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chemical biosensor based on
a laser-induced graphene electrode modified with
a Honey-mediated nanocomposite of reduced
graphene oxide and bimetallic silver–cobalt

Isa Anshori, †*ab Arini Rahma Adzkia,†a Uperianti,ac Suksmandhira Harimurti, *dj

Nurrahmi Handayani,be Veinardi Suendo, bf Muhammad Ali Zulfikar,e

Annop Klamchuen, g Chih-Yu Changh and Murni Handayani*i

Abnormal uric acid (UA) levels are commonly linked to several metabolomic or internal organ problems.

Electrochemical-based tests have been used as alternative early screening methods to determine the

levels of biomarkers, including UA. Electrochemical biosensors based on laser-induced graphene (LIG)

electrodes could offer a promising alternative to realize a low-cost biosensor for biomarker detection. In

this study, an LIG electrode was modified with a nanocomposite composed of reduced graphene oxide

and silver–cobalt bimetal (rGO/AgCo), resulting in its enhanced sensitivity and selectivity for the

detection of UA. Furthermore, to promote eco-friendliness, honey was utilized as the mediator to

reduce and stabilize the nanoparticles during the creation of the nanocomposite. Differential pulse

voltammetry (DPV) test results revealed that the nanocomposite-modified electrode exhibited excellent

selectivity and electrochemical characteristics for the detection of UA, with a linear range of 0.1–2000

mM, limit of detection (LOD) of 3.75 mM, limit of quantification (LOQ) of 11.36 mM, and sensitivity of 1.76

mA mM−1 cm−2. These results indicated the synergistic effect of the rGO/AgCo nanocomposite in

facilitating a higher conductivity and larger surface sensing area for the LIG electrode. Moreover, with

such a low concentration level detection capability, the nanocomposite-modified electrode is suitable to

be used for the detection of UA in human body fluids, such as sweat, urine, or blood. Thus, in the future,

it could potentially realize a UA screening test alternative with excellent selectivity and sensitivity.
1 Introduction

Uric acid (UA) is the main compound resulting from purine
metabolism. An abnormal level of UA is oen associated with
various diseases, such as hyperuricemia, hypouricemia,
arthritis inammation, or even chronic kidney disease.1–3 This
broad clinical relevance underscores the urgent need for
sensitive and selective UA detection methods, particularly for
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early diagnosis and effective disease management. Hence, it is
necessary to realize an early screening method, which is not
only low-cost but also sensitive and accurate.

In response to this need, electrochemical biosensor tech-
nologies have rapidly advanced, driving a paradigm shi in
health diagnostics, especially in real-time, point-of-care (POC)
systems. Electrochemical biosensors convert biological recog-
nition events into quantiable electrical signals, such as
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current, voltage, or impedance.4,5 Compared with conventional
laboratory-based assays, electrochemical sensors offer superior
performance in terms of their sensitivity, miniaturization, cost-
effectiveness, and operational simplicity, making them highly
suitable for continuous health monitoring.6–8

The performance of an electrochemical biosensor largely
depends on the properties of its working electrode (WE), which
serves as the signal transduction interface. To this end, various
electrode fabrication techniques have been explored. Screen-
printing has gained popularity due to its simplicity and scal-
ability. More recently, laser direct writing (LDW) has garnered
attention as an alternative method to fabricate laser-induced
graphene (LIG), a porous, conductive carbon material
produced by laser scribing of carbon-rich substrates like
polyimide.9,10 LIG electrodes offer several advantages,
including high electrical conductivity, mechanical exibility,
and tunable porosity, making them ideal candidates for
miniaturized electrochemical platforms.11 Nonetheless, the
pristine LIG oen exhibits limited electrochemical activity,
necessitating surface modication to enhance its biosensing
capabilities.

To enhance the electrochemical properties of LIG, the
incorporation of nanomaterials has proven to be an effective
strategy. Among these, reduced graphene oxide (rGO) has
shown potential due to its large surface area, excellent
mechanical strength, and improved electron mobility, making
it a suitable support for catalytically active nanoparticles.12–14 In
parallel, bimetallic nanoparticles–particularly those combining
silver (Ag) and cobalt (Co) have demonstrated superior electro-
catalytic properties compared to their monometallic counter-
parts, due to their synergistic electronic and geometric
effects.15,16 These hybrid structures not only increase the density
of active sites, but also facilitate comparably faster electron-
transfer kinetics, thereby enhancing both sensitivity and
selectivity in electrochemical detection.

Despite the promise of metal nanoparticles, their conven-
tional synthesis methods oen involve hazardous chemicals,
high temperatures or complex procedures. As a suitable alter-
native, green synthesis approaches have garnered signicant
attention. These methods leverage biological systems or natural
extracts—such as those from plants, fungi, bacteria, and
honey—as reducing and stabilizing agents for producing
nanomaterials under mild, non-toxic conditions.17–19

Among various natural reagents, honey has attracted
attention as a versatile green reductant and capping agent due
to its abundant content of polyphenols, sugars, and antioxi-
dants—offering a biocompatible and low-toxicity route for the
fabrication of metal-based nanocomposites.20–22 Honey not
only aligns with environmentally friendly principles for
synthesis, but also improves nanoparticle dispersibility and
biocompatibility—critical factors for biomedical and sensor
applications.

Honey contains several components, such as sugars,
avonoids, phenolic compounds, and organic acids. In
previous studies, honey showed potential for reducing and
stabilizing metallic ions. Monosaccharides, especially fruc-
tose and glucose, have been reported as sugars that are
39432 | RSC Adv., 2025, 15, 39431–39442
reducing agents; these components account for the reducing
properties of honey.23 Additionally, glucose and fructose in
honey also demonstrate a reaction with Tollens' reagent,24

which indicate their capability to reduce Ag+ to Ag0. Along
with glucose and fructose, other enzymes in honey, such as
glucose oxidase, catalase, and peroxidase potentially play
a role in the formation of metal oxides. Moreover, phenolic
acids have reportedly served as reducing and dispersing
agents, while simultaneously rening the stability of
nanoparticles.25

For UA detection, green-synthesized nanomaterials present
a compelling opportunity for enhancing the performance of
LIG-based biosensors. Recent studies have demonstrated that
LIG electrodes functionalized with metal nanoparticles—such
as gold, silver, and copper—enable the sensitive detection of UA
in complex biological uids including sweat, serum, and
urine.1,10,26 For instance, exible LIG electrodes functionalized
with gold nanoparticles enabled the simultaneous detection of
UA and dopamine in serum samples.26 Honey-assisted nano-
composites have shown promise for enhancing the stability and
catalytic efficiency of metal-based sensors. Therefore, together,
these advances highlight the synergistic potential of integrating
green-synthesized nanomaterials with LIG platforms to develop
next-generation, eco-friendly biosensors tailored for portable
and point-of-care UA monitoring.

In this study, we demonstrated an electrochemical
biosensor based on a LIG electrode modied with an rGO/
AgCo nanocomposite (LIG/rGO/AgCo electrode) for the sensi-
tive and selective detection of UA. The synthesis of the nano-
composite was carried out using a novel green synthesis
method utilizing honey as a mediator. Extensive evaluations of
the materials using scanning electron microscopy (SEM),
Raman spectroscopy, UV-vis spectrophotometry, and X-ray
diffraction (XRD) analysis conrmed the chemical formation
of the rGO/AgCo nanocomposite. Moreover, the results of the
electrochemical tests showed that the nanocomposite-
modied electrode was highly selective toward only UA and
yielded a sensitivity of 1.76 mA mM−1 cm−2. These results
showcase the suitability of eco-friendly honey as a mediator for
producing nanoparticles and the excellent suitability of
a surface-modied LIG electrode as an electrochemical
biosensor for uric acid detection.

2 Experimental methods
2.1 Chemicals and instruments

Graphite powder, potassium permanganate (KMnO4), hydrogen
peroxide (H2O2), hydrochloric acid (HCl), cobalt nitrate
(Co(NO3)2$6H2O), silver nitrate (AgNO3), nickel(II) nitrate hexa-
hydrate (Ni(NO3)2), sulfuric acid (H2SO4; 95–97%, sodium
nitrate (NaNO3), anhydrous D(+)–glucose (C6H12O6) powder
(95.5–102.0%, uric acid (C5H4N4O3) powder ($99%, L(+)–
ascorbic acid (C6H8O6) powder ($99.7%, and 5% Naon were
procured from Merck (Darmstadt, Germany). The synthetic
urine (Sigmatrix urine diluent) solution, which contained
calcium chloride (CaCl2), magnesium chloride (MgCl2), potas-
sium chloride (KCl), sodium chloride (NaCl), sodium
© 2025 The Author(s). Published by the Royal Society of Chemistry
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phosphate, sodium sulfate (Na2SO4), urea, and creatinine with
sodium azide (NaN3) as a preservative, was purchased from
Sigma-Aldrich (St. Louis, Missouri, United States). Potassium
ferricyanide (K3[Fe(CN)6]) and sodium dihydrogen phosphate
(NaH2PO4$2H2O) at 99% concentration were procured from
Loba Chemie (Mumbai, India). Lactic acid (CH3–CHOH–COOH)
at 88–92% concentration was procured from Rofa Laboratorium
(Bandung, Indonesia). The phosphate buffer (PB) solution
consisting of disodium hydrogen phosphate (Na2HPO4$12H2O)
at 98% was purchased from Pudak Scientic (Bandung, Indo-
nesia). PT Ultra Sakti, Indonesia, provided the natural honey.
The LIG electrodes were fabricated by following previously
published procedures.27 The PCB solder mask photoresist ink
was locally procured. The silver(II) chloride (Ag/AgCl) paste was
purchased from Sun Chemical, United States.

The characterizations of GO, rGO, and rGO/AgCo were
carried out using SEM-EDX (FESEM JIB-4610F, EDX Oxford
Instruments X-MaxN), HR-TEM (HRTEM JEOL JEM-1400 USA
Inc), Raman spectroscopy (Labspec 6-HORIBA iHR320), UV-vis
spectrophotometry (Labtron LUS-B11), FT-IR (Prestige 21), and
XRD (Smartlab Rigaku). All electrochemical measurements
were carried out using a PalmSens4 potentiostat purchased
from PalmSens BV.
2.2 In situ synthesis of rGO/AgCo

Firstly, GO was synthesized from graphite via a modied
Hummers' method.28 The synthesis of rGO/AgCo was then
carried out by adding 500 mg of GO to 500 mL distilled water,
followed by sonication for 8 × 15 minutes. Twenty grams of
natural honey in 50 mL distilled water was then added to the
solution and stirred until homogenous. Thereaer, 200 mg of
Fig. 1 Preparation of the rGo/AgCo nanocomposite using natural hone

© 2025 The Author(s). Published by the Royal Society of Chemistry
AgNO3 in 50 mL distilled water and Co(NO3)2$6H2O were added
and themixture reuxed at 100 °C for 7 hours. The separation of
the precipitates was then done by centrifugation, followed by
drying in oven at 80 °C for 16 hours. This whole process is
illustrated in Fig. 1.
2.3 Preparation of nanocomposite-modied LIG electrode

Firstly, the LIG electrodes were fabricated in a three-electrode
conguration comprising the reference electrode (RE),
working electrode (WE), and counter electrode (CE). The Ag/
AgCl paste was then painted only onto the RE. Ag paste was
used as a conductive path and connector by painting it on the
connector path of each electrode. Aer drying the paste, the
dielectric layer was painted, covering all the electrodes and
isolating the sensing area. The electrodes were then exposed to
UV light to cure the dielectric layer. Aerwards, the electrode
was modied using the drop-casting method. The rGO/AgCo
suspension was rstly prepared by dissolving rGO/AgCo in
distilled water in a 10 : 1 ratio, while 5% Naon for binding was
dissolved in ethanol in a 1 : 20 ratio. About 10 mL of the rGO/
AgCo suspension was drop-casted only onto the WE, followed
by drop-casting of 2.5 mL Naon (aer the rGO/AgCo lm dried).
These steps are illustrated in Fig. 2.
2.4 Electrochemical characterizations

For characterization using the K3[Fe(CN)6] electrolyte,
K3[Fe(CN)6] with a concentration of 5 mM in 0.1 M PB (pH 7)
solution was used in all CV and DPV tests. For the basic CV test,
the scan rate was set to 50 mVs−1 and the sweep voltage was
−0.2 to 0.6 V.
y as a mediator.
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Fig. 2 Preparation of the nanocomposite-modified LIG electrochemical biosensor.
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For characterization using UA, UA was dissolved in 0.1 M PB
(pH 7) solution for all CV and DPV tests. For all CV and DPV
tests, the scan rate was set to 50 mV s−1, while the sweep voltage
was −0.2 to 0.6 V. For consecutive and long-term stability
measurements, the UA concentration was kept at 1 mM. For
long-term stability measurements, the electrode was stored in
a refrigerator at a constant temperature of 4 °C. For the selec-
tivity test, the concentration of each target analyte was deter-
mined according to its lowest levels in sweat: 2 mM for uric acid
(UA), 10 mM for ascorbic acid (AA), 10 mM for glucose, 2.5 mM
for ethanol, 5 mM for lactic acid (LA), and 5 mM for urea. Each
analyte was then dissolved in 0.1 M PB.

Note that all the electrochemical characterization data were
displayed per active surface area of the electrode. In this study,
the active surface area of the working electrode was determined
by calculating its geometric surface area. Since the working
electrode was circle-shaped with a diameter of 0.4 cm, the active
surface area of the LIG electrode was 0.1257 cm2.
3 Results and discussion
3.1 Characterizations of the rGO/AgCo nanocomposite

The results of the SEM-EDX characterizations are shown in
Fig. 3. From Fig. 3a, GO showed a sheet-shaped morphology
that has wrinkles and folds with irregular edges, indicating
deformation due to exfoliation during the conversion of
graphite to GO.29 The EDX results in Fig. S1a show that GO had
a chemical composition of 77.4% carbon and 22.6% oxygen. For
rGO, the morphology also showed a wrinkled surface (Fig. 3b).
This surface morphology indicates that the structure of rGO
became curved aer reduction, which was caused by the
removal of oxygen-containing functional groups in GO. This
association was further conrmed by EDX analysis, as shown in
Fig. S1b. Based on its chemical composition, rGO contained
39434 | RSC Adv., 2025, 15, 39431–39442
83.9% carbon and 16.1% oxygen. There was a 6.5% reduction in
the oxygen composition of rGO, which indicates the successful
reduction of GO. Furthermore, from Fig. 3c, the silver (AgNPs)
and cobalt (CoNPs) nanoparticles appeared in the form of white
dots (indicated by the yellow circle) that were distributed on the
wrinkled rGO surface. This observation was further conrmed
by EDX analysis as shown in Fig. S1c. The chemical composition
of the nanoparticles was found to be 74.8% carbon, 14.4%
oxygen, 9.6% silver, and 1.1% cobalt.

In addition to the morphological and elemental composition
analysis by EDX analysis, TEM characterization was further
performed to observe structural details at the nanoscale. The
TEM images provided clear insights into the morphological
features of the synthesized materials. The GO sample (Fig. S2a)
exhibited thin, wrinkled, sheet-like structures, which are
a distinctive characteristic of the graphene oxide layers. Upon
reduction, the rGO sample (Fig. S2b) showed a more trans-
parent and less defective sheet structure, indicating the partial
removal of oxygen-containing groups. For the rGO/AgCo nano-
composite (Fig. S2c and d), the TEM micrographs revealed dark
contrast regions, which corresponded to the uniformly distrib-
uted AgCo nanoparticles anchored on the rGO sheets.
Furthermore, the AgCo nanoparticles were well-dispersed on
the nanosheets of rGO without any noticeable aggregation
outside the graphene support, which strongly indicated robust
interfacial interactions between the rGO layers and the nano-
structures. TEM analysis (Fig. S2c) further conrmed that the
AgCo nanoparticles possess a relatively narrow particle size
distribution in the range of 30–50 nm, with a diameter of
approximately 40.3 nm; thereby, validating the effective
anchoring and stabilization of AgCo on the rGO support.

Further characterizations were also carried out through
Raman spectroscopy, as shown in Fig. 3d. The D band peaks of
GO, rGO, and rGO/AgCo were at 1342, 1347, and 1345 cm−1,
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 SEM images of (a) GO, (b) rGO, and (c) the rGO/AgCo nanocomposite (scale bar: 500 nm) along with their corresponding (d) Raman
spectra, (e) UV-vis spectra, and (f) XRD patterns.
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respectively, while the G band peaks were at 1588, 1590, and
1596 cm−1, respectively. The intensity ratios between the D and
G bands (ID/IG) for rGO/AgCo, rGO, and GO were 1.19, 1.08, and
1.04, respectively. This ratio increment was due to the AgCo
decoration on the rGO sheet, which caused surface-enhanced
Raman scattering (SERS).30 Furthermore, the appearance of
distinctive peaks at 515 cm−1 and 676 cm−1 conrmed the
decoration of AgCo on the rGO sheet.31

Additionally, the effect of honey as the reducing agent was
evaluated by UV-vis measurements. These results are shown in
Fig. 3e. For comparative purposes, UV-vis measurements for
honey and AgCo were also carried out. From Fig. 3e, GO had
a main absorbance peak at 230 nm, which corresponded to the
p–p* transition of the C]C bond.32 Meanwhile, a peak at
around 300 nm corresponded to the n–p* transition of the C]O
bond.32 The effect of honey as a reducing agent can be clearly
seen, especially in the spectra of AgCo and rGO/AgCo, which
showed distinctive peaks at 284.5 and 274.5 nm, respectively.
Those peaks are typical optical characteristics of honey. Further
investigation into the chemical composition and consistency of
honey as a reducing agent is provided in Note S1.

Apart from the inuence of honey, the shi in the peak of rGO
indicated a conjugation of the GO sheets due to the reduction of
GO to rGO.33 Moreover, from the rGO/AgCo spectra, the peaks at
274.5 nm, 404.5 nm, and 510 nm indicated the successful
reduction of GOwith honey as a reducing agent and the presence
of AgCo on the surface of rGO.34 In addition, a weak shoulder
around 510 nm was observed, which can be ascribed to the
charge-transfer transitions of the Co species (O2− / Co2+/Co3+),
consistent with previous reports of Co3O4 nanoparticles.35,36

Additionally, the XRD pattern was also analyzed for evalu-
ating the crystal structure of the rGO/AgCo nanocomposite
(Fig. 3f). The peaks can be divided into three parts, namely
those of rGO, AgNPs, and CoNPs. The peak at 17.7° indicated
© 2025 The Author(s). Published by the Royal Society of Chemistry
the (002) plane belonging to rGO. By referring to JCPDS 04-0783
database,37 AgNP showed diffraction peaks at 27.8°, 32.2°, 38.1°,
44.3°, 46.3°, 54.8°, 64.5°, 67.5°, 77.5°, and 81.6°, which
respectively denoted the (210), (122), (111), (200), (231), (142),
(229), (104), (311), and (222) planes. By referring to the JCPDS
15-0806 database,38 CoNPs displayed diffraction peaks at 44.3°,
46.3°, 57.5°, and 76.8°, which respectively indicated the (111),
(200), (102), and (220) planes. Therefore, these peaks indicated
that the AgNPs and CoNPs contained in the nanocomposite had
a face-centered cubic (fcc) crystal structure.39
3.2 Electrochemical biosensing characterization using
K3[Fe(CN)6]

3.2.1 Scan rate variations. Variations in the scan rate were
tested to determine the reaction mechanism that occurred on the
surface of the electrodes (bare LIG and LIG/rGO/AgCo). The
results of the bare LIG electrode, depicted in Fig. 4a and b, show
a reversible reaction, which resulted in an increase in the current
density as the scan rate increased. This result was not much
different for the LIG/rGO/AgCo electrode (Fig. 4c and d); it also
showed a reversible reaction with an increasing current density as
the scan rate increased. The calibration curves of the peak redox
current density (jp) against the square root of the scan rate (v1/2)
are shown in Fig. 4b and d. The calibration curves of the bare LIG
and LIG/rGO/AgCo electrodes showed a linear relationship
between jp and v1/2. In addition, the LIG/rGO/AgCo electrode
showed a better linearity than that of the bare electrode, show-
casing better electrocatalytic activity for the redox reaction.

Additionally, both the bare LIG and LIG/rGO/AgCo elec-
trodes also displayed a reversible reaction, resulting in
a monotonous increase in the current density with respect to
the square root of the scan rate. This corresponds to the
following Randles–Ševčik equation:
RSC Adv., 2025, 15, 39431–39442 | 39435
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Fig. 4 Basic electrochemical biosensing characterization using the redox-active KFeCN electrolyte. (a) Scan rate variation test on the bare LIG
electrode along with the corresponding (b) calibration curve. (c) Scan rate variation test on the LIG/rGO/AgCo electrode along with the cor-
responding (d) calibration curve. (e) 30-cycle of consecutive CV test on the LIG/rGO/AgCo electrode along with the corresponding (f) calibration
curve.
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Ip = 2.69 × 105AD1/2n3/2v1/2C

where Ip denotes the peak current value per electroactive area
(A), also known as current density (jp), which is proportional to
the square root of the scan rate (v1/2), diffusion coefficient value
(D1/2), and the number of electrons in the redox reaction (n3/2) at
a given concentration value (C). This expression indicates that
the voltammetric response of the electrode in the K3[Fe(CN)6]
electrolyte was based on a diffusion-controlled mechanism.40
39436 | RSC Adv., 2025, 15, 39431–39442
3.2.2 Consecutive measurements of stability. Consecutive
measurements were carried out using CV for 30 cycles at a scan
rate of 50 mV s−1 (Fig. 4e), and the corresponding calibration
curves for the anodic and cathodic peak current densities are
shown in Fig. 4f. It can be observed that there was an increasing
tendency in the anodic peaks and a decreasing tendency in the
cathodic peaks. To provide a quantitative evaluation of these
observations, the relative error was calculated for each peak
using the following equation:41
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Relative error ¼
�
�
�
�
Peak current density of cycle x�Reference

Reference

�
�
�
�

� 100%

The reference value used was the peak current density of the
rst cycle. The results of the relative error calculation were then
averaged for all cycles.

The anodic peak current density ranged from 0.42 to 0.47mA
cm−2, while the cathodic peak current density ranged from 0.51
to 0.57 mA cm−2. The average relative errors for the anodic and
cathodic peak current densities were 6.7% and 3.7%, respec-
tively. Thus, it can be concluded that the electrochemical
characteristics of the LIG/rGO/AgCo electrode were stable for
consecutive measurements.
3.3 Detection performance for UA

3.3.1 Comparison of bare LIG with modied LIG elec-
trodes. Initially, the electrodes were characterized using
a K3[Fe(CN)6] electrolyte. The results, depicted in Fig. 5a,
showed that all the electrodes were able to reversibly perform
the redox reaction:

[Fe(CN)6]
3− + e− # [Fe(CN)6]

4−

The LIG/rGO/AgCo electrode showed a slightly better
performance in terms of its anodic and cathodic current density
than other electrodes. The increase in current density indicated
that the electroactive area increased due to surface modica-
tion. This increase was associated with the rGO sheet, which
had a large surface area, as well as the AgCo bimetal, which
provided many active sites that increased the catalytic activity.42

In detail, the anodic current density (jpa) increased by 11.7%
and the cathodic current density (jpc) increased by 17.9% for the
LIG/rGO electrode when compared with the bare LIG. Moreover,
when the bare LIG is compared with the LIG/rGO/AgCo electrode,
jpa and jpc increased by 13.3% and 18.8%, respectively. These
results indicate that rGO had already improved the catalytic
activity of the electrode and further improvement was achieved
by the rGO/AgCo electrode due to the synergistic combination of
the large surface area and conductivity of the nanocomposite.43

Aerwards, the detection of UA analyte was evaluated by CV
test. Firstly, the CV tests were conducted on the bare LIG, LIG/
rGO, and LIG/rGO/AgCo electrodes. The CV curves of the UA
detection result (Fig. 5b) showed a quasi-reversible electro-
chemical reaction in all three types of electrodes, which was
indicated by a high oxidation peak with a very low reduction
peak.44 The oxidation reaction of UA to allantoin, which indi-
cates a quasi-reversible reaction with the involvement of two-
electron transfer can be expressed as follows.45

C5H4N4O3 ����!2Hþþ 2e�
C4H6N4O3

Furthermore, based on the results in Fig. 5b, the oxidation of UA
on the LIG/rGO/AgCo electrode exhibited the highest anodic
current density. The increase in current density indicates that the
electroactive area increased due to modication with the nano-
composite, resulting in rGOhaving a larger active surface area and
© 2025 The Author(s). Published by the Royal Society of Chemistry
AgCo providing more active reaction sites.42 In detail, the average
anodic peak current density (jpa) for the bare LIG, LIG/rGO, and
LIG/rGO/AgCo electrodes were 0.143, 0.308, and 0.531 mA cm−2,
respectively. This means that there was an obvious increase in jpa
by 115% for the LIG/rGO electrode and 271% for the LIG/rGO/
AgCo electrode when compared with the bare LIG. Hence, these
results conrm that surface modication using the rGO/AgCo
nanocomposite can facilitate a signicant improvement due to
the combination of the large surface area with the synergistic
conductivity.43 Further insight regarding this phenomenon was
also elaborated through electrochemical impedance (charge-
transfer resistance) analysis provided in Note S2.

3.3.2 Scan rate variations. To understand the reaction
kinetics that occurred on the surface of the modied LIG elec-
trode, the scan rate was varied. In this test, the scan rate was
varied from 25, 50, 75, 100, 125, 150, 175, 200, and to 225 mV
s−1. Based on Fig. 5c, the intensity of both the oxidation and
reduction currents increased proportionally as the scan rate
increased. This result demonstrates that the conductivity of the
electrode's surface was gradually enhanced as the electron-
charge transfer rate rose.46 This result also indicates that UA
oxidation is a quasi-reversible reaction.44

Additionally, a calibration curve of the peak oxidation
current density (jp) against the square root of the scan rate (v1/2)
was plotted. From the calibration curve in Fig. 5d, a linear
response with increasing scan rate was observed. This result
indicates that the reaction kinetics were due to a diffusion
mechanism, in accordance with the Randles–Ševčik equation.47

3.3.3 LIG/rGO/AgCo electrode for UA detection. The
performance of the LIG/rGO/AgCo electrode for detecting UA
was evaluated using DPV, in which the UA concentration (0.1,
0.5, 1, 5, 10, 50, 100, 250, 500, 750, 1000, 1500, and 2000 mM) was
varied. As shown in Fig. 5e, the peak current density increased
as the UA concentration increased.

Additionally, Fig. 5e also shows that the peak potential shied
towards more positive values as the analyte concentration
increased. This behaviour most likely originated from the
uncompensated solution resistance, which is referred to as an iR
drop. As the analyte concentration increased, the oxidation
current also increased and caused a greater voltage drop across
the solution resistance.48 This voltage loss caused the measured
oxidation peak potential to appear more positive since a higher
potential was applied to overcome the resistance. Nonetheless,
the distinctive increase of the oxidation peak was clearly
observable upon increasing the UA concentration; this increase
was used as the main performance indicator for our electrode.
The corresponding calibration curve of the LIG/rGO/AgCo elec-
trode is depicted in Fig. 5f. From the curve, the limit of detection
(LOD) and the limit of quantication (LOQ) were determined
using the equations below, where s denotes the standard devi-
ation of the peak current density of the blank response (0mMUA
in PB) and S is the slope of the calibration curve or its sensitivity.

LOD ¼ 3:3� s=S

LOQ ¼ 10� s=S
RSC Adv., 2025, 15, 39431–39442 | 39437
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Fig. 5 CV test results for the bare LIG, LIG/rGO, and LIG/rGO/AgCo electrodes using (a) K3[Fe(CN)6] electrolyte and (b) UA target analyte. (c) Scan
rate variation test on the LIG/rGO/AgCo electrode for detecting the target analyte UA along with the corresponding (d) calibration curve. (e) DPV
tests on the LIG/rGO/AgCo electrode for detecting the target analyte UA, along with the corresponding (f) calibration curve.
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From these two equations and the calibration curve, the
calculated LOD was 3.75 mM and the LOQ was 11.36 mM.
Additionally, the linear range was 0.1–2000 mM.
39438 | RSC Adv., 2025, 15, 39431–39442
A comparison with other studies that used electrochemical
biosensors for the detection of UA is provided in Table 1. From
the comparison, the detection range of the LIG/rGO/AgCo
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Performance comparison of the electrochemical biosensor electrodes for UA detection

Electrode Method Linear range (mM) LOD (mM) LOQ (mM) Sensitivity Reference

GCE/rGO/AgNPa DPV 10–130 1 3.03 0.084 mA mM−1 12
GCE/UOx/Fc/Cu2O

b CV 0.1–1000 0.059 0.181 1.900 mA mM−1 cm−2 50
GCE/Fe/CuOc CV 50–4000 10 30.3 2.719 mA mM−1 47
CPE/Fe3O4/SiO2/MWCNTd SWV 0.6–100 0.13 0.394 0.003 mA mM−1 51
SPCE/Naone DPV 62.5–5000 20.8 63.03 9.366 mA mM−1 52
SPE/AuNPf CA 20–200 11.91 36.09 0.22 mA mM−1 53
LIG/PtNPg DPV 1–63 0.22 0.67 8.289 mA mM−1 cm−2 40
LIG/PBSE/PtNPh DPV 5–480 0.018 0.055 0.157 mA mM−1 cm−2 54
LIG/Chitosan/AuNPi DPV 30–100 0.33 1.10 0.48 mA mM−1 55
LIG/rGO/AgCo DPV 0.1–2000 3.75 11.36 1.76 mA mM−1cm−2 This work
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electrode in this study was wider than the other biosensors, and
it had comparable LOD and LOQ values. The wide linear range
of LIG/rGO/AgCo indicated a high interval of the lowest and the
highest target analyte concentration it can detect in a sample.

3.3.4 Consecutive measurements of stability. Consecutive
measurements were repeated for 80 cycles. The result of these
measurements is shown in Fig. 6a, while the peak current
Fig. 6 (a) Consecutive 80-cycle DPV test on the LIG/rGO/AgCo electrod
the LIG/rGO/AgCO electrode for the detection of (c) various target analy
ascorbic acid, LA = lactic acid).

© 2025 The Author(s). Published by the Royal Society of Chemistry
density calibration curve is shown in Fig. 6b. The total
measurement showed a rather unstable output current density.
The decrease and instability of this response could be caused by
undesired damage to the surface of the working electrode due to
repeated use of the same target analyte.49 However, the response
was still quite stable for up to 30 cycles with an average relative
error of 6.9%. When compared to the stability test conducted in
e along with (b) the corresponding calibration curve. Selectivity test of
tes and (d) interfering compounds. (Note: PB = phosphate buffer, AA =

RSC Adv., 2025, 15, 39431–39442 | 39439
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a prior study,44 the relative error of the response was 2.3% for 10
cycles. From this comparison, the stability of the LIG/rGO/AgCo
electrode as evaluated from consecutive measurements was
stable enough, considering the relatively large number of
repeated measurements.

3.3.5 Long-term measurements of stability. In addition to
being tested for stability in consecutive measurements, the LIG/
rGO/AgCo electrode was also tested for its long-term use. In this
test, the LIG/rGO/AgCo electrode was stored for 2 months, and
its electrochemical performance was measured periodically.
Based on the measurements shown in Fig. S3a and S3b, the
peak current density decreased over time.

This decrease in performance was likely due to the testing of
LIG/rGO/AgCo in the rst week using DPV, which was per-
formed several times with 1 mM UA to obtain the best peak
current density value. In addition, the measurements per-
formed over 2 weeks were enough to result in a decreased value;
this phenomenon is known as biosensor ageing, which is
a decrease in the electrochemical response at a certain
concentration of analytes measured over a certain period of
time.49 Therefore, these results suggest that the repeated use of
the LIG/rGO/AgCo electrode would produce the best result when
measurement is carried out only within the rst week.

3.3.6 Inuence of electrolyte pH on uric acid detection.
Since UA is a weak diprotic acid, its electrochemical behaviour
strongly depends on the protonation state of its functional
groups. The electrolyte pH is expected to play a crucial role
during oxidation. To gain deeper insights into this effect, we
evaluated the current of the LIG/rGO/AgCo electrode in 1 mM
UA using phosphate-buffered solutions at different pH values
(6.0, 7.0, and 8.0). As shown in Fig. S4, the peak current density
increased from pH 6.0 to pH 7.0, reaching a maximum response
at pH 7.0. However, when the pH further increased to 8.0, the
current decreased. This trend indicated that the catalytic
activity of the modied electrode for uric acid oxidation was pH-
dependent.

The enhanced current response from pH 6.0 to 7.0 was
attributed to the increased availability of the deprotonated uric
acid species, which facilitated the electron-transfer process.56

Beyond pH 7.0, the decreased current response most probably
resulted from the instability of uric acid and the reduced cata-
lytic efficiency of uricase under alkaline conditions.57 Therefore,
pH 7.0 was considered the optimal condition for UA detection
in this system. This is also consistent with the previously re-
ported optimum enzymatic activity of uricase, which was at
a near-neutral pH.58

3.3.7 Selectivity. Testing for selectivity was conducted
using DPV and the results are shown in Fig. 6c. Based on Fig. 6c,
it is obvious that the LIG/rGO/AgCo electrode was highly
selective to UA, slightly selective to urea, and did not give any
response to other analytes. Another test for selectivity was
conducted by placing the electrode in a solution containing UA
and other interfering compounds, which were UA–AA, UA–LA,
UA–ethanol, UA–glucose, UA–urea, and UA–AA–LA–ethanol–
glucose–urea. Based on the results shown in Fig. 6d, the
response curve of UA had the highest peak current density,
followed by those of UA–LA, UA–ethanol, UA–urea, UA–AA, UA–
39440 | RSC Adv., 2025, 15, 39431–39442
glucose, and UA–AA–LA–ethanol–glucose–urea. From these two
results, it is clear that the peaks that appeared when the solu-
tions were tested simultaneously (UA with interfering
compounds) were indeed only affected by the existence of UA. In
other words, the interfering compounds only changed the
height of the peak response, while the LIG/rGO/AgCo electrode
still showed selectivity for UA.

3.3.8 Performance evaluation in synthetic urine. The
performance of LIG/rGO/AgCo in complex matrices was
assessed using synthetic urine spiked with uric acid as shown in
Fig. S5. The system exhibited an R2 value of 0.9351, a LOD of
34.31 mM, and a LOQ of 103.98 mM. In comparison, measure-
ments in a pure uric acid solution displayed superior perfor-
mance, highlighting a notable decrease in sensitivity and
precision in the synthetic urine matrix.

This reduction can be attributed to the complex composition
of synthetic urine, which likely introduced other foreign inter-
fering species, which affected electron transfer at the sensor's
interface.

Despite this observation, a reasonably linear correlation
between the response and uric acid concentration was main-
tained, and the LOD and LOQ remained within a biologically
relevant range. These ndings underscore that while the system
was capable of selectively detecting uric acid in complex, bio-
logically relevant matrices, the performance was considerably
impacted. This result suggests that further optimization or
matrix-specic calibration might be necessary for accurate
quantication in real biological test samples.
4 Conclusions

This study demonstrated a novel green synthesis of an rGO/
AgCo nanocomposite that was achieved by utilizing honey as
a reducing agent and applying it as a surface modier on a LIG
electrode for UA detection. The surface morphology of the
electrode exhibited wrinkled sheets associated with rGO and
white dots corresponding to the AgCo bimetallic nanoparticles.
In addition, the Ag and Co nanoparticles were found to possess
a face-centered cubic (fcc) crystalline structure. These combined
morphological and crystalline characteristics contributed to an
enlarged surface area for sensing and an abundance of active
sites for UA detection. Thus, these characteristics account for
the higher output current response of the LIG/rGO/AgCo elec-
trode for UA detection compared to the bare LIG or LIG/rGO
electrodes, as demonstrated by the CV results. This response
increased by 271% relative to the bare LIG. Furthermore, the
LIG/rGO/AgCo electrode exhibited a wide linear range of 0.1–
2000 mM with a LOD of 3.75 mM, LOQ of 11.36 mM, and sensi-
tivity of 1.76 mA mM−1 cm−2. It also demonstrated stable
consecutive measurements for up to 30 cycles. Moreover, the
LIG/rGO/AgCo electrode showcased an excellent selectivity
toward UA, even in the presence of various interfering analytes,
including ascorbic acid, lactic acid, ethanol, glucose, and urea.
These results highlight the potential of the nanocomposite-
modied LIG electrode as a sensitive and highly selective
electrochemical biosensor for UA detection.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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