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ABSTRACT

A selective and highly sensitive electrochemical AFP immunosensor was developed using SiO»/g-C3N4 nanocomposite
as the sensing element. a-fetoprotein (AFP) is widely known as a biomarker for the early clinical diagnosis of liver cancer.
The SiO»/g-C3N4 was synthesized by the hydrothermal method, and the crystallinity, chemical bond, optical property,
morphology, and composition of the prepared composite were studied using X-ray diffraction (XRD), Fourier transform
infra-red (FTIR), UV-Vis, scanning electron microscope (SEM) and energy-dispersive spectroscopy (EDS). The high
density of active sites on the nanocomposite allows stabilize binding of the anti-AFP antibody, and the binding of AFP
with the anti-AFP antibody, results in immune complex layer formation on the electrode's surface. The electrochemical
performance of SiO»/g-C3N4 nanocomposite was examined thoroughly, along with the electrochemical response signals
following the immune reaction between AFP and its antibody. The proposed immunosensor exhibited a linear response
to lgcarp Within the concentration range of 0.25-500 ng/mL with a detection limit of 0.0024 ng/mL.The developed
immunosensor showed high reproducibility and retained more than 92.6% of the initial response after storage for 28 days
at 4°C. The immunosensor developed has great potential for clinical application and further development in the area of
hepatocellular carcinoma (HCC) monitoring.

KEYWORDS: Alpha-fetoprotein, Electrochemical immunosensor, Hepatocellular carcinoma, Nanocomposite, SiO»/g-
C3Ny

Electrochesncal Characterization

A/ HSAANLON/PCE
S Y e L

LT ET RN T
S ~g \

Normal Liver Early stage HCC

Advanced HCC
AFP<10ng mL*' AFP:10.400 ng m1." AFP> 400 ng m1."

INTRODUCTION

Hepatocellular carcinoma (HCC) is still the most prevalent type of primary liver cancer and a serious global health concern
[1]. According to the World Health Organisation (WHO) and the International Agency for Research on Cancer (IARC),
liver cancer contributed 7.8% to the total number of cancer deaths in 2022 and is among the top three leading causes of
cancer deaths [2]. In 2020, there were approximately 9,05,700 new cases and 8,03,200 deaths due to HCC globally, which
clearly indicates the aggressive nature of the disease and poor survival rate [3]. In the future, WHO and IARC estimates
indicate that the incidence and mortality rate of HCC will increase by more than 55% by 2040, with new cases and deaths
estimated at 1.4 million and 1.3 million per year, respectively [4]. The high mortality rate of HCC patients is mainly due
to the late diagnosis of the disease. Hence, there is an urgent need to develop diagnostic tools that are sensitive, rapid, and
reliable for this type of cancer. Currently, the most used serum biomarker for screening HCC patients is alpha-fetoprotein
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(AFP) [5]. However, its sensitivity relies on detecting small changes in its concentration levels, especially in the early
stages of HCC development [6]. In healthy adults, the physiological level of this biomarker is about 10 ng/mL, while
levels above 400 ng/mL are indicative of advanced-stage HCC development [7]. Therefore, identifying minor fluctuations
in the levels of this biomarker is crucial for the early screening of HCC patients and for enhancing survival rates [8].
Despite this, traditional clinical methods of alpha-fetoprotein (AFP) detection, such as enzyme-linked immunosorbent
assay (ELISA), radioimmunoassay (RIA), and radiological imaging, possess some limitations, which influence clinical
practice [9,10]. For example, these traditional methods involve long periods of time and complicated procedures, which
cause delays in diagnosis and put healthcare personnel under strain [11]. Moreover, these methods require specific and
expensive devices and laboratories, which might restrict their application. Furthermore, these traditional methods might
not possess the required level of sensitivity, speed, and simplicity, which are required for early diagnosis and point-of-
care (POC) testing [12,13]. These limitations and drawbacks of traditional methods have, in turn, sparked considerable
interest in electrochemical biosensing techniques, which possess high sensitivity, portability, low power consumption,
and high signal transduction, thus making them suitable for POC testing [14]. Electrochemical biosensing techniques,
therefore, have gained considerable attention and significance in the analysis of alpha-fetoprotein (AFP), due to their high
analytical sensitivity, rapid signal processing, low power consumption, and ease of portability [15].

The transducer interface is the key component of an electrochemical biosensor and plays a crucial role in determining the
analytical potential of the sensor, as the biological recognition process is accompanied by an electrical response [16]. For
a biosensor signal to have a high degree of fidelity in the ultra-low concentration analysis of AFP, it is necessary to use a
transducer with superior electron transfer rates, a high signal-to-noise ratio, and high stability, along with a suitable
surface for antibody immobilization [17]. The employment of advanced nanomaterials may result in an improved charge
transfer rate, increased electroactive surface area, and improved electrochemical response to achieve a detection limit that
is significantly lower than that of existing methodologies [18,19]. Graphitic carbon nitride (g-C3Na) is a two-dimensional
polymer that exhibits semiconductor properties and is primarily composed of nitrogen atoms. [20]. The material is a
suitable candidate for a next-generation immunosensor platform owing to its good stability, suitable electronic properties,
and compatibility with biorecognition elements [21,22]. However, the presence of strong nanosheet stacking and low
conductivity are major disadvantages for g-CsNa4. To address these issues, porous and biocompatible silicon dioxide (SiO-)
nanomaterials were integrated with g-CsNy resulting in a hybrid material known for its elevated surface area and stability.
The SCN hybrid material is likely to have a major impact on electron transfer rate, number of active binding sites, and
establishment of a stable interface for biosensor development. In this study, a hybrid SCN nanocomposite material was
synthesized and characterized for its physicochemical properties, followed by the development of an immunosensor for
AFP detection.

MATERIALS AND METHODS

Chemicals and Reagents

Urea (>99%), tetraethyl orthosilicate (TEOS, >98%), ammonia solution (25-28%), ethanol (>99.5%), and phosphate-
buffered saline (PBS, 0.01 M, pH 7.4) were bought from Merck (India). Alpha-fetoprotein (AFP) antigen (>98% purity)
and anti-AFP monoclonal antibodies (>98.5% purity) were purchased from Sigma-Aldrich. The coupling agents that were
employed in immobilization of the antibody were N-(3-Dimethylaminopropyl)-N7-ethylcarbodiimide hydrochloride
(EDC, >98%) and N-hydroxysuccinimide (NHS, >98%). Electrochemical characterization studies were done using
potassium ferricyanide/potassium ferrocyanide (K3[Fe(CN)s]/Ka[Fe(CN)s], SmM, 1:1) redox electrolyte and potassium
chloride (KCI). All solutions were made using ultrapure water (18.2 MQ-cm). Analytical grade reagents were utilized,
without any further purification.

Synthesis of g-C3Ny

The bulk g-C3N4 was synthesized via the thermal polymerization of urea. Typically, 10 grams of urea were placed into a
sealed alumina crucible and heated in a muffle furnace at a rate of 5°C per minute to reach 550°C, maintaining this
temperature for 2 hours to ensure complete polymerization. Dried, white/yellowish g-C3N4 powders were obtained and
stored for further use in the synthesis of nanocomposites [23,24].

Synthesis of SiO: Nanoparticles

A modified Stober method was used to make SiO, nanoparticles. A mixture of 80 mL of ethanol and 10 mL of deionized
water was prepared and stirred well under room temperature conditions. To this mixture, 5 mL of 25% ammonia solution
was added, followed by the addition of 4 mL of TEOS with continuous stirring. The reaction mixture was allowed to react
for 6 hours at room temperature, leading to the formation of uniform SiO» particles. The precipitate obtained was
centrifuged, washed thrice with ethanol and deionized water, and finally dried at 60°C overnight. [25,26].

Preparation of SiO2/g-C3N4 Nanocomposite

The SiO,/g-C3N4 nanocomposite was synthesized using a standard method with an equal mass ratio of SiO; to g-C3Ny
nanoparticles. Exactly 100 mg of g-C3N4 and 100 mg of SiO; nanoparticles were accurately measured and mixed in an
agate mortar. To ensure a good mixture, 20 mL of ethanol was added. The mixture was ground for 20 minutes and then
moved to a 50 mL beaker, where ultrasonication was performed to obtain a uniform nanoscale distribution of SiO,
nanoparticles in the g-C3N4 matrix. The resulting mixture was then dried in a hot air oven at 60°C for 12 hours to evaporate
the ethanol. After drying, the mixture was transferred to a crucible and subjected to thermal treatment at 450°C for 3
hours with a rate of 2°C/minute. After the mixture cooled down to room temperature, the SiO,/g-C3N4 nanocomposite
was obtained.
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Fabrication of the SiO2/g-C3N4 Modified Electrode

A paper-based electrode system (ItalSens IS-C series, PalmSens, The Netherlands) featuring three electrodes was utilized
to fabricate an electrochemical immunosensor. The setup includes a carbon working electrode measuring 3 mm in
diameter, a carbon counter electrode, and a built-in Ag/AgCl reference electrode. For the nanomodification of the
electrode, 20 puL of Si0,/g-C3N4suspension (10 mg/mL in ethanol) was drop-casted onto the electrode and allowed to dry
at room temperature. The modified electrode was thoroughly rinsed to get off the loosely bound material.

Activation and Antibody Immobilization

The amine (—NH) functionalities of g-C3N4 and hydroxyl (—OH) of SiO, on the nanocomposite surface were
functionalized by EDC/NHS chemistry. A fresh solution of EDC/NHS in 1x PBS (pH 7.4) was used, and a 5 pL portion
of the solution was added to the surface of the modified electrode and left overnight at 4°C to facilitate strong covalent
binding [27]. Following this, the electrode was rinsed with PBS, and any unbound antibodies were blocked by incubating
the electrode with bovine serum albumin (BSA, 1%) for 30 minutes [28]. This functionalized electrode, which
incorporates the anti-AFP antibody, is designated as anti-AFP/Si0,/g-C3Na.

Genetics and Molecular Research 25 (5s): 2026 3



eew

( SCN/PCE
Y
. 90 At
8 — i\ef,'onO“’m
*e

A12
Paper carbon electrode (PCE) (m
Si0y/g-CN,
No . Cysteomlneh?gvodlloﬂdewnh m
(SCN)
Ab/SCN/PCE
— Al BSA ‘
Ab-AntibodyAFP | . ‘
Ag-Antigen AFP o A oA ‘
BSA-Bovine serum vy Ag A [\
olbumin xs /8 — iy ——
A e R T A A
T Ag/BSA/Ab/SCN/PCE BSA/Ab/SCN/PCE ‘

CV Analysis |
Figure 2. Schematic representation of the stepwise fabrication of the SCN (SiO2/g-C3N4)-modified paper carbon
electrode for AFP detection.

Electrochemical Measurements
The electrochemical experiments were carried out using a PalmSens4 Potentiostat/Galvanostat (Palmsens, Netherlands)
and PSTrace software.

Cyclic Voltammetry (CV)
For cyclic voltammetry experiments, a 0.05 M KCI solution containing 5 mM of [Fe (CN)g
electrolyte. The potential sweep range extended from -0.6 V to +0.6 V with a scan rate of 50 mV/s.

1**was utilized as the

Electrochemical Impedance Spectroscopy (EIS)
For the electrochemical impedance spectroscopy, a redox electrolyte of 5 mM [Fe (CN)s]**was prepared in 0.05 M KCl,
utilizing an amplitude of 10 mV and sweeping the frequency range from 0.1 Hz to 10° Hz.

Differential Pulse Voltammetry (DPV)
DPV was employed to assess AFP within an electrochemical range of -0.2 to +0.5V, utilizing a redox probe of 5 mM [Fe
(CN)g]*"* in a 0.05 M KCl solution. The technique measures changes in peak currents by monitoring DPV responses.

RESULTS

Characterization of synthesized nanoparticles

The synthesized nanomaterials were characterized using various physicochemical techniques to study their structural,
functional, optical, and morphological properties. The methods used included X-ray Diffraction (XRD), Fourier
Transform Infrared spectroscopy (FTIR), UV-Vis spectroscopy, Field-Emission Scanning Electron Microscopy
(FESEM), and Energy-Dispersive Spectroscopy (EDS). The samples used were Silicon dioxide (SiO,), graphitic-carbon
nitride (g-C3Ny), and the SCN (SiO»/g-C3N4) nanocomposite. These methods were performed to confirm the successful
synthesis of the samples, the compatibility of the composites, the purity of the phases, and the chemical interactions
present.

Structural analysis (XRD)

X-ray diffraction analysis was employed to determine the crystalline structure, ordered phases, and stacking order of SiO»,
g-C3Ny, and the SCN (Si0,/g-C3N4) nanocomposite. The results showed a broad, low-intensity peak at 20 = 22°, typical
of amorphous silica, confirming the absence of crystallinity in the prepared SiO, [29,30]. The absence of sharp peaks
indicates the absence of long-range periodic atomic ordering. The g-C3N4 sample showed two separate diffraction peaks
corresponding to particular structural properties of graphitic carbon nitride: a low-angle diffraction peak at 260 = 13.11°
for the (100) plane, indicating the regular arrangement of tri-s-triazine units in the plane [31,32], and a sharp peak at 20
= 27.5° for the (002) plane, indicating layered stacking of the aromatic units [33]. These peaks confirm the successful
formation of a graphitic structure with maintained layering in g-C3N4. The SCN nanocomposite showed diffraction
patterns confirming the coexistence of SiO; and g-C3N4. The major peak appeared at 26 = 27.5°, indicating the stacking
of g-C3Ny layers [34]. While the broader, amorphous SiO, diffraction peak was observed, it was not the major peak,
indicating a high level of g-C3N; integration into the SiO; matrix. The lower intensity of the broader amorphous SiO»
diffraction peak compared to the strong g-Cs3Ny diffraction peak indicates good dispersion and potential interfacial
interactions, which may be useful in promoting long-range order in the composite material.
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Figure 3(a) The X-ray diffraction (XRD) pattern of the SiO2 NPs, g-C3N4, and SiO2/g-C3N4 (SCN) nanocomposite.

Functional Group Analysis (FTIR)

FTIR spectroscopy was conducted for the analysis of chemical bonds, functional groups, and possible interactions
between SiO; and g-Cs3Nj in the composite material. In the FTIR spectrum of SiO2 nanoparticles, the distinctive
absorption peaks for the asymmetric and symmetric stretching of Si-O-Si bonds were observed at 1087 cm™ and 810 cm-
!, respectively [35]. The prominent absorption peak around 3500 cm™ is ascribed to the O-H stretching from either
adsorbed water or the surface hydroxyl groups present on the silica [36]. The absorption bands of the triazine ring were
found in the region of 1560, 1400, and 1300 cm™ [37]. The vibrational modes of the triazine ring were found in the range
of 810 cm™! to 820 cm™. [38,39]. In the FTIR spectrum of the composite material, the intense absorption band is attributed
to the N-H stretching of the surface hydroxyl groups or the adsorbed water molecules. The FTIR absorption bands of the
g-C3N4 component were found to be of high intensity, confirming the presence of the component in the composite
material. The shifts in the bands indicate the presence of certain interactions between the two components, possibly

hydrogen bonds or electrostatic interactions between the hydroxyl groups of the silica and the nitrogen sites of the g-C3N4
component.
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Figure 3(b) Fourier-transform infrared (FTIR) spectra of the SiO2 NPs, g-C3Ny, and SiO2/g-C3N4 (SCN)
nanocomposite.

Optical Properties (UV-Visible spectroscopy)

In order to investigate the electronic and optical properties of the synthesized nanomaterials, UV -visible absorption
spectroscopy was used. The g-C3N4 nanomaterial exhibited two distinct absorption peaks. The distinct absorption edge
observed at 450 nm is attributed to the n-n* transitions within the conjugated carbon nitride structure, whereas the second
absorption peak at 350 nm is linked to the n-n* transitions of the lone pair electrons present on the nitrogen atoms [40,41].
On the other hand, the SiO, exhibited minimum absorption in the visible region due to the large bandgap energy of the
material [42]. The absorption spectra of the SCN composite material exhibited the same general absorption profile as the
2-C3N4 nanomaterial, but they shifted to the blue region and increased absorption in the UV region. This indicates the
electronic interaction between the two materials, suggesting the band gap energy changes upon the incorporation of the
Si0, material. This indicates the improved efficiency of the electron transfer process for the composite material.
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Figure 3(c) Ultraviolet-visible absorption spectra of the SiOz NPs, g-C3N4, and SiO2/g-C3N4 (SCN) nanocomposite.

Morphological Analysis (FESEM)

FESEM was conducted to examine the surface morphology, particle arrangement, and the degree of structural integration
in each sample [43]. The FESEM of SiO; reveals particles are irregularly shaped and clustered, which indicates the
formation of amorphous silica. SiO, nanoparticles are porous and can easily form networks due to the large surface area,
which makes them useful when they are incorporated into the nanocomposite material. In contrast, the FESEM of g-C3N4
shows that it is arranged in layers or sheets and has wrinkles and folds, indicating that it is partially exfoliated and has the
natural tendency to form tri-s-triazine structures. The nanosheets were found to be porous and had a sharp structure. The
SiO; nanoparticles are uniformly distributed on and between the g-C3N4 nanosheets in the SCN composite material. The
structure combines a spherical silica cluster and a planar carbon nitride sheet. The uniform distribution of the SiO»
nanoparticles suggests good interfacial bonding and a successful composite material.

Figure 3(d) Field Emission Scanning Microscopy of (a) SiO2 nanoparticles (x20.00k), (b) g-C3N4(x20.00k), (c)
SCN nanocomposite (x20.00k), and SCN nanocomposite (x30.00k).

Elemental Composition (EDS)

The elemental composition was further confirmed by EDS, which showed successful integration of the elements in the
composite, as evidenced by the presence of distinct peaks of Si and O. Moreover, there was no presence of impurity
elements in the EDS spectra of SiO,. The EDS spectra of g-CsN4 showed significant peaks of C and N, which
corresponded to the ratio of carbon nitride polymers. The EDS spectra of SCN nanocomposite showed significant peaks
of C, O, and N, which further confirms the coexistence of both materials in the composite. Elemental mapping further
showed the homogenous distribution of Si and O of SiO, and the homogenous distribution of C and N of g-C3N4 [44].
This proves great homogeneity and integration of two different elements, where there was no presence of impurity and
undesirable elements.
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Figure 3(e) Energy-Dispersive X-ray Spectroscopy of SiOz nanoparticles, g-C3Na, and SCN (SiO2/g-C3Na)

nanocomposites.

Electrochemical characterization of the fabricated immunosensor

The PCE was systematically analyzed via CV, DPV, and EIS to investigate the impact of multiple electrochemical
modifications on the electrode. All three techniques provide quantitative and/or qualitative information about interfacial
electron transfer processes and changes in electrochemical and physical quantities on the electrode surface as a result of

functionalization [45].
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Figure 4(a-c) illustrates the electrochemical behavior of the bare paper carbon electrode (PCE), SCN-modified PCE
(SCN/PCE), and antibody-functionalized electrode (Ab/SCN/PCE), as evaluated using cyclic voltammetry (CV),
differential pulse voltammetry (DPV), and electrochemical impedance spectroscopy (EIS), respectively.

Cyclic Voltammetry Response of Bare and SCN-Modified Electrodes

In Figure 4(a), the bare PCE displayed quasi-reversible peaks during the redox reaction of [Fe (CN)s]*”*. This indicated
a limited electroactive surface area (Ip = 155.2 pA) with a peak-to-peak separation of 0.44V, implying a moderate rate of
electron transfer. When the SCN interacted with the PCE surface, both anodic and cathodic peak currents increased. This
indicated improved electrical conductivity and a higher rate of electron transfer. The electrochemistry was significantly
improved as shown in Figure 4(b), with an Ip of 212.34 pA and a peak-to-peak separation of 0.27V. The SCN
nanostructure contributed to an increased surface area and enhanced the interfacial charge transfer between the electrode
and the electrolyte solution. Upon the addition of the antibody to the surface (Ab/SCN/PCE), a reduction in the peak
current was observed, as illustrated in Figure 4(c). The redox current was reduced to an Ip of 169.66 pA with a peak-to-
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peak separation of 0.30V as a result of the steric and electrostatic effects of the antibody on the surface, which hindered
the rate of electron transfer to a certain extent. The CV curve varied as expected, indicating that the surface modifications
were successful and that the antibody was effectively immobilized on the surface of the PCE.

Electroactive Surface Area (EASA) Determination

The electrochemically active surface area (EASA) was determined based on the cyclic voltammetry data obtained for the
system. The calculation was performed using the Randles-Sevcik equation for reversible electrochemical reactions. This
equation was expressed by the formula Ip = (2.69 x 10°) n¥? A D'2C v, Here, Ip represents the peak current amplitude,
n is the number of electrons transferred in the electrochemical reactions (n=1), A is the electroactive surface area, and D
is the diffusion coefficient of the electroactive material [Fe(CN)s]>*", which was taken as (6.7 x 10° cm? s"). The anodic
peak currents were used to obtain the EASA values, which were found to be 0.188 c¢cm? for bare PCE, 0.257 cm? for
SCN/PCE, and 0.205 cm? for Ab/SCN/PCE.

The electrochemically active surface area showed significant changes upon the modification of the PCE electrode.
Specifically, the EASA increased to 0.257 cm? upon the introduction of the SCN nanocomposite. This represented an
enhancement of 36.7% compared to the value of 0.188 ¢cm? for the bare PCE. This significant increase indicated successful
formation of the electrochemical interface. This enhancement was attributed to the synergistic effects of the g-C3Ny4
nanosheets, while the SiO, nanoparticles increased the surface roughness, which in turn exposed a greater density of
electroactive sites and also facilitated improved charge transfer kinetics [46].

Differential Pulse Voltammetry (DPV)

The results obtained in the cyclic voltammetry (CV) test were further validated by the differential pulse voltammetry
(DPV) test results, as depicted in Fig. 4(b). For the SCN/PCE, a considerably higher peak current of 302.4 pA was
observed compared to the bare PCE, which exhibited a peak current of 171.05 pA. In the Ab/SCN/PCE, a decreased
current response of 204.8 pA was observed, which is consistent with the formation of a bioactive and electrically resistive
antibody film. The substantial differences in the observed peak current values among the PCE, SCN/PCE, and
Ab/SCN/PCE indicated the strong potential of the differential pulse voltammetry technique for the detection of
biomolecules.

Electrochemical Impedance Spectroscopy and Nyquist Plot Analysis

Electrochemical impedance spectroscopy (EIS) was used to study the charge transfer kinetics at the interface [47]. As
shown in Figure 4(c), there were large variations in the charge transfer resistance (Rct = 946.9 Q) during the modification
process, as indicated by the variations in the Nyquist plots. The unmodified PCE exhibited a relatively large semicircular
diameter in the EIS spectrum, corresponding to an Rct value of 946.9 Q, indicating poor electron transfer kinetics. After
modification with the SCN film, the diameter of the semicircle portion was significantly reduced, yielding a charge
transfer resistance (Rct) of approximately 534.4 Q. This suggested that the interfacial resistance was decreased and the
charge transfer efficiency was enhanced due to the presence of the conductive nanostructured film. After the
immobilization of antibodies onto the PCE surface, a significant increase in Ret (715.9 Q) was observed, as indicated by
the enlarged semicircular diameter in the EIS spectrum of the Ab/SCN/PCE. This phenomenon was attributed to the
formation of a bio-insulating interface, which hindered the electron transfer rate at the interface between the electrode
surface and the redox electrolyte [48].

Exchange Current Density and Electron-Transfer Rate Constant
The exchange current density (io) was calculated using the equation: ip= %. In addition, the ip values increased from

2.7 x 10” A for the unmodified PCE to 4.8 x 10> A for the SCN-modified electrode. This indicated a nearly two-fold
enhancement in the efficiency of the redox process. The heterogeneous electron transfer rate constant (ko) was calculated

using the equation ko= ﬁ. The concentration (C) was taken as 5.0 mM. As a result, the ko value increased from 7.9 x

10* cm s to 1.4 x 102 cm 5!, which suggested an acceleration of the interfacial electron transfer process in the SCN-
modified electrode. Overall, the results obtained from cyclic voltammetry (CV), differential pulse voltammetry (DPV),
and electrochemical impedance spectroscopy (EIS) provided strong evidence for the successful and stepwise development
of the SCN-based electrochemical immunosensor. In summary, the SCN film significantly enhanced the electrochemical
properties of the PCE, while the immobilization of the antibody introduced measurable resistance changes, which were
critical for the development of the immunosensor. In addition, the electrochemical transitions were well defined during
each step of the modification, which demonstrated the reliability and efficiency of the developed immunosensor.

Immunosensor performance analysis
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Figure 5(a) Cyclic voltammograms of the Ab/SCN/PCE immunosensor were recorded in 5 mM [Fe(CN)g]*”* with 0.05
M KCl at a scan rate of 50 mV s™!, showing results with increasing concentrations of antigen (ranging from 0.25 to 500

ng mL™"), (b) The corresponding change in anodic peak current (Ip) is plotted against antigen concentration, revealing a
steady decline in current response as antigen levels increase, and (c) Calibration plot of anodic peak current (Ip) against
the logarithm of antigen concentration (log C), demonstrating a linear correlation within the concentration range.

Figure 5(a) shows the cyclic voltammogram (CV) of the developed immunosensor for different concentrations of antigen
ranging from 0.25 to 500 ng/mL. A significant decrease in the anodic peak current (Ip) was noticed with the increase in
antigen concentration, confirming the successful formation of the antigen-antibody immunocomplex film on the electrode
surface. The film acts as an impediment to electron transfer reactions, thus reducing the current [49].

Figure 5(b) illustrates the variation of peak current (Ip) with antigen concentration. The significant decrease in Ip at lower
concentrations indicates the high sensitivity of the biosensor, while the reduced sensitivity at higher concentrations
indicates the saturation of active binding sites. Moreover, the data show the high repeatability of the biosensor, as
indicated by the negligible variation in the response signal.

The performance analysis was studied using a calibration plot where Ip was plotted against the logarithmic value of the
antigen concentration, as shown in Figure 5(c). The plot shows a strong linear relationship between Ip and Log C, with
the regression equation given by Ip =203.33 — 39.03 log C. In this equation, Ip is the peak current in microamperes, and
C is the antigen concentration in ng mL"!. The analysis of the calibration plot gives a y-intercept value of 203.33 + 0.72
and a slope value of -39.03 + 0.48. The linearity of the plot was further confirmed by the high correlation coefficient (r)
value of 0.998 and the coefficient of determination (R?) of 0.998, which shows a high degree of accuracy in the
quantitative analysis of the system. Moreover, the Pearson correlation coefficient of -0.999 reveals the relationship
between the peak current and the antigen concentration, which shows a strong inverse proportionality. This phenomenon
can be explained by the surface blocking effect caused by the formation of antigen-antibody complexes, as mentioned in
the previous section. Due to the high linearity and correlation coefficient, the limit of detection (LOD) and limit of

quantification (LOQ) of the system were calculated using the standard formulas LOD = 3?6 and LOQ = mTU, where

represents the standard deviation of blank signal, and S represents the slope of the regression equation (39.03 pA log™ ng
mL™"). Consequently, the LOD and LOQ of the system were determined to be 0.00224 ng mL"! and 0.00679 ng mL"!,
respectively, which demonstrated the high sensitivity of the developed electrochemical biosensor for the detection of
critical cancer biomarkers.

Optimization and evaluation of experimental conditions
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Figure 6 (a—f) illustrates the optimization of key experimental parameters influencing the electrochemical response of
the SCN/PCE-based electrochemical sensor. (a) Impact of nanocomposite concentration (ng mL™!) on the peak current
response, (b) Effect of pH solution on the electrochemical peak current, (c) Influence of operating temperature on the
performance of the sensor, (d) Evaluation of reproducibility showing current response across five consecutive trials, (e)
Selectivity assessment of the sensor in the presence of potential interfering substances compared to the target analyte, and
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(f) Evaluation of the stability of the fabricated electrodes over a storage period of 28 days. Error bars indicate the standard
deviation from three measurements.

The effect of nanocomposite concentration was also investigated in the range of 25-125 ng mL™', and the results are
shown in Figure 6(a). As the nanocomposite concentration increased, the peak current also increased to reach 100 ng
mL™!. This is attributed to the increased electrical conductivity of the nanocomposite material, where higher
concentrations provide a higher number of electroactive sites, thus increasing the peak current. However, concentrations
above 100 ng mL ! caused a decrease in the peak current, which may be due to the aggregation of nanomaterials on the
electrode surface, thus reducing the electroactive area. All experiments were done in triplicate, as shown in Figure 6(a).
One-way analysis of variance (ANOVA) was used to determine the significance of differences in the peak currents among
the various nanocomposite concentrations, and the results showed significant differences (p < 0.01).

The pH-biosensor response relationship, as shown in Figure 6(b), clearly shows that the peak current increases from 155
pA at pH 6.0 to 225 pA at pH 7.4, followed by a drastic decrease at higher pH values. In addition, one-way ANOVA
shows that pH has a significant effect on the current response at a significance level of less than 0.01. The higher peak
current measured at pH 7.4 is due to the optimal antigen-antibody reaction, faster electron transfer rates, and the
conductivity of the SCN-modified electrode surface at near-physiological pH values as a result of surface deprotonation.
However, the peak current decreases drastically at higher pH values, reaching 145 pA at pH 8.0 and 100 pA at pH 8.5.
The optimum pH value for electrochemical analysis was found to be 7.4, which ensures maximum sensitivity and stability
of the output response.

Figure 6(c) shows the effect of temperature on the biosensor signal, which clearly shows a strong correlation between the
peak current and temperature. With the increase in temperature from 25 to 35°C, the peak current increase significantly
from 150 to 230 pA. This is because of the increased kinetics of charge transfer and increased mass transport at the
electrode/electrolyte interface, which result in more efficient antigen-antibody interactions. The peak current at 35°C
shows the optimal reaction conditions. After 35°C, the peak current drops significantly to 205 pA at 40°C and 120 pA at
45°C due to biomolecular denaturation at higher temperatures. Therefore, 35°C was chosen as optimal temperature for
subsequent electrochemical analysis.

The reproducibility of the fabricated immunosensor was evaluated by carrying out five successive measurements under
the same conditions (Figure 6(d)). The data showed constant peak current values with an average of 268 uA and very
small differences among the measurements. The standard deviation was between 4 and 6 pA, with a relative standard
deviation (RSD) of 1.7%. The above results clearly show that the SCN-modified electrode has a high reproducibility in
charge transfer and biomolecular adhesion.

The selectivity of the designed biosensor for the detection of alpha-fetoprotein (AFP) was tested by observing the peak
current value in the presence of possible interfering agents, as shown in Figure 6(e). The biosensor showed a significantly
higher response to AFP, reaching a maximum peak current of about 200 nA, compared to common interferents such as
urea, glucose, and BSA. In particular, the current response due to AFP was found to be higher than that of non-specific
molecules by about 20-30%. This small standard deviations in this experiment (error bars < 5% of the mean current)
further confirm the statistical validity of the results. These results confirm high selectivity and anti-interference ability,
which can be attributed to the specific antigen-antibody reaction and the surface properties of the SCN-modified electrode.
The stability of the biosensor was tested for a period of 28 days, as shown in Figure 6(f). Cyclic voltammetry (CV)
analysis of the immunosensor was performed on Days 1, 7, 14, 21, and 28, using an AFP antigen concentration of 10 ng
mL-!. After the analysis, the immunosensor was stored in the refrigerator at 4°C. The decrease in the peak current response
was found to be 2.00%, 3.70%, 5.70%, and 7.40% on Days 7, 14, 21, and 28, respectively. As a result, the immunosensor
retrained 92.6% of its original current response after 28 days. The decrease in the peak current from 270.365 pA on Day
1 t0 250.358 pnA on Day 28 was found to be a modest change of 7.40%, indicating good storage stability of the biosensor.
The low values of relative standard deviation, appropriate sample size, and statistically significant ANOVA results further
confirm the robustness, validity, and analytical ability of the fabricated biosensor, thus establishing its high applicability
for the detection of cancer biomarkers.

Table 1. Comparative evaluation of electrochemical immunosensors using nanomaterials for the detection of

AFP.
Immunosensor Linear range Limit of detection References
platform (ng mL") (ng mL")
AuNPs/PGNR 5-60 1 [50]
Au/AET/PAMAM 5-500 3 [51]
Fe;O4@AuNPs 1-200 0.65 [52]
Thionine-AuNPs 0.05-100 0.012 [53]
HRP-MPS/PVA/ITO | 1-90 0.5 [54]
Self-assembled 15-350 5 [55]
monolayers
AuNPs/HRP
Si02/g-C35Ny 0.25-500 0.00224 ng/mL Present work

Clinical translation challenges and prospects

The electrochemical biosensor, as described in this study, has shown promising analytical characteristics in a controlled
environment. However, there are certain issues to be addressed to translate this device into a clinical tool. The first issue
to be addressed is to evaluate the device's analytical performance in a complex clinical matrix, such as serum or plasma.
This is because there are certain issues to be taken into account in a clinical environment, such as nonspecific binding and
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biomolecular interactions. Another problem that needs to be addressed is the ability to prove the manufacturability of the
device on a large scale and with consistent analytical performance. It is also important to address the long-term stability
of the biorecognition components and the development of surface chemistries that are amenable to mass production.
Another important domain for future research work is the standardization of sample preparation methods and their
efficient integration with user friendly devices for effective POC testing. It is recommended that clinical validations be
performed on large scale using patient samples in future studies. The use of microfluidic technology for automating low
value SA and their integration with portable electronic devices for real-time data acquisition is also recommended in
future studies.

CONCLUSIONS

This research work presents the successful fabrication of a highly sensitive electrochemical immunosensor based on SCN
heterostructure, in which the charge transfer rate at the electrode interface is significantly improved by taking advantage
of the unique electronic properties of the nanocomposite material. The immunosensor was fabricated for the quantitative
determination of the liver cancer biomarker alpha-fetoprotein (AFP), thus offering a trustworthy analytical tool for the
early diagnosis of the liver cancer. This is evidenced by the detection sensitivity of 0.00224 ng mL"!. Moreover, the
immunosensor showed a remarkable architectural stability, retaining 92.6% of its biological activity after 28 days,
indicating potential applicability for the early diagnosis of hepatocellular carcinoma (HCC). Additionally, the high
analytical accuracy of the immunosensor was confirmed by its low relative standard deviation of 1.7%, thus ensuring the
reliable and accurate acquisition of data. Therefore, the immunosensor developed in this research work offers a stable,
sensitive, and cost-effective analytical tool for the early diagnosis of HCC.
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