methods for early cancer detection and prognosis [7]. The commonly used clinical
methods for tumor marker detection mainly include electrochemiluminescence, in addi-
tion to radioimmunoassay, fluorescence immunoassay, Polymerase Chain Reaction (PCR)
and its derivative technologies, as well as biosensor technology [8-10]. Electrochemical
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immunosensors that combine immunoassay techniques with electrochemical sensors are
promising tools for tumor marker analysis due to their advantages of high sensitivity, good
selectivity, cost-effectiveness, and rapid results [11-14].

At present, the commonly used serum tumor markers for gastric cancer diagnosis
include CEA, CA72-4, carbohydrate antigen 19-9 (CA19-9), and pepsinogen (PG), etc. [15].
Although tumor markers are highly correlated with tumor typing, a single tumor marker
cannot specifically indicate tumor types [16,17]. The multi-component joint detection im-
munoassay technology, which detects multiple tumor markers, can significantly improve
the accuracy and sensitivity of cancer diagnosis and is of great significance for clinical diag-
nosis, disease assessment, and effective monitoring of treatment [18-20]. In the meantime,
the simultaneous determination of multiple tumor markers is more advantageous than
single-component detection, including high analytical throughput, shorter needed time,
and reduced sample consumption, thus reducing the analytical costs [21]. Therefore, to
meet clinical testing demands, developing high-throughput analytical methods that can
process and analyze multiple samples in a single procedure is a long-term goal and research
focus in tumor diagnosis [22,23].

Nanomaterials, such as carbon-based nanomaterials (carbon nanotubes, graphene, car-
bon spheres, etc.) [24,25], metal nanomaterials (gold nanoparticles, platinum nanoparticles,
silver nanomaterials, etc.) [26,27], and metal oxide nanomaterials (silica, iron oxide, zinc
oxide, etc.) [28,29], have become some of the popular materials for research and applica-
tion due to their unique properties in terms of optical, magnetic, electrical, and catalytic
performance. Among them, GO has advantages such as a large specific surface area and
strong electrical conductivity [30]. Its structure contains functional groups, enabling it to
be easily modified. Thus, many GO-based nanomaterials can be synthesized and have
been widely and effectively applied in various fields, including batteries, catalysis, sensors,
and cell and drug analysis [31]. AuNPs have stable properties, excellent optoelectronic
performance, and biocompatibility [32], as well as a high specific surface area. The surface
of AuNPs is negatively charged, allowing them to bind to positively charged substances
through electrostatic forces or to form nanocomposites with excellent properties with nu-
merous compounds by utilizing Au-N or Au-S bonds [33]. As a layered transition-metal
chalcogenide, WS, has a special two-dimensional ultra-thin atomic layer structure, unique
physical, optical, and electrical properties, and excellent electrochemical performance,
especially in the research and application of electrode materials, catalysts, supercapacitors,
and sensors [34]. Both TB and FMC have good redox activity, electrical conductivity, and
high stability [35,36]. As shown in Figure 1, we synthesized AuNPs-TB-GO (abbreviated
as ATG) and AuNPs-FMC-WS; (abbreviated as AFW) through ultrasonic and oscillation
methods. These two nanocomposites combine the advantages of various materials such
as GO, WS,, TB, FMC, and AuNPs, which is conducive to the subsequent construction of
immunosensors and the effective detection of gastric cancer dual biomarkers.

During this construction of immunosensors, antibody labeling technology is one of
the key technologies in multi-component immunoassay, where the distinguishability of
the signals and the labeling method determine the effectiveness of multi-component analy-
sis [37]. We have selected two electroactive substances, TB and FMC, as antibody markers
and used the significantly different redox peak potentials of them to distinguish the two
antibodies. As shown in Figure 1, ATG and AFW were labeled with Anti-CEA secondary
antibody (CEA-Ab;) and Anti-CA72-4 secondary antibody (CA72-4-Ab,), respectively,
and used them as different nano signal probes, namely gold nanoparticles—toluidine blue—
graphene oxide-Carcinoembryonic antigen-secondary antibody (ATG-CEA-Ab,) and gold
nanoparticles—carboxyl ferrocene-tungsten disulfide-Carbohydrate antigen 72-4 secondary
antibody (AFW-CA72-4-Ab,). Meanwhile, using IMBs with excellent magnetic properties
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as the primary antibody immobilization substrate, the magnetic beads were firmly fixed on
the electrode surface through the action of an external magnetic field. Then, by utilizing
the affinity bond between biotin and avidin, the effective immobilization of biotinylated
Anti-CEA primary antibody (CEA-Ab;) and biotinylated Anti-CA72-4 primary antibody
(CA72-4-Ab1) on the electrode surface was achieved, thereby successfully constructing a
simple and efficient two-component immunosensing interface. On the basis of the above
sensing interface, through further sandwich immunoassay, the secondary antibody com-
posite nanomaterials labeled with different signals were combined on the surface of the
immunosensor, thus achieving highly sensitive simultaneous detection of gastric cancer
markers CEA and CA72-4. Given its high sensitivity, the developed biosensor has excellent
specificity and rapid responsiveness and is expected to contribute to the joint detection of
gastric cancer biomarkers.
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Figure 1. (A) Schematic representation of the synthesis of the ATG nanocomposite and AFW nanocom-
posite. (B) Schematic illustration of the electrochemical immunosensor for the simultaneous detection
of CEA and CA72-4.

A

2. Materials and Methods
2.1. Chemicals and Reagents

GO was purchased from Nanjing Xianfeng Nanomaterial Technology Company. TB,
FMC, and WS; (2 um, 99% purity) and bovine serum albumin (BSA) were purchased
from Sigma-Aldrich (St. Louis, MO, USA). Chloroauric acid, trisodium citrate, and tannic
acid were purchased from Shanghai National Pharmaceutical Group Chemical Reagent
Company. IMBs, CEA antigen (CEA-Ag), CEA-Ab;, CEA-Ab,, CA72-4 antigen (CA72-
4-Ag), CA72-4-Abq, and CA72-4-Ab, were purchased from Roche Diagnostics GmbH,
Germany. Phosphate buffer solutions containing 0.1 M KCI were used as the electrolyte
(PBS, 0.1 M). All reagents were of analytical grade, and double-distilled water was used
throughout the experiments.
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2.2. Instruments and Apparatus

Ultraviolet-visible (UV-vis) absorption spectrum were performed on a UV-2450 spec-
trophotometer (Shimadzu Corporation, Kyoto, Japan). Transmission electron microscopy
(TEM) and Energy dispersive X-ray (EDX) spectrometry were characterized by JEOL
2010 (JEOL, Tokyo, Japan). Autolab PGSTAT302F electrochemical workstation (Metrohm,
Netherlands), JEM 2100 Transmission Electron Microscope (Hitachi, Tokyo, Japan). Elec-
trochemical experiments for cyclic voltammetry (CV) and differential pulse voltammetry
(DPV) were performed on a CHI630C electrochemical workstation (Shanghai Chenhua
Instruments Co., Shanghai, China) using a conventional three-electrode system, which con-
sisted of a modified magnetic glassy carbon electrode (MGCE, @3mm) (Tianjin Gaoshirui
Lian Technology Company, Tianjin, China) as the working electrode, a platinum wire elec-
trode as the counter electrode, and Ag/AgCl as the reference electrode. The electrochemical
impedance spectroscopy (EIS) measurement was performed on an Autolab PGSTAT30
electrochemical workstation (Metrohm, The Netherlands).

2.3. Synthesis of AuNPs-TB-GO

Gold nanoparticles (AuNPs) were prepared via a previously reported sodium citrate
reduction method [38]. Briefly, 1 mL of 2.0% chloroauric acid solution and 79 mL of distilled
water were added to a flask A. Subsequently, 8 mL of 1.0% trisodium citrate and 0.2 mL
of 1.0% tannic acid were added to flask B, followed by the addition of 11.8 mL of double-
distilled water. Both flasks were heated to 60 °C, and the solution in flask B was rapidly
poured into flask A. The mixture was vigorously stirred at 60 °C for 35 min until the color
turned purple-red. After cooling to room temperature, the synthesized AuNPs were stored
in the dark at 4 °C.

Additionally, a certain amount of GO solid was dispersed in double-distilled water,
and after 1 h of ultrasonication, the mixture was centrifuged at 10,000 rpm for 10 min. The
supernatant was collected to prepare a 2 mg/mL brownish-yellow GO solution. Then,
10 mg/mL TB solution was added dropwise to 500 uL of the GO solution under sonication,
and the solution color changed from brown to green, finally to blue. The blue mixture was
centrifuged at 10,000 rpm for 10 min and washed three times with double-distilled water;
the obtained precipitate was dissolved in 1 mL of water named TB-GO composite.

Subsequently, 200 uL of AuNPs solution was added to 100 uL of TB-GO composite;
the mixture was shaken for 1 h and then soaked overnight. Then, the mixture was washed
using a 1:1 volume ratio of water and ethanol solution, followed by centrifugation at
10,000 rpm for 10 min. The precipitate was collected and dispersed in 1 mL of water, and
this AuNPs-TB-GO composite was named as ATG.

2.4. The Synthesis of ATG-CEA-ADb;

1 mL of CEA secondary antibody was added into 1 mL of ATG composite and reacted
under agitation at 180 rpm at 37 °C for 20 min. After washing several times, 2 mL of 0.5%
BSA PBS solution was added to the mixture, and it was stirred at room temperature for 1 h
to block the surface of unbound ATG with CEA. The supernatant was discarded, and this
washing process was repeated three times. Finally, 1 mL of PBS solution was added to the
product, and the dispersion was stored at 4 °C.

2.5. Synthesis of AuNPs-FMC-WS, Composite

AFW composites were prepared using a one-step ultrasonic chemical method [39]. A
total of 100 mg WS, and 50 mg FMC were weighed, then water was added to 20 mL, and
they were mixed and sonicated. Then, 2 mL AuNPs solution was added to this mixture,
and sonication continued for 6 h. Subsequently, the resulting mixture was centrifuged at
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10,000 rpm for 10 min, the supernatant was collected, and then it was centrifuged again at
16,000 rpm for 10 min. The obtained precipitate was dispersed in 1 mL double-distilled
water and washed with a mixture of water and ethanol (1:1). After centrifugation, the
precipitate was collected, and it was dispersed in 1 mL double-distilled water, and it was
named AFW. Likewise, under the same condition without adding gold nanoparticles, the
FMC-WS, composite can be prepared.

2.6. Preparation of AFW-CA72-4-Ab;

1 mL AFW was mixed with 1 mL 6 ng/mL CA72-4-Ab2 and allowed to react under
agitation at 180 rpm at 37 °C for 20 min. After having been washed several times, 2 mL
of 0.5% BSA PBS solution was added and stirred at room temperature for 1 h to block the
surface of unbound AFW with CA72-4 [39]. The supernatant was discarded. This wash
process was repeated three times. Finally, 1 mL PBS solution was added to the product,
and this dispersion was stored at 4 °C.

2.7. Construction of Dual-Component Immunosensor

Firstly, the MGCE was polished sequentially on chamois with 1.0 ym, 0.3 um, and
0.05 um Al,Og3. Then, the polished MGCE was cleaned under sonication (approximately
3 min for each) using the mixture of HNOj3 and water (1:1), anhydrous ethanol, and distilled
water, respectively. After rinsing with double-distilled water, it was dried with high-purity
Ny. A total of 6 uL of IMBs solution was dropped onto the MGCE surface, and it was
dried in a vacuum for 30 min. Subsequently, equal volumes of CEA-Ab; and CA72-4-Ab,
were dropped onto the electrode surface and left overnight (4 °C). The electrode was then
washed with PBS at pH 7.4 and dried with Nj. Finally, equal volumes of CEA antigen and
CA72-4 antigen mixture were dropped onto the electrode surface, incubated at 37 °C for
1 h, and washed with PBS.

Additionally, a mixture solution of ATG-CEA-Ab; and AFW-CA72-4-Ab; was dropped
onto the electrode surface and incubated at 37 °C for 1 h, followed by washing with PBS.
The modified MGCE served as the working electrode, a platinum wire electrode as the
counter electrode, and Ag/AgCl as the reference electrode. Before the measurement, Np
was purged for at least 20 min to remove O; from the solution. Then, the DPV scans were
performed in PBS buffer solution at pH 7.4, with a scan potential range of —0.6 to +0.6 V
and a scan rate of 100 mV/s. The quantitative analysis of the target antigen was conducted
based on the change in oxidation peak current values.

3. Results and Discussions
3.1. The Characterization of Nano Materials

The morphology and preparation process of ATG composite were confirmed by TEM.
As shown in Figure 2A, TB-GO exhibits a sheet-like structure, indicating that GO has
been successfully exfoliated through ultrasonic treatment. It is obvious to see that a large
number of spherical nanoparticles are uniformly loaded on the surface of the TB-GO
composite, suggesting that AuNPs have been self-assembled onto the TB-GO composite
surface through electrostatic interactions, forming the ATG composite (Figure 2B, Figure
S1A,B). Moreover, EDX characterization reveals that the composite contains elements
such as C, Au, N, and S, further confirming the successful self-assembly of the nano
ATG composite (Figure 2C). In addition, UV-vis spectroscopy was employed for further
characterization of the ATG nanocomposite. As depicted in Figure 2D, TB shows two
absorption peaks at 288 nm and 632 nm. GO has a characteristic absorption peak at
228 nm; TB-GO nanocomposite presents both characteristic absorption peaks of GO and TB.
Compared to TB, TB-GO undergoes a blue shift due to steric hindrance during the formation
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of conjugated structures between TB and GO, resulting in a characteristic absorption peak
at 598 nm, indicating the successful immobilization of TB onto graphene. Moreover, AuNPs
display an absorption peak at 520 nm; upon combination with TB-GO, the prepared AuNPs-
TB-GO nanocomposite exhibits a broad absorption peak around 540 nm due to interactions
between AuNPs and TB. These results further confirm the successful preparation of the

ATG nanocomposite.
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Figure 2. TEM images of (A) TB-GO, (B) AuNPs-TB-GO. (C) EDX spectrum of AuNPs-TB-GO
composite. (D) UV-vis spectra of TB (pink line), GO (red line), TB-GO (black line), Au NPs (blue line),
ATG (green line).

TEM analysis was also utilized to verify the morphology and synthesis process of
AFW. As shown in Figure 3A, the purchased WS, exhibits a multilayer structure; however,
after mixing with FMC and AuNPs followed by ultrasonication, there were numerous
AuNPs on the sheet-like surface of WS, (Figure 3B). It can be observed that during the
ultrasonication process, WS; has been exfoliated from a multilayer structure into a sheet-
like structure. This could also be seen from Figure S2. Additionally, EDX characterization
indicates that W, S, Au, Fe, and C elements appeared in this composite, confirming that
FMC and AuNPs have been successfully self-assembled on WS, nanosheets (Figure 3C).
Therefore, these results demonstrate that AuNPs-FMC-WS, composites can be successfully
synthesized via a simple ultrasonication procedure. We also use UV-vis spectroscopy to
further characterize the AFW nanocomposite. As shown in Figure 3D, pure FMC exhibits
a characteristic absorption peak at 256 nm, while the WS,-FMC composite, in addition
to the peak at 256 nm, shows new absorption peaks at 450 nm and 625 nm, respectively.
This indicates successful loading of FMC onto the surface of WS, through coordination
interactions. Furthermore, a new absorption peak at 540 nm appeared in Figure 3D, which
undergoes a redshift compared to the absorption peak of pure AuNPs at 520 nm due to
the interactions between AuNPs and WS;, suggesting that AFW nanocomposite has been
successfully prepared.
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Figure 3. TEM images of (A) bulk WS,, (B) AFW nanocomposite. (C) EDX spectrum of AFW.
(D) UV-vis spectra of FMC (pink line), WS,-FMC (green line), Au (blue line), AFW (red line).

3.2. The Electrochemical Characterization of Modified Electrodes

In this article, cyclic voltammetry (CV) and electrochemical impedance spectroscopy
(EIS) were employed to characterize the electrochemical behavior of the modified electrodes
during the sensor modification process. Firstly, cyclic voltammetry was used to characterize
the assembly process of the immunosensor. The electrochemical properties of different
modified electrodes were investigated. Figure 4A shows the cyclic voltammetry curves
of different modified electrodes with the voltage range from —0.4 V to 0.8 V; the scan
rate was 100 mV/s in a 0.1 M KCI solution containing 10 mM K3;Fe(CN)g. A pair of
obvious oxidation-reduction peaks was found when K3Fe(CN)4 was on the bare MGCE
(curve a). Clearly, the immobilized IMBs on the electrode surface could hinder the electron
diffusion to the electrode, resulting in a decrease in the oxidation-reduction peaks of
IMBs/MGCE (curve b) compared to those of bare MGCE. When the mixture of CEA-Ab;
and CA72-4-Ab; is immobilized onto the MGCE surface by the affinity between biotin
and avidin, the oxidation-reduction peak current is smaller than that of IMBs/MGCE
(curve c), which is consistent with the fact that proteins hinder electron transfer on the
electrode surface. Similarly, after further incubation of the mixture of CEA and CA72-4
antigens on the electrode, the resulting curve (curve d) shows a further decrease in the
oxidation-reduction current. However, when the mixed solution of ATG-CEA-Ab, and
AFW-CA72-4-Ab; is specifically bound to the CEA and CA72-4 antigens on the electrode
surface, the oxidation-reduction current increases (curve e). The reasons may be as follows:
(1) The good conductivity of nanoprobes could accelerate the electron transfer on the
electrode surface; (2) the positively charged electron mediator TB in the AuNPs-TB-GO
composite is able to effectively adsorb negative [Fe(CN)g]>~ to the electrode surface, leading
to a significant increase in [Fe(CN)]*~ peak current.
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Figure 4. (A) The cyclic voltammograms of different modified magnetic carbon glassy electrodes
with the voltage range from —0.4 V to 0.8 V; the scan rate was 100 mV /s in a 0.1 M KCl solution
containing 10 mM K3Fe(CN)g. (B) The electrochemical impedance spectroscopy of different mod-
ified magnetic carbon glassy electrodes was performed in a 0.1 M KCl solution containing 10 mM
Fe(CN)6*~ /3~ at an open potential of 210 mV within the frequency range of 0.01 Hz to 100 kHz.
(a) bare MGCE, (b) IMBs/MGCE, (c) CEA-Ab; &CA72-4-Ab; /IMBs/MGCE, (d) CEA-Ag&CA72-4-
Ag/CEA-Ab; &CA72-4-Ab; /IMBs/MGCE, (e) ATG-CEA-Aby &AFW-CA72-4- Ab, /CEA-Ag&CA72-
4-Ag/CEA-Ab; &CA72-4-Ab; /IMBs/MGCE.

In Figure 4B, the changes in the electron transfer resistance (Ret) on different modi-
fied electrode surfaces were detected by electrochemical impedance spectroscopy when
the bare MGCE, IMBs/MGCE, CEA-Ab; &CA72-4-Ab; / /IMBs/MGCE, CEA-Ag&CA72-
4Ag/Ab; /IMBs/MGCE, and ATG-CEA-Ab,&AFW-CA72-4-Ab, /CEA-Ag &CA72-4-Ag/
CEA-Ab &CA72-4-Ab, /IMBs/MGCE were placed in a 0.1 M KCl solution containing
10 mM Fe(CN)g*~/3~. The result indicated that due to the semiconducting property of
the immunomagnetic beads (IMBs) and the biotin on the magnetic bead surface, it could
hinder electron transfer, resulting in a larger Ret of IMBs/MGCE (curve b) than that of
the bare MGCE (curve a). When the biotinylated CEA-Ab; and CA72-4-Ab; mixture
is immobilized onto the MGCE surface by affinity, the resistance significantly increases
(curve c), due to the fact that antibodies are large biomolecules that also hinder electron
transfer. Similarly, when the mixture of CEA and CA72-4 antigens is further incubated on
the electrode, the resulting immunocomplex further hinders electron transfer, leading to a
further increase in Ret (curve d). Nevertheless, when the nanoprobes ATG-CEA-Ab; and
AFW-CA72-4-Ab; are specifically bound to the CEA and CA72-4 antigens immobilized on
the electrode surface, Ret decreases after immunoreaction (curve e), which is consistent
with the results of cyclic voltammetry. Based on the CV and EIS results, it is proved that the
assembly of IMBs, Ab;, Ag, and Ab; on the electrode surface has been achieved through
affinity interactions and specific immune reactions; meanwhile, the biological activity of
the CEA&CA72-4 primary antibody immobilized on IMBs/MGCE was effectively main-
tained. As a result, a dual-component CEA and CA72-4 detection immunosensor has been
successfully constructed.

3.3. Optimization of Experimental Conditions

To evaluate the performance of this immune sensor, two optimal conditions of incuba-
tion time and temperature were confirmed. As shown in Figure 5A, the dual-component
DPV response current values increased firstly with a longer incubation time, and after
interacting for 20 min, the response current signal remains relatively stable, indicating
completion of the immune reaction. In addition, after 25 min of incubation of CA72-4
antigen, an essentially unchanged current value was also observed, suggesting reaching an
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equilibrium state. Therefore, the optimal incubation time selected for this experiment is
25 min.
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Figure 5. Effect of (A) incubation time and (B) incubation temperature on the DPV response in the
presence of CEA and CA72-4. The DPV scans were performed in PBS buffer solution at pH 7.4, with
a scan potential range of —0.6 to +0.6V, a scan rate of 100 mV/s.

In Figure 5B, as the temperature varies from 20 to 40 °C, the current response signal
value also changes. It can be observed that the maximum current value for CEA antigen
is at 37 °C, while a higher temperature will result in a decrease in current response, since
antigen and antibody may gradually inactivate under high temperature. Similarly, the
CA72-4 antigen shows the largest current signal value at 30 °C, then decreases with the
increase in temperature. Hence, the optimal temperature for the immune reaction is chosen
as 35 °C.

3.4. Quantitative Analytical Performance

Under optimal conditions, the amperometric response of the dual-component immune
sensor to both CEA and CA72-4 components was studied by DPV. As shown in Figure 6A,
with the increase in antigen concentration, more CEA and CA72-4 molecules specifically
bind to Ab; in the sensor. This will lead to more immune complexes on the electrode
surface formed by sandwich immunoassays with ATG and AFW labeled CEA and CA72-4
secondary antibodies, respectively, contributing to a continuous increase in the DPV current
signal. The results indicate that this dual-component immune sensor exhibits good linear
relationships to CEA and CA72-4, which are 0.01~120 ng/mL and 0.05~35 U/mL, respec-
tively. The linear equations are I = —0.006 Ccpa—0.845 and I = —0.0154Cc477-4—0.1575,
with the linear correlation coefficients of 0.9913 and 0.9871, respectively (Figure 6B,C).
The detection limits of the immune sensor for CEA and CA72-4 are 0.003 ng/mL and
0.016 U/mL, with S/N = 3. As shown in Table S1, the detection limits of the biosensor for
CEA and CA72-4 are comparable to or better than those of some of the previously reported
sensors [40-45].
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Figure 6. (A) DPV responses with different antigen concentrations. Curves a-f corresponding to CEA
concentration in the range of 0.01-120 ng/mL and CA72-4 concentration in the range of 0.05-35 U/L.
The DPV scans were performed in PBS buffer solution at pH 7.4, with a scan potential range of
—0.6 to +0.6 V, a scan rate of 100 mV/s. (B) The linear equation of CEA is I = —0.006 Ccgg—0.845
(RZ = 0.9913). (C) The linear equation of CA72-4is I = —0.0154Cca77-4—0.1575 (R% = 0.9871).

3.5. Specificity, Stability, and Reproducibility

To evaluate the selectivity of this immune sensor, the current values were recorded
when the dual-component immune sensor was placed in 10 ng/mL BSA, 10 ng/mL
CA211, 10 ng/mL ABCBI, and 10 U/mL CA19-9 solutions, respectively, and incubated
for 25 min. In Figure 7,the result showed that there was no significant current value dif-
ference compared to the control group (without this interference), demonstrating that the
dual-component immune sensor exhibits good anti-interference capability and satisfactory
selectivity.

The prepared immune electrode was immersed in a mixture of 25 ng/mL CEA and
10 U/mL CA72-4, and its electrochemical response signal was detected six times. The stan-
dard deviations of six measurements of CEA and CA724 were 3.3% and 3.9%, respectively.
Additionally, six immune electrodes were used to detect the same mixed sample, resulting
in standard deviations of CEA and CA724 of 3.6% and 6.6%, respectively. Furthermore,
after storing the prepared immune sensor at 4 °C for 30 days, the magnitudes of the electri-
cal signals of CEA and CA72-4 measured could still maintain 91% and 89% of the initial
current, indicating excellent long-term stability of this immune sensor.



Biosensors 2025, 15, 80

11 of 14

-1.0

Bl cEA

Bl cA72-4
-0.8 4

-0.6 -

0.4 -

Current (pA)

-0.2 4

0.0 -
blank BSA CA211 ABCB1 CA19-9

Figure 7. Selectivity of the immune sensor toward BSA, CA211, ABCB1, and CA19-9. The DPV scans
were performed in PBS buffer solution at pH 7.4, with a scan potential range of —0.6 to +0.6V, a scan
rate of 100 mV/s.

3.6. Recovery Experiment

To investigate the feasibility of this immune sensor for detecting CEA and CA72-4
in actual samples, spike-recovery experiments were conducted. The serum samples were
diluted to 10 times firstly; then diluting it into a series of test solutions using 0.1 mol/L
PBS (pH 7.4) solution. In Table 1, the recovery rates of CEA and CA72-4 are between
92.63-102.00% and 94.80-99.44%, respectively, indicating that the immune sensor exhibits
high applicability and reliability for detecting CEA and CA72-4 in actual samples.

Table 1. Recovery experiment results for detection of CEA and CA72-4 in human serum samples
(n=3).

Sample Added Mean Value RSD (%) Recovery (%)
S1 CEA 1ng/mL 1.02 ng/mL 2.09 102.00
CA72-4 5U/mL 484 U/mL 2.42 94.80
52 CEA 100 ng/mL 99.70 ng/mL 1.74 99.70
CA72-4 25U/mL 24.86 U/mL 2.36 99.44
53 CEA 200 ng/mL 185.26 ng/mL 2.82 92.63
CA72-4 35U/mL 34.32U/mL 1.67 98.06

4. Conclusions

In conclusion, we designed and constructed a novel sandwich-type electrochemical
immunosensor with dual nano signal probes for the simultaneous detection of CEA and
CA72-4 in gastric cancer. On the one hand, this design is novel because avidin-immobilized
immunomagnetic beads were utilized as the antibody-carrying substrate and could be
facilely immobilized on the MGCE surface only through an external magnetic field. On the
other hand, the synthesis method of dual-probe nanocomposites is simple, and by utilizing
their unique properties, a sensitive and accurate two-component immunosensing interface
has been constructed, achieving low-level detection of CEA and CA724 at 0.003 ng/mL and
0.016 U/mL. This sensor has high sensitivity, good selectivity, reproducibility, and stability.
Therefore, it has potential application value in the clinical diagnosis of cancer, providing
new ideas for constructing multi-component tumor biomarker sensors.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/bios15020080/s1, Figure S1: TEM images of (A), (B), AuNPs-
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TB-GO; Figure S2: TEM images of bulk WS2 after sonication; Table S1: Comparison of LOD about
different CEA /CA72-4 detection methods.

Author Contributions: Conceptualization, L.-T.S., H.-P.P. and A.-L.L.; data curation, L.-T.S. and Z.-
Q.Y,; formal analysis, L.-T.S.; funding acquisition, A.-L.L.; investigation, L.-T.S. and Z.-Q.Y.; methodol-
ogy, L.-T.S. and H.-P.P; project administration, A.-L.L. and H.-P.P; resources, A.-L.L. software, Z.-Q.Y.;
supervision, A.-L.L.; validation, L.-T.S.; visualization, L.-T.S. and Z.-Q.Y.; writing—original draft,
L.-T.S. and H.-PP,; writing—review and editing, A.-L.L. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by Quanzhou Science & Technology Program (No. 2018N122S).

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki, and approved by the Research Ethics Committee of Quanzhou Medical College in July
2018 (project identification code 2018004).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the
study.

Data Availability Statement: The data used in this study are available from the corresponding
authors upon reasonable request.

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

References

1. Elizabeth, C.S.; Magnus, N.; Heike, 1.G.; Nicole, C.G; Florian, L. Gastric cancer. Lancet 2022, 23, 100450.

2. Zhang, Z; Liu, N.; Sun, M. Research progress of immunotherapy for gastric cancer. Technol. Cancer Res. Treat. 2023, 23, 50555.
[CrossRef] [PubMed]

3. Su, K;; Yao, X.; Guo, C.; Qian, C.; Wang, Y.; Ma, X.; Wang, X.; Yang, Y. Solasodine suppresses the metastasis of gastric cancer
through claudin-2 via the AMPK/STAT3/NEF-«B pathway. Chem.-Biol. Interact. 2023, 379, 110520. [CrossRef] [PubMed]

4. Zhu, E; Xie, Q.; Huang, X.; Zhang, Z. Application of spatial omics in gastric cancer. Pathol.-Res. Pract. 2023, 262, 155503.
[CrossRef]

5. Alexandra, O.; Mihaela, C.B.; Octavian, A.M.; Horia, P; Ciprian, M.B.; Sabina, F.S.; Teodor, A.M.; Ciprian, B. Landscape of
innovative methods for early diagnosis of gastric cancer: A systematic review. Diagnostics 2023, 13, 3608. [CrossRef]

6. Mahima, M.; Rubai, A.; Deepak, K.D.; Devlina, D.P; Sandeep, K.D.; Arindam, P. Recent advancements in the application of
circulating tumor DNA as biomarkers for early detection of cancers. ACS Biomater. Sci. Eng. 2024, 10, 4740-4756.

7. Jiang, L.; Lin, X,; Chen, F; Qin, X;; Yan, Y.; Ren, L.; Yu, H.; Chang, L.; Wang, Y. Current research status of tumor cell biomarker
detection. Microsyst. Nanoeng. 2023, 9, 123. [CrossRef]

8.  May, R.I; Yaser, E.G. MOF-based biosensors for the detection of carcinoembryonic antigen: A concise review. Molecules 2023, 28,
5970. [CrossRef]

9. Ushna, L.; Saman, S.; Abbas, R.; Mehrdad, K.; Sadanand, P. Nanotechnology-based approaches for effective detection of tumor
markers: A comprehensive state-of-the-art review. Int. J. Biol. Macromol. 2021, 195, 356-383.

10. Ren, H,; Jiang, M.; Lai, W.; Liang, W.; Cheng, Y.; Zhang, S.; Wen, B.; Li, Y.; Hong, C. Quasi-solid electrochemiluminescence
immunosensor constructed with gel electrolyte for the detection of CEA. Chem. Eng. ]. 2024, 498, 155342. [CrossRef]

11.  Venkata, N.P; Reddy, Y.V.M.; Mehdihasan, S.; Prabhakar, V.S.V.; Jaesool, S.; Rajshekhar, K. Electrochemical immunosensing of
tumor markers. Clin. Chim. Acta 2024, 557, 117882.

12. Li, Z.; Zhang, J.; Huang, Y.; Zhai, ].; Liao, G.; Wang, Z.; Ning, C. Development of electroactive materials-based immunosensor
towards early-stage cancer detection. Coord. Chem. Rev. 2022, 471, 214723. [CrossRef]

13.  Yuan, Y Liu, B.; Wang, T.; Li, N.; Zhang, Z.; Zhang, H. Electrochemical microfluidic paper-based analytical devices for tumor
marker detection. Trend Anal. Chem. 2022, 157, 116816. [CrossRef]

14. Wang, Y.; Yao, W.; Sun, W.; Fan, Y.; Xiao, J.; Wang, T.; Huang, K,; Liu, L.; Wang, X.; Jiang, H. Aptamer-based electrochemical
analysis platform for tumor cells and biomarkers detection. J. Electroanal. Chem. 2024, 960, 118194. [CrossRef]

15.  Wojciech, ]J.; Barbara, M. Molecular and circulating biomarkers of gastric cancer. Int. J. Mol. Sci. 2022, 23, 7588. [CrossRef]

16. Zhang, Z.; Miao, L.; Wang, S.; Zhao, Y.; Xie, Y;; Yun, H.; Ren, Z.; Wang, G.; Teng, M.; Li, Y. Study on the expression of c-Met in

gastric cancer and its correlation with preoperative serum tumor markers and prognosis. World . Surg. Oncol. 2022, 20, 204.
[CrossRef]


https://doi.org/10.1177/15330338221150555
https://www.ncbi.nlm.nih.gov/pubmed/37042029
https://doi.org/10.1016/j.cbi.2023.110520
https://www.ncbi.nlm.nih.gov/pubmed/37121296
https://doi.org/10.1016/j.prp.2024.155503
https://doi.org/10.3390/diagnostics13243608
https://doi.org/10.1038/s41378-023-00581-5
https://doi.org/10.3390/molecules28165970
https://doi.org/10.1016/j.cej.2024.155342
https://doi.org/10.1016/j.ccr.2022.214723
https://doi.org/10.1016/j.trac.2022.116816
https://doi.org/10.1016/j.jelechem.2024.118194
https://doi.org/10.3390/ijms23147588
https://doi.org/10.1186/s12957-022-02659-2

Biosensors 2025, 15, 80 13 of 14

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.

Rima, H.; Dima, A.S.; Sanaa, K.B.; Alexander, T. Identification of tumor-specific MRI biomarkers using machine learning (ML).
Diagnostics 2021, 11, 742. [CrossRef]

Zhou, C.; Zhao, S. Evaluation of the value of combined detection of tumor markers CA724, carcinoembryonic antigen, CA242,
and CA19-9 in gastric cancer. World ]. Gastrointest. Oncol. 2024, 16, 1737-1744. [CrossRef]

Fang, R.; Yuan, W.; Mao, C.; Cao, J.; Chen, H.; Shi, X.; Cong, H. Human circular RNA hsa_circ_0000231 clinical diagnostic
effectiveness as a new tumor marker in gastric cancer. Cancer Rep. 2024, 7, e2081. [CrossRef]

Li, X;; Li, S.; Zhang, Z.; Huang, D. Association of multiple tumor markers with newly diagnosed gastric cancer patients: A
retrospective study. Peer] 2022, 10, e13488. [CrossRef]

Amarnath, C.A; Shilpa, N.S. Redox-labelled detection probe enabled immunoassay for simultaneous detection of multiple cancer
biomarkers. Microchim. Acta 2023, 190, 86.

Wang, C.; Wang, C.; Wu, Y; Gao, J.; Han, Y.; Chu, Y.; Qiang, L.; Qiu, J.; Gao, Y.; Wang, Y.; et al. High-throughput, living single-cell,
multiple secreted biomarker profiling using microfluidic chip and machine learning for tumor cell classification. Adv. Healthc.
Mater. 2022, 11, 2102800. [CrossRef] [PubMed]

Xia, Y.; Hu, X,; Di, K;; Liu, C.; Tan, T; Lin, Y.; Xu, H.; Xie, H.; Wang, S.; Yang, Z.; et al. Combined detection of exosome
concentration and tumor markers in gastric cancer. J. Biomed. Nanotechnol. 2020, 16, 252-258. [CrossRef]

Yu, H.; Wei, E. Carbon-Based Multifunctional Nanomaterials. Nanomaterials 2024, 14, 1600. [CrossRef]

Shweta, ].M.; Saravanan, P.; Abdullah, A.; Nagaraj, P.S. Carbon Nanomaterials for Biomedical Applications: Progress and Outlook.
ACS Appl. Bio Mater. 2024, 7, 752-777.

Rei, N.; Tetsuya, M.; Kenji, W.; Koichi, O. Novel Plasmonic Metamaterials Based on Metal Nano-Hemispheres and Metal-Dielectric
Composites. Photonics 2024, 11, 356. [CrossRef]

Ye, Z.; Bao, Y,; Chen, Z.; Ye, H,; Feng, Z.; Li, Y,; Zeng, Y.; Pan, Z.; Ouyang, D.; Zhang, K et al. Recent advances in the
metal/organic hybrid nanomaterials for cancer theranostics. Coord. Chem. Rev. 2024, 504, 215654. [CrossRef]

Georges, D.; Zoran, P,; Branimir, B.; Manil, K.; Nina, F,; Zorica, N.; Marko, R. Advancement of metal oxide nanomaterials on
agri-food fronts. Sci. Total Environ. 2024, 928, 172048.

Liu, W,; Song, X,; Jiang, Q.; Guo, W,; Liu, J.; Chu, X.; Lei, Z. Transition Metal Oxide Nanomaterials: New Weapons to Boost
Anti-Tumor Immunity Cycle. Nanomaterials 2024, 14, 1064. [CrossRef]

Han, L.; Shen, H.; Zhu, J.; Li, Y. Mini review: Electrochemical electrode based on graphene and its derivatives for heavy metal
ions detection. Talanta Open 2022, 6, 100153. [CrossRef]

Cao, X,; Li, S.; Wang, S.; Guo, R,; Long, Q.; Chen, Z. Graphene-Metal Nanocrystal Hybrid Materials for Bioapplications. ACS Appl.
Mater. Interfaces 2024, 16, 21816-51825. [CrossRef] [PubMed]

Hossain, A.; Rayhan, M.T.; Mobarak, M.H.; Rimon, M.LH.; Hossain, N.; Islam, S.; Al Kafi, S.A. Advances and significances of
gold nanoparticles in cancer treatment: A comprehensive review. Results Chem. 2024, 8, 101559. [CrossRef]

Yue, Y,; Zhang, X.; Xu, Z.; Sun, L.; Li, S.; Liu, R. Ultrasensitive detection of PSA in human serum using Label-Free electrochemical
biosensor with magnetically induced Self-Assembly based on «-Fe,O3/Fe304@Au nanocomposites. Microchem. ]. 2024, 201,
110487. [CrossRef]

Ana, R.L,; Fernao, D.M,; Joana, A.L.; Artur, M.P. Tungsten Disulfide-Based Materials and Their Conjugates for Cancer Photother-
mal Therapy. J. Compos. Sci. 2024, 8, 460. [CrossRef]

Kang, D.; Ma, S.; Zheng, Q. Sandwich-Like Electrochemical Immunosensing of Squamous Cell Carcinoma Antigen Based on
Gold Nanoparticles/Reduced Graphene and Toluidine Blue/UIO-66-NHy,. J. Electrochem. Soc. 2024, 171, 037526. [CrossRef]
Sun, H.; Wang, M,; Tan, H.; Liu, H.; Liu, M.; Li, S. Ratiometric electrochemical immunoassay based on 2D Co/Fe MOF decorated
with toluidine blue and Fc-labeled Schiff base for accurate assay of alpha-fetoprotein in clinical serum. Talanta 2024, 273, 125876.
[CrossRef]

Freitas, M.; Nouws, H.P; Keating, E.; Fernandes, V.C.; Delerue-Matos, C. Immunomagnetic bead-based bioassay for the
voltammetric analysis of the breast cancer biomarker HER2-ECD and tumour cells using quantum dots as detection labels.
Microchim. Acta 2020, 187, 184. [CrossRef]

Siebrands, M.; Giersig, P.; Mulvaney, C.; Fischer, H. Steric exclusion chromatography of nanometer-sized gold particles. Langmuir
1993, 9, 2297-2300. [CrossRef]

Hong, G.; Chen, R; Xu, L.; Lu, X;; Yang, Z.; Zhou, G.; Li, L.; Chen, W.; Peng, H. One-pot ultrasonicsynthesis of multifunctional
Au nanoparticle-ferro-cene-WS; nanosheet composite for the constructionof an electrochemical biosensing platform. Anal. Chim.
Acta 2020, 1099, 52-59. [CrossRef]

Hou, Y,; Wang, J.; Liu, S.; Sun, Y.; Dai, Y.; Luo, C.; Wang, X. A novel flower-shaped Ag@ZIF-67 chemiluminescence sensor for
sensitive detection of CEA. Talanta 2022, 253, 123938. [CrossRef]

Wang, R.; Huang, Y.; Chi, Y. Gold nanoparticles-oxidized multi-walled carbon nanotubes as electrochemiluminescence im-
munosensors. Analyst 2022, 147, 3096-3100. [CrossRef] [PubMed]


https://doi.org/10.3390/diagnostics11050742
https://doi.org/10.4251/wjgo.v16.i5.1737
https://doi.org/10.1002/cnr2.2081
https://doi.org/10.7717/peerj.13488
https://doi.org/10.1002/adhm.202102800
https://www.ncbi.nlm.nih.gov/pubmed/35368151
https://doi.org/10.1166/jbn.2020.2887
https://doi.org/10.3390/nano14191600
https://doi.org/10.3390/photonics11040356
https://doi.org/10.1016/j.ccr.2023.215654
https://doi.org/10.3390/nano14131064
https://doi.org/10.1016/j.talo.2022.100153
https://doi.org/10.1021/acsami.4c11442
https://www.ncbi.nlm.nih.gov/pubmed/39315731
https://doi.org/10.1016/j.rechem.2024.101559
https://doi.org/10.1016/j.microc.2024.110487
https://doi.org/10.3390/jcs8110460
https://doi.org/10.1149/1945-7111/ad20c4
https://doi.org/10.1016/j.talanta.2024.125876
https://doi.org/10.1007/s00604-020-4156-4
https://doi.org/10.1021/la00033a009
https://doi.org/10.1016/j.aca.2019.11.038
https://doi.org/10.1016/j.talanta.2022.123938
https://doi.org/10.1039/D2AN00661H
https://www.ncbi.nlm.nih.gov/pubmed/35695068

Biosensors 2025, 15, 80 14 of 14

42.

43.

44.

45.

Liang, H.; Luo, Y,; Li, Y.; Song, Y. An immunosensor using electroactive COF as signal probe for electrochemical detection of
carcinoembry-onic antigen. Anal. Chem. 2022, 94, 5352-5358. [CrossRef] [PubMed]

Oo, S.-L.; Venkatesh, S.; Karthikeyan, V.; Arava, C.M.; Pathikonda, S.; Yu, PK.N.; Lau, T.C.K.; Chen, X.; Roy, V.A.L. Highly
Sensitive and Cost-Effective Portable Sensor for Early Gastric Carcinoma Diagnosis. Sensors 2021, 21, 2639. [CrossRef]

Fan, H.; Guo, Z.; Guo, L.; Zhang, Y.; Fan, D.; Ji, G.; Du, B.; Wei, Q. Ultrasensitive electrochemical immunosensor for carbohydrate
antigen 72-4 based on dual signal amplification strategy of nanoporous gold and polyaniline-Au asymmetric multicomponent
nanoparticles. Biosens. Bioelectron. 2015, 64, 51-56. [CrossRef]

Cheng, W.; Xiao, J.; Liu, S.; Wang, Z.; Chen, L.; Teng, W. Simple and Label-Free Electrochemical Immuno Determination of the
Gastric Cancer Biomarker Carbohydrate Antigen 72-4 with a Carbon Nanotube-Graphene Oxide Hybrid as the Sensing Platform
and Ferrocyanide/Ferricyanide as the Probe. Anal. Lett. 2021, 55, 1306-1317.

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.


https://doi.org/10.1021/acs.analchem.1c05426
https://www.ncbi.nlm.nih.gov/pubmed/35311249
https://doi.org/10.3390/s21082639
https://doi.org/10.1016/j.bios.2014.08.043

	Introduction 
	Materials and Methods 
	Chemicals and Reagents 
	Instruments and Apparatus 
	Synthesis of AuNPs–TB–GO 
	The Synthesis of ATG–CEA–Ab2 
	Synthesis of AuNPs-FMC-WS2 Composite 
	Preparation of AFW-CA72-4-Ab2 
	Construction of Dual-Component Immunosensor 

	Results and Discussions 
	The Characterization of Nano Materials 
	The Electrochemical Characterization of Modified Electrodes 
	Optimization of Experimental Conditions 
	Quantitative Analytical Performance 
	Specificity, Stability, and Reproducibility 
	Recovery Experiment 

	Conclusions 
	References

