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e-decorated MWCNTs
(ZrO2@MWCNTs) nanocomposite as a high-
performance electrochemical sensing platform for
psychotropic drug analysis

Dalia A. Aboarayes,a Hend S. Magar, *b Hassan A. M. Hendawyc

and Rabeay Y. A. Hassan *a

Psychotropic medications are widely prescribed for the treatment and management of various psychiatric

disorders. However, several of thesemedications, including carbamazepine (CBZ) and quetiapine (QTP), are

associated with significant risks of drug–drug interactions and exhibit narrow therapeutic indices.

Consequently, the rapid, sensitive, and selective detection of CBZ and QTP is of critical importance for

accurate therapeutic drug monitoring, mitigation of adverse interactions, and optimization of clinical

outcomes in psychiatric care. In this regard, a highly sensitive and selective electrochemical sensing

platform was developed for the determination of CBZ and QTP based on electrodes modified with

zirconium oxide nanoparticle/multi-walled carbon nanotube nanocomposites (ZrO2@MWCNTs). The

electrochemical behaviors of both target analytes were comprehensively characterized using cyclic

voltammetry (CV), linear sweep voltammetry (LSV), differential pulse voltammetry (DPV), and

electrochemical impedance spectroscopy (EIS). The nanocomposite-modified electrodes exhibited

pronounced electrocatalytic activity toward the oxidation of CBZ and QTP, as evidenced by a substantial

enhancement in the oxidation peak currents and a marked decrease in their redox potentials. Under

optimized experimental conditions, the proposed sensing system demonstrated outstanding analytical

performance, achieving limits of detection of 0.01 mM and 0.025 mM for CBZ and QTP, respectively,

along with wide linear dynamic ranges spanning 0.05–4022 mM for CBZ and 0.08–4022 mM for QTP.

Moreover, the platform displayed excellent selectivity, reproducibility, and reliability and was successfully

applied to the quantification of CBZ and QTP in commercial pharmaceutical formulations. The

developed ZrO2@MWCNTs-based electrochemical sensing platform represents a rapid, cost-effective,

and efficient approach for psychotropic drug monitoring, with considerable potential for future

implementation in pharmaceutical analysis and point-of-care testing (POCT) applications.
Introduction

Carbamazepine (CBZ), an iminostilbene derivative, is a rst-
generation antiepileptic drug that reduces irregular electrical
activity in the brain. It is widely prescribed for the treatment of
seizure disorders, bipolar disorder, trigeminal neuralgia, glos-
sopharyngeal neuralgia, schizophrenia, neuromyotonia, and
post-traumatic stress disorder.1–5 However, the clinical use of
CBZ is limited due to its narrow therapeutic index (NTI), as the
effective plasma concentration (20–50 mM) lies very close to the
range associated with its adverse or severe effects (>50 mM).6,7
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In addition, CBZ exhibits complex drug–drug interactions
(DDIs). As CBZ is a strong enzymatic inducer, it enhances the
activity of hepatic cytochrome P450 enzymes (targeting CYP3A4
and CYP2B6), leading to the increased metabolism of various
drugs. Conversely, CBZ metabolism is inuenced by CYP
inhibitors and inducers, which can result in abnormally high or
low serum CBZ levels.8

In addition, the CBZ serum concentrations may vary with
factors such as patient age, comorbidities, and dietary habits.
This inter-individual variability produces a non-linear rela-
tionship between dose and plasma concentration, making
therapeutic drug monitoring (TDM) essential for effective and
safe therapy. TDM is particularly recommended in cases of
potential DDIs, toxicity risks, or drugs exhibiting nonlinear
pharmacokinetics, all of which apply to CBZ.9

Another notable antipsychotic medication is quetiapine
(QTP), a dibenzothiazepine derivative classied as an atypical
© 2026 The Author(s). Published by the Royal Society of Chemistry
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antipsychotic agent. It has a wide range of psychiatric applica-
tions, including the treatment of schizophrenia, bipolar
disorder, obsessive-compulsive disorder, insomnia, depressive
and anxiety disorders, substance abuse, dementia, and
parkinsonism.

Similarly, quetiapine undergoes extensive hepatic metabo-
lism predominantly mediated by the cytochrome P450 isoen-
zyme CYP3A4. Consequently, dose adjustment is necessary in
patients with impaired liver function to maintain therapeutic
plasma concentrations and prevent adverse reactions. Further-
more, QTP demonstrates signicant drug–drug interactions
with CYP3A4 modulators. Co-administration with CYP3A4
inhibitors, such as erythromycin, can suppress QTP metabo-
lism, leading to elevated serum levels and an increased risk of
toxicity or even fatal outcomes.10

Conversely, CYP3A4 inducers, like carbamazepine, accel-
erate the QTP metabolism, potentially resulting in subthera-
peutic concentrations and reduced clinical efficacy.

Hence, rapid and selective detection of carbamazepine and
quetiapine is critically important for ensuring accurate thera-
peutic drug monitoring, minimizing adverse drug interactions,
and supporting the effective clinical management of psychiatric
disorders. In this regard, numerous analytical techniques have
been developed for the quantication of both analytes,
including high-performance liquid chromatography (HPLC)
coupled with mass spectrometry, liquid chromatography-
tandem mass spectrometry (LC-MS/MS),11,12 ultra-performance
liquid chromatography combined with tandem mass spec-
trometry (UPLC-MS/MS), high-performance thin-layer chroma-
tography (HPTLC), spectrophotometry,13 chemiluminescence,
capillary zone electrophoresis, and gas chromatography-mass
spectrometry (GC-MS).14

Although these conventional analytical techniques provide
accurate quantication, they oen require sophisticated
instrumentation, highly skilled personnel, invasive and time-
consuming sampling procedures, labour-intensive sample
preparation, and the use of environmentally hazardous
solvents. Additionally, the lag between sample collection and
result acquisition may delay clinical decision making,
increasing the risk of adverse effects and contributing to patient
non-adherence, an especially serious concern in psychiatric
treatment.

To overcome these analytical limitations, increasing atten-
tion has been directed toward the development of innovative
analytical approaches for the determination of CBZ and QTP in
pharmaceutical formulations and biological matrices. These
advancements are essential for applications in quality control,
clinical monitoring, and forensic toxicology. Among these
emerging methods, electrochemical techniques have gained
prominence as powerful alternatives to conventional analytical
procedures owing to their numerous advantages, including
operational simplicity, cost-effectiveness, high sensitivity and
specicity, rapid response, portability, minimal reagent
consumption, and outstanding selectivity.15,16

The analytical performance of an electrochemical sensing
platform is fundamentally dictated by the intrinsic physico-
chemical properties of the working-electrode interface,
© 2026 The Author(s). Published by the Royal Society of Chemistry
including mass transport processes, electron-transfer kinetics,
and thermodynamic parameters that govern redox behavior.17

These factors collectively determine the efficiency of the analyte
redox reaction(s), the rate and reversibility of the interfacial
electron transfer, and the reproducibility of the measured
electrochemical signals. In this context, the strategic incorpo-
ration of nanostructured materials onto the electrode surface
has emerged as a highly effective approach for enhancing
sensor performance.18,19 These modications signicantly
increase the effective surface area, promote faster electron-
transfer kinetics, and provide additional catalytic sites,
thereby improving both the sensitivity and selectivity towards
the target analyte(s).20

Consequently, nanomaterial-modied electrodes enable
more accurate, robust, and reliable detection of multiple target
analytes across a broad concentration range, extending the
practical applicability of electrochemical methods for pharma-
ceutical, clinical, and environmental analyses.21,22

Among the various nanomaterials explored for electro-
chemical sensing, multi-walled carbon nanotubes (MWCNTs)
have garnered signicant interest due to their exceptional
physicochemical properties. Their tabular nanostructure offers
a large effective surface area, facilitates efficient mass transfer,
and promotes catalytic activity within a conned microenvi-
ronment.23 Furthermore, MWCNTs exhibit remarkable
mechanical strength, superior electrical conductivity, high
chemical stability, and a substantial specic surface area; these
characteristics make them ideal candidates for electrode
surface modication.21 They also minimize the redox over-
potential and enhance electron transfer, leading to more
reversible and well-dened voltammetric responses compared
to conventional macroelectrodes.

Moreover, a wide range of nanocomposites, comprising
MWCNTs integrated with single or hybrid metal and/or metal-
oxide nanostructures, such as zirconium dioxide (ZrO2), sele-
nium oxide, or bimetallic manganese/copper oxides, has been
increasingly utilized to enhance electrochemical sensor
performance.24,25 These nanocomposites not only provided
a high surface-to-volume ratio for efficient biomolecule immo-
bilization but also promoted rapid electron-transfer kinetics
and catalytic activity at the electrode interface. Consequently,
the incorporation of such nanostructured hybrids signicantly
improves the sensitivity, selectivity, and overall analytical reli-
ability of electrochemical detection platforms.26–28

In this study, a sensitive and selective electrochemical assay
was developed using a ZrO2@MWCNTs nanocomposite-
modied glassy carbon electrode (GCE) to determine CBZ and
QTP. The modied electrode was thoroughly characterized
under optimized experimental conditions using cyclic voltam-
metry, linear sweep voltammetry, differential pulse voltamme-
try, and electrochemical impedance spectroscopy.

Materials and methods
Reagents and preparation of solutions

MWCNTs, PBS, potassium ferrocyanide (K4Fe(CN)6), potassium
chloride (KCl), dimethyl sulfoxide (DMSO), isopropyl alcohol,
RSC Adv., 2026, 16, 22498–22513 | 22499
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acetic acid, hydrochloric acid, and phosphoric acid were
supplied by Piochem, Egypt. Potassium ferricyanide
(K3Fe(CN)6) was obtained from Loba Chemie, India. Sodium
hydroxide was obtained from Power Chemical, Egypt. Boric acid
was supplied by British Drug Houses Ltd, England. Standard
materials for quetiapine fumarate (QTPF) and CBZ were
provided by the National Organization for Drug Control and
Research (NODCAR), Egypt. Sodium acetate was obtained from
Rankem, India. Tris was obtained from Molekula, UK. Citric
acid anhydrous was obtained from Fisher Scientic, USA.
Sodium citrate dihydrate, disodium phosphate, and aluminium
oxide polishing powder were procured from Sigma-Aldrich.

Supporting electrolytes and buffer preparation

Solutions of universal Britton–Robinson buffer (BRB) were
prepared by dissolving 10 mM of each of the three different
triprotic acids (citric acid, boric acid, and phosphoric acid) in
a denite volume of double-distilled water. Acetate buffer was
prepared by mixing 10 mM acetic acid and 10 mM sodium
acetate, followed by dilution with distilled water to the desired
volume. Citrate-phosphate buffer was prepared by combining
10 mM citric acid and 10 mM disodium hydrogen phosphate
(Na2HPO4) and diluting with double-distilled water to the
desired volume. Phosphate-buffered saline (PBS) was prepared
by dissolving commercially available PBS tablets in an appro-
priate volume of distilled water, followed by sonication until
a clear solution was obtained. Tris–HCl buffer was prepared by
mixing 10 mM Tris-base with 10 mM hydrochloric acid (HCl),
followed by dilution with distilled water. The pH values of all
buffers were adjusted as required using standardized HCl or
NaOH solutions. All reagents were used as received without
further purication, and all buffer preparations and experi-
ments were performed at room temperature (25 ± 2.0 °C).

Modication of GCE with the ZrO2@MWCNTs
nanocomposite

For electrode surface modication with the nanomaterials, the
GCE surface was rst polished with alumina powder (Al2O3),
rinsed with ethanol, and ultrasonicated twice in distilled water
for 5.0 minutes to remove residual polishing particles. Subse-
quently, the GCEs were individually coated with several metal
oxides (5.0 mg mL−1 of each metal oxide dispersed in double-
distilled water) that were sonicated for 30 minutes to obtain
a homogeneous suspension. Subsequently, 20 mL of the result-
ing suspension was drop-cast onto the pre-cleaned GCE surface
and dried at room temperature.

To prepare the ZrO2@MWCNTs nanocomposite, 2.5 mg of
zirconium dioxide (ZrO2) and 2.5 mg of multi-walled carbon
nanotubes (MWCNTs) were mixed in 1.0 mL of double-distilled
water and ultrasonicated for 30 minutes to form a uniform
dispersion of the nanocomposite. Then, 20 mL of the composite
suspension was thoroughly drop-cast onto the GCE surface and
allowed to dry at room temperature.

Subsequently, the optimization of the ZrO2 ratio was further
investigated. Three weight ratios were tested: (i) 1.0 mg ZrO2

with 4.0 mg MWCNTs, (ii) 4.0 mg ZrO2 with 1.0 mg MWCNTs,
22500 | RSC Adv., 2026, 16, 22498–22513
and (iii) 2.5 mg ZrO2 with 2.5 mg MWCNTs. Each mixture was
dispersed in 1.0 mL of deionized water and sonicated for 30
minutes, and 20 mL of each suspension was drop-cast onto the
GCE surface, followed by drying at room temperature.

Electrochemical characterization of the modied electrodes
was conducted in triplicate using cyclic voltammetry and
electrochemical impedance spectroscopy. Measurements were
performed in a 5.0 mM solution of potassium ferricyanide/
potassium ferrocyanide prepared in 0.1 M potassium chloride
(KCl) as the supporting electrolyte.
Electrochemical measurements

Electrochemical analyses, including cyclic voltammetry (CV)
and linear sweep voltammetry (LSV), were performed using
a Gamry potentiostat (version 6.33) and a Corrtest CS350H
electrochemical workstation. Differential pulse voltammetry
(DPV) and electrochemical impedance spectroscopy (EIS)
measurements were conducted using a PalmSens potentiostat
(Randhoeve, Netherlands). All experiments were carried out
using a conventional three-electrode cell conguration
comprising a glassy carbon working electrode (GCE; disk
diameter 3.0 mm, length 80 mm; Corrtest Instruments, China),
a silver wire reference electrode, and a silver wire counter
electrode.

EIS measurements were performed at open-circuit potential
(OCP) with an AC perturbation amplitude of 10 mV over
a frequency ranging from 10 kHz to 0.1 Hz. The obtained
Nyquist plots were analyzed by tting to an appropriate equiv-
alent circuit model for quantitative interpretation. Voltam-
metric measurements were conducted by sweeping the
potential from −0.4 V to +0.9 V vs. the Ag/AgCl at a scan rate of
50 mV s−1. All electrochemical measurements were performed
at room temperature (25 ± 2.0 °C).
Physical characterization of the ZrO2@MWCNTs
nanocomposite

The phase structure and crystallinity of the synthesized
ZrO2@MWCNTs nanocomposite were analyzed using X-ray
powder diffraction (XRD) with a Bruker D8 diffractometer.
Morphological features were examined by transmission elec-
tron microscopy (TEM) using a JEOL JEM-1230 instrument.
Fourier transform infrared spectroscopy (FTIR) was performed
using a Thermo Fisher iQ-10 spectrometer (USA) to conrm the
chemical composition, surface functionalities, and bonding
congurations of the nanocomposite.
Assay optimization

Optimization of the electrochemical response for carbamaze-
pine and quetiapine was performed using the ZrO2@MWCNTs-
modied electrode. The inuence of different supporting elec-
trolytes (including PBS, BRB, acetate, citrate-phosphate, and
Tris–HCl buffers) was investigated at pH 7.0. Subsequently, the
effect of pH on the electrochemical response was further eval-
uated using PBS in the pH range of 3.0–9.0. The optimal
oxidation peak current was obtained at pH 7.0. Additional
© 2026 The Author(s). Published by the Royal Society of Chemistry
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studies were conducted to assess the effects of scan rate (50–
300 mV s−1) and deposition potential (0.0–0.5 V).

Interference study

The selectivity of the developed electrochemical sensor toward
CBZ and QTP was systematically evaluated through interference
studies involving both common pharmaceutical excipients and
endogenous electroactive species. All measurements were per-
formed under previously optimized experimental conditions
using linear sweep voltammetry (LSV).

To assess the effect of pharmaceutical additives, a series of
commonly used excipients were investigated, including silica
colloidal anhydrous, ethylcellulose aqueous dispersion, micro-
crystalline cellulose, polyacrylate, magnesium stearate, sodium
carmellose, hypromellose, macroglycerol hydroxystearate, tita-
nium dioxide, povidone, sodium starch glycolate Type A, lactose
monohydrate, macrogol, ferric oxide, iron oxide yellow (E172),
iron oxide red (E172), and crospovidone. Each excipient was
individually introduced into an electrochemical cell containing
standard solutions of CBZ or QTP. The corresponding voltam-
metric responses were recorded and compared with those ob-
tained in the absence of interfering species.

To evaluate performance in the presence of biologically
relevant interferents, ascorbic acid, uric acid, and dopamine
were selected as representative endogenous electroactive
compounds. These species were tested both individually and in
combination with CBZ and QTP. LSV measurements were con-
ducted to monitor any changes in peak current, peak potential,
or signal shape. Mixed solutions containing the target analytes
and interfering species were prepared to simulate competitive
electrochemical environments.

All experiments were carried out using a ZrO2@MWCNTs-
modied glassy carbon electrode (GCE). The voltammetric
proles were analyzed to determine the extent of the signal
overlap, peak resolution, and potential redox interference. The
reproducibility and stability of the sensor response were also
monitored throughout the interference assessments to ensure
reliability under complex matrix conditions.

CBZ and QTP analyses of pharmaceutical formulations

The ZrO2@MWCNTs@GCE electrode was utilized for the vol-
tammetric analysis of CBZ and QTP in real pharmaceutical
formulations. Tegretol® CR 200 mg and Tegretol® CR 400 mg
(Novartis Pharma, Egypt) were used as CBZ sources, while
Seroquel® 25 mg (AstraZeneca, China) and Quitapex® 25 mg
(Apex Pharma, Egypt) were used for QTP analysis.

For CBZ analysis, a single tablet of Tegretol® CR 200 mg was
dissolved in 10 mL of DMSO, and Tegretol® CR 400 mg was
dissolved in 20 mL of DMSO. Each solution was sonicated until
homogeneous. From each, 500 mL was diluted with 500 mL PBS;
then, 500 mL of this mixture was diluted with 4.5 mL PBS. These
solutions were used at varying concentrations for the CBZ
electrochemical analysis by LSV.

For QTP, individual Seroquel® 25 mg and Quitapex® 25 mg
tablets were dissolved in 676 mL of DMSO and sonicated until
homogeneous. Then, 500 mL of each solution was diluted with
© 2026 The Author(s). Published by the Royal Society of Chemistry
4.5 mL of PBS. The prepared solutions were used at different
concentrations to study QTP electrochemical behavior using LSV.
Results and discussion
Structural and morphological characterization of the
ZrO2@MWCNTs nanocomposite

The structural and morphological features of the synthesized
ZrO2@MWCNTs nanocomposite were comprehensively
analyzed using FTIR, XRD, and TEM techniques. Fourier-
transform infrared (FTIR) spectroscopy was employed to iden-
tify the surface functional groups and bonding interactions in
pure solid powder of ZrO2, pristine MWCNTs, and the ZrO2@-
MWCNTs composite (Fig. 1A). The FTIR spectrum of ZrO2

exhibited a broad absorption band between 400 and 700 cm−1,
which corresponded to the Zr–O stretching vibration, conrm-
ing the presence of zirconium oxide. The spectrum of MWCNTs
displayed characteristic bands at approximately 3430 cm−1 (O–
H stretching), 2920 cm−1 (C–H stretching), 1630 cm−1 (C]C
stretching of the graphitic backbone), and 1100 cm−1 (C–O
stretching), indicating partial surface oxidation and the exis-
tence of oxygen-containing functional groups.

For the ZrO2@MWCNTs nanocomposite, the characteristic
Zr–O stretching vibration was clearly preserved, conrming the
structural integrity of the zirconia phase aer composite
formation. Notably, a reduction in the intensity of the O–H and
C–O vibrational bands was observed, which could be attributed
to the involvement of oxygen-containing functional groups on
the MWCNTs surface in interfacial interactions with ZrO2

nanoparticles. This attenuation suggests the partial modica-
tion of surface hydroxyl and carboxyl groups during the
anchoring process. Furthermore, slight shis in the C]C
stretching band of the graphitic framework and in the Zr–O
stretching region were detected, indicating electronic pertur-
bation and the establishment of strong interfacial coupling
between ZrO2 and the carbon nanotube network. These spectral
changes are consistent with the formation of chemical bonding
or robust coordination interactions rather than simple physical
adsorption. These spectroscopic ndings pointed to the
homogeneous distribution of ZrO2 nanoparticles onto the
MWCNTs surface, resulting in a stable and well-integrated
hybrid nanostructure with enhanced interfacial compatibility.

Consequently, the X-ray diffraction (XRD) patterns were
recorded to determine the crystalline phases and structural
integrity of ZrO2, MWCNTs, and their composites (Fig. 1B). Pure
ZrO2 displayed distinct diffraction peaks at 2q z 28.2°, 31.5°,
34.3°, and 50.1°, which are indexed to the (−111), (111), (002),
and (112) planes, respectively, conrming the monoclinic phase
(JCPDS No. 37-1484). The MWCNTs exhibited a broad peak
centered on 2q z 26°, corresponding to the (002) plane of
graphitic carbon, which reects their semi-crystalline nature. In
the XRD pattern of the ZrO2@MWCNTs composite, diffraction
peaks from both ZrO2 and MWCNTs were present, conrming
the coexistence of both components. The slight reduction and
broadening of the (002) peak intensity of MWCNTs suggested
a strong interaction between ZrO2 nanoparticles and the
RSC Adv., 2026, 16, 22498–22513 | 22501
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Fig. 1 (A) FTIR spectra recorded from the MWCNTs, ZrO2 and ZrO2@MWCNTs nanocomposite. (B) X-ray diffraction (XRD) patterns of pure ZrO2,
MWCNTs, and the ZrO2@MWCNTs composite. (C) TEM images of the (I) MWCNTs, (II) ZrO2, and (III) ZrO2@MWCNTs nanocomposite. (IV) The
corresponding diffraction pattern of ZrO2@MWCNTs.
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nanotube surfaces possibly due to partial surface coverage or
strain effects during decoration.

Furthermore, 2D imaging using transmission electron
microscopy (TEM) was utilized to observe the morphology,
particle size, and distribution of ZrO2 nanoparticles on the
MWCNTs (Fig. 1C). TEM images of pure ZrO2 revealed quasi-
spherical nanoparticles with an average diameter of 10–
20 nm, exhibiting mild agglomeration due to high surface
22502 | RSC Adv., 2026, 16, 22498–22513
energy. The MWCNTs showed characteristic multi-walled
tubular structures with outer diameters ranging from 20 to
40 nm and hollow interiors, conrming their graphitic cylin-
drical morphology. Furthermore, the TEM images of the
ZrO2@MWCNTs composite displayed uniformly dispersed ZrO2

nanoparticles anchored along the outer walls of the nanotubes,
with minimal aggregation. The intimate interfacial contact and
homogeneous decoration indicated strong interactions
© 2026 The Author(s). Published by the Royal Society of Chemistry
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between the ZrO2 nanoparticles and the MWCNTs surfaces.
Furthermore, no observable damage or deformation of the
nanotube structure was detected, suggesting that the integra-
tion route effectively preserved the structural integrity of the
MWCNTs. The high interfacial contact area between ZrO2 and
MWCNTs is expected to promote efficient charge transfer,
a desirable property for catalytic and electrochemical sensing
applications.
Electrochemical screening of nanomaterials

To develop a highly sensitive and reliable electrochemical
platform for the rapid detection of the target pharmaceutical
analytes, systematic electrochemical characterization and
screening of several nanomaterials were performed using the
CV and EIS, respectively. All nanostructure-electrodes were
evaluated using the K3[Fe(CN)6]/K4[Fe(CN)6] (5.0 mM in 0.1 M
KCl) to assess electron-transfer efficiency.
Fig. 2 (A) CV and (B) EIS of the unmodified and modified GCE with differ
(D) EIS of different metal oxides@MWCNTs. Measurements were conduct

© 2026 The Author(s). Published by the Royal Society of Chemistry
As shown in Fig. 2A and summarized in Table S1, GCEs
modied with various metal oxide nanostructures, including
ZrO2, La2O3, V2O5, TiO2, Sb2O3, and NiO, exhibited signicantly
enhanced anodic peak currents compared to the bare-GCE
(21.39 mA). The peak currents followed the order ZrO2 (32.65
mA) > La2O3 (30.02 mA) > TiO2 (29.78 mA) > V2O5 (28.32 mA) > NiO
(27.69 mA) > Sb2O3 (14.60 mA), highlighting the added electro-
chemical reactivity of ZrO2.

However, the EIS and double-layer capacitance analyses
further validated these results, while the generated charge-
transfer resistance (Rct) for ZrO2-modied electrodes was the
lowest among all the tested nanomaterials (35.5 U), compared
to La2O3 (102 U), TiO2 (1210.3 U), V2O5 (2510 U), NiO (3248 U),
and Sb2O3 (7254.3 U), conrming efficient electron-transfer
pathways (Table S1). Collectively, these results identied ZrO2

as the optimal metal oxide for further electrode modication.
ent metal oxides (NiO, Sb2O3, V2O5, ZrO2, La2O3 and TiO2). (C) CV and
ed in 5.0 mM [Fe3(CN)6]

3−/4− with 0.1 M KCl at a scan rate of 50mV s−1.
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Consequently, to enhance conductivity and electrocatalytic
performance, ZrO2 was integrated with multi-walled carbon
nanotubes (MWCNTs) to form a hybrid ZrO2@MWCNTs nano-
composite. As mentioned above, the FTIR analysis revealed the
formation of a stable and well-integrated hybrid structure.
Thus, the electrochemical properties of the ZrO2@MWCNTs
composite were evaluated and compared to bare GCE and
individual components (ZrO2 or MWCNTs). As a result, the
hybrid nanocomposite demonstrated remarkable enhancement
in voltammetric performance. The oxidation peak current
increased from 21.4 mA for the bare-GCE to 188.9 mA for the
ZrO2@MWCNTs-modied electrode, representing an over
eightfold increase (Fig. 2C and Tables S1 and S2).

EIS measurements revealed a dramatic decrease in the ob-
tained Rct: bare GCE 5968 U / MWCNTs-modied 340.2 U /

ZrO2@MWCNTs-modied 9.8 U (Fig. 2D). This signicant
improvement reects the synergistic interaction between crys-
talline ZrO2 nanoparticles and the highly conductive MWCNTs
network, which promotes rapid electron transport and
enhances electro–catalytic activity. Consequently, the ZrO2@-
MWCNTs-modied electrode provides a high-performance
platform for sensitive and reproducible electrochemical detec-
tion of pharmaceutical analytes.

Electrochemically active surface area (ECSA) evaluation

The electrochemically active surface area (ECSA) of the working
electrode in such electrochemical systems is a critical param-
eter for assessing the efficiency and catalytic performance of
modied electrodes. It provides direct insight into the accessi-
bility of electroactive sites and the extent of charge transfer
between the electrode surface and redox species. In this study,
the ECSA values of bare and ZrO2@MWCNTs electrodes were
determined using the CV in a 5.0 mM [Fe3(CN)6]

3−/4− redox
probe with 0.1 M KCl as the supporting electrolyte at different
scan rates (as shown in Fig. 3A and C). Accordingly, the calcu-
lation of the ECSA was carried out using the Randles–Ševč́ık
equation,29 which describes the relationship between the vol-
tammetric peak current (Ip) and various system parameters for
a reversible redox process at 25 °C:

Ip = (2.69 × 105)n3/2AD1/2Cv1/2, (1)

where (Ip) is the voltammetric peak current, (n) is the number of
electrons transferred, (A) is the electroactive surface area (cm2)
of the working electrode, (D) is the diffusion coefficient of the
redox species (cm2 s−1), (C) is the analyte concentration (mol
cm−3), and (v) is the scan rate (V s−1).

By plotting Ip against the square root of the scan rate (v1/2),
a linear correlation is obtained, and the slope of this line is used
along with known constants to calculate the changes in ECSA.

The CV results (Fig. 3B and D) demonstrated a well-dened,
linear relationship between the redox peak current and the
square root of the scan rate, conrming a adsorption-controlled
process at both bare and modied electrodes. The bare GCE
exhibited relatively small redox peak currents, indicating
a limited electroactive area and sluggish electron transfer. Upon
modication with the ZrO2@MWCNTs nanocomposite,
22504 | RSC Adv., 2026, 16, 22498–22513
a substantial enhancement in redox current was observed,
reecting an expanded electroactive surface and improved
electron-transfer dynamics and kinetics.

This improvement can be attributed to the synergistic effects
of the ZrO2 nanoparticles and theMWCNTs framework. The high
surface area and conductivity of MWCNTs provide efficient
electron transport pathways, while dispersed ZrO2 nanoparticles
introduce additional active sites and promote interfacial redox
interactions. Consequently, the ZrO2@MWCNTs-modied elec-
trode exhibited a signicantly higher ECSA value of 1.026 cm2,
compared with only 0.093 cm2 for the bare GCE, representing
nearly a 10-fold enhancement. The enlarged electroactive area
and improved charge transport characteristics of the ZrO2@-
MWCNTs nanocomposite play a pivotal role in enhancing its
electrocatalytic performance, conrming its suitability as an
efficient sensing platform for CBZ and QTP detection.
Voltammetric assay optimization for CBZ and QTP detection

Following the identication of the ZrO2@MWCNTs nano-
composite as a highly promising sensing material, optimization
studies were conducted to determine the ideal composition and
experimental conditions for maximizing the electrochemical
response toward the target analytes, carbamazepine (CBZ) and
quetiapine (QTP).

Comparative electrochemical investigations were performed
to elucidate the individual contributions of each component
within the developed nanocomposite system. Measurements
were carried out using the bare electrode, electrodes modied
solely with MWCNTs, electrodes modied solely with ZrO2

nanoparticles, and electrodes modied with the ZrO2@-
MWCNTs nanocomposite. The bare GCE exhibited relatively
low peak currents, indicating limited electrocatalytic activity
and slow electron-transfer kinetics toward the analytes. Modi-
cation with MWCNTs resulted in a marked enhancement of
the electrochemical response, which is attributed to the high
electrical conductivity, large specic surface area, and efficient
electron-transport pathways provided by the interconnected
nanotube network. Electrodes modied solely with ZrO2 nano-
particles showed a moderate increase in the current response.
Remarkably, the ZrO2@MWCNTs-modied electrode demon-
strated signicantly higher peak currents and improved signal
reproducibility compared with electrodes containing individual
components. This enhanced performance arises from the
synergistic interaction between the conductive MWCNTs
framework and the catalytically active ZrO2 nanoparticles. The
MWCNTs matrix promotes rapid electron transfer and provides
an expanded electroactive surface area, while uniformly
distributed ZrO2 nanoparticles introduce abundant catalytic
and adsorption sites for analyte interaction. This cooperative
effect substantially enhances electrocatalytic activity, sensi-
tivity, and overall sensing performance toward CBZ and QTP.

As shown in Fig. 4A, both analytes exhibited distinct redox
activity at the electrode surface. CBZ displayed a well-dened
irreversible oxidation peak at approximately 1.042 V, with
a peak current of 160 mA, compared with 2.0 mA at the bare
electrode. QTP exhibited a prominent oxidation peak at 0.78 V,
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (A and C) Cyclic voltammograms of bare and ZrO2@MWCNTs-modified glassy carbon electrode (GCE) recorded in 5.0 mM
[Fe3(CN)6]

3−/4− with 0.1 M KCl at varying scan rates. (B and D) Corresponding linear plots of peak current (Ip) versus the square root of scan rate
(v1/2) are used to estimate the electrochemically active surface area (ECSA) using the Randles–Ševč́ık equation.
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with a peak current of 38 mA. Notably, the ZrO2@MWCNTs-
modied electrodes signicantly enhanced the direct electro-
oxidation of both analytes, producing a pronounced increase in
faradaic peak currents, as illustrated in Fig. 4A.

To optimize the ZrO2-to-MWCNTs ratio, three weight ratios
were evaluated: (i) 1.0 mg ZrO2 with 4.0 mgMWCNTs, (ii) 4.0 mg
ZrO2 with 1.0 mg MWCNTs, and (iii) 2.5 mg ZrO2 with 2.5 mg
MWCNTs. Each mixture was dispersed in 1.0 mL of distilled
water and sonicated for 30 minutes, and 20 mL of each
suspension was drop-cast onto the GCE surface and dried at
room temperature. Among the tested formulations, the 1 : 1
ratio produced the highest anodic peak currents, reecting
superior electron-transfer efficiency and enhanced electro-
catalytic activity. This improvement is attributed to the optimal
balance between the catalytic properties of ZrO2 and the high
electrical conductivity of MWCNTs, which facilitates charge
transport and provides an enlarged active surface area. Higher
© 2026 The Author(s). Published by the Royal Society of Chemistry
ZrO2 content (e.g., 4 : 1 ZrO2) led to a marked decrease in vol-
tammetric signal likely due to the semiconducting nature of
ZrO2, which restricts electron mobility at elevated concentra-
tions, reducing the overall electrochemical performance of the
composite. Consequently, the 1 : 1 ratio was selected as the
optimal composition for all subsequent electrochemical
measurements.

The effect of the supporting electrolyte on the oxidation peak
currents of CBZ and QTP was assessed using phosphate buffer
solution (PBS), Britton–Robinson buffer (BRB), acetate buffer,
citrate-phosphate buffer, and Tris buffer (Fig. 4C). Among these,
PBS yielded the most pronounced and well-dened oxidation
peaks for both analytes, reecting its superior ionic conduc-
tivity, buffering capacity, and compatibility with the modied
electrode surface. Therefore, PBS was chosen as the optimal
supporting electrolyte.
RSC Adv., 2026, 16, 22498–22513 | 22505
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Fig. 4 (A) Cyclic voltammetric profiles of carbamazepine (CBZ) and quetiapine (QTP) recorded at the bare GCE and ZrO2@MWCNTs-modified
electrodes, illustrating the enhanced electrochemical response and catalytic activity of the nanocomposite-modified surface. (B) Effect of
ZrO2@MWCNTs nanocomposite ratio toward the oxidation peak current of CBZ and QTP. (C) Effect of electrolyte buffer type (PBS, BRB, acetate
buffer, citrate phosphate buffer, and Tris-buffer) on the oxidation peak current of CBZ and QTP. (D) Effect of pH changes on the peak current of
CBZ and QTP oxidation.

22506 | RSC Adv., 2026, 16, 22498–22513 © 2026 The Author(s). Published by the Royal Society of Chemistry
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Subsequently, the inuence of solution pH on the electro-
chemical behavior of CBZ and QTP was investigated in a pH
range of 3.0–9.0 using PBS. As shown in Fig. 4D, maximum
oxidation peak currents were observed at pH 7.0. Deviations
from this pH led to notable decreases in signal intensity and
stability: acidic media (pH < 6) caused degradation of the
nanocomposite surface, whereas alkaline conditions (pH > 8)
produced unstable and noisy voltammetric responses likely due
to hydroxide formation and decreased analyte stability.

Thus, the combination of a 1 : 1 ZrO2@MWCNTs nano-
composite and PBS at pH 7.0 was established as the optimal
condition, ensuring both stability and high sensitivity for the
voltammetric detection of CBZ and QTP.
Voltammetric oxidation mechanisms and electron transfer
determination

The electrochemical oxidation mechanisms of the CBZ and QTP
at the ZrO2@MWCNTs-modied electrodes were systematically
investigated through scan rate studies to elucidate the nature of
the electron transfer process and the number of electrons
involved (Fig. S1, SI). Thus, the voltammetric response of both
analytes was examined over a range of scan rates (50–300 mV
s−1) under constant experimental conditions (Fig. S1A and B).
As the scan rate increased, a proportional enhancement in the
oxidation peak current (Ip) was observed, accompanied by
a gradual positive shi in the peak potential (Ep) (Fig. S1C and
D). The plots of Ip versus the square root of the scan rate (v1/2)
displayed excellent linearity (Fig. S1E and F), conrming that
the irreversible molecular oxidation processes of CBZ and QTP
are predominantly adsorption-controlled.

This conclusion is consistent with Laviron's theoretical
model for irreversible electrochemical reactions (eqn (2)):

Ep ¼ E
0
0 þ ðRT=anFÞlogðRTk0=anFÞ þ ðRT=anFÞlog v; (2)

where ðE0
0Þ is the formal potential (V), (R) is the gas constant

(8.314 J mol−1 K−1), (T) is the temperature (298 K), (a) is the
charge-transfer coefficient, (n) is the number of electrons
transferred, and (F) is the Faraday constant (96 485 C mol−1).
The slope of the linear relationship between (Ep) and (log v) is
given by (2.303RT/anF), enabling the calculation of (n).

Accordingly, from the experimentally obtained slope values
(0.0569 V) for CBZ and (0.032 V) for QTP, the corresponding
electron transfer numbers were determined to be approximately
nz 1.0 for CBZ and nz 2.0 for QTP, assuming a = 0.5 and a =

0.373, respectively. These results strongly support the proposed
oxidation mechanisms illustrated in (Scheme S1A and B, SI).

For the CBZ, the oxidation begins with a one-electron
transfer at the nitrogen center, forming a carbamazepine
radical cation (CBZc+). This reactive intermediate undergoes
structural rearrangement and dimerization via radical coupling
at the 2-position, yielding a CBZ dimer.

For the QTP, the electrooxidation proceeds through a two-
electron, one-proton process at the piperazine moiety, leading
to the formation of a transient tertiary ammonium radical
intermediate. Subsequent deprotonation and rearrangement
© 2026 The Author(s). Published by the Royal Society of Chemistry
yield an imine product, a transformation that is irreversible due
to the lack of enamine-imine interconversion.
Electrode performance and calibration curves

The ZrO2@MWCNTs-modied electrodes exhibited broad
linear response ranges for both CBZ and QTP without signal
saturation (as depicted in Fig. S2A and B, SI). The calibration
curves (Fig. S2C and D) revealed a dynamic linearity increase
between the oxidation current and logarithm of the targeting
analyte concentration ranging from 1.0 × 10−6 to 1.0 × 10−1 M,
with sensitivities of 77 mA mM−1 for CBZ and 22.36 mA mM−1 for
QTP, respectively.

The superior analytical performance is attributed to the
synergistic properties of the nanocomposite, enlarged/
expanded electroactive surface area, high electrical conduc-
tivity, and efficient electron transport pathways provided by the
MWCNTs matrix combined with the catalytic functionality of
ZrO2. These characteristics collectively establish the ZrO2@-
MWCNTs-modied electrode as a robust and highly responsive
platform for the electrochemical sensing of therapeutic drugs.

Consequently, the DPV and LSV techniques were employed
to evaluate key analytical parameters, including selectivity,
sensitivity, dynamic linear range, and detection limits of the
ZrO2/MWCNTs-modied electrodes in response to the direct
oxidation of the target analytes (CBZ and QTP) in PBS. As shown
in Fig. 5A, the relationship between the anodic peak current and
accumulation time was studied using the proposed sensor in
phosphate-buffered saline (PBS, pH 7.0) containing 300 mM
each of CBZ and QTP at a scan rate of 50 mV s−1. The oxidation
peak current increased with increasing accumulation time up to
13 seconds and then declined. This decrease is likely due to
surface saturation by CBZ or QTP. Consequently, an accumu-
lation time of 13 seconds was selected as optimal for further
experiments.

In addition, Fig. 5B presents the DPV responses of ZrO2@-
MWCNTs-modied electrodes toward a xed concentration of
CBZ in PBS (pH 7.0) at various deposition potentials ranging
from 0.0 V to 0.5 V. The maximum oxidation peak current was
recorded at 0.2 V, which was therefore chosen as the optimal
deposition potential for subsequent measurements.

Using the DPV and LSV techniques, the electrochemical
responses of CBZ and QTP were evaluated across a range of
concentrations. For CBZ (Fig. 6), a linear relationship was
observed between the oxidation peak current and concentration
in the range of 0.08–200 mM using the DPV method and 0.08–
4022 mM using LSV, with correlation coefficients (R2) ranging
from approximately 0.994 to 0.999. In the case of QTP (Fig. 7),
both the DPV and LSV methods demonstrated linear behaviour
over a concentration range of 0.08–4022 mM, with correlation
coefficients between ∼0.995 and 0.998.

The limits of detection for CBZ and QTP were determined to
be 0.01 mM and 0.025 mM, respectively, which were calculated
using the following equation: LOD = 3SD/slope, where SD
denotes the standard deviation. These values reect the excel-
lent sensitivity of the developed sensor. Furthermore, when
comparing the linear detection ranges and LODs of the
RSC Adv., 2026, 16, 22498–22513 | 22507
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Fig. 5 (A) Effect of deposition time and (B) effect of deposition potential on CBZ and QTP oxidation peak current response.

Fig. 6 (A) DPV peaks and (B) linear calibration curve for CBZ detection. (C) LSV oxidation peaks and (D) linear calibration curve for the CBZ
response.

22508 | RSC Adv., 2026, 16, 22498–22513 © 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 (A) DPV peaks and (B) linear calibration curve for QTP detection. (C) LSV oxidation peaks and (D) linear calibration curve for the QTP
response.
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ZrO2@MWCNTs@GCE sensor to those of previously reported
materials (see Tables 1 and 2), it is evident that the proposed
electrode exhibits superior sensitivity and a remarkably low
detection limit for both CBZ and QTP detection.

It is also important to emphasize that the primary objective
of the present study is the electrochemical determination of
CBZ and QTP in pharmaceutical formulations. In this context,
the active ingredients are oen present at relatively high
concentrations. Therefore, obtaining wide dynamic linear
ranges is essential to enable direct analysis of unknown
samples without requiring pre-treatment steps, such as dilution
or concentration adjustments. This capability ensures the
accurate, rapid, and practical quantication of pharmaceutical
analytes under realistic formulation conditions.
Interference study

Given that the optimized electrochemical assay was designed
for the quantitative determination of CBZ and QTP in phar-
maceutical formulations, evaluating its performance in the
presence of potential interfering species is critical. To this end,
© 2026 The Author(s). Published by the Royal Society of Chemistry
a range of common pharmaceutical excipients and additives,
including silica colloidal anhydrous, ethylcellulose aqueous
dispersion, microcrystalline cellulose, polyacrylate, magnesium
stearate, sodium carmellose, hypromellose, macroglycerol
hydroxystearate, titanium dioxide, povidone, sodium starch
glycolate Type A, lactose monohydrate, macrogol, ferric oxide,
iron oxide yellow (E172), iron oxide red (E172), and crospovid-
one, were tested as potential interferents.

The individual electrochemical responses of CBZ and QTP
were evaluated using linear sweep voltammetry (LSV) in the
absence and presence of these coexisting excipients. As illus-
trated in Fig. 8, the assay retained rapid, well-dened, and
clearly distinguishable voltammetric signals for both CBZ and
QTP, demonstrating that the presence of common pharma-
ceutical additives did not compromise detection. This obser-
vation conrms that the ZrO2@MWCNTs-modied GCE sensor
exhibits excellent selectivity, sensitivity, and rapid response
characteristics, supporting its suitability for accurate analysis in
complex pharmaceutical matrices.

To further assess sensor selectivity, interference studies were
conducted using endogenous electroactive species, including
RSC Adv., 2026, 16, 22498–22513 | 22509
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Table 1 Some of the previously reported assays on carbamazepine detection and analysis utilizing different types of nanomaterials for sensor
surface modification

Electrode Method LOD (mM) Linear range (mM) Ref.

Graphite@GCE CV 4.2 84.6–846 30
MWCNTs@GCE LSV 0.040 0.13–1.60 31
Fullerene-C60@GCE DPV 0.0162 0.09–10 32
Gr-AuNP@AuE LSV 3.03 5.0–0000 33
MI-PEDOT@GCE SWV 980 — 34
Fe–SnO2@SPCE SWV 0.092 0.5–100 35
Au-electrode CV 0.01 0.1–100 36
ZSM-5/TiO2@CPE DPV 1.04 6.0–97 37
NiO/ZnO@GCE DPV 0.08 5.0–100 38
GO/g-C3N4@GCE AMP 0.0105 0.092–266 39
Au@AgPdNPs-b-CD-IL@GCE SWV 0.089 0.5–90 40
GR/MWCNTs DPV 0.233 1.0–60 41
GCE DPV 4.65 in ethanol — 42

38.1 in water
TiO2NPs/Naon@GCE DPV 0.054 0.4–12 43

12–100
ERGO-SWNT@GCE AMP 0.029 0.05–3.0 44
MIPEDOT@GCE SWV 980 — 34
MIP@CPE DPV — 0 to 50 45
AgNPs@SPCE DPAdSV 0.938 46
[BnMIM]PF6@CPE DPV 0.98 7.0–700 47
Ag/TiO2@CPE DVP 0.86 2.5–100 48
GCE DPV 1.8 5.0–600 49
GCE DPV 0.593 — 50
ZrO2@MWCNTs@GCE LSV 0.01 0.08–4022 This work

DPV 0.08–200

Table 2 Some of the previously reported assays on quetiapine detection and analysis utilizing different types of nanomaterials for sensor surface
modification

Electrode Method LOD (mM) Linear range (mM) Ref.

GCE DPV 0.0401 4–200 51
OSWV 0.133 4–200

SPAB/GCE SWAdSV 0.019 0.08–7.5 52
GCE DPV 0.01 0.02–5 53
GnPs-Naf/GCE DPV 0.29 1.0–100 54

DPAdSV 0.022 0.1–10
GNSs-PDA@SiO2/rG/GCE SWV 100 500–3000 55
C–C3N4/Li2FeMn3O8/IL/CPE DPV 0.011 0.090–900 56
Pd–Ag/g-C3N4/CPE SWV 1.5 5.2–107 57
ZrO2@MWCNTs@GCE LSV 0.025 0.08–4022 This work
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ascorbic acid, uric acid, and dopamine, as shown in Fig. 8B and
C. Their electrochemical responses were recorded individually
and in combination with the target analytes under optimized
experimental conditions. The voltammetric proles revealed
well-resolved and distinct three-oxidation peaks, one for each
non-targeting specie. Importantly, the introduction of these
electroactive compounds alongside CBZ or QTP did not result in
peak overlap, alteration of peak potentials, or signicant
changes in current intensity or peak shape.

The absence of detectable electrochemical interference or
redox cross-reactivity indicates that the ZrO2@MWCNTs-
modied sensor possesses strong discrimination capability
toward CBZ and QTP, even in the presence of structurally and
electrochemically active coexisting species. These results
22510 | RSC Adv., 2026, 16, 22498–22513
conrm that the electrochemical processes are well resolved
and that the sensor maintains reliable signal delity under
potentially competitive conditions.

Reproducibility and sensor stability

To assess the reproducibility of both the assay and the surface
modication process, LSVmeasurements were conducted using
a xed concentration of 300 mM for CBZ and QTP across
multiple freshly prepared ZrO2@MWCNTs-modied electrodes.
As illustrated in Fig. S3A, the oxidation current responses ob-
tained from each electrode were highly consistent, with only
a minor relative standard deviation of approximately 2.14%,
thereby conrming the excellent reproducibility and uniformity
of the sensor fabrication process.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 (A) Interference study illustrating the voltammetric response of the
ZrO2@MWCNTs-modified electrode in the presence of non-target ana-
lytes. (B) Voltammetric detection of multiple electroactive species,
including ascorbic acid (AA), dopamine (DA), uric acid (UA), and carba-
mazepine (CBZ), using the ZrO2@MWCNTs-modified electrode. (C) Vol-
tammetric detection of multiple electroactive species, including ascorbic
acid (AA), dopamine (DA), uric acid (UA), and quetiapine (QTP), using the
ZrO2@MWCNTs-modified electrode.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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In addition, the stability and operational durability of the
sensor were examined over four weeks following fabrication. As
shown in Fig. S3B, the sensor maintained stable electro-
chemical performance, with only a 5.4% decrease in the
oxidation current response over the test period. These results
demonstrate that the ZrO2@MWCNTs-modied electrode
possesses outstanding long-term stability and retains its
electrochemical activity over extended storage and usage
periods.

In addition, the sensor's response time was evaluated by
monitoring the voltammetric redox signal immediately
following the addition of either CBZ or QTP. The ZrO2@-
MWCNTs-modied electrode exhibited a rapid electrochemical
response, reecting fast electron-transfer kinetics at the nano-
composite interface. This swi response indicates that the
proposed sensor is well-suited for rapid analytical applications.
Detection of CBZ and QTP in real samples

The developed sensor was essentially designed for practical
application in real sample analysis. The optimized electro-
chemical assay exhibited outstanding sensitivity and selectivity
for the detection of CBZ and QTP. Consequently, the quantita-
tive determination of these compounds in pharmaceutical
formulations was carried out using the standard addition
method. In this evaluation, four raw pharmaceutical drug
samples (n = 4) were analyzed by the LSV technique, each using
individually prepared ZrO2@MWCNTs-modied electrodes.

The electrochemical responses were recorded, and the cor-
responding concentrations of CBZ and QTP were calculated
from calibration curves established using pure standard solu-
tions. As presented in (Table S5, SI), the recovery values ranged
from 99.2% to 100.3%, with relative standard deviations (RSDs)
between 1.1% and 3.1%. These results conrm the high preci-
sion, accuracy, and analytical reliability of the proposed sensor
for real sample quantication.

Overall, the successful detection of CBZ and QTP in phar-
maceutical samples underscores the potential of the ZrO2@-
MWCNTs-modied sensor for practical implementation in
portable analytical devices. Its straightforward fabrication, low
cost, and user-friendly operation make it highly suitable for on-
site, rapid monitoring of CBZ and QTP without the need for
sophisticated instrumentation or extensive technical expertise.
Conclusion

The ZrO2@MWCNTs-modied electrode (ZrO2@-
MWCNTs@GCE) developed in this study provides a highly
efficient, stable, and sensitive voltammetric platform for the
direct and fast determination of carbamazepine and quetia-
pine. The fully optimized electrochemical approach exhibited
excellent repeatability, reproducibility, and recovery, which was
accompanied by remarkably low detection limits. Compared
with conventional chromatographic methods, this strategy
offers notable advantages in terms of simplicity, rapid response,
cost efficiency, and ease of operation.
RSC Adv., 2026, 16, 22498–22513 | 22511
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The synergistic integration of zirconium oxide nanoparticles
with multi-walled carbon nanotubes signicantly enhanced the
electrode's electrocatalytic activity, resulting in substantial
signal amplication and pronounced reductions in detection
and quantication limits relative to bare and individually
modied electrodes. The method's validity was conrmed
through the successful quantication of CBZ and QTP in
commercial pharmaceutical formulations, demonstrating its
analytical precision and practical applicability.

In summary, the ZrO2@MWCNTs/GCE-based electro-
chemical sensor constitutes a promising analytical tool for
pharmaceutical quality control and therapeutic drug moni-
toring. Future studies will focus on expanding its application to
biological matrices and developing portable or point-of-care
diagnostic platforms, thereby broadening its potential for
real-world clinical and industrial use.
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36 N. Trisovic, B. Božić, S. Petrovic, S. Tadic and M. Avramov-
Ivic, Hem. Ind., 2014, 68, 207–212.

37 S. K. Hassaninejad-Darzi and F. Shajie, Mater. Sci. Eng., C,
2018, 91, 64–77.

38 N. Qambrani, J. A. Buledi, N. H. Khand, A. R. Solangi,
S. Ameen, N. S. Jalbani, A. Khatoon, M. A. Taher,
F. H. Moghadam, M. Shojaei and F. Karimi, Chemosphere,
2022, 303, 135270.

39 P. Balasubramanian, T. S. T. Balamurugan, S.-M. Chen,
T.-W. Chen, M. Ajmal Ali, F. Al-Hemaid and M. Elshikh, J.
Electrochem. Soc., 2018, 165, B160–B166.

40 L. Daneshvar and G. H. Rounaghi, J. Electrochem. Soc., 2017,
164, B177–B183.
© 2026 The Author(s). Published by the Royal Society of Chemistry
41 L. Daneshvar, G. Rounaghi, Z. E'Shaghi, M. Chamsaz and
S. Tarahomi, J. Mol. Liq., 2016, 215, 316–322.
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