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Electrochemical resolution of purine metabolite
overlap using a synthesis-assisted Fe,Oz-RGO
heterointerface
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An advanced electrochemical sensor was successfully fabricated by modifying a glassy carbon electrode
(GCE) with a composite of Fe,Os nanoparticles and reduced graphene oxide (RGO). The resulting Fe,Os-
RGO/GCE was characterized, and its performance was evaluated for the simultaneous determination of
uric acid (UA), xanthine (XA), and hypoxanthine (HX). The oxidation peaks of UA, XA, and HX were clearly
separated at approximately +0.3 V, +0.7 V, and +1.2 V, respectively. This remarkable separation,
attributed to a synergistic effect between the highly conductive RGO and the catalytic Fe,Os, overcomes
a significant analytical challenge presented by the overlapping signals of these coexisting purine
metabolites. The sensor exhibited a low detection limit of 0.003 uM for UA within a linear range of 0.01
uM to 1.99 uM. Furthermore, the electrode’s selectivity was confirmed; common biological interferents,
such as ascorbic acid, dopamine, glucose, and urea, did not cause significant signal interference. The
method's practical utility was confirmed through the analysis of real urine samples, with results showing
high recovery rates and statistical agreement with the standard HPLC method. Additionally, this work
provides a sustainable and scalable solution to the persistent challenge of purine metabolite overlap,
offering a robust platform for the rapid, low-cost, and decentralised monitoring of metabolic disorders in

rsc.li/rsc-advances clinical settings.

1. Introduction

Uric acid (UA), the terminal product of human purine catabo-
lism, has been implicated in gout, nephrolithiasis, and renal-
cardiometabolic disorders; its production from hypoxanthine
(HX) and xanthine (XA) proceeds via two sequential oxidations
catalyzed by XA oxidoreductase. In physiological specimens, UA
therefore coexists with both precursors, and fluctuations across
the triad encode pathway activity and therapeutic response.
Under normal physiological conditions, the concentration of
uric acid in human serum is maintained within the range of 210
UM to 420 uM for males and 150 uM to 350 uM for females. In
urine, the excretion levels typically range from 1.5 mM to
4.4 mM per 24 hours. Deviations from these homeostatic levels
are frequently utilized as primary biomarkers for the diagnosis
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of metabolic disorders." Abnormal elevations in serum uric
acid, known as hyperuricemia, are directly implicated in the
precipitation of monosodium urate crystals, which leads to
gouty arthritis and nephrolithiasis. Furthermore, chronic
hyperuricemia is increasingly recognized as an independent
risk factor for hypertension, cardiovascular disease, and
chronic kidney disease, necessitating precise monitoring tools.”
This biochemical setting has been clarified by recent accounts
of purine metabolism and analytical uses of purine catabolites,
underscoring the continued requirement for selective,
interference-resistant UA measurements in clinically relevant
fluids.** Conversely, the precursors xanthine and hypoxanthine
are present at significantly lower concentrations in healthy
human serum, typically ranging from 0.05 puM to 3.0 uM for
xanthine and 0.5 uM to 5.0 uM for hypoxanthine. Elevated levels
of these metabolites are associated with pathological conditions
such as hereditary xanthinuria, resulting from xanthine oxido-
reductase deficiency, or Lesch-Nyhan syndrome, a disorder of
purine salvage.>®

Currently, the determination of purine metabolites is
predominantly performed using high-performance liquid
chromatography (HPLC) or enzymatic colorimetric assays.
While these methods offer high specificity and accuracy, their
widespread application in point-of-care testing is often limited
by high operational costs, the requirement for bulky
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instrumentation, and complex sample pretreatment protocols.
They are generally restricted to offline analysis rather than real-
time detection due to the necessary sample transport and
separation lag times. Consequently, alternative methodologies
that offer rapid response times and portability are highly sought
after.>” Electrochemical sensing has been adopted as a practical
route to UA analysis because rapid readouts can be achieved
with low sample volumes and compact instrumentation.®
Within this domain, differential-pulse voltammetry (DPV) has
been favored for trace analytes since non-faradaic contributions
are intrinsically minimized and peak resolution is enhanced,
allowing closely spaced oxidation processes to be distinguished
in complex backgrounds. Recent method papers and reviews
have consolidated these advantages, including the pH-
dependent shifts in UA peak potentials that reflect proton-
coupled oxidation."**°

Despite these strengths, a core selectivity bottleneck has
persisted at conventional carbon electrodes. The anodic oxida-
tions of HX, XA, and UA occur at proximate potentials and
follow related two-electron pathways, so partial peak overlap
and mutual signal distortion are frequently observed. Founda-
tional voltammetric studies documented the sequence HX, XA,
UA, and the narrow potential spacing across wide pH ranges,
explaining why bare electrodes often underperform for multi-
analyte purine analysis."* To mitigate this limitation, interfacial
engineering has been pursued. Polymer films and graphene-
based hybrids have yielded improved separations, as illus-
trated by poly(i-arginine)/graphene films for the UA-XA-HX
triad, ferrite/graphene composites that permit simultaneous tri-
purine readouts, and newer oxide—-carbon platforms tuned for
selected purine pairs in urine.**™*

Recent advancements in 2024 and 2025 have further
underscored the efficacy of heterointerfaces. Reduced graphene
oxide (RGO) has served as a conductive, high-area scaffold that
accelerates interfacial electron transfer while enriching
aromatic analytes through m-m and electrostatic interac-
tions.'®"” Electrochemical RGO generation is a reagent-free, in
situ route. For instance, Ramesh (2024) successfully developed
N-doped ZnWO, nanorods decorated on N-doped RGO sheets
for the sensitive detection of diphenylamine with a LOD of
0.0083 puM, while Rajaram (2025) reported the hydrothermal
synthesis of pure-phase doughnut-like NiNb,O nanostructures
on RGO for azathioprine sensing, achieving a LOD of 0.0035
uM. These studies highlight the crucial role of synergistic
interactions in enhancing electrochemical performance for
environmental and food safety monitoring.®** This method
avoids hazardous reductants, allows precise control over oxygen
functionality/defect density, and yields films directly on the
current collector with low charge-transfer resistance. These
features have been detailed in recent reviews and process
studies, and have motivated the increasing use of ERGO in
sensing architectures, including screen-printed and miniatur-
ized formats.>*>*

Transition-metal oxides complement graphene by intro-
ducing redox-active catalytic sites. Among various candidates,
iron(m) oxide (Fe,03) is recognised as an abundant, non-toxic d-
block transition-metal oxide. While certain lanthanide-series
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oxides (e.g., CeO, or La,Oz) have been explored in electro-
chemical architectures for their unique electronic properties
and oxygen storage capacity, d-block oxides remain the
preferred candidates for purine analysis owing to their robust
catalytic activity and practical scalability. Conversely, the
implementation of actinide-series elements is generally
precluded in biosensing frameworks due to inherent radiolog-
ical risks and associated safety protocols.**¢ Therefore, when
iron(m) oxide (Fe,O;) is interfaced with RGO, cooperative
behaviour is typically observed: RGO furnishes fast electron
pathways and adsorption domains, whereas Fe,O; contributes
surface hydroxyls and Fe(m)/Fe(u) couples that lower over-
potentials and amplify faradaic responses.”””® The integration
of RGO with Fe,O; is predicated on a synergistic design prin-
ciple: the RGO nanosheets provide a highly conductive, high-
surface-area scaffold that minimises diffusion resistance,
while the Fe,O; nanoparticles introduce specific catalytic sites.
It is expected that this composite will lower the activation
energy for purine oxidation and enhance the adsorption
capacity for the analytes, thereby resolving the overlapping
signals.'®® Recent reports have described Fe,Oj/graphene
hybrids for UA with co-analytes and morphology-dependent
activity, and have extended the concept to ao-Fe,O3;/RGO
systems engineered for non-enzymatic UA sensing.””*

Within the broader landscape of purine electroanalysis,
numerous platforms have demonstrated simultaneous or pair-
wise detection—ranging from polymer-graphene films and
ferrite/rGO composites for the UA-XA-HX triad to oxide-
quantum-dot hybrids for UA-HX or UA-XA in urine. Neverthe-
less, selective UA readout under a persistent HX/XA background
has not been systematically established using Fe,O; anchored
on ERGO films fabricated entirely by electrochemical potential
scanning, despite the sustainability and reproducibility advan-
tages of this green route. The most recent literature has
continued to emphasize simultaneous quantification and
matrix tolerance, yet explicit demonstration that UA calibration
in DPV remains unbiased by its precursors—particularly in
complex matrices—has remained comparatively rare.****3°

In the present work, that interference problem has been
addressed directly by constructing a Fe,03;-RGO heterointerface
on GCE through reductant-free electrochemical RGO, followed
by Fe,O; assembly, and by interrogating UA responses with DPV
while XA and HX were maintained at fixed, clinically relevant
concentrations. The sensing concept has relied on adsorption-
controlled preconcentration on ERGO together with Fe,O;-
mediated catalytic acceleration to widen interpeak separations
and to decouple UA kinetics from those of its precursors. Under
these conditions, UA calibration slopes and intercepts were
shown to be preserved relative to single-analyte conditions, with
nanomolar-level detection and agreement with an HPLC refer-
ence in urine, establishing that UA can be quantified without
bias in the co-presence of XA and HX. With a LOD of 0.003 uM
and proven selectivity in urine samples, this platform provides
a sustainable, scalable foundation for future point-of-care
devices capable of comprehensive purine profiling. The plat-
form thus provides a sustainable, scalable foundation for

© 2026 The Author(s). Published by the Royal Society of Chemistry
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forthcoming true concurrent UA-XA-HX electroanalysis in
complex matrices.

2. Experimental

2.1. Chemicals

The chemicals used in the study, including uric acid (UA),
xanthine (XA), hypoxanthine (HX), graphene oxide (GO),
graphite, iron(m) oxide (Fe,O3), ascorbic acid, urea, dopamine,
glucose, calcium nitrate (Ca(NOj3),), sodium chloride (NaCl),
ammonium sulfate ((NH,),SO,), and iron chloride (FeCl;), were
all of high purity =99%. These chemicals were sourced from
Merck, Germany, ensuring the precision and reliability of the
electrochemical analysis and the robustness of the sensor.

2.2. Instruments

For the physical and elemental characterization of the material,
high-resolution transmission electron microscopy (TEM) was
conducted on a Jeol JEM2100 instrument. Morphological and
elemental composition were determined using energy-
dispersive X-ray spectroscopy (EDX) and scanning electron
microscopy (SEM) with a Horiba EMAX ENERGY EX-400
analyzer.

All electrochemical experiments, including cyclic voltam-
metry and differential pulse voltammetry, were performed
using a Corrtest CS350M electrochemical workstation. A
standard three-electrode configuration was employed for all
electrochemical investigations.

2.3. Preparation of Fe,03;-RGO/GCE

2.3.1. Synthesis of GO. Graphene oxide (GO) was prepared
using the modified Hummers process.** The following process
outline describes the synthesis of graphene oxide (GO) from
graphite using a series of carefully controlled reactions.
Initially, a mixture of sulfuric acid (H,SO,) and phosphoric acid
(H3PO,) in a volume ratio of 360 :40 (mL mL ™) was prepared
and stirred at 30 °C. To this acidic mixture, 18 g of potassium
permanganate (KMnO,) was added, followed by 3.0 g of
graphite (G), and the resulting solution was allowed to react for
72 hours at 30 °C. Subsequently, 17 mL of 30% hydrogen
peroxide (H,0,) was added to the solution, which was then
transferred into a centrifuge tube for further processing.

The mixture was centrifuged at 6000 rpm for 60 minutes at
30 °C, during which the solid-phase material, characterized by
a yellowish-brown color, was formed. The solid was then
washed with hydrochloric acid (HCI) solution at a concentration
of 1.0 M to remove sulfate ions (SO,>") by precipitation with
barium chloride (BaCl,). This was followed by washing with
distilled water until chloride ions (Cl”) were completely
removed, confirmed by the addition of silver nitrate (AgNO3).

The resulting product was then centrifuged again at
6000 rpm for 60 minutes at 30 °C, and the solid was dried under
controlled conditions at 60 °C for 48 hours. The final product
obtained from this synthesis was graphene oxide (GO), also
referred to as the oxidized graphite product.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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2.3.2. Synthesis of Fe,05;-GO. Subsequently, iron precur-
sors such as iron(u) sulfate heptahydrate (FeSO,-7H,0) and
sodium acetate (CH;COONa) stabilizing agents were added to
the solution. The mixture was stirred vigorously at room
temperature for an extended period, allowing for complete
interaction between the carbon and iron species. The resulting
product was then washed multiple times with deionized (DI)
water and ethanol to eliminate any remaining impurities.
Afterward, it was dried under controlled conditions, producing
the desired Fe,0;-GO composite material.** This composite,
with its unique structural properties, was subsequently utilized
for further electrochemical applications.

2.3.3. The preparation of Fe,0;-GO/GCE. The GCE elec-
trode was polished carefully using alumina powder (0.05 um).
Afterward, the electrode was thoroughly washed with distilled
water two times. The surface of the electrode was further
cleaned by sonication in a mixture of ethanol (96%): water (50 :
50, v/v). The GCE electrode was then dried under a heating
source at 40 °C. Prior to modification with the composite
material, 1 mL of Fe,05-GO (1 mg mL™ ") solution was prepared
and added onto the electrode surface. Next, 10 uL of 5% Nafion
in ethanol (96%) was applied onto the surface to act as a binder
and stabilize the composite layer between the Fe,0;-GO mate-
rial and the GCE surface. This was followed by ultrasonic
treatment for 10 minutes. Subsequently, 5.0 pL of the composite
mixture was dropped onto the GCE surface (d = 2.8 £ 0.1 mm),
which was then cleaned and dried under a heating source at
40 °C.

The modified electrode was immersed in a 10.0 mL BRBS
buffer solution (pH = 7.0, Cgrps = 0.2 M) to ensure the elec-
trode's surface remained stable for electrochemical measure-
ments. The cyclic voltammetry electrochemical measurements
were conducted under ambient aerobic conditions in a solution
with an applied potential range from 0 V to —1.5 V vs. Ag/AgCl/
KC1 3 M for 120 s. The electrode created through this procedure
was designated as Fe,03;-RGO/GCE.

2.4. Preparation of real samples

Urine samples were collected post-mortem from slaughter-
houses in Hue City, Central Vietnam. These mammalian
samples were specifically selected to serve as a representative
complex biological matrix, sharing key compositional charac-
teristics (e.g., high ionic strength, urea, and protein content)
with human urine. This choice enables a rigorous evaluation
of the sensor's analytical performance and robustness in
a realistic physiological environment, without the immediate
need for human volunteers at this developmental stage. To
prepare the non-spiked (blank) sample, 1 mL of urine was
mixed with 2 mL of BRBS buffer, and deionized (DI) water was
added to adjust the total volume to 10 mL. The mixture was then
centrifuged and filtered through a membrane with a pore size of
0.46 pm.

For the spiked samples, 1 mL of urine was spiked with UA at
a concentration of 20 uM, mixed with 2 mL of BRBS buffer, and
DI water was added to achieve a final volume of 10 mL. The
resulting solution contained 20 uM of uric acid. The sample was

RSC Adv, 2026, 16, 9547-9562 | 9549
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then centrifuged and filtered using the same membrane filter as
for the non-spiked sample.

Both non-spiked and spiked solutions were analyzed for uric
acid content using the DPV method developed in this study.

3. Results and discussions

3.1. Characterizations of Fe,0;-RGO

In Fig. 1a, a continuous graphene sheet was observed with clear
wrinkles and folded edges. The surface appeared free of bright
particulates, which indicated that oxide domains had not yet
formed and that defect and edge sites on reduced graphene
remained available for later nucleation. In Fig. 1b, iron oxide
appeared as discrete bright particles with narrow size disper-
sion and sharp boundaries when viewed without a carbon host.
Their local contacts suggested a phase with high surface energy
that tends to approach one another in the absence of a sup-
porting sheet. In the SEM image of the composite (Fig. 1c), the
individual components are distinguishable by their morpho-
logical and contrast differences. The Fe,O; nanoparticles are
identified as the bright, granular features that are uniformly
distributed across the surface. These particles are anchored
onto the underlying RGO support, which is visible as the darker,
wrinkled sheets providing a continuous conductive network.
This distinction is further resolved in the TEM analysis (Fig. 1d).
Here, the high-density Fe,O; clusters appear as dark, opaque
aggregates (due to mass-thickness contrast) dispersed on the
lighter, semi-transparent background of the RGO nanosheets.
This clear contrast boundary confirms that the metal oxide is
physically immobilized on the carbon scaffold rather than
being a physical mixture. Direct contact between particle edges
and the carbon surface was evident. Although nanoparticles

Fig. 1 (a—c) The SEM images of RGO, Fe,Os3, and Fe,O3-RGO, (d and
e) HRTEM image of Fe,O3-RGO.
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have a natural tendency to aggregate, the RGO sheets effectively
acted as a support matrix, minimising severe agglomeration
and ensuring that the Fe,O; active sites remained accessible to
the electrolyte.

As shown in Fig. 1e, the lattice fringes of the anchored
nanoparticles are explicitly resolved. The measured interplanar
spacing corresponds precisely to the lattice parameters of the
hematite phase (Fe,O;). This direct lattice imaging confirms
that the synthesis conditions favored the formation of a highly
crystalline iron oxide phase anchored on the carbon scaffold.
This intimate contact between the crystalline oxide and the
carbon scaffold, visualized clearly in the fringe patterns,
underpins the synergistic heterointerface. The five figures build
a coherent progression from a receptive carbon scaffold to
a finely divided oxide phase, and finally to a uniform composite
with crystalline iron oxide anchored on conductive graphene.
This sequence provides the structural basis required later for
fast electron transfer and the formation of abundant catalytic
sites on the modified glassy carbon electrode.?”**3*

The electron images provided a composition-sensitive view
that complemented Fig. 1. Regions rich in iron appeared bright,
and the graphene matrix appeared darker, which is the expected
contrast from electrons that are backscattered more strongly
from elements of larger mean atomic number. In Fig. 2a, the
field was dominated by the bright oxide. In Fig. 2b, the bright
features were spread across the darker carbon sheets and fol-
lowed the sheet topography. This confirmed that the oxide
phase was broadly anchored on the graphene network and not
segregated into isolated clusters. The contrast pattern, there-
fore, supported the interfacial picture established in Fig. 1c and
d'34,35

The structural properties of the synthesized materials were
further investigated using X-ray diffraction (XRD) and Raman
spectroscopy. Fig. 3a presents the XRD patterns of graphite, GO,
RGO, Fe,0;, and the Fe,0;-RGO composite. The graphite
spectrum exhibits a sharp characteristic peak at 26 = 26.5°,
corresponding to the (002) plane. Upon oxidation to GO, this
peak disappears and is replaced by a new peak at 10.6°.
Following the reduction process, the RGO spectrum exhibits
a broad diffraction peak centered at 24.5°, indicating the
removal of functional groups and partial restoration of the
graphitic structure. The XRD pattern of the pure Fe,O; nano-
particles displays distinct diffraction peaks that are well-
indexed to the rhombohedral phase of hematite (a-Fe,O3)
(JCPDS No. 33-0664).>**” In the spectrum of the Fe,0;-RGO
composite, all the characteristic peaks of hematite are clearly
observed. Nevertheless, the typical broad peak of RGO is not
distinctly visible, likely due to the high crystallinity of the iron
oxide nanoparticles, which may overshadow the weaker carbon
signal, or because the RGO sheets are effectively prevented from
restacking by the anchored nanoparticles. These diffraction
results confirm the successful formation of the composite
material with high phase purity.***”

Fig. 3b displays the Raman spectra, which provide insights
into the defect density and structural order of the carbon
materials. The spectra for GO, RGO, and the composite all
exhibit two prominent bands: the D band at approximately

© 2026 The Author(s). Published by the Royal Society of Chemistry
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(a)fi"gw:tmn 1

Fig. 2 Electron image of (a) Fe,O3z and (b) Fe,O3-RGO.

1350 ecm ™, associated with structural defects and disordered
carbon, and the G band at around 1580 cm ™}, related to the in-
plane vibration of sp>-bonded carbon atoms. The intensity ratio
of the D band to the G band (Ip/I;) serves as a key indicator of
the degree of disorder. The Ip/I ratio was calculated to be 0.92
for GO and increased to 1.15 for RGO. This increase suggests
a reduction in the average size of the sp® domains upon
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reduction and the creation of new graphitic domains that are
smaller in size but more numerous, a phenomenon commonly
observed during the chemical or thermal reduction of GO. For
the Fe,0;-RGO composite, the presence of characteristic iron
oxide bands in the low-frequency region (200-600 cm ") further
confirms the incorporation of Fe,0;. The slight shift in the G
band position in the composite compared to pure RGO suggests

®) . —co
500J ——RGO
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(a) XRD spectra of graphite, graphene oxide (GO), reduced graphene oxide (RGO), Fe,03 and Fe,03-RGO; (b) Raman spectra of GO, RGO,

Fe,Os and Fe,O3-RGO; (c) Nyquist plots recorded from electrochemical impedance spectroscopy of 0.5 mM [Fe(CN)gl* /4~ at a frequency from
100 to 10 MHz recorded on bare GCE, RGO/GCE, Fe,O3/GCE and Fe,O3-RGO/GCE in 0.2 M BRBS buffer solution. (The inset presents the

equivalent circuit model of the electrode/electrolytes).
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a charge transfer interaction between the graphene sheets and
the metal oxide nanoparticles. These spectral features are
consistent with recent reports on graphene-metal oxide
hybrids.*®*®

The electrochemical properties of the modified electrodes
were evaluated using electrochemical impedance spectroscopy
(EIS). Fig. 3c shows the Nyquist plots for the bare GCE, Fe,Os/
GCE, RGO/GCE, and Fe,0;-RGO/GCE in a solution containing
0.5 mM [Fe(CN)s]* /*~ as a redox probe. The plots generally
consist of a semicircle in the high-frequency region, representing
the charge transfer resistance (R.), and a linear part in the low-
frequency region, corresponding to the diffusion process. The
data were fitted to a Randles equivalent circuit (inset of Fig. 3c).
The bare GCE exhibited a relatively small semicircle with an R
value of approximately 90 Q. Upon modification with GO, the
resistance increased significantly to 341 Q due to the insulating
nature of the oxygenated functional groups. After reduction, the
RGO/GCE showed a decrease in R, to 202 Q, reflecting the
restoration of electrical conductivity. The Fe,O3/GCE displayed
a higher resistance of 307 Q compared to the bare GCE, likely due
to the semiconducting nature of the oxide. Most notably, the
Fe,03-RGO/GCE composite electrode exhibited a reduced R
value of 253 Q relative to the Fe,Os/GCE. This improvement
indicates that the conductive RGO network effectively facilitates
electron transfer between the electrolyte and the electrode
surface, mitigating the resistance of the iron oxide particles. This
trend in impedance behavior supports the conclusion that the
composite material exhibits superior electrochemical character-
istics, making it suitable for sensing applications.>”**

The spectra from EDX analysis supplied the elemental
fingerprints that underpinned the images. Fig. 4a of Fe,O;
showed the expected lines of iron and oxygen. Fig. 4b of the
composite showed iron and oxygen, along with a strong carbon
signal from the graphene scaffold, and no peaks of foreign
species at significant intensity. The close match between the
intended iron oxygen carbon composition and the measured
spectra supported a clean interface between oxide and carbon,
and agreed with the composite morphology demonstrated by
the electron images.>”**3*

The quantitative EDX results provided a numerical repre-
sentation of the structural picture (Table 1). For Fe,Os, the
measured weights were about sixty-five percent iron and thirty-
five percent oxygen, which is compatible with hematite within
the known tolerance of the method. After incorporation of RGO,
the composite showed an increase in carbon to about one-third
of the total, a lower apparent iron fraction, and a modest change
in oxygen, which is consistent with dilution by a light carbon
matrix and partial absorption effects in a low atomic number
support. These values are therefore consistent with a uniform
dispersion of oxide on a continuous carbon framework rather
than a physical mixture of separate phases.***

3.2. Electrochemical detection of UA in the dual presence of
XA and HX

3.2.1. The electrode behavior. As shown in Fig. 5a, the bare
GCE exhibits a very weak current response and poorly defined
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Fig. 4 EDX spectra of (a) Fe;Os, (b) Fe,O3-RGO and (c) RGO.

peaks for all three analytes. This is a well-documented limita-
tion of conventional electrodes, underscoring the necessity of
surface modification. The RGO/GCE shows an improved current
response, which can be attributed to the high conductivity and
large surface area of the RGO. The improved current response is
attributed to the RGO's large electroactive surface area, which is
structurally preserved by the material's morphology. As evi-
denced by the wrinkled texture and nanoparticle spacers seen in
Fig. 1, the composite architecture effectively inhibits the
restacking of graphene sheets, thereby maintaining a highly
porous network that maximizes analyte accessibility and inter-
facial contact. Nevertheless, the oxidation peaks of the three
analytes remain unresolved. Similarly, the Fe,O3;/GCE shows
a slight increase in peak currents compared to the bare GCE,
which is likely due to the electrocatalytic effect of the ferric
oxide nanoparticles. Cyclic voltammetry of the modified elec-
trode in blank BRBS buffer (pH 7.0) displayed a stable,
featureless background current within the potential window,

Table 1 The element distribution of Fe,O3, Fe,0Oz-RGO and RGO

%Weight (total 100%)

Materials Fe (0] C
Fe,0; 64.93 35.07

Fe,03-RGO 27.29 40.05 32.66
RGO 100.0

© 2026 The Author(s). Published by the Royal Society of Chemistry
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between UA and XA for each electrode.

confirming that the peaks observed in Fig. 5a originate solely
from the faradaic oxidation of the analytes.

In contrast, the Fe,0;-RGO/GCE exhibits a remarkable
enhancement in both peak currents and peak resolution. The
peaks for UA, XA, and HX are clearly separated and significantly
intensified. The oxidation peak potentials were observed at
+0.3 V for UA, +0.7 V for XA, and +1.2 V for HX. This pronounced
improvement is a result of the synergistic effect between the
highly conductive RGO sheets and the catalytically active Fe,O5
nanoparticles. The RGO acts as a high-speed electron transfer
pathway, while the Fe,O; nanoparticles provide abundant active
sites that lower the overpotential and facilitate the oxidation
process for all three analytes.

The bar charts in Fig. 5b and c provide a quantitative vali-
dation of the observations from the voltammograms. Fig. 5b
confirms that the peak currents for UA, XA, and HX are signif-
icantly higher on the Fe,0;-RGO/GCE than on the other elec-
trodes. This quantitative evidence supports the claim that the
Fe,0;-RGO nanocomposite enhances the electrocatalytic
activity and electron transfer kinetics at the electrode-solution
interface. Furthermore, the data presented in Fig. 5c are
particularly compelling. The peak potential separation (AE)
between UA and XA, calculated to be approximately 0.43 V, is
shown to be significantly larger at the Fe,O3;-RGO/GCE
compared to the RGO/GCE and Fe,0;/GCE. A larger AE, is

© 2026 The Author(s). Published by the Royal Society of Chemistry

a direct indicator of enhanced selectivity, as it ensures that the
oxidation peaks do not overlap, thereby enabling the reliable
simultaneous determination of the analytes.

In conclusion, the results from Fig. 5 collectively demon-
strate that the Fe,0;-RGO nanocomposite-modified electrode is
the most effective among the evaluated electrodes. The
combined benefits of high sensitivity (large currents) and
excellent selectivity (well-separated peaks) make it a highly
promising platform for the simultaneous determination of UA,
XA, and HX compared to the other modified electrodes
evaluated.

3.2.2. The impact of pH. The influence of pH on the
electrochemical response of UA, XA, and HX was a pivotal aspect
of the method's optimization. A series of cyclic voltammograms
(CVs) was recorded for a solution containing all three analytes
across a pH range from 3 to 9, with the findings being illus-
trated in Fig. 6a. This pH range (3.0-9.0) was selected to cover
the physiological pH and the pK, values of the analytes, allow-
ing for the comprehensive optimization of proton-coupled
electron transfer kinetics. A clear dependence of both the
oxidation peak current (I,) and the oxidation peak potential (E},)
on the pH of the supporting electrolyte was consistently
observed.

Fig. 6b quantitatively demonstrates the dependence of the
peak current (I,) on the pH of the buffer solution for UA, XA, and

RSC Adv, 2026, 16, 9547-9562 | 9553
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HX. This plot provides critical information for identifying the
most suitable pH conditions for the simultaneous analysis of
these three compounds. For UA, the peak current is observed to
increase slightly from pH 3 to pH 6, reaching a relatively high
and stable value within the pH 6-7 range. However, as the pH
continues to increase above 7, the UA signal begins to decrease
significantly. This can be attributed to UA's weak acid nature
and the proton-coupled nature of its electrochemical oxidation.
As the pH increases, the deprotonation of UA becomes more
prevalent, which diminishes the rate of the oxidation reaction
and results in a lower peak current.

Similarly, for XA and HX, analogous trends are observed.
Specifically, the peak current for XA reaches its maximum value
at pH 6, while HX exhibits its highest peak current at pH 3.
However, the selection of the optimal pH is not solely depen-
dent on maximizing the signal for each individual analyte but
must also ensure the best possible separation of the oxidation
peaks for the entire mixture. From the voltammograms shown
in Fig. 5a, it is evident that at pH 3 and pH 4, the peaks of the
three analytes tend to overlap considerably, making accurate
quantitative analysis difficult. In contrast, at pH 7, even though
the UA peak current is not at its absolute maximum, the
oxidation peaks of all three analytes are observed to be sharp,
well-defined, and sufficiently separated. Therefore, based on

9554 | RSC Adv, 2026, 16, 9547-9562
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(a) The CVs of UA, XA, and HX at different pH levels with Fe,O3-RGO/GCE, (b) a plot of /,, (nA) vs. pH for UA, XA and HX, (c) a plot of £, (V)

this crucial balance between sensitivity (current intensity) and
resolution (peak separation), pH 7 is identified as the most
suitable condition for the simultaneous determination of UA,
XA, and HX. Choosing this pH not only optimizes the critical
signals but also ensures high accuracy in the complex analytical
environment where these co-existing metabolites are present.

Further insights into the oxidation process were gained from
the plot of peak potential versus pH, as shown in Fig. 6¢. A linear
negative shift in E, was observed with increasing pH for all
three analytes, indicating that protons are directly involved in
the rate-determining step of the electrochemical oxidation. The
regression equations of E, with pH are as follows:

Epua (V) = (=0.061 % 0.002) x pH + (0.762 + 0.013),

R* =0.995 (3.1)
Epxa (V) = (—=0.061 + 0.001) x pH + (1.689 + 0.003),

R*=0.999 (3.2)
Epx (V) = (=0.051 + 0.006) x pH + (1.090 + 0.029),

R*=0.938 (3.3)

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Based on the Nernst equation, at T = 298 K (25 °C), the
relationship between E, and pH of a pair of conjugated redox
would be expressed as follows the formula:*

0.059  Ox"
E, = E'+ Tlog—x - 0.059%pH

I (3.4)

where m and n correspond to the number of protons and elec-
trons that participate in the electrochemical reaction on the
Fe,0;-RGO/GCE electrode surface.

The slopes of the E, vs. pH plots were found to be approxi-
mately 0.061, 0.061, and 0.051 V for UA, XA, and HX, respec-
tively. These values are in proximity to the theoretical Nernstian
slope of 0.059 V at 25 °C, which strongly suggests that the
oxidation of each analyte involves an equal number of electrons
and protons.

3.2.3. The impact of scan rates. The reaction kinetics
occurring at the modified electrode interface were further
elucidated by examining the influence of the potential scan rate
(») on the electrochemical behavior of UA, XA, and HX. As
illustrated in Fig. 7a, cyclic voltammograms recorded across
a range of scan rates revealed that the anodic peak currents
increased proportionally with the scan rate. Concurrently,
a distinct positive shift in the oxidation peak potentials (Ep) was
observed for all three analytes as the scan rate increased. This
shift towards more positive potentials is a characteristic feature
of an irreversible electrochemical process, indicating that the
electron transfer rate is slower than the mass transport rate at
higher scanning speeds.
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Fig. 7c gives the data for the linear correlation of I,, and '/

I, ua = (60.8 + 11.2)Inv + (165.8 + 17.4); R> = 0.854  (3.5)
Iy xa = (52.6 £ 3.7)Inv + (180.3 + 5.7); R = 0.976  (3.6)
Ip nx = (68.3 £ 5.0)lnv + (206.8 + 7.7); R =0.974  (3.7)

The adsorption determines the procedure of the electrode
surface, as the linear plot of I, against In » does not go through
the origin.***" According to eqn (3.5)—(3.7), this indicates that
the linear correlation between I, and Inv, as well as the
regression equation, does not extend to the origin. This infor-
mation displays that the UA, XA and HX electro-oxidation
procedure is affected by adsorption.

To quantitatively evaluate the kinetic parameters governing
this irreversible oxidation, the relationship between the peak
potential (Ep) and the natural logarithm of the scan rate (In »)
was investigated. As depicted in Fig. 7b, a linear correlation was
observed for UA, XA, and HX, further confirming the irrevers-
ibility of the electrode reaction. The linear regression equations
describing the dependence of E;, on Inv for each analyte were
derived from the experimental data and are expressed as
follows:

E, ua = (0.025 £ 0.002)n » + (0.378 % 0.002); R> = 0.980 (3.8)

E, xa =(0.026 £ 0.002)In » + (0.774 £ 0.003); R*=0.976 (3.9)
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Fig.7 (a) The CVs of UA, XA, and HX at various scan rates employing Fe,O3-RGO/GCE, (b) a plot of £, (V) vs. In(v) for UA, XA, and HX and (c) the

linear plot of /, vs. Inv for UA, XA and HX.
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E, 1x = (0.026 =+ 0.002)ln » + (1.296 + 0.002); R> = 0.982(3.10)

with the Laviron E. assistant.”” The electrons that are trans-
ferred within the reaction of electrochemistry took place on the
electrode’s surface, might be defined by creating the relation of
Ej, and In v as follows:

RT

RTK,
In
(1 —a)nF

(1 —a)nF +

RT

By = = (1 —a)nF

Inv

(3.11)

where: R = 8.314 ] mol ' K, T = 298K (25 °C), F = 96500 C
mol %, With a = 0.5, the 7 value at the anodic peak of UA, XA,
and HX is 2.05 (~2), 1.94 (~2), and 1.96 (~2), respectively.**
Based on the observed electrochemical behavior and estab-
lished pathways in the literature
mechanism for UA, XA, and HX is proposed in Scheme 1. While
the precise atomistic interactions at the composite interface
remain to be fully elucidated, the electrode process is inferred to
be driven by a synergistic mechanism where analytes are first

1445 3 tentative oxidation

View Article Online
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pre-concentrated via m-7 interactions with the RGO basal
plane. Subsequently, the Fe-mediated oxidation proceeds
according to Scheme 1, involving successive 2e /2H" transfers
that convert HX to XA, and XA to UA, which is ultimately
oxidized to the final product. This mechanism aligns with the
Nernstian behavior observed in the pH studies.

3.2.4. The electrochemically active surface area. The cyclic
voltammetry (CV) method was used to determine the effective
surface area of the electrode by recording the peak current
signal of a solution containing 1 mM K;[Fe(CN),]/K4[Fe(CN)s] at
varying scan rates (Fig. 8a-d). The relationship between the
square root of the scan rate and the peak current intensity
follows the Randles-Sevcik equation*® as follows:

= (2.69 x 10%)n*?AD,"*Cy'"? (3.12)

where I,, is peak current (anodic peak current), n is the number
of electrons transferred (n = in the [Fe(CN)s]* *~ redox system),
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Scheme 1 The proposed mechanism for the (a) UA, (b) XA, and (c) HX oxidation.303*
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the linear plot between V2

vs. Ipa).

A is the surface area of electrode (cm?), C is the concentration of
[Fe(CN)e]>~, D, is the diffusion coefficient of the [Fe(CN)]*~/*~
(For the K;[Fe(CN)g]/K,[Fe(CN)e] system, n = 1; C = 1 mM; Dy =
7.6 x 10°° cm®s™"), and v is scan rate (V s~ ').*%

The values of 4 are found to be 0.040 cm” for bare GCE and
0.057, 0.077, and 0.061 cm?®, respectively, for RGO/GCE, Fe,03/
GCE, and Fe,05-RGO/GCE. The surface area of Fe,0;-RGO/GCE
is notably larger than that of the bare GCE, demonstrating the
effectiveness of the Fe,0;-RGO composite in increasing the
electrode's active surface area. This increase in surface area
provides more active sites for electrochemical reactions, thereby
improving the interaction between the electrode and the
analytes.

3.2.5. Linear range and limit of detection. To comprehen-
sively evaluate the sensor's performance, measurements were
conducted under two distinct conditions. This approach aimed
to establish both the fundamental sensitivity of the electrode
and its capability within a complex environment.

The first case, illustrated in Fig. 9a, involved the determi-
nation of UA in a single-analyte solution. DPVs were recorded as
the UA concentration was incrementally increased from 0.01
UM to 1.99 uM, revealing a proportional and well-defined
enhancement of the peak current at +0.3 V. Crucially, no
significant oxidation peaks were observed at the potentials of
+0.7 V and +1.2 V (corresponding to XA and HX, respectively),

© 2026 The Author(s). Published by the Royal Society of Chemistry
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confirming the purity of the single-analyte environment and the
absence of interference in this baseline study. This linear rela-
tionship was confirmed by the calibration plot in Fig. 9b, which
yielded a linear regression equation:

I, (pA) = (12.07 £ 0.40) x Cya, v + (0.39 £0.02) R =

0.996 (3.13)

The limit of detection (LOD) was calculated using the
formula 30/S, where ¢ is the standard deviation, and S is the
slope of the calibration curve. Under these conditions, the LOD
for UA was calculated to be 0.004 uM. These results established
a robust performance benchmark for the detection of UA in
isolation.

The core objective of this research, however, was the ability
to analyze UA within a more complex matrix containing its
metabolic precursors, XA and HX. To accurately simulate this
biological condition, a second set of experiments was per-
formed. In this case, the DPVs were recorded while the UA
concentration was increased from 0.01 uM to 1.99 uM, with the
concentrations of XA and HX held constant at 1.0 uM. This
crucial test was designed to definitively prove that the signal of
UA is not compromised by the presence of these structurally
similar compounds.

RSC Adv, 2026, 16, 9547-9562 | 9557


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra09441k

Open Access Article. Published on 17 February 2026. Downloaded on 6/11/2026 7:47:09 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

2519

View Article Online

Paper

(b)
25+

r—
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
C/uM

(d)
25-

02 00 02 04 06 08 10 12 14
E/V

Fig. 9

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
C/uM

(a) DPVs of UA in the increasing concentrations: 0.01-1.99 uM, with no existence of XA and HX, (b) linear plot between /, (uA) for UA and

Cua (uM), (c) DPVs of UA in the increasing concentration range: 0.01-1.99 uM, Cxa = Cyx = 1.0 pM, (d) linear relationship of I, (uA) for UA with Cya

(UM).

The results of this pivotal experiment, presented in Fig. 9c,
demonstrate that even in the presence of these potential inter-
ferents, the UA peak current continued to increase linearly. This
linearity was not diminished by the presence of XA and HX. The
calibration plot derived from this data (Fig. 9d) produced
a linear regression equation

I, (nA) = (12.24 £ 0.34) x Cya,m + (0.38 £0.02)
R? =10.997 (3.14)
More importantly, the LOD and LOQ were orderly calculated
in this case to be 0.003 uM and 0.01 pM, indicating that the
sensitivity (12.24 pA uM ™" em ™ ?) was, in fact, slightly enhanced
in the multi-analyte environment. A direct comparison of the
two calibration curves reveals a striking similarity in both the
slope (sensitivity) and the intercept. This remarkable agreement
provides conclusive evidence that the electrochemical signal of
UA is independently measured and is not compromised by the
presence of XA and HX. This finding represents a significant
advancement in the field, validating the exceptional selectivity
of the modified electrode and confirming its suitability for the
reliable and accurate determination of UA in complex biological
samples.

9558 | RSC Adv, 2026, 16, 9547-9562

To contextualize the performance of this study, the analytical
figures of merit were compared with those of other recently
reported electrochemical sensors for the simultaneous deter-
mination of UA with other co-existing species. The results,
summarized in Table 2. The performance of the proposed
Fe,03;-RGO electrochemical sensor is highly competitive,
achieving a LOD of 0.003 uM for UA. This value is among the

Table 2 Comparison of the analytical performance of the Fe,Os-
RGO/GCE with other published UA sensors

Materials Linear range (uM) LOD (uM) Ref.
PCL/PEI/MB/Uox/QD 5.0-52 1.85 49
Co-organic framework/CB  0.4-40 0.02 50
Fe,O,/UNC 2-20 0.29 51
ZnO-CuO 2-20 0.28 5
Eni-h-MoS, 10-90 7.3 52
BSAT 20-10 2.1 53
PAR/aPGE 0.09-11 0.03 54
Mn-BDC@MWCNT 0.02-11 0.005 55
N-PCNPs 4-50 0.0002 56
Pt NPs/GDY 0.1-75 0.03 2
Fe,03-RGO 0.01-1.99 0.003 This work

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 (a—c) The DPV curves of UA in the co-existence of XA (1.0 uM) and HX (1.0 uM) with nine successive repeated scan tests at orderly Cya
(uM): 0.01, 0.20, and 1.99, (d) DPVs of UA at the GCE modified 5 times with Fe,O3-RGO in the solution, including 0.1 uM of UA, XA, and HX, (e)
statistical evaluation of repeatability: comparison between the experimental (RSDeyp) and the theoretical Horwitz limit (% RSDhorwitz) at three
distinct concentrations; (f) statistical assessment of inter-electrode reproducibility comparing RSDey,, vs. % RSDHorwitz (N = 5); and (g) long-term
stability profile illustrating the current retention and corresponding RSD values after a 1-week storage period.
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lowest reported in recent literature for multi-analyte detection.
The key innovation lies in its ability to selectively detect UA
without interference from its metabolic precursors, XA and HX.
This unique capability, combined with a sustainable synthesis
method, makes our sensor a promising and robust alternative
to existing platforms, addressing a critical need for high selec-
tivity and sensitivity in clinical applications.*®

3.2.6. Repeatability and reproducibility. The stability and
precision of the fabricated sensor were evaluated through
a series of repeatability and reproducibility tests, with the
results being presented in Fig. 10. The repeatability of the DPV
response was assessed by conducting nine
measurements on a single Fe,03;-RGO/GCE at three different UA
concentrations (0.01 pM, 0.20 pM, and 1.99 uM) in the presence
of co-existing XA and HX. As shown in Fig. 10a-c, the DPV
curves for each concentration were highly overlapped, indi-
cating a stable and consistent signal. The low relative standard
deviation (RSD) values of 5.14%, 4.70%, and 4.08% for the
respective  UA concentrations demonstrate the excellent
repeatability of the sensor. These values were found to be
significantly lower than 1 RSDy; values (RSDyonwic, = 2 1%,
where C is the fraction concentration of the analysis compound)
of 20.79%, 13.42%, and 9.35%, confirming the method's high
precision and reliability.’”**

The reproducibility of the electrode fabrication process was
also investigated. This was performed by preparing five separate
Fe,03-RGO/GCEs and recording the DPV signals of a solution
containing 1.0 pM of UA, XA, and HX with each electrode. As
depicted in Fig. 10d, the DPV curves from the different elec-
trodes show a high degree of overlap, with the peak currents for
UA being remarkably consistent. The low RSD of 2.07% for the
UA peak current, as calculated across the five different elec-
trodes, provides strong evidence for the excellent reproduc-
ibility of the fabrication method.®

successive

Interferents Cineterents:Cua (M)
Xanthine 150
14 4 Hypoxanthine 150
Ascorbic acid 30
12+ Urea 90
Dopamine 50
10 Glucose 100
Ca(NO3): 120
8 NaCl 120
(NH:50: 90
6 FeCls 130
—_
X [~ = Ascombicacid = TWmy)so,
<
w 44 Dopamine
("4

Ca(NOy), FeCl,

Interferents

Fig. 11 Selectivity profile of the Fe,O3-RGO/GCE sensor: bar chart
displaying the relative error (RE%) in the DPV response of uric acid (20
pM) in the presence of various potentially interfering species. The red
dashed lines indicate the acceptable tolerance limit of +5%. Inset:
table detailing the specific molar concentration ratios (Cinterferents :
Cua) used for each interfering species in the selectivity test.
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In summary, the satisfactory results obtained from both the
repeatability and reproducibility tests confirm the robustness
and consistency of the Fe,03;-RGO/GCE. The ability of the
sensor to produce reliable and consistent signals over multiple
consecutive scans and across different independently fabricated
electrodes is crucial for its practical application in the routine
analysis of UA, XA, and HX in complex samples.

3.2.7. Interferents. The selectivity of the fabricated sensor
was rigorously evaluated to ensure its reliable performance in
the presence of various potentially interfering species, a crucial
step for the intended application in biological matrices. The
results are presented in Fig. 11, where the influence of each
interferent on the UA signal was quantified using the relative
error (RE%) at specified molar ratios.**** A key finding of this
investigation was the negligible interference from both XA and
HX, which are structurally similar purine metabolites often co-
existing with UA. Although isolated albumin was not tested, the
subsequent analysis of real urine samples, which naturally
contain proteins, demonstrated high recovery rates, suggesting
that the sensor surface is robust against significant protein
fouling. It was observed that these compounds, even at a molar
ratio of 150 times that of UA, resulted in low RE (%) values of
only —3.7% and —2.4%, respectively. This outcome is highly
significant, as the ability to selectively and accurately determine
UA without signal cross-talk from its metabolic precursors
addresses a long-standing challenge in electrochemical
analysis.

The robustness of the sensor was further validated by
assessing the impact of other common interferents typically
found in biological and environmental samples. Ascorbic acid,
a powerful reducing agent, and dopamine, a neurochemical,
both introduced minimal interference, with RE (%) values of
4.3% and 3.1%, respectively. Similarly, other common ions and
organic species, such as urea, glucose, Ca(NOj;),, NaCl,
(NH,),SO,4, and FeCl;, were shown to have a minimal effect on
the UA signal. Even at high molar ratios, the RE (%) values for
these species consistently fell within the acceptable range of
+5%,*>* with the highest observed interference being —4.8%
for FeCl;. These results collectively demonstrate that the fabri-
cated electrode exhibits exceptional selectivity and stability,
confirming its suitability for the direct analysis of UA in
complex matrices, such as human urine, without the need for
extensive sample preparation or separation techniques.

3.2.8. Real samples. To evaluate the practical applicability
of the proposed method, urine samples were analyzed using the
fabricated Fe,O;-RGO/GCE and validated against a well-
established reference technique, high-performance liquid
chromatography (HPLC). The detailed results of this experi-
ment are presented in Table 3. Initially, the unspiked urine
samples were tested, and no UA signal was detected, confirming
the absence of the analyte in the original matrix. The samples
were then spiked with a known UA concentration of 20 uM and
subsequently analyzed by both methods. The DPV method
achieved recovery rates ranging from 96% to 104%. These
values fall within the acceptable range for analytical standards,
demonstrating that matrix components did not cause signifi-
cant interference and validating the accuracy and robustness of

© 2026 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra09441k

Open Access Article. Published on 17 February 2026. Downloaded on 6/11/2026 7:47:09 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

Table 3 The detection of UA in five urine samples through the DPV
and HPLC method

DPV method

Sample UA added (uM)  Found (uM)  Rev. (%) HPLC (uM)
Urine #1 0 0 104 —4

20 20.8 + 0.7° 19.8 + 0.2
Urine #2 0 0 98 —

20 19.7 £ 0.1 20.3 £ 0.5
Urine #3 0 0 96 —

20 19.1 £ 0.7 20.7 £ 1.3
Urine #4 0 0 103 —

20 20.6 £ 0.3 19.4 + 0.6
Urine #5 0 0 97 —

20 19.4 + 1.1 19.5 + 0.6

@ —not analysis. > —mean + standard deviation (n = 3).

the sensor. To further verify the agreement between the two
methods, a paired-sample t-test was performed on the found
concentrations. To rigorously assess the agreement between the
proposed sensor and the standard HPLC method, a Paired
Student's ¢-test was applied to the results of the five urine
samples (n = 5). This statistical method is appropriate for small
sample sizes when comparing two analytical techniques on the
same set of test materials. At a 95% confidence level (a = 0.05,
two-tailed), the calculated ¢-value was found to be —0.039 for 4
degrees of freedom, ¢(4) = —0.039, p(2-tailed) = 0.971 > 0.05.
Furthermore, the 95% Confidence Interval (CI) for the mean
difference was calculated to be [—1.46, 1.42] pM. Since this
interval explicitly includes zero, it is statistically concluded that
there is no significant systematic difference between the
concentrations determined by the Fe,O03;-RGO/GCE sensor and
those obtained by the reference HPLC method.

In conclusion, the successful attainment of high recovery
rates and the statistical consistency with the HPLC reference
method provide compelling evidence for the accuracy, reli-
ability, and practical utility of the Fe,03;-RGO/GCE sensor. This
demonstrates that the method can be effectively employed for
the analysis of UA in complex biological samples without
requiring extensive sample pretreatment.

3.2.9. Potential limitations and future directions. While
the Fe,03;-RGO sensor demonstrates excellent selectivity and
sensitivity, certain limitations are acknowledged. The long-term
storage stability of the non-enzymatic surface requires further
longitudinal study to assess oxidation drift over weeks.
Furthermore, the current setup utilizes a standard three-
electrode system; future work will focus on miniaturizing this
architecture onto screen-printed electrodes to facilitate inte-
gration into portable, point-of-care diagnostic devices. To
mitigate potential aging effects, future protocols may investi-
gate vacuum storage or lyophilization of the modified interface
to prevent atmospheric oxidation.

Additionally, it is acknowledged that a deeper kinetic char-
acterization, specifically the determination of diffusion coeffi-
cients for the individual analytes using chronoamperometry,
was not conducted in this study due to limitations of the
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instrumentation. This investigation is planned for future work
to further elucidate the mass transport mechanisms at the
composite interface. Furthermore, the integration of this
sensing material into microfluidic flow cells is anticipated to
enable continuous, real-time monitoring capabilities.

4. Conclusions

In this study, an electrochemical sensor based on a Fe,0;-RGO
composite was successfully developed for the simultaneous
determination of UA, XA, and HX. A major achievement of this
work is the successful resolution of the long-standing analytical
challenge of distinguishing between the overlapping signals of
these purine metabolites. This was accomplished through the
strategic combination of a conductive RGO matrix, synthesized
via an environmentally friendly electrochemical method, and
catalytic Fe,O; nanoparticles.

The superiority of this method is reflected in its high
performance metrics, including excellent sensitivity and
a remarkably low detection limit for UA. In contrast to
conventional analytical techniques that require complex and
time-consuming sample pretreatment, the proposed sensor
enables the direct analysis of UA in real biological matrices. The
high accuracy demonstrated through real-sample analysis,
combined with the proven selectivity and robustness of the
electrode, underscores the significant practical value of this
research. These findings not only contribute to the advance-
ment of high-performance electrochemical sensors but also
provide a powerful, cost-effective, and reliable tool for clinical
diagnostics and biomedical monitoring.
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