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ABSTRACT

Early diagnosis of hepatic carcinoma remains challenging due to the low concentrations of AFP and the inadequate
sensitivity of existing diagnostic techniques. This paper presents a comparative analysis of the mechanism of label-
free electrochemical AFP immunosensors developed from La»Os/g-CsNs (LCN) and SiO2/g-C3Ns (SCN)
nanocomposites. The immune-sensors were fabricated by screen-printing carbon electrodes onto a paper substrate,
subsequently incorporating anti-AFP antibodies for selective detection and signal transduction. The electrochemical
characteristics were evaluated using cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS)
techniques. The results obtained reveal several sensing mechanisms governed by the chemistry of oxides.
Consequently, La,Os3 assists in the heterogeneous electron transfer process via charge transfer mechanism, whereas
SiO; serves to immobilize antibodies and enhance signals due to its high silanol concentration and porous architecture.
The SCN immunosensor demonstrates superior analytical performance with a linear range of 0.25-500 ng/mL and a
limit of detection (LOD) of 0.0024 ng/mL, whereas the LCN immunosensor exhibits a LOD of 0.035 ng/mL. The
results show that both sensors demonstrated improved selectivity, repeatability (RSD < 3.98%), and stability over a
period of 28 days.
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INTRODUCTION

Hepatocellular carcinoma (HCC) is the predominant
form of primary liver cancer, encompassing
approximately 75-85% of all hepatic malignancies and
significantly contributing to global cancer mortality
rates [1,2]. Hepatocellular carcinoma (HCC) is
associated with various chronic liver diseases,
including hepatitis B and C virus infections, as well as
alcoholic and non-alcoholic fatty liver disease [3]. The
prognosis for patients is primarily dependent upon the
stage of the disorder at the time of diagnosis, despite
numerous advancements in treatment methodologies.
Alpha-fetoprotein (AFP) is a 70 kDa glycoprotein,
expressed during fetal liver development and functions
as a serum biomarker for assessing hepatocellular
carcinoma (HCC) tumor growth rate. The circulating
blood level of AFP in healthy individuals is below 10
ng/mL, but the serum AFP level rises significantly in
patients diagnosed with HCC [4]. The expression of
AFP can vary considerably and may increase in many
physiological conditions, including hepatitis and liver
cirrhosis [5].

Electrochemical immunosensors have recently
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emerged as promising alternatives to traditional
immunoassay techniques due to their rapid response,
minimal sample requirements, ease of use, and
suitability for point-of-care testing [6,7]. The label-
free detection method enables the processing of
antigen-antibody complex binding events into an
electrochemical signal via changes in the charge
transfer capacity of the electrode surface. The
sensitivity and selectivity of electrochemical sensors
are significantly impacted by the physical and
chemical characterstics of the modified electrode
surface [8]. Graphitic carbon nitride (g-C3N4) has
attracted significant interest in academic research as a
potential biosensor material due to its exceptional
chemical stability and biocompatibility [9,10]. The
structural configuration of g-C3;N4 offers several
reactive sites that enable interactions with biological
molecules and promote signal propagation.
Nevertheless, g-C3N4 exhibits relatively low electrical
conductivity; thereby, it is crucial to incorporate the
nanomaterial with other functionalized inorganic
substances [11].

Among various modifiers, lanthanum oxide (La>O3)
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and silicon dioxide (SiO2) possess distinct advantages.
Lay0s facilities charge transport through defect-based
charge transfer processes and exhibits electrocatalytic
activity, whereas silicon dioxide forms a chemically
stable, high-surface-area matrix abundant in silanol
groups, which helps in the immobilization of
antibodies [12-15]. Despite the numerous publications
regarding AFP biosensors using graphene, MXene,
and metal oxides, a comparative analysis of the effect
of oxides nano phase chemistry on g-C3;N4 based
immunosensors remains insufficiently conducted. A
comparison among La,03/g-C3N, and SiO»/g-C3Ny is
unknown.

This study outlines a comparative analysis of the
transduction mechanisms underlying La,O3/g-C3Ny
(LCN) and SiO,/g-C3N4 (SCN) immunoplatforms
under similar experimental conditions, which
advances further than previous work that focused on
the sensing properties of these platforms
independently. The performance of La,0s/g-CsNy
(LCN) and SiOy/g-C3Ns (SCN) immunosensing
devices in detecting AFP was comparatively analyzed.
The impact of oxide chemistry on the mechanisms of
charge transfer processes, antibody immobilization,
and analysis was examined through CV, EIS, and
DPV, utilizing a single platform for fabrication and
analysis of both LCN and SCN. The research study
demonstrates a direct correlation between oxide
nanointerface chemistry and sensing performance.
This provides useful information for prospective
research focused on developing electrochemical
immunosensors  for  hepatocellular  carcinoma
diagnosis.

2. Experimental Section

2.1. Chemicals and Reagents

Urea, tetracthyl orthosilicate (TEOS), ammonia
solution (25-28%), ethanol, lanthanum powder,
potassium chloride (KCI), potassium ferricyanide
(K3[Fe (CN)g]), and potassium ferrocyanide trihydrate
(K4[Fe(CN)s]-:3H20) were purchased from Merck
(India). AFP antigen and anti-AFP monoclonal
antibodies were obtained from BTL Biotechno Labs
Pvt. Ltd., India. N-(3-Dimethylaminopropyl)-N'-
ethylcarbodiimide hydrochloride (EDC), bovine
serum  albumin  (BSA), and  cysteamine
dihydrochloride were used for surface
functionalization. Phosphate-buffered saline (PBS,
0.01 M, pH 7.4) was the supporting electrolyte for all
immunoreactions. All chemicals were analytical grade
and used without further purification; solutions were
prepared in ultrapure Milli-Q water (18.2 M{.cm).

2.2. Nanocomposite Synthesis

The synthesis method for g-C3N4, La,O3 nanoparticles,
SiO; nanoparticles, and their corresponding La,Os/g-
C3N4 (LCN) and SiOZ/g-C3N4 (SCN)
heteronanocomposites, have been thoroughly
discussed in our previous papers [16,17]. G-C3N4 was
synthesized using the thermal polycondensation of
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urea, whilst LaO; and SiO, nanoparticles were
produced using sol-gel and modified Stober methods,
respectively. The synthesized La,O; and SiO»
nanoparticles were ultimately integrated with g-C3Ny
to form LCN and SCN heterocomposites. To enable a
systematic evaluation of their properties, both
composites were synthesized using a single batch of g-
C3Ns under similar fabrication conditions. The
quantity of g-C3Ny corresponds to the mass fraction of
the oxide material (either La>Os or SiO), and all
phases of dispersion, drying, and thermal treatment
were performed under identical conditions for each
composite sample. This methodology reduced several
elements that might affect the research outcomes,
hence facilitating an analysis of the impact of oxides
on the functionality of nanocomposites.

2.3. Immunosensor Fabrication

The procedures used in preparing LCN and SCN
immune-sensors were based on protocols that had been
described earlier [16,17]. Briefly, SPCE sensors on
paper substrate were sequentially coated with
cysteamine, the corresponding nanocomposites (LCN
or SCN), anti-AFP antibody, and BSA as a blocking
layer. The immobilization of antibodies was achieved
through EDC/NHS chemistry. To ensure consistency
in the analysis, similar materials, reagent
concentrations, immobilization conditions, and
incubation parameters were employed in both studies.
Electrochemical tests were conducted with electrodes
made uniformly to reduce fabrication variability,
hence facilitating the investigation of the impact of
nanophase oxide identity on immunosensing.

2.4. Electrochemical Measurements
Electrochemical study was conducted using a
PalmSens4 potentiostat/galvanostat governed by
PSTrace software, utilizing a 5mM [Fe(CN)¢]>"*+
redox mediator solution with 0.05 M KCl as the
electrolyte, conducted at room temperature. The cyclic
voltammetry (CV) was performed at a scan rate of 50
mV  s', while electrochemical impedance
spectroscopy (EIS) was conducted at a frequency
range from 10" to 10° Hz, utilizing a small amplitude
AC modulation of 10 mV at open circuit potential
(OCP). All studies were conducted thrice, and the
findings were evaluated using one-way ANOVA
(p<0.05).

3. Results and Discussion

3.1. Comparative Physicochemical
Characterization

A comprehensive analysis of the physicochemical
properties of LCN and SCN nanostructures has already
been reported in our previous study. The current paper
focuses on reporting the significant properties related
to the process of charge transfer, immobilization of
biomolecules, and immune-sensing capability.

3.1.1. Structural Analysis (XRD)
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The X-ray diffraction (XRD) patterns of LCN and
SCN are illustrated in figure 1.1. Both composites have
the characteristic diffraction peaks of g-C3Ny at around
13.1° and 27.4°, indicating that the graphitic structure
is maintained despite the incorporation of oxides [18].
The further peaks at around 28.4°, 32.6°, and 33.8° for
LCN composites validate the effective synthesis of
crystalline cubic La>O3 [19]. A broad diffraction peak
at around 22° is evident in the SCN composite,
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indicating the presence of amorphous SiO; [20]. The
inclusion of La;O3 and g-C3Ny4 in LCN indicates the
successful fabrication of a heterojunction, whereas the
presence of SiO, in SCN merely alters the surface
morphology without affecting the crystal structure of
g-C3Ny. The disparity in structural composition has the
potential to  influence their  charge-transfer
characterstics and biological interactions in several
ways.
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Figure 1.1. Comparative XRD patterns of g-C3N4, La,03/ g-C3N4 (LCN) and SiO»/g-C3N4 (SCN) nanocomposites.

3.1.2. Functional Group Analysis (FTIR)

The FTIR spectra of LCN and SCN nanocomposites
are shown in Figure 1.2. Both nanocomposites exhibit
distinct vibrational spectra of g-C3Nj, characterized by
vibration bands associated with C-N and C=N
stretches in heterocyclic compounds within the 1200-
1650 c¢cm™ range, as well as a vibration band
corresponding to breathing vibrations in tri-s-triazine
at 810 cm™ [21]. In LCN, La-O vibrational peaks are
observed between 340-854 cm’!, but the positions of
the vibrational peaks associated with g-C3N4 exhibit
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minimal  variation [22]. Notably, significant
broadening is observed in the triazine bands at
approximately 1560, 1400, and 1300 cm,
accompanied by intensified O-H/N-H absorption in
the range of 3300 to 3500 cm! [23]. This indicates that
Si0; exhibits more stable interfacial interactions with
g-C3N4 compared to LCN. The FTIR study results
indicate the presence of a heterojunction between
La;O3; and g-C3N, in LCN, as well as a surface
interaction between the SiO,/g-C3Ny architecture in
SCN.
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Figure 1.2. Comparative FTIR spectra of g-C3Ny, La;03/ g-C3N4 (LCN) and Si0,/g-C3N4 (SCN) nanocomposites.

3.1.3. Optical Properties (UV-Visible Spectroscopy)
The UV-Vis absorption spectroscopy of LayOs;, g-
C3Ns, Si0,, SCN and LCN nanocomposites confirms

their synthesis and shows enhanced optical
characteristics in figure 1.3. The crystalline chemical
La,0s exhibits an absorption peak at 230 nm, whereas
g-C3Ny displays absorption bands are around 220 nm
and 245 nm, extending into the visible spectrum [24].
The absorption peak in SiO; is observed at 215 nm,
attributed to Si-O-Si transitions. The absorption peak
of the SCN nanocomposite is observed at around 220
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nm, demonstrating enhanced absorbance relative to g-
C3N4 [25]. The absorption peaks for the LCN
nanocomposites were identified at around 230 nm and
350 nm.

The sample comprising La;O3 exhibits a minor red
shift in its absorbance peak, accompanied by an
enhancement in its visible light absorption efficiency,
indicating electronic interaction between the two
materials. Conversely, the sample including SiO,
exhibits a minor blue shift in its absorbance peak,
indicating the inclusion of amorphous SiO, with
minimal disruption to the electronic structure of g-
C3N4.
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Figure 1.3. Comparative UV-Visible absorption spectra g-C3N4, La,O3/ g-C3Ns (LCN) and SiO2/g-C3N4 (SCN)

nanocomposites.

3.1.4 FESEM Morphological Analysis

Figure 1.4 shows the FESEM images of g-C3Ny,
Lay0s3, Si0,, LCN, and SCN. The g-C3N4 displays a
recognized morphology characterized by layered,
wrinkled sheets of graphitic carbon nitride synthesized
via thermal process, offering significant surface area
for nano-phase integration [26]. La>O3; nanocrystals
exhibit uniformity and a quasi-spherical morphology
with dense packing, whereas SiO, possesses an
amorphous structure [27].

After the synthesis of the composite materials, the
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LCN heterojunction observed uniform attachment of
La;O3 nanoparticles to the g-C3Nj layers, thereby
resulting in close interface interaction and effective
distribution of the oxide component within the carbon
nitride particles both on and between the g-C3;N4
nanosheets, resulting in an open and porous surface
morphology due to the increased sheet separation
distance. The morphologies of the two composite
methods exhibit a clear distinction, where the LCN
shows close oxide-support integration, while the SCN
displays wide porosity attributed to silica inclusion.
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Figure 6.4. FESEM micrographs of (a) g-C3Ns, (b) LaxOs3 nanoparticles, (¢) SiO» nanoparticles, (d) LaxOs/ g-C3Na

(LCN), and (e) SiO2/g-C3N4 (SCN) nanocomposites.

3.1.5 Elemental Composition Analysis (EDX)

EDX spectra of the individual component and
corresponding nanocomposite materials are illustrated
in Figure 1.5. EDX spectrum of g-C3Ns4 material
(Figures 1.5 (b) and 1.5 (e)) shows peaks which belong
only to C and N elements, confirming that the material
is composed of typical graphitic carbon nitride. On the
other hand, EDX spectrum of La,Os nanoparticles
(Figure 1.5 (a)) exhibits dominant peak related to La
and O elements, while SiO, nanoparticles (Figure
1.5d) display characteristic peaks of Si and O
elements.
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The presence of all three elements (La, C, and N) in
the spectra depicted in Figure 1.5 (c) verifies the
successful incorporation of La,Os into the g-C3Na
framework. In addition, the occurrence of patterns
corresponding to Si, O, C, and N atoms in the SCN
spectra (Figure 1.5 (f)) further confirms the presence
of SiO; and g-C3Nj inside the matrix. The absence of
impurity peaks in both composites indicates excellent
phase purity and effective incorporation of oxides
inside the carbon nitride matrix, consistent with
findings from XRD and FESEM analyses.
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Figure 1.5. EDX spectra of (a) La,Os nanoparticles, (b,e) g-C3Na, (¢) La,03/ g-C3N4 (LCN), (d) SiO; nanoparticles,

and (f) Si02/g-C3N4 (SCN) nanocomposites.
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Table 1.1. Comparative physicochemical characteristics of La>03/ g-C3Ns (LCN), and SiO2/g-C3Ns (SCN)

nanocomposites.
Characterization Physicochemical 2-CsN4
Technique Attribute
XRD Characteristic 13.1°,27.2°
diffraction features
XRD Structural Layered
architecture graphitic
framework
XRD Crystallite size —
FTIR Dominant —
interfacial
interaction
UV-Vis Optical response Absorption
edge ~450 nm
FESEM Surface morphology = Aggregated
lamellar
nanosheets
EDS Elemental C,N
composition
Overall Expected functional = Conductive
implication role support matrix

4. Electrochemical characterization

4.1. Cyclic Voltammetry and Interfacial Electron -
Transfer Behavior

The electrochemical performance of the LCN and
SCN modified electrodes during the stepwise
fabrication process of the immunosensor via cyclic
voltammetry in a 5 mM [Fe(CN)¢]*** solution
containing 0.05 M KCl is illustrated in Figure 1.6. The
performance of the two modifying strategies indicated
that the deposition of the nanocomposites significantly
enhanced the redox current with respect to the bare
electrode, demonstrating improved electron transport
at the interface. The enhancement of current was
significantly stronger for the LCN-modified electrode,
with an increase from 103.9 to 197.2 pA (about
89.8%), compared to the SCN-modified electrode,
which exhibited an increase from 155.2 to 212.3 uA
(approximately 36.8%).

The immobilization of anti-AFP antibodies on both
sensing surfaces results in a reduction in peak currents
for both systems, related to the formation of an
insulating biorecognition layer which obstructed
electron transport between the electrode surface and
the electrolyte solution [28]. The result therefore
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LCN SCN

g-CsNas peaks retained; g-CsNapeaks retained;
La;Os reflections at broad amorphous halo
28.4°,32.6°, 33.8° at ~22°

Crystalline La:0s/g-  Amorphous SiO2-

C:Na4 heterojunction decorated 2-CsNa
network

~8 nm (La>05) Amorphous

Non-covalent oxide- Hydrogen  bonding

support integration between Si—OH and g-

CsNy
Slight red shift; Marginal blue shift;

enhanced  visible-light minimal bandgap
absorption modulation
Quasi-spherical La.Os Porous surface-

nanoparticles uniformly = decorated architecture
anchored on g-CsN« with distributed SiO:

sheets clusters

La,O,C,N Si, O,C, N

Enhanced interfacial | Increased surface

charge-transfer accessibility and

characteristics biointerface
functionality

validates both the immobilization method and the
performance of the biosensing technology. In both
sensor configurations, the AEp values diminished with
the accelerated electron transport facilitated by
heterojunction formation. The improved conductivity
in LCN is primarily associated with heterojunction and
defect-assisted electronic coupling processes, whereas
the reduced AEp in SCN has been attributed to
enhanced electrolyte accessibility.

The Randles-Sevcik model exhibited strong
concordance with the experimental data in both
instances (R? >0.99), allowing the analysis of
electroactive surface area (EASA). For LCN, the
EASA improved from 0.0098 to 0.0205 cm?;
conversely, the SCN electrodes exhibited markedly
greater surface area (0.188-0.257 cm?), with roughness
factors of 0.289 and 3.64, respectively. This finding
the distinctions between the two platforms concerning
their operational principles, with LCN becoming
primarily dependent on the conducive interaction at
the heterojunction, while SCN functions due to its high
surface-area-architecture.
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Figure 1.6. Cyclic Voltammetry recorded in SmM [Fe(CN)s]*** containing 0.05 M KCl for (a) LCN-based and (b)

SCN-based immunosensor during sequential fabrication.

4.2. Electrochemical Impedance Spectroscopy and
Charge-Transfer Kinetics

The charge transfer properties at the interface were
evaluated utilizing electrochemical impedance
spectroscopy (EIS) with the [Fe(CN)s]*"* redox
couple (Fig. 1.7). A corresponding decrease in
semicircle size was observed in both modified
surfaces, indicating an enhancement in electron
transport performance due to the reduction in Rct [29].
Nonetheless, this enhancement was not homogeneous
throughout each sensor.

Following the modification using nanocomposites, the
Rct of LCN possessed a substantial reduction of
60.1%, decreasing from 335.8 to 134.0 Q. The
resistance of SCN decreased from 946.9 to 534.4 Q,
indicating a reduction of 43.6%. The above result
further supports the heterojunction configuration of
La,0s/g-C3Ny facilitates more efficient charge transfer
than the heterojunction configuration of SiO,/g-C3Na.
Kinetic experiments utilizing the Butler-Volmer
equation reveal substantial enhancements in the rate
constant of heterogeneous electron transfer (Ko) and
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(b)
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exchange current density (i) of LCN, combined with
ipincreasing from 1.62 X 102to 1.94 x 102cm s’ The
values for SCN were significantly lower, increasing by
merely an order of magnitude form 7.9 x 10 to 1.4
x 103 cm s

The charge transfer resistance improved to 248.2 Q for
LCN and 7159 Q for SCN following the
immobilization of the anti-AFP antibody, indicating
the formation of an insulating biorecognition layer
which partially restricts the redox probe’s accessibility
to the electrode interface. The increase in resistance for
SCN significantly exceeds for LCN, a phenomenon
attributed to the enhanced antibody coverage on SCN
resulting from its porous structure and silanol
functional groups.

The EIS studies demonstrated the mechanistic
distinctions between the two nano-composites. The
LCN enhances electrochemical capabilities by
facilitating rapid transfer through electronic coupling
from heterojunction formation, whilst SCN provides
sensing advantages due to its bioactive surface area.
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Figure 1.7. Nyquist plots of (a) LCN based and (b) SCN based immunoplatforms during sequential fabrication in

5mM [Fe(CN)e]>*4/0.05 M KCL.

Table 1.2. Comparative Electrochemical Parameters of LCN and SCN Immunosensor Platforms.

Parameter Bare PCE (LCN)
Ip (CV, pA) 103.9

AEp (V) 0.38

Ret () 335.8

EASA (cm?) 0.0098
Roughness factor (Rf) 0.139

io (A) 7.65%107

ko (cm s) 1.62x107

Post-Ab Ret () —

4.3. Comparative AFP Detection and Calibration
Characteristics

The electroanalytical performance of the LCN and
SCN immunosensor system for detecting AFP within
the range of 0.25-500 ng mL"' was assessed using
cyclic voltammetry (Figure 6.8). In both instances,
elevated levels of AFP resulted in a reduction of the
anodic peak current, indicating that the insulation of
the immunocomplexes impeded the electron transfer
mechanism of the ferri/ferrocyanide redox system at
the electrode interface.

The LCN immunosensor demonstrated a linear
correlation between peak currents and the logarithm of
AFP values, represented as:

I, = -28.44 log CAFP + 143.70

with the coefficient of determination is R? = 0.9959.
LCN obtained a sensitivity of 28.44 uA/decade, a limit
of detection (LOD) of 0.035 ng/mL, and a limit of
quantification (LOQ) of 0.107 ng/mL. Conversely,
SCN achieved a steeper calibration curve compared to
LCN as detailed below:

I, =-39.03 log C_AFP + 203.33,

Exhibiting superior linearity with R? = 0.9989. This
immunosensor exhibited a sensitivity of 39.03
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LCN/PCE

197.2 (+89.8%)
0.32

134.0 (—60.1%)
0.0205 (2.1x)
0.289

1.92x10% (2.5%)

1.94x102 (1.2%)
248.2

Bare PCE (SCN)  SCN/PCE
155.2 212.3 (+36.8%)
0.44 0.27

946.9 534.4 (—43.6%)
0.188 0.257 (1.37x)
2.66 3.64

2.7%10° 4.8x10° (1.78x)
7.9x10" 1.4x103 (1.77%)

715.9

uA/decade, representing 37% increase compared to
the LCN, despite maintaining a very low limit of
detection (LOD) of 0.00224ng/mL and a limit of
quantification (LOQ) of 0.00679 ng/mL.

The enhanced analytical performance of SCN is due to
its porous structure, resulting in an increased
electroactive surface area and facilitating antibody
immobilization via a high density of silanol groups
[30]. Consequently, AFP interaction significantly
blocks electrolyte kinetics, leading to pronounced
signal attenuation. For LCN sensor, sensing method is
primarily influenced by the electron transfer rate
across the La,Os3/g-C3N, heterojunction, resulting in
efficient but considerably attenuated signal changes at
extremely low AFP concentrations.

Both immunosensors exhibited significant consistency
within a clinically applicable range of AFP values,
encompassing normal conditions to the early and
advanced stages of HCC. Nevertheless, SCN exhibited
considerably higher sensitivity and approximately 16
times lower detection limits compared to kinetic-based
sensing.
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Figure 1.8. (a) CV responses and (b) corresponding calibration plot of the LCN immunosensor towards AFP (0.25-
500 ng mL™). (c) CV responses and (d) corresponding calibration plot of the SCN immunosensor. Both platforms
exhibit concentration-dependent current suppression upon AFP binding, with SCN demonstrating higher sensitivity

and a lower detection limit than LCN.

4.4. Optimization of Operating Parameters
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Figure 1.9. Comparative evaluation of operational performance of LCN-based and SCN-based immunosensors: (a)
effect of pH, (b) effect of temperature, (c) storage stability over 28 days, (d) selectivity toward AFP in the presence of
potential interfering biomolecules, and (e) reproducibility assessed using independently fabricated electrodes.

The operational parameters of the immunosensors
employing LCN and SCN were modified to determine
the conditions under which both sensors can
potentially be comparably used for AFP detection
(Figure 1.9). Both immunosensors exhibited a pH-
dependent electrochemical response, with peak current
values increasing at pH = 7.0, measuring 150 uA for
LCN and 225 pA for SCN (Figure 1.9 (a)). the
elevated peak current value correlates with excellent
antigen-antibody binding and efficient electron
transport across the electrode surface. The reduced
electrochemical response observed with pH reduction
corresponds to differences in the physiological
condition of antibodies and the charge on their surface
[31].

The optimization of temperature demonstrated that
each system exhibited nearly comparable performance
in achieving maximal electrochemical response at 35
°C (Figure 1.9 (b)). the increase in peak current from
25 to 35 °C resulted from improved diffusion and
affinity interaction mechanisms of the analytes.
Consequently, a current of around 160 pA was
achieved for LCN, whereas SCN obtained 230 pA.
The subsequent increase in temperature resulted to the
decrease in the signal due to the denaturation of
antibodies [32].

Studies performed under controlled conditions at 4°C
demonstrated adequate stability for more than 28 days
(Figure 1.9 (c)). both the LCN sensor and SCN

exhibited stability over 92%, indicating strong
interfacial stability and the integrity of antibodies. As
demonstrated the observation that LCN and SCN
exhibit remarkable stability over the 28-day duration,
it is evident that the g-C3Ny structure can serve as an
effective foundation for biosensing.

Selectivity assays of both immunosensors against
interfering substances, including CYFRA21-1, BSA,
glucose, and urea, were conducted (Figure 1.9 (d)). For
both sensor systems, the electrochemical response is
optimized ideally for AFP, with minimal interference
from other analyzed molecules. The interaction
between the interferent and the target analyte
(CYFRA21-1 and AFP) generated responses
comparable to those obtained from AFP, indicating
that signal generation mostly arises from selective
binding of AFP and antibodies, rather than from non-
selective adsorption onto the surface.

The reproducibility of fabrication was assessed using
electrodes fabricated independently but under same
conditions (Figure 1.9 (e)). The relative standard
deviation (RSD) for the LCN immunosensor system
was observed around 3.98% (n=6), but the SCN
exhibited reduced variance, as shown by an RSD of
1.7% (n=5). The enhanced repeatability in the SCN
can potentially be attributed to the uniform distribution
of the SiO,/g-C3Ns4 nanocomposites and the stable
biointerface provided by the silica hydroxyl groups.
These findings indicate that both immune-sensing
methods provide favorable operational characteristics.

Table 1.3. Comprehensive Benchmarking of AFP Electrochemical Biosensors.

Material Technique  Linear Range
Graphene-Au DPV 1 pg mL'-100 ng mL"!
PtNPs/Co304/gra DPV 0.1 pg mL'-60 ng mL"!
phene

TB-Au-Fe;0s~  DPV 0.01 pg mL'-10 ng mL"!
rGO

IJDDT Volume 16 Issue 72s 2026

LOD Real Ref.
Sample

0019 pgmL!  NR [33]

0.029 pg mL"! Serum [34]

0.0027 pg mL"! Serum [35]
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CdTe@SiO2/gra  ECL

phene

AuNPs/PGNR Cv 5-60 ng mL!
AuNPs-Dex— DPV 0.01-20 pg mL"!
rGO

CNPs/AuNPs DPV 0.005-1000 ng mL"!
AuW/AET/PAMA | CV 5-500 ng mL"!

M

Fe3;04@AuNPs EIS/DPV 1-200 ng mL"!
Thionine-AuNPs = DPV 0.05-100 ng mL!
Graphene/SnOz/  DPV 0.02-50 ng mL"!
Au

Fe;Os@Au@chit = CV 10-8000 ng mL"!
osan

La203/g-C3Na CV/EIS 0.25-500 ng mL!
(LCN)

Si02/g-C3Ns CV/EIS | 0.25-500 ng mL"'
(SCN)

1.0 pg mL'-100 ng mL"!

0.22 pg mL"! N/R [36]
1 ng mL™! N/R [37]
0.05 pg mL"! NR [38]
00019 ngmL!  NR [39]
3ng mL" N/R [40]
0.65 ng mL"! N/R [41]
0.012 ng mL"! Serum [42]
0.01 ng mL"' N/R [43]
1.78 ng mL"! N/R [44]
0.035 ng mL! PBS [This
work]
0.0024 ngmL"'  PBS [This
work]

GCE: glassy carbon electrode; SPE: screen-printed electrode; Au: gold electrode; N/R: not reported; ECL:

electrochemiluminescence.

4.6. Structure-Property-Performance Correlation
The underlying trend reveals a mechanistic distinction
determined by oxide chemistry. The LCN mechanism
demonstrates an affinity for the point-of-care sensor
based on defect-mediated heterojunction kinetics,
wherein crystalline La>O3; nanocrystals are combined
with Type-II electronic junctions of g-Cs3Ns. In this
instance, oxygen vacancies induced by La’*ions
facilitate a charge hopping mechanism, achieving
nearly a 60% decrease IN Rct and a tenfold increase in
k, relative to the corresponding SCN sensor system
[45]. This kinetics facilitates rapid charge transfer,
resistance to fouling, and a sensitivity of 28.44 uA
decade™! with a limit of detection (LOD) of 0.035 ng
mLL

The presence of roughness and porosity in the SiO,
structure, along with numerous Si-OH groups,

enhances antibody adsorption and increases the
accessible surface area for electrolytes, leading to a
sensitivity improvement of 37.2% (39.03 uA decade
) and a 16-fold reduction in the limit of detection
(LOD) to 0.00224 ng mL"' compared to LCN sensor.
The sensor’s response predominantly depends on
variations in dielectric and diffusion impedance
caused by pore blockage, rather than direct alterations
in kinetic processes.

In conclusion, the results mentioned above establish a
framework of fundamental design concepts wherein
defect—engineered heterojunction structures promote
accelerated kinetics and fouling resistance, while
structures with enhanced surface area are more
appropriate for the highly sensitive ultrarace
determination of AFP in diagnostics.

Table 1.4. Structure -Property-Performance Correlation Summary for LCN and SCN AFP Immunosensors.

Performance Metric
Calibration equation

R?/ Pearson r 0.995/-0.997
Sensitivity (A decade™) 28.44
LOD (ng mL™) 0.035
LOQ (ng mL™) 0.107

Dominant sensing mechanism
modulation

LCN (La203/g-C3Ny)
Alp = 143.70 — 28.44 log C

Defect-mediated

SCN (SiO2/g-C3N4)
Alp =203.33 —39.03 log C
0.998 / —0.999
39.03
0.0024
0.0068

kinetic = Pore-occlusion
amplification

impedance

Charge-transfer behavior

Reproducibility (RSD)
28-day stability
Key structural determinant

Fast heterogeneous ET; defect-
assisted hopping

3.98% (n=6)

92.65% signal retention
Crystalline La>O; heterojunction;
O-vacancy network

Diffusion- and dielectric-impedance-

dominated
1.7% (n=15)
92.6% signal retention

Amorphous SiO, porosity;

functionalization

silanol

4.7. Conclusion

The present work evaluates systematically the
performance of two mechanistically different g-C3Ny
based electrochemical sensors based on alpha-

IJDDT Volume 16 Issue 72s 2026

fetoprotein (AFP) for LayOs/g-C3Ns (LCN) and
Si02/g-C3N4 (SCN). The LCN mechanism depends
upon  defect-assisted  charge  transfer  via
heterojunctions between atoms. The kinetic rate
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constant (ko = 1.94 X 102 cm s!) increases, thus
facilitating fast reactions and rendering the systems
inaccessible to surface fouling. SCN enhances signal
transduction by obstructing pores. This results in
enhanced sensitivity (39.03 pA decade!) and an
exceptionally low detection limit (0.0024 ng mL™)
within the approved therapeutic detection range (0.25-
500 ng mL"). Both systems demonstrate over 92.6%
signal stability over a 28-day period, emphasizing the
significance of the g-C3N4 matrix for prolonged sensor
performance. The developed biosensor architecture
provides the detection of appropriate AFP levels
associated with both early and late stages of HCC,
confirming the efficacy of SCN biosensors for HCC
diagnosis.
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