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Alpha-fetoprotein (AFP) is an important tumor biomarker used in cancer diagnosis. | We present an
electrochemical immunosensor for highly sensitive AFP detection in this work. A commercial glassy
carbon electrode was used as the working electrode. Chitosan-modified gold nanoparticles (CS-AuNPs)
were synthesized by wet chemistry along with graphene oxide (GO) for the surface modification of the
glassy carbon electrode. The modified electrodes can efficiently sequester anti-AFP, and by antigen-
antibody specific binding, the electrodes can be applied for highly sensitive sensing of AFP. after
optimization of various parameters, the proposed sensor can provide linear detection of AFP in the range
of 0.1 to 100 ng/mL. The limit of detection can be calculated to be 0.041 ng/mL. In addition, the proposed
immunosensor exhibited an excellent anti-interference property.
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1. INTRODUCTION

Alpha-fetoprotein (AFP), an oncogenic glycoprotein, is a polypeptide chain consisting of 591
amino acid residues and is significant component of embryonic plasma proteins [1,2]. It is also the only
widely used serum marker for diagnosing primary hepatocellular carcinoma (HCC) in clinical practice.
In general, the average concentration of AFP in the blood of a healthy human is < 20ng/mL. If its levels
are elevated in adult plasma, it may be an early sign of hepatocellular carcinoma and teratoma. Once a
person develops liver cancer, the plasma level of AFP will rise sharply [3-5]. Therefore, as one of the
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internationally recognized tumor markers, the monitoring of AFP is of great value in clinical tumor
diagnosis.

Traditional immunoassay methods for AFP such as immunoradiometric assay,
immunoturbidimetric assay, single radioimmunodiffusion assay and enzyme-linked immunoabsorption
assay (ELISA) have some limitations [6-9]. Radiation hazards, complex processing steps and long
analysis times have limited the practical application and development of traditional immunoassays. In
contrast, immunosensors have incomparable advantages such as simplicity, separation-free, direct
monitoring as well as small size and short time consumption [10-13]. Therefore, the immunosensor
detection of AFP is an important direction for development. Among them, electrochemical
immunosensors have been extensively investigated in recent years due to their low device cost, easy
operation and high response sensitivity [14-19].

Electrochemical immunosensors are analytical methods that combine immunological techniques
with electrochemical detection techniques. It is one of the earliest studies, most diverse and more mature
branches of immunosensors. It consists of a molecular recognition substance (antigen, antibody) and a
transducer (electrode), and performs analytical measurement of the analyte by converting the
concentration of the substance to be measured into an electrochemical signal [20-25]. A Electrochemical
immunosensors can be divided into a current, capacitive, impedance, and potentiometric types according
to the detection method. Among them, potentiometric and capacitive type immunosensors are label-free,
and current type (amperometric) immunosensors are the most maturely studied [26-30].

Current-based immunosensors detect changes in current due to antigen-antibody binding or
secondary reactions at a constant voltage. It is mainly divided into enzyme-labeled and non-enzyme-
labeled types, among which enzyme-labeled current immunosensors are more widely used. To improve
its sensitivity, specificity and speed of detection, complexes of different metals and their oxide
nanoparticles are often used to modify the electrodes [31-35]. On the other hand, it is also possible to
catalyze the conversion of substrates into electroactive substances using different electron mediators and
labeled enzymes [36,37].

As another form of carbon nanomaterials, graphene and doped graphene also have more
applications in electrochemical immunosensing. Su et al. [38] detected AFP by immobilizing HRP
conjugates with AFP (HRP-anti-AFP) on graphene and functionalized gold nanomimetic interfaces.
(HRP-anti-AFP) method for AFP detection. The detection range of the sensor was 1.0 to 10 ng/mL with
a detection limit of 0.7 ng/mL. The intra- and inter-batch coefficients of variation of less than 10%. Wei
et al. [39] established a novel electrochemical immunosensor for AFP detection by immobilizing AFP
antibodies on graphene sheets and Thi-modified glassy carbon electrodes. It has a detection range of 0.
05 to 2. 00 ng/mL and a detection limit of 5.77 pg/mL. Du et al. [40] used graphene sheets as a platform
for functionalized nanomicrospheres carbon labeled with horseradish peroxidase secondary antibody
(HRP-ADb2). It has a linear range of 0. 05 to 6 ng/mL and a detection limit of 0. 02 ng/mL. Huang et al.
[41] constructed a current-based immunosensor to detect of AFP with a detection limit of 0. 1 ng/mL
using amino-functionalized graphene and nanogold complexes modified with carbon ionic liquid
electrodes.

In experimental studies of electrochemical immunosensors, metal and compound nanopatrticles,
magnetic (or non-magnetic) metal compound nanoparticles are commonly used as electrode
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modification materials. This enhances biocompatibility and sequestration of biomolecules, which
improves the biosensor's measurement sensitivity. Zhuo et al. [42] constructed an ultra-sensitive and
reproducible electrochemical immunosensor with dual enzyme functionalized Au-PB-Fe30s triple-
layered magnetic nuclei nanoparticles for the first time. It is composed of FesO4 magnetic core, PB and
gold core. The results indicate that the multilabeled Au-PB-Fe3O4 nanoparticles exhibit good redox
electrochemical activity, as well as high analytical activity, and may be regenerated by external magnetic
fields. Gan et al. [43] prepared a novel magnetic nanoprobe by immobilizing an AFP antibody on a
glassy carbon electrode modified by a nano-FesO4 (core)/ZrO (shell)-nanoAu-polylysine composite
membrane. The linear range of the sensor was 0.05-10 ng/mL, and the detection limit was 0.01 ng/mL.
Gan et al. [44] also constructed a DNA/(ZMPs-HRP-AFPAD2) sandwich-type electrochemical
immunosensor to detect of AFP using magnetic DNA nanoprobes on the surface of AuNPs-modified
glassy carbon electrodes. Tang et al. [45] constructed another novel AFP immunosensor by first
immobilizing AFP antibody on the surface of core-shell type Fe2Os/Au magnetic nanoparticles and then
adsorbing it on the surface of carbon paste electrode, which has a linear range of 1 to 80 ng/mL and a
detection limit of 0.5 ng/mL. Wang et al. [46] used COFe.Os covalently bound to
trimethoxymethylsilane, and then AuNPs were absorbed on the COFe,O4-MPS surface through gold-
sulfur bonding to form a core-shell composite nanomaterial, after which AFP antibodies were
immobilized on the nanogold surface. Biomolecules doped with magnetic nanoparticles can be
effectively separated by the action of an external magnetic field. The sensor has a wide linear range: 0.8
to 120.0 ng/mL, with a detection limit of 0.3 ng/mL. In this paper, chitosan (CS)-AuNPs@graphene
oxide (GO) composites were prepared by electrochemical method by electrodeposition of CS-AuNPs on
the surface of GO. The adsorption of AuNPs on proteins and the binding of -OH of CS molecules to -
NH: and -COOH of protein molecules were used to construct an electrochemical immunosensor for the
rapid detection of AFP.

2. EXPERIMENTAL

2.1. Reagents

HCI (AR), KH2PO4(AR), KCI (AR), Na2HPO4-12H20 (AR), NaOH (AR), Ks[Fe(CN)e¢] (AR),
Ka[Fe(CN)s] (AR), Ka[Fe(CN)s] (AR) and C2HsOH were purchased from Sinopharm Chemical Reagent
Co. CS (AR) was purchased from Shanghai Blue Season Technology Development Co. HAuCl,
(Au>47.5%) was purchased from Aladdin Reagent (Shanghai) Co. GO aqueous solution was purchased
from Nanjing Pioneer Nano Technology Development Co. AFP and anti-AFP were purchased from
Shanghai Yubo Biotechnology Co.(0.01M PBS, pH 7.4 with 10 mg/mL BSA and 0.1% sodium azide).

Weigh 50.2 mg of CS solid, dissolve and prepare 500 mg/L of CS solution (solvent is 1% acetic
acid), and store at room temperature under seal. Weigh 25 mg of HAuCls solid in 100 mL of deionized
water to prepare 250 mg/L of HAuUCI, solution and refrigerate it away from light.
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2.2. Electrochemical sensor fabrication

GO/GCE: 1 mg/mL of GO was modified onto the surface of GCE electrodes by drop coating,
dried and ready for use.

CS-AuNPs/GO/GCE: CS solution (1% acetic acid as solvent) was co-mixed with HAuUCI,
solution in a 1:1 volume ratio. CS-AuNPs/GO/GCE was obtained by electrodeposition on GO/GCE at a
voltage of 1.5 V for 3 min, and then dried and stored.

Anti-AFP/CS-AuNPs/GO/GC: 10 pg/mL anti-AFP was modified on the dried CS-Au
NPs/GO/GCE surface. BSA was added dropwise to the electrode surface with 1% bovine serum protein
(BSA) to seal the inactive sites on the electrode. Next, the modified electrode was incubated with
different concentrations of AFP under optimal conditions.

2.3. Electrochemical measurements

The electrochemical experiments were carried out using a conventional three-electrode system
and were performed by a CHI 660A electrochemical workstation (Shanghai C&H, China). The reference
electrode is a saturated glycury electrode (SCE). The auxiliary electrode was a platinum wire (Pt). The
working electrode is a fully modified GC electrode. Differential pulse voltammetry (DPV) detection is
performed at a pulse frequency of 50 mV, an amplitude width of 50 ms, and a scan range of -0.2 V to
+0.6 V. Impedance curves (EIS Nyquist) were performed in 0.1 mol/L PBS (pH = 7.4) electrolyte
containing 10 mM [Fe(CN)s/Fe(CN)s]** and 0.1 M KClI in the frequency range of 1 Hz to 100 kHz.

3. RESULTS AND DISCUSSION

FTIR spectra were used to characterize the functional groups contained on the surface of CS-
AuUNPs. As shown in Figure 1, the peaks located 3405 cm™ and 3133 cm™ can be ascribed to the
stretching vibration of free N-H [47]. The peaks at 1712 cm™ and 1615 cm™ originate from the hydroxyl
stretching vibration and the shear vibration absorption of NH> [48], respectively, which indicate that the
amide bond is generated by the combination of amino and carboxyl groups in the reaction. The peaks
located at 2950 cm™ and 2844 cm originate from the asymmetric and symmetric stretching vibrations
of -CH2, and the absorption peak at 1402 cm™ from the bending vibrations of C-H. The FTIR results
indicate the successful synthesis of CS-AuNPs [49].
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Figure 1. FTIR spectrum of CS-AuNPs.

The surface composition of the CS-AuNPs nanocomposite was measured by XPS (Figure 2). It
can be seen from the figure that the composite contains mainly four elements C, N, O and Au. the
appearance of Au 4f double peaks (83.3 eV and 87.8 eV) is consistent with the Au0 valence state and
also the peaks of Au 4ds; (353 eV) and Au4d5/3 (335 eV) gold in other valence states, these results
indicate the formation of nanogold on the nanocomposite [50].
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Figure 2. (A) Full XPS spectrum and (B) Au 4f spectrum of CS-AuNPs.

The construction process of the CS-AuNPs nanocomposite modified electrochemical
immunosensor is shown in Figure 3. The CS-AuNPs nanocomposite was immobilized on the electrode
surface by a drop coating method, and anti-AFP was immobilized by electrostatic interaction through
the nanogold exposed on the composite surface. Then, BSA was used to seal the unbound sites of the
antibody to avoid non-specific adsorption. During detection, AFP can be immobilized on the electrode
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surface by immunoreactivity, which is manifested by a decrease in current. Since the decrease in current
is proportional to the amount of AFP immobilized, the quantitative detection of AFP can be achieved.
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Figure 3. Schematic diagram of AFP immunosensor fabrication and detection.

Figure 4 shows the electrochemical impedance plots during the construction of the AFP
immunosensor. The small radius of the semicircle formed by the GO/GCE impedance curve indicates
that GO/GCE has a low charge transfer impedance in the electrolyte solution. When the CS-AuNPs was
successfully immobilized on the surface of GO/GCE, the electrode resistance decreased, indicating that
the electrodeposited gold nanoparticles have good conductivity, which improved the conductivity of the
electrode to some extent [51]. Then it was compounded with anti-AFP to form anti-AFP-CS-AuNPs/GO.
The resistance was further increased because anti-AFP was not conductive. This indicates that the anti-
AFP modification successfully blocks electron transfer and reduces the conductivity of the electrode
[52]. In the same way, when BSA and AFP have applied dropwise to the electrode afterwards, the
resistance of the electrode to electron transfer increased in turn, resulting in BSA-anti-AFP-CS-
AUNPs/GO and AFP-BSA-CS-AuUNPs/GO, respectively. Anti-AFP-CS-Au NPs/GO.
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Figure 4. EIS plots of (a) GO/GCE, (b) CS-AuNPs/GO/GCE, (c) anti-AFP/CS-AuNPs/GO/GCE, (d)
BSA/anti-AFP/CS-AuNPs/GO/GCE and (e) AFP/BSA/anti-AFP/CS-AuNPs/GO/GCE.



Int. J. Electrochem. Sci., 17 (2022) Article Number: 22107 7

Figure 5A shows the plot between the same test solution (10 mM [Fe(CN)e]*’*) and the DPV
peak current of the immunosensor at different pH values. In all subsequent experiments with optimized
conditions, we chose AFP at a concentration of 40 ng/mL for condition exploration. As can be seen from
the graph, the peak current value of DPV increases and then decreases, and it can be seen that the peak
current value of DPV has a maximum at pH=7.4. Highly acidic or strongly alkaline environments can
destroy the stability and activity of immobilized proteins [53]. Therefore, pH = 7.4 was chosen as the
optimal pH for detecting AFP antigen.

The binding of antigen-antibody takes some time to proceed, therefore, the length of incubation
time also directly affects the degree of antigen-antibody binding. Figure 5B shows the relationship
between the peak current of DPV and the antigen-antibody incubation time. The response current
decreases with increasing incubation time. When the incubation time exceeds 50 min, the current
response decreases and then stabilizes [6]. This indicates that the binding ability of antigen and antibody
gradually saturates. Therefore, we choose 50 min as the optimal incubation time.

The temperature also influenced the protein activity and the degree of biochemical reaction, and
the incubation temperature also had an important effect on the binding of antigen and antibody. The
overall trend of the analysis in Figure 5C is that the peak current of DPV decreases and then increases
as the temperature increases. 35 °C is when the current decreases because the protein activity increases
gradually with the increase of temperature. The lowest peak current value was observed at 35 °C,
indicating that the antigen-antibody binding level was optimal at this time. The peak current tends to
increase when the temperature exceeds 35 °C. This is because the continuous increase in temperature
will lead to a decrease in protein activity, which will lead to the gradual increase of current due to the
inactivation of some proteins by the high temperature [10]. Therefore, 35 °C is the optimal temperature
for the immune response in this experiment. However, considering the activity of biomolecules and the
lifetime of the sensor, we chose 37 °C as the optimal incubation temperature.
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Figure 5. The effect of (A) pH, (B) incubation time, (C) incubation temperature in the current response
of AFP/BSA/anti-AFP/CS-AuNPs/GO/GCE in 10 mM [Fe(CN)g]*"*

In order to evaluate the performance of the prepared immunosensor, the electrochemical response
of the sensor to different concentrations of antigen was investigated under the optimal experimental
conditions, and the relationship between the antigen concentration and the response current of the
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Immunosensor was sought. As shown in Figure 6A, the DPV test curves at different concentrations of
AFP (0.1 to 100 ng/mL), the peak current values decreased continuously with the increase of AFP
concentration and showed a linear variation. This is because as the concentration of AFP increases, the
number of antibodies bound to AFP also increases. The formed antigen-antibody complex acts as an
inert kinetic barrier to ferricyanide electron transfer, so that the current hindrance it generates is reflected
in a regular linear decrease in peak current magnitude [54]. The current variation of the CS-Au NPs/

GO/GCE-based immunosensor was linearly proportional to the AFP concentration in the range of 0.1 to
100 ng/mL.
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Figure 6. (A) DPV curves of BSA/anti-AFP/CS-AuNPs/GO/GCE towards 0.1 ng/mL, 20 ng/mL, 40

ng/mL, 80 ng/mL and 100 ng/mL AFP. (B) Calibration curve of immunosensor in different
concentrations of AFP.

Table 1. Sensing performance of the BSA/anti-AFP/CS-AuNPs/GO/GCE and other electrochemical
sensors for AFP detection.

Sensor Linear detection Limit of Reference
range detection
MoS,@Cu20-Au 0.1-50 ng/mL 0.037 ng/mL [55]
BSA/AFP- 5-60 ng/mL 1.00 ng/mL [56]
Ab/AuNPs/PGNR/GCE
BSA/AFP-Apt/GO/GCE 0.1-100 ng/mL 0.003 ng /mL [57]
BSA/AFP-Apt/PtNPs/GO- 3-30 ng/mL 1.22 ng /mL [58]
COOH/SPGE
BSA/anti-AFP/CS- 0.1-100 ng/mL 0.041ng/mL  This work
AuNPs/GO/GCE

The calculated detection limit was 0.041 ng/mL (signal-to-noise ratio S/N = 3). Figure 6B shows
the calibration curve for AFP determination with the constructed immunosensor under optimal
experimental conditions. The detection range and detection limit are two important indicators for
evaluating the electrochemical immunosensor. We compared the performance of this sensor with other
label-free immunosensors based on carbon nanomaterials. The data in Table 1 shows that AFP/BSA/anti-
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AFP/CS-AuNPs/GO/GCE can compete with many other sensors in terms of the linear range of detection
and detection limit.

To test the response of the constructed immunosensors to interferences or cross-recognition, we
evaluated the specificity of the immunosensors using some possible interfering factors such as
carcinoembryonic antigen (CEA), CA199, CA125 and CA153 [59] (Figure 7). Incubation of the
immunosensor with 20 ng/mL AFP in the presence of 60 ng/mL interfering agent revealed that the
response currents obtained did not differ significantly in response signal between pure AFP and AFP
with interfering substances, indicating that the immunosensor has good resistance to interference for the
detection of AFP.
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Figure 7. Anti-interference property of the BSA/anti-AFP/CS-AuNPs/GO/GCE towards AFP,
AFP+CEA, AFP+CA199, AFP+CA125 and AFP+CA153.

4. CONCLUSION

In conclusion, in this paper, CS-AuNPs/GO composites were successfully prepared and used to
construct electrochemical immunosensors for the rapid and sensitive detection of AFP. The results
showed that the CS-Au NPs/GO modified AFP biosensor exhibited good electrochemical performance
with short incubation time, simple electrode construction, good interference resistance and good
stability. These are attributed to the large comparative area, good biocompatibility and conductivity of
CS-Au NPs/ GO. Based on this, our constructed sensor is well suited for the detection of AFP, which is
linearly detected in the range of 0.1 to 100 ng/mL. The detection limit was calculated to be 0.041 ng/mL,
which can be helpful in the clinical detection of AFP.
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