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Eco-conscious and cost-effective electrochemical
sensor for selective determination of eszopiclone in
pure form, alkaline-stressed samples, and
pharmaceutical tablets
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A novel, rapid, economic, and environmentally friendly voltammetric method using a pretreated pencil
graphite electrode (PPGE) was employed for eszopiclone (EZP) determination in its pure form, tablet
formulation, and in the presence of its alkaline degradants using differential pulse (DPV) and square wave
(SWV) techniques. The impact of both potentiostatic and potentiodynamic pretreatment strategies on
the electrode analytical performance was investigated. The PPGE exhibited superior electrocatalytic
activity compared to the non-pretreated pencil graphite electrode (NPGE) and the glassy carbon
electrode (GCE). Moreover, the influence of surfactant addition on the peak current was studied. The use
of sodium dodecyl sulfate (SDS) surfactant enhanced the concentration range of measurements to 2.5—
300 ug mL~* with a limit of quantitation (LOQ) of 2.443 ng mL™* and a limit of detection (LOD) of 0.733
ug mL~% A further sensitivity enhancement was achieved using the differential pulse adsorptive stripping
voltammetric (DP-AdSV) technique, extending the linear concentration range to 0.25-15 pg mL™! with
a LOQ of 0.195 ug mL™! and a LOD of 0.058 ug mL™%. The PPGE was successfully characterized using
scanning electron microscopy, X-ray diffraction, and Fourier transform infrared. The method was

rigorously validated as per ICH guidelines and its environmental sustainability was quantitatively assessed
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Accepted 14th February 2026 using the Analytical Eco-Scale and the Green Analytical Procedure Index (GAPI). Furthermore, the

method's overall “whiteness” was assessed using the recently released Red-Green-Blue (RGB) 12 model
approach, reflecting the balance between analytical performance, environmental impact, and practical
applicability.
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1. Introduction

Eszopiclone (EZP), the active S enantiomer of zopiclone (ZP), is
a cyclopyrrolone-class hypnotic agent with the chemical name
(+)-(55)-6-(5-chloropyridin-2-yl)-7-oxo0-6,  7-dihydro-5H-pyrrolo
[3,4-b]  pyrazin-5-yl-4-methylpiperazine-1-carboxylate =~ and
a molecular formula of C;;H;,CINgO; with a molecular weight
of 388.81 g mol " (Fig. 1).*?

Various analytical methods have been reported for EZP
quantification, including UV spectrophotometry,** spectroflu-
orometry,”  high-performance  liquid chromatography
(HPLC),***  ultra-performance  liquid chromatography
(UPLC),**** gas chromatography (GC),"* high-performance thin-
layer chromatography (HPTLC)”'>'® and capillary electropho-
resis (CE)."”” However, these techniques often require costly
instrumentation and trained personnel, and involve significant
consumption of hazardous solvents.*® Electrochemical analysis
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provides an attractive alternative due to its simplicity, sensi-
tivity, rapidity, affordability, and suitability for on-site
applications.”?* The first electrochemical assay for EZP was
a potentiometric method reported by our group.* Later, a vol-
tammetric GCE method demonstrated linearity from 3 x 10 °
to 5 x 10~> M with LOQ and LOD of 6.41 x 10~ ° M and 1.9 x
10~ M, respectively.>*

In electrochemical analysis, methods based on achiral elec-
trodes, such as PGE, in the absence of specific chiral recogni-
tion elements generally do not provide stereoselective
responses. As stereoisomers exhibit identical physicochemical
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Fig.1 Chemical structure of EZP.
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and redox properties in achiral environments, both stereoiso-
mers are expected to display similar electrochemical behavior
under the applied experimental conditions.>*** On this basis, it
is important to reference previously reported voltammetric
methods for the racemic ZP determination. Voltammetric and
adsorptive stripping voltammetric (AdSV) methods have been
published for ZP, addressing oxidation and reduction behavior
using GCE and DME electrodes.>*>®

PGEs represent a green, low-cost alternative to conventional
electrodes. They offer excellent conductivity, mechanical
stability, disposability, and simple surface renewal by
mechanical extrusion.”*® Their performance can be further
enhanced through electrochemical pretreatment or surface
modification strategies.’’** Electrochemical pretreatment is
particularly attractive as it is rapid, inexpensive, and requires no
hazardous reagents.* This pretreatment can be performed
using either potentiostatic or potentiodynamic strategies. In the
potentiostatic approach, the electrode is maintained at
a selected potential in an electrolyte solution for a certain time.
In contrast, the potentiodynamic pretreatment involves scan-
ning the potential for a specific number of cycles at a certain
scan rate.*”*

The present work introduces the first voltammetric method
for EZP determination using an electrochemically pretreated
pencil graphite electrode (PPGE). To validate the structural and
surface properties of the PPGE, it was thoroughly characterized
using SEM, XRD, and FT-IR. This method enables quantifica-
tion of EZP in pure form, tablet dosage forms, and in the
presence of alkaline degradants. It also investigates the effects
of surfactants, applies stripping voltammetry to enhance
sensitivity,"” and compares PPGE performance with bare PGE
and GCE. Practical relevance is emphasized through its
simplicity, cost-effectiveness, and alignment with green
analytical chemistry (GAC) and white analytical chemistry
(WAC) principles.*® Greenness and whiteness were evaluated
using the Analytical Eco-Scale, GAPI, and the RGB 12-model.
Finally, the results obtained were compared with those from
a reported HPLC method to assess the accuracy and reliability
of the proposed method. To our knowledge, neither PGE nor
PPGE has previously been employed for EZP analysis, marking
this as the first such application.

2. Experimental

2.1. Equipment

The instrument used for the polarographic measurements was
a computer-controlled VA Computrace voltammetric analyzer,
model 797, equipped with a multimode electrode (MME)
(Metrohm, Herisau, Switzerland). The electrolytic cell consisted
of a PPGE as a working electrode, an Ag/AgCl reference electrode
filled with 3 M KCl solution, and a platinum auxiliary electrode.
pH measurements were carried out using a Cyberscan (510) pH
meter (Thermo Orion Beverly, MA, USA).

Hi-polymer graphite pencil HB black leads (60 mm length
and 0.9 mm diameter) were obtained from Rotring, Germany.
For electrical connection, a copper wire was attached to 15 mm
segment of the lead extending from a Rotring mechanical
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pencil. The pencil was held vertically with a 10 mm length of the
lead immersed in the solution.

The electrode characterization was achieved using L-1600400
spectrum two FT-IR spectrometer equipped with deuterated
triglycine sulfate (DTGS) detector (PerkinElmer, United
Kingdom), and LabX XRD-6100 X-ray diffractometer with Cu Ko
radiation of A = 1.540598 A (Shimadzu, Japan). Electrode
surface imaging was performed using JSM-6360 LA scanning
electron microscope (Jeol, Japan).

2.2. Reagents and chemicals

An authentic sample of EZP was kindly provided by Medizen
Pharmaceuticals, Alexandria, Egypt. The pharmaceutical
dosage form, Night Calm® tablets containing 3 mg of EZP per
tablet (Medizen Pharmaceuticals, Egypt), was procured from
a local pharmacy. O-Phosphoric acid was obtained from LOBA
Chemie PVT-LTD, Mumbai, India. Sodium hydroxide, sodium
chloride, boric acid, and glacial acetic acid, in addition to
surfactants sodium dodecyl sulfate (SDS), tween 80, and
cetyltrimethylammonium bromide (CTAB), were bought from
El-Nasr Chemical Industry Company, Egypt. Lactose, glucose,
starch and the chloride salts of calcium, potassium, and sodium
were employed as potential interfering agents and were ob-
tained from El Nasr Pharmaceutical Chemicals, Egypt. Deion-
ized water was utilized throughout all experiments. All the
reagents and chemicals were of analytical grade and were
utilized as supplied, without further purification.

2.3. Electrochemical pretreatment and instrumental
measurement parameters

To activate the PGE surface and enhance its electrochemical
performance, a pretreatment step was carried out before the
voltammetric analysis and quantification of EZP. Before DPV
measurements, a potentiodynamic pretreatment was per-
formed by applying cyclic voltammetry (CV) and scanning the
electrode over a potential range of 0 to 2 V at a scan rate of
50 mV s~ for 100 scan cycles in 0.04 M Britton-Robinson (BR)
buffer/0.1 M NaCl solution, pH 7. Before SWV measurements,
a potentiostatic pretreatment was performed by applying CV at
a constant potential of —1.5 V for 180 s in the same pretreat-
ment solution.

After pretreatment, the PPGEs were washed twice by gentle
dipping in deionized water, followed by DPV and SWV
measurements of EZP. The optimal parameters for DPV
measurements were as follows: pulse time = 0.04 s, pulse
amplitude = 50 mV, and potential sweep rate = 80 mV s~ . For
SWV measurement, the optimized parameters were frequency =
50 Hz, pulse step = 10 mV, and pulse amplitude = 40 mV.

2.4. Preparation of stock and working standard solutions

A stock solution of 1000 ng per mL EZP was prepared by di-
ssolving 50 mg of drug in 50 mL 0.01 M BR buffer, pH 3.2. The
stock solution was kept in the refrigerator and freshly prepared
daily. The stock solution was appropriately diluted using 0.01 M
BR buffer/0.1 M NaCl solution, pH 7, to prepare working stan-
dard solutions covering the desired linear concentration range.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Regression data of the calibration lines of EZP using DPV, SWV, and AdSV techniques

DPV (in 0.01 M
BR buffer/0.1 M NaCl
solution, pH 7)

DPV (in 0.01 M
BR buffer/0.004 M SDS
solution, pH 7)

AdSV (in 0.01 M
BR buffer/0.1 M NaCl
solution, pH 7)

Parameters SWV (in 0.01 M

BR buffer/0.1 M NaCl
Techniques solution, pH 7)
Measured potential (V) 1.1902 1.1009
Linear concentration range 15-400 10-500
(ng mL ™)
Slope (a) 0.602 0.388
RSD of slope 0.004 0.002
Intercept (b) 1.678 2.902
RSD of intercept 0.778 0.381
Correlation coefficient (r) 0.9999 0.9999
Detection limit (ug mL™") 2.219 2.114
Quantitation limit (ug mL ") 7.395 7.047

2.5. Construction of calibration plots for DPV and SWV
measurements

Precisely measured aliquots of EZP stock solution, within the
concentration range indicated in Table 1, were transferred into
a series of 10 mL volumetric flasks. Each flask was completed to
the mark with 0.01 M BR buffer/0.1 M NaCl solution, pH 7. Before
each measurement, the PPGE was rinsed with deionized water
and gently wiped with a soft tissue to ensure a clean and repro-
ducible surface. Using the optimized measurement parameters,
DP- and SW-voltammograms were recorded over the potential
range of 0 to +2 V versus Ag/AgCl reference electrode. The
resulting peak currents were plotted against the corresponding
EZP concentrations to construct the calibration curves.

2.6. Analysis of laboratory-prepared mixtures containing
EZP with its alkaline degradation products

To evaluate the selectivity of the proposed method, a complete
degradation of 300 pg per mL EZP was carried out using 2 M
NaOH at 90 °C for 60 minutes.*® After the specified degradation
period, the solution was neutralized using 2 M HCI. The
resulting solution was equivalent to 300 ug mL " of degradants.
The complete EZP degradation was checked by HPLC on
a Thermo Hypersil BDS 5 u C18 column, 50 mm X 4.6 mm. The
mobile phase is composed of methanol and 0.01 M phosphate
of pH 2.5, adjusted with orthophosphoric acid in the ratio of
40:60 at a 1 mL min~" flow rate. The detection was carried out
at 304 nm.**

Mixtures composed of 300 ug mL ™" of EZP and varying
concentrations of its alkaline degradant products (ranging from
1% to 70%) were prepared in 0.01 M BR buffer/0.1 M NacCl
solution, pH 7. DPV measurements were carried out under
optimized conditions. For each mixture, the peak current and
peak potential were recorded. The percentage recovery was
calculated by comparing the peak current readings with those of
the standard 300 pg per mL EZP solution to detect any inter-
ference from its degradants.

2.7. Preparation of EZP tablet solutions

Twenty Night Calm® tablets were accurately weighed and finely
ground into a uniform powder. A carefully weighted portion of

© 2026 The Author(s). Published by the Royal Society of Chemistry

1.1009 1.1009
2.5-300 0.25-15
1.147 24.323
0.007 0.115
7.983 1.475
0.872 0.825
0.9999 0.9999
0.733 0.058
2.443 0.195

the powdered tablets—equivalent to 50 mg of EZP—was
extracted into 20 mL of 0.01 M BR buffer, pH 3.2, through 30
minutes of sonication in an ultrasonic bath followed by 2
minutes of centrifugation. The resulting supernatant was
filtered into a 50 mL volumetric flask. The remaining residue
was rinsed twice with 5 mL portions of the same BR buffer. The
washing solutions were mixed with the filtrate, and the volume
was completed to 50 mL using the BR buffer. This stock solution
had a final EZP concentration of 1000 pg mL . Before vol-
tammetric measurements, appropriate dilutions were made
using 0.01 M BR buffer/0.1 M NacCl solution, pH 7.

3. Results and discussion

3.1. Development and optimization of PGE pretreatment
strategies

The impact of the electrochemical surface pretreatment of the
PGE on its electrocatalytic properties and performance toward
EZP oxidation was investigated using two pretreatment strate-
gies: potentiostatic and potentiodynamic. To evaluate the
influence of these pretreatments, the electrochemical responses
were recorded using DPV and SWV, employing the measure-
ment parameters listed in Experimental section 2.3. The results
obtained using PPGE were compared to those obtained using
NPGE to conclude the optimal pretreatment strategy for better
electroanalytical sensitivity.

In addition to the pretreatment strategy, the influence of the
pretreatment solution on the EZP oxidation signal was assessed
with respect to both the pH and the type of buffer used.
Potentiostatic pretreatment strategy (—1.5 V potential for 180 s)
and potentiodynamic pretreatment strategy (0 to 2 V scanning
potential range, 100 scan cycles, and 50 mV per s scan rate) were
conducted in the different pretreatment solutions under
investigation. Electrochemical responses were then recorded
using both DPV and SWV techniques.

To assess the effect of pH, pretreatments were conducted in
0.04 M BR buffer/0.1 M NaCl solution at pH values of 3, 7, and
12, adjusted by HCI or NaOH. The solution of pH 7 showed the
highest EZP signal in both DPV and SWV measurements, along
with the lowest background current. The EZP response at pH 3
was moderate, while pH 12 resulted in the lowest EZP signal and
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the highest blank current. Therefore, pH 7 was selected for
subsequent analysis.

The effect of buffer type was then examined using 0.04 M
solutions of BR, acetate, and phosphate, each containing 0.1 M
NaCl, at the optimized pH 7. After blank correction, the ob-
tained results showed that the buffer type has no effect on both
DPV and SWV EZP signals. However, differences were observed
in the background signals: the SWV blank signal was slightly
elevated in the phosphate buffer, while both DPV and SWV
blank signals were extensively higher in the acetate buffer.
These elevated background currents could interfere with
analytical sensitivity and signal clarity. Based on the results, the
pretreatment solution composed of 0.04 M BR buffer/0.1 M
NacCl solution, pH 7, was chosen as the optimal pretreatment
solution for subsequent experiments.

3.1.1. Optimization of potentiostatic pretreatment instru-
mental parameters

3.1.1.1. The pretreatment potential.
chemical pretreatment could be achieved either at positive or
negative potentials,*’ the potentiostatic pretreatment study was
conducted by applying CV at different potentials over a broad
range on the negative and positive sides from —1.5 V to 2 V for
300 s in 0.04 M BR buffer/0.1 M NacCl solution, pH 7. The results
showed that as the pretreatment potential shifted toward more
positive values, the background signal was noticeably increased
in both DPV and SWV measurements. However, EZP signal,
after blank subtraction, remained nearly constant. Among all
tested potentials, —1.5 V showed the highest DPV and SWV EZP
response with the lowest background signal. Notably, no signs

Since the electro-
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of electrode damage were observed throughout the entire
potential range tested, indicating the stability of the electrode
under these conditions. Based on these findings, a pretreat-
ment potential of —1.5 V was identified as optimal, offering the
best balance between signal enhancement and background
minimization.

3.1.1.2. The pretreatment duration. The effect of PGE
pretreatment duration on the EZP oxidation signal was studied
using DPV and SWV measurements. Potentiostatic pretreat-
ment was performed by applying CV at —1.5 V in 0.04 M BR
buffer/0.1 M NaCl solution, pH 7, with durations ranging from
30 s to 300 s. The results showed that the EZP response
increased with longer pretreatment times reaching maximum at
180 s. Beyond this point, the signal started to slightly decrease.
The background signal remained constant throughout all tested
pretreatment durations. Accordingly, 180 s was selected as the
optimal pretreatment time (Fig. S1, SI File).

3.1.2. Optimization of potentiodynamic pretreatment
instrumental parameters

3.1.2.1. The pretreatment potential range. To determine the
optimal potential range for potentiodynamic pretreatment, CV
scans were conducted under two conditions: varying the start-
ing potential from —1.5 V to 1.5 V while fixing the end potential
at 2 'V, fixing the starting potential at —2 V while varying the end
potential from —1.5 V to 1.5 V. All scans were carried out at
a 50 mV per s scan rate for 100 cycles. Among the tested
conditions, the pretreatment potential range of 0 to 2 V showed
the maximum DPV EZP response with the lowest blank signal.
Accordingly, the potential range of 0 to 2 V was selected as the

0.9

120
100

Current (uA)

1.1 13 ‘ 1.5

Potential (V)

1.7

Potential (V)

Fig. 2 Voltammograms of 300 pug per mL EZP prepared in 0.04 M BR buffer, pH 7 obtained by (a) non-pretreated PGE, (b) potentiostatically
pretreated PGE, and (c) potentiodynamically pretreated PGE using (A) DPV at 1.1009 V and (B) SWV at 1.1902 V.
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optimal window for potentiodynamic pretreatment in subse-
quent DPV measurements (Fig. S2, SI File).

It is important to note that all SWV measurements following
potentiodynamic pretreatment across the tested potential
ranges exhibited significantly elevated background signals.
Therefore, the potentiodynamic pretreatment study was limited
to DPV measurements.

3.1.2.2. The number of scan cycles. The influence of the scan
count on the PPGE performance was investigated using
a potential range of 0 to 2 V and a scan rate of 50 mV s~ in
0.04 M BR buffer/0.1 M NaCl solution, pH 7. The results showed
that as the number of scan cycles increased, the blank signal
decreased, resulting in an enhancement in the EZP oxidation
signal. The maximum DPV EZP response with minimal back-
ground interference was observed at 100 scan cycles (Fig. S3, SI
File).

3.1.2.3. The influence of scan rate. The influence of scan
rate on PPGE performance was studied at the optimized
pretreatment conditions. The results showed that varying the
scan rate had no effect on either the EZP signal or the blank
signal.

100
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3.2. Comparing the potentiodynamic and potentiostatic
pretreatment strategies

After optimizing the parameters of both potentiodynamic and
potentiostatic pretreatment strategies and comparing the
resulting EZP peak currents obtained in the subsequent DPV
measurements, it was found that potentiodynamically pre-
treated PGE provided a higher EZP response than that of
potentiostatically pretreated PGE (Fig. 2A). Specifically, the
potentiodynamic strategy enhanced the EZP oxidation peak
current by a factor of 3.19, while the potentiostatic strategy
resulted in an enhancement of EZP oxidation peak current by
a factor of 1.67. Therefore, the potentiodynamic pretreatment
strategy performed at a 0 to 2 V scanning potential range, 100
scan cycles, and a 50 mV per s scan rate in 0.04 M BR buffer/
0.1 M Nacl solution, pH 7, was selected as the appropriate
pretreatment approach for PGE activation before DPV
measurements.

In contrast, during SWV measurements, the blank signals
recorded with potentiodynamically pretreated PGE were
dramatically high. As a result, the potentiostatic pretreatment
strategy at —1.5 V potential for 180 s in 0.04 M BR buffer/0.1 M

A

B0
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— pH=7
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S 40 pH=5
E - pH=3
U 20 \/
. — -
o 0.5 1 1.5 2
-20 Potential (V)
100 B
80
pH=%
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E 4w
g ——pH=3
o 20
0
o|7 0.9 11 1.3 15 17 18
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Fig. 3

Illustration of the effect of pH of 300 ng per mL EZP in 0.04 M BR buffer solution on both peak current and peak potential using blank

corrected (A) DP-voltammograms obtained by potentiodynamically PPGE, (B) SW-voltammograms obtained by potentiostatically PPGE.
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NaCl solution, pH 7, was selected as the optimal pretreatment
approach before SWV measurements (Fig. 2B). Under these
conditions, the EZP oxidation peak current was enhanced by
a factor of 1.30.

3.3. Optimization of experimental conditions

3.3.1. The effect of pH. The influence of pH on the
response of the PPGE was examined using a 300 pug per mL EZP
solution prepared in 0.04 M BR buffer in the pH range of 3 to 9
adjusted by 2 M NaOH. DPV and SWV measurements were
employed following potentiodynamic and potentiostatic
pretreatments, respectively. As shown in Fig. 3, there was
a noticeable increase in the peak current as the pH increased
from 3 to 7. Between pH 6.5 and 7.5, the current remained
nearly constant, with only a very slight increase observed at pH
9. However, since EZP was reported to undergo rapid degrada-
tion in alkaline media, oxidation under such conditions is not
recommended.* Based on this investigation, pH 7 was the
optimal pH for the current work. It is also noteworthy that the
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EZP oxidation peak shifted toward more negative potentials
with increasing pH.

3.3.2. The effect of supporting electrolyte. The impact of
supporting electrolyte was also examined using three different
supporting electrolytes: 0.04 M acetate buffer, 0.04 M phosphate
buffer, and 0.04 M BR buffer at the optimum pH of 7. The
highest EZP peak current with the lowest background signal was
observed using a 0.04 M BR buffer in both DPV and SWV
measurements conducted following potentiodynamic and
potentiostatic pretreatments, respectively (Fig. 4).

3.3.3. The effect of ionic strength of the measuring solu-
tion. Although the potentiodynamic and potentiostatic
pretreatment strategies enhanced the PGE performance and
provided higher DPV and SWV EZP signals, they also resulted in
an increase in the background current (Fig. S4, SI File). It was
noticed that when the strength of the BR buffer decreased from
0.04 M to 0.01 M in the presence of 0.1 M NaCl to maintain
a constant ionic strength, while keeping the pH at the optimal
value of 7, the background signals decreased and the DPV and
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(A) Blank corrected DP-voltammograms obtained by potentiodynamically PPGE; (B) blank corrected SW-voltammograms obtained by

potentiostatically PPGE of 300 pg per mL EZP prepared in (a) 0.04 M BR buffer, pH 7, (b) 0.04 M phosphate buffer, pH 7, and (c) 0.04 M acetate

buffer, pH 7.
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(A) Blank corrected DP-voltammograms obtained by potentiodynamically PPGE; (B) blank corrected SW-voltammograms obtained by

potentiostatically PPGE of (a) 300 nug per mL EZP prepared in 0.04 M BR buffer, pH 7, (b) 300 pg per mL EZP prepared in 0.01 M BR buffer/0.1 M

NaCl solution, pH 7.

SWV EZP responses were further increased. Specifically, the EZP
peak current was enhanced by approximately a factor of 1.74
and 2.24 for DPV and SWV measurements, respectively (Fig. 5).
Consequently, 0.01 M BR buffer/0.1 M NaCl solution, pH 7, was
chosen as the optimal measuring solution for further DPV and
SWV studies.

3.4. Optimization of DPV and SWV instrumental parameters

The effect of varying the instrumental measurement parameters
on the EZP peak current was investigated. For DPV measure-
ments, the influence of pulse time, pulse amplitude, and
potential sweep rate on the current intensity of the EZP peak
appeared at 1.1009 V was examined. The effect of pulse ampli-
tude on the peak current was investigated within the range of
25-250 mV. A pulse amplitude of 50 mV showed the highest
peak current and was therefore selected as the optimal value
(Fig. S5A, SI File). Moreover, the pulse time was tested within
the range of 0.005-0.1 s. Results showed that, as the pulse time
increased, the peak current increased. At higher pulse times,
the peak current did not change significantly, and the blank
signal showed a very slight increase. Therefore, the optimal
pulse time selected was 0.04 s (Fig. S5B, SI File). The effect of
varying the scan rate on the peak current was also studied
within the range of 20-300 mV s '. The EZP peak current
increased as the scan rates increased; however, higher rates
resulted in broader and less defined peaks. Therefore, 80 mV
s~ ' was chosen as the optimal scan rate (Fig. S5C, SI File).

For SWV measurements, the influence of frequency, voltage
step, and pulse amplitude on the current intensity of the EZP
peak observed at 1.1902 V was examined. The effect of frequency
was studied within the range of 20 Hz to 100 Hz. The highest
analytical signal, along with a smooth and well-defined peak

© 2026 The Author(s). Published by the Royal Society of Chemistry

shape, was observed at 50 Hz (Fig. S6A, SI File). In contrast,
peaks recorded at the other frequencies were unsmooth and
deformed. Therefore, 50 Hz was chosen as the optimal
frequency. The effect of pulse amplitude was evaluated within
the range of 10 mV to 100 mV. The EZP signal increased steadily
up to 40 mV, beyond which only a slight increase was observed
with a significant increase in the blank signal (Fig. S6B, SI File).
Consequently, a pulse amplitude of 40 mV was selected as
optimal. The effect of the voltage step was investigated within
the range of 2 mV to 10 mV. As the voltage step increased, the
peak of EZP increased with an insignificant change in the blank
signal (Fig. S6C, SI File). Thus, a voltage step of 10 mV was
selected as optimal.

3.5. Electrochemical behavior of EZP

To study the electrochemical properties of EZP, CV technique
was employed.®* Fig. 6A represents the cyclic voltammogram of
EZP recorded using NPGE, showing a single anodic peak at
about 1.3 V with no apparent cathodic peak in the opposite
direction. This indicates that the oxidation of EZP is an irre-
versible electrochemical reaction.

Additionally, CVs of 300 pg per mL EZP prepared in 0.01 M
BR buffer/0.1 M NaCl solution, pH 7, were recorded at different
scan rates in the range of 0.02-0.3 V s (Fig. 6B). As the scan
rate (v) increased, a small shift in peak potential (E;,) to the more
positive values was observed with a linear increase in the peak
current (I,). This shift in Ej, is attributed to the EZP adsorption
at the electrode surface as a result of the irreversible electrode
process.** The inset of Fig. 6B represents the linear relationship
between E, and logv, described by the linear regression
equation:

E, (V) = 1.2985 + 0.1204 log v (V s~ '), r = 0.993

RSC Adv, 2026, 16, T137-1157 | 11143
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(A) Cyclic voltammogram of 300 pg per mL EZP in 0.01 M BR buffer/0.1 M NaCl solution, pH 7, using NPGE. (B) Cyclic voltammograms of

300 pg per mLEZP in 0.01 M BR buffer/0.1 M NaCl solution, pH 7, at different scan rates. Inset represents the linear plot between £, and log scan

rate.

The number of electrons transferred for EZP oxidation on
the proposed electrode can be calculated based on Laviron's
equation for the irreversible systems;>

0

E,(V)=E"+ (2'3£:§T) log( i:l{f > + (2'30?}1315T> log v
where E° refers to the formal standard potential; ° is the
standard heterogeneous reaction rate constant;  is the transfer
electron number; « is the charge transfer coefficient. The
equation also incorporates fundamental constants: R, the
universal gas constant (8.314 J K~' mol™"); T, the absolute
temperature (298 K); and F, Faraday's constant (96 485C mol ).

The (an) value can be calculated using the slope of E, and
log v plot, which reflects (2.303RT/anF) term in Laviron's equa-
tion. Hence the slope is 0.1204; an is calculated to be 0.491. In
case of a totally irreversible electrode process, « is assumed to

M44 | RSC Adv, 2026, 16, M37-1M57

be 0.5.>* Consequently, the number of electrons (#) involved in
the electrode reaction is 0.982 (=1).

3.6. Proposed EZP oxidation mechanism at PGE

The electrochemical oxidation of EZP at PGE in 0.01 M BR buffer/
0.1 M NaCl solution, pH 7 is proposed through an electron
transfer mechanism from the tertiary amine moiety of the piper-
azine ring, which is the most readily oxidized site, generating an
unstable radical cation.®® At neutral pH, the radical cation
undergoes rapid deprotonation followed by intramolecular rear-
rangement to yield a transient iminium ion intermediate. This
iminium species is intrinsically unstable in aqueous media and is
readily attacked by water, leading to hydrolytic cleavage of the C-N
bond. This process results in oxidative N-dealkylation, producing
the corresponding secondary amine and releasing formaldehyde
as the oxidized fragment.

This overall mechanistic pathway is widely recognized for
both electrochemical and enzymatic oxidation of tertiary

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 The proposed EZP Oxidation mechanism at PPGE.

amines, in which an initial one-electron oxidation is followed by
iminium ion formation and subsequent hydrolytic N-deal-
kylation. This sequence closely mirrors the oxidative N-deal-
kylation mechanism observed in cytochrome P450 systems.**>¢
The proposed EZP oxidative mechanism is presented in Fig. 7.

3.7. Physiochemical characterization of PGE and PPGE

3.7.1. Fourier transform-infrared (FT-IR) analysis. Both
bare PGE and PPGE were characterized using FT-IR to identify
the functional groups attached on the electrode surface after the
electrochemical pretreatment in 0.04 M BR buffer/0.1 M NaCl
solution, pH 7.%

Rotring pencil leads utilized in this study consist of carbon,
oxygen, and silicon.*® The FT-IR spectra of PGE and PPGE
(Fig. 8) displayed similar bands corresponding to the C=C
bond vibrations from graphite, as well as Si-O and Si-O-C bond
vibrations from clay minerals present in Rotring pencil leads.>
The FT-IR spectrum of PGE showed C=C bonds (bending at
665 cm ' and stretching at 1650 cm ‘). After the electro-
chemical pretreatment, these bands shifted to 595 cm ™" and
1633 cm™ ', respectively. Additionally, the bands of Si-O-Si at
926 cm ', and Si-O-C at 1178 cm™ " appeared in the FT-IR

spectrum of bare PGE® shifted to 848 cm ™" and 1068 cm ™,

© 2026 The Author(s). Published by the Royal Society of Chemistry
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respectively, after pretreatment. Bands of C-H asymmetric/
symmetric stretching bonds at 2700-2900 cm™" were observed
in both spectra.

The successful oxidative pretreatment of the electrode
surface was evidenced by the appearance of a characteristic O-H
band at 3441 cm ™' only in the PPGE spectrum, indicating the
introduction of oxygen containing group to the surface of PGE.
This was achieved using a cost-effective and green mild elec-
trolyte and a simple electrochemical pretreatment technique
suitable for industrial applications,®** rather than reliance on
heating in highly concentrated acids of hazardous and corrosive
nature to introduce various oxygen-containing functional
groups to the surface of PGE.*

The introduction of OH groups and other oxygen-containing
functionalities to the surface of PGE through electrochemical
treatment is a strategic modification resulting in surface acti-
vation that can significantly enhance the electrode's perfor-
mance. The electrochemical treatment can lead to partial
exfoliation of the graphite layers, which increases the surface
area available for electrochemical reactions.*

Moreover, the introduction of OH groups can create active
sites that promote faster electron transfer kinetics, which is
beneficial for sensing applications.*® These functional groups
can also contribute to the stability of the electrode response

RSC Adv, 2026, 16, 11137-11157 | 11145
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Fig. 8 FT-IR spectra of (A) bare PGE, (B) PPGE.

through stabilization of the reactive intermediates formed
during electrochemical reactions, which can improve the over-
all efficiency of the process, making it more reliable for repeated
measurements.*® Additionally, they increase the hydrophilicity
of the electrode surface that can improve the electrode's
wettability and its interaction with analytes.**

Overall, the electrochemical treatment of PGEs to introduce
OH groups is a crucial step in preparing these electrodes for
various electroanalytical applications, particularly in bi-
osensing, where sensitivity and selectivity are paramount.

3.7.2. X-ray diffraction (XRD) analysis. The structure of
PGE and PPGE was investigated using the XRD technique. The
XRD pattern of PPGE (Fig. 9B) showed a sharp diffraction peak
at 25.9° with two smaller peaks at 43.6° and 54.1°. These peaks
are characteristic of graphitic carbon. When compared to the
XRD pattern of PGE (Fig. 9A), no significant differences in the
peak positions or broadening were observed.

The similarity in the XRD patterns between PGE and PPGE
indicates that the OH functional groups introduced during the
electrochemical pretreatment process did not significantly alter

1146 | RSC Adv, 2026, 16, 1M37-11157

the core crystalline structure of the graphite.®* In addition,
this suggests that the interlayer spacing between the layers of
graphene in the graphite has not changed. This implies that the
electrochemical treatment does not cause any expansion or
contraction of the crystal lattice.®*"*” Furthermore, the absence
of peak broadening suggests that the graphite structure
remains well-ordered.®>*” These provide a positive outcome that
the electrochemical treatment is non-destructive, which is
beneficial for maintaining the integrity and properties of the
electrode material.*

3.7.3. Scanning electron microscope (SEM) imaging. The
surface morphology of PGE and PPGE was investigated using
SEM imaging. The bare PGE exhibits a smooth surface
(Fig. 10A-C). After the electrochemical treatment, the surface
becomes rough and the graphite particles agglomerate
(Fig. 10D-F). The surface morphological changes suggest an
increase in the surface area and reaction-active sites.®**® This
study aligns with the FT-IR and XRD characterization studies
confirming that the electrochemical treatment has effectively
functionalized the surface of PGE.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 X-ray diffraction patterns of (A) bare PGE and (B) PPGE.

3.8. Influence of surfactants on the EZP analytical signal

The effect of surfactant addition on the DPV response of EZP
was investigated using a potentiodynamically PPGE. Various
surfactant types and concentrations, below their critical micelle
concentration (CMC), were added to a 300 pg per mL EZP
solution prepared in 0.01 M BR buffer, pH 7. The resulting peak
currents were compared to that of 300 pg per mL EZP standard
solution prepared in 0.01 M BR buffer/0.1 M Nacl solution, pH
7. The results showed that the cationic surfactant CTAB, tested
at concentrations of 4 x 107> M, 4 x 10 *M, and 1 x 10> M, as
well as the non-ionic surfactant tween 80 at concentrations of 5
x 1077 M, 1 x 107° M, and 8 x 10~ ° M, did not produce any
enhancement in the peak current. In contrast, the anionic
surfactant SDS at concentrations of 4 x 107> M, 4 x 10™* M,
and 4 x 10~* M, resulted in an enhancement of the EZP peak
current. Among these, 4 x 10~> M SDS produced the highest
peak current and was therefore selected as the optimal
concentration (Fig. 11).

The pronounced enhancement in the EZP oxidation current
in the presence of SDS can be attributed to the interfacial and

© 2026 The Author(s). Published by the Royal Society of Chemistry

electrostatic modifications introduced by the anionic surfactant
at the PPGE surface. During the anodic scan, SDS adsorbs onto
the positively polarized electrode, generating a negatively
charged and more hydrophilic interfacial layer. This surface
modification promotes greater EZP preconcentration at the
electrode interface through favorable electrostatic interactions
and improved wettability.”*”> Additionally, SDS monomers can
orient EZP molecules into more electroactive configurations,
inducing specific molecular orientations on the electrode
surface that enhance electroactivity and facilitate faster
electron-transfer kinetics at the PPGE interface.”>”® Together,
these synergistic effects account for the pronounced increase in
oxidation current observed at SDS concentrations below the
CMC.

3.9. Influence of adsorptive stripping on the EZP
voltammeric analysis

The adsorptive stripping voltammetric (AdSV) approach was
applied as an effective preconcentration step prior to the vol-
tammetric measuring of EZP to enhance electroanalytical

RSC Adv, 2026, 16, M37-M57 | 1M47
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Fig. 10 SEM surface images of bare PGE (A-C) and PPGE (D-E) at resolutions 10 um (A and D), 2 um (B and E) and 1 um (C and F).

sensitivity. This methodology depends on the analyte pre-
concentration onto or into the working electrode, which is fol-
lowed by a potential scan that strips the accumulated analyte
back into the solution.””

The optimization of AdSV parameters (accumulation time
and potential) was performed using potentiodynamically PPGE,
followed by DPV measurement under the optimized conditions,
listed in Experimental section 2.3. Regeneration of the electrode
was performed after each measurement by immersing it in
a blank solution and scanning several cycles till the reading
reached the limiting current. The optimized conditions for
AdSV were determined to be an accumulation time of 30 s at
a preconcentration potential of +0.1 V, as shown in Fig. S7, SI
File.

Following the optimization of AdSV conditions, the instru-
mental parameters for the subsequent DPV measurement were
optimized to achieve the maximum peak sensitivity at 1.1009 V.

The optimal conditions of DP-AdSV measurements of EZP in
0.01 M BR buffer/0.1 M NaCl solution, pH 7, were found to be
the same as the DPV measurements performed without strip-
ping, which were as follows: pulse time = 0.04 s, pulse ampli-
tude = 50 mV, and potential sweep rate = 80 mV s .

The high sensitivity achieved by the AdSV technique, as
presented in Table 1, can be attributed to the synergistic
interplay between the diffusion-controlled accumulation and
the adsorption-controlled stripping steps. During the accumu-
lation stage, EZP molecules are transported from the bulk
solution to the electrode surface predominantly by diffusion
under the applied controlled potential. This process enables
continuous preconcentration of EZP at the electrode-solution
interface, leading to a significant increase in the local surface
concentration relative to the bulk solution. Subsequently, EZP
molecules are strongly adsorbed onto the electrode surface,
forming a stable adsorbed layer. In the stripping step, the

1.1 1.3
Potential (V)

15 LT

Fig.11 Blank corrected DP-voltammograms obtained by potentiodynamically PPGE of 300 pg per mL EZP prepared in (a) 0.01 M BR buffer/0.1 M
NaCl solution, pH 7, (b) 0.01 M BR buffer/0.00004 M SDS solution, pH 7, (c) 0.01 M BR buffer/0.0004 M SDS solution, pH 7, (d) 0.01 M BR buffer/

0.004 M SDS solution, pH 7.
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Table 2 Accuracy and precision for the determination of EZP in bulk form using SWV, DPV, and DP-AdSV techniques
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Within-day Between-days
Nominal
value Found + SD“ RSD? ES Found + SD* RSD? ES°
Technique (hg mL ) (hg mL ) (%) (%) (hgmL ) (%) (%)
SWV (blank; 0.01 M BR buffer/0.1 M 25 25.47 £ 0.14 0.55 1.88 25.29 £ 0.38 1.52 1.16
Nacl solution, pH 7) 100 100.42 4+ 0.93 0.93 0.42 100.21 + 0.82 0.82 0.21
300 299.60 + 0.92 0.31 —0.13 300.55 + 1.08 0.36 0.18
DPV (blank; 0.01 M BR buffer/0.1 M 25 24.90 £+ 0.39 1.57 —0.40 25.27 £ 0.48 1.89 1.08
Nacl solution, pH 7) 100 99.85 £+ 0.78 0.78 —0.15 100.34 + 1.60 1.60 0.34
300 300.42 + 0.91 0.30 0.14 299.62 + 1.67 0.56 —0.13
DPV (blank; 0.01 M BR buffer/0.004 M 10 10.17 £ 0.08 0.82 1.70 9.93 + 0.13 1.31 —0.70
SDS solution, pH 7) 50 50.89 + 0.74 1.46 1.78 50.72 £+ 0.89 1.75 1.44
200 200.60 + 0.83 0.41 0.30 200.75 £+ 0.73 0.36 0.38
DP-AdSV (blank; 0.01 M BR buffer/0.1 M 0.25 0.253 £ 0.003 1.27 1.06 0.253 £ 0.004 1.42 1.11
Nacl solution, pH 7) 5 4.97 + 0.01 0.25 —0.60 4.94 + 0.04 0.78 —1.20
15 15.10 £ 0.05 0.30 0.67 15.23 + 0.06 0.37 1.53

@ Mean =+ standard deviation for three determinations. ? % Relative standard deviation. ¢ % Relative error.

current response depends on the amount of adsorbed species
rather than their bulk concentration. As a result, even very low
analyte levels produce a measurable signal. This dual mecha-
nism effectively enhances the signal-to-noise ratio, ultimately
providing the excellent sensitivity and low detection limits
characteristic of AdSV.”®

3.10. Validation of the voltammetric measurement
techniques

The validation of the developed method was performed
according to the ICH recommendations.”

3.10.1. Linearity ranges and detection/quantitation limits.
To validate the current-concentration linear relationship, the
calibration plots were constructed under the optimized condi-
tions for DPV, SWV, and DP-AdSV techniques in 0.01 M BR
buffer/0.1 M NacCl solution, pH 7, as well as for the DPV tech-
nique in 0.01 M BR buffer/0.04 M SDS solution, pH 7 (Fig. S8, SI
File). The results revealed a linear relationship between the
peak currents and EZP concentrations, with correlation coeffi-
cients greater than 0.9999 (Table 1).

The detection limit, (3s)/m, and quantitation limit, (10s)/m,
were calculated, where s is the standard deviation of peak
currents for six runs and m is the slope of the calibration
curve.” The calculated values are presented in Table 1.

3.10.2. Accuracy and precision. The accuracy of the
proposed voltammetric techniques was assessed using three
different concentrations of standard EZP covering the specified
range, each repeated three times (Table 2). In addition, the
recovery data calculated from tablet dosage form analysis aided
in the further verification of the accuracy of the proposed
method (Table 3). The high accuracy of the developed method
was indicated by the high recoveries with low percentage errors.

The repeatability (intra-day precision) of the current
measurements was evaluated by the triplicate analysis of three
different concentrations of EZP within the same day. On the
other hand, the reproducibility (inter-day precision) was
assessed by the triplicate analysis of the same three concen-
tration levels of EZP on three consecutive days. The relative
standard deviations (% RSD) of the peak current values ob-
tained from repeatability and reproducibility studies were
calculated and listed in Table 2. All % RSD values were less than
2%, indicating the good precision of the proposed method and
their suitability for the routine analysis of EZP in quality control
laboratories.

Moreover, electrode-to-electrode reproducibility was evalu-
ated using pencil leads from different manufacturing batches.
As shown in Table 4, the low RSD and error values confirm good
reproducibility and robustness of the proposed PGE.

Table 3 Determination of EZP in Night Calm® tablets (3 mg per tablet) by the DPV and DP-AdSV techniques

Proposed DPV method using PPGE

Proposed DP-AdSV method Reference HPLC method*®

(15 pg mL )
102.51 + 0.62
(100 pg mL™)
97.72 + 0.51
(300 pg mL ™)
98.28 + 0.79
Student's t-test 0.54

Variance ratio F-test 1.46

% recovery (mean + SD)*

(0.5 pg mL ™) 98.01 + 0.96
96.92 + 0.77

(5 ng mL™")

101.85 £ 0.55

(10 pg mL™")

98.77 + 0.62

1.63

2.35

“ Results of three analysis. Theoretical values for ¢ and F at P = 0.05 are 2.23 and 5.05, respectively.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Evaluation of electrode-to-electrode reproducibility using
different pencil-lead batches at a fixed eszopiclone concentration
(100 pg mL™Y by the DPV technique

Electrode batch Found + SD * (ug mL ™) RSD (%) E; (%)
Batch 1 100.25 + 0.30 0.30 0.25
Batch 2 100.26 + 0.88 0.88 0.26
Batch 3 99.81 £+ 0.95 0.95 —0.19

“Mean concentration found <+ standard deviation for three

determinations (n = 3).

3.11. Determination of EZP tablet dosage from

The proposed DPV and DP-AdSV techniques were successfully
applied for EZP determination in its tablet formulation, with no
sign of interference from the excipients using the optimized
measurement conditions. The assay results indicate satisfactory
accuracy and precision as reflected by good recovery and RSD
values, respectively (Table 3). To further validate the reliability
of the developed techniques, statistical comparisons were made
with a previously reported HPLC method*® using a Student's ¢-
test and a variance ratio F-test. At a 95% confidence level, the
experimental ¢ and F values did not exceed the critical value, as
shown in Table 3. These findings indicate good data agreement
between the methods and provide additional evidence for the
applicability and reliability of the developed voltammetric
techniques for routine analysis of EZP in tablet dosage form.

3.12. Determination of EZP in the presence of its alkaline
degradants

The applicability of the proposed DPV technique for determining
EZP in the presence of its alkaline degradants was evaluated using
laboratory-prepared mixtures containing intact EZP and varying
proportions of its alkaline degradants (ranging from 1% to 70%).
The results, presented in Table S1, SI File, show that the calculated
recoveries of EZP at 1.1009 V remained within the range of 98% to
99% for mixtures containing up to 50% degradants. In the pres-
ence of 60% degradants, a negligible increase in recovery to 105%
was observed. However, when the proportion of degradants
reached 70%, slight interference was evident, with the recovery
rising to 127%. Fig. S9A, SI File, presents the voltammogram of
standard EZP, while Fig. S9B, SI File, shows the voltammogram of
EZP in the presence of 70% alkaline degradants.

To verify the source of interference, a solution containing
210 ug mL™" of the degradants, equivalent to 70% of the
degradant content in the mixtures, was prepared and analyzed.
The resulting DP voltammogram (Fig. S9C, SI File) showed
a small peak at 1.0414 V with a current of 28.2 pA after blank
correction, confirming the presence of an interfering signal.
These findings demonstrate that the proposed method can
reliably quantify EZP in the presence of up to 60% of its alkaline
degradants, with acceptable accuracy and selectivity.

3.13. Selectivity and interference studies

The selectivity of the proposed PPGE-based voltammetric
method was unequivocally demonstrated through its ability to

M50 | RSC Adv, 2026, 16, M37-11157
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discriminate EZP from both pharmaceutical excipients and
structurally related alkaline degradation products. Tablet
excipients exhibited no measurable electroactivity within the
potential window of interest, and the EZP oxidation peak
maintained its characteristic anodic position and shape, con-
firming the absence of matrix-induced peak distortion or
suppression. Furthermore, the method preserved quantitative
accuracy in the presence of substantial levels of alkaline
degradants, with recoveries consistently ranging between 98-
105% for mixtures containing up to 60% degradant content,
indicating that the degradants neither overlap with nor signif-
icantly influence the EZP oxidation process. Only at extreme
degradation levels (70%) did slight interference occur, attrib-
utable to the emergence of a minor degradant peak at 1.0414 V,
which is adjacent to but still distinct from the EZP peak at
1.1009 V, demonstrating that interference becomes relevant
only when degradants vastly exceed the analyte concentration.
The ability to resolve EZP in the presence of both inactive
excipients and chemically related degradation species under-
scores the intrinsic specificity of the oxidation process at the
PPGE surface. This behavior is supported by the irreversible and
adsorption-controlled electron-transfer mechanism of EZP,
which favors selective accumulation at the activated PPGE
surface, thereby providing inherently high selectivity even in
complex matrices. Collectively, these findings confirm the
method's strong selectivity and its suitability as a robust
stability-indicating tool for routine pharmaceutical quality
control.

Additionally, a detailed tolerance study was performed to
assess the selectivity of the proposed method for EZP determi-
nation. Various inorganic ions and excipients commonly
present in pharmaceutical formulations were investigated at
interferent-to-EZP concentration ratios of 400: 1, 600: 1, 800: 1,
1000:1 and 1200:1. The tolerance limit is expressed as the
maximum concentration ratio of an interfering species relative
to a fixed EZP concentration (10 pg mL ') that causes a change
in the peak current (AI,) not exceeding +5%.” The percentage
change in peak current (AI,%) was calculated using the
following equation:

I i -1,
ALy (%) = P<EZ"+IH‘S;:;2> oEZD) 100
p

where Iygzp) and Ipezp-interferent) T€Present the peak currents of
EZP in the absence and presence of the interfering species,
respectively.

The tolerance limits obtained for the investigated inter-
ferents are summarized in Table 5. Based on the results of the
interference study, the proposed method demonstrated suffi-
cient selectivity in the presence of common pharmaceutical
excipient.

3.14. Comparison of voltammetric response of EZP using
NPGE, PPGE, and GCE

The electrochemical oxidation of EZP at GCE was studied using
DPV and SWV techniques in the same buffer solution: 0.01 M
BR buffer/0.1 M NaCl solution, pH 7. Before each measurement,

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 5 Tolerance limit of common inorganic ions and pharmaceu-
tical excipients in the determination of 10 pg mL™* EZP using the
proposed PPGE-DPV technique

Interfering Tolerance limit
SpeCieS (Clnterferent : CEZP)
Ca** 400:1

K 600:1

Na* 800:1

Glucose 800:1

Lactose 1000:1

Starch 1200:1

GCE was manually polished using 0.5 pm alumina dispersed in
deionized water, thoroughly rinsed with deionized water, and
gently dried using tissue paper.

For DPV measurements at GCE, the DP-voltammogram was
recorded from 0 to 2 V against an Ag/AgCl reference electrode
using the optimized measuring parameters: pulse time = 0.02 s,
pulse amplitude = 200 mV, and potential sweep rate = 80 mV
s~'. At a concentration of 300 pg per mL EZP, an anodic DPV
peak was observed at 1.0474 V (Fig. 12A). When comparing the
voltammetric responses of the same EZP concentration at GCE,
NPGE, and PPGE, GCE showed a lower EZP response and
a higher background current than PPGE. Specifically, the
current response at GCE was 2.51 times lower than that at PPGE.
In contrast, GCE showed a slightly higher current response than
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NPGE by a factor of 1.15, though still accompanied by a higher
background current (Fig. 124A).

For SWV measurements at GCE, the following optimum
parameters were employed: frequency = 50 Hz, pulse step =
10 mV, and pulse amplitude = 80 mV. A concentration of 300 pg
per mL EZP exhibited an anodic SWV peak at 1.1208 V
(Fig. 12B). The same concentration was subsequently analyzed
using a NPGE and a potentiostatically PPGE, and the results
were compared. As shown in Fig. 12B, GCE exhibited a signifi-
cantly lower current response with a higher background signal
compared to both NPGE and PGE. Specifically, the current
response at GCE was lower by factors of 1.91 and 2.58 relative to
NPGE and PPGE, respectively.

3.15. Assessment of greenness and whiteness of the
proposed method

Analytical methodology should be designed to balance the need
for environmental sustainability with functional performance,
achieving a high level of accuracy and precision while saving
time and money and the use of hazardous resources.* In line
with this, the greenness and whiteness of the proposed method
were assessed and compared with previously reported methods
for EZP determination. The comparative methods include
a spectrophotometric method® based on the direct absorbance
measurement of the EZP peak at 305 nm, an HPTLC method"®
using silica gel 60F-254 as the stationary phase, methanol-water
(6:4, v/v) as a mobile phase, and detection at 300 nm, and an
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Fig. 12
solution, pH 7, obtained by (a) GCE, (b) NPGE, (c) PPGE.
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Fig. 13 Greenness assessment using GAPI Pictograms for (a) the
proposed PGE method and the previously reported (b) spectropho-
tometric, (c) HPTLC, (d) HPLC, and (e) DME methods.

HPLC method" using a Purospher® Star RP18e column (150 x
4.6 mm; 5p) in isocratic elution mode. The mobile phase
consists of a buffer solution (sodium lauryl sulphate and
sodium dihydrogen phosphate monohydrate, pH 3.5) mixed
with acetonitrile (50 : 50, v/v), with detection using a photodiode
array detector (PDA) at 303 nm. Additionally, the proposed
method was compared with a reported voltammetric method>®
that employs DC polarography and AdSV technique on a DME at
pH 9 for ZP determination due to the lack of the method's
stereo-selectivity. The greenness of the method was assessed
based on two modern approaches, namely; Analytical Eco-
Scale® and GAPI.**> For whiteness assessment, the multicriteria
RGB 12 model approach was applied.*®
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The Analytical Eco-Scale®" provides information that assesses
the greenness of an analytical procedure by evaluating various
parameters, including amounts of the solvents and reagents
employed, energy consumption, occupational hazards, and the
amount of waste generated. Penalty points are given to each
parameter, and the final Eco-Scale is calculated by subtracting
these penalty points from a total score of 100. As “ideal green
analysis” has a value of 100, the closer the Eco-Scale score gets
to 100, the more the analytical procedure is green. The devel-
oped voltammetric method demonstrated the highest Eco-scale
score of 87, compared to other reported methods for EZP
determination. Specifically, the spectrophotometric method,?
HPTLC," and HPLC,"* scored 85, 82, and 73, respectively (Table
S2, SI File). Moreover, the other reported voltammetric method
for ZP determination®® showed a lower score of 79 due to the use
of a DME, which poses significant environmental hazards.
Consequently, the proposed method has proven to be the most
environmentally friendly of all the reported methods.

Compared to the Analytical Eco-Scale, GAPI offers a more
detailed and comprehensive assessment of the green character
of the whole analytical process, starting from sample collection
to final determination.®* It is based on a color-coded pictogram
composed of five pentagrams, each representing a different
stage of the analytical workflow. The colors green, yellow, and
red are applied to the pentagrams for visual representation of
low, moderate, and high environmental impact of each stage,
respectively. The listed data in Table S3, SI File, was used to
create GAPI pictograms (Fig. 13). Out of all the evaluated
methods for EZP analysis, the proposed method demonstrated
the lowest environmental impact, as clearly reflected in its GAPI
profile.

To assess the overall “whiteness” of the developed method,
the multicriteria RGB 12 model® was employed. It integrates
ecological aspects with functionality. It goes beyond eco-
friendliness and safety (represented by green) to also account

100.0
80.0
60.0
40.0
20.0
0.0
Proposed EZP- PGE EZP- EZP-HPTLC EZP-HPLC-DAD ZP-DME
Spectrophotometric
BR(%) BEG(%) HEB(%) OWhiteness (%)

Fig. 14 Comparison of the main evaluation outcomes from RGB 12 analysis for the developed PGE method with other reported methods. The
white bar (whiteness %) indicates the arithmetic mean of the three other bars (red, green, and blue).
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for analytical performance (red) and practical and economic
aspects (blue). Just as the color white results from the combi-
nation of red, green, and blue, a method is considered “white”
when it successfully meets all three criteria. Using the RGB 12
model, up to 10 analytical methods can be ranked and
compared using a single Excel worksheet.®***

The key findings from the whiteness evaluation using the
RGB 12 model for the proposed method, in comparison with
other reported methods, are presented in Fig. 14 and Table S4,
SI File. Both the developed voltammetric method and the re-
ported spectrophotometric method showed the highest score
(95.2%) regarding the blue color. This high score is attributed to
the use of small reagent volumes, reduced energy consumption,
and shorter analysis times. This verifies the high economic
impact of these methods over HPLC and HPTLC methods, and
even slightly surpass the voltammetric method that uses a DME
as a working electrode. Regarding the red criteria, excellent
results in all analytical figures of merit, considering the high
sensitivity, precision, and accuracy render the developed
method possess high analytical performance, with an excellent
red score of 98.8%. This high score is justified by the method's
broad scope of application; it successfully determined the drug
even in the presence of its alkaline degradation products. In
terms of detection capability, the proposed method achieved
a LOD of 0.058 ug mL ™" and a LOQ of 0.195 ug mL ™ *, which are
comparable to or better than those reported for other methods.
For instance, the LOD values for the spectrophotometric,
HPTLC, and HPLC methods for EZP determination were 0.43 pg
mL ™", 0.6 ug mL™', and 0.054 ug mL ", respectively, while the
voltammetric method for ZP determination showed a LOD of
0.039 pg mL~". Similarly, the LOQ values for these methods
were 0.572 pug mL ', 0.2 ug mL™ ', 0.132 pg mL ™, and 0.389 pg
mL ', respectively.

Regarding the green criteria, the developed PPGE method
showed the highest green score of 93.8% due to the usage of
smaller volumes of environmentally friendly solvents and
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reagents, with no energy consumption. By summing up all the
above criteria, the developed method shows the highest white-
ness percentage of 95.9% compared to the reported methods,
Table S4, SI File, which promotes it as a rapid, green, white, and
effective method for EZP determination.

3.16. A comparative study with other reported methods

The literature has reported a limited number of analytical
methods for the determination of EZP in pharmaceutical
dosage forms. The proposed voltammetric method was
compared with other reported methods for EZP determination,
including a spectrophotometric method reported by Pandya
et al.,> a HPTLC method reported by El-Yazbi et al.,'* and a HPLC
method reported by Ravi et al'® Additionally, it was also
compared with a reported voltammetric method developed by
Yilmaz*® for its stereoisomer, ZP, determination. A comparative
summary is presented in Table 6, highlighting the analytical
performance of the proposed method relative to these reported
techniques.>'>'%*® The data clearly indicates that our proposed
method has the best quantification parameters in terms of the
lowest or even comparable LOQ and LOD.

Moreover, a one-way ANOVA statistical test® was conducted
to compare the recovery data obtained from tablet formulation
analysis using the proposed DPV and AdSV methods with those
from the reported HPLC method.*® The results, summarized in
Table 7, showed that the experimental F value did not exceed
the critical value, indicating no significant difference between
the methods.

Additionally, our method has been identified as the most
eco-friendly, as evaluated by the analytical eco-scale and GAPI
approaches. Furthermore, it has been confirmed to have the
highest degree of whiteness, as assessed using the RGB 12
model approach. The whiteness of the method reflects
a balance between efficacy, functionality, and safety. Thus, the
proposed method shown to be an extremely competitive

Table 6 Comparative study between the proposed voltammetric method and other reported methods

EZP proposed EZP reported

EZP reported HPTLC  EZP reported HPLC  ZP reported DP-AdSV

Comparison point ~ DP- AdSV method  spectrophotometric method®>  method® method™? method?*®
Linearity range 0.25-15 4-24 2-12 49-179 0.23-9.72
(ng mL™)

LOQ (ug mL ™) 0.195 0.572 0.20 0.132 0.205
LOD (ug mL™Y) 0.058 0.43 0.60 0.054 0.108
Correlation 0.999 0.999 0.996 0.999 0.996

coefficient (r)

Table 7 Analysis of Variance (ANOVA) of Night Calm® tablets measured by the proposed DPV and AdSV methods and the reported HPLC

method.*®

Source of variation Sum of squares (SS) Degree of freedom (df) Mean squares (MS) Calculated F Critical F
Between groups 1.77 2 0.89 1.38 3.68
Within groups 9.62 15 0.64

Total 11.39 17

© 2026 The Author(s). Published by the Royal Society of Chemistry
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substitute for the other reported methods, qualifying it for
routine quality control applications.

4. Conclusion

The primary goal of the study was to develop a green and effi-
cient method for determining EZP in its pure form, in tablet
formulations, and even in the presence of its alkaline degra-
dation products. This was accomplished using various voltam-
metric techniques (DPV and SWV) with a PPGE as the working
electrode. Key factors affecting the EZP signal, including the
PGE pretreatment instrumental parameters as well as the elec-
trolyte solution, were carefully optimized. The PPGE-based
method proved highly effective, enabling accurate quantifica-
tion of EZP across a wide concentration range using both DPV
and SWV. Compared to traditional GCE, the PPGE significantly
enhanced the peak current response and overall sensitivity.
Further improvements were achieved by introducing SDS as
a surfactant, which not only broadened the detectable concen-
tration range but also lowered the detection and quantification
limits. To push sensitivity even further, a DP-AdSV technique
was developed. Overall, the study confirms that the proposed
method is not only highly sensitive and accurate but also
environmentally friendly and well-suited for routine quality
control of EZP in pharmaceutical products.
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