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ARTICLE INFO ABSTRACT

Keywords: The global response to COVID-19 has exposed critical gaps in rapid, ultrasensitive, and accessible diagnostic
G}’aphitic carbon nitride technologies, particularly in decentralised and low-resource environments. Herein, we report the development of
Biosensor an electrochemical biosensor designed for ultrasensitive detection of the SARS-CoV-2 spike receptor-binding
Kgg:;?:etry domain (RBD) protein. This platform was rationally engineered nanocomposite combined with carboxylated
Nanomaterials graphitic carbon nitride (¢cGCN) and gold nanoparticles (AuNPs), which synergistically enhance surface reac-
Covid-19 tivity, electron transfer efficiency, and biomolecular interface stability. Hybrid nanomaterials can overcome the

kinetic and sensitivity barriers of traditional biosensors, and a cGCN/AuNP hybrid was fabricated on fluorine-
doped tin oxide (FTO) electrodes and functionalized with in-house generated anti-RBD antibodies. Compre-
hensive physicochemical characterisation confirmed the successful integration and surface engineering of the
composite. Using Differential Pulse Voltammetry, the sensor achieved a limit of detection (LOD) of 0.8 fM and
demonstrated limit of quantification (LOQ) of 2.65 fM. This performance exceeds that of many existing SARS-
CoV-2 antigen based biosensors and underscores the utility of rational nanomaterial design for high-precision
point-of-care viral diagnostics. This approach is readily adaptable for detecting emerging viral pathogens and
supporting future pandemic preparedness.

1. Introduction individuals, when timely identification is critical to containment and

treatment strategies [4-6]. The viral spike (S) protein, specifically its

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is a
highly transmissible RNA virus classified under Beta-coronavirus genus
[1]. It has precipitated a global pandemic, with over 777 million
confirmed cases and 7.1 million fatalities reported as of 2024 [2].
Affordable and accessible diagnostic tools for SARS-CoV-2 infection
remain a critical challenge, particularly in developing countries.
Although nucleic acid amplification tests, such as RT-PCR, remain the
clinical gold standard, their reliance on centralised laboratories, skilled
personnel, and complex logistics limits their scalability, particularly in
low-resource settings [3]. The diagnostic bottleneck is especially prob-
lematic during the early stages of infection or in asymptomatic

receptor-binding domain (RBD), plays a central role in mediating host
cell entry and is a validated target for both immunological and molec-
ular diagnostics [7-11]. Direct detection of the RBD antigen offers a
promising alternative to genome-based methods, enabling faster and
equipment-independent readouts. However, existing antigen detection
platforms frequently suffer from suboptimal sensitivity, particularly at
low viral loads, which impairs their clinical utility during early infection
or convalescence [12].

Electrochemical biosensors have emerged as promising alternatives
owing to their affordability, portability, and user-friendliness. These
devices detect biological interactions by converting them into
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quantifiable electrical signals [13]. By employing a signal transducer to
measure the electrochemical reactions occurring at the electrode sur-
face, these sensors exhibit high selectivity even for complex biological
samples. This versatility makes them suitable for a wide range of ap-
plications, including, the detection of bacteria, viruses, and other
pathogens; identifying antibiotics, pesticides, and drug molecules;
diagnosing cancer; monitoring environmental conditions; and tracking
diseases and overall health [14]. The generated electrochemical signals
typically correspond to an increase or decrease in the response measured
using techniques such as differential pulse voltammetry (DPV), cyclic
voltammetry (CV), square-wave voltammetry (SWV), and electro-
chemical impedance spectroscopy (EIS) [15].

However, traditional electrode materials often face significant limi-
tations, such as poor electron transfer efficiency and susceptibility to
fouling, which restrict their performance in complex biological matrices.
To overcome these challenges, advanced strategies, such as incorpo-
rating nanomaterials, modifying recognition probes, and introducing
redox labels, have been employed [16,17].

To address these constraints, we developed a nanocomposite inter-
face that integrates carboxylated graphitic carbon nitride (cGCN) and
gold nanoparticles (AuNPs) which can overcome the sensitivity and
stability limitations of conventional biosensors [18-20]. Graphitic car-
bon nitride offers high surface area, chemical inertness, and biocom-
patibility; however, its poor conductivity and dispersion properties limit
its application. Carboxylation introduces polar functional groups that
improve aqueous stability and promote electron transport [21-23].
When combined with AuNPs, which are known for their catalytic ac-
tivity, electrical conductivity, and facile bioconjugation, the resulting
hybrid forms a conductive and chemically stable matrix optimised for
bio electrochemical signal transduction [24]. In addition to functional
materials, the electrode substrate also plays a critical role in biosensor
performance. Transparent conductive oxides (TCOs) such as fluorine-
doped tin oxide (FTO) are widely employed owing to their trans-
parency, electrical conductivity, and chemical stability. FTO is a cost-
effective and less toxic alternative to indium tin oxide (ITO), whose
widespread adoption is limited by its high cost and environmental
concerns. The advantageous properties of FTO make it a preferred
substrate for supporting nanomaterials in advanced biosensing appli-
cations [25-28].

Here, we report the development of an electrochemical immuno-
sensor for SARS-CoV-2 RBD detection based on a cGCN/AuNP nano-
composite immobilised onto fluorine-doped tin oxide (FTO) electrodes.
The sensor was functionalized with high-affinity, in-house generated
anti-RBD antibodies to ensure specific and sensitive antigen recognition.
The structural and chemical properties of the nanocomposite were
extensively characterised using advanced techniques including X-ray
diffraction (XRD), X-ray photoelectron spectroscopy (XPS), UV-Vis
spectroscopy, Fourier transform infrared spectroscopy (FTIR), Trans-
mission Electron Microscopy (TEM), energy-dispersive X-ray spectros-
copy (EDXS), and Scanning Electron Microscopy (SEM), confirming its
robust structural and chemical integrity. In-house-generated RBD anti-
bodies were employed as the biorecognition element, enabling the
immunosensor to achieve an exceptional limit of detection (LOD) of 0.8
fM and a limit of quantification (LOQ) of 2.65 fM, with a broad linear
detection range. Specific binding between RBD protein and antibody
was further validated by ELISA and western blot analysis, confirming its
functionality and selectivity. This biosensor offers significant advan-
tages, including facile synthesis, high sensitivity, and excellent stability,
and demonstrates superior performance compared with existing SARS-
CoV-2 biosensors. Compared with existing technologies, this biosensor
offers a simplified fabrication strategy, enhanced analytical perfor-
mance, and potential for adaptation to detect other infectious agents,
making it a compelling candidate for next-generation point-of-care
diagnostics.
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2. Materials and methods
2.1. Chemicals

Melamine, gold (III) chloride trihydrate (HAuCly-3H20), hydro-
chloric acid (HCl), sulphuric acid (H2SO4), Tween® 20, skimmed milk
powder, Freund’s complete adjuvant (FCA), Triton™ X-100, sodium
azide, Bradford reagent, N,N,N,N-tetramethylethylenediamine
(TEMED), ammonium persulphate, nitric acid (HNOj3), Freund’s
incomplete adjuvant (FIA), and Brilliant Blue R were obtained from
Sigma-Aldrich. Guanidine hydrochloride (GHC), sodium chloride
(NaCl), imidazole, sodium citrate tribasic dihydrate (C¢HsNazO7-2H20),
2-morpholineethanesulfonic acid (MES) monohydrate, sodium phos-
phate dibasic anhydrous (NajHPO,), potassium phosphate dibasic
anhydrous (KoHPOy), urea, and magnesium chloride (MgCly) were
purchased from Sisco Research Laboratories (SRL). Nitric acid (HNO3)
was purchased from Fisher Scientific. HisPur™ Ni-NTA resin and protein
A-sepharose resin were purchased from Thermo Fisher Scientific and
Cytiva, respectively. The tetramethylbenzidine (TMB) substrate solution
was obtained from HiMedia. Goat anti-rabbit IgG (H + L) secondary
antibody was procured from Novus Biologicals. The SARS-CoV-2 RBD
Ag was produced in-house following a previously reported protocol
[29]. All reagents and solvents used in this study were of analytical
grade and all solutions were prepared using double-distilled water.

2.2. Synthesis and characterisation of cGCN/AuNPs nanocomposite

Green synthesis of GCN nanosheets was achieved by heating 5 g of
melamine monomer at 550 °C in a ceramic container. The resulting
product was transferred to a separate ceramic crucible and heated in a
hot-tube furnace under an optimised heating program [30]. The pale-
yellow powder was then milled into a fine powder. To produce a few
layers of GCN nanosheets, 3 g of the synthesised material was mixed
with 20 mL of 1 M HCl and stirred for 3 h at ambient temperature. The
resulting mixture was filtered using a 0.45 pm membrane and dried at
70 °C. Subsequently, 300 mg of the dried sample was resuspended in 50
mL of Milli-Q water, sonicated for 30 min, and centrifuged at 9000 rpm
for 15 min. The supernatant was carefully decanted, and the suspension
was transferred to a clean flask. The remaining suspension was
concentrated by distillation or by using a rotary evaporator and dried
overnight at 70 °C [30,31].

For carboxylation, bulk GCN was treated with concentrated HNO3
under continuous stirring for 24 h. The acid was thoroughly removed by
repeated washing with double-distilled water (ddH20) until the pH of
the solution reached 7. The resulting pellet was dried overnight at 37 °C.
The dried product was resuspended in ddH,O at a concentration of 1
mg/mL, sonicated for 30 min, and stored at room temperature (RT) for
future applications.

Gold nanoparticles (AuNPs) were synthesised using a chemical
reduction method, as described previously [32]. Briefly, 10 % gold
chloride solution was introduced into 100 mL of deionised water under
continuous heating and stirring. Once the solution reached boiling
temperature, a 1 % sodium citrate solution was gradually added. This
addition triggered a distinct colour transition from pale yellow to pur-
ple, and then to wine-red, indicating the successful formation of AuNPs.
Once a stable wine-red colour was achieved, heating was ceased, and the
solution was stirred until it cooled to RT. To synthesise the cGCN/AuNP
composite, a modified electrostatic assembly method was employed.
Equal volumes of the synthesised AuNP solution and cGCN dispersion
were combined and subjected to sonication using a probe sonicator,
after which the mixture was allowed to settle at RT.

The synthesised nanocomposites (GCN, AuNPs, cGCN, and ¢cGCN/
AuNPs) were comprehensively characterised to assess their structural,
morphological, and optical properties. For XRD and XPS the nano-
composites were drop casted on a coverslip and dried at 37 °C. XRD
patterns were recorded using a PANalytical EMPYREAN diffractometer
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with Cu Ko radiation (A = 1.5406 f\), operated at 45 kV and 40 mA, in
reflection mode over a 20 range of 3-90°, employing a continuous scan
mode with 41.82 s/step. XPS was performed using a monochromatic Al
Ka source (hv = 1486.6 eV) operated at 75 W (15 kV, 5 mA) in spec-
troscopy tuning mode. A hybrid lens and slot collimator configuration
were employed with a resolution setting of 40. High-resolution spectra
were acquired for the C 1 s (1186.7-1209.7 eV), N 1 s (1076.7-1096.7
eV), O 1 s (943.7-961.7 eV), and Au 4f (1391.7-1411.7 eV) regions
using a step size of 0.1 eV, sweep time of 60 s, and dwell times between
260 and 331 ms. Survey scans were collected over a wide energy range
with appropriate pass energy to allow elemental identification. Charge
neutralization was applied (filament current: 0.37 A, filament bias: 1 V,
charge balance: 4 V), and quantification was carried out using the in-
strument’s sensitivity factors and CasaXPS software [33]. The high-
resolution XPS spectra were deconvoluted using a Gaussian-Lorentzian
(GL30) peak shape function to achieve accurate fitting of the observed
chemical states. Each component peak was analysed based on its full
width at half maximum (FWHM), binding energy position, and relative
area percentage. Functional group identification and chemical modifi-
cations were confirmed using FTIR on a Nicolet iS50 FT-IR spectrometer
(Thermo Electron Corporation, Shanghai, China) in the wavenumber
range of 4000-500 cm ™ '. The optical properties were evaluated using a
Systonic S-924 Single-Beam UV-Vis Spectrophotometre (Delhi, India)
by analysing aqueous nanocomposite solutions. Morphological features
and elemental compositions were studied via SEM and EDXS using Zeiss
EVO-18 scanning electron microscope (Zeiss, Germany) operated at an
accelerating voltage of 20 kV. A small aliquot of the nanoparticle sus-
pension was drop-cast onto a carbon-coated copper TEM grid and
allowed to dry at 37 °C. TEM was performed using a JEOL-JEM F2000
microscope (JEOL, Japan) at 200 kV to visualise the nanosheet struc-
tures and nanoparticle distributions. XRD, XPS, FTIR, and UV-Vis
spectra were baseline-corrected, smoothed, and plotted, with sharp
diffraction peaks fitted using GraphPad, and Origin software to ensure
accurate analysis and representation of the data.

2.3. Fabrication and optimization of cGCN/AuNPs/RBD ab electrode

The electrochemical behaviour and performance of GCN, AuNPs,
¢GCN, and c¢GCN/AuNP nanocomposites on the electrodes were sys-
tematically evaluated. These analyses were performed using a Palm-
sens4 potentiostat (Netherlands) equipped with PS Trace software. The
baseline redox behaviour of each material was examined using DPV.
Bare electrodes were modified by drop-casting 1 mg/mL solutions of
GCN, AuNPs, ¢cGCN, ¢cGCN/AuNPs (1:1 ratio), and cGCN/AuNPs func-
tionalised with the RBD antibody (1 pg/mL). The coated electrodes were
air-dried at room temperature before testing. The electrochemical sta-
bility and redox potentials of the cGCN/AuNP nanocomposites were
analysed by optimising the ratio of cGCN to AuNPs, varying from 1:0.2
to 1:1. To assess the time-dependent electrochemical responses, the
coated electrodes were immersed in the electrolyte for 5 min prior to
measurements. The DPV scans were performed at intervals of 5, 30, 60,
90, 120, 150, and 180 s to determine the optimal response time. The
effect of temperature on the current output was studied at 4, room
temperature (RT), and 37 °C. Similarly, the effect of pH was evaluated
over a wide range (5.0, 5.5, 6.0, 6.5, 7.0, 7.5, and 8.0). To optimise the
antibody concentration on the cGCN/AuNP-coated electrode, different
amounts (ranging from 0.5 to 2 pg/mL) of anti-RBD antibody were
tested, and their impact on the current output was recorded. The po-
tential range was set between —1.2 Vand + 1.2V, and the optimal scan
rate was determined by varying it from 0.01 V/s to 0.1 V/s. The current
response under each condition was recorded and plotted against the
applied potential, providing insights into the redox performance, sta-
bility, and optimal operating conditions of the fabricated electrodes.
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2.4. Analytical performance of cGCN/AuNPs/RBD ab electrode for RBD
ag detection

The analytical performance of the c-GCN/AuNP/RBD-Ab-modified
electrode for detecting the RBD antigen (RBD—Ag) over a concentration
range of 10fM - 1 pM was systematically evaluated using DPV. A linear
calibration curve was established by plotting the current response as a
function of the logarithm of antigen concentration. A calibration curve
was used to determine the limits of detection (LOD) and quantification
(LOQ). These metrics were calculated using the formula LOD = [3.3 x
(6/S)] and LOQ = [10 x (6/S)1, where o represents the standard devi-
ation of the response (calculated from the standard error of the Y-
intercept) and S corresponds to the slope of the calibration curve,
following the method described in [34]. The stability of the electrodes
was assessed over a 21-day period by storing them at 4 °C and recording
their DPV responses at 7-day intervals to track any decline in the current
output. Repeatability was evaluated by performing five consecutive DPV
measurements on a single electrode at a fixed RBD-Ag concentration,
and reproducibility was tested using three independently fabricated
electrodes under identical conditions. The consistency of these mea-
surements were analysed based on standard deviation (SD) values using
GraphPad Prism 10 software, confirming the reliability and robustness
of the electrode for detecting RBD—Ag.

3. Results and discussion

3.1. Synthesis and characterisation of GCN, cGCN, AuNPs and cGCN/
AuNPs

The synthesised samples were characterised using a range of
analytical techniques to determine their structural, chemical, and
physical properties. The phase composition was examined using XRD,
which provided insight into the crystalline structures and interlayer
arrangements. The characteristic peaks observed at 12.8° and 27.2° (26)
were attributed to the tris-s-triazine interlayer stacking (001) and the in-
plane structural motif of the conjugated aromatic rings (002), as shown
in Fig. 1(a, ¢, d) [30]. These peaks confirm the characteristic stacking
structures of the GCN, c¢GCN, and cGCN/AuNP nanocomposites. Addi-
tionally, the XRD patterns in Fig. 1(b) and (d) display four distinct peaks
at 38.1°, 44.3°, 64.5°, and 77.7° (20), corresponding to the (111), (200),
(220), and (311) crystallographic planes, respectively. These peaks
indicate a face-centred cubic (fcc) crystalline structure, consistent with
the standard Bragg diffraction for gold. The prominent diffraction peak
at 38.1° suggests a preferred growth orientation along the (111) plane
for zero-valent gold, indicating that the nanostructure was stabilised
during the synthesis [35]. The different peaks of the cGCN/AuNP
nanocomposite spectra corresponding to AuNPs indicated successful
loading in the ¢cGCN nanosheets.

XPS was used to analyse the chemical composition of the cGCN/
AuNP nanocomposites. The XPS profiles, shown in Fig. 1(f g), reveal
prominent Cls (~285 eV) and N1s (~400 eV) peaks, which correspond
to the primary building blocks of GCN, cGCN, and cGCN/AuNPs [30]. In
Fig. 1(e and h), a small Ols (~530 eV) peak is likely due to adsorbed
atmospheric H20 or CO: during the preparation of GCN samples [36].
For AuNPs alone, Fig. 1(i) exhibits clear signals for Au4f (~ 90 eV), Cls,
and Ols, confirming that the gold nanoparticles were stabilised and
capped with citrate. Fig. 1(m) demonstrated an increased intensity of
Cls and Ols peaks in the cGCN sample, validating the successful
carboxylation process [37]. In the cGCN/AuNP nanocomposite (Fig. 1q),
the presence of Cls, N1s, Ols, and Auf4 peaks confirmed the successful
integration of both nanomaterials, highlighting their compatibility and
effective hybridisation. These results demonstrate that the essential
features of GCN are retained following carboxylation and hybridisation
with AuNPs. In the high-resolution spectra, GCN (Fig. 1f, g, and h),
AuNPs (Fig. 1j, k, and 1), cGCN (Fig. 1n, o, and p), and cGCN/AuNP
(Fig. 1r, s, t, and u) exhibit distinct chemical signatures corresponding to



P.R. Ramya et al. Microchemical Journal 215 (2025) 114455

\

i 111 i
~la oo xRp |3(b W x| - |
P2 & AuNPs |2 2 |
| & GO < | CJ g 5
|2 g 2 =y i
) = (200) = ) i
i = = i
| §|©on) 2 - @) 8 s ,
: = E o ‘\""“{-’*» WA ,\fvl\ﬂ/"“\ < E :
:_‘ L B B B e e T T T T T T = T T T . : 1 T T T T T :
! 10 20 30 40 50 60 70 8o 10 20 30 40 50 60 70 80 49 20 30 40 50 60 70 80 10 20 30 40 50 60 !
L 20 (degrees) 20 (degrees) 20 (degrees) 20 (degrees) i
@ —_— e 3
] |
|© XPS g povenis|  |h 01s||
P2 GCN 3 3 el i
P2 Nls E 4 i \ ‘;’ :
& £ = £ . i
L a Z z [\ z Lattice O/ !
g Cls w E E , - g metal O | |
! — i |
l ‘ N NH, i
E 0 "')0 2("0 360 4!’!0 560 “')0 7(')0 800 280 281 282 283 284 285 286 287 288 289 290 390 302 304 396 308 400 402 404 528 529 S30 531 532 533 534 S35 836 sni
H Bind ( V) Binding energy (eV) Binding energy (eV) Binding energy (eV) !
'\____ n m_gg!lerg_\ O .
L1 i Au 4f C1s 01s| |
T OISXPS _ J Au 4f,,, _ k /\\c-c _ 1 i
P8 AuNPs 3 3 / 3 Lattlce o/ | |
s < < [ \ £ metal o |!
LB Cls £ £ [ £ :
g 2 | £ [ g 1
5| Auwdf £ ) E [ H |
Ry L\ Mett J \ e
i k—“k 81 2 L 84 85 86 87 7” 8 280 281 282 283 284 285 286 287 288 525 526 527 S8 529 530 S3 S32 533 i
: 0 “)0 200 300 400 %00 6“0 700 800 Binding energy (eV) Binding energy (eV) Binding energy (eV) !
... Bindingenergy(eV) .. :
m C=N-C ]
— Ols XPS _ _ 0 N1s _ p Lattice 0/0
g Nis cGCN 3 3 | metal 0
= . z z [ z
£ E 2 o £ OH/
a J\ NH e N~ C o
M T >3 284 286 288 % 292 394 3% 398 400 402 404 ) 406 §26 527 S28 S29 S30 S31 S32 S33 S34 S35 S36
0 100 200 300 400 500 600 700 800 Binding energy (V) Binding cnergy (V) Binding cnergy (cV)
Binding energy (eV) .

q

/\c-c/ c=C
[

&
:f‘.
\

AN

281 282 283 284 285 286 287 285 289 290 291

Intensity (a.u.)
Intensity (a.u.)
Intensity (a.u.)

82 8 84 85 8 8§ 88 %

0 100 200 300 400 500 600 700 800 Binding energy (eV) ———y
Binding energy (eV)
u A !

E E | metal O

z g / ‘

g g //

- o) - con

395 396 397 398 399 40 401 402 “J §25 S26 527 S28 S29 S3O S31 S32 S33 Sy S)S

\ Binding energy (eV) Binding energy (cV) L

Fig. 1. Crystalline and elemental properties of GCN, AuNPs, cGCN, and cGCN/AuNP nanocomposites. (a-d) XRD patterns of (a) GCN, (b) AuNPs, (c) cGCN, and (d)
cGCN/AuNPs, highlighting the characteristic peaks that confirm the structural integrity of the materials. (e-h) X-ray Photoelectron Spectroscopy (XPS) spectra of (e)
GCN, (i) AuNPs, (m) cGCN, and (q) cGCN/AuNPs revealing the surface elemental properties of each sample. High-resolution XPS spectra of core-level regions for (f-h)
GCN, (j-1) AuNPs, (n-p) ¢GCN, and (r-u) cGCN/AuNP nanocomposite. The deconvoluted peaksinthe N1s,C1s, O 1s, and Au 4f regions reflect changes in chemical
bonding environments during each stage of nanocomposite preparation.
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their respective elemental compositions and surface modifications, as
evidenced by the shifts and intensity variationsinthe N1s,C1s,01s,
and Au 4f regions.

FTIR analysis of GCN, AuNPs, cGCN, and the cGCN/AuNP nano-
composites revealed characteristic vibrational fingerprints correspond-
ing to N-H/O-H bonds, tri-s-triazine units, and C=N/C-N units
(Fig. S1). Broad absorption bands around 3240-3500 em™! were
attributed to N-H/O-H stretching vibrations, observed in GCN, ¢GCN,
and ¢cGCN/AuNPs, consistent and aligned with the previously reported
studies [38].The distinct peak at 1642 cm ! was assigned to the amide
groups, suggesting the presence of residual amine functionalities. The
notable peak at 806 cm™! was attributed to the out-of-plane bending
vibrations of the heptazine ring, which is a signature feature of the tri-s-
triazine units in the GCN structure. Meanwhile, a broad absorption band
in the range of 1147-1632 cm ™! corresponded to vibrations linked to by-
products of the tri-s-triazine framework observed in GCN, ¢GCN, and
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cGCN/AuNPs [39]. Following the carboxylation of GCN, new peaks
appeared at 1734 cm™!, corresponding to C=0 bending vibrations,
along with peaks at 1569 cm™! and 1322 cm™?, attributed to -COO™
absorption bands. These features confirm the successful carboxylation of
the GCN nanosheets, demonstrating the structural modifications
necessary for enhanced functionalisation and integration into the cGCN/
AuNP nanocomposite (Fig. S1).

The morphological and elemental compositions of GCN, AuNPs,
¢GCN, and ¢cGCN/AuNP nanocomposites were analysed using SEM and
EDXS, as illustrated in Fig. 2 (a-h). The SEM images in Fig. 2((a), (c), (e),
and (g)) reveal significant differences in the structural morphologies of
the samples. Fig. 2(a) displays the layered and stacked morphology
typical of pristine GCN nanosheets [40], whereas Fig. 2(c) depicts
spherical nanoparticles with a uniform distribution, which is charac-
teristic of AuNPs [41]. In Fig. 2(e), the cGCN exhibits a rough and more
fragmented surface than GCN, which might be the result of inductive
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Fig. 2. Morphological and compositional characterisation of GCN, AuNPs, cGCN, and the cGCN/AuNPs composite. (a, c, e, g) SEM images of GCN, AuNPs, cGCN, and
cGCN/AuNP composites. (b, d, f, h) Corresponding EDXS spectra and elemental composition analysis of GCN, AuNPs, cGCN, and cGCN/AuNP composites,

respectively.
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surface functionalization. The c-GCN/AuNP composite in Fig. 2(g)
demonstrated the effective integration and intercalation of AuNPs onto
the cGCN surface, forming a rough and porous nanocomposite structure.

The EDXS analysis shown in Fig. 2b, d, f, and h confirm the elemental
composition of the bare and nanocomposite materials. For GCN, Fig. 2
(b), 46 % carbon and 54 % nitrogen were the predominant elements,
consistent with its graphitic structure [40]. The EDXS spectrum of
AuNPs Fig. 2(d) indicates the presence of gold, along with minor

Microchemical Journal 215 (2025) 114455

amounts of carbon (3 %), Na (21 %), and oxygen (74 %), which may
result from the citrate capping agent [41]. The cGCN spectrum in Fig. 2
(f) shows an increased oxygen signal (~82 %), confirming the intro-
duction of carboxyl groups during carboxylation. The c-GCN/AuNP
spectrum shown in Fig. 2(h) highlights the presence of 11.9 % carbon,
15.8 % nitrogen, 47.5 % oxygen, 23.8 % Na, and 1 % gold, further
validating the successful integration of AuNPs into the cGCN matrix. The
elemental mapping analysis (Fig. S2) provided further visualization of

dh: 20.96 nm
PDI: 14.73 %

Intensity

y

0 20 60 80 10

il"éf{ic]e Diameter (nm)

Fig. 3. TEM images of GCN, AuNPs, cGCN, and the composite material cGCN/AuNPs. (a and d) TEM images of GCN. (b and e) TEM images of AuNPs. (c and f) TEM
images of cGCN. (g and h) TEM images of cGCN/AuNP composites. (i) TEM image of the cGCN/AuNP composite showing the interface between AuNPs and cGCN
with an inset of size distribution of AuNPs with polydispersity index of 14.73 % and dynamic diameter of 20.96 nm. High-resolution transmission electron mi-
croscopy (HR-TEM) of AuNP (j) and cGCN (k).
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the elemental distribution within each nanomaterial. The uniform dis-
tribution of carbon and nitrogen in GCN, localised gold signal in AuNPs,
and combined distribution of carbon, nitrogen, and gold in the cGCN/
AuNP composite further corroborated the successful synthesis and
integration of these nanomaterials.

Transmission electron microscopy (TEM) analysis provided detailed
insights into the structural features of the synthesised materials. The
GCN displayed a stacked, blanket-like arrangement composed of well-
distributed slices that resembled randomly oriented graphene-like
layers with a smooth surface (Fig. 3a, d). The spherical morphology of
the colloidal AuNPs was confirmed by TEM imaging, which revealed the
presence of nanoparticles with an average diameter of 19 + 5 nm
(Fig. 3b, e, g, h, i). In the case of cGCN, the TEM images showed a more
compact structure with enhanced porosity compared to pristine GCN,
likely due to the carboxylation process (Fig. 3c, f, g, h, i). TEM analysis of
the cGCN/AuNP nanocomposite demonstrated a uniform distribution of
AuNPs on the cGCN sheets, which appeared to be more symmetrical in
size. This structural uniformity may have resulted from the cutting effect
introduced during the synthesis process (Fig. 3g, h, i). Collectively, these
results validated the successful fabrication of the cGCN/AuNP nano-
composite while retaining the structural integrity of the individual
components. HR-TEM images confirm the lattice fringes corresponding
to the (001) plane of GCN with a d spacing of 6.8 A° and the (111) plane
of Au with a d spacing of 2.3 A°, indicating high crystallinity (Fig. 3j and
k).

3.2. Characterisation of RBD Ag and RBD Ab for the fabrication of
electrode

The RBD of SARS-CoV-2 spike protein plays a critical role in viral
infection by binding to the angiotensin-converting enzyme 2 (ACE2)
receptor on host cells. To characterise the recombinant RBD antigen and
in-house produced anti-RBD antibody, a series of analytical techniques
were employed. SDS-PAGE analysis of the purified RBD antigen revealed
a distinct band at approximately 31 kDa, which is consistent with the
expected molecular weight (Fig. S3a). Similarly, SDS-PAGE analysis of
the purified RBD antibody revealed two clear bands at approximately
50 kDa and 25 kDa, corresponding to the heavy and light chains,
respectively (Fig. S3b). The identity and purity of the RBD antigen were
further confirmed by western blot analysis, which showed a strong,
specific band at 31 kDa when probed with the RBD antibody generated
in-house (Fig. S3c). To assess the interaction between the RBD antigen
and RBD antibody, a binding assay was performed, which demonstrated
a concentration-dependent increase in absorbance at 450 nm. The re-
sults identified 5 pg/mL antigen and 10 pg/mL antibody as the optimal
concentrations for interaction, indicating a robust and specific binding
between the two (Fig. S3d). These results collectively validate the suc-
cessful production, purification, and detailed characterisation of both
the RBD antigen and RBD antibody, confirming their suitability for
further experimental applications.

3.3. Electrode fabrication, optimization and characterisation of cGCN/
AuNPs/RBD-ab

The electrochemical characterisation of the fabricated sensor was
performed using DPV, and a comprehensive evaluation of the factors
influencing the sensor performance is shown in Fig. S4 (a-f). The step-
wise assembly of the sensing interface was monitored via sequential DPV
measurements. Each modification stage resulted in a marked increase in
the peak current compared to the bare electrode, which was attributed
to the improved electron transfer kinetics facilitated by the addition of
conductive nanomaterials. Upon antibody immobilisation, a distinct
decrease in current was observed, indicating a reduced electroactive
surface area due to biomolecular coverage, consistent with successful
immobilisation of the biorecognition element and suppression of surface
electron transfer (Fig. S4a). Optimisation of the nanocomposite ratio
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revealed that a 1:1 mass ratio of cGCN to AuNPs produced the highest
peak current, confirming a synergistic interaction at this specific
composition. This balance appears to optimise the electrical conduc-
tivity of the interface while preserving adequate surface functionality for
antibody binding, thereby facilitating efficient signal transduction
(Fig. S4b). The sensor exhibited a rapid response time, reaching a stable
peak current signal within 30 s, which is crucial for real-time monitoring
(Fig. S4c). Temperature optimisation showed that the peak current was
maximised at 25 °C, reflecting an optimal balance between antibody
activity and reaction kinetics under physiological conditions. A decrease
in the signal was observed at higher temperatures (for example, 37 °C),
likely due to partial denaturation or conformational changes of the
antibody, whereas lower temperatures (for example, 4 °C) led to sup-
pressed kinetics and limited analyte diffusion (Fig. S4d). The pH plays a
critical role in maintaining the structural and functional integrity of the
immobilised antibodies, as well as in modulating the charge distribution
at the electrode interface. At physiological pH (~7.0), the antibodies
retained their native conformation and optimal binding affinity toward
the SARS-CoV-2 RBD antigen, resulting in efficient recognition and
electron transfer. Deviation from neutral pH leads to altered protonation
states of both the electrode surface and biomolecules, disrupting the
antigen—antibody interaction and thereby reducing the current
response. Under acidic conditions, excess protons may interfere with the
electrochemical double layer and suppress the redox activity. In alkaline
media, the deprotonation of surface functional groups and denaturation
of protein structures can impair both binding efficiency and signal sta-
bility. Furthermore, extreme pH conditions may alter the local ionic
strength and dielectric properties of the medium, impeding the overall
kinetics of electron transfer at the cGCN/AuNP-modified electrode sur-
face. These factors collectively contributed to the suboptimal perfor-
mance observed at pH values lower or higher than 7 (Fig. S4e). The
antibody immobilisation concentration was also evaluated, with 1 pg/
mL yielding the highest peak current, suggesting saturation of the
available binding sites and maximal capture efficiency at this concen-
tration. Higher concentrations did not improve the signal intensity,
likely because of steric hindrance or multilayer formation that impeded
electron transfer (Fig. S4f). The scan rate was evaluated within the range
of 0.01 V/s to 0.1 V/s, revealing a proportional increase in peak current
as the scan rate increased. This relationship was further validated
through linear regression analysis, which showed a significant p-value
(<0.0001) and an R? value of 0.9780, with the maximum current
observed at a scan rate of 0.1 V/s (Fig. S5). These results validate the
effective fabrication and optimisation of an electrochemical sensor with
high sensitivity and specificity for the detection of SARS-CoV-2.

3.4. Analytical performance of cGCN/AuNPs/RBD-Ab electrodes

The analytical performance of cGCN/AuNP/RBD-Ab immunosensor
was assessed using DPV. A reduction in the current was observed as the
concentration of SARS-CoV-2 RBD antigen increased, ranging from 10
fM to 1 pM (Fig. 4a). This reduction in conductivity was attributed to the
formation of an antigen layer on the electrode surface, which decreased
the conductive area and impeded electron transfer. This reduction in
conductivity can be attributed to a protein-masking effect, where the
antigen layer obstructs the electron flow. A standard linear calibration
curve was constructed by plotting the peak current against the logarithm
of antigen concentration. The curve exhibited a strong correlation with a
significant p-value (<0.0001), slope of —115.8, intercept of 28.08, and
R? value of 0.9507. The LOD of the fabricated electrode was determined
to be 0.8 fM. Similarly, LOQ = [10 x (6/S)] yielded a value of 2.65 fM
(Fig. 4a). These results confirm the high sensitivity and analytical effi-
ciency of the sensor.

Stability is a critical factor for validating the performance of a
biosensor. The stability of the ¢cGCN/AuNP/RBD-Ab electrode was
evaluated for 3-weeks at 4 °C. While antibody activity remained unaf-
fected for up to 7 days, a noticeable decline in output current was
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Fig. 4. Analytical performance of the fabricated electrochemical immunosensor. (a) Calibration curve showing the sensor response to varying concentrations of the
SARS-CoV-2 antigen. The LOD and LOQ are 0.8 fM and 2.65 fM. (b) Evaluation of sensor stability over a 21-day period. (c) Assessment of the sensor repeatability
across five independent measurements. (All Data are presented as mean + SD, with n = 3. Statistical significance is indicated as *p < 0.05 and ****p < 0.0001

compared to the respective control using a one-way ANOVA test).

observed at weekly intervals, indicating a gradual reduction in electrode
efficacy over time. This suggests that although stable in the short term,
the performance of the electrode diminished with prolonged storage
(Fig. 4b). In addition, the reusability of the electrode was tested through
five consecutive measurements using individual sensors. The results
demonstrated that cGCN/AuNP/RBD-AD electrodes could be effectively
used up to four time without significant performance loss. (Fig. 4c).
Table 1 showed the comparative analysis of electrochemical biosensors
developed for SARS-CoV-2 protein detection.

4. Conclusions

This study presents a nanostructured electrochemical immunosensor
that addresses the key limitations in SARS-CoV-2 antigen detection by
integrating carboxylated graphitic carbon nitride (cGCN) with gold
nanoparticles (AuNPs). The cGCN/AuNP composite demonstrated
enhanced conductivity, surface reactivity, and biofunctional integration
to overcome the challenges of signal instability and low sensitivity of
conventional sensing interfaces. The analytical performance of the
sensor was evaluated using differential pulse voltammetry (DPV),
demonstrating an ultralow limit of detection of 0.8 fM and a limit of

quantification of 2.65 fM, with a broad linear dynamic range. These
results represent a significant improvement over many previously re-
ported SARS-CoV-2 biosensors, highlighting the platform’s exceptional
sensitivity and signal resolution. The sensor exhibited excellent repro-
ducibility, operational stability, and reusability over multiple mea-
surement cycles and storage periods. This work demonstrates not only
the diagnostic promise of the developed SARS-CoV-2 biosensor but also
the broader potential of cGCN/AuNP-based interfaces for detecting
other viral antigens. The adaptability, high sensitivity, and robustness of
the platform position are valuable tools for pandemic preparedness and
infectious disease surveillance incorporating the standard addition
technique in future investigations will further refine analytical perfor-
mance, particularly in complex clinical environments. These findings
provide meaningful insights into the development of nanomaterial-
enabled electrochemical biosensors for global health applications.
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15 cGCN/AuNPs/anti-RBD
based electrochemical
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