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ARTICLE INFO ABSTRACT

Keywords: An electrochemical sensor was developed with a modified glassy carbon electrode (GCE) by a poly(bromocresol
Electrochemical decoupling purple) (PBSP) and electrochemically reduced graphene oxide (RGO) composite. The modified electrode was
Chemometrics

prepared via a single-step electrochemical co-deposition technique, which represents a methodological refine-
ment aimed at enhancing the simplicity and structural integration of the components. The resulting PBSP-RGO/
GCE-modified electrode was evaluated for the dual electrochemical detection of uric acid (URC) and xanthine
(XAT). An analytical improvement was achieved as the oxidation electrochemical signals of these two urinary
metabolites were clearly resolved, reducing the problem of signal overlap commonly encountered in conven-
tional sensing platforms. The observed enhancement in electrochemical activity is due to the combination of the
high electrical conductivity of the RGO support and the functional selectivity imparted by the PBSP polymer
layer. The sensor demonstrated good sensitivity and low limits of detection (LODs) for both analytes, with URC
being reliably determined in a wide linear concentration range. Furthermore, the actual sample investigation of
the technique was indicated through the analysis of real biological matrices (urine), where recovery rates ranging
from 96 % to 105 % were consistently documented. The findings were statistically confirmed to be in comparison
with the standard high-performance liquid chromatography (HPLC) technique, establishing the accuracy and
reliability of the proposed sensor.

Uric acid and xanthine
Single-step co-synthesis
Poly(bromocresol purple)-RGO

purine turnover but is also influenced by exogenous inputs. Dietary
patterns rich in animal-based purines and sugar-sweetened beverages

1. Introduction

Altered levels of uric acid (URC) and xanthine (XAT), terminal purine
metabolites, have been linked in recent years to a growing car-
diometabolic and renal burden beyond gout alone. Global estimates now
indicate rising prevalence and years lived with disability (YLDs) symp-
toms for gout through 2050, which has kept URC monitoring squarely on
the clinical agenda. Mechanistic and translational studies have also
identified xanthine oxidoreductase (XOR) as a driver of reactive oxygen
species (known as ROS) and endothelial dysfunction, indicating the
value of tracking purine metabolites together [1-6].

From an exposure perspective, URC in biofluids reflects endogenous
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have been associated with higher urate levels, whereas plant-forward
patterns correlate inversely with the risk of hyperuricemia. National
databases now provide updated food-specific purine contents, and some
guidelines recommend limiting daily purine intake (e.g., < 400 mg
day_1 in Japan) [4,7-9]. Beyond clinical matrices (serum, urine, saliva),
purine degradation products accumulate in foods during storage. Spe-
cifically, inosine/IMP decays to HPX (hypoxanthine) and then to XAT,
which are widely used as freshness indices in fisheries (K-value) and
have been quantified recently by HPLC/UV. These trends indicate the
analytical relevance of URC/XAT across biomedical testing and food-
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quality monitoring [10,11].

Against this broad need, enzymatic spectrophotometry (uricase,
often single-analyte), chromatography (high-performance liquid chro-
matography-UV-Vis/HPLC-UV or liquid chromatography-mass spec-
trometry LC-MS), and -capillary electrophoresis have provided
specificity but at the expense of cost, instrumentation, and throughput.
Electrochemical methods have therefore been pursued for rapid, low-
volume analyses; however, on bare glassy carbon electrodes (GCE),
URC and XAT oxidize in a narrow potential scan and their products can
foul the surface, compromising resolution and stability in bio-like
matrices [12-14].

To address these issues, graphene-based interfaces have been widely
investigated. Reduced graphene oxide (denoted as RGO) provides high
electrochemical surface area and conductivity and, importantly, can be
formed directly on electrodes by electrochemical reduction of drop-cast
GO (graphene oxide) in water—an approach described as “green”
because electrons serve as the reductant and film thickness is tuned in
situ. Despite these advantages, RGO alone has not consistently delivered
baseline separation or long-term antifouling for URC/XAT, motivating
the addition of functional overlayers [15-17].

Electropolymerized sulfonephthalein dyes provide such an overlayer
under similarly mild conditions. Bromocresol purple (BSP) can be
anodically polymerized to yield conjugated, electroactive PBSP (poly
(bromocresol purple)) films. On GCE, PBSP alone has enabled the
simultaneous voltammetric determination of URC, XAT, and HPX,
indicating intrinsic catalytic/affinity interactions with purines. When
integrated with conductive carbons or nanoparticles, further decreases
in charge-transfer resistance and higher faradaic currents have been
reported [18-20]. In parallel, green PBSP/graphene composites have
been prepared and validated electrochemically for small phenolics,
establishing feasibility for dye-graphene hybrids produced without
hazardous chemical reductants [21].

These strands motivate the present strategy: a PBSP-RGO film
assembled entirely in aqueous media by a sequential, electrode-driven
route—(i) drop-casting GO on GCE, (ii) electrochemical reduction to
RGO, and (iii) cyclic voltammetry (CV) electropolymerization of
BSP—followed by CV and differential pulse voltammetry (DPV) for
URC/XAT. The rationale is that the RGO backbone will expedite electron
transfer and enlarge the active area, while the PBSP overlayer will
provide n-n/electrostatic affinity and mitigate passivation. This design
is informed by prior successes of RGO-based dual-purine sensors (with
other polymers) and of PBSP films (without graphene) for URC/XAT/
HPX, but—to the best of knowledge—its specific confluence as a fully
aqueous, sequentially electrosynthesized PBSP-RGO interface targeted
at simultaneous URC/XAT remains scarcely reported [13,14,18,22].

The intended contributions are therefore threefold—articulated with
appropriate caution. First, a green synthesis is implemented for both
constituents (RGO by electroreduction; PBSP by CV polymerization),
minimizing reagents and waste while affording adhesion and thickness
control. Second, a complementary interface is created in which con-
ductivity/area (RGO) and affinity/antifouling (PBSP) are combined to
pursue clearer URC/XAT baseline separation and reduced drift over
repeated scans. Third, analytical relevance is examined not only in
buffer but also in bio-like contexts (and, by extension, in food matrices
where XAT/HPX accumulate), situating the work among recent efforts
on simultaneous purine sensing with engineered carbon—polymer
hybrids.

Motivated by these considerations, a PBSP-RGO film was assembled
entirely in aqueous media by a sequential, electrode-driven route—(i)
drop-casting GO on polished GCE, (ii) electrochemical reduction to
RGO, and (iii) CV electropolymerization of BSP to form a conformal
n-rich overlayer. The working hypothesis was that the RGO backbone
would expedite electron transfer and enlarge the active area. In contrast,
the PBSP overlayer would confer n—n/electrostatic affinity and anti-
fouling behavior, thereby improving peak resolution and analytical
figures of merit for URC and XAT under CV/DPV. As far as could be

Journal of Electroanalytical Chemistry 1003 (2026) 119801

determined, reports explicitly combining on-electrode RGO formation
with in-situ PBSP growth for simultaneous URC/XAT determination via
a fully aqueous workflow have remained scarce.

2. Experimental
2.1. Chemicals

All employed reagents were obtained from Merck (Germany), veri-
fied at >99 % purity, and applied as received with no further purifica-
tion. Uric acid (URC) and xanthine (XAT) were employed as target
standards, and hypoxanthine (HPX) was included for selectivity as-
sessments. Bromocresol purple (BSP) was electropolymerized to form a
poly(bromocresol purple) (PBSP) film. Graphene oxide was modified by
drop-casting on GCE and electrochemically in situ to reduced graphene
oxide (RGO). Potassium nitrate (KNOs) was used as the supporting
electrolyte during BSP electropolymerization. A phosphate buffer (PBS,
0.2 M; pH 3.0-8.0) was prepared from NaH2PO. and Na:HPO. and used
for electrode conditioning and voltammetric measurements. Ascorbic
acid, paracetamol (acetaminophen), clenbuterol (HCI salt where appli-
cable), ammonium sulfate ((NH4)2SO4), ferric chloride (FeCls), sodium
chloride (NaCl) and calcium nitrate (Ca(NOs)2).

2.2. Instruments

Fourier-transform infrared spectra were described using a Shimadzu
IR Prestige 21 (Japan). The Raman spectra measurements were applied
on an XPLORA, HORIBA instrument utilizing a 532 nm laser.

Voltammetry tests were carried out using a Autolab/PGSTAT101
configured with a 3-electrode system. A glassy carbon electrode (GCE),
measuring 2.80 + 0.1 mm in diameter, was utilized to construct the
modified-based working electrode (WE). An Ag/AgCl/3.0 M KCl elec-
trode was applied as the reference electrode and a platinum (Pt) wire
was employed as the auxiliary electrode.

Comparative analyses of the analytes were carried out using a
Thermo Ultimate 3000 UHPLC (ultra-high-performance liquid chroma-
tography) system. The chromatographic parameters applied included a
column temperature maintained at 45.0 °C + 1.0 °C, a flow rate set at
2.0 mL/min, and an injection volume of 10.0 pL. Tests were achieved
using a UV detector operating at a wavelength of 1 = 275 nm. Quanti-
tative calculations were performed using external standardization based
on the measurement of peak areas from the chromatograms.

2.3. The preparation of PBSP-RGO/GCE

A glassy carbon electrode (GCE) was first mirror-polished on 0.3 pm
and 0.05 pm alumina slurries microcloth, followed by sequential ultra-
sonication in ethanol and ultrapure water (3 min each) and gentle
drying under nitrogen. This routine was adopted to minimize residual
surface oxides and debris before film assembly.

RGO was then grown in situ by electrochemical reduction of a cast
GO dispersion, to avoid chemical reductants, to maintain an environ-
mentally friendly fabrication process. Aqueous GO (typically 0.5-1.0
mg mL™!) was dropped-cast (3-5 L) onto the cleaned GCE and air-
dried. The coated electrode was immersed in neutral PBS (0.1 M, pH
7.0), and the GO overlayer was electro-reduced by CV, tested range from
—1.5Vand + 1.50 V until a stable voltammetric signature indicative of
RGO formation was observed; this potential range has been widely used
to convert GO to electrochemically RGO on carbon substrates [23]. To
contextualize this choice, electrochemical reduction of cast GO films is a
well-established, reagent-free approach that affords conformal RGO
coatings and improved charge-transfer properties, with numerous
studies showing comparable ranges or constant-potential steps spanning
—0.6 to —1.5V [24,25].

Upon obtaining the RGO underlayer, a sulfonephthalein dye was
electropolymerized to yield the PBSP overlayer directly on RGO/GCE. In
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line with prior work on poly(sulfonephthalein) films, BSP, a represen-
tative sulfonephthalein monomer, was selected as the benchmark elec-
trolyte formulation because its electro-oxidative polymerization is
reliable and well established. Polymerization was applied in 2.0 mM BSP
prepared in 0.1 M KNOs, using CV across a wide potential range that
spans the dye's redox transitions (from —1.50 V to +1.50 V) until the
characteristic growth and stabilization of the film currents were ach-
ieved. The same electrolyte and CV's potential range have been used to
form PBSP films on carbon nanostructured substrates, providing repro-
ducible coverage and high electrocatalytic activity [19]. For complete-
ness, the electropolymerization of sulfonephthalein dyes on conductive
carbon supports has also been demonstrated on related architectures (e.
g., carbon nanotube CNT/GCE), further supporting the chosen chemistry
and sequence [20].

After polymer growth, the electrode was rinsed thoroughly with
water and conditioned by potential cycling in a supporting electrolyte
solution (0.2 M PBS buffer, pH 7.0) over a narrow, application-relevant
range to remove loosely adsorbed monomer and to stabilize the
PBSP-RGO interface before analytical measurements. The overall as-
sembly electrochemically reduced process of GO and in situ electro-
polymerization of a sulfonephthalein is consistent with previous
environmentally friendly composite-film methods that yield conductive
scaffolds and functional molecular recognition layers [16,21].

Notes on reproducibility: RGO thickness and PBSP coverage were
controlled by the number of CV cycles and monomer concentration,
respectively; both parameters were maintained constant within a batch
to ensure inter-electrode reproducibility. The chosen order (PBSP first,
RGO second) was favored to combine the high electronic conductivity
and adsorption capacity of RGO with the n—n/electrostatic affinity and
antifouling character imparted by the poly(sulfonephthalein) overlayer,
consistent with prior demonstrations of BSP-RGO assembly on GCE and
its stability under repeated voltammetric operation [21].

2.4. The analysis of actual samples

To evaluate the proposed method, three voluntary human-tested
urinary samples were acquired from a clinical lab. Various analytical
purine samples were prepared in two ways: non-spiked and spiked.

For both sample types, an initial treatment procedure was employed
to remove precipitates, which involved centrifugation at 4000 rpm for
20 min at 15 °C and filtering the obtained solution with a 0.45 pm
diameter-membrane filter. In the specific case of spiked samples, known
quantities of URC and XAT were added to the raw urine and mixed
thoroughly before the aforementioned centrifugation and filtration steps
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were performed. Finally, the proposed DPV method was utilized to
investigate the concentrations of URC and XAT in the treated sample
solutions.

3. Results and discussions
3.1. The electrochemical reduction process of GO and BSP

Fig. la monitors the in situ synthesis process of the PBSP-RGO
composite film on GCE. The formation of the composite was achieved
via a simultaneous reaction pathway monitored through repeated po-
tential cycling. The appearance of a distinct anodic peak at approxi-
mately +0.80 V is definitively attributed to the irreversible oxidation of
the BSP monomer, which initiates the film formation. Concurrently, a
cathodic peak observed at —1.21 V is confirmed, which indicates the
simultaneous electrochemical reduction of the GO substrate to RGO
alongside the reduction of the forming polymer. The confirmation of
both processes within this single, strategically selected potential range
illustrates the successful in situ fabrication of the PBSP-RGO composite.
This single-step electrochemical route is advantageous as it effectively
indicates the electrode assembly process while ensuring optimal inte-
gration between the conductive carbon scaffold and the functional
polymer layer.

Fig. 1b was constructed to evaluate the efficacy of the various elec-
trode interfaces for the simultaneous determination of URC and XAT.
Initially, the bare GCE is observed to exhibit a weak current response
with poorly resolved oxidation peaks, which establishes the necessity for
surface modification. While modification with RGO/GCE results in a
moderate enhancement of the signal, a phenomenon ascribed to the
increased conductivity and surface area supplied by the RGO, baseline
separation of the two analytes remains inadequate. In sharp contrast, the
highest electrocatalytic activity and best resolution are demonstrated by
the PBSP-RGO/GCE electrode. On this surface, an increase in the peak
currents for both URC and XAT is observed. Most critically, the two
oxidation signals are sharply resolved and shifted to significantly lower
overpotentials when compared to the rest electrodes. This improved
performance indicates that the incorporation of the PBSP layer onto the
conductive RGO scaffold provides the necessary selectivity to minimize
interference with the simultaneous determination of these purine me-
tabolites. In addition, the separation is attributed to the distinct elec-
trocatalytic environments provided by the PBSP-RGO interface. The
RGO backbone expedites electron transfer, enhancing current response,
while the PBSP overlayer modifies the surface adsorption thermody-
namics, differentially shifting the oxidation potentials of URC and XAT

(b) 4.
—GCE
— RGOIGCE
—— PBSP-RGO/GCE
409 ——PBSPIGCE
XT
0 o
-20 4
-40 r r r r T 1
-0.2 0.0 0.2 0.4 0.6 0.8 1.0
E/V

Fig. 1. (a) CVs for the simultaneous electropolymerization of BSP and electrochemical reduction of GO on a GO/GCE, (b) Comparative CVs showing the electro-

chemical responses of URC and XAT at various working electrodes.
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to lower overpotentials and thereby increasing the peak separation to
approximately 0.5 V.

3.2. The characterization of PBSP-RGO

Fig. 2a displays the Raman spectra for GO and the reduced product
(RGO). Both materials exhibit the characteristic D-band (disorder) and
G-band (spZ lattice). The structural transformation upon reduction is
confirmed by a notable increase in the intensity ratio of the D-band to
the G-band (Ip/Ig) from 0.92 for GO to 1.17 for RGO. This significant
increase indicates the successful electrochemical reduction process, as it
reflects the creation of new defects and a decline in the average size of
sp® domains within the graphitic lattice. This controlled introduction of
defects is essential for the material's application because these sites are
known to serve as crucial centers that enhance electrochemical activity.

The FTIR spectra presented in Fig. 2b track the chemical trans-
formation of the functional groups during the synthesis process. The
original GO spectrum displayed prominent absorption peaks charac-
teristic of oxygenation (e.g., broad O — H stretch at 3400 cm ™! and C—=0
stretch at 1718 cm™Y). Following electrochemical reduction, the RGO
spectrum showed a systematic and significant diminution of the hy-
droxyl (O — H) stretching vibrations at 3400 cm ! (phenolic O — H) and
1350 cm ™! (C — OH stretch). This indicates the successful removal of the
majority of oxygen-including groups, which is critical for restoring the
material's electrical conductivity. Concurrently, the final PBSP-RGO
composite spectrum validates the successful grafting of the functional
polymer network. New absorption bands are observed to intensify at
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3.3. Optimization of conditions for PBSP-RGO/GCE electrode fabrication
for URC and XAT determination

The following parameters were utilized for the optimization of the
PBSP-RGO/GCE electrode fabrication process via chemometric experi-
mental design, considering three influencing factors (Table S1).

Experimental Conditions

- Potential range: The potential was scanned from —1.0 V and + 1.6
V. The scan was initiated from 0 V to prevent an initial potential shock.

- Electrolyte solution: BCP 2 mM prepared in a 0.2 M PBS at pH 5.0.

- Operating conditions: The experiment was conducted at room
temperature (25 °C), in a mildly stirred solution.

- Electrode storage: The WE was rinsed with distilled water, followed
by drying, and stored under a nitrogen (N2) atmosphere.

- Experimental design Model: The experiment was executed using a
chemometric model consisting of 3 center-point trials and 12 base-
condition trials.

A three-factor, three-level Box-Behnken design (BBD) was imple-
mented to map the quadratic response surface of Ip for URC and XAT
while keeping the total number of experiments economical and esti-
mation variance well-behaved near the design center. This choice is
consistent with the canonical formulation of BBD introduced by Box and
Behnken, in which factors are set at coded levels —1, 0 and + 1 to enable
efficient estimation of linear, interaction and pure quadratic effects
without corner points of the full cube. Second-order polynomial
regression models with three variables were obtained from the experi-
mental data using Minitab (Table S2).

I, ura = 6.153 + 0.4727 A + 0.3619 B + 0.07820 C — 0.03936 A — 0.008779 B> — 0.0003679 C*

+0.00032 A"B — 0.000097 A"C + 0.000030 B'C

1110 ecm™! (C — O — C ether stretch) and 1245 cm! (C — O — Sstretch).
This illustrates that the PBSP layer was integrated onto the reduced
graphene surface, providing chemical functionality for selective purine
affinity.

(R* = 0.997, R2 = 0.991, R3¢ = 0.951)

L xar = 9.867 + 0.5047 A + 0.4190 B + 0.05795 C — 0.04705 A® — 0.011679 B® — 0.0003454 C2

+0.00179 A"B + 0.000208 A"C + 0.0003066 B"C

- BSP
(b) —— PBSP-RGO
(a) . ——RGO
3000 } —Go
D — GO
—RrGo 50 H
2500 - G ' o
" oo - ' v
- 1 [} 1y !
32000 . -W
D ™~ H oo
< 1500 -~ ! A M
E o Y y 5
= 1000 : =
. ' e
500 - % 3 §
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Fig. 2. (a) Raman spectra of GO and RGO, (b) FTIR spectra of BSP, PBSP-RGO, RGO, and GO.
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(R* = 0.999, R2 = 0.996, R3¢ = 0.992)

A second-order polynomial model was fitted to Ip for each analyte.
Excellent model adequacy was indicated by URC: R? = 0.997, Rﬁdj =
0.991, R3eq = 0.951 and XAT: R? = 0.999, R3j; = 0.996, Raeq = 0.992.
Analysis of variance showed that all main effects (A, B, C) and all
quadratic terms (A,” B, C2) were highly significant (p < 0.0001). In
contrast, two-factor interactions were generally negligible except for the
B x C term, which reached significance for XAT (p = 0.0259). Lack-of-fit
was not significant for either response, supporting the sufficiency of the
quadratic model within the explored domain. These results are fully
consistent with the expected curvature-dominated landscapes typically
obtained with BBD in electrochemical sensor optimization.

Model adequacy and the statistical significance of individual terms
were evaluated by analysis of variance (ANOVA) for the quadratic
response-surface models of Ip, URC and Ip, XAT. The results are sum-
marized in Table S3.

Significant overall models were obtained for both responses (Model,
F > 1, p < 0.0001), confirming that the second-order polynomials
captured the dominant variability in the BBD data. For each analyte, the
three main effects—GO amount (A), number of scans (B), and scan rate
(C)—were significant at p < 0.0001, and all quadratic terms (A,%B% CY
were significant, evidencing pronounced curvature. Two-factor in-
teractions were negligible for URC (AB, AC, BC; p > 0.05), whereas a
modest B x C interaction reached significance for XAT (p = 0.0259),
indicating that the effect of scan rate became contingent on film-growth
cycles. The lack-of-fit term was not significant, in agreement with the
high R’ Rﬁdj, and Rgred values reported for the fitted equations, and
supporting the sufficiency of the quadratic models within the explored
factor space.
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To visualize these effects and the inferred curvature, response sur-
face plots were inspected, as shown in Fig. 3. For both analytes, dome-
shaped surfaces were observed, consistent with significant quadratic
terms: I, increased with the number of scans (B) and with the scan rate
(C) from their low levels and then decreased after passing a curvature-
bounded maximum. The influence of the GO loading (Factor A),
which serves as a determinant for the thickness of the generated RGO
film, was analyzed. It was observed that this factor exhibited a non-
monotonic influence on the peak currents. This behavior is interpreted
as a balance between the beneficial expansion of the electroactive sur-
face area provided by the RGO scaffold at moderate loadings and the
detrimental effects associated with excessive film thickness. Specifically,
at higher loadings, the increased film thickness is suggested to introduce
greater electron transfer resistance and hinder the mass transport of
analytes to the electrode surface, thereby diminishing the electro-
chemical signal. In the XAT mabps, slightly stronger warping was noted in
the B—C plane, in agreement with the significant B x C term from
ANOVA. The stationary region common to both responses was centered
near A ~ 6 pg, B ~ 20 scans, and C ~ 100 mV s}, which guided the
subsequent desirability-based search for operating conditions and the
confirmation experiments.

Guided by the ANOVA results, reduced second-order models were
refitted by retaining only statistically significant coefficients (p < 0.05);
these predictive equations were subsequently used for desirability-based
optimization.

From the above evaluation, the regression equation with significant
coefficients was reduced as follows:

Iyra = 6.153+0.4727 A+ 0.3619 B +0.07820 C — 0.03936 A?
—0.008779 B? —0.0003679 C2

I xar = 9.867 + 0.5047 A + 0.4190 B + 0.05795 C — 0.04705 A® — 0.011679 B> — 0.0003454 C2

+0.0003066 B*C

™

IpURC

IP.URC ()

d) — _ e) )

1PXAT (1)
A

IpXAT.

& Amount of GO fg)

Factor Coding Achua

e 3

o®
X1 = &: Amount of GO
X2 = C: Saanate

Actusl Factor
& Number of scare = 13

PXAT A)

Fig. 3. Response surface plots showing the effect of (a) GO amount and number of scans, (b) GO amount and scan rate, and (c) number of scans and scan rate on I, of

URG; and (d-f) the corresponding effects on I, of XAT.
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Fig. 4. (a) Composite desirability profiles at the optimal point; (b) CVs of URC and XAT recorded at the optimum.

Composite
Desirability T T 1
D:0.5341
Ip.URA
Maximum
y = 154836
d = 054836
Ip.XAT
Maximum
y = 182014
d = 052014
Table 1
Predicted optimal conditions and Ip of URC and XAT at the optimum.
Predicted optimal conditions Predicted peak Experimental peak
current at the current at the
optimum optimum
Amount of Number Scan I, ure IpxAT I, ure IpxAT
GO (pg) of scans rate (pA) (pA) (pA) (pA)
(mV
s
~6.0 20 100 15.48 18.20 1512 + 18.03 +
0.39G) 0.340)

(*) Mean + SD (n = 5).

Guided by the reduced quadratic models, a composite desirability
approach was applied to identify the operating point that simulta-
neously maximizes I, for both analytes; the predicted optimum and
confirmation CVs are shown in Fig. 4. A composite desirability of ~0.53
was achieved at GO =~ 6.0 pg, 20 scans, and 100 mV s~1. Under these
settings, the models predicted I, yrc = 15.48pA and I, xar = 18.20pA
(Fig. 4a). As depicted in the prediction profile in Fig. 4a (specifically in
the column for Factor A), the peak currents for both URC and XAT are
observed to increase as the GO loading rises from the lower level (1.0 pg)
to the approximate optimum (= 6.0 pg), followed by a gradual decline
upon further increment. This trend is interpreted as an initial
enhancement of electrode activity due to the increased surface area
provided by the graphene scaffold; however, beyond the optimal point,
the excessive accumulation of GO results in a thicker film, which is
suggested to hinder the electron transfer process across the modifier
layer. The CVs recorded at the optimum (Fig. 4b) displayed amplified
and well-resolved anodic responses for both analytes, consistent with
the curvature inferred from the response-surface maps. These conditions
were therefore carried forward for quantitative evaluation.

The predicted operating point and the corresponding experimental
verification are reported in Table 1. Experimental peak currents of 15.12
+ 0.39pA (URC) and 18.03 + 0.34pA (XAT) (mean + SD, n = 5) were
obtained at the predicted optimum, closely matching the model outputs
(15.48 and 18.20 pA, respectively). No statistically significant de-
viations from prediction were detected by t-tests, thereby validating the
predictive adequacy of the reduced quadratic models and confirming the

suitability of the selected operating conditions for subsequent analytical
studies. With the operating point validated, calibration characteristics
and limits of detection were established by CV and DPV under these
optimized conditions.

3.4. The determination of URC and XAT by PBSP-RGO/GCE.

3.4.1. Cyclic voltammetry

The impact of pH on the electrochemical response of URC and XAT at
the PBSP-RGO/GCE was systematically investigated, with the results
displayed in Fig. 5a and b. As shown in the CVs in Fig. 5a, the oxidation
peak potentials (Ep) for both URC and XAT were observed to shift
negatively as the pH was increased from 3.0 to 8.0. This behavior is
consistent with protons are involved in the electrode reaction mecha-
nism of both molecules.

The corresponding plot of peak current (Ip) versus pH is shown in
Fig. 5c. For both URC and XAT, the anodic peak currents were found to
rise with pH, reaching a highest value at pH 7.0, and subsequently
dropping at higher pH levels. This trend indicates that a neutral envi-
ronment provides the optimal conditions for the electro-oxidation of
these purine bases. Therefore, pH 7.0 was chosen for the next analytical
experiments to achieve the highest possible sensitivity.

To further evaluate the modified electrode reaction mechanism, the
plot between the peak potential (Ep) and pH was examined, as presented
in Fig. 5d. A linear correlation was found for both URC and XAT over the
pH range studied. The linear regression equations were calculated as:

Epurc (V) = (—0.061 + 0.006)pH + (0.597 + 0.034); R? = 0.991.

E, xar (V) = (—0.059 & 0.003)pH + (1.003 + 0.018) R? = 0.988.

The slopes of —0.061 for URC and — 0.059 for XAT are in close
agreement with the theoretical Nernstian value of —0.059. This result
indicates that the electrochemical oxidation of both URC and XAT at the
PBSP-RGO/GCE surface is a procedure with an equal number of protons
and electrons. The proposed oxidation mechanism of URC and XAT is
shown in Scheme 1. The observed enhancement in selectivity is attrib-
uted to the synergistic combination of the high electrical conductivity of
the RGO support and the functional selectivity imparted by the PBSP
polymer layer. While the specific molecular interactions, postulated to
be a combination of n-n stacking between the purine rings and the
polymer backbone, and electrostatic effects, were not isolated spectro-
scopically in this study, this hypothesis is consistent with the known
affinity of electropolymerized dyes for purine bases. The primary focus
remains on the achieved analytical resolution via the green synthesis
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Fig. 5. (a) CVs of URC and XAT at pH 3.0-8.0; (b) The linear plot between Ip vs. pH (n = 3); (c) The plotting Ep versus pH (n = 3).
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Scheme 1. The proposed mechanism for the URC (a) and XAT (b) oxidation [36, 37].

route. These results are highly consistent with recent findings in the field
of purine electrochemistry [36, 37].

3.4.2. Differential pulse voltammetry.

- Linear range and limit of detection.

The DPV responses for varying concentrations of URC from 0.01 to
2.32 pM in the presence of a fixed concentration of XAT (0.2 pM) are
presented in Fig. 6a. A well-defined oxidation peak corresponding to

URC was observed to increase linearly with its concentration. This
relationship is quantitatively represented in the calibration plot shown
in Fig. 6b. A linear plotting between the peak current (Ip, URC) and
concentration (Cyrc) was established and is mathematically described
by the regression eq. (4):

Lure (HA) = (—0.14£0.03) + (41.72 % 0.50).Curc (4M) R? = 0.998

A similar procedure was conducted for determining XAT with a fixed
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Fig. 6. (a) DPVs of URC with the rising of concentration from 0.01 to 2.32 pM and a certain concentration of XAT at 0.2 pM with the modified PBSP-RGO/GCE, (b)
The plot of Ip vs. Cyrc (n = 3), (c) DPVs of XAT with the increase of concentration from 0.01 to 2.32 pM and a certain concentration of URC at 0.2 pM with the
modified PBSP-RGO/GCE, (d) The plotting of Ip vs. Cxar (n = 3).
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Fig. 7. (a) DPVs of URC and XAT at several concentrations from 0.01 to 2.32 uM with PBSP-RGO/GCE; (b) The plot of Ip versus Cyrc, ym and Cxar, ym (n = 3).

URC concentration, as shown in Fig. 6¢. The resulting calibration curve
in Fig. 6d also demonstrates excellent linearity. This linear response for

XAT is described by the equation:

I, xar (4A) = (—0.30 £0.02) + (51.41 4 1.01).Cxar (uM) R? = 0.992

From the linear regression equations, the acquired LODs (3¢ for-

mula) were 0.008 uM and 0.005 pM for URC and XAT, respectively.

Experimental conditions: potential range — 0.2 V - +1.0 V, scan rate
0.2 V/s.

As shown in Fig. 7a, DPVs were recorded in solutions containing
simultaneously increasing concentrations of both URC and XAT, ranging
from 0.01 to 2.32 pM. Two distinct and well-resolved anodic peaks were
observed at approximately +0.1 V and + 0.6 V for the oxidation of URC
and XAT, respectively. The significant separation in peak potentials (0.5
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Table 2

Reported analytical performance of URC/XAT electrochemical sensors.
Electrode Analytes  Technique Linear LOD Ref.
material (*) range (uM) (HM)
NTCIS; -MOF/ g:g DPV 0.25-75 gés [26]
SN U B 0w
COT(ﬁig CNF gf:,(r: Amperometry ~ 25-700 81 [28]
CaHPO,4.2H,0 gﬁg DPV 1?:73432 0 (1)'6 [29]
o
“Morecws  xar D%V S0 ol oD
Yo xar W ios 2 0
PTA/CeO-@Pt I;ARg DPV ?ng o g:gg(lm [32]
g UC L,y omEe s
PBSP-RGO ;l:,(lf DPV 0.01-2.32 8883 3:::](

(*) CuO/N-Graphitic: Copper oxide/Nitrogen-Graphitic, Co(MOF)TMA@CNF:
Co(MOPF)trimesic acid@carbon nanofiber, Nb(BTC)MOF@CNF: Niobium(ben-
zene benzene 1,3,5-tricarboxylic acid)MOF@carbon nanofiber, 3D GNP/rGO-
CNT: 3D gold nanoparticle/reduced graphene oxide-carbon nanotube, PTA/
CeO,@Pt: polymer 3-amino-5-mercapto-1,2,4-triazole (PTA)/cerium dioxide
(Ce0,) composite platinum (Pt), CoSe@B, N-IRPC: Cobalt selenide@boron, ni-
trogen co-doped interconnected reticulated porous carbon, PBSP-RGO: poly
(bromocresol purple)-reduced graphene oxide.

V) is crucial, as it allows for the unambiguous identification and quan-
tification of each analyte without mutual interference. It was observed
that the peak currents for two analytes rise linearly with their respective
concentrations.

This behavior is quantitatively illustrated by the calibration plots in
Fig. 7b, where the peak currents (Ip) for URC and XAT are plotted
against their concentrations. Excellent linear relationships were ob-
tained for both species over the entire concentration range, reaffirming
the sensor's suitability for simultaneous analysis.

Iurc (WA) = (—0.08£0.18) + (37.01 £ 1.49).Curc (uM) RZ = 0.993
(6)

Lxar (uA) = (—0.18 £0.14) + (45.33 £ 1.09).Cxar (uM) R? = 0.996
)]

The acquired LOD values for URC are 0.009 uM and for XAT are
0.007 pM (30 formula), while the detected LOQ for URC and XAT are
0.03 pM and 0.02 pM. The sensitivity sensor value for URC and XAT is
37 pA/uM and 45 pA/pM, indicating their high responsiveness to tar-
geted analytes with the concentration range 0.01 pM - 2.32 pM. The
limits of detection (LODs) for URC and XAT were found to be highly
consistent between individual (0.008 pM for URC, 0.005 pM for XAT)
and simultaneous (0.009 pM for URC, 0.007 pM for XAT) determination
experiments. This close agreement indicates minimal cross-interference
between the two analytes, confirming that the PBSP-RGO/GCE sensor is
reliable and effective for their simultaneous and sensitive quantification.

A detailed comparison of the developed analytical method with
previously published electrochemical sensors is presented in Table 2.
This evaluation is necessary to place the results in context with the
performance of the PBSP-RGO/GCE electrode and confirm its potential
utility within the landscape of purine metabolite detection. The prin-
cipal figures of merit, specifically the limit of detection (LOD) and the
linear working range (LR), are compared against various modified
electrodes that have been reported for the determination of uric acid
(URC) and xanthine (XAT). The analytical figures of merit achieved by
the proposed PBSP-RGO/GCE sensor are observed to be generally
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competitive and comparable to those reported by other advanced elec-
trochemical platforms. For the determination of URC and XAT, the
attained LOD and the breadth of the linear range are shown to fall well
within the performance envelope established by systems utilizing com-
plex materials such as metal oxides, highly functionalized polymers, and
other carbon nanomaterial composites.

However, the main difference lies in how these comparable metrics
were achieved. In contrast to many reference methods that require so-
phisticated material synthesis or post-modification steps (e.g., using
chemical reductants or long thermal treatments), the PBSP-RGO/GCE
was fabricated via a simple, single-step electrochemical process. This
in situ approach effectively simplifies the electrode preparation, leading
to a highly integrated structure while simultaneously achieving the
reduction of GO and the electropolymerization of the functional PBSP
layer. Furthermore, the demonstrated ability of this electrode to achieve
good resolution between URC and XAT at highly proximate potential
regions, which is often a challenge even for advanced sensors, points to a
subtle but significant analytical advantage. In conclusion, it is estab-
lished that the proposed sensor, while yielding quantitative performance
metrics that are similar to those of previously validated methods, offers a
more accessible, time-efficient, and easily reproducible fabrication
protocol. The high sensitivity achieved is maintained without recourse
to high-cost or complicated synthesis routes, thereby positioning this
developed method as a reliable and practical alternative for routine
electrochemical analysis.

Experimental conditions: potential range from —0.2 V to +1.0 V,
scan rate 0.2 V/s.

3.4.3. Interference

To investigate the practical applicability of the proposed sensor, its
selectivity was evaluated by performing an anti-interference study. The
influence of several common organic molecules and inorganic ions on
the determination of URC and XAT was examined, with the results
summarized in Table 3. Interferents were added at fixed molar ratios
relative to the targets. Acceptance was defined a priori as a relative error
within +5 %. These potential interfering species were introduced into
the analytical solution at concentration levels substantially higher than
those of the target analytes.

It was observed that the relative error (RE) in the analytical signal for
both URC and XAT remained within the range of —4.1 % to +4.7 %. As
these deviations fall within the generally accepted analytical margin of
+5 %, it is described that the tested species do not impart a significant
interference effect on the sensor's response. These findings indicate that
the PBSP-RGO/GCE possesses a satisfactory anti-interference capacity
and adequate selectivity, strengthening its potential for reliable appli-
cation in the analysis of more complex samples.

3.4.4. Repeatability, reproducibility, long-term stability

3.4.4.1. Repeatability and reproducibility. To assess the consistency of
the PBSP-RGO/GCE, a repeatability study was conducted at three
distinct concentration levels of URC and XAT (0.1 pM, 0.19 pM, and

Table 3
Investigation of the effect of potential interfering species on the analytical sig-
nals of URC and XAT at the PBSP-RGO/GCE.

Interference URC XAT
Cinterference:CURC RE (%) Cinterference:CxAT RE (%)

Hypoxanthine 120 4.1 50 -3.5
Clenbuterol 100 1.8 40 4.4
Ascorbic acid 30 2.9 190 -2.0
Paracetamol 190 4.7 30 3.4
(NH4)»S04 100 —-2.4 50 —-4.1
NaCl 80 -0.6 40 -3.8
FeCl3 200 4.1 50 -3.9
Ca(NO3)2 120 -3.3 50 1.7
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Fig. 8. DPVs of URC and XAT at 3 concentrations (n = 6): (a) 0.1 pM, (b) 0.19 pM, (c) 2.32 pM, and (d) 4 times of modifying GCE by PBSP-RGO in the solution
included 0.1 pM of URC and XAT.

2.32 pM) in a 0.2 M PBS solution (pH 7.0). Six consecutive measure- To determine the inter-electrode consistency, the reproducibility of
ments were performed for each solution, and as illustrated in Fig. 8a-c, the fabrication method was assessed. This was achieved by preparing
the resulting peak currents showed minimal variation. The calculated four independent PBSP-RGO/GCEs, each used to record the DPV

relative standard deviations (RSDs) were found to be 3.6 %, 2.1 %, and response of a 0.2 M PBS solution (pH 7.0) containing 0.1 pM of both URC
1.9 % for URC, with corresponding values of 3.0 %, 2.5 %, and 2.2 % for and XAT. The relative standard deviations (RSDs) calculated from the

XAT. To further validate the method's precision, these experimental peak currents across these four distinct electrodes were 2.5 % for URC
RSDs were benchmarked against the theoretical limits calculated from and 3.1 % for XAT, as depicted in Fig. 8d. Since these RSD values are
the Horwitz equation (RSDyoritz = 21'0‘5l°gc), where C is the analyte well below 5 %, the consistency of the electrode modification process is
content in decimal form [34]. The experimental RSDs were all found to verified. The stable electrochemical performance across independently

be less than half of the calculated Horwitz values (%2.RSDyorwitz), Which prepared electrodes highlights the reliability of the sensor. This good
were determined to be 15 %, 9.7 %, and 6.1 % for URC and 14 %, 9.1 %, degree of reproducibility reinforces the sensor's potential for depend-
and 5.7 % for XAT. This comparison describes that the PBSP-RGO/GCE able, practical use in the simultaneous electrochemical detection of URC

electrode provides a satisfactory degree of repeatability [34]. and XAT.
Table 4
Determination results of URC and XAT in real samples by the DPV method and comparison with the reference HPLC method (n = 3).*
Sample Analyte Detected (uM) Spiked (pM) Detected (M) Rev(%)
DPV HPC DPV HPC DPV HPC
Urine 1 URC 2.867 2.653 5.0 7.690 7.767 96 102
XAT 0.122 0.183 5.0 5.188 5.125 101 99
Urine 2 URC 2.880 3.012 5.0 7.711 7.927 97 98
XAT 0.140 0.122 5.0 5.023 5.174 98 101
Urine 3 URC 2.693 2.640 5.0 7.926 7.600 105 99
XAT 0.160 0.169 5.0 4.976 5.057 96 98

" Limitations and Future Perspectives: While the PBSP-RGO/GCE sensor exhibits excellent performance for the simultaneous determination of URC and XAT,
certain limitations are acknowledged. The fabrication process, although environmentally friendly, relies on electrochemical parameters that must be strictly controlled
to ensure batch-to-batch reproducibility. Furthermore, while the sensor shows good anti-fouling properties in diluted urine, the long-term stability of the polymer film
in continuous monitoring scenarios or highly protein-rich matrices without pretreatment remains to be fully established in future investigations.

10



N.M. Quang et al.

3.4.5. Analysis of the practical samples

To evaluate the practical applicability of the developed sensor, the
determination of URC and XAT was performed in five real samples using
the standard addition method. For validation, the results obtained by the
proposed DPV method were compared against those from a reference
HPLC technique.

As presented in Table 4, satisfactory recovery rates for the DPV
method were obtained, ranging from 96 % to 105 %. This result illus-
trates a suitable level of accuracy and reliability of the proposed sensor
for the analyzed process in complex matrices. To further assess the
agreement between the 02 methods, a paired t-test was performed on the
obtained concentration values. At a = 0.05, the statistical comparison
indicated no significant difference between the results of the two tech-
niques, URC: t(6) = 0.327, p = 0.379 (> 0.05), XAT: t(6) = 1.178,p =
0.146 (> 0.05). Therefore, it may be concluded that the developed DPV
method appears to be a good reliable and effective alternative for
detecting URC and XAT.

4. Conclusions

An electrochemical method for the simultaneous determination of
uric acid and xanthine was developed utilizing a poly(bromocresol
purple) and reduced graphene oxide composite. The application of a
single-step electrochemical co-synthesis is presented as a methodolog-
ical contribution, which simplifies the electrode modification process by
eliminating the requirement for chemical reductants. Through the
implementation of a chemometric experimental design, the synthesis
parameters were optimized to address the issue of signal overlap
commonly encountered with these purine metabolites.

It was observed that the prepared interface facilitates the resolution
of the oxidation peaks for the target analytes. The analytical perfor-
mance was evaluated, and the method was demonstrated to be appli-
cable for the quantification of uric acid and xanthine in spiked urine
samples with adequate recovery rates. The results obtained from the
differential pulse voltammetry technique were found to be statistically
comparable to those from high-performance liquid chromatography.
These findings suggest that the proposed electro-synthesis strategy may
serve as a practical alternative for developing sensing interfaces in
clinical analysis.
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