
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
Fe

br
ua

ry
 2

02
5.

 D
ow

nl
oa

de
d 

on
 2

/1
2/

20
26

 1
0:

47
:2

5 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Sensitive determ
aDepartment of Physical Chemistry Facult

Bu-Ali Sina University, P. O. Box 65174, H

ac.ir; Fax: +98-81-3140 8025
bDepartment of Chemistry, Semnan Universi

Cite this: RSC Adv., 2025, 15, 5837

Received 17th November 2024
Accepted 14th February 2025

DOI: 10.1039/d4ra08155b

rsc.li/rsc-advances

© 2025 The Author(s). Published by
ination of valganciclovir via Ni–Co
multilayer nanowire-modified carbon paste
electrode

Maedeh Malekzadeh,a Amir Abbas Rafati *a and Ahmad Bagheri b

This study presents the development of an electrochemical sensor based on a carbon paste electrode

modified with nickel–cobalt multilayer nanowires (Co–Ni(MLNW)/CPE) for the detection of

valganciclovir, an antiviral drug. The sensor was fabricated using an electrochemical deposition method,

and its electrochemical behavior was investigated through cyclic voltammetry (CV) and differential pulse

voltammetry (DPV). The influence of pH on the sensor's performance was extensively studied, revealing

that the redox reaction of valganciclovir (VGCV) involves proton exchange, making pH optimization

crucial. The results demonstrated that the sensor exhibited a wide linear range from 0.1 to 2000 nM,

with a low detection limit of 0.03 nM at pH 7, the optimal condition for VGCV detection. Additionally, the

sensor showed excellent stability, reproducibility, and selectivity, with negligible interference from

common ions and biological molecules. The sensor's applicability was further validated through the

determination of VGCV in human plasma samples, achieving a high recovery rate of 97.9%. These

findings indicate that the proposed Co–Ni(MLNW)/CPE sensor is a promising tool for the accurate,

sensitive, and reliable determination of VGCV in clinical and pharmaceutical settings.
1. Introduction

Valganciclovir (VGCV) (Scheme 1) is a crucial antiviral medica-
tion, particularly for treating and preventing cytomegalovirus
(CMV) infections in immunocompromised individuals, such as
AIDS patients and organ transplant recipients.1 Precise moni-
toring of VGCV levels is essential for effective therapeutic
management. Suboptimal dosing can lead to viral resistance,
while excessive levels can cause toxic side effects.2 Conse-
quently, developing reliable and sensitive analytical methods
for determining VGCV concentrations in biological samples is
of paramount importance.3

Conventional VGCV quantication methods, like high-
performance liquid chromatography (HPLC), although accu-
rate, oen involve time-consuming procedures, high costs, and
require sophisticated instrumentation.4–6 Electrochemical
sensing offers a promising alternative due to its inherent
advantages, including simplicity, cost-effectiveness, rapid
response, and suitability for on-site analysis.7–11 Modifying
electrodes has further enhanced the sensitivity and selectivity of
electrochemical sensors, enabling the detection of trace levels
of pharmaceutical compounds in complex matrices, such as
human plasma.12–16 The application of nanomaterials in sensor
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design has attracted considerable attention due to their unique
properties, including high surface area, enhanced conductivity,
and facilitation of electron transfer processes.17–20 Among these,
metallic nanowires have demonstrated signicant potential for
improving electrochemical sensor performance. Nickel–cobalt
multilayer nanowires (Co–Ni(MLNW)), in particular, are recog-
nized for their exceptional electrochemical properties,
including high catalytic activity and excellent stability.21–23

Incorporating these nanowires into carbon paste electrodes
(CPEs) can signicantly enhance the electrode's sensitivity,
making them ideal for detecting low concentrations of antiviral
drugs like VGCV.24–26

This study reports the development of a novel electro-
chemical sensor based on a carbon paste electrode modied
with Ni–Co multilayer nanowires (Co–Ni(MLNW)/CPE) for the
sensitive and selective determination of VGCV. The sensor's
performance was evaluated using differential pulse voltamme-
try (DPV), a technique known for its high sensitivity and low
detection limits.27 We have characterized the morphology of the
Ni–Co MLNWs and the modied electrode surface using scan-
ning electron microscopy (SEM) and energy-dispersive X-ray
spectroscopy (EDX) techniques. The proposed sensor demon-
strated excellent analytical characteristics, including a wide
linear dynamic range, a low detection limit, and good repro-
ducibility. The sensor's applicability was validated by success-
fully detecting VGCV in human plasma samples, achieving
a high recovery rate, thus highlighting its potential for routine
clinical analysis. This research aims to provide a sensitive,
RSC Adv., 2025, 15, 5837–5849 | 5837
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Scheme 1 Structure of valganciclovir (VGCV).
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selective, and cost-effective method for VGCV determination,
which could be used in clinical settings to monitor drug levels
in patients, ensuring optimal therapeutic outcomes. This study
presents, for the rst time, the application of a Ni–Comultilayer
nanowire-modied carbon paste electrode (Ni–Co MLNW/CPE)
for the sensitive and selective electrochemical determination of
valganciclovir. The unique combination of the high catalytic
activity and stability of Ni–Co multilayer nanowires with the
simplicity and cost-effectiveness of a carbon paste electrode
offers a promising new approach for VGCV detection.

2. Experimental section
2.1. Reagents and materials

All chemicals used were of analytical grade and used as received
without further purication. These included cobalt(II) sulfate
heptahydrate (CoSO4$7H2O), nickel(II) sulfate hexahydrate
(NiSO4$6H2O), boric acid (H3BO3), and phosphoric acid (H3PO4)
(all from Sigma-Aldrich). Deionized water (Millipore, resistivity
>18 MU cm−1) was used throughout. A 50 mM phosphate buffer
solution (PBS) at pH 7.0 was prepared by dissolving appropriate
amounts of sodium phosphate monobasic and sodium phos-
phate dibasic in deionized water. The pH was adjusted using
diluted phosphoric acid or sodium hydroxide solutions as
needed. High-purity nitrogen gas (99.99%) was used for deoxy-
genating solutions. Human plasma was obtained from Central
Hamedan Clinical and Pathological Laboratory (Hamedan,
Iran) and stored in refrigerator immediately aer collection
before used.
2.2. Instrumentation

Electrochemical measurements were performed using a Micro-
Autolab potentiostat–galvanostat (Metrohm, The Netherlands)
controlled by NOVA 1.7 soware. A conventional three-electrode
system was employed: a modied carbon paste electrode (CPE)
as the working electrode, a platinum wire as the counter elec-
trode, and a silver/silver chloride electrode (Ag/AgCl, 3 M KCl) as
the reference electrode. All measurements were performed at
room temperature. The peak currents obtained from the vol-
tammograms were used to construct calibration curves for the
quantication of VGCV. The detection limit was calculated
based on the signal-to-noise ratio (S/N = 3).
5838 | RSC Adv., 2025, 15, 5837–5849
2.3. Synthesis of nickel–cobalt multilayer nanowires

Nickel–cobalt multilayer nanowires (Ni–Co MLNWs) were
synthesized via electrodeposition using commercially available
anodized aluminum oxide (AAO) membranes (Whatman, Ano-
disc 13 with pore diameter: 0.1 mm, pore length: 60 mm) as
templates. Prior to electrodeposition, a thin layer of gold was
sputtered onto one side of the AAO membrane to provide an
electrically conductive substrate. Electrodeposition was carried
out in a two-electrode conguration with the AAO template
(gold-sputtered side) as the working electrode and a platinum
plate as the counter electrode. The electrolyte solutions con-
sisted of 0.1 M NiSO4$6H2O and 0.1 M CoSO4$7H2O. Nickel and
cobalt layers were deposited alternately by immersing the AAO
template in the respective solutions. A constant potential of
−2.5 V (optimized based on previously published articles)28 was
applied for 60 seconds for each metal deposition, with a total of
15 cycles, resulting in a 30 minutes deposition process.
Following electrodeposition, the AAO template was selectively
dissolved in a 3MNaOH solution at 60 °C for 24 hours to release
the Ni–Co MLNWs. The resulting nanowires were then washed
several times with deionized water and ethanol and dried under
vacuum at room temperature.
2.4. Fabrication of the modied carbon paste electrode

The modied carbon paste electrode (Ni–Co MLNW/CPE) was
prepared by thoroughly mixing graphite powder (Sinchem,
Korea), paraffin oil (Sigma-Aldrich), and the synthesized Ni–Co
MLNWs in a weight ratio of 60 : 25 : 15. The mixture was
homogenized manually for 15 minutes to ensure a uniform
distribution of the nanowires within the carbon paste matrix.
The resulting paste was then packed tightly into the cavity of
a 1 mL syringe (cut tip), with a copper wire inserted through the
back to establish electrical contact. The electrode surface was
polished on a smooth paper surface until a shiny appearance
was achieved.
2.5. Electrochemical measurements

Electrochemical measurements were performed using cyclic
voltammetry (CV) and differential pulse voltammetry (DPV). The
potential scan rate for CV was 50 mV s−1 unless otherwise
stated. For DPV, the following optimized parameters were used:
© 2025 The Author(s). Published by the Royal Society of Chemistry
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potential was registered from 0.4 to 1.4 V at a sweep rate of
50 mV s−1; the pulse height and width were set as 50 mV and 50
ms, respectively. Prior to each electrochemical measurement,
the electrolyte solution was deoxygenated by purging with
nitrogen gas for 10 minutes. The performance of the Ni–Co
MLNW/CPE was evaluated by analyzing various concentrations
of VGCV in the prepared PBS.
2.6. Characterization of Ni–Co MLNWs and modied
electrode

The morphology and structure of the synthesized Ni–Co
MLNWs were characterized by SEM and EDX analyses (VEGA
TESCAN SEM, Czech Republic).
Fig. 1 SEM images of (a) Co–Ni multilayer nanowires; (b) Co–Ni alloy na
dissolving the template in NaOH.

© 2025 The Author(s). Published by the Royal Society of Chemistry
2.7. Analysis of VGCV in human plasma

To assess the practical applicability of the developed sensor,
VGCV was determined in human plasma samples. A protein
precipitation procedure was employed to remove interfering
proteins. Briey, 20 mL of 20% (v/v) perchloric acid was added to
1 mL of plasma. The mixture was vortexed for 30 seconds and
centrifuged at 6000 rpm for 5 minutes. The supernatant was
then carefully collected and diluted with PBS (pH 7.0) to an
appropriate concentration range for analysis. VGCV concentra-
tions were determined using the standard addition method.
The accuracy of the method was evaluated by calculating the
recovery of spiked VGCV in the plasma samples.
nowires prepared in the AAO template and released from template by

RSC Adv., 2025, 15, 5837–5849 | 5839
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3. Results and discussion
3.1. Characterization of fabricated nanowires

In this study, a detailed characterization of nickel–cobalt
nanowires with both multilayered and alloyed structures was
conducted to compare their structural and compositional
properties. The nanowires were synthesized via electrodeposi-
tion using AAO templates as described in the Methods section.
Two modied carbon paste electrodes (CPEs) were prepared
separately using these nanowires to explore the impact of their
different structures on electrochemical performance.

The morphological characteristics of the multilayered and
alloyed nickel–cobalt nanowires were examined using Scanning
Electron Microscopy (SEM). The SEM images were obtained
with partially dissolved AAO templates to provide a clearer view
of the nanowires. However, the templates were fully dissolved
prior to their use in the modied electrodes to prevent any
interference with the electrochemical performance. The SEM
Fig. 2 EDX analysis results of: (a) Co–Ni multilayer nanowires; (b) Co–N

5840 | RSC Adv., 2025, 15, 5837–5849
images, shown in Fig. 1, reveal that the average diameter of both
types of nanowires was approximately 300 nm. Fig. 1(a) displays
the SEM image of the multilayered nickel–cobalt nanowires.
These nanowires were synthesized by alternating layers of
nickel and cobalt, with 15 cycles of deposition, each layer being
deposited for 1 minute. The clear distinction between the layers
is evident, indicating successful formation of the multilayer
structure.

Fig. 1(b) shows the SEM image of the alloyed nickel–cobalt
nanowires, which were synthesized from a mixed electrolyte
solution containing both nickel(II) sulfate and cobalt(II) sulfate.
The alloyed structure lacks the distinct layer separation seen in
the multilayered nanowires, consistent with the expected
morphology of an alloy.

EDX was employed to determine the elemental composition
of the synthesized nanowires. The EDX spectra for both types of
nanowires are presented in Fig. 2. Fig. 2(a) shows the EDX
spectrum for the multilayered nickel–cobalt nanowires. The
i alloy nanowires.

© 2025 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/d4ra08155b


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
Fe

br
ua

ry
 2

02
5.

 D
ow

nl
oa

de
d 

on
 2

/1
2/

20
26

 1
0:

47
:2

5 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
analysis reveals that these nanowires consist of 35.91 wt%
nickel and 64.01 wt% cobalt. The presence of aluminum peaks
is attributed to incomplete dissolution of the AAO template,
while the gold peak results from the gold sputtering process
used during sample preparation. Fig. 2(b) displays the EDX
spectrum for the alloyed nickel–cobalt nanowires. These
nanowires have a composition of 18.93 wt% nickel and
61.32 wt% cobalt. The higher cobalt content relative to nickel in
the alloyed nanowires is likely due to the faster electrodeposi-
tion rate of cobalt compared to nickel, which leads to
a predominance of cobalt in the nal composition.

The compositional differences between the multilayered and
alloyed nanowires are signicant, highlighting the inuence of
Fig. 3 (a) Cyclic voltammograms of VGCV recorded at the surface of diffe
Ni, CPE/Co, Co–Ni(ALNW)/CPE and Co–Ni(MLNW)/CPE electrodes. The
100 mV s−1.

© 2025 The Author(s). Published by the Royal Society of Chemistry
the electrodeposition process on the resulting nanostructures.
The distinct layering in the multilayered nanowires contrasts
with the more homogeneous alloyed structure, which may
impact their electrochemical behavior and suitability for
specic applications.
3.2. Electrochemical behavior of the modied electrode

3.2.1. Response of the designed electrode to VGCV. The
electrochemical response of the modied electrode to the anti-
viral drug VGCV was investigated using cyclic voltammetry (CV)
and differential pulse voltammetry (DPV). The oxidation peak of
VGCVwas observed within the potential range of 0.8 to 1.3 V, and
rent fabricated electrodes; (b) comparison DPV response of CPE, CPE/
concentration of VGCV is 900 nM in PBS 0.1 M (pH 7.4) at a scan rate of

RSC Adv., 2025, 15, 5837–5849 | 5841
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Fig. 4 DPVs obtained for 0.75 mM VGCV in phosphate buffer solution
at different pH values.
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the reduction peak appeared between 0.6 to 1.2 V. Fig. 3(a) shows
the CV responses of three electrodes: unmodied CPE, CPE
modied with multilayered nickel–cobalt nanowires (Co–
Ni(MLNW)/CPE), and CPE modied with alloyed nickel–cobalt
nanowires (Co–Ni(ALNW)/CPE) in the presence of 850 nM VGCV
in phosphate buffer solution (pH 7.4) at a scan rate of 100 mV
s−1. The unmodied CPE showed a weak response with only an
oxidation peak. In contrast, the modied electrodes, particularly
Co–Ni(MLNW)/CPE, displayed both oxidation and reduction
peaks with signicantly enhanced current, indicating improved
electrocatalytic activity towards VGCV.

Fig. 3(b) present the DPV responses for the oxidation of VGCV.
The absence of peaks in the phosphate buffer alone conrmed
that the observed peaks were solely due to the presence of VGCV.
The shi of the oxidation potential to lower values for the
modied electrodes suggests that the nickel–cobalt nanowires
enhance the electrocatalytic oxidation of VGCV. Among the
tested electrodes, Co–Ni(MLNW)/CPE was selected for further
experiments due to its superior performance.

To optimize the modied electrode for VGCV detection, the
impact of each modication step was analyzed. Five different
electrodes were prepared: unmodied CPE, CPE modied with
nickel (CPE/Ni), CPE modied with cobalt (CPE/Co), CPE
modied with multilayered nickel–cobalt nanowires (Co–
Ni(MLNW)/CPE), and CPE modied with alloyed nickel–cobalt
nanowires (Co–Ni(ALNW)/CPE). Both nickel and cobalt indi-
vidually improved the electrochemical response, with cobalt
showing a more pronounced effect. The combination of nickel
and cobalt nanowires further enhanced the electrode's perfor-
mance, demonstrating a synergistic effect between the two
nanostructures.

The increased surface area and excellent electrical conduc-
tivity of the nanowires contributed to the enhanced current
observed for the CPE/Ni–Comodied electrodes compared to the
unmodied CPE and those modied with either nickel or cobalt
alone. The best response to VGCV was achieved with the Co–
Ni(MLNW)/CPE, indicating its high electrocatalytic capability for
the electrochemical oxidation of VGCV. These ndings suggest
that the optimized Co–Ni(MLNW)/CPE electrode is highly suit-
able for the direct determination of VGCV concentrations.

3.2.2. Effect of pH on the performance of Co–Ni(MLNW)/
CPE sensor for VGCV detection. The pH of the analyte solu-
tion is a crucial parameter in electrochemical studies, particu-
larly regarding the redox behavior of electroactive species. The
acidity or alkalinity of the solution signicantly inuences the
peak potentials of oxidation and reduction reactions, especially
for species that undergo proton exchange during the redox
process. For VGCV, the redox reaction involves proton release
and absorption, making pH a critical factor in its electro-
chemical detection.

Fig. 4 presents the DPVs of 750 nM VGCV at various pH
ranging from 2 to 11. The results show that as the pH increases,
the oxidation of VGCV occurs more readily, with the oxidation
peaks shiing towards lower potentials. This behavior suggests
that higher pH values facilitate the oxidation process. Between
pH 2 and 8, the peak current increases, indicating enhanced
oxidation. However, beyond pH 8, the peak current stabilizes,
5842 | RSC Adv., 2025, 15, 5837–5849
and only a shi in potential is observed. The shi towards more
negative potentials, along with the increase in current, aligns
with the expected behavior of VGCV's redox reaction.

The optimal pH for detecting VGCV was determined to be pH
7. Although pH 8 produced a higher peak, it was not selected
due to the excessive broadening of the peak and the unsuit-
ability of basic conditions for the drug's redox reaction. Fig. 5(a)
illustrates the relationship between the oxidation peak
current and pH for 750 nM VGCV, measured at a scan rate of
100 mV s−1. The oxidation peak current is weak in acidic
conditions but increases with rising pH until it plateaus.

Fig. 5(b) highlights the linear range between pH4 and 8, where
a clear linear increase in peak current is observed at ve specic
pH values, further conrming the pH dependence of VGCV's
electrochemical behavior. This analysis emphasizes the impor-
tance of pH optimization in achieving accurate and sensitive
detection of VGCV using the Co–Ni(MLNW)/CPE sensor.

3.2.3. Effect of scan rate on the electrochemical response
of Co–Ni(MLNW)/CPE sensor. The inuence of scan rate on the
electrochemical behavior of VGCV was investigated using the
Co–Ni(MLNW)/CPE sensor. The study explored the redox
response of 15 nM VGCV in phosphate buffer solution (pH 7.4)
across a range of scan rates from 10 to 330 mV s−1, as depicted in
Fig. 6(a). The results indicate that the electron transfer during
the oxidation-reduction of VGCV is predominantly controlled by
diffusion processes. The cyclic voltammetry (CV) method, which
is particularly well-suited for examining the behavior of new
pharmaceutical compounds, was utilized to assess the sensor's
response under varying scan rates. This method provides valu-
able insights into the metabolic fate of the drug.

The oxidation peak current exhibited a linear increase (R2 =

0.991) with the square root of the potential scan rate, following
the relationship Ip= 760.52n1/2–59.399 (Fig. 6(b)). This indicates
that the electrochemical oxidation of VGCV on the modied
electrode surface is primarily governed by diffusion.29

The oxidative behavior of VGCV observed in this study is
consistent with the previously reported oxidation mechanisms
of guanine and guanosine, which suggests a comparable
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) Influence of pH on the peak current (Ip) for a solution with 0.75 mM VGCV in phosphate buffer; (b) the linear range between pH 4 and 8.
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electrochemical pathway. Scheme 2 illustrates the proposed
oxidation mechanism of VGCV, which aligns well with the
experimental results obtained in this research. The correlation
between the scan rate and the electrochemical response further
underscores the importance of optimizing scan rates to
enhance the sensitivity and accuracy of VGCV detection using
the Co–Ni(MLNW)/CPE sensor.
3.3. Electrochemical determination of VGCV

The voltammetric behavior of the modied electrode in
response to varying concentrations of VGCV was analyzed using
DPV measurements, with successive additions of different
VGCV concentrations to phosphate buffer under optimal
conditions (pH 7.4 and a scan rate of 100 mV s−1) (Fig. 7(a)). A
standard calibration curve for VGCV was generated using DPV
data. As shown in Fig. 7, the peak current increases as the VGCV
© 2025 The Author(s). Published by the Royal Society of Chemistry
concentration rises. The developed electrode displayed a linear
response over a wide concentration ranges of VGCV from 0.1 nM
to 2000 nM (Fig. 7(b)).

The linear relationship between VGCV concentration and the
peak current was established with the equation:

Ip (mA) = 0.1042[VGCV (nM)] + 12.738, R2 = 0.9994 (1)

where Ip represents the oxidation current and [VGCV (nM)]
represents the concentration of VGCV. The calibration curve
exhibited excellent linearity with a correlation coefficient of
0.9972, indicating the sensor's high sensitivity and reliability.
The limit of detection (LOD) and limit of quantication (LOQ)
were determined to be 0.03 nM and 0.1 nM respectively. The
performance of this electrode was compared with recent studies
on VGCV detection (Table 1), demonstrating excellent perfor-
mance at lower costs and with a simpler procedure.
RSC Adv., 2025, 15, 5837–5849 | 5843
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Fig. 6 (a) CVs of 10 nM VGCV in 0.1 M phosphate buffer solution (pH = 7.4) at different scan rates of 10, 20, 30, 50, 70, 100, 130, 180, 230 and
330 mV s−1; (b) corresponding plot of oxidation peak current vs. square root of potential scan rate.
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The sensor demonstrated a broad linear range from 0.1 nM to
2000 nM, with a remarkably low detection limit, making it highly
effective for detecting VGCV even at trace levels. This perfor-
mance is signicant for accurately determining the drug dosage,
highlighting the sensor's potential in clinical applications.
3.4. Stability and reproducibility

The Co–Ni(MLNW)/CPE sensor demonstrated excellent stability
and reproducibility for the electrochemical measurement of
VGCV. The sensor retained about 91% of its initial current
response aer 35 days of storage at room temperature, indi-
cating its high stability, which is crucial for long-term applica-
tions (Fig. 8).
5844 | RSC Adv., 2025, 15, 5837–5849
The sensor exhibited a rapid response time, reaching 95% of
its maximum reduction current within just 5 seconds, making it
suitable for quick measurements. Reproducibility was assessed
by performing 30 consecutive measurements of a 600 nM VGCV
solution, showing consistent current responses with a recovery
rate ranging from 97.7% to 101.0%, which underscores the
method's reliability and precision (Fig. 9).

Additionally, the relative standard deviation (RSD) for VGCV
at a concentration of 30 mM was found to be 4.5%, based on
measurements using 10 freshly prepared electrodes. This low
RSD reects the high reproducibility of the electrode modi-
cation process employed in this study. The favorable electro-
catalytic response of the Co–Ni(MLNW)/CPE electrode to VGCV
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 VGCV oxidation mechanism at Co–Ni(MLNW)/CPE surface.
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is attributed to the large electroactive surface area provided by
the Ni–Co(MLNW) nanowires, enhancing the sensor's
performance.
Fig. 7 (a) DPVs of different concentrations of VGCV from 0.1 to 2000 n
calibration curve. Error bars obtained for three trials.

© 2025 The Author(s). Published by the Royal Society of Chemistry
3.5. Interference study

To assess the practical applicability of the proposed Co–
Ni(MLNW)/CPE sensor for the determination of VGCV in real
M in 0.1 M phosphate buffer solution (pH = 7.4); (b) resulted standard

RSC Adv., 2025, 15, 5837–5849 | 5845
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Table 1 A comparison of LOD and LDR values for determination of VGCV by Ni–Co(MLNW)/CPE with other reported methods

Method Electrode LDR LOD Ref.

DPV AuNP-MIP/MWCNT/GCE 1–500 nM 0.3 nM 30
500–2000 nM

DPV ERGO-GCE 15 nM–35 mM 3.1 nM 31
AdSDPV MWCNT-GCE 7.5 nM–1.0 mM 1.52 nM 32
DPV NF/Fe3O4–Gr/GCE 0.005–1.8 mM 2.9 nM 33

1.8–6 mM
SWV BNC/CPE 60 nM–300 mM 13.5 nM 34
SWV g-C3N4/CPE 1–16 mM 8.8 nM 35
SWV GRP-Bi2O3/GCE 100–700 ng mL−1 15.53 ng mL−1 36
DPV Ni–Co(MLNW)/CPE 0.1–2000 nM 0.03 nM This work
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samples, an interference study was conducted. This study aimed
to evaluate the sensor's selectivity by examining the effect of
various potentially interfering species commonly present in bio-
logical uids. The interference was tested by introducing the
sensor into solutions containing a xed concentration of VGCV
(10 mM) along with varying concentrations of potential interfering
substances. A relative error of less than 3% in the VGCV signal was
considered acceptable for determining the interference threshold.

The results indicated that common metal ions such as Fe2+,
Ca2+, Mg2+, and Cu2+, up to 200 times their concentration, did
not signicantly affect the VGCV signal. Additionally, ascorbic
acid and uric acid, at 50 times their concentration, showed no
interference with the oxidation signal of VGCV on the modied
electrode.

These ndings suggest that the Ni–CoMULNW-modied
electrode exhibits high selectivity and is largely unaffected by
many common interfering species, making it suitable for
accurate VGCV measurement in real biological samples.
3.6. Determination of VGCV in real samples

To demonstrate the practical applicability of the proposed Co–
Ni(MLNW)/CPE sensor for analyzing real samples, it was
employed to determine VGCV in human plasma samples. The
Fig. 8 Sensor response (Ip) to a solution of valganciclovir with 600 nM
concentration over a period of 55 days after fabrication and storage at
room temperature at pH = 7 and a scan rate of 100 mV s−1.

5846 | RSC Adv., 2025, 15, 5837–5849
plasma samples were rst prepared and then diluted with
0.05 M phosphate buffer solution at pH 7. The analysis was
performed using the standard addition method.

Initially, the concentration of VGCV in the prepared plasma
samples was determined. Subsequently, known amounts of
VGCV were added to the samples, and the concentration was
measured again. The results, presented in Table 2, showed an
average recovery rate of 97% for the added VGCV, indicating the
high accuracy of the proposed sensor.

The high recovery percentage underscores the reliability of
the Co–Ni(MLNW)/CPE sensor for VGCV detection, making it
a promising tool for measuring VGCV in biological samples.
The recovery rate was calculated using the following formula:

Recoveryð%Þ ¼�
measured value� expected value

expected value
� 100

�
þ 100 (2)

This high accuracy makes the proposed sensor a valuable
option for researchers conducting VGCV measurements in
biological samples.
Fig. 9 Response of the designed sensor to a solution of valganciclovir
with 600 nM concentration in 30 consecutivemeasurements at pH= 7
and a scan rate of 100 mV s−1.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Results of recovery tests for determination of VGCV spiked in
buffer solution by DPV technique using Ni–Co(MLNW)/CPE

Sample Added (mM) Found (mM) Recovery (%)

S0 0 0.01 —
S1 2 1.91 � 0.07 95.0
S2 5 4.91 � 0.10 98.0
S3 10 9.81 � 0.11 98.0
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4. Conclusion

In summary, a novel sensor based on a carbon paste electrode
modied with Ni–Co nanowires was developed for the detection
of VGCV. The Ni–Co nanowires were synthesized using
a controlled electrodeposition method with an AAO template.
Both layered and alloyed Ni–Co nanowires were prepared and
compared as electrode modiers through differential pulse
voltammetry (DPV). The Ni–CoMULNW demonstrated superior
performance over Ni–CoALINW. The structure of Ni–
CoMULNW was characterized using scanning electron micros-
copy (SEM) and energy-dispersive X-ray spectroscopy (EDX).
Following the complete dissolution of the template, the result-
ing nanowires were used to modify the carbon paste electrode.
The modied electrodes were then evaluated using cyclic vol-
tammetry (CV) and DPV. The proposed sensor exhibited accu-
rate and rapid response to VGCV, with notable features
including a wide linear range of 0.1 to 2000 nM, a low detection
limit of 0.03 nM, high reproducibility (4.5%), and a high average
recovery of 97.9% in human plasma samples. Additionally, it
showed minimal interference from common potential inter-
fering species. These results highlight the clear, stable, and
effective electrocatalytic response of the Ni–CoMULNW modi-
ed carbon paste electrode, making it a suitable and reliable
tool for VGCV measurement. Compared to previously reported
methods, the Ni–Co MLNW/CPE offers a combination of high
sensitivity, good stability, and ease of fabrication, making it
a potentially valuable tool for VGCV monitoring in clinical
settings. Furthermore, the use of a carbon paste electrode
platform offers advantages in terms of cost-effectiveness and
disposability.
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