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1 Introduction

Functionalized graphitic carbon nitride as an
efficient electro-analytical platform for the
label-free electrochemical sensing of interleukin-8
in saliva samples+

Sumit K. Yadav,$*° Amit K. Yadav, (2 12 Ajeet Kaushik 2 and Pratima R. Solanki (=) *2

A correlation between the emerging high case fatality rate of head and neck cancer and its propensity to
migrate metastatically to other parts of the body makes it a significant global danger. It raises the demand
for low-level detection, which is useful for early-stage diagnostics. Graphitic carbon nitride (g-CsN4) has
recently garnered considerable attention as a promising nanomaterials for biosensor due to its exceptional
redox behavior, electrochemical activity, and abundance of electroactive sites. The current study presents
research outcomes regarding the development of an ultra-sensitive platform for detecting interleukin-8
(IL8), a cytokine associated with oral cancer. This investigation involves fabricating the platform using 3-ami-
nopropyl trimethoxysilane (APTES)-functionalized g-CsN4 and assessing its efficacy in both laboratory-
made and real samples. The process of g-C3Ny4 synthesis involved the thermal pyrolysis of urea without any
add-on material. Moreover, the APTES@g-CsN4 nanomaterial was subjected to electrophoretic deposition
onto an ITO-coated glass electrode. The fabricated APTES@g-CsN4/ITO electrode was covalently immobi-
lized by the EDC and NHS chemical reaction in conjunction with anti-interleukin-8 (anti-IL8) antibodies.
Before using these sensors for interleukin-8 (IL8) sensing, the anti-IL8/APTES@g-C3sN,4/ITO electrode was
treated with bovine serum albumin (BSA) molecules utilized to obstruct non-targeted areas. Such a fabri-
cated BSA/anti-IL8/APTES@g-C3N,4/ITO electrochemical immunosensing bioelectrode was characterized
by various analytical, morphological, and electrochemical techniques to confirm the stepwise fabrication
of the sensor. BSA/anti-IL8/APTES@g-CsN4/ITO demonstrates a noticeable DPV based electrochemical
response as a function of IL8 in the concentration ranging from 500 fg mL™* to 160 ng mL™%. This BSA/anti-
IL8/APTES@g-C3N4/ITO also exhibits a lower limit of detection (LOD) of 0.04 ng mL™, a sensitivity of
0.015 mA log;o [ng mL™ cm™2, and stability for up to 10 weeks. The biosensor demonstrates excellent
performance in analyzing real samples, indicating its practical utility. This efficacy can be attributed to the
abundance of electroactive sites, confined electronic structures, and strong interactions among the active
g-C3N4 matrix, anti-IL8 molecules, and IL8 molecules. Our findings are essential for advancing early and
point-of-care diagnostics, where quick turnaround times and great sensitivity are critical.

pharynx, paranasal sinuses, and larynx, with a predominant
incidence exceeding 90% it manifests within the latter three

Oral cancer (OC) represents a distinct category within the spec-
trum of head and neck malignancies, encompassing neoplas-
tic epithelial growths affecting the oral cavity, nasal cavity, oro-
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anatomical regions."* Globally, occlusion cerebri has emerged
as a significant public health challenge.>”® According to esti-
mates from the American Cancer Society, in 2017 alone, there
were 49 670 new OC cases reported, leading to the loss of 9700
lives in the United States.® Cancer biomarkers, encompassing
proteins, enzymes, DNA, and mRNA, represent a unique
cohort of biological entities whose manifestation in cells,
tissues, or bodily fluids indicates cancerous processes.” Real-
time quantifiable tracking of these biomarkers is essential for
timely disease detection, individualized treatment strategizing,
and evaluation of treatment effectiveness.® Interleukin-8 (IL8),
a cytokine implicated in angiogenesis and cellular prolifer-
ation processes across diverse cancer phenotypes, holds sig-
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nificant relevance in this context (the complete amino acid
sequence of IL8 protein is provided in ESI S11).>'° Studies
have shown elevated IL8 levels in saliva samples from OC
patients (720 pg mL™") compared to unaffected individuals
(250 pg mL™")."" Consequently, analyzing saliva’s IL8 levels
offers a non-invasive approach for early OC detection, render-
ing it a valuable diagnostic tool.

The management of cytokines, which play a crucial role in
immune response, necessitates rapid and accurate detection
methods, particularly in diagnosing and treating conditions
like cancers.’” The survival rate for OC remains low despite
considerable advancements in diagnostic and treatment tech-
niques. The disease’s delayed diagnosis is one of the main
reasons why treatment approaches don’t work. The disease
cannot be detected until it has progressed to an advanced
stage by conventional techniques such as surface-enhanced
Raman spectroscopy, gel electrophoresis, mass spectrometry,
enzyme-linked immunosorbent assay (ELISA), and fluo-
rescence assay.'>'* These technologies offer dependable and
precise results, but they are not suitable substitutes because of
issues with sensitivity, sample size, detection time, expendi-
ture on instrumentation, and the requirement for proficient
personnel."™'® The development of sophisticated point-of-care
(POC) screening modalities aimed at early detection of OC can
significantly boost the treatment efficacy and lower the death
rate from this terrible illness. POC sensing addresses tra-
ditional issues by providing immediate, on-site results, which
is vital for timely decision-making in acute and emergency
situations. The portability and accessibility of POC devices
allow for advanced diagnostics in remote or resource-limited
settings, expanding healthcare reach. The integration of POC
cytokine sensors into clinical practice thus promises to
enhance patient outcomes by improving the efficiency and pre-
cision of cytokine management. For clinical diagnosis, electro-
chemical immunosensing has shown to be a straightforward,
quick, affordable, and portable monitoring technique for bio-
marker quantification.”””'® Immunosensors are important
because they can provide real-time and accurate data
in situations where current methods may have gaps or limit-
ations. These can be especially valuable in the field of health-
care monitoring, where timely and precise information is
essential for making informed decisions. However, it is crucial
to choose bioreceptor and transducer matrices that meet
several critical criteria: reliability, biocompatibility, a high
surface-to-volume ratio, electrochemical activity, and a rapid
electron transfer rate. These factors are essential for creating
sensitive and accurate electrochemical biosensing systems.

The successful development of biosensors has extensively
used various metals and metal-based nanomaterials, including
oxides,'®?' sulfides,?*** selenides,”*** and carbides.?®?”
However, expensive and hazardous precursors with consider-
able molecular weights are used to synthesize these metal-
based nanomaterials. Furthermore, many of these metal com-
plexes have a propensity to aggregate and may diminish their
dispersion ability. Carbonaceous nanomaterials, such as
carbon allotropes like graphene and its derivatives, notably
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oxides of graphene, multi-walled carbon nanotubes,
porous carbon, carbon nanofibers,** etc., offer a solution to
this challenge. These nanomaterials possess exceptional pro-
perties, including their structural integrity and thermal and
electrical conduction capacity, electron transport capabilities,
and biocompatibility. Considerable research efforts have been
focused on studying new carbon-based nanomaterials for bio-
sensing. Among these, graphitic carbon nitride (g-C;N,)
stands out as a promising candidate.®® g-C;N,, one of the
carbon nitride allotropes, is highly stable and exhibits unique
optical and photoelectrochemical properties. This compound
features -NH, or -NH moieties, which serve as catalysts facili-
tating the formation of -H covalent bonds with various func-
tional groups, including -OH, -COOH, or -SH.**?” g-C;N,
nanomaterials are semiconductor polymers with a structure
ranging from polymeric to graphitic characterized by a promi-
nent nitrogen to carbon ratio (N:C ratio = 3/4) alongside a
limited hydrogen content. This configuration resembles graph-
ite with nitrogen-substituted sp>-hybridized graphene, earning
it the designation “graphitic” due to its layered structure and
weak interlayer van der Waals forces.”® Due to its nominal
bandgap of 2.7 eV, this emerging carbonaceous nanomaterial
has recently attracted attention. It has a porous structure with
electron-rich characteristics and simple surface functions that
facilitate the compound’s easy biofunctionalization. However,
its physicochemical stability, biocompatibility, environmental
friendliness, and cost-effectiveness direct it toward biomedical

antibacterial, therapeutic, and diagnostic
39-43

uses such
applications.

At the moment, doctors lack a straightforward, quick, or
less invasive diagnostic tool that would enable them to identify
cancer at the POC and customize treatment accurately. Thus,
there is a pressing need to create biosensors that can quickly
and affordably measure a salivary cytokine profile correctly
and serve as biological markers for cancer diagnosis. The
doctor will use saliva testing to identify cancer-specific cyto-
kine signatures early on, enabling quick diagnosis and tailored
treatment as needed. No label-free g-C;N,-based electro-
chemical biosensor has been documented to measure salivary
cytokines (IL8) to detect OC directly.

This study introduces a novel and scalable approach for the
rational design of APTES-functionalized g-C;N, nanosheet-
based electrodes aimed at sensitive and label-free POC detec-
tion of the OC biomarker IL8 in saliva samples. Leveraging the
highly conductive nature of g-C;N, nanosheets, it facilitate
rapid electron transfer, resulting in superior sensing capabili-
ties. Notably, the APTES@g-C3;N, composite demonstrates a
robust coupling interaction between anti-IL8 and g-C3;N,, aug-
menting active sites and enhancing electron-transfer kinetics.
This enhanced electron transport is attributable to the excep-
tional electrical conductivity and expansive surface area of
¢-C3N,. The optimized BSA/anti-IL8/APTES@g-C;N,/ITO bio-
sensor exhibit remarkable sensing performance toward ILS,
featuring high selectivity, sensitivity (0.015 mA log;, [ng mL™"]
cm™?), a broad linear detection range (500 fg mL™'-160 ng
mL™"), a low detection limit at the femtomolar level (0.04 ng
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mL "), exceptional reproducibility, and prolonged stability.
Importantly, the sensing capabilities of this developed bio-
sensors surpass those of state-of-the-art IL8 biosensors
reported in the literature (Table 3). Moreover, here demon-
strate the practical applicability of approach by achieving satis-
factory recovery rates in detecting IL8 in real samples, showcas-
ing tremendous sensing performance. This research addresses
a significant gap in the current diagnostic methodologies for
cancer and inflammatory diseases, offering a promising
alternative that combines accuracy, efficiency, and patient con-
venience. The development of such advanced diagnostic tools
is crucial for enhancing disease management and overall
healthcare delivery. This methodology offers a novel avenue for
detecting various disease markers.

2 Experimental section
2.1 Chemicals and reagents

All chemical compounds and reagents employed in the current
study, including ethanol (CH3CH,OH, >99.9%), acetone
(CH3COCH3;, >99.9%), sodium hydroxide pellets (NaOH), pot-
assium hexacyanoferrate(ur) (Ks[Fe(CN)s], 99%), bovine serum
albumin (BSA, >96%), ammonium hydroxide solution
(NH,OH), hydrogen peroxide (H,O,), N-ethyl-N'-(3-dimethyl
aminopropyl) carbodiimide hydrochloride (EDC, CgH;;Ns,
>97.0%), potassium hexacyanoferrate(un) trihydrate (K,[Fe
(CN)6]-3H,0, >99.95%), N-hydroxy succinimide (NHS, >98%),
(3-aminopropyl) trimethoxysilane (APTES, 99%), acetonitrile
(ACN, CH;3CN, >99.9%), sodium phosphate dibasic dihydrate
(Na,HPO,-2H,0, >99.0%), N,N-dimethylformamide (DMF),
ascorbic acid (C¢HgOg, 99.7%), sodium phosphate monobasic
anhydrous (NaH,PO,;, >98%), sodium chloride (NaCl,
>99.0%), urea (NH,CONH,, 99.5%), and uric acid (CsH4N,O3,
99%), were procured from reputable suppliers including Sigma
Aldrich, SRL Limited, Fisher Scientific, and Hi-Media. PBS
with a pH of 7.0 was employed to dilute specific interleukin-8
(IL8) and interleukin-8 antibodies (anti-IL8) sourced from
Abcam, United Kingdom. Additional proteins such as sperm
protein 17 (Sp17), tumor necrosis factor-alpha, and CYFRA-21-
1 were obtained from MyBioSource, USA. The purchase of
indium tin oxide ITO (indium tin oxide)-coated glass was
made at Blazers in the United Kingdom (UK). Fresh phosphate
buffer solution (PBS) was prepared using NaH,PO, and
Na,HPO,-2H,0 in distilled water (DI) to have a pH of 7.0. It
was then stored at 4 °C for the duration of the experiment.
Furthermore, the entire experiment was run in deionized water
(DI). In every study, Milli-Q-water (18.2 MQ cm@ 25 + 2 °C)
was utilized. DI water was obtained from Milli Q, a Millipore
unit (Elix USA) of 18.2 MQ resistance. The corresponding com-
pounds were utilized unaltered and of analytical quality,
requiring no further processing.

2.1.1 Materials characterization. The investigation into the
morphological, chemical, and surface characteristics of the
synthesized g-C;N, involved the use of Scanning Electron
Microscopy (SEM, JSM-IT 200, JEOL, Japan) and Transmission
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Electron Microscopy (HR-TEM, JEM-2200 FS, Jeol, Japan) along
with the examination of selected-area electron diffraction
(SAED) patterns. Energy dispersive spectroscopy (EDS, JSM-IT
200, JEOL) was employed for chemical and elemental compo-
sition analyses. Crystallinity assessment was carried out using
X-ray diffraction spectroscopy (XRD, Rigaku Miniflex 600
(Japan) diffractometer) with Cu Ko radiation, with data pro-
cessed using EVA software. Functional group analysis was con-
ducted using attenuated total reflection Fourier transform
infrared  spectroscopy  (ATR-FT-IR  spectrophotometer,
PerkinElmer, US) spanning wavenumbers from 4000 to
400 cm™'. The Raman spectra of the materials were recorded
in the 500-2000 cm™" range using a laser source of 633 nm
excitation wavelength (EnSpectr R532, the USA) with a confocal
microscope. Contact angle measurements were performed
using a drop shape analyzer (KRUSS, Germany) to determine
electrode surface wettability distinguishing between hydrophi-
licity and hydrophobicity. Sonication of g-C;N, was carried out
using an ultrasonic probe Vibra Cell™ (Sonics) operating at
130 W and 20 kHz, followed by centrifugation using an
Eppendorf Sorvall ST16 centrifuge.

2.1.2 Electrochemical characterization. The prepared elec-
trodes were electrochemically evaluated with an Autolab
Potentiostat/Galvanostat electrochemical analyzer based on a
three-electrode system design using the traditional electrode
configuration (EcoChemie, The Netherlands). Specifically, ITO
electrodeposited on a glass substrate was used as the working
electrode, platinum as the counter electrode, and Ag/AgCl as
the reference electrode. Cyclic voltammetry (CV) and differen-
tial pulse voltammetry (DPV) were performed using NOVA 1.10
software for data acquisition. All electrochemical experiments
were performed at room temperature (RT). CV and DPV
measurements were carried out in PBS containing 5 mM redox
species. In the context of CV measurements, the electro-
chemical potential underwent scanning within the voltage
window of —0.8 to +0.8 volts at a scan rate of 50 mV s~'. Three
separate comprehensive electrochemical analyses were carried
out (n = 3). In addition, a reference was used to monitor and
control the solution’s oxygen concentration while determining
the electrochemical cell’s potential. Potential monitoring
allowed for detecting and rectifying any deviations ascribed to
oxygen interference.

2.2 Synthesis and functionalization of g-C;N,

According to the literature-reported methodology, g-C;N, was
synthesized by simple pyrolysis of urea at 550 °C.** 10 g of
desiccated urea was weighed and placed within a covered cru-
cible. After that, the sample was heated to 550 °C at 175 °C per
hour in a muffle furnace. The sample was heated for 4 hours
at 550 °C and then cooled to RT. Following the chemical reac-
tion, observation revealed the formation of a pale-yellow pre-
cipitate within the crucible, which was subsequently collected,
centrifuged at 8000 rpm, repeatedly cleaned with ethanol and
water, and left to dry overnight at 80 °C. To obtain g-C;N, as a
powder composite, the dried powder was further ground with
a mortar and pestle. The resultant product was gathered in an

This journal is © The Royal Society of Chemistry 2025
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Scheme 1 A schematic depiction of the stepwise procedure involving
creating a biosensing platform.

Eppendorf tube and vacuum-sealed for later use. Scheme 1(a)
provides an illustrative depiction representing the comprehen-
sive synthesis process of g-C;N,. Before the material could be
employed for IL8 sensing applications, it was necessary to vali-
date the successfully synthesized material using various
analytical characterization techniques.

A linker was employed to immobilize the functional com-
ponents onto the surface of the g-C;N, to bioconjugate the
corresponding protein molecule. For this purpose, a silane
coupler termed 3-aminopropyltriethoxysilane (APTES) with
amino functionality was used. As demonstrated in
Scheme 1(b), the triethoxy group at one end undergoes direct
hydrolysis with the amine group at the other end, facilitating
attachment to the surface of the matrix. This demonstrates
that APTES is a very promising linking agent.*”> Next, at 60 °C
and 400 rpm, a g-C3N, (10 mg) solution in 10 mL of isopro-
panol was continuously stirred. To this dispersion, 200 pL of
98% APTES was added and vigorously agitated for 48 hours at
300 rpm. After the triethoxy group [(OC,Hs);-Si—(CH,)3;NH,]
hydrolysis, reactive [(OH);-Si-(CH,);NH,] trisilanol groups
were created. These groups then covalently bonded to the
2-C3;N, basal plane surface, allowing the amino silane group to
be grafted to the g-C;N, nanomaterial.

Moreover, the APTES-free amine terminus was utilized to
link a protein to the g-C3N, surface covalently. To synthesize
APTES-functionalized g-C3;N, (APTES@g-C3;N,), the resultant
material underwent purification using Mili-Q water to elimin-
ate the residual APTES. Subsequently, it was subjected to
drying at 60 °C and stored in a dried environment. Using a

This journal is © The Royal Society of Chemistry 2025

View Article Online

Paper

Washing with
ethanol and D.I.

—

Powder g-C;N, xS

Pellet
collection

NH,

SHOH,

SHOM),
\

NH,

(a) the synthesis and (b) the APTES functionalization of g-CsN,4 aimed at

mortar and pestle, the product was pounded into a fine
powder for later use.

2.3 Electrophoretic deposition

Glass substrates coated with ITO, each measuring 1.5 x 0.5 cm,
underwent hydrolyzation before use. The ITO sheets were meti-
culously cleaned via sonication in acetone, followed by a soap
solution, and finally ultra-pure water, each for 10 min.
Subsequently, the cleaned ITO sheets were subjected to incu-
bation at 80 °C for 1 h in a solution comprising H,O0,/NH,OH/
H,O (in a ratio of 1:1:5). After rinsing with ultra-pure water
and ethanol, the electrodes were dried at 60 °C in an oven. A
stock solution of APTES@g-C;N, (1 mg mL™") was prepared by
ultrasonication with 1 mg of the material dissolved in 1 mL of
DMF before electrophoretic deposition (EPD). The EPD
process involved positioning the working electrode (ITO) and
reference electrode (platinum wire) separated by a distance of
1 cm within a glass cell. The surface area of the APTES@g-
C;3N,4/ITO platforms was systematically optimized and quanti-
fied, revealing an optimal surface area of 0.25 cm?.
Subsequently, a glass cell was filled with an optimized solu-
tion consisting of 4 mL acetonitrile, 100 pL of the APTES-functio-
nalized g-C;N, stock solution, and 20 pL of Mg(NO3),, followed
by 60 s of ultrasonic sonication. The deposition of APTES@g-
C;N, onto the ITO substrate, pre-treated with hydrolysis, was per-
formed using an EPD approach employing a Genetix GX300C
instrument. A direct current (DC) voltage of 60 V was adminis-
tered for a duration of 2 min, ensuring the uniform deposition
of a thin layer of APTES@g-C;N, on the ITO electrode
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(APTES@g-C;3;N,/ITO) after optimization, as summarized in
Table S1.f Finally, the developed electrode underwent cleaning
with Mili-Q water and was left to dry overnight at 25 °C.

2.4 Development of the immunosensor platform

The APTES@g-C3N,/ITO electrode served as an electro-analyti-
cal platform for constructing the immunosensor. Initially, a
solution containing 0.1 M NHS, 0.4 M EDC, and 50 pg mL™" of
anti-IL8 in a phosphate-buffered saline (PBS) solution with a
pH of 7.0 was formulated. This mixture, consisting of anti-IL8,
EDC (activator), and NHS (coupling agent) in a proportion of
2:1:1, underwent incubation for 45 min before utilization.
Following this, 30 pL of this solution was deposited onto the
APTES@g-C3N,/ITO electrode within a controlled humidity
environment, maintained at 25 °C, for approximately 6 hours.
After incubation, the residual unbound antibodies were elimi-
nated by rinsing the electrode with 200 uL of pH 7.0 PBS. The
establishment of covalent bonds between the carboxyl group
(-COOH) located on the Fc segment of the anti-IL8 and the
-NH, moiety of the APTES molecules facilitated the immobiliz-
ation of anti-IL8 molecules onto the APTES@g-C3;N,/ITO elec-
trode. EDC activated the -COOH groups of anti-IL8, forming
an unstable O-acylisourea ester, which reacted with NHS to
produce a stable amine-reactive NHS ester intermediate. The
amino (-NH,) groups in APTES molecules formed amide
bonds with the NHS-activated anti-IL8, facilitating their
covalent linkage.*® Furthermore, 10 pL of 2% BSA was applied
to the anti-IL§/APTES@g-C3N,/ITO immunoelectrode to block

Hydrolyzed
ITO

Current (mA)

016 0.8 0.20 0.22
Potential (V)

Electrochemical
Response

BSA/anti-IL8/APTES/g-C;N,/ITO

View Article Online
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non-specific binding sites and incubated in a humid environ-
ment for 2 h. The electrode was then washed with 100 uL of
PBS and stored at 4 °C for subsequent use. A schematic illus-
tration of the sequential development of the BSA/anti-IL8/
APTES®@g-C3;N,/ITO immunosensing bioelectrode for detecting
IL8 in saliva samples is presented in Scheme 2.

2.5 Analyte (IL8) sample preparation

A pH 7.4 PBS solution was utilized to prepare various IL8 con-
centrations, which were then applied to the surface of the
immunoelectrode for 9 min. The IL8 concentrations ranged
from 500 fg mL ™" to 160 ng mL™". Subsequently, the resulting
immunoreactions were evaluated using CV and DPV tech-
niques in PBS of pH 7 containing NaCl (0.9%) and 5 mM
redox couples. For DPV analysis, pulse time and pulse poten-
tial were set at 0.07 s and 0.02 V, respectively, with DPV record-
ings conducted at a scan rate of 0.02 V s™'. Meanwhile, CV
measurements were performed in a potential range of —0.8 to
+0.8 V and at a scanning rate of 50 mV s~ '. The practical sig-
nificance of the developed immunosensor was evaluated by
analyzing real human samples, such as saliva, to assess its per-
formance in real-world scenarios.

2.6 Preparation of real samples

To assess the practical applicability of the BSA/anti-IL8/
APTES@g-C3N,/ITO immunosensor, saliva samples were uti-
lized. A healthy volunteer provided a saliva sample for auth-
entic sample analysis. Additionally, to evaluate the immuno-

APTES/g-C;N,/ITO

Wy

anti-IL8 antibody
immobilisation

anti-IL8/APTES/g-C;N/ITO

Scheme 2 An illustrative diagram outlining the sequential process of creating an immunoassay platform to detect the IL8 biomarker in saliva

samples utilizing g-C3N4 as the foundation.
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sensor’s performance with real samples, IL8 was spiked into
control saliva. The control saliva sample underwent centrifu-
gation at 8000 rpm for 15 min to eliminate any particulate
matter or remnants of the substance, yielding a visibly trans-
parent supernatant. This supernatant was then spiked with
various quantities of IL8, without dilution, and DPV was
employed to assess the binding to BSA/anti-IL8/APTES@g-
C;3;N,/ITO immunoelectrodes.

3 Results and discussion

3.1 Structural studies

The structural and compositional properties of the synthesized
2-C3N, generated from urea were examined using standard
analytical methods. The XRD diffraction pattern is shown in
Fig. 1(a), where two prominent peaks at 26 = 27.4° (002 planes)
are characteristic of the g-C;N, diffraction pattern. The XRD
output, corresponding to a d-spacing of 0.367 nm, is typically
used to illustrate how the m-conjugated layers are stacked.*”
Approximately at 20 = 13.4°, there is another weak peak result-
ing from the stacking of the tri-s-triazine motif in-plane, which
is associated with the (100) planes that indicate the production
of g-C;N,.*® The SAED pattern and HR-TEM analysis are also
used to determine the planes and the d-spacing value of
2-C3;N,. These findings supported the d-spacing value of the
2-C;N, inter-stacking layer by the presence of a peak at 13.1°
that belonged to the (100) plane, and they also matched with
the XRD data. Using the Debye-Scherer formula shown in eqn
(1), it was possible to determine the crystallite size of g-C;N, to
be around 1.28 nm, corresponding to the brightest peak (100).

b
" Pcosd

(1)

where 1 represents the wavelength of the source (1.540 A for
Cu-Ka), 0 denotes the diffraction angle, f signifies the FWHM
of the diffraction peak in seconds (s), D represents the crystal-
lite size, and k stands for the crystallization constant (approxi-
mately 0.94).

~~
&

SN’

(002

Intensity (a.u.)

il(IOO)
%

10 20 30 40 50 60 7(
2 Theta

Fig. 1 (a) XRD patterns and (b) FT-IR spectra of g-C3N,.

This journal is © The Royal Society of Chemistry 2025

View Article Online

Paper

FT-IR was used to characterize the chemical composition of
the produced g-C;N, to confirm that the compound was suc-
cessfully synthesized. A transmittance mode was utilized to
conduct the experiment. In the 400-4000 cm™" wavelength
range, a diamond crystal was present and it was scanned at 16
different resolutions of 5 cm™'. The outcome is shown in
Fig. 1(b). As depicted in Fig. 1(b), the molecular structure of
2-C;3N, is illustrated through distinct infrared (IR) bands. The
peak observed at 810 cm™ is related to the out-of-plane twist-
ing oscillation of the heptazine/triazine ring,*® which confirms
its existence. Moreover, the peak observed at 890 cm™" corres-
ponds to the N-H vibration’s deformation mode. The stretch-
ing vibration modes of the heptazine’s heterocycle ring units
are observed as strong bands at 1416, 1458, 1554, and
1630 cm™'.*° Intense peaks at 1237 cm ' and 1320 cm™'
suggest the stretching vibration of the connecting secondary
amine subunits (C-NH-C). The broad weak peak at around
3000-3500 cm™* can be attributed to the stretching vibration
modes because of the residual/uncondensed -NH, groups’ N-
H or O-H bonds.>!

3.2 Morphological studies

The composite was morphologically characterized using SEM.
Before conducting the SEM, the sample was vacuum-dried
and placed directly over carbon tape to produce SEM images.
The SEM image of the synthesized g-C;N, at 1 pm scale is
depicted in Fig. 2(a), whereas the zoom version displays the
SEM image at 500 nm scale. Exfoliated sheets of the synthetic
material are shown in the outcome. When urea is thermally
treated with a high temperature, the oxygenated precursor
motif releases gases, forming g-C;N,. This type of mor-
phology is quite frequent. The inset of Fig. 2(a) shows a more
vivid observation of the exfoliated g-C3;N,’s pore structure
under magnification. Our synthesized material shows signifi-
cantly improved electrochemical performance for the IL8
sensing application, as will be demonstrated appropriately
later. The exfoliated porous material naturally has higher
specific capacitance characteristics, contributing to the superior
electrochemical performance.

95 3000-3500cm™" g

60 T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
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Fig. 2 (a) SEM images of g-C3N4 at 1 pm and 500 nm scales; (b) EDX image and (c) SEM elemental mapping of g-C3Nj.

The uniform distribution of every element in g-C;N, was
then further verified by the SEM-EDS elemental mapping pic-
tures [Fig. 2(c)]. In g-C3N,, the EDS examination verified the
existence of the corresponding elements in terms of mass and
atomic percentages [Fig. 2(b)], where the elemental amounts
of carbon and nitrogen were calculated to be 38.62 + 0.34 and
61.38 + 0.34, respectively. Furthermore, energy-dispersive spec-
troscopy (EDS) was used to validate the elements C and N.

TEM and HR-TEM conducted to analyze the shape and
internal framework of the produced g-C;N,, as shown in Fig. 3
(a—d). The morphologies of pure g-C;N, at sizes of 100 nm
[Fig. 3(a)] and 20 nm [Fig. 3(b)] show a structure of stacked flat
sheets with wrinkles, uneven forms, and a distinctive
crumpled layered structure. This structure is 2D and has a
typical irregular porousness. The HR-TEM picture in Fig. 3(c)
depicts the crystal structure of g-C3N,. The interplanar spacing
between the crystal planes was measured to be 0.309 nm, pre-
cisely corresponding to the (002) planes of the corroded phase.
The electron diffraction pattern of g-C;N,, as shown in
Fig. 3(d), exhibits diffraction rings that signify the highly crys-
talline structure of g-C;N,. This discovery aligns with the find-
ings derived from XRD.

7932 | Nanoscale, 2025, 17, 7926-7944

3.3 Characterization of the modified electrodes in each step

3.3.1 SEM analysis. SEM is a powerful imaging technique
that provides high-resolution images of the surface of various
materials and is used in biosensors to visualize the alterations
observed in the electrode surface morphology pre- and post-
immobilization of biomolecules, such as antibodies and BSA.
The SEM images of bare ITO electrodes at various magnifi-
cations [Fig. 4(a—c)] reveal the uniform and predominantly
homogeneous surface, exhibiting a prototypical morphology
commonly associated with untreated ITO. The pristine electro-
des exhibit a flat, homogeneous surface and uniform appear-
ance, reflecting the ITO material’s inherent properties and pro-
viding a baseline for understanding the initial topography.
Following the modification with APTES@g-C;N, onto the ITO
electrodes (APTES@g-C3N,/ITO), SEM analysis showed discern-
ible alterations in the surface morphology. The exfoliated
sheet-like structure of g-C;N, manifests as interconnected thin
layers covering the ITO surface. These sheets appeared as a
network of 2D structures resembling a graphene-like lattice.
The images also showed attachment points, edges, and poten-
tial interactions between the modified layer and the underlying

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 TEM images of the synthesized g-CsN, at lower (a) and higher magnifications (b); HR-TEM image (c) and SAED pattern (d) of g-C3Nj.

electrode material, as shown in Fig. 4(d-f). Following the
immobilization of anti-IL8 antibodies onto the g-C;N,-
modified ITO electrodes (anti-IL§/APTES@g-C3N,/ITO), SEM
imaging reveals the existence of anomalous morphological
configurations and agglomerates suggestive of the anchoring
of antibodies [Fig. 4(g-i)]. These large biomolecules with
their distinct 3-D shapes left an imprint on the electrode’s
surface, leading to visible changes in topography. This can be
observed as surface roughness or irregularities, indicating
the effective binding of antibodies. The subsequent step
involves the attachment of BSA onto the modified electrodes
(BSA/anti-IL8/APTES@g-C3N,/ITO). SEM images illustrate a
further alteration in the structure. Unlike antibodies, BSA
molecules are smaller, leading to a more uniform and homo-
geneous coverage on the electrode’s surface, as depicted in
Fig. 4(j-1). This yields a comparably uniform and uninter-
rupted coating juxtaposed with irregular aggregates precipi-
tated by the antibodies.

3.3.2 Contact angle (CA) analysis. At each step of the bio-
sensor development process, the hydrophobic/hydrophilic pro-
perties of the modified electrodes were evaluated using CA
experiments by the sessile drop method [Fig. 4(m-p)]. For the
unaltered hydrolyzed ITO electrode [Fig. 4(m)], the CA of 82.9°
suggested a slightly hydrophobic character. The CA dramati-

This journal is © The Royal Society of Chemistry 2025

cally decreased to 31.9° [Fig. 4(n)] after the EPD of APTES@g-
C;N, onto the ITO electrode, indicating an exceptional hydro-
philic property of the APTES@g-C3;N,/ITO electrode. Following
immobilizing the BSA molecule and anti-IL8 on the APTES@g-
C3N,/ITO electrode, the CA decreased to 0° [Fig. 4(o and p)],
demonstrating the hydrophilic nature of the material. This
increased hydrophilicity helps anti-IL8 adhere to an aqueous
PBS bulffer, increasing the sensitivity of the biosensor created
to detect IL8 biomarkers in saliva samples.>

3.3.3 FT-IR analysis. The FT-IR spectra provide valuable
insights into the chemical composition and structural changes
of the modified electrodes at different stages of functionalization.
In the FT-IR spectrum of APTES@g-C;N,/ITO [Fig. S1i(a)f],
characteristic peaks are observed at 1000-1200 cm™" associ-
ated with silane modification, indicative of Si-O-Si stretching
vibrations from the APTES molecule. The presence of g-C;N,
was discerned through specific peaks, as explained above
[Fig. 1(b)], corresponding to the nitrogen-containing func-
tional groups.

Furthermore, upon immobilizing anti-IL8 onto the
APTES@g-C3N,/ITO electrode, notable changes in the FT-IR
spectrum were seen, as depicted in Fig. S1(b).} The spectrum
exhibited distinctive peaks of amide bonds, specifically in the
amide I (2137 cm™") and amide II (2481 cm™") regions, signifying

Nanoscale, 2025, 17, 7926-7944 | 7933


https://doi.org/10.1039/d4nr02039a

Published on 21 1403. Downloaded on 20/11/1404 07:03:29 ..

Paper

View Article Online

Nanoscale

CA=82.9°

CA=31.9°

S00 nm |;

Fig. 4 SEM images at 3 different scales, i.e., 2 pm, 1 pm, and 500 nm of each modified electrode: (a—c) ITO, (d—f) APTES@g-C3N,4/ITO, (g—i) anti-
IL8/APTES@Q-C3N4/ITO, and (j—l) BSA/anti-IL8/APTES@Q-CzN4/ITO; contact angle studies of (m) ITO, (n) APTES@Q-CzN4/ITO, (o) anti-IL8/

APTES@g-C3N4/ITO, and (p) BSA/anti-IL8/APTES@g-C3sN,/ITO.

the successful attachment of anti-IL8. These amide bands indi-
cate the anti-IL8 proteinaceous nature and confirm their pres-
ence on the modified surface.>® After the subsequent immobiliz-
ation of BSA, additional changes in the FT-IR spectrum were
observed, as shown in Fig. S1(c).t The manifestation or augmen-
tation of prominent peaks within the pertinent regions con-
firmed the efficacious immobilization of BSA molecules onto the
anti-IL8/APTES@g-C3;N,/ITO electrode surface.

3.4 Electrochemical studies

Electrochemical investigations were conducted using a three-
electrode setup, which included an Ag/AgCl reference electrode
(RE), a platinum auxiliary/counter electrode (CE), and an ITO-
coated glass substrate as the working electrode (WE). Utilizing
CV, the electrochemical characteristics of the APTES@g-C3Nj,-
modified ITOs with [Fe(CN)e]>~"*"were investigated. Though
the kinetics and slopes varied, the CVs of each electrode
revealed a typical Fe>"/Fe*" redox pair. The oxidation process
(Fe** to Fe®") has a substantially lower slope than the reduction

7934 | Nanoscale, 2025,17, 7926-7944

process (Fe** to Fe?*), indicating that the APTES@g-C;N,4 nano-
materials are causing a shift away from reversibility. Thus, the
reduction process can happen comparatively faster than the
oxidation process due to the interfaces changed by APTES@g-
C;N, nanomaterials. This might result from the carbon nitride
components acting more like reducing agents. Because nitro-
gen lone pairs and oxygen functional groups are present, their
surfaces typically have surplus negative charges that favor the
reduction reaction over the oxidation events.

3.4.1 Optimization of experimental conditions. Enhancing
the diverse experimental parameters for optimization is crucial
for creating a biosensor that is sensitive, repeatable, and reprodu-
cible. We fine-tuned various experimental conditions such as
investigating the ideal parameters for EPD, including voltage and
duration, as the first step. Other factors to consider include the
concentration of anti-IL8, the duration of the anti-IL8 incubation
period, the concentration of BSA, the interaction time for the
antigen (response time), and the impact of the redox couple [Fe
(CN)¢**~ prior to immunosensor characterization and perform-

This journal is © The Royal Society of Chemistry 2025
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ance evaluation in determining the optimal experimental con-
ditions. ESI Section S31 comprehensively describes every opti-
mized parameter, which is also graphically displayed in Fig. S2
(a—f).T Table S2+ provides the optimized values for each experi-
mental parameter (tried vs. selected).

3.4.2. Effect of scan rate studies. The scan rate of any
electrochemical biosensor strongly influences the electro-
catalytic behavior of the prepared electrodes. To comprehend
the electro-oxidation of IL8, CVs were examined using
APTES@g-C3N,4/ITO and BSA/anti-IL8/APTES@g-C3N,/ITO elec-
trodes by progressively increasing the scan rate from
10-100 mV s, as shown in Fig. 5(A) and (B), respectively. In
both scenarios, the anodic peak potentials gradually moved to
the positive side, most likely due to mass transfer and kinetic
constraint. The potential peak shifts to the positive side and
IL8 oxidation at the APTES@g-C;N4/ITO electrode and the
BSA/anti-IL8/APTES@g-C;N,/ITO immunoelectrode surface is
an irreversible reaction governed by a diffusion mechanism, as
indicated by the anodic peak current fluctuating linearly with
the square root of the scan rate.”® Furthermore, the electron
transfer kinetics of the electrode became quasi-reversible as scan
speeds increased due to the electrode’s peak-to-peak separation
potential increasing and passing through the higher potential
end. This is a result of the fact that diffusion species have less
time to reach the electrode surface as the scan rate increases.
This leads to a wider separation between the reduction and oxi-
dation peaks as the reduction and oxidation processes become
more Kkinetically regulated. Therefore, maintaining a suitable
peak separation and getting a better current response may have
to be traded off when the scan rate increases.
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Fig. 5A(i) and B(i) show the linear range between the oxi-
dation peak current (I,,) and the reduction peak current (I
vs. square of the scan rate (mV s~ ') and follow eqn (2)-(5):

IPa(APTES@g-C,N, /ITO) =
[0.025mA x (scanrate [mVs '])"/?] + 0.085 mA; R® =0.994

(2)
IPc (APTES@g-C,N,/ITO) =
— [0.039 mA x (scanrate[mVs '])"/?] + 0.072mA; R? =0.994

®3)
IPa(BSA/anti-IL8/APTES@g-C,N, /ITO) =
[0.04mA x (scan rate [mVs'])"/?] + 0.006 mA; R® = 0.995
(4)
IPc(BSA/anti-IL8 /APTES@g-C,N, /ITO) =
— [0.03mA x (scanrate [mV s '])"/?] + 0.006 mA; R® = 0.993
(5)

Additionally, Fig. 5A(ii) and B(ii) demonstrate that the peak-
to-peak spacing shifted with increasing scan rate, suggesting
that the process is electrochemically quasi-reversible. It was
observed that the anodic and cathodic peak currents moved
toward the higher and lower potentials, respectively, as the
scan rate increased. The anodic and cathodic peak potentials,
Ep, and E, respectively, have a linear relationship with the
square root of scan rate (AE = Ep, — Ep); this suggests that the
kinetics of charge transfer between the electrode and the elec-
trolyte are amicable, as stated in eqn (6) and (7). Analysis of
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Fig. 5 CV profiles of (A) the APTES@g-CzN4/ITO electrode and (B) the BSA/anti-IL8/APTES/g-C3N4/ITO immunoelectrode. (A(i)) and (B(i)) display
the oxidation and reduction peak currents normalized to the square root of the scan rate, while (A(ii)) and (B(ii)) demonstrate the divergence
observed in cathodic and anodic peak potentials (AEy) in relation to the square root of the scan rate.
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the scan rates for both the APTES@g-C3N,/ITO electrode and
the BSA/anti-IL8/APTES@g-C;N,/ITO immunoelectrode reveals
a shift of the reduction current peak towards the negative
potential and the oxidation current peak towards the positive
potential. Additionally, an increase in scan rate leads to a rise
in peak potential (E,, and Ej), indicating a sluggish flow of
electrons across the interface.

AEp (APTES@g-C;N,/ITO) =
[0.064V x (scanrate[mVs '])"?] +0.157V; R> =0.995

(6)

AEp(APTES@Qg-C,N, /ITO) =
[0.057V x (scanrate [mVs~'])"? +0.167V; R*> = 0.993

The kinetic interface properties of the BSA/anti-IL8/
APTES/g-C3N4/ITO and APTES@g-C3;N,/ITO electrodes were
evaluated to investigate electron dynamics (the detailed
explanation of each parameter is provided in ESI S4f).
Table 1 presents the calculated values of various electro-
chemical parameters for the respective electrodes’ ionic
species encompassing the cathodic peak current (Ic),
diffusion coefficient (D), anodic peak current (I,), average
surface concentration (y*), charge transfer rate constant (Kj),
and electroactive surface area (4.). In Table 1, we have com-
pared the diffusion coefficient (D) values for APTES/g-C3N,/
ITO electrode and BSA/anti-IL8/APTES/g-C3N,/ITO immuno-
electrode. From the Table, it has been observed that
the lower D values for the BSA/anti-IL8/APTES@g-C3N,/ITO
immunoelectrode, compared to APTES@g-C3;N,/ITO elec-
trode, indicate that the added biomolecule layers, such as
BSA and anti-IL8 antibodies, act as barriers, reducing elec-
tron transfer and blocking electroactive species from acces-
sing the electrode surface. The immobilization of these high
molecular weight, non-conductive biomolecules decreases
charge transfer and creates steric hindrance, leading to
slower diffusion and electron kinetics, which further
obstruct the movement of electroactive species toward the
surface. These combined factors contribute to the lower D
value observed in the BSA/anti-IL8/APTES/g-C3N,/ITO
immunoelectrode due to the BSA and anti-IL8 biomolecules.

3.4.2. pH studies. The pH studies were conducted to find
the ideal pH of PBS buffer for the BSA/anti-IL8/APTES@g-
C;3;N,/ITO immunoelectrode. PBS containing redox species
was utilized for this investigation, with a scan rate of
50 mV s~'. The electrochemical reactivity of the BSA/anti-
IL8/APTES@g-C;3;N,/ITO immunoelectrode was assessed in
correlation with pH variations (ranging from 6.0 to 8.0)
using CV and DPV methods. The results depicted in
Fig. 6(a) and 7(b) reveal a direct correlation between the

Table 1 Predicted values of electrochemical parameters for electrodes
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charge on proteinaceous biomolecules and the pH of the
buffer solution in which they are dissolved, thereby influen-
cing the electrochemical response.’® Furthermore, the
maximum anodic current was found at pH 7.0 according to
a graph showing the peak current (oxidation) as a function
of pH [inset of Fig. 6(a) and (b)]. This finding implies that
the proteinaceous biomolecule, or antibody, exists in its
natural state at neutral pH and has great stability and
activity.

On the other hand, when H' or OH™ ions interact with the
antibodies’ amino acids, these materials tend to denature in
acidic or basic pH ranges. Although biomolecules are often
thought to respond with a high current at their isoelectric
point (pI), the electrochemical reaction is negatively impacted
at a modest pL.>® In light of this, additional electrochemical
investigations were conducted utilizing PBS under neutral pH
conditions (pH 7.0).

3.4.3. Electrochemical studies of fabricated electrodes.
Electrochemical DPV and CV in PBS solutions (pH 7.0) con-
taining [Fe(CN)s]>”'*~ were used to investigate the electron
transport characteristics of different g-C;N,-based modified
electrodes. The CV results for several immunoelectrodes are
shown in Fig. 7(c). The immunoelectrodes tested include bare
ITO, APTES@g-C;N,/ITO, anti-IL8/APTES@g-C3N,/ITO, and
BSA/anti-IL8/APTES@g-C;N,4/ITO. The CV measurements were
performed in a potential range of —0.8 V to +0.8 V, with a scan
rate of 50 mV s™'. The peak separation, exceeding 400 mV for
hydrolyzed unmodified ITO, is affected by several parameters.
The small peak current value of CV for the unmodified ITO
electrode [0.407 mA (curve i)] suggests a quasi-reversible
electrochemical mechanism and delayed electron transport on
the ITO electrode.

Conversely, following the EPD of APTES@g-C;N, on ITO,
the peak current in the APTES@g-C3N,/ITO electrode
increased dramatically to 0.425 mA (curve ii), indicating a
rapid electron transfer between the electrolyte interface and
APTES@g-C3N,/ITO. Apart from the improvement of the elec-
tron transfer process following the deposition of APTES@g-
C;N, onto the bare ITO surface (discussion above), it is clear
that the immobilization of the anti-IL8 antibodies and the sub-
sequent formation of the complex with IL8 caused the overall
electrode process to deteriorate. The peak current falls (about
from 0.425 mA to 0.408 mA) and the AE, rises (roughly from
0.088 to 0.388 V) in accordance. When large molecules,
additional antibodies, or aptamers are immobilized on an
electrode surface, the effects are comparable to those docu-
mented in the literature. BSA served as a blocking reagent to
hinder non-specific binding events occurring at the anti-IL8/
APTES@g-C3N,/ITO electrode interface. The inherent insula-

Electrode D (ecm?*s™) A (mm?) 7* (mol cm?) K (s™) I, (A) Ipc (A)
APTES@g-C;N,/ITO 31.95 x 1072 0.329 3.64 %1078 0.299 4.25x107* 3.54x107*
BSA/anti-IL8/APTES@g-C;N,/ITO 19.73 x 10~ *? 0.670 2.86x107° 0.197 3.34x107* 2.94 x 107%
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tive characteristics exhibited by BSA molecules, coupled with
their non-specific adhesion to the accessible surface of
APTES@g-C3Ny, lead to an additional decrease in peak current
upon BSA attachment, amounting to 0.334 mA (curve iv).
Furthermore, DPV was performed at a scan rate of 50 mV s
for bare ITO and the APTES@g-C;N,/ITO, anti-IL8/APTES@g-
C3N,/ITO, and BSA/anti-IL§/APTES@g-C3;N,/ITO immunoelec-
trodes within the potential range of —0.8 to +0.8 V. The
obtained results were comparable to the CV findings illus-
trated in Fig. 6(d).

The electron transfer abilities of bare ITO, APTES@g-C;N,/
ITO, anti-IL8/APTES@g-C3N,/ITO, and BSA/anti-IL8/APTES@g-
C;3N,/ITO were also investigated in 0.2 M PBS containing 5 mM
[Fe(CN)s*™*~ in the potential between —0.8 and +0.8 V vs Ag/
AgCl using CV at a scan rate of 50 mV s~ [Fig. 6(c)]. Table 2
compares the measured oxidation and reduction peak current
densities (Jp, and Jpc), anodic and cathodic peak potentials
(Epa and E,), and potential differences (AEp). Consequently,
compared to other modified and bare ITO electrodes, the BSA/
anti-IL8/APTES@g-C3;N,/ITO electrode showed lower AE, and
more significant redox peak currents (Table 2). This could be
because of the APTES@g-C;N, surface’s favorable electrostatic
interactions with [Fe(CN)g]>~*~ ions.

3.4.4. Analytical performance of the proposed biosensor
for IL8 detection. The response time study performed before
conducting the electrochemical response investigations of the
biosensing electrode [Fig. S4(f)}]. The objective was to ascer-
tain the incubation duration necessary for the IL8 to interact
with the BSA/anti-IL8/APTES@g-C;N,/ITO immunoelectrode.
We determined that 15 minutes was the ideal duration for the
proper binding between the IL8 and the BSA/anti-IL8/
APTES@g-C3N,/ITO electrode. We monitored the results at
regular intervals of 2 min for a maximum of 20 min.
Therefore, to facilitate subsequent electrochemical studies,
15 min of incubation time optimized prior to each electro-
chemical measurement.

We tested whether the BSA/anti-IL8/APTES@g-C;N4/ITO
electrode could detect IL8 and comparable sensors using
DPV. By removing non-faradaic currents in CV, DPV enables
better sensitivity. Due to its sensitivity and selectivity, the
DPV approach was used to quantitatively assess IL8 utilizing
BSA/anti-IL8/APTES@g-C;N,/ITO. With a potential range of
—0.8 V to +0.8 V and a scan rate of 50 mV s™*, the developed
biosensor’s electrochemical response was studied in terms of
IL8 antigen concentrations spanning from 500 fg mL ™" to 160
ng mL " for a duration of 15 min at each concentration in 0.2
M PBS containing 5 mM redox species [Fig. 7(a)]. As shown in
Fig. 7(a), the DPV’s current decreased as the IL8 concen-
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tration was increased from 500 fg mL™" to 160 ng mL™". It is
caused by increased complex formation between anti-IL8 and
IL8, which prevents electron transport. Furthermore, as the
IL8 concentration increased on the APTES@g-C;N,-modified
ITO electrode surface, a greater electrically insulating layer was
created on the BSA/anti-IL8/APTES@g-C;N,/ITO electrode, limit-
ing the electron transfer between the immunoelectrode and [Fe
(CN)6]*"*~.%” Following the completion of the IL8 binding, the
current value decreases, indicating that IL8 has successfully
bound to the immunosensor. A triplicate measurement was per-
formed on the sensor. An enhanced image of the electro-
chemical performance is shown in the inset.

As depicted in Fig. 7(b), under optimal conditions for the
assay, the current value (AI) variation displayed a highly linear
correlation with IL8 concentrations spanning from 500 fg
mL™" to 160 ng mL ™. Beyond this range, the current stabilizes
with the addition of higher concentrations. Eqn (8) yields a
linear regression coefficient (R*) of 0.986, affirming this
relationship.

Ip =[0.003 (mAmLng )] x log 10

concentration o -8 (ng mL~ + 0. N = 0.
[ ion of IL-8 (ng mL )] +0.102; R* = 0.986

(8)

Using both the gradient of the calibration plot and the
surface area of the immunoelectrode (0.25 cm?), the sensitivity
of the resultant immunosensor was determined to be
[0.015 mA log (mL ng™") cm™?], exhibiting an R* value of 0.986.
Utilizing this remarkable LOD, the biosensor shown its capa-
bility to identify an extremely low concentration of IL8, as sup-
ported by the computations outlined in the ESI (Section S4).f
This sensitivity enabled the detection of mere ~6.0 x 10~°
molecules of IL8. The computed LOD and LOQ values were
0.04 ng mL™" and 0.16 ng mL™", respectively, indicating that
they fall within the clinically significant range. Between 0 and
250 pg mL™" is the range for healthy salivary levels of IL8; 250
to 500 pg mL~" indicates an early-stage OC and 750 pg mL ™"
indicates OC.

SD
{ dy o dlnx}

SD
LOD = 3 x SD/slope =3 x —— =3 X
dlnx  dx

dy
dx
SD x (2.303x)

SD x (2.303x) _ ”
slope of semi log plot

— o —
d log x

where x represents the nadir of measured concentrations or
the LOQ, while SD denotes the standard deviation pertaining
to the intercept.

Table 2 CV profiles of various modified electrodes and their potentials and current values in 0.2 M PBS containing redox species

S. No. Modified electrodes Epa (V) Ep (V) Jpa (MA cm™) Jpe (mA cm™) AE, (mV)
1 Bare ITO 0.335 0.127 —-1.147 1.101 208
2 APTES@g-C3N,/ITO 0.286 0.131 -1.169 1.188 155
3 Anti-IL8/APTES@g-C3N,/ITO 0.308 0.173 -1.321 1.286 135
4 BSA/anti-IL8/APTES@g-C;3;N,/ITO 0.256 0.154 -1.534 1.151 102
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Table 3 Matrix systems and response techniques employed in previously documented biosensors for oral cancer
S. Response
No Biosensing platform Technique Linear range LOD Sensitivity time (min)
1 Anti-IL6/SWNTs/graphite Amperometry 0.08-8.0 fM 0.02 fM — 58
2 Anti-IL8/AuNPs-rGO/ITO DPV 500 fg mL™" to 72.73 pg mL™" — 59

50 ng mL ™"
3 Anti-IL8 IgG1 MAB208/CMS5 sensor chip SPR 9.5-191 pM 2.5 pM in buffer and — 60

184 pM in saliva

4 Magnetic beads/screen printed electrodes ~ Amperometry 1-1000 fgmL™"  72.4 pg mL™" — 61

5  BSA/anti-IL8/APTES@g-C;N,/ITO DPV

500 fg mL ™" to

0.04 ng mL™" (in buffer)  0.015 mA log;, Present work

160 ng mL™" [ng mL™"] em™
500 fgmL ™" to  0.05 ng mL~" (in saliva)  0.012 mA log;,
160 ng mL™" [ng mL™"] em™>

Table 3 shows that the manufactured BSA/anti-IL8/APTES/
2-C3N,/ITO immunosensor performed analytically either better
or similarly to existing biosensors in terms of its primary
analytical parameters, such as the linear detection range, sen-
sitivity, and the detection limit. The LOD is strikingly much
lower than any of the methods described, indicating a possible
role for APTES/g-C;N, in the diagnosis of OC. The particular
interaction between the IL8 and anti-IL8 may cause a high sen-
sitivity of the constructed biosensor, as it forms a well-ordered
APTES@g-C3N, nanomaterial. Through solid covalent inter-
actions, this APTES@g-C;N, provided a suitable matrix to bind
with anti-IL8 effectively and form an established amide bond.
Additionally, the created immunosensor has an enormous
surface area that enables the incorporation of supplementary
bio-recognition elements, facilitating an extensive linear
dynamic range. The primary benefits of APTES@g-C;N,-based
biosensors are their high-quality 3D porous surfaces, ease of
mass production, and disposable nature.

Plotting the Hanes-Wolf graph between the IL8 concen-
tration and the current of BSA/anti-IL8/APTES@g-C;N,/ITO
immunoelectrode/IL8 concentration yields the association con-
stant (K,), which is 0.094 ng mL™", as shown in Fig. 7(c). The
value of K, is reliant upon multiple factors inside the intended
immunosensor, such as the biomolecule attachment sites and
how antibodies bind to the electrode surface, resulting in
varying conformational variations within the antibody struc-
ture. The structural arrangement of anti-IL8 and greater con-
centration on the electrode surface are accountable for the
increase in K, value, indicating a strong binding affinity of the
BSA/anti-IL8/APTES@g-C;N,/ITO immunoelectrode against
IL8. According to estimates, the dissociation constant (Kg)
value is —0.1374 ng mL™", suggesting a specific affinity for IL8.
The Hanes-Wolf linear plots, derived from the inverse of the
slope, have been used to evaluate the value of K,, while the
(Kq) value is the result of multiple of intercepts value and K,.

3.4.5. Control, interferent, reproducibility, and repeatabil-
ity studies. As shown in [Fig. 8(a)], a control experiment was
carried out to evaluate the electrochemical current response of
the APTES@g-C;N,4/ITO electrode when exposed to different
concentrations of IL8. Except for immobilizing monoclonal
anti-IL8, all the experimental settings were kept the same as
those used in electrochemical response tests for the BSA/anti-

This journal is © The Royal Society of Chemistry 2025

IL8/APTES@g-C3N,/ITO immunoelectrode. The outcomes
showed that even at increased IL8 concentrations, the
APTES@g-C3N,/ITO electrode maintained a constant DPV
current. The absence of current variation indicates that there
is no interaction between the APTES@g-C;N,/ITO electrode
and IL8, leading to an unchanged electrochemical response.
Consequently, any current variations observed in the response
studies are mainly ascribed to the interplay between the IL8
and the anti-IL8 in contrast to being individually affected by
the APTES@g-C3;N,/ITO electrode.

The most essential characteristic of a biosensor is its
specificity. In real life, different biological species co-exist,
and it was investigated whether the sensing platform affected
IL8 sensing by looking at the effects of the interaction caused
by the electrochemical activities of the proposed biosensor
signal. Therefore, exposure to alternative cancer biomarkers
like CYFRA-21-1, p53, and SP17, as well as other salivary com-
ponents like ascorbic acid, oxalic acid, glucose, urea, and uric
acid, was part of the inquiry into the specificity of the manu-
factured immunosensor for OC. These interferants were used
at a concentration of 1 ng mL™" for binding with BSA/anti-
IL8/APTES@g-C3N,/ITO. The quantification of their detection
was achieved through the use of DPV, as illustrated in
Fig. 8(b). Comparing the immunosensor to the other bio-
markers, the immunosensor showed noticeably higher speci-
ficity for IL8. Interestingly, including the biochemicals men-
tioned above did not affect the anodic peak current of the
proposed immunosensor. It appears from this result that the
influence of interfering drugs was minimal. The reason
behind the acceleration of the particular interaction towards
IL8 could be the specific interaction between the IL8 and
anti-IL8 molecules on the surface of BSA/anti-IL8/APTES@g-
C;N,/ITO.

The practical implementation of immunosensors requires
certain important properties, namely reproducibility and
repeatability. The repeatability of the BSA/anti-IL8/APTES@g-
C;3;N,/ITO immunoelectrode was evaluated using six distinct
immunoelectrodes that were prepared under comparable
experimental settings and used individually for each experi-
ment,®” as shown in [Fig. 8(c)]. Likewise, repeatability studies
were conducted utilizing the same DPV methodology to
get six consecutive measurements for a particular concen-
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Fig. 8 (a) Control study; (b) interferent (specificity) study; (c) reproducibility study of six different fabricated immunoelectrodes; and (d) repeatability
study. The error bars represent the results derived from three separate and independent experiments.

tration of IL8 (80 ng mL™"), as illustrated in [Fig. 8(d)].
Reproducibility and repeatability were found to have very low
RSD values with appropriate ranges of 6.16% and 0.095%,
respectively.

3.4.6. Regeneration and stability studies. When assessing
the effectiveness of biosensors, regeneration and shelf-life
are essential considerations. Studies on the interactions
between anti-IL8 and IL8 were carried out to evaluate the
regeneration capacity of the BSA/anti-IL8/APTES@g-C3N,/ITO
immunoelectrode. Several regeneration solutions were made,
including the fundamental NaOH, acidic HCI or glycine-HCl
buffer, and salty MgCl,. The immunological combination of
antibody-antigen was also disintegrated in PBS using Tween-
20 and a mixture of dimethyl sulfoxide (DMSO) and forma-
mide in a ratio of one to one.®® The experiment recorded the
DPV using a specific IL8 level and the treatment lasted for
30 min [Fig. S6(a)t]. The immunosensor could be used six
times, as evidenced by the response obtained after six con-
secutive regeneration processes [Fig. S6(a)f] showed 75.73%
of the original response.

Additionally, during 12 weeks, at weekly intervals, the
storage stability of the synthesized immunoelectrode (BSA/
anti-IL 8/APTES@g-C3;N,/ITO) was evaluated in 0.2 M PBS (pH
7.0, 5 mM redox species) [Fig. S6(b)t]. Peak current response
variations were tracked using the DPV method. Over a period
of ten weeks, the immunoelectrode showed steady current
responses, holding onto up to 95% of the initial response.

7940 | Nanoscale, 2025, 17, 7926-7944

Nevertheless, a sharp decline in peak current was noted after
this time. As a result, it was noticed that the immunoelectrode,
kept at 4 °C, remained stable for 10 weeks.

3.4.7. Real sample studies. The analysis of IL8 protein in
biological samples is becoming an increasingly important
task. As a result, the fabricated biosensor was used to measure
the amount of IL8 in saliva samples that had been spiked.
In this investigation, the BSA/anti-IL8/APTES@g-C;N,/ITO
immunoelectrode was constructed and the response of real
samples, such as saliva, was measured. However, to assess the
efficacy of the proposed biosensor in the absence of ILS,
genuine saliva samples were spiked with a known amount of
IL8 using the conventional addition procedure. The electro-
chemical response to various spiking doses of IL8 in saliva
samples was evaluated using DPV, employing a redox couple
and a BSA/anti-IL8/APTES@g-C3;N,/ITO electrode, as displayed
in Fig. 9(a) (the DPV response is magnified in the inset). A con-
sistent pattern of an inverse relationship between the concen-
tration of spiked saliva samples and the recorded response
current signal was noted. This pattern remained uniform
across all spiked saliva specimens, suggesting a reduction in
the amplitude of the response current signal proportional to
the elevation in IL8 concentration. The calibration curve illus-
trating the peak current (mA) plotted against the logarithm of
IL8 protein content (ng mL™") in both PBS and spiked saliva
samples for the BSA/anti-IL8/APTES@g-C;N,/ITO bioelectrode
using the DPV approach is presented in Fig. 9(c). The linear

This journal is © The Royal Society of Chemistry 2025
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Fig. 9 (a) The constructed immunoelectrode showing the electrochemical DPV responses when IL8 concentrations ranging from 500 fg mL™* to
160 ng mL~! are added in the presence of actual samples; (b) a comparison between the fabricated biosensor current response in the standard and
spiked samples; and (c) a calibration curve graph created between the peak current and the IL8 concentrations using both real and standard

samples.

Table 4

real spiked samples

IL8 recovery rates and the corresponding % RSD values determined using the BSA/anti-IL8/APTES@Q-C3N,4/ITO immunoelectrode with

IL8 conc. Peak current (mA) Peak current (mA)

S. No. (ng mL™) in standard samples in spiked saliva samples % RSD % Recovery
1 0.0005 0.103 0.113 1.74 91.15
2 0.001 0.112 0.120 0.95 93.33
3 0.01 0.111 0.118 0.42 94.06
4 0.1 0.109 0.117 0.73 93.16
5 0.2 0.106 0.115 0.12 92.17
6 0.4 0.105 0.115 0.09 91.30
7 0.6 0.104 0.112 0.42 92.85
8 0.8 0.101 0.112 0.3 90.17
9 1 0.099 0.111 0.3 89.18
10 5 0.098 0.11 0.5 89.09
11 10 0.097 0.109 0.3 88.9
12 40 0.095 0.108 0.13 87.96
13 80 0.094 0.107 0.5 87.85
14 160 0.094 0.107 0.2 87.85

regression equation below describes the fitted response
signals for the IL8 concentrations:

Ip =[0.003 (mAmLng™')] x log
[concentration of IL-8 (ng mL )] + 0.102 R* = 0.961

(©)

After quantification, the electrochemical outputs of the
fabricated BSA/anti-IL8/APTES@g-C3N,/ITO immunoelectrode

This journal is © The Royal Society of Chemistry 2025

against varied amounts of standard and spiked saliva samples
were detected [Fig. 9(b)]. Regarding IL8, the recovery percen-
tages and RSD range were 87.85-94.06% and 0.09-1.74%,
respectively. According to these results, IL8 can be accurately
and successfully measured in real samples using the BSA/anti-
IL8/APTES@g-C;N,/ITO immunoelectrode. Table 4 displays the
findings for the RSD and recovery percentage. The results
suggest that the BSA/anti-IL8/APTES@g-C;N,/ITO immunosen-
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sor can be utilized for the early identification of IL8 protein in
patient saliva.

4 Conclusions

In summary, an APTES@g-C;N,-modified ITO electrode was
employed to fabricate an electrochemical immunosensor
aimed at detecting IL8. Thermal pyrolysis at a higher temp-
erature was used to synthesize g-C;N,, which was then exam-
ined using Raman, FT-IR, XRD, FE-SEM, and TEM analysis.
The EPD approach was utilized to generate APTES@g-C3N,
thin films uniformly on an ITO-coated glass substrate. This
allowed for the successful covalent attachment of anti-IL8
through EDC-NHS coupling. EPD was selected due to its
affordability, ease of use, and practicality. The modified elec-
trode fabrication efficacy and the antibody-antigen inter-
action dynamics at the electrode interface were evaluated
using CV and DPV methodologies. FT-IR spectroscopy con-
firmed the conjugation of the antibody onto the electrode
interface and morphological characterization was carried out
using SEM. Using DPV, the BSA/anti-IL8/APTES@g-C;3N,/ITO
immunoelectrode demonstrated outstanding electrochemical
performance throughout a range of IL8 concentrations (500
fg mL™'-160 ng mL™'). The immunosensor outperformed
earlier published studies with its exceptional linear range (R* =
0.986), high sensitivity (0.015 mA log;, (mL ng™") em™>), and a
low LOD of 0.04 ng mL™". The biosensor functioned well in the
analysis of saliva samples, yielding satisfactory recovery results. It
also showed good specificity and repeatability (RSD = 0.98%) for
IL8. The BSA/anti-IL8/APTES@g-C;N,/ITO biosensor is a promis-
ing tool for measuring IL8 levels, especially in the early stages of
cancer detection. It is affordable, specific, stable, and sensitive,
and it offers a new method for producing biosensors and bio-
chips that are fast, biocompatible, and extremely sensitive.
Further, to translate this research into clinical application, we
will further validate the sensitivity and specificity of the BSA/anti-
IL8/APTES@g-C;N,/ITO biosensor in large and more diverse
clinical cohorts to ensure its robust performance across different
patient populations. In addition, we will collaborate with clinical
researchers to refine the sensor’s design and ensure its practical
utility in clinical environments. By addressing these steps, we
believe that our developed g-C;N, based immunosensor can
become a valuable tool in clinical diagnostics, improving patient
outcomes through early detection and monitoring of inflamma-
tory conditions.

Nevertheless, residential biosensing systems still lack the
necessary precision and dependability in comparison with cen-
tralized laboratory-based examination. Significant endeavors have
been made to create and construct intelligent biosensing gadgets
utilizing artificial intelligence (AI) and internet of things (IoT)
techniques. These biosensors serve as adaptable customized
healthcare platforms and create new prospects.®* Al algorithms
may enhance the quantitative determination of analytical sub-
stances by providing important mathematical tools to analyze the
data from biosensing devices. This leads to enhanced accuracy
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and dependability in the results. In addition, there has been sig-
nificant interest in biological sensors with 10T integration due of
their potential for implementing healthcare 5.0.°° These biosen-
sing devices have the special capability to be operated and
deployed from a distant location. They can detect and provide
immediate results on site and also have the capacity to connect
to cloud services. This allows for personalized therapy and man-
agement for the user or patient.
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