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An electrochemical sensor based on a SnO2/Co3O4-modified carbon paste electrode (CPE) was developed for the quantitative
determination of gilteritinib (GIL), a drug used in the treatment of acute myeloid leukemia. The SnO2/Co3O4 nanocomposite was
synthesized via a precipitation–calcination route and characterized by XRD, FTIR, FE-SEM, and STEM analyses. The electro-
chemical properties of the modified electrode were investigated using cyclic voltammetry (CV) and electrochemical impedance
spectroscopy (EIS). Compared with bare CPE, the SnO2/Co3O4/CPE exhibited enhanced electrocatalytic activity and faster
electron-transfer kinetics, evidenced by lower peak separation (∆Ep = 0.19 V), higher peak current (Ip = 35 µA), and reduced
charge-transfer resistance (Rct = 2590 Ω). Quantitative determination of GIL was carried out using differential pulse voltammetry
(DPV), yielding a wide linear range of 0.00031–11.640 µM with limits of detection and quantification of 0.093 and 0.309 nM,
respectively. The sensor showed excellent repeatability (RSD = 1.1%), reproducibility (RSD = 0.5%), high sensitivity (13.17 µA
µM−1 cm−2), and good selectivity, with recoveries between 96.9% and 103.5%. Greenness assessment using AGREE, GAPI,
and BAGI confirmed the environmentally friendly nature of the method. Overall, the proposed platform provides a sensitive and
reliable approach for GIL determination with potential application in therapeutic monitoring.
© 2026 The Author(s). Published on behalf of The Electrochemical Society by IOP Publishing Limited. This is an open access
article distributed under the terms of the Creative Commons Attribution 4.0 License (CC BY, https://creativecommons.org/
licenses/by/4.0/), which permits unrestricted reuse of the work in any medium, provided the original work is properly cited.
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Acute myeloid leukemia (AML) is a hematological malignancy
characterized by the uncontrolled proliferation of immature myeloid
cells in the bone marrow, which disrupts normal hematopoiesis
and leads to severe infections, anemia, and an increased risk of
hemorrhage.1–3 Among the therapeutic strategies developed for
AML, targeted kinase inhibitors have gained considerable attention.
Gilteritinib (GIL) is an orally active small-molecule inhibitor that
targets the AXL receptor tyrosine kinase and the FMS-like tyrosine
kinase 3 (FLT3) signaling pathway, both of which play crucial roles
in leukemic cell survival and proliferation.4–6 Due to its clinical effi-
cacy, GIL has been approved in several regions, including the United
States, the European Union, Japan, and Canada, for the treatment of
adults with relapsed or refractory AML.7,8

Despite its therapeutic benefits, the safe use of GIL requires care-
ful monitoring due to potential adverse effects and drug–drug interac-
tions. GIL is primarily metabolized by the cytochrome P450 enzyme
CYP3A4, and co-administration with strong CYP3A4 inhibitors
can significantly increase systemic exposure, potentially leading
to severe toxicities.9,10 Therefore, pharmacokinetic evaluation and
therapeutic drug monitoring, dependable analytical approaches are
required for the determination of GIL in pharmaceutical products
and biological matrices.

Despite the clinical significance of GIL, the current analyti-
cal landscape for its determination is notably sparse, particularly
concerning rapid and cost-effective monitoring. While various chro-
matographic and mass spectrometric techniques, including HPLC,11

UPLC-MS/MS,12 LC–MS/MS,13 and UHPLC-PDA,14 have been
applied to the analysis of anticancer agents, their widespread
implementation is frequently hindered by prohibitively expensive

zE-mail: caozata@ankara.edu.tr; erk@pharmacy.ankara.edu.tr

instrumentation, arduous sample pretreatment protocols, and sub-
stantial solvent consumption. Consequently, the exploration of novel
nanostructured materials is essential to overcome the limitations of
existing methods and provide a more accessible, sustainable, and
sensitive analytical tool for clinical oncology. To date, only a sin-
gle electrochemical method for the determination of GIL has been
reported, which was previously introduced by our group using a
nanocomposite-modified glassy carbon electrode.15

The performance of an electrode system in electrooxidation
largely depends on the materials chosen for electrode modifica-
tion. These materials should ideally exhibit a large surface area,
suitable pore architecture, excellent electrical conductivity that pro-
motes electron transfer, and strong electrochemical stability during
operation.16 Thanks to advances in nanotechnology, sensors utiliz-
ing micro-and nanomaterials have shown significant improvements
in analytical capabilities, such as enhanced sensitivity, wider lin-
ear range, lower detection limits, faster response times, and better
stability, selectivity, and reproducibility. Among these innovative
materials, carbon nanostructures and metal-based nanocomposites
have consistently contributed to the progress of electrochemical
sensing systems.17

SnO2 and Co3O4 each provide distinct electrochemical advan-
tages that are particularly relevant for the oxidation of GIL. SnO2, a
wide-bandgap n-type semiconductor, contributes high chemical sta-
bility, enhanced surface area, and fast electron mobility, enabling
stable and conductive sensing surfaces.18,19 Co3O4, a p-type semi-
conductor, offers rich redox chemistry (Co2+/Co3+ and Co3+/Co4+

transitions) that promotes catalytic oxidation processes.18,20 When
combined in a SnO2/Co3O4 nanocomposite, the interface naturally
forms a p–n heterojunction that facilitates accelerated charge sep-
aration and reduces charge-transfer resistance, resulting in faster
interfacial electron transfer.18,19 Unlike single metal oxides, which
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typically provide either high conductivity (e.g. SnO2) or strong
electrocatalytic activity (e.g. Co3O4), the composite integrates both
features simultaneously. Therefore, SnO2/Co3O4-modified CPE ben-
efits from the combined strengths of both oxides, leading to a
more efficient and robust electrochemical sensing platform. Such a
combination is particularly advantageous for GIL, whose diffusion-
controlled electro-oxidation requires fast charge-transfer kinetics and
a highly conductive sensing interface. As a result, the SnO2/Co3O4

nanocomposite provides improved sensitivity, selectivity, and sig-
nal stability compared to single-oxide modifiers.18,20,21 Crucially,
while single-oxide modifiers or traditional solid-state electrodes face
operational constraints such as surface fouling and time-consuming
polishing, the integration of this p–n heterojunction nanocompos-
ite into a carbon paste matrix provides a distinct novelty. The
resulting SnO2/Co3O4 platform synergizes accelerated interfacial
charge-transfer kinetics with a rapidly renewable sensing surface,
overcoming the key limitations of previously reported sensors and
enabling lower detection limits and broader linear dynamic range for
GIL quantification.15

Carbon-based electrodes are widely used in electrochemical sens-
ing due to their wide potential window, high conductivity, and
chemical stability.22–24 Among them, carbon paste electrodes (CPEs)
are particularly attractive because of their low cost, simple prepa-
ration, and easy surface renewal. Unlike glassy carbon electrodes,
which require time-consuming polishing procedures and are suscep-
tible to surface fouling, the surface of a CPE can be rapidly renewed
by simple mechanical replacement of the paste, providing a fresh and
reproducible sensing interface.25 These features make CPEs suitable
platforms for the development of practical and sustainable electro-
chemical sensors.26–28 These features ultimately underpinned our
choice of CPE as the optimal platform for the sensitive voltammetric
detection of GIL.

Computational chemistry methods such as DFT and MD have
been widely employed to investigate the structural, electronic, and
interactional properties of bioactive molecules. DFT calculations
provide valuable insights into the stability, reactivity, and frontier
molecular orbitals of drug candidates, while MD enables the pre-
diction of non-covalent interactions between ligands and specific
biological targets29–31 Quantum mechanical calculations for GIL
were performed at B3LYP/6–31 + G (d, p) level by using DFT. The
total energy, chemical parameters, the highest occupied (HOMO)
and lowest unoccupied (LUMO) molecular orbital energies and con-
figrations and molecular electrostatic potential (MEP) surfaces of
GIL were predicted by DFT. On the other hand, the MD studies of
GIL with AXL receptor tyrosine kinase and FMS-like tyrosine kinase
3 (FLT3) receptor have been reported by Elasbali et al.32 and Das
et al.33 very recently. As mentioned above, concomitant use of GIL
with a strong or moderate CYP3A4 inhibitor is generally contraindi-
cated, and alternative treatment options are recommended to reduce
drug–drug interactions. Accordingly, MD analyses were performed
to examine the binding behavior of GIL with CYP3A4 inhibitors
and to elucidate the non-covalent interactions of the optimized GIL
molecule within the active region of the cytochrome P450 enzyme
(CYP3A4, PDB ID: 1TQN). Therefore, our MD results may
also guide the investigation of factors that may negatively
affect drug therapy based on inhibition of CYP3A4 activities
of GIL.

In this study, a SnO2/Co3O4 nanocomposite-modified carbon
paste electrode (SnO2/Co3O4/CPE) was developed for the sensitive
voltammetric determination of GIL. Compared with our previously
reported glassy carbon electrode system, the proposed platform
offers the advantages of a renewable electrode surface and improved
analytical performance. DFT calculations were performed to inves-
tigate the electronic properties and electrochemical reactivity of
GIL, while molecular docking studies were conducted to explore
its interaction with the CYP3A4 enzyme, which plays a key role
in its metabolic pathway. The developed sensor was successfully

applied for the determination of GIL in pharmaceutical and biolog-
ical samples, demonstrating its potential as a simple, sensitive, and
cost-effective analytical platform.

Methodology

Chemicals and reagents.—Details of the chemicals and reagents
used are provided in the Supporting Information.

Instruments.—Details of the instruments used are provided in
the Supporting Information.

Synthesis of SnO2/Co3O4 nanoflowers.—The standard synthe-
sis procedure commenced with the dissolution of 1 mmol tin(IV)
chloride pentahydrate and 10 mmol sodium hydroxide in separate
portions of distilled water (100 ml and 5 ml, respectively). These
solutions were then thoroughly mixed to form a clear solution.
Subsequently, this transparent solution was combined with 1 mmol
cobalt(II) nitrate hexahydrate, previously dissolved in 50 ml of dis-
tilled water and stirred continuously using a magnetic stirrer. After
two hours of stirring, a pink suspension was obtained and left to
stand at ambient temperature overnight. The resulting CoSn(OH)6
precursor was then isolated via centrifugation, thoroughly washed,
and dried. To obtain the target composite material (SnO2/Co3O4

nanoflowers), the dried precursor was subjected to calcination at
700 ◦C for three hours in a muffle furnace. During this thermal
treatment, CoSn(OH)6 underwent dehydration followed by grad-
ual conversion into mixed tin and cobalt oxides, accompanied by
phase separation. Upon completion of this transformation, the initial
pink CoSn(OH)6 precursor was fully converted into black, porous
SnO2/Co3O4 nanoflowers.34

Fabrication of the SnO2/Co3O4 modified CPE.—To prepare the
SnO2/Co3O4-modified carbon paste electrode (SnO2/Co3O4/CPE),
0.9 g of graphite powder was thoroughly mixed with 0.1 g of
SnO2/Co3O4 using a porcelain mortar and pestle to ensure homo-
geneity. The mixture was then moistened with a small amount of
diethyl ether and blended with paraffin oil, which served as the
binding agent, until a uniformly textured carbon paste was formed.
This paste was packed into the electrode cavity, and the surface was
smoothed by removing any excess material to obtain a clean, con-
sistent interface. For comparison, an unmodified CPE was prepared
following the same procedure, excluding the SnO2/Co3O4 compo-
nent, to maintain consistency between the reference and modified
electrodes.

Processing of spiked samples for GIL quantification.—The
applicability of the fabricated electrode was demonstrated through
the determination of GIL in various real samples. Spiked biolog-
ical and pharmaceutical samples were prepared using a procedure
adapted from our previous work.35

Computational studies.—The total energy, frontier molecular
orbital energies and MEP surfaces of GIL were determined at
same level of DFT theory. The chemical parameters were pre-
dicted by utilzing the Koopman’s theorem.36,37 The MD studies
were impelmented to elucidate the interaction behavior between opti-
mized molecule of GIL and the catalytic pocket of the cytochrome
P450 enzyme CYP3A4 (PDB ID: 1TQN). The crystal structure of
the cytochrome P450 enzyme CYP3A4 was obtained from web site
of PDB (www.rcsb.org/pdb). The water, solvent molecules and ions
were omitted in the crystal structure of the cytochrome P450 enzyme
CYP3A4. The heme molecule was not removed in the structure of the
cytochrome P450 enzyme CYP3A4 to reveal interactions between
optimized molecule GIL and heme molecule of the cytochrome
P450 enzyme CYP3A4 (PDB ID: 1TQN). During the MD studies, a
grid box with dimensions of 30 × 30 × 30 Å was defined to cover

https://www.rcsb.org/pdb


ECS Sensors Plus, 2026 5 033604

Figure 1. XRD pattern of SnO2/Co3O4 nanoflowers. The diffraction peaks are indexed to SnO2 (JCPDS 01-072-1147) and Co3O4 (JCPDS 00-043-1003),
confirming the coexistence of both crystalline phases without the formation of new phases.

the active site region of the enzyme, centered at x =−19.128, y
=−23.978, and z =−13.910, while the conformation exhibiting the
lowest binding free energy (∆G) was considered the most favorable
docking pose.38

Results and Discussion

Characterization of SnO2/Co3O4 nanoflowers.—Fourier-
transform infrared spectroscopy (FTIR) analysis.—The synthesized
SnO2/Co3O4 nanoflowers were characterized by XRD, FT-IR,
FE-SEM and STEM methods. The FT-IR spectra of SnO2/Co3O4

nanoflowers is displayed in figure S1. The wide vibration bands
detected at 557 and 654 cm−1 could be associated with the stretch-
ing vibration of metal–oxygen (Co–O or Sn–O). The vibrational
bands can be attributed to O–H stretching (about 2972 cm−1) and
O–H bending vibration (approximately 1658 cm−1). Because of
nanoflowers high surface-to-volume ratio, water is often absorbed
from the environment and visible in the absorption bands between
1658 and 2972 cm−1.39,40

X-ray diffraction analysis.—The crystal structure of the SnO2–
Co3O4 nanoflowers is confirmed by the XRD patterns displayed
in Fig. 1, which are in good accordance with the JCPD cards 00-
043-1003 and 01-072-1147, respectively. The (111), (220), (311),
(222), (400), (422), (511), and (440) planes of cubic Co3O4 are
represented by the diffraction peaks at 19.0, 31.2, 36.8, 38.5, 44.8,
55.7, 59.3, and 65.3◦ of 2θ values. (JCPD card no: 00-043-1033).
According to JCPDS card no. 01-072-1147, SnO2 is effectively com-
posited with Co3O4, as evidenced by SnO2 peaks seen at 2θ values
of 26.4, 33.8, and 51.8◦, which correspond to the (110), (101), and
(211) planes. All diffraction peaks were indexed to SnO2 (JCPDS
01-072-1147) and Co3O4 (JCPDS 00-043-1003). The composite pat-
tern matches well with the reference data of pure SnO2 and Co3O4,
and no additional peaks were observed, indicating that no structural
transformation or new phase formation occurred during synthesis.41

Morphological structure of SnO2/Co3O4 nanoflowers.—The mor-
phological structure of SnO2/Co3O4 nanoflowers was analyzed using
FE-SEM and STEM images, as illustrated in Figs. 2 and 3. Figure 2
depicts a nano-sized spherical flower-like structure with a rough sur-
face, indicating a higher volume-to-surface ratio and consequently
a greater surface area. Furthermore, the STEM images in Fig. 3

provide confirmation of the nano-sized form. Although the over-
all flower-like assemblies observed in FE-SEM exceed 100 nm,
the STEM image (Fig. 3) reveals that these structures consist of
thin nanosheets and nanograins. The mean crystallite size, calcu-
lated from the XRD peaks using the Scherrer Equation (K = 0.9,
λ = 1.5406 Å), was approximately 21 nm (apparent), confirming
that the primary crystalline domains are within the nanoscale range
(Microchemical Journal, 208 (2025) 112 578).

Additional FE-SEM and STEM micrographs recorded from dif-
ferent regions are presented in the Supporting Information (Fig.
S2–S3), confirming that the flower-like morphology and nanosheet
features are consistent throughout the sample, with typical sheet
widths below 100 nm.

The morphological superiority of the sensor is derived from
its hierarchical nanoflower architecture. As evidenced by FE-SEM,
these assemblies provide a high effective surface area; however, the
true analytical advantage lies in their substructure. STEM analysis
reveals that these “flowers” are meticulously composed of intercon-
nected thin nanosheets and nanograins with widths strictly below
100 nm. This hierarchical arrangement prevents the aggregation of
active sites and ensures that the entire SnO2/Co3O4 surface is acces-
sible for GIL interaction. By transitioning from a simple composite to
a sophisticated “nanosheet-based” hierarchical framework, the mod-
ified CPE achieves a greater density of electroactive sites, leading to
a marked improvement in current response compared to conventional
electrode modifications.

The elemental composition of the composite was confirmed by
EDX analysis (Fig. 4). The spectrum shows the characteristic O Kα
(0.52 keV), Sn L-series (3.4–3.9 keV) and Co Kα/Kβ (6.93 and
7.65 keV) emission lines, with no signals of residual precursor or
impurities, verifying the simultaneous presence of Sn, Co and O
within the same region and thus the successful formation of the
SnO2/Co3O4 composite.

Electrochemical behavior study of the SnO2/Co3O4/CPE.—In
the present study, EIS and CV were applied to examine the electrode
surfaces, employing KCl (0.1 M) and 5 mM ferricyanide solution.
CV, performed by sweeping the potential cyclically while monitoring
the resulting current, is a powerful approach to explore the redox
activity of electroactive species. The resulting voltammograms offer
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Figure 2. FE-SEM image of the SnO2/Co3O4 hierarchical flower-like assemblies. The overall structures exceed 100 nm but are composed of nanoscale
crystallites.

insights into surface properties, electrode coverage, and underlying
reaction pathways.

Electrode systems, namely CPE and SnO2/Co3O4/CPE, were
examined through CV and EIS, as depicted in Figs. 5A and B.

The cyclic voltammogram of the unmodified CPE (Fig. 5 A,
pink line) displayed relatively low redox peak currents and a peak-
to-peak separation (∆Ep) of 0.37 V for hexacyanoferrate. Upon
modification with SnO2/Co3O4 (Fig. 5 A, green line), a notable
enhancement in current response was observed, while maintain-
ing the same ∆Ep value. This suggests that the incorporation of
SnO2/Co3O4 significantly improves electron transfer kinetics and
increases the effective surface area. Therefore, the SnO2/Co3O4/CPE
was selected for further electrochemical studies.

The CV data on the electrochemical surface area of the electrodes
were presented in Fig. S4. Calculations based on the Randles–Ševčík
Equation (eq. S1) revealed an electrochemically active surface area
(ECSA) of 0.091 cm2 for the modified electrode, compared to
0.075 cm2 for the bare CPE, as summarized in Table I. This increase
reflects a greater density of electroactive sites, which enhances elec-
tron transfer and contributes to improved sensitivity and analytical
performance.

EIS was employed to characterize the SnO2/Co3O4-modified car-
bon paste electrode in a solution containing 5 mM ferricyanide and
0.1 M KCl. The electron transfer kinetics can be evaluated using
the charge transfer resistance (Rct), which corresponds to the diam-
eter of the Nyquist semicircle.42 As depicted in Fig. 5 B, the Rct of
the unmodified CPE was measured as 4300 Ω. Following successive
modification with SnO2/Co3O4, Rct decreased to 2590 Ω, reflecting
enhanced electron transfer at the electrode interface. The remarkable

enhancement in the electrochemical response at the Sn2/Co3O4/CPE
can be attributed to the synergistic electrocatalytic effect arising from
the intrinsic properties of the individual oxides and their unique inter-
facial interactions. Specifically, the contact between n-type SnO2 and
p-type Co3O4 leads to the formation of a p–n heterojunction at the
nanostructured interface. This junction creates an internal electric
field that significantly accelerates charge separation and facilitates
the rapid migration of electrons toward the electrode surface. By
effectively lowering the charge-transfer resistance, the SnO2/Co3O4

composite acts as an efficient “electron bridge,” bypassing the kinetic
barriers typically observed at bare carbon surfaces. This accelerated
interfacial electron transfer is fundamental to the diffusion-controlled
electro-oxidation of GIL, ensuring a sharp, well-defined, and highly
sensitive analytical signal. Collectively, the EIS results confirm the
successful fabrication of the SnO2/Co3O4/CPE.

From the EIS data and using eq. S2, the heterogeneous electron
transfer rate constant (k0) was calculated, providing a quantitative
measure of the electron transfer kinetics at the electrode surface. The
obtained k0 values were evaluated as 0.62 × 10−4 cm s−1 for the
unmodified GCE and 1.08 × 10−4 cm s−1 for the SnO2/Co3O4/CPE,
highlighting the superior charge transfer capabilities of the modified
electrode (Table I).

Additionally, eq. S3 was applied to calculate the standard
exchange current density (j0). Standard exchange current density
characterizes the rate of electron transfer when the system is at equi-
librium. The bare CPE exhibited a j0 of 0.059 × 10−4 A cm−2,
whereas the SnO2/Co3O4/CPE demonstrated a significantly higher
j0 of 0.091 × 10−4 A cm−2, indicating enhanced electrocatalytic
activity due to the incorporation of the composite material (Table II).
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Figure 3. STEM image of SnO2/Co3O4 showing nanosheet-and grain-like substructures (sub-100 nm features). Scale bar: 100 nm.

Figure 4. EDX spectrum of the SnO2/Co3O4 nanoflowers, showing the characteristic emission lines of Sn, Co and O.
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Figure 5. Cyclic voltammograms (A) and EIS spectras (B) of the bare electrode and SnO2/Co3O4/CPE in 5 mM [Fe(CN)6]3−/4−with KCl solution. The inset
is the equivalent circuit for the EIS test of SnO2/Co3O4/CPE (Rs: Electrolyte solution resistance, Rct: Element of interfacial electron transfer resistance, CP:
Constant phase element, W: Warburg impedance resulting from the diffusion of ions).

Table I. CV and EIS analysis of electrochemical behavior across electrode types.

Electrode ∆Ep (V) ECSA (cm2) k0 (cm s−1) j0 (A cm−2)

Unmodified CPE 0.37 0.075 0.62 × 10−4 0.059 × 10−4

SnO2/Co3O4/CPE 0.19 0.091 1.08 × 10−4 0.091 × 10−4

Investigation of GIL by voltammetry at the SnO2/Co3O4/CPE.—
GIL was examined using both CV (Fig. S5A) and DPV (Fig. S5B)
at a bare CPE and a SnO2/Co3O4-modified CPE. No significant
current was observed in the absence of GIL, confirming minimal
background interference. Upon addition of 50 µM GIL, the bare
CPE showed a modest anodic response, while the modified electrode
exhibited a substantially higher peak, reflecting enhanced electrocat-
alytic activity. DPV further revealed that the modified CPE produced
a markedly stronger signal than the bare electrode, underscoring its
improved sensitivity. Based on these results, quantitative analysis
of GIL was carried out using DPV as the preferred voltammetric
approach.

Experimental.—Selection of the optimal supporting
electrolyte.—Various buffer systems (listed below, Fig. S6)
were evaluated for the electrochemical detection of 50 µM GIL
to determine the optimal supporting buffer solution. According to
the DPV measurements, the PBS buffer solution provided the most
intense and well-resolved oxidation peak, a result attributable to its
wide buffering range and favorable pH that promote proton-assisted
electron transfer. Thus, the PBS buffer solution was chosen as
the supporting buffer in the electrochemical determination of GIL.
Comparative outcomes are summarized in Fig. S6.

Effect of pH on GIL electrooxidation.—The influence of solu-
tion pH on the oxidation peak potential and current of 50 µM GIL
was investigated using SnO2/Co3O4/CPE in PBS over a pH range of
2.0–9.0 (Fig. S7A), given its critical effect on analyte stability and
electrochemical behavior.43

The experimental results clearly demonstrate that the electro-
chemical response of GIL is strongly influenced by the pH of the
medium. Both the peak potential (Epa) and the corresponding peak
current vary greatly with changes in pH, highlighting the crucial
role of proton concentration in the redox process. As shown in the
enlarged view (Fig. S7B), the highest oxidation peak current was

obtained at pH 6.0; therefore, this pH was selected as the optimum
condition for all subsequent electrochemical measurements. As illus-
trated in Fig. S7C, a gradual negative shift in Epa was observed with
increasing pH, and this behavior follows a well-defined linear rela-
tionship with an excellent coefficient of determination (R2 = 0.994).
The slope of this line, calculated as−39 mV per pH unit, is nearly
half of the theoretical Nernstian value (−59 mV/pH). Such a devia-
tion strongly suggests that the electron transfer mechanism involves
the participation of two electrons coupled with the transfer of a single
proton during the electrooxidation of GIL.

During the pH-dependent study, two oxidation peaks were
observed at certain pH values, which is consistent with the exis-
tence of multiple electroactive sites in the GIL structure. In line with
previous literature,44 the peak displaying higher current intensity and
superior definition was selected for further quantitative evaluation, as
it ensured higher sensitivity and reproducibility of the measurements.

Peak current also varied with pH, rising steadily up to pH 6.0,
where it slightly exceeded the value at pH 5.0, and then gradually
decreasing at higher pH. Based on these observations, pH 6.0 was
chosen as the optimal condition for subsequent electrochemical
measurements.

Evaluation of scan rate effects.—The influence of the scan
rate (ν) on the electrochemical oxidation of GIL (5 µM) at the
SnO2/Co3O4/CPE was systematically explored in PBS buffer (pH
6.0) across a wide potential sweep range of 10–300 mV s−1. The
cyclic voltammograms displayed a gradual positive displacement of
the anodic peak potential as the scan rate increased, a feature that is
characteristic of an irreversible electrochemical process. Although
faint cathodic signals were seen on the reverse scan, they were
not sufficiently well-defined for reliable quantitative application
(Fig. S8A).45

When the anodic peak current was plotted against the square root
of the scan rate, a strong linear correlation was obtained, expressed
by the regression Equation Ipa = 0.302 ν1/2−0.544 (R2 = 0.995).
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Table II. Comparison of the electrochemical methods developed for the GIL quantification.

Analytical method Linear range (µM) LOD (µM) LOQ/LLOQ (µM) Application Ref

HPLC 0.025–2.5 — 0.01 Human plasma 11

UPLC-MS/MS 0.001–0.5 — 0.001 Rats. 13

UPLC–ESI–MS/MS 0.001–3.0 0.00031 0.00095 Human liver microsomes. 12

DPV (NiCaCr-LTH@Nb2C MXene/GCE) 0.005–11.640 0.001 0.003 Human urine, human plasma and tablets. 15

DPV (SnO2/Co3O4/CPE) 0.00031–11.640 0.000093 0.000309 Human urine, human plasma and tablets. This study.
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Figure 6. (A) Differential pulse voltammograms of the SnO2/Co3O4/CPE at increasing GIL levels, and (B) the related calibration graph plotting I (µA) against
concentration of GIL (µM).

This behavior indicates that the overall charge-transfer process is
predominantly controlled by diffusion rather than surface adsorp-
tion of the analyte (Fig. S8B).45 Additional evidence supporting this
interpretation was provided by the log–log analysis, where the plot
of log Ipa versus log ν yielded a straight line (log Ipa = 0.615 log
ν−0.847, R2 = 0.999) with a slope very close to the theoretical value
of 0.5 expected for a diffusion-driven mechanism (Fig. S8C).46

Moreover, examination of the anodic potential as a function of
the natural logarithm of the scan rate produced a linear depen-
dence described by Epa = 0.013 ln ν + 0.361 (R2 = 0.994, Fig.
S8D). Interpretation of this relationship using Laviron’s theoreti-
cal framework for irreversible electrode processes (eq. S4) allowed
the electron number participating in the process to be estimated at
approximately two. Taken together with the earlier pH-dependence
study, which implied the participation of a single proton, the results
strongly suggest that the electrooxidation of GIL progresses through
a 2-electron, 1-proton transfer mechanism.

Analytical performance evaluation of GIL by DPV.—Under
optimized conditions, the quantification of the target analyte (GIL)
was performed using the SnO2/Co3O4/CPE coupled with the DPV
technique. The voltammograms recorded at varying GIL concentra-
tions, along with the corresponding calibration curve, are presented
in Figs. 6(A) and (B), respectively. The observed anodic peak cur-
rents increased proportionally with GIL concentration over the range
of 0.00031–11.60 µM. Within this wide linear range, no signs of
surface saturation or fouling were observed, even at the upper con-
centration levels. This behavior is attributed to the highly diffusive
nature of GIL oxidation, as confirmed by the scan-rate studies, and
to the renewable microstructure of the carbon paste matrix, which
minimizes surface blockage. Additionally, the SnO2/Co3O4 compos-
ite provides a high surface area and low charge-transfer resistance,
facilitating efficient mass transport and preventing peak distortion at
elevated analyte concentrations.

In this concentration interval, the calibration curve followed a lin-
ear regression model defined by the Equation Ipa (µA) = 0.931CGIL

+ 0.111, exhibiting an excellent coefficient of determination (R2

= 0.998). LOD and LOQ were calculated to be 0.000093 µM
and 0.000309 µM, respectively, based on the IUPAC-recommended
approach (LOD = 3Sb/m, LOQ = 10Sb/m), where Sb denotes the
standard deviation of the blank and m represents the slope of the
calibration curve. The sensitivity of the sensor was calculated as the
slope of the calibration curve divided by the surface area of the work-
ing electrode (diameter= 3.00 mm), resulting in a value of 13.17 µA

µM−1 cm−2. This value indicates a high response per unit concen-
tration and per unit area, reflecting excellent analytical performance.
Detailed analytical performance data of the developed method are
summarized in Table S1.

To further contextualize the analytical performance of the pro-
posed SnO2/Co3O4/CPE sensor, a comparison with previously
reported methods for the quantification of GIL is provided in
Table II. The table summarizes the linear ranges, limits of detec-
tion/quantification, electrode materials (where applicable), and appli-
cation matrices for various analytical platforms, including chro-
matographic and electrochemical techniques. As shown, the present
SnO2/Co3O4/CPE-based method offers a broader linear range and
lower LOD/LOQ values compared to other approaches, while main-
taining successful applicability in spiked samples and tablet for-
mulation. This highlights the advantage of the developed electrode
material and underscores its suitability for practical bioanalytical
applications.

Assessment of sensor repeatability and reproducibility.—
Repeatability is an important parameter for evaluating the reliability
of an electrochemical sensor. In order to investigate the repeata-
bility of the proposed SnO2/Co3O4/CPE sensor, ten consecutive
DPV measurements were carried out using a 5 µM GIL solution
under the same experimental conditions. The results indicated excel-
lent repeatability, with a relative standard deviation (RSD) of 1.1%
obtained from the repeated measurements (Fig. S9). The low RSD
value highlights the high precision and operational stability of the
sensor, demonstrating its ability to provide consistent and reliable
electrochemical signals.

Furthermore, the reproducibility of the sensor was examined to
verify the uniformity of sensor performance across independently
prepared electrodes. To this end, nine SnO2/Co3O4/CPE electrodes
were fabricated under the same conditions, and DPV responses were
recorded for 5 µM GIL (Fig. S10). The resulting RSD was 0.5%,
demonstrating excellent reproducibility and indicating the robust-
ness of the sensor fabrication process. These outcomes affirm the
sensor’s suitability for practical applications, offering both precision
and consistency in electrochemical measurements.

Analytical selectivity and interference study of
SnO2/Co3O4/CPE.—The ability of the SnO2/Co3O4/CPE sen-
sor to selectively detect GIL in the presence of potential interferents
was carefully examined by utilizing DPV. Experiments were
conducted with 5 µM GIL solutions supplemented with a range of
biologically and pharmaceutically relevant compounds. The selected
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Table III. Analytical performance of the SnO2/Co3O4/CPE sensor for GIL determination in spiked biological and pharmaceutical samples.

Sample Initial (µM) Added (µM). Found (µM). RSD (%) Recovery (%).

Human urine. — 2.0
3.0
5.0

2.01
3.03
5.02

0.3
0.4
0.7

100.58
101.25
100.41

Human plasma — 2.0
3.0
5.0

1.96
3.1
4.85

0.1
1.4
1.2

96.86
103.46
97.05

Tablet 2.0
3.0
5.0

0
0
0

2.05
2.98
4.92

1.2
1.2
1.2

102.69
99.37
98.50

interferents (listed below, Fig. S11) included species with structural
resemblance to GIL, compounds commonly present in biological
fluids, and molecules with known electroactivity that might overlap
with the target signal.

The voltammetric profiles obtained under optimized conditions
revealed that none of these coexisting species produced a noticeable
alteration in the GIL oxidation peak. This outcome provides clear
evidence of the strong selectivity of the proposed sensor (Fig. S11A).
Furthermore, the RSD of the measured peak currents in the presence
of all tested interferents was as low as 0.38%, reflecting minimal
variability and confirming the excellent reproducibility of the sensor
response. Taken together, the absence of significant interference even
in the presence of structurally related drugs at a 2-fold excess and
other potential interferents at a 20-fold excess demonstrates the high
selectivity of the proposed sensor in complex real-world matrices,
including biological samples and pharmaceutical formulations.

Real-world utilization of the SnO2/Co3O4/CPE.—The real-world
utility of the SnO2/Co3O4/CPE sensor was assessed through its
application to human plasma, urine samples, and commercial tablet
formulations. To rigorously evaluate the sensor’s selectivity and
tolerance to matrix effects independent of extraction variability,
recovery experiments were conducted by spiking the analyte into
the processed biological matrices (i.e. after protein precipitation or
filtration). In pharmaceutical analysis, since the tablet formulation
already contains the active compound, the recovery was calculated
based on the known content of the active ingredient. DPV carried out
under optimized conditions provided recovery values in the range of
96.86%–103.46%, while the corresponding relative standard devia-
tions remained consistently below 1.41%. To statistically confirm the
reliability of these results, Student’s t-tests were performed following
the approach described in recent literature.47 The calculated texp val-
ues for all samples were lower than the critical t value (4.303, n = 3,
95% confidence level), indicating no significant difference between
the measured and theoretical concentrations. These findings reflect
the high accuracy, precision, and consistency of the proposed method
within these complex ionic and organic environments. Collectively,
the results validate the robustness of the sensor for quantitative deter-
mination of GIL in complex biological fluids and pharmaceutical
preparations. A detailed overview of the recovery is presented in
Table III, while the full t-test data, calculations and t-test results are
provided in Table S2.

Stability.—The long-term storage stability of the
SnO2/Co3O4/CPE was also evaluated to assess its potential
for routine analytical applications. The modified electrode was
stored at room temperature when not in use, and its electrochemical
response to 5.0 µM GIL was monitored intermittently over a period
of 10 d, as illustrated in Fig. S12. The sensor displayed remarkable
stability, with the oxidation peak current decreasing only slightly

from 5.30 µA (Day 1) to 5.04 µA (Day 10). This corresponds to
a signal retention of 95.1%, demonstrating that the SnO2/Co3O4

nanocomposite effectively preserves the active surface sites and
prevents significant sensor degradation over time.

Greenness and sustainability assessment.—The environmen-
tal sustainability of the proposed electrochemical approach was
evaluated using the Greenness Evaluation Metric for Analytical
Methods (GEMAM), which is based on the core principles of Green
Chemistry. This assessment framework examines various stages
of the analytical process, such as sample preparation and storage,
the type and amount of reagents used, analytical performance and
method features, instrumentation requirements, waste production,
and impacts related to the analyst.48 The resulting GEMAM pic-
togram (Fig. S13) confirms that the developed voltammetric method
exhibits a high level of environmental compatibility, showing par-
ticularly favorable results in terms of reagent usage, instrumental
demands, waste minimization, and operator safety.

The strong green profile of the proposed method mainly stems
from its straightforward sample preparation, which consists solely
of dissolving the analyte in a minimal amount of ethanol followed
by dilution with an aqueous buffer. This procedure eliminates the
need for derivatization, extraction, or energy-demanding pretreat-
ment steps. The use of environmentally friendly solvents, namely
ethanol and water, along with the small total solution volume
required for each analysis (10 ml), markedly decreases both reagent
consumption and waste production. In addition, the potentiometric
technique operates with very low energy requirements and relies
on compact, reusable instrumentation, further enhancing its envi-
ronmental sustainability. High operator safety is also ensured, as
the method avoids the use of toxic chemicals, elevated pressures,
extreme temperatures, or radiation sources.

Although the GEMAM evaluation reveals a comparatively higher
score associated with the sample-related criterion, this outcome is
primarily linked to the ex-situ sample preparation approach, which
represents practical laboratory conditions rather than added method-
ological complexity. Importantly, this factor does not detract from
the overall environmental merits of the method. The final GEMAM
score of 5.96 clearly demonstrates that the proposed SnO2/Co3O4-
based potentiometric sensor offers a green, economical, and sustain-
able analytical option for the determination of GIL in pharmaceutical
and biological matrices, providing distinct advantages over more
resource-intensive chromatographic methods.

DFT studies of GIL.—The geometry of the GIL molecule was
optimized using density functional theory (DFT) at the B3LYP/6–31
+ G(d,p) level to determine its total energy, frontier orbital charac-
teristics, and key quantum chemical descriptors. The optimized 3D
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Figure 7. (a) Optimized geometry (b) electron densities surface and energy values of HOMO and LUMO of (GIL) (c) MEP surfaces.

structure together with the HOMO–LUMO and molecular electro-
static potential (MEP) surfaces are presented in Fig. 7, while the
calculated reactivity parameters are summarized in Table S3.

Frontier molecular orbitals play a crucial role in determin-
ing the electronic properties and chemical reactivity of molecules.
The HOMO and LUMO energies represent the electron-donating
and electron-accepting abilities of a compound, respectively. The
HOMO–LUMO energy gap (∆EGap) provides insight into the
molecule’s stability and reactivity.37 The optimized GIL molecule
was analyzed to obtain its total energy, frontier orbital energies,
and electronic configurations. For GIL, ∆EGap was calculated as
5.0145 eV, indicating moderate electronic reactivity. As shown
in Fig. 7(b), both orbitals exhibit π-type character. The HOMO
density is mainly localized on the methoxyphenyl and N-methyl
pyrazine-2-carboxamide moieties, while the LUMO distribution is
primarily observed over the methoxyphenyl and pyridine rings.
Based on the orbital energies, several quantum chemical descriptors
including ionization potential (IP), electron affinity (EA), chemical
hardness (η), electronegativity (χ), and softness (σ) were calcu-
lated using Koopmans’ theorem,36 and the results are summarized in
Table S3.

Molecular electrostatic potential (MEP) mapping was also car-
ried out to visualize the charge distribution and predict potential
reactive regions of GIL. The color-coded MEP map illustrates elec-
trostatic potential variations across the molecular surface, where
red regions indicate electron-rich (electrophilic attack) zones, blue
regions denote electron-deficient (nucleophilic attack) sites, and
green areas correspond to neutral potential regions.49 The MEP
surface Fig. 7(c) shows electron-rich regions mainly localized on
oxygen and nitrogen atoms, whereas positive potential regions
are associated with hydrogen atoms of the carboxamide group.
These regions represent possible sites for electrophilic and nucle-
ophilic interactions and may contribute to intermolecular hydrogen
bonding during molecular docking analysis. The computational
findings provide a robust molecular-level justification for the exper-
imental voltammetric behavior of GIL. The calculated HOMO
energy level (−5.4515 eV) and the relatively moderate ∆EGap

(5.0145 eV) align perfectly with the observed oxidation potential at
the SnO2/Co3O4/CPE, indicating a molecule that is electrochemically
active yet stable. The spatial distribution of the HOMO den-
sity, predominantly localized on the methoxyphenyl and N-methyl
pyrazine-2-carboxamide moieties, identifies these as the primary
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Figure 8. (a) Structure of the cytochrome P450 enzyme CYP3A4 (PDB ID: 1TQN); (b) the lowest-energy binding configuration of CYP3A4 with GIL (shown
in yellow); (c) visualization of the hydrogen-bonding surface and spatial proximity of the GIL ligand to the heme group in the lowest-energy docked complex.

Figure 9. (a) 3D The non-covalent interactions at most favorable docked poses, (b) 2D interaction graph of the compound GIL in the catalytic pockets of the
cytochrome P450 enzyme CYP3A4 (PDB ID: 1TQN).

sites of electron abstraction. This theoretical localization directly
supports the experimentally derived 2e−/1 H + mechanism, sug-
gesting that the initial electron transfer occurs at these electron-rich
regions, followed by rapid deprotonation to form the stable iminium
intermediate. Furthermore, the MEP mapping confirms that the high
electron density at these sites makes them highly susceptible to the
electrocatalytic environment provided by the SnO2/Co3O4 nanoflow-
ers, resulting in the exceptionally low detection limits achieved in
this study. Overall, the DFT calculations provide a molecular-level
explanation for the electrochemical behavior of GIL (Scheme S1).

Molecular docking studies.—Although GIL is generally well
tolerated, clinical studies have reported several treatment-related
adverse events, including anemia, febrile neutropenia, and thrombo-
cytopenia.9,10 Because GIL undergoes hepatic metabolism primarily
via the cytochrome P450 enzyme CYP3A4, monitoring its inter-
actions with this enzyme is important for understanding potential
drug–drug interactions and pharmacokinetic behavior.

Molecular docking simulations were therefore performed to
investigate the interaction between the optimized GIL molecule and
the catalytic pocket of CYP3A4 (PDB ID: 1TQN). The calculated
binding energies and RMSD values are summarized in Table S4.
The most stable docking conformation exhibited a binding energy
of−7.4 kcal mol−1. The docked structure of GIL within the active
site of CYP3A4 together with the heme cofactor is presented in Fig.
8, while the detailed interaction profiles are summarized in Table
S5 and illustrated in Fig. 9.

The docking analysis revealed that GIL interacts with several
amino acid residues within the catalytic pocket, including ARG106,
PHE304, PHE108, ILE120, ALA305, ARG212, ILE369, LEU482,
and LEU483. Two conventional hydrogen bonds were formed
between the hydrogen atoms (H1 and H 2) of the N1 atom in the
carboxamide group of GIL and the oxygen atom of ARG106, with
bond lengths of 2.7088 and 2.8811 Å. These interactions indicate that
the carboxamide moiety represents an important region for molecular
recognition and charge transfer.
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In addition, GIL interacts with the heme cofactor (HEM508)
through two π–alkyl interactions with distances of 4.3388 and 4.7763
Å. Additional stabilizing interactions, including π–alkyl, alkyl, and
carbon–hydrogen contacts, were also observed between GIL and
surrounding amino acid residues. These non-covalent interactions
contribute to the stability of the GIL–CYP3A4 complex.

The docking results are consistent with the molecular electrostatic
potential (MEP) analysis, which identified the hydrogen atoms of the
N1 carboxamide group as potential reactive sites for intermolecular
interactions. Overall, the docking analysis provides molecular-level
insight into the interaction of GIL with CYP3A4 and supports
the experimentally observed charge-transfer behavior relevant to its
electrochemical response.

Conclusions

In conclusion, a novel, sensitive, and eco-friendly electrochemi-
cal sensor based on a SnO2/Co3O4-modified carbon paste electrode
was successfully developed for the determination of GIL. Method
validation was systematically performed in strict compliance with
ICH Q2(R1) guidelines and IUPAC recommendations, demonstrat-
ing excellent analytical performance, including high sensitivity, a
linear range, a low detection limit, and outstanding selectivity. The
electro-oxidation mechanism of GIL was elucidated through pH-
dependent and scan-rate studies supported by density functional
theory (DFT) calculations. The observed pH slope (−39 mV/pH)
suggested a 2e−/1 H+ transfer process, while HOMO localization
indicated the methoxyphenyl and N-methyl pyrazine-2-carboxamide
groups as the main oxidation sites, supporting a mechanism involv-
ing electron transfer followed by deprotonation and iminium cation
formation.

The applicability of the proposed method was confirmed by suc-
cessful determination of GIL in pharmaceutical formulations and
biological matrices, including human plasma and urine. Green ana-
lytical chemistry assessments (GEMAM) further demonstrated the
environmental compatibility of the method. In addition, DFT and
molecular docking studies revealed key electronic properties of GIL
and its interaction with the CYP3A4 enzyme through hydrogen bond-
ing with ARG106 and π-alkyl interactions with the heme group.
These findings provide insight into the molecular basis of GIL reac-
tivity and its potential metabolic interactions. Overall, the proposed
sensor offers a simple, reliable, and sustainable platform for the
determination of GIL in pharmaceutical and biological samples.
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