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Analytical green star area (AGSA) as a new
assessment tool for the electrochemical

determination of cyclobenzaprine hydrochloride in
wastewater samples using recycled graphite-
modified nitrogen-doped CQDs
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Active pharmaceutical compound consumption and their discharge into municipal wastewater via

excretion are a growing danger for water quality and have considerable short-term, medium-term, and
long-term impacts on environmental and human health. The objectives of this work were the detection
and determination of cyclobenzaprine hydrochloride (CBZ), the most used muscle relaxant present in
wastewater, with high accuracy and precision to avoid the serious environmental threat caused by the

medication’s overuse. The proposed electrode showed higher sensitivity with a Nernstian slope value of
57.97 + 0.23 mV per decade in the linearity range of 1.0 x 1077 to 1.0 x 1072 M and an LOD of 5.62 x
1078, This study is also the first to corroborate the use of a graphite electrode prepared from battery rod
waste for the determination of CBZ, along with modification with nitrogen-doped carbon quantum dots
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derived from pea pods, and L-serine amino acid (PP-NCQDs) as the indicator electrode. Using molecular

docking, the a-CD ionophore was found to be the most favorable orientation of CBZ towards the highly
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1. Introduction

Water has been utilized in various capacities within the domestic,
industrial, and agricultural contexts. Such applications have led
to the introduction of numerous undesirable compounds and
pollutants into wastewater systems." In recent years, the detec-
tion of pharmaceutical residues within aquatic ecosystems has
been documented globally.” Nevertheless, current studies suggest
their determination is critical as these pollutants represent
significant risks, albeit at considerable concentrations, to the
environment, wildlife, and human health.? The total amount of
pharmaceuticals that are discharged into the sewage system and
the lack of suitable wastewater treatment techniques to address
this problem result in high levels of pharmaceuticals in drinking
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selective ionophore in the membrane sensor. The open source and accessible nature of the Analytical
Green Star Area (AGSA) facilitates cross-disciplinary comparisons.

water. Owing to their limited degradability, approximately 80% of
these compounds are excreted unmodified and subsequently
disposed of via toilets and sewer systems directed towards
wastewater treatment facilities, where no effective removal
occurs, thereby fostering the proliferation of bacterial resistance.*
This situation results in increased levels of pharmaceuticals in
drinking water, which are assimilated by individuals, thereby
exacerbating the challenges associated with the treatment of
prevalent health conditions and their determination.*

High-performance carbon quantum dots (CQDs), which have
several uses, such as sensing, are increasingly in demand.
Nevertheless, there are still issues with the synthesis of CQDs,
such as the use of toxic materials, protracted multistep proce-
dures, and high costs.>® As renewable resources that are good
for the environment, biomass and biomass waste (such as
agricultural products, agricultural residue, and municipal solid
waste) are plentiful and have a high carbon content (45-55%).”*

In this paper, we report the use of a microwave-assisted
process to successfully synthesize N-doped carbon quantum
dots (NCQDs) from pea pods, which are an abundant, readily
available, cost-effective biomass carbon source, and ir-serine
amino acid is used as a nitrogen dopant.

Molecular docking (MO), a methodology for predicting new
indications of current medications, is a useful technique for

© 2025 The Author(s). Published by the Royal Society of Chemistry
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developing treatments for new diseases, especially rare ones,
while cutting down on the time and expense of drug develop-
ment. Potential target identification is an essential stage in the
process of finding novel indications. Molecular docking is
a popular technique for finding possible targets for a particular
drug or finding potential drugs for a specific target, and it
doesn't require any prior knowledge other than structure inputs
from the drug and the target.® Recently, MD has been used for
aiding in the determination of some pharmaceutical
compounds by studying the interaction between the drug target
and the ionophore as binding site receptors; the greater the
binding interaction between them, the more appropriate they
are for the methodology.****

Cyclobenzaprine HCl (CBZ) acts centrally as a skeletal
muscle relaxant related to tricyclic antidepressants.’* The
determination of CBZ is described in previous studies by the
U.S. Pharmacopeia, and others via spectrophotometry'>'® and
liquid and gas chromatography.’”* However, these reported
methods involve expensive equipment, significant sample
preparation, long analysis times, and organic solvents.
Electrochemical techniques, particularly voltammetry**>® and
potentiometry,”*>® have been suggested as available alterna-
tives. These techniques are known for their high sensitivity,
speed, simplicity, selectivity, cost-effectiveness, and eco-
friendliness.

In this study, we present the Analytical Green Star Area
(AGSA), which is open source and accessible at https://
www.bit.ly/AGSA2025 as an extension of the Green Star Area
index, aimed at assessing the green analytical determination
of CBZ, while placing significant emphasis on analytical
methodologies. This innovative metric facilitates the
assessment of the twelve principles of green analytical
chemistry (GAC), providing a visual representation of the
overall environmental ramifications. The increased green area
associated with an analytical methodology within AGSA
correlates with a heightened level of greenness. Consequently,
AGSA serves as a valuable instrument for analytical chemists,
permitting the rapid and straightforward comparisons of
various chemical processes and directing enhancements
towards more sustainable analytical practices.>

The major reason for the presence of cyclobenzaprine (CBZ)
and other pharmaceuticals in surface water and groundwater is
their entry into the waters via human excrement and the inad-
equate disposal of expired or unused drugs. The determination
of different pharmaceutical substances and pharmaceutical
content in both treated wastewater and sewage sludge is diffi-
cult owing to the complex composition of this matrix. As such,
a highly selective and sensitive electrode made of waste graphite
modified with PP-NCQDs for the determination of CBZ is
applicable due to its being non-toxic, inexpensive, and having
favorable electrochemical characteristics, including a large
surface area and excellent electrical conductivity.

2. Experimental
2.1. Chemicals and reagents, instrumentation, and software

See the SI for details.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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2.2. Procedures

2.2.1. Microwave-assisted synthesis of PP-NCQDs. The
seeds of the fresh green pea pods were extracted from their
respective casings, after which the vacated pods were gathered
and washed with distilled water to eliminate any residual
matter. The desiccated pods were subsequently sectioned into
small fragments and homogenized using a domestic fruit mixer
to yield a uniform matrix. The resultant mixture (10 g) was
mixed with 50 mg r-serine and subjected to treatment in
a domestic microwave at a power setting of 900 W for a duration
of 9 minutes, after which it was allowed to cool to ambient
temperature. A volume of fifteen milliliters of distilled water
was incorporated into 100 mg of the resultant black residue
within a 100 mL beaker, followed by sonication for a period of
30 minutes, and subsequently filtered. The filtrate underwent
centrifugation for 10 minutes at a rotational speed of 4000 rpm.
The brownish-yellow suspension was further filtered through
a 0.45 pm syringe filter to isolate the nitrogen-doped carbon
quantum dot solution. The resulting dark brownish-yellow
solution was preserved in an amber-colored container and
stored in a refrigerator at a temperature of 4 °C.

2.2.2. Recycled coated graphite (R-CG) preparation. Zinc/
carbon waste batteries (such as triple-A batteries) were utilized
to fabricate the working electrode by extracting the graphite bar
using a pair of pliers. Firstly, the metal wrap was pulled off the
battery by rolling the metal sheet outwards, removing the top
metal cap, and pulling it out. Secondly, the plastic wrapping was
removed by squeezing the top plastic ring, then squeezing the
battery body from all directions to loosen the graphite rod from
the center. The remaining zinc paste on the graphite rods was
removed using 0.5 M H,SO4 as a cleaning solvent to thoroughly
eliminate any impurities adhered to the bar surface within 30
minutes, then resoaked in ethanol for 12 minutes and rinsed
with distilled water for further elimination of any impurities.
Some wax can also be removed by exposure to the heat of a torch
to burn the wax off. The cleaned graphite bar was then inserted
into a 5 cm long and 3 mm diameter dielectric PTFE (poly-
tetrafluoroethylene) tube, and then the tube was exposed to the
heat of a torch to shrink and firmly adhere it to the graphite
electrode rod. The electrode body surface was mechanically
polished using rough emery paper until a surface smoothness
like a mirror was achieved; the other side of the electrode bar,
about 0.5 cm, was left uncovered for connection.*® Upon cyclic
voltammetric scanning (20 cycles) within a potential window of
—0.5V to1Vin0.1 M NaOH at a scan rate of 100 mV s, the
recycle graphite carbon electrode was electrochemically acti-
vated until stable CV peaks were achieved.*

2.2.3. The R-CG@a-CD ion-selective electrode assembly.
Five different sensors were utilized with different components
to obtain the most precise, sensitive, and accurate results. Here,
10.0 mg of precipitated CBZ ion pair with tetraphenylborate
(TPB), 0.35 mL dioctyl phthalate as a plasticizer, and 190.0 mg
PVC were mixed well to fabricate the sensing membrane and
then dissolved in 5 mL of THF to yield (TPB/ISM) as sensor (I). A
micropipette was used to drop cast 20.0 puL of nitrogen-doped
carbon quantum dots derived from pea pods (PP-NCQDs)

RSC Adv, 2025, 15, 34128-34137 | 34129
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solution as a thin layer before adding the selective membrane
layer in sensor one, and left to dry at room temperature over-
night to obtain sensor (II) (TPB/PP-NCQDs/ISM). For the prep-
aration of sensors III to V, we added 5 mg of the ionophore (., B,
or y-CD) to the selective layer in sensor II to obtain sensors III,
IV, and V, respectively.

2.2.4 Standard solutions.
prepared by dissolving 312 mg in 100 mL of Britton Robinson
buffer (BR) pH 5 to obtain a solution concentration of 1 x
1072 M. Working solutions of progressively lower concentra-
tions (1 x 10> M to 1 x 10~° M) were prepared by serial dilu-
tion of the stock solution.

2.2.5. Potentiometric measurements. A Jenway pH meter
3510, England, was used for a potential reading study using the
five main working electrodes in conjunction with a double
junction reference electrode (Ag/AgCl) model. The solutions
were calibrated by immersion in solutions of CBZ (1 x 10 °to 1
x 107> M) under magnetic stirring till a constant emf for each
solution and sensor was achieved. Calibration curves were then
plotted between the recorded emf and the negative logarithmic
CBZ concentration (—log) of [CBZ]. Consequently, the corre-
sponding regression equations were calculated.

2.2.6. Quantification of CBZ in moveasy tablets. Ten tablets
were finely ground, and their average weight was determined. A
quantity equal to 31.2 mg of CBZ powder was precisely weighed,
put into a 100 mL volumetric flask, and diluted to the appro-
priate level with BR, pH 5.0. The resulting CBZ solution
concentration was obtained to be 1 x 10~ M. The optimized
electrode a-CD/PP-NCQDs/R-CG sensor, in conjunction with the
double-junction Ag/AgCl reference electrode, was immersed in
the prepared solution. The potentials measured were recorded
to calculate the corresponding concentrations from the regres-
sion equation of that electrode.

2.2.7. Potentiometric CBZ determination in wastewater
samples. Wastewater samples characterized by elevated
contaminant levels were obtained from the Senhewat leakage
site located in Minya Al Qamh, Egypt, with samples collected in
triplicate. The wastewater samples were preserved in amber
glass bottles with polypropylene open-top Teflon-silicon septa
screw caps. With respect to wastewater samples, cyclo-
benzaprine (CBZ) demonstrates a propensity for protein
binding, which warrants careful consideration during analytical
evaluations. Complete denaturation of proteins is accom-
plished through the introduction of absolute ethanol. The role
of ethanol is twofold: it aids in the denaturation of proteins and
facilitates the extraction of CBZ. One ml of wastewater was
mixed with suitable aliquots from the stock solution, 9 mL of
absolute ethanol was added, and the mixture was agitated for 3
minutes using a vibromixer. The mixture was then incubated
for 45 minutes at 60 °C in a water bath. This methodology
results in the denaturation and subsequent precipitation of any
minute quantity of proteins from wastewater. After the cooling
stage, the ethanol phase is separated through centrifugation for
20 minutes at 3500 rpm for further analysis. This is followed by
another extraction of the residue. The ethanol extracts are
concentrated by evaporation. The residue dissolves in BR pH 5,
and the calibration portion shows the concentration.

A CBZ stock solution was
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2.2.8. Molecular docking (MD). Molecular conformations
and orientations between CBZ and its cyclodextrin (CD) hosts
were determined by the Molecular Operating Environment
(MOE). In this study, the structures of CBZ and cyclodextrin
ionophores (a, B, and y) were built into 2D and 3D by the MOE
for binding energy calculation and fitting the properties of each
ionophore to CBZ as a target ligand. The structure of each
modifying ionophore and CBZ was obtained from the protein
data bank (PDB) and the PubChem database. The docking
process was protonated at pH 5 in the software, and partial
charges were energy-minimized. The higher the docking score,
the better the position and ionophore-to-ligand interaction;
consequently, the more selected the ionophore in the modified
electrode preparation, the more compatible the results ob-
tained in the practical work.

3. Results and discussion

The creation of rapid and affordable analytical techniques that
are free from dangerous chemicals and complex equipment is
consistent with the purpose of green analytical chemistry. At the
moment, all researchers worldwide are interested in these
approaches. The addition of new nanomaterials like NCQDs to
solid contact sensors recycled from graphite takes advantage of
their remarkable benefits and enhances the electrochemical
performance of the newly created sensors because carbon-based
nanomaterials improve sensor performance by increasing the
transduction and conductance of the chemical to an electrical
signal, which lowers the detection limits. The incorporation of
NCQDs into a bare graphite electrode resolved the low selec-
tivity and sensitivity problems faced when using a bare graphite
sensor alone for a target analyte.

3.1. Characterization of the pea pod-derived NCQDs (PP-
NCQDs)

EDX analysis was used to verify the presence of elements such as
oxygen (O), carbon (C), and nitrogen (N) in NCQDs. Since pea
pods contain a lot of potassium, the EDX analysis also found
trace amounts of potassium (K), which might have been the
result of leftover material from the process of preparing the
pods for NCQDs. However, the quantity was negligible and
would not have a substantial effect on the quantum dots’
surface characteristics. As seen in (Fig. 1), the presence of N
components that came from NCQDs demonstrated that
nitrogen was successfully incorporated onto the surface of
carbon quantum dots (Fig. 1).

The morphology of the nanoscale carbon quantum dots
(NCQDs) was characterized by transmission electron micros-
copy (TEM), as presented in Fig. Sla. The NCQDs exhibited
a spherical morphology with an average particle diameter of
approximately 9.6 nm. The uniform monodisperse nature of the
NCQDs signifies excellent solubility in aqueous media and
optimal dispersion in water. The selected area electron
diffraction (SAED) pattern illustrated in Fig. S1b indicates that
the concentric rings, which are characteristic of the diffraction
pattern, dissipate when the carbon quantum dot (CQD) particle

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 EDX elemental composition analysis of PP-NCQDs.

dimensions are diminutive or entirely amorphous, resulting in
a halo surrounding the luminous central point. This observa-
tion elucidates that electrons are scattered randomly due to the
amorphous characteristics of the carbon dots (CODs). These
findings are in substantial agreement with those obtained from
X-ray diffraction (XRD) and Raman spectroscopy analyses
(Fig. S1c).

To determine the crystalline architecture and phase homo-
geneity, the nitrogen-doped carbon dot sample was subjected to
characterization employing the X-ray diffraction (XRD) meth-
odology. Conversely, amorphous carbon quantum dots (CQDs)
lack a periodic crystalline lattice,® are incapable of diffracting
electrons,® and may display an X-ray diffraction profile char-
acterized by an amorphous halo presenting a peak within the 26
range of 21.00-21.76°, where the (002) reflection plane of
graphite is associated with the broad and strong characteristic
peak in this range.**?* As illustrated in (Fig. Sic), the obtained
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pattern shows a large peak at around 26 in the range of 34.58-
40.21° corresponding to the (001) reflection plane. This result
illustrates how the creation of extra oxygen-containing groups
results in poor crystallinity in carbon dots. The selected area
electron diffraction pattern (SAED) for the amorphous nature
confirmed the amorphous structure of N-CQDs. (Fig. S1d)
illustrates the Fourier Transform Infrared (FT-IR) spectrum of
Nitrogen-doped Carbon Quantum Dots (N-CQDs), exhibiting
several distinct bands within the range of 1233 cm ' to
1723 em ™, which are indicative of the characteristic stretching
vibrations associated with carbon-nitrogen (C-N) bonds.*” The
bending vibrations of nitrogen-hydrogen (N-H) are also detec-
ted within the interval of 678 cm ™" to 840 cm ™', with specific
peaks at 1564 cm ™', 1357 cm ™', and 1233 cm ™" being attributed
to the typical stretching modes of heterocyclic C-N-C, N-(C)3,
and C-N-C bonds.*® The pronounced absorption bands
observed at 1723 em ' and 1616 cm ' are ascribed to the
presence of carbonyl (-C=0) and carboxylic acid (-COOH)
functional groups located at the edges of N-CQDs, alongside the
stretching frequency corresponding to the imine (-C=N-)
formed through the condensation reaction between carboxylic
acids and primary amines within the NCQD.*® The broad peaks
that manifest within the range of 3139-3539 cm ™! are attributed
to the stretching vibrations of hydroxyl (-OH) and amine (-NH)
groups, thereby suggesting the existence of multiple hydroxyl
and amino functional groups within the structure of the N-
CQDs. These findings demonstrated that N species were effec-
tively doped into the structure of the CQDs and that the N-
containing groups were created by a chemical interaction
between r-serine and the microcrystalline cellulose of pea pods.

3.2. Recycled graphite electrode composition and
optimization

The most appropriate sensor was identified by various experi-
mental series, including ion exchangers, plasticizers, iono-
phores, and modifiers, to confirm maximal selectivity and
—@—Sensor |
—@—Sensor Il

Sensor Il
—@—Sensor IV

—&—Sensor V

0 2 4

6 8 10

-Log CBZ (Concentration)

Fig. 2 Profile of the potential of the proposed sensors for CBZ determination.
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sensitivity (Table S1). The electrochemical optimization for CBZ
determination should incorporate an ion exchanger in its
polymeric membrane, which enhances the selectivity of the
membrane sensor towards CBZ; TPB showed the highest
response and linearity range among the other cationic
exchangers. Several plasticizers were evaluated according to
their effect on electrode performance; after several trials, dioctyl
phthalate (DOP) was found to be more effective than other
plasticizers such as dibutyl phthalate (DBP) and tributyl phos-
phate (TBP). Upon inclusion of either TBP or DBP in the poly-
meric membrane, a non-reproducible response with a sub-
Nernstian below 52.00 mV/concentration decade was found,
and then both TBP and DBP were excluded for further optimi-
zation. Additionally, various experimental trials were performed
to choose the most suitable ionophore, and confirmed by MD.
Different cyclodextrin ionophores were used for experimental
trials, such as (o, B and y) CD and it was determined that (o
-CD), functioning as an ionophore characterized by its lipo-
philic properties, provides numerous accessible cavities,
enhances the stability of the sensor's response, and extends its
operational lifespan due to its pronounced lipophilicity, which
facilitates robust retention within the membrane. Furthermore,
the integration of NCQDs was implemented to enhance the
sensitivity of the analytical technique employed. The applica-
tion of nitrogen-doped CQDs provides several benefits, such as
an augmented surface area that enhances the thermal stability
and a plethora of electrical attributes. By utilizing a recycled
graphite-coated electrode through a drop-casting approach, the
previously selected components were utilized in the fabrication
of the five sensors, as delineated previously. Upon recording the
variations in potential readings between all sensors as shown in
Fig. 2, all proposed sensors were checked for their performance
in CBZ determination, and it was found that sensor III (a-
CD@PP-NCQDs/R-CG) showed the best and most reliable
performance compared to the other proposed sensors, which
increased the linearity range from 1.0 x 107 t0 1.0 x 10 > M
CBZ, with a slope of —57.97 and a lower detection limit of 5.62
x 107% M as presented in (Table 1).

3.3. (a-CD/PP-NCQDs/R-CG) electrode selectivity study

The selectivity coefficient was used to investigate the selectivity
of the optimum chosen sensor III (a-CD/PP-NCQDs/R-CG) by
comparison of the same CBZ concentration used with a foreign
substance (1.0 x 10~* M), employing the separate solutions
method (SSM)**** for monovalent compounds, where the
matched potential method (MPM)*> was used for other
components and interferents. Upon recording the potential
response of the optimum sensor III in the presence of other
interferents separately, the response of the (-CD/PP-NCQDs/R-
CG) sensor III was investigated in the presence of the main CBZ
co-augmented drugs, such as paracetamol and diclofenac, in
addition to tablet excipients, including inorganic and organic
substances. The calculated selectivity coefficient results
exhibited that the optimum sensor III is most highly selective to
CBZ and did not have any significant interference from the
interfering species (Table 2).
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Table 2 Selectivity coefficients of different interfering compounds for
the CBZ sensor

Sensor III
Interferent MPM SSM
Paracetamol 1.2 x 1073 —
Diclofenac sodium 3.2 x107° —
Starch 8.34 x 1073 —
Glucose 7.96 x 10°* -
Sucrose 2.38 x 10°* —
Urea 3.17 x 107*
Glycine 4.17 x 107* —
CaCl, 2.37 x 1073 —
Mg stearate 157 x 10°* —
NH,CI — 1.53 x 1074
NaCl — 4.93 x 107*
KCl — 1.68 x 10°*

3.4. The effect of pH

One of the most significant influences on the potentiometric
response of the suggested sensor is pH. The possible response
of the suggested sensor III was studied over a pH range of 2-8 in
BR buffer at two intermediate concentrations (10 *and 10 ° M
of CBZ). The sensor stability readings revealed that the elec-
trode demonstrated a stable response over the pH range of 4-6.5
(Fig. 3); above pH 6.5, the potentials presented by the sensors
dropped as a result of the formation of a non-protonated
compound. The release of free base inside the solution may
be the cause of any potential reduction above these pre-
determined thresholds. The potentials that the sensors showed
were imbalanced and loud below pH 4. It is evident that in pH
4-6.5 solutions, the sensor responses are comparatively
consistent, and pH 5 was chosen as the intermediate and the
most stable pH for potential stability.

350 -

300 -
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3.5. Response time, reproducibility, robustness, and
membrane electrode stability

The response time is the time needed to achieve a stable
potential state (within £1 mV) following a change in the CBZ
concentration. Compared to previous sensors, which had
response times of 15-30 seconds, sensor III demonstrated
a quick response time of about 10 + 1 second (Fig. S2). In order
to assess the constructed electrode’s repeatability, six (a-CD/PP-

NCQDs/R-CG) sensors were fabricated under identical
conditions.

Table 1 illustrates a remarkable level of reproducibility, as
the sensors exhibited analogous responses, yielding

a percentage relative standard deviation (%RSD) of 0.51. Robust
analytical methodologies are characterized by their capacity to
withstand minor alterations in procedural parameters. The
potential response was systematically observed subsequent to
a slight alteration to the experimental parameters to assess the
effectiveness of the employed methodology. The variables
scrutinized encompassed pH variation (5.0 + 0.1) and the
duration of immersion in the stock solution (24 hours + 2
minutes). The resilience of the proposed methodology is
corroborated by the lack of any impact from these minor vari-
ations on the potential response of CBZ, with %RSD remaining
below 2%. The optimum sensor III that was fabricated exhibited
acceptable and stable performance over 6 weeks in comparison
to other electrodes (Table 1).

3.6. Water layer test

The Pretsch group created the water layer test.*>** A drawback of
solid-contact ion-selective electrodes (SC-ISE) that restricts the
potentiometric responses is the presence of an aqueous layer of
water between the ion-to-electron transducer layer and beneath
the polymeric membrane. Potentiometric readings were
acquired for 1.0 x 10~* M CBZ for 60 minutes, then it was

250 A

200 -

S~

Tt

ﬂ\-§.

i
—t

E(mv)
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100 +
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Fig. 3 The effect of pH on the a-CD/PP-NCQDs/R-CG (sensor lll) response.
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replaced with a more concentrated reference interfering solu-
tion (1.0 x 10" M tetrapentyl bromide), and the potential was
recorded for another 60 minutes, then returned to the 1.0 x
10~* M CBZ solution for the last 60 minutes. Upon examination
of five electrodes, it was concluded that sensor 1, which did not
contain NCQDs, displayed the lowest potential drift value, as
shown in Fig. S3. The other electrodes modified with NCQDs
enhanced the development of an aqueous layer to increase the
potential drift, which was related to the hydrophilic properties
of the NCQD nanomaterials in these sensors, but this high drift
in the modified sensors was compensated by the higher sensi-
tivity, conductivity, wider linear range, and low detection limit
for these sensors, making them superior to sensor 1.

3.7. Molecular docking (MD)

The MD study is intended to save time and money when
choosing the best ionophore CD to pick the most appropriate
electrode for sensitive CBZ evaluation by determining the
optimal electrode modification. Scoring functions are employed
to evaluate the binding energies of the ligand within its desig-
nated binding site. Numerous scoring functions exist, yet the
most prevalent is the classical force field, which evaluates the
binding energies predicated on the aggregate of the non-
bonded interactions, such as van der Waals and electrostatic
interactions. The docking scores obtained from molecular
surface interactions for (, B, and ) CD were determined to be
—10.32, —9.55, and —9.68 kcal mol " (Fig. 5). Additionally, the
molecular diameters of the host (CD) and guest (CBZ) showed
that the average diameter of the inner dimension structure sizes
differed, measuring 0.52 nm for the average size CBZ, 0.57 nm
for a-CD, 0.78 nm for B-CD, and 0.95 nm for y-CD. Accordingly,
the best fitting one in diameter was the modified electrode with
a-CD ionophore, showing the higher stability of the formed
inclusion complex as a result of the perfect inclusion of the a-
CD ionophore with the CBZ molecule, which is consistent with

View Article Online
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the earlier docking scores results (Fig. 4). The highest docking
score (—10.32) between CBZ and the o-CD ionophore was firstly
due to the nature of the strong binding between CBZ and a-CD
ionophore via intermolecular hydrogen bonds and electrostatic
interactions between the protonated nitrogen atom in the
propan-1-amine branch of CBZ and the hydroxyl-methyl moiety
of the «-CD ionophore as shown in (Fig. S4). Secondly, it was
related to the excellent fit of the CBZ drug molecule size to the
cavity size of the a-CD ionophore.

3.8. Green assessment

Each principle of Green Analytical Chemistry (GAC) is assessed
according to established criteria and is allocated a numerical
score that signifies its level of adherence or influence. Together,
these scores create the full Analytical Green Sustainability
Assessment (AGSA) scores, which are placed on a scale intended
to measure the analytical methodology's overall environmental
sustainability and adherence to green chemistry principles. The
computation takes into account various factors, including the
extent of sample processing, the toxicity of reagents, the gener-
ation of waste, energy utilization, the degree of automation, and
the safety of the operator. By methodically rating an analytical
method's compliance with the 12 principles of GAC discussed in
more detail in Table S2, the AGSA metric offers a thorough and
organized assessment of its greenness. Based on the first prin-
ciple of GAC, the determination of CBZ did not require extensive
sample treatment, such as solid-phase extraction, liquid-liquid
extraction, and protein precipitation techniques with a small
sample size. The analytical method involved instruments with
low energy consumption; all samples were measured in water as
a green solvent, CQDs were prepared in water as a natural solvent
and environmentally sustainable recycling of spent graphite was
performed. The most used reagents are less toxic, with low-risk
procedures with personal protective equipment needed, as
shown in Fig. 5. The AGSA tool can be used to rapidly and

Fig. 4 Molecular surface interactions of CBZ drug binding with (e, B and y) CD pockets.
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Fig. 5 Analytical green star area method metrics.

efficiently evaluate the ecological soundness of analytical
methods with the use of specialized software. The final AGSA
score of 77.78, as displayed in Table S2, demonstrates the
outstanding applicability of the suggested technique in green
chemistry. We intend to validate the AGSA tool by applying it
across a series of published analytical methods to demonstrate
its consistency, discriminatory power, and correlation with other
green metrics in the literature. Additionally, plans include
inviting the broader analytical chemistry community to
contribute to refining and validating AGSA, thus fostering cross-
disciplinary comparison and acceptance.

3.9. Applications

3.9.1. Determination of CBZ in Moveasy® tablets and
wastewater. The employed sensor was used to quantitatively
analyze CBZ in Moveasy® tablets. The results obtained for our
suggested electrode showed that it is highly reliable and
sensitive and that it is not affected by any additives or excipi-
ents, as shown by the recovery percentages in Table 3. Spiked
wastewater samples were examined to evaluate the potential
matrix effect on the sensor's performance. According to the
results in Table 3, the spiked wastewater sample recovery values
varied from 100.77% to 101.96%, with the %RSD values for
sensor III being less than 2.

Table 3 CBZ determination in tablets and spiked wastewater

Sensor III

Application %recovery (mean + %RSD)

Moveasy® tablets (10 mg per tablet)

1.0 x 10 M 100.41 =+ 0.22¢
1.0 x 10° M 98.32 + 0.75%
1.0 x 10°°M 99.76 + 0.34%
Wastewater

1.0 x 107*M 101.96 + 0.99”
1.0 x 107°M 101.43 + 0.98°
1.0 x 10°°M 100.77 £ 1.22°

“ Average of five determinations. ? Average of five determinations.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Statistical data for comparison of the proposed sensor with
the previously reported method

CBZ Reported method*®
%mean 100.47 98.23
n 5 5
SD 0.71 0.76
Variance 0.504 0.578
Student's #test (2.31)* 2.12 —
F-Test (6.39)* 1.14 —

“ The corresponding tabulated values.

3.10. Validation and statistical analysis

Table 1 displays the characteristics of the suggested sensors,
which were assessed in accordance with IUPAC recommenda-
tions.** The suggested sensors exhibited distinct calibration
curves, as shown in Table 1 and Fig. 3, where sensor III is char-
acterized by prolonged stability periods for six weeks and a wide
range of dynamic linearity, a fast time response (10 s) in
comparison to other proposed electrodes in Fig. S1, and the
lowest detection limit (5.62 x 10~® M) determined in accordance
with the standards set through the identification of the inter-
section point resulting from two linear segment extrapolations of
the calibration curve (Fig. S5).**' The validation parameters were
evaluated in alignment with the benchmarks outlined by the
International Council for Harmonisation (ICH), which are spec-
ified in Table 1. Three distinct concentrations were accurately
selected and subjected to multiple evaluations of CBZ, thereby
enabling the assessment of accuracy, which is depicted in Table 1
as the percentage recovery. The experimental protocol was
replicated three times for three concentration levels at three
separate intervals within the same day or subjected to analysis
over a continuous three-day timeframe to ensure the evaluation
of the precision term through repeatability and intermediate
precision, respectively. Method precision, as illustrated in Table
1, was quantified by the percentage relative standard deviation %
RSD. The employed potentiometric technique for sensor III was
compared with a previously documented methodology by certain
statistical tools.*®* The calculated ¢- and F-values have been
determined and recorded in Table 4, indicating the absence of
statistically significant discrepancies. Furthermore, the sug-
gested methodology displayed higher sensitivity and versatility
when compared with the electrochemical techniques previously
documented, as presented in Table 5.

4. General conclusion

In conclusion, five solid-contact sensors were fabricated
utilizing recycled battery rods, accomplished through
a straightforward and cost-effective method, in conjunction
with the synthesized form derived from green sources for the
waste of pea pods. All of the suggested sensors performed
exceptionally well in terms of analytical figures of merit and
maintained long-term stability over several weeks. They were
also successfully used for the direct measurement of CBZ in
pharmaceutical dosage forms and for the rapid and accurate

RSC Adv, 2025, 15, 34128-34137 | 34135
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Table 5 Comparison of the developed method with the reported methods for CBZ determination
Materials/method Concentration range LOD Matrix Reference
GCE with carbon black (voltammetry) 2.0-20.6 pmol L™" 0.63 pmol L™* Pharmaceutical, biological, 22

and environmental samples
Nanozyme-doped ZnO/r-GO (voltammetry) 10 x 107 °*Mt0 0.6 x 107’ M 1.6 x 10 °M Serum and urine samples 23
S-GCN/TiO, (voltammetry) 0.06-10 x 10" mol L " 6.4 x 10°°mol L' Water and pharmaceutical 24
Co;0,/fluoro-copolymer (voltammetry) 2.49-19.61 pg L* 2.08 g L Pharmaceutical 25
(9-Mn,03:Co@CNTSs) 1x10°to1 x10 M 2.84 x 107’ M Pharmaceutical 26
Screen printed (potentiometry)
(Microsized graphite sensors) 1x10°to1 x10 >M 6.50 x 10~° Spiked plasma 27
(potentiometry)
Screen printed (potentiometry) 5.0 x 10°°t0 1.0 x 107> M 4.95 x 10°°M Pharmaceutical 28
N CQDs recycled coated graphite 1x10>Mto1.0 x 107’ M 5.62 x 10°° M Wastewater pharmaceutical ~ This study
quantification in wastewater. The modified sensor III demon- References

strated broader linear ranges and higher sensitivity to CBZ
when compared to the unmodified electrodes.

The integration of a-CD as the ionophore in the electrode
modification was supported by the molecular docking results,
showing its superior binding affinity and optimal fit to CBZ.
These interactions contribute significantly to the improved
electrode performance, including enhanced selectivity and
a broader linear detection range. The constructed sensors made
it feasible to selectively detect CBZ in wastewater, medicinal
formulations, and potential interferences. The developed
sensors are superior to many previously published methods due
to their simplicity, low cost, and miniaturization, which enable
the online monitoring and analysis of environmental samples.
Even though some previously reported HPLC and voltammetric
methods have lower detection limits, we believe that the sug-
gested time- and cost-effective N-doped CQD-based sensors,
which are made so simple, will mark a significant advancement
in the potentiometric quantification of drugs in complex
matrices and pharmaceutical formulations, as well as in the
regular monitoring of water quality and efficacy. The AGSA
metric offers a strong foundation for evaluating the suggested
electrochemical method's greenness, including both visual and
quantitative information about its environmental performance.
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