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Non-invasive and rapid detection of HVA, a validated urinary biomarker for neuroblastoma and

catecholamine-secreting cancers, remains analytically challenging due to its low physiological levels and

interference from common urinary components. Herein, a novel electrochemical sensing platform is

introduced by integrating a graphitic carbon nitride (g-C3N4) and nanoscale zero-valent iron (nZVI)

composite into a carbon paste electrode (CPE) and employing differential pulse voltammetry (DPV) for

HVA quantification in urine. The g-C3N4@nZVI composite synergistically enhances electron transfer

kinetics and suppresses non-faradaic background current, leading to lower baseline noise and superior

signal resolution. Under optimized voltammetric conditions, the sensor exhibits a broad linear response

from 2 mM to 100 mM, with a detection limit of 0.978 mM that encompasses physiological urinary HVA

levels (8–41 mM). Structural characterization via SEM/EDX confirmed uniform deposition of iron

nanoparticles on the g-C3N4 matrix, and electrochemical tests revealed diffusion-controlled, irreversible

oxidation of HVA. Analysis of spiked human urine yielded recoveries within 95–98% and intra-day/inter-

day precision with RSD < 2%, confirming the method's accuracy and reproducibility. Compared to

existing voltammetric platforms, this sensor achieves enhanced selectivity, operates at near-neutral pH

without complex buffering, and supports portable deployment. Overall, the g-C3N4@nZVI/CPE with DPV

offers a sensitive, fast, and cost-effective tool for point-of-care HVA screening in clinical settings.
1. Introduction

Early detection of cancer through non-invasive biomarker
assays has been a long-standing goal in oncology, aiming to
improve patient prognosis by identifying the disease at its
earliest, most treatable stages.1 Among urinary metabolites,
homovanillic acid (HVA), the primary oxidative breakdown
product of dopamine, has been clinically validated as
a biomarker for neuroblastoma and other catecholamine-
secreting malignancies. Elevated HVA levels correlate strongly
with tumor burden and can aid prognosis estimation in local-
ized disease.2–4 However, detecting HVA in urine remains chal-
lenging due to its low physiological concentrations and
interference from complex urinary matrices, such as urea and
creatinine, which hinder accurate quantication.5

Traditional analytical techniques for quantifying HVA
include high-performance liquid chromatography (HPLC),6–19

liquid chromatography coupled with mass spectrometry (HPLC-
MS/MS),20–22 and gas chromatography with a mass detector,23 all
Chemistry, Faculty of Pharmacy, Cairo

airo, Egypt. E-mail: aya.soudi@pharma.

r El-Aini Street, ET-11562, Cairo, Egypt

98
of which offer high specicity and low detection limits but
require preliminary sample preparation, expensive equipment,
and skilled personnel. Immunoassays such as ELISA which
depends on labeled antibodies, involve multi-hour incubations,
and oen lack the throughput and portability required for
point-of-care testing (POCT).24 One amperometry method25 was
reported that requires strongly acidic conditions (pH 3.0) to
resolve and detect HVA peaks, necessitating sample pre-
treatment that may complicate direct urine analysis. In addi-
tion to the use of costly boron-doped diamond electrodes
without on-line sample clean-up limits sensitivity and speci-
city in complex biological uids. Electrochemical sensing has
emerged as a rapid, cost-effective, and portable alternative for
HVA detection. However, most existing platforms2,26–28 lack the
sensitivity and selectivity for clinical applications and require
strongly acidic conditions, necessitating external buffering of
urine samples. To address these gaps, this work introduces
a novel composite material, graphitic carbon nitride (g-C3N4)
loaded with nanoscale zero-valent iron (nZVI), integrated into
a carbon paste electrode (CPE).

Graphitic carbon nitride (g-C3N4) has emerged as a versatile,
metal-free semiconductor with a high specic surface area,
tunable electronic band structure, and exceptional chemical
stability under physiological conditions,29 enabling its use in
© 2026 The Author(s). Published by the Royal Society of Chemistry
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diverse biomedical and analytical applications, including
stimuli-responsive delivery systems and diagnostic
platforms.30–32 Its nitrogen-rich architecture facilitates facile
functionalization and serves as an excellent scaffold for
heteroatom doping and nanoparticle embedding, broadening
its applications in photocatalysis, energy conversion, and
sensing.33,34

Nanoscale zero-valent iron (nZVI) particles exhibit strong
redox activity and rapid electron-transfer kinetics, making them
effective for use in environmental remediation and electro-
chemical systems.35,36 However, unsupported nZVI tends to
agglomerate and oxidize, reducing active surface area.36

Anchoring nZVI onto the porous matrix of g-C3N4 not only
stabilizes the iron cores against passivation but also creates
a synergistic interface in which the high conductivity and
catalytic sites of nZVI complement the large surface area and
structural robustness of g-C3N4.37

Carbon paste electrodes (CPEs) comprised of graphite
powder mixed with a binder like mineral oil are especially well-
suited for point-of-care electrochemical diagnostics due to their
low background current, wide potential window, and easily
renewable surfaces, along with their simplicity and low cost in
fabrication.38,39 They support on-site, disposable use without
complex cleaning, allowing easy incorporation of nano-
composites directly into the paste for reagent-free sensors with
tailored surface chemistry.38,40 These properties facilitate inte-
gration with portable potentiostats, enabling miniaturized, low-
cost, and user-friendly POC platforms.

Differential Pulse Voltammetry (DPV) applies incremental
potential with small, repeated pulses superimposed on a linear
sweep. By sampling current just before and at the end of each
pulse and plotting their difference versus potential, DPV
suppresses the charging (non-faradaic) current, isolating the
faradaic signal.41,42 This results in sharp, well-dened peaks
where the height is directly proportional to analyte concentra-
tion.41,43,44 Moreover, DPV offers signicantly higher sensitivity
alongside better resolution between closely spaced redox events
and minimal sample volume requirements, making it particu-
larly suited for portable, battery-powered analyzers.42

The drive toward decentralized diagnostics has spurred
development of lab-on-a-chip systems and portable electro-
chemical devices,45–48 specially for cancer biomarker detection.49

Miniaturized DPV platforms, when combined with composite-
modied CPEs, have the potential to deliver rapid, on-site
HVA screening directly from urine samples, bypassing the
need for centralized laboratories and signicantly reducing the
assay time. Additionally, using urine offers a non-invasive and
easily accessible means of screening, improving patient comfort
and compliance.50,51

Comprehensive physicochemical characterization of g-
C3N4@nZVI composites typically employs scanning electron
microscopy (SEM) to assess morphology and conrms the
uniform distribution and size of the embedded nZVI nano-
particles.52,53 Complementing this, Energy-Dispersive X-ray
Spectroscopy (EDX) mapping conrmed the elemental compo-
sition and homogeneous dispersion of iron within the g-C3N4

matrix.54 This streamlined characterization conrms successful
© 2026 The Author(s). Published by the Royal Society of Chemistry
composite synthesis and highlights its structural integrity
without unnecessary additional techniques.

To our knowledge, no previous research has integrated a g-
C3N4@nZVI hybrid into a CPE for the rapid and direct electro-
chemical detection of HVA in urine. We thus introduce such
platform, combining the catalytic advantages of g-C3N4@nZVI
with the simplicity of a CPE and the precision of DPV. This novel
approach offers improved sensitivity, fast response times, high
selectivity against common urinary interferences, and robust
performance in real-sample matrices. This point-of-care sensor
platform promises a cost-effective, user-friendly tool for early
cancer biomarker screening and monitoring.

2. Experimental
2.1. Materials and reagents

Homovanillic acid (99%), melamine, ferric chloride (FeCl3),
sodium borohydride (NaBH4), sodium hydroxide (NaOH),
graphite, and phosphate-buffered saline (PBS) tablets were
procured from Sigma-Aldrich (Germany). Paraffin oil, used as
the binder in carbon paste preparation, was supplied by Merck
KGaA (Darmstadt, Germany). HPLC-grade ethanol was obtained
from Fisher Scientic (Loughborough, UK), and deionized
water (double-distilled) was produced on-site using an Agela
Technologies system (Wilmington, USA).

2.2. Instrumentation

A Corrtest CS100 portable potentiostat/galvanostat (Wuhan,
China) was employed for electrochemical measurements in
a three-electrode conguration: an Ag/AgCl reference electrode,
a platinum wire serving as the counter electrode, and the g-
C3N4@nZVI carbon paste electrode functioning as the working
electrode. This lightweight device is suitable for portable
applications including DPV measurements. Solution pH was
adjusted using a Jenway 3330 digital ion analyser with a glass
pH electrode (Jenway, Essex, UK) to ensure precise pH adjust-
ment of test solutions. Morphological analysis of the g-
C3N4@nZVI composite was conducted using a ZEISS EVO
scanning electron microscope.

2.3. Procedure

2.3.1. Standard solution preparation. A stock HVA solution
was prepared by dissolving 45.5 mg of HVA in a 25 mL volu-
metric ask with deionized water, then lling to themark. From
this, 1 mL was pipetted into a second 25 mL ask and diluted to
the mark, resulting in a 1 × 10−3 M HVA solution.

2.3.2. Fabrication of g-C3N4@nZVI composite. Graphitic
carbon nitride (g-C3N4) was synthesized by heating melamine in
an oven at 550 °C for 4 hours, followed by annealing at 500 °C
for an additional 2 hours.55 The resulting yellowish powder was
washed, dried, and ground to obtain g-C3N4. A total of 200mg of
g-C3N4 powder was dispersed in 20.0 mL of distilled water and
subjected to ultrasonication for 10 minutes to achieve uniform
dispersion. Subsequently, an aqueous solution of FeCl3, 4 mg
mL−1 was added and manually stirred with a glass rod for 15.0
minutes. To initiate the reduction reaction, 1.0 mL of NaBH4
RSC Adv., 2026, 16, 9388–9398 | 9389
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solution was added dropwise over 10minutes under continuous
magnetic stirring at 300 rpm. The reaction followed a liquid-
phase reduction pathway, resulting in the formation of zero-
valent iron nanoparticles (nZVI), which appeared as a black
suspension. To ensure complete reduction, the reactionmixture
was stirred for an additional 10.0 minutes. The resulting g-
C3N4@nZVI composite was collected by centrifugation, thor-
oughly washed three times by water and last time by ethanol
and dried in an oven at 60 °C for 30 minutes to yield the nal
puried product. Fig. S1 visually encapsulates each stage:
thermal treatment, dispersion, iron loading, reduction,
washing, and drying, providing a clear and concise overview of
the synthesis protocol.

2.3.3. Fabrication of g-C3N4@nZVI modied carbon paste
electrodes. CPEs containing varying percentages of the synthe-
sized g-C3N4@nZVI composite were prepared as follows:
specic amounts of graphite powder were weighed and placed
into a mortar. Subsequently, different amounts of the g-
C3N4@nZVI composite (1.0, 2.0, 5.0, and 10.0 mg) were added,
corresponding to 1%, 2%, 5%, and 10% (w/w) relative to the
total paste composition (200.0 mg). The mixtures were thor-
oughly homogenized with 0.50 mL of paraffin oil for at least 5
minutes to ensure uniform dispersion. The resulting modied
electrodes were designated as 1% g-C3N4@nZVI/CPE, 2% g-
C3N4@nZVI/CPE, 5% g-C3N4@nZVI/CPE, and 10% g-
C3N4@nZVI/CPE, respectively. Each modied paste was lled in
the electrode body and a copper wire was used for electrode
connection. The plain CPE was prepared in the same procedure
without g-C3N4@nZVI mixing. The new surface of the paste
electrode surface was simply renewed by scraping off about
3.0 mm of its old surface and polishing the new surface with
a piece of tracing paper.

2.3.4. Operational conditions of electrochemical measure-
ments. Voltammetric measurements were performed at room
temperature using cyclic voltammetry (CV) and DPV to investi-
gate the electrochemical behavior of HVA. A detailed CV anal-
ysis, by sweeping the potential from −0.10 to +1.20 V, was
conducted in an electrolyte solution containing 1.0 mM potas-
sium ferricyanide [K3[Fe(CN)6]] for characterizing the electro-
chemical properties of g-C3N4@nZVI/CPE and bare CPE. The
voltammetric response of HVA was examined at g-C3N4@nZVI/
CPE by recording voltammograms at different scan rates (10
to 200 mV s−1). For quantication, DPV was carried out under
controlled conditions including a pulse amplitude set to 0.07 V,
pulse width (modulation time) to 0.095 s, and pulse period
(interval) to 0.5 s. DPV voltammograms in the anodic region,
ranging from −0.20 V to +1.2 V, were carefully studied. These
techniques together with optimized parameters provided a clear
and detailed study of the electrochemical properties of HVA.

2.3.5. Construction of calibration curve. Aliquots of HVA
were transferred from its stock solution into different 25 mL
volumetric asks. The volume was then precisely adjusted to
achieve nal concentrations ranging from 2 mM to 100 mMusing
PBS solution at pH 7.0. DPV was performed within a potential
range from −0.20 V to +1.2 V. The peak current recorded for
each sample was plotted against its respective concentration to
9390 | RSC Adv., 2026, 16, 9388–9398
construct the calibration curve and determine the regression
equation.

2.3.6. Method validation. The developed method was
successfully validated following ICH guidelines56 for linearity,
accuracy, precision, detection, and quantication limits, con-
rming its suitability for the intended use. Linearity was thor-
oughly investigated under optimal electrochemical conditions
by analyzing six different concentrations of HVA. Accuracy was
assessed by calculating the percentage recovery of three
different concentrations. Intra-day and inter-day precision were
evaluated and reported as % RSD.

2.3.7. Analysis of HVA in urine. To analyze urine samples,
1.0 mL of urine was spiked with precise amounts of HVA stock
solution and the mixture was then diluted to a nal volume
using phosphate buffer pH 6 to achieve the desired concentra-
tion. Adjustment of the pH was performed to ensure consis-
tency and optimize the analytical conditions for our
voltammetric method to determine HVA with accuracy and
reproducibility in the prepared urine samples.
3. Results and discussion

The g-C3N4@nZVI-modied carbon paste electrode (CPE)
demonstrated strong electrochemical performance: DPV
produced sharp, concentration-dependent peaks, with
enhanced sensitivity and well-dened responses. SEM
combined with EDX conrmed a uniform distribution of nZVI
nanoparticles throughout the g-C3N4 matrix, which enhances
electron transfer and resists fouling. Integrating this nano-
composite CPE with DPV represents a novel, rapid, and portable
solution for direct HVA screening, advancing point-of-care
cancer biomarker detection.
3.1. Surface characterization of g-C3N4@nZVI-modied
carbon paste electrode

Surface characterization of the g-C3N4@nZVI composite was
performed using scanning electron microscopy (SEM) in
combination with energy-dispersive X-ray spectroscopy (EDX).
As shown in Fig. 1, the SEM micrograph reveals a rough,
aggregated surface composed of crumpled and stacked lamellar
domains, which are characteristic of graphitic carbon nitride.
The layered framework is decorated with numerous ne gran-
ular features distributed over the surface, giving rise to
a heterogeneous yet compact morphology. These nanoscale
domains are attributed to the incorporation of nZVI within the
g-C3N4 matrix. Importantly, no large or isolated iron-rich
agglomerates are observed, indicating effective dispersion of
iron species throughout the composite. The elemental compo-
sition and spatial distribution were further evaluated by EDX
analysis and elemental mapping (Fig. 2). The EDX spectrum
conrms the presence of carbon, nitrogen, oxygen, and iron,
consistent with the expected composition of the g-C3N4@nZVI
composite. Elemental mapping images demonstrate a homoge-
neous distribution of carbon and nitrogen across the layered
framework, while iron signals are uniformly dispersed
throughout the same regions, corroborating the successful
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 SEM image of g-C3N4@nZVI shows a rough, aggregated surface
composed of crumpled and stacked lamellar domains, which are
characteristic of graphitic carbon nitride. The layered framework is
decorated with numerous fine granular features distributed over the
surface, giving rise to a heterogeneous yet compact morphology.
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immobilization of nZVI within the g-C3N4 structure. The
detected oxygen is attributed to surface oxidation and oxygen-
containing functional groups associated with both g-C3N4 and
iron species.

The FTIR spectrum of the g-C3N4@nZVI nanocomposite
(Fig. S2) conrms the preservation of the graphitic carbon
nitride framework aer iron incorporation. The broad absorp-
tion band in the 3000–3400 cm−1 region is attributed to –NH
and –OH stretching vibrations from residual amino groups and
Fig. 2 (A) EDX spectrum of g-C3N4@nZVI confirm the presence of carb
mapping images of g-C3N4@nZVI show the distribution of carbon (C), n

© 2026 The Author(s). Published by the Royal Society of Chemistry
surface-adsorbed moisture. The strong bands observed between
1200 and 1650 cm−1 correspond to characteristic C–N and C]N
stretching modes of the tri-s-triazine units, while the band near
∼800 cm−1 is assigned to the breathing mode of the s-triazine
ring, a ngerprint feature of g-C3N4.

Following the incorporation of nZVI, no distinct bands
related to crystalline iron oxides are detected, indicating that
the iron species are highly dispersed within the g-C3N4 matrix.
Subtle changes in band intensity suggest interfacial interac-
tions between g-C3N4 and nZVI, supporting successful
composite formation without disruption of the host structure.
This retained framework is advantageous for efficient charge
transport during electrochemical sensing.

X-ray diffraction was employed to examine the crystalline
features of the g-C3N4@nZVI nanocomposite (Fig. S3). The di-
ffractogram displays a dominant reection at around 27.4°,
which is characteristic of the (002) interlayer stacking of
graphitic carbon nitride, conrming the preservation of its
layered structure aer composite formation. A weak and broad
feature near 13° can be attributed to the in-plane structural
packing of the tri-s-triazine units of g-C3N4. No distinct
diffraction peaks attributable to crystalline iron or iron oxides
are observed in the XRD pattern. This is likely due to the low
loading level, nanoscale dimensions, and high dispersion of
nZVI particles within the g-C3N4 matrix, which can render iron
phases XRD-amorphous. As a result, while XRD conrms the
structural integrity of g-C3N4, it cannot unambiguously distin-
guish between Fe0 and oxidized iron species in the composite.
Therefore, the presence and uniform incorporation of iron are
further supported by SEM–EDX mapping and the pronounced
enhancement in electrochemical performance, which is
consistent with reports on nZVI-based composites in the
literature.
on (C), nitrogen (N), oxygen (O), and iron (Fe) and (B) EDS elemental
itrogen (N), oxygen (O), and iron (Fe).

RSC Adv., 2026, 16, 9388–9398 | 9391
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Nitrogen adsorption–desorption measurements were per-
formed to evaluate the textural properties of the g-C3N4@nZVI
nanocomposite. As shown in Fig. S4, the material exhibits
a type-IV isotherm with a pronounced uptake at higher relative
pressures (P/P0 > 0.8), indicative of a mesoporous structure. The
corresponding BET plot shows good linearity within the
appropriate pressure range, conrming the validity of the
surface area analysis. The specic surface area calculated using
the Brunauer–Emmett–Teller (BET) method was 11.826 m2 g−1,
supporting the claim that the g-C3N4 framework provides
a high-surface-area matrix for nanoparticle immobilization. The
presence of mesopores and accessible surface sites is expected
to facilitate analyte diffusion and enhance electroactive site
availability, contributing to the improved electrochemical
response observed for HVA sensing.

Together, these structural, compositional, and textural
analyses conrm the successful fabrication of a well-integrated
g-C3N4@nZVI nanocomposite with uniform iron dispersion and
accessible surface area, providing a solid structural basis for the
enhanced electrochemical activity observed during HVA
detection.
Fig. 3 DPV of CPE with different percentage of g-C3N4@nZVI in
1.0 mM HVA using PBS pH 6.
3.2. Electrochemical characterization of g-C3N4@nZVI-
modied carbon paste electrode

The electrochemical potential window, which denes the range
of voltages an electrode can effectively operate within, is a key
factor inuencing its practical applications. To compare the
performance of the modied and unmodied electrodes, cyclic
wave voltammograms were recorded under identical condi-
tions, and are presented in Fig. S5. The modied g-C3N4@nZVI/
CPE electrode displayed a larger response, than the unmodied
one. Furthermore, differential pulse voltammograms of the
Fe2+/Fe3+ redox system were recorded at the nZVI/CPE, g-C3N4/
CPE, and g-C3N4@nZVI/CPE electrodes. Among these, the g-
C3N4@nZVI-modied electrode displayed a substantially higher
cathodic peak current along with sharper peak features relative
to the electrodes containing the individual components. This
enhancement can be attributed to the synergistic interaction
between g-C3N4 matrix and nZVI particles, resulting in
improved electrochemical performance (Fig. S6).

In addition, the electroactive surface area (ECSA) of the
electrodes was estimated using the Fe2+/Fe3+ redox probe. The g-
C3N4@nZVI/CPE exhibited a markedly larger ECSA (0.18 cm2)
compared to the bare CPE (0.09 cm2), conrming that incor-
poration of the nanocomposite signicantly increases the
number of accessible electroactive sites. This enlarged surface
area facilitates enhanced charge transfer and contributes
directly to the observed increase in peak current response.

The layered g-C3N4 structure provides a high surface area
and conductive network,29 while the uniformly distributed zero-
valent iron nanoparticles facilitate rapid electron transfer and
improved catalytic activity.35,36 This leads to a more efficient
oxidation of HVA, evidenced by the increased peak current and
better peak denition. Importantly, the inclusion of the g-
C3N4@nZVI nanocomposite within the carbon paste signi-
cantly suppresses the capacitive (non-faradaic) current at the
9392 | RSC Adv., 2026, 16, 9388–9398
electrode interface. This led to a lower and cleaner baseline
current, which directly enhances the detectable faradaic signal
margin. As non-faradaic currents are greatly reduced, even low-
level analyte oxidation produces sharper and more distin-
guishable peaks. Consequently, this leads to improved sensi-
tivity and a lowered detection limit. Collectively, these
observations conrm that the g-C3N4@nZVI composite signi-
cantly enhances the electrochemical sensing capabilities of the
CPE, making it well suited for point-of-care HVA detection.
3.3. Electrochemical impedance spectrometry (EIS)
measurements

EIS was carried out using the [Fe(CN)6]
3−/[Fe(CN)6]

4− redox
system to investigate the interfacial electron-transfer charac-
teristics of the electrodes. The charge-transfer resistance (Rct)
value was reduced from 279 U for the bare CPE to 164 U for the
g-C3N4@nZVI/CPE, conrming the successful immobilization
of the nanocomposite on the electrode surface. The improved
conductivity of the g-C3N4@nZVI nanostructure facilitated
faster electron transfer, thereby enhancing the electrochemical
performance of the modied electrode.
3.4. Voltammetric method optimization

3.4.1. Different percentage of the g-C3N4@nZVI composite.
The electrochemical performance of g-C3N4@nZVI-modied
CPE with varying percentages of added g-C3N4@nZVI
composite (1%, 2%, 5%, and 10%) was investigated and
compared. Among these, the 2% g-C3N4@nZVI-modied CPE
demonstrated the highest electrochemical activity, yielding
a higher current response as shown in Fig. 3.

3.4.2. Optimization of DPV conditions. The optimization of
key DPV parameters such as pulse amplitude, pulse width, and
pulse period was undertaken to maximize the analytical
performance of the g-C3N4@nZVI-modied CPE for HVA
detection. Pulse amplitude was varied between 0.05–0.07 V. At
0.05 V, the oxidation peak was relatively modest; increasing to
0.07 V enhanced current response and peak denition. Thus,
0.07 V was selected as the optimal amplitude, balancing
© 2026 The Author(s). Published by the Royal Society of Chemistry
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sensitivity against signal clarity (Fig. S7A). Pulse width (modu-
lation time) was then adjusted (0.095–0.105 s). A width of
0.095 s provided the most intense and well-dened peak
(Fig. S7B). Pulse period (interval time) was varied between 0.5–
0.7 s. A period of 0.5 s yielded a sharp, high current peak with
minimal baseline dri (Fig. S7C). These ndings align with
established DPV theory, which notes that proper adjustment of
pulse amplitude, duration, and spacing enhances the ratio of
faradaic to capacitive current, sharpens peak shapes, and
lowers detection limits.57

3.4.3. Effect of pH. The inuence of solution pH on the
electrochemical oxidation of HVA was examined across the pH
range of 6.0 to 8.0 in PBS. As illustrated in Fig. S8, the anodic
peak current varied signicantly with pH, indicating that proton
concentration affects the electrode reaction kinetics. At pH 6.0,
the peak current reached its maximum, suggesting enhanced
electron transfer under slightly acidic conditions, so pH 6.0 was
chosen for subsequent measurements.

3.4.4. Effect of scan rate. The inuence of scan rate on the
electrochemical behavior of HVA was examined using the g-
C3N4@nZVI-modied CPE over a range of 10 to 200 mV s−1. As
shown in Fig. 4, increasing the scan rate resulted in a propor-
tional rise in the anodic peak current (Ip), accompanied by
a shi in peak potential toward more positive values, indicating
the irreversibility of the oxidation process.58 A linear relation-
ship (R2 = 0.9962) was observed between Ip and the square root
of the scan rate (n1/2), as illustrated in Fig. S9, suggesting
a diffusion-controlled mechanism. However, the non-zero
intercept of this plot implies that additional factors, such as
weak adsorption interactions, may also be contributing.58

Additionally, a linear regression analysis between the logarithm
of the scan rate (log n) and the log Ip was performed, yielding
a slope of 0.3757 (Fig. S10). Since the measured slope is
signicantly below unity, it conrms that the oxidation of HVA
at the g-C3N4@nZVI-modied carbon paste electrode is
predominantly governed by diffusion of HVA molecules from
the bulk solution to the electrode surface with minimal
contribution from surface adsorption.58 These deviations can be
reasonably attributed to nite diffusion and thin-layer effects
associated with the porous g-C3N4@nZVI composite layer,
Fig. 4 Cyclic voltammograms of 1.0 mM HVA in PBS (pH = 6) on the
2% g-C3N4@nZVI/CPE at different scanning rates (10–200 mV s−1).

© 2026 The Author(s). Published by the Royal Society of Chemistry
whichmay partially conne HVAmolecules within the electrode
matrix.59 Moreover, the irreversible nature of HVA oxidation,
involving a proton-coupled electron transfer followed by a rapid
chemical transformation of the oxidation intermediate,60

introduces kinetic limitations that further reduce the apparent
slope.
3.5. Suggested mechanism of HVA electrochemical
oxidation

HVA is a catechol derivative featuring both hydroxyl and
methoxy substituents on an aromatic ring, typically undergoes
an irreversible two-electron, two-proton oxidation at carbon-
based electrodes, as reported in earlier studies.60 This reaction
produces a quinone-like oxidation product, consistent with the
known behaviors of catechol-containing compounds under-
going proton-coupled electron transfer. In the context of the g-
C3N4@nZVI-modied CPE, the proposed mechanism begins
with adsorption of HVA onto the composite surface. The initial
anodic electron transfer oxidizes the dihydroxy moiety into
a corresponding quinone species, releasing two electrons and
two protons (Fig. 5). Concurrently, the surface-bound iron
(nZVI) in the composite facilitates electron shuttling or catalytic
oxidation through an electrochemical promotion of catalysis
effect, enhancing charge transfer efficiency and lowering over-
potential.35,36 During CV, the absence of a reverse cathodic peak
conrms the irreversibility of HVA oxidation, indicative of
further chemical transformation of the oxidation intermediate.
DPV yields well-dened peaks whose heights scale with HVA
concentration, supporting the dominance of this irreversible,
diffusion-driven oxidation pathway.
3.6. Analytical performance of HVA on g-C3N4@nZVI-
modied CPE

The incorporation of g-C3N4@nZVI into the CPE signicantly
enhanced its electrochemical response toward HVA. CV per-
formed in PBS (pH 6.0) with HVA revealed a single anodic peak
at approximately 0.42 V and no corresponding cathodic return
peak, conrming the irreversible nature of HVA oxidation.
Compared to the unmodied CPE, the modied electrode
exhibited a substantially larger peak current and favorable shi
in oxidation potential, indicative of improved sensitivity and
catalytic activity. This enhancement enabled an extended linear
dynamic range and lower detection limit in HVA quantication.
Given these ndings, DPV was selected for quantitative analysis
due to its superior analytical qualities, particularly its ability to
suppress capacitive (non-faradaic) current through pre- and
post-pulse current subtraction, resulting in cleaner baselines
Fig. 5 Suggested mechanism for HVA oxidation.
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Fig. 7 DPV responses of 1.0 mM HVA and equimolar concentration of
interfering substances (creatinine, ascorbic acid, uric acid, dopamine,
and glucose) using phosphate buffer (PH = 6) at the surface of g-
C3N4@nZVI/CPE.

Fig. 6 The peak current plot as a function of the concentration of HVA
using 2% g-C3N4@nZVI/CPE in PBS (pH = 6).
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and sharper, high-resolution oxidation peaks.41,42 Under opti-
mized pulse conditions (0.07 V amplitude, 0.095 s width, 0.5 s
period), DPV measurements of HVA across 2–100 mM yielded
highly reproducible current responses (Fig. S11). The resulting
calibration curve (Fig. 6) exhibited excellent linearity, described
by the regression equation I = 0.4728 CHVA + 0.9998, further
conrming the electrode's robustness for sensitive and precise
HVA detection.
3.7. Method validation

The validation outcomes for the g-C3N4@nZVI-modied CPE
are summarized in Table 1. These results showcase the analyt-
ical method's precision, accuracy, and suitability for reliable
determination of HVA in urine samples, underscoring its
practical applicability as a robust diagnostic tool.

The selectivity of the sensor was evaluated by examining the
electrochemical behavior of HVA in the presence of common
interferents that may be excreted in urine such as ascorbic acid,
Table 1 Response characterization and validation parameters ob-
tained by the developed DPV method for determination of HVA

Parameter Homovanillic acid

LOD (mm) 0.978
Linearity range (mM) 2.00–100.00
Slope 0.4728
Intercept 1 × 10−6

Correlation coefficient (r) 0.9998
Accuracy (mean � SD) 100.08 � 1.01

Precision
(% RSD)a 1.45
(% RSD)b 1.68

a Intraday precision [average of three different concentrations of three
replicate each (n = 9) within the same day]. b Interday precision
[average of three different concentrations of three replicate each
(n = 9) repeated on three successive days].

9394 | RSC Adv., 2026, 16, 9388–9398
creatinine, uric acid, dopamine and glucose under the same
experimental conditions. DPV responses demonstrate that the
interfering species do not produce signicant current
responses, conrming the high selectivity of the developed
sensor toward HVA detection (Fig. 7). As a result, the proposed
sensor achieves high selectivity in complex urine matrices,
ensuring accurate HVA quantication without extensive sample
pretreatment.

To assess intra-day precision, three consecutive measure-
ments of the anodic peak current were made using three
different HVA standard solutions on the same day, and the
relative standard deviation (% RSD) was calculated. For inter-
day precision, identical concentration levels were measured
on separate days, yielding % RSD values below 2%, demon-
strating excellent reproducibility. Accuracy was veried by
measuring three different HVA concentration levels and calcu-
lating recovery rates; results consistently fell within acceptable
ranges, conrming the method's reliability for quantitative
determinations.
3.8. Sensor stability

A long-term stability assessment of the g-C3N4@nZVI-modied
carbon paste electrode was conducted using DPV in a standard
solution of HVA. Over a 3 months period and multiple
measurement sessions, the peak current remained remarkably
consistent, with relative standard deviation (RSD) values well
under 2%, indicating exceptional reproducibility.
Table 2 Analytical application of the developed sensor in urine
samples with spiked HVA concentrations

Analytes

HVA concentration (mM)

Recovery%Added Found

HVA 10 9.5 95.00 � 1.28
30 29.39 97.96 � 0.93

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Comparison of the proposed sensor performance with the reported electrochemical methods

Method/electrode Technique Linear range LOD Matrix Key points References

Modied Ni-doped
ZnO/CPE

DPV 3.96 × 10−6 to
3.83 × 10−5 M

1.01 × 10−6 M Urine Good sensitivity for
urinary HVA but requires
very acidic conditions

2

Urea-derivative-modied
graphite electrode

DPV 9.97 × 10−6 to
2.35 × 10−4 M

1.99 × 10−7 M Buffer
solutions

Limited real-sample
validation

26

Modied pencil graphite
electrode

DPV 3.00 × 10−6 to
6.14 × 10−5 M

1.82 × 10−6 M Urine Monomer concentration,
polymerization cycles,
and pH must be carefully
optimized to achieve
reproducible results

27

Poly(neutral red)
(PNR/GCE)

DPV 4 × 10−6 M to
1.0 × 10−4 M

1.2 × 10−6 M Urine Requires very acidic
conditions

28

g-C3N4@nZVI/CPE DPV 2.00 × 10−6 M
to 1.00 × 10−4 M

9.78 × 10−7 M Urine Highest sensitivity at
near neutral conditions

This work

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
Fe

br
ua

ry
 2

02
6.

 D
ow

nl
oa

de
d 

on
 3

/1
6/

20
26

 8
:4

6:
15

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
3.9. Analysis of HVA in spiked human urine

To assess method performance under realistic conditions,
human urine samples were spiked with known amounts of HVA
across the established calibration range of 2 to 100 mM. Pub-
lished studies report typical adult urinary HVA concentrations
in the range of approximately 8–41 mM,27 placing physiological
levels within the sensor's linear response window. Spiked urine
specimens were diluted with PBS (pH 6.0) and analyzed via DPV
using the g-C3N4@nZVI/CPE under the previously described
experimental conditions. Results exhibited consistently sharp,
well-dened oxidation peaks for HVA. Recoveries ranged within
accepted concentration levels, demonstrating both accuracy
and reliability in complex urine (Table 2). These ndings
conrm that the sensor performs robustly for clinically relevant
HVA concentrations and is therefore suitable for point-of-care
applications in real human urine samples.
3.10. Comparison of the proposed sensor with previously
reported sensors

The analytical characteristics of the proposed g-C3N4@nZVI/
CPE were compared with previously reported electrochemical
methods for HVA determination, as summarized in Table 3. The
present sensor exhibits a linear response between 2 and 100 mM,
that fully encompasses the clinically relevant urinary HVA
concentrations (8.0–41.0 mM), while operating under near-
neutral pH conditions suitable for direct urine analysis.
Unlike several earlier approaches that require strongly acidic
electrolytes, sophisticated electrode materials, or extensive
sample pretreatment, the developed platform operates under
near-neutral conditions and allows straightforward analysis of
diluted urine samples. While some reported sensors achieve
lower limits of detection, these are oen based on costly
substrates or complex fabrication procedures that restrict
portability and routine use. In contrast, the g-C3N4@nZVI/CPE
combines adequate sensitivity with simple electrode prepara-
tion, good selectivity toward HVA in the presence of common
urinary components, and stable performance in real matrices.
© 2026 The Author(s). Published by the Royal Society of Chemistry
These features collectively underline the suitability of the
proposed sensor for practical and decentralized HVA analysis.

4. Conclusion

Electrochemical biosensors have emerged as transformative
tools in cancer diagnostics, offering rapid, sensitive, and low-
cost detection of biomarkers like homovanillic acid. In this
work, a hybrid nanocomposite, graphitic carbon nitride (g-
C3N4) loaded with nanoscale zero-valent iron (nZVI), was inte-
grated into a CPE to produce a portable sensor capable of high-
performance HVA detection in urine via Differential Pulse Vol-
tammetry (DPV). The modied g-C3N4@nZVI/CPE exhibited
signicantly enhanced electrochemical behavior compared to
unmodied electrodes, with superior peak currents, broader
linear detection range, and reduced background currents.
Taken together, this work presents the rst demonstration of
a g-C3N4@nZVI-modied CPE for direct, rapid, and reliable
DPV-based detection of HVA in urine. The approach aligns well
with current trends in decentralized biomarker sensing and
offers a practical foundation for future development of portable
cancer diagnostic tools, where early, non-invasive detection can
signicantly enhance patient outcomes.
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