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1. Introduction

Globally, cardiovascular diseases (CVDs) are the leading cause
of death, accounting for 17.9 million deaths per year."?
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Dibenzo-18-crown-6/poly-2-aminobenzenethiol
based potentiometric sensor for diltiazem
determination: greenness assessment

Ghada Ahmed El Sayed,? Sahar Mahmoud Mostafa,® Mohamed Rabia,”
Mohamed Ali Korany® and Mohamed Magdy Khalil (2 *@

A green, cost-efficient, highly selective, and sensitive carbon paste potentiometric sensor for Diltiazem
hydrochloride (DTZ) was developed, described, and employed for drug monitoring. With a detection limit of 4.6
x 1077 mol L™ the developed sensor exhibits a Nernstian slope of 57.4 + 0.81 mV decade™ over a linear
concentration range of 1.0 x 107° to 1.0 x 1072 mol L™ The prepared sensor was stable over a pH range of
2.0-8.0 and responded rapidly (in less than 10 seconds). Additionally, the sensor showed a 6 weeks lifespan. A
conducting polymer of poly-2-aminobenzenethiol was characterized using X-ray diffraction (XRD) and scanning
electron microscopy (SEM). The surface properties of the proposed sensor were characterized by
electrochemical impedance spectroscopy (EIS). The sensor was successfully applied for the determination of
DTZ with acceptable recovery values in pure formulations, pharmaceutical formulations, human urine, and
industrial water samples. The effectiveness of the suggested sensor in industrial water and a complicated urine
matrix leads to its potential use in hospitals for quick diagnosis of overdose patients and for pharmaceutical
industry quality control and assurance. In addition to experimental evaluation, the sensor's greenness, practicality,
and analytical performance were comprehensively assessed using the Analytical GREEnness metric (AGREE), the
Analytical Eco-scale, the Blue Applicability Grade Index (BAGI), and the Red Analytical Performance Index (RAPI).

Hypertension is referred to as a “silent killer”. The World Health
Organization (WHO) reports that it is the most significant risk
factor for the occurrence of various cardiovascular conditions,
including myocardial infarctions, strokes, renal failure, and
eventually death.®* Nowadays, over 1 billion people around the
world suffer from hypertension, and by 2025, 1.5 billion people
are expected to be affected by hypertension worldwide.* Among
the various classes of antihypertensive drugs, Diltiazem hydro-
chloride (DTZ) stands out as a calcium channel blocker (CCB)
that helps dilate blood vessels (angiectasis) by inhibiting
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calcium influx into vascular smooth muscle cells, helping in
hypertension, cardiac arrhythmias, and angina.® Cardiovascular
drugs are known to be potentially lethal in overdosage and
according to a previous study, an overdose of DTZ may cause
chest pain, slow heartbeat, fainting, and hypotension and may
lead to death.® Consequently, there is an urgent need for
a simple, rapid, sensitive, and accurate method for detecting
DTZ in biological fluids, pharmaceutical formulations and
bulk. A careful review of the literature showed that a variety of
techniques for detecting DTZ have been reported, including
high-performance thin-layer chromatography (HPTLC),’
micellar per aqueous liquid chromatography (MPALC),® gas
chromatography,® spectrophotometry,’® Adsorptive Stripping
Voltammetry'>*> and potentiometry."> Chromatography is one
of the instrumental procedures that offer the highest level of
selectivity and sensitivity. These techniques, however, have
significant disadvantages that make them wundesirable,
including reliance on costly and sophisticated equipment, the
necessity of skilled operators to carry out the preconcentration
and sample preparation procedures, prolonged analysis time,
and the high consumption of hazardous organic solvents. UV-
visible spectrophotometry is a straightforward analytical tech-
nique, but the primary drawbacks are the lack of selectivity, low
sensitivity and requirement for the derivatization. To overcome
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these problems, several chemometric tools and a preconcen-
tration process have been added, which significantly extends
the analysis time."*"* The consumption of the analyte is
a fundamental aspect of voltammetric techniques. Small
volumes might cause struggling to monitor low concentrations,
and catalyzed oxidation may cause additional challenges since
the analyte moves slowly from the sample bulk to the sensor
surface.'® Potentiometry using ion-selective electrodes (ISEs) is
distinguished from automated techniques by the use of safe
solvents that are environmentally friendly, the absence of
sample pretreatment or destruction, low energy consumption,
cost-effectiveness, rapidity, flexibility of onsite application,
portability, and ease of handling. In spite of having a renewable
surface and being readily adjustable, carbon paste sensors
(CPSs) meet all of the aforementioned requirements, producing
electrochemical sensors that are robust, sensitive, and
repeatable.””* Herein, a neutral Lipophilic ionophore Dibenzo-
18-crown-6 (DB18C6) — based Carbon paste sensor was synthe-
sized, characterized and tested for the determination of DTZ in
pure formulations, pharmaceutical formulations, human urine,
and industrial water samples. Significant improvements have
been achieved in electrochemistry as a result of the develop-
ment of nanomaterials and polymers. Their outstanding
features, including enlarged active surface area, electrocatalytic
activity, and high electrical conductivities, have led to their
broad application in the production of electrochemical sensors/
biosensors, supercapacitors, and fuel cells,* these nano-
materials are divided into various categories depending on their
morphology, size and physical and chemical properties.”* Con-
ducting polymers represent a promising class of materials for
electrochemical applications due to their large surface area and
cost-effective mass production techniques. Among these, poly-
thiophene derivatives stand out because they offer not only
significant surface area but also high electrical conductivity and
favorable morphological properties. These attributes make
polythiophene derivatives particularly suitable for a variety of
electrochemical tests, enhancing their performance in appli-
cations such as sensors, batteries, and supercapacitors. The
combination of cost-efficiency in production and superior
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electrochemical properties underscores the potential of con-
ducting polymers in advancing electrochemical technolo-
gies.”>** Nihal et al developed a dopamine molecularly
imprinted poly(O-phenylenediamine) sensor.> A molecularly
imprinted electrochemical sensor (MIP/DA) for selective and
sensitive determination of dopamine (DA) was fabricated by
electrochemical polymerization of p-aminothiophenol in the
presence of DA on a gold electrode. The sensor was effectively
utilized to determine dopamine concentrations in pharmaceu-
tical samples, with an appropriate linear range and low detec-
tion limit. The current study aims to determine (DTZ) in pure
formulations, pharmaceutical formulations, human urine, and
industrial water samples using a novel sensitive and selective
carbon paste sensor based on DB18C6 as an ionophore and
Ortho nitrophenyl octyl ether (O-NPOE) as a plasticizer, as well
as a poly-2-aminobenzenethiol modifier to improve the poten-
tiometric behavior of the investigated sensors. Fourier trans-
form infrared (FTIR), X-ray diffraction (XRD), and scanning
electron microscopy (SEM) were utilized to characterize poly-2-
aminobenzenethiol. Greenness evaluation of the proposed
method was performed using the Analytical GREEnness metric
and Analytical Eco-scale while the sensor's applicability and
overall analytical performance were further assessed using the
BAGI and RAPI metrics.

2. Experimental
2.1 Reagents and materials

In this study, only analytical-grade compounds were used.
Deionized water was used throughout all experiments. Pure
Diltiazem hydrochloride (DTZ) was supplied by EIPICO, Egypt.
The pharmaceutical formulation (ALTIAZEM®) was purchased
from local drug stores. Verapamil hydrochloride was given by
Abbott, Cairo, Egypt. Spectroscopic graphite powder (1-2 mm)
was purchased from Sigma-Aldrich, sodium tetraphenylborate
(NaTPB) was obtained from Fluka (U.S.A.). The sensor plasti-
cizers were as follows: Ortho nitrophenyl octyl ether (O-NPOE,
sigma) and dibutyl phthalate (DBP, Merck). Dibenzo-18-crown-6
(DB18C6) was purchased from Euromedex, France. The metal
salts were provided by BDH (UK) as nitrates or chlorides. 2-
Aminobenzenethiol (99.9%) was acquired from VWR company,
Germany. Standard solution of 1.0 x 10~> mol L' DTZ was
freshly prepared by dissolving the accurately weighed amount
in deionized water. Working solutions (1.0 x 1077-1.0 x
1072 mol L") of the drug were prepared. Concentrated solu-
tions of NaOH and HCI were used within the range (0.1-
1.0 mol L") for adjusting pH of the medium.

2.2 Equipment

Metrohm 702 SM Titrino (Metrohm, Switzerland) was employed
for potentiometric and pH measurements to ensure accurate
analysis. The crystallinity and primary crystal phases were
determined based on XRD patterns using a PANalytical-
Empyrean X-ray diffractometer, operating within a detection
range of 20° to 40°. To analyze the chemical composition of
poly-2-aminobenzenethiol, a Fourier transform infrared
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spectrometer (FTIR8400S; Shimadzu) was utilized within
a frequency range of 750.0 cm™ " to 3500.0 cm™'. Furthermore,
scanning electron microscopy (SEM) images were obtained
using a ZEISS SUPRA 55 VP and ZEISS LEO (Gemini Column) for
detailed morphological characterization.

2.3 Preparation of the poly-2-aminobenzenethiol

The synthesis of poly-2-aminobenzenethiol is carried out
through the oxidative polymerization of 2-aminobenzenethiol
using (NH,),S,05 as the oxidizing agent in an acidic medium.
The reaction takes place in the presence of 1.2 mol L™" HCI,
which facilitates the polymerization process. The molar ratio of
monomer to oxidant is carefully controlled at 1:2.5, ensuring
an optimal reaction environment for polymer formation, with
the initial monomer concentration set at 0.06 mol L.

The polymerization process is initiated by the gradual
addition of the oxidant to the monomer solution under
continuous stirring. As the reaction progresses, the formation
of a dark precipitate is observed, which serves as a visual indi-
cation of successful polymer synthesis. This precipitate consists
of poly-2-aminobenzenethiol, confirming that the polymeriza-
tion has proceeded effectively.

Upon completion, the precipitated polymer was collected by
vacuum filtration and subjected to a rigorous multistep purifi-
cation protocol. The material was first washed repeatedly with
large volumes of deionized water until the filtrate reached
neutral pH, confirming the effective removal of residual
hydrochloric acid and persulfate-derived ionic species. This
step is critical to eliminate mobile ions that could artificially
contribute to electrical conductivity. The polymer was then
washed several times with absolute ethanol to remove unreac-
ted monomer, oligomeric fragments, and weakly adsorbed
organic impurities. A final rinse with an ethanol-water mixture
(1:1, v/v) was performed to ensure comprehensive purification.

The purified poly(2-aminobenzenethiol) was dried at
a moderate temperature until a constant mass was obtained.
These purification and drying steps ensure that the measured
conductivity arises exclusively from the intrinsic conjugated
polymer backbone, rather than from residual ionic oxidants or
acidic residues.

2.4 Sensors construction

Different ratios of Dibenzo-18-crown-6 (DB18C6) ionophore,
poly-2-aminobenzenethiol, NaTPB (a lipophilic anionic addi-
tive), spectroscopic graphite powder and plasticizers were
blended in a Petri dish to form a homogeneous moist paste,
which was then inserted into the tip of a polypropylene sensor
body.”® The paste was polished to a glossy finish using smooth
paper. Potentiometric measurements were performed on the
constructed sensor after soaking for 30.0 minutes in a solution
containing 1.0 x 10> mol L' DTZ.

2.5 Standard solutions and sample preparation

Simple series of dilutions using deionized water were used to
prepare concentrations ranging from 1.0 x 10> mol L™ " to 1.0
x 1077 mol L' from a stock solution of DTZ (1.0 x
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1072 mol L™"). For analytical application, ten ALTIAZEM®
tablets were weighed, ground, dissolved in distilled water,
filtered, and the filtrate was diluted to 250 mL to prepare 1.0 x
10™* mol L™' DTZ, which was used for preparing a series of
diluted solutions using deionized water.

2.6 Analytical applications

Transferring 3, 6, and 9 mL of 1.0 x 10”2 mol L™ DTZ solution
to a 50 mL beaker, the sensor was used as an indicator and
titrated with a standard solution of 1.0 x 10 > mol L™ ' Na-TPB.
The end points were determined from the S-shaped curve. The
standard addition method was applied by adding small incre-
ments of 1.0 x 10~2 mol L™* of DTZ solution to 50 mL aliquot
samples of various concentrations of pure drug, pharmaceutical
formulation, human urine, and industrial water.

3. Results and discussion

Potentiometric ion selective electrodes (ISEs) are the best option
for routine analysis since they eliminate the need for sample
pretreatment immediately, which is a major challenge in moni-
toring DTZ in pure drugs and pharmaceutical formulations. This
avoids interference from contaminants during analysis.

3.1 Crystal structure and morphology

The chemical analysis of the synthesized poly-2-
aminobenzenethiol is illustrated in Fig. 1(a). FTIR spectros-
copy provides detailed information on the polymer's functional
groups. The primary functional groups are identified by their
characteristic vibration bonds under the IR spectrum. The

View Article Online
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benzene ring-related groups, including C-C, C=C and N-C, are
observed at 1619, 1514, 1310, 1221, and 1126 cm™.>%* Addi-
tionally, other functional groups are detected at 1039, 875, and
755 ¢cm™ !, corresponding to the para positions under the
disubstituted groups. A peak at 3366 cm ™ is associated with the
N-H and S-H groups, characteristic of this thiophene polymer.

The XRD pattern of the pristine poly(2-aminobenzenethiol),
presented in Fig. 1b, exhibits distinct diffraction features that
indicate the presence of short-range ordered domains within the
polymer matrix. A set of well-defined reflections appearing in the
20 range of 24.5°-29.5° suggests the development of a semi-
crystalline, promising polymer, arising from partial chain align-
ment and intermolecular interactions among the conjugated
polymer backbones. This semi-crystalline character is consistent
with conducting polymers prepared via oxidative polymerization
and supports efficient charge transport while preserving the
structural flexibility required for sensing applications.*®

Moreover, the morphological and topographical properties
of the synthesized polymer are examined through SEM images,
shown in Fig. 1(c) and (d) at various magnifications. The poly-
mer forms porous spherical particles with an average size of
260 nm. Each spherical particle exhibits its own porosity,
significantly increasing the surface area. This enhanced surface
area is particularly advantageous for applications in sensing
technologies, where a large surface area can improve sensitivity
and performance.”

3.2 Optimization of the sensor matrix

The sensor composition was improved by adjusting the amount
of ionophore (DB18C6), ionic additive (Na-TPB), plasticizer type
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Fig.1 The chemical analyses of the synthesized poly-2-aminobenzenethiol: (a) FTIR, (b) XRD and (c and d) SEM images of the synthesized poly-

2-aminobenzenethiol.
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(DBP and O-NPOE), and modifier (poly-2-aminobenzenethiol).
Different types of ionophores natural as (Chitosan) and
synthetic as (18-crown-6 and Dibenzo-18-crown-6) were tested,
results showed that sensors based Dibenzo-18-crown-6
(DB18C6) ionophore exhibited best potentiometric response
compared with those based on the other ionophores. This can
be attributed to the ability of crown ethers to bind ions selec-
tively and to form stable inclusion complex between ionophores
and the target drug cation.*® Several sensors were fabricated
with different DB18C6 percentages ranging from 0.30% to 1.0%
(wiw relative to carbon powder), to exhibit a Sub- Nernstian
response towards DTZ of 33.0 mV decade ' with 0.70%
DB18C6. The utilization of neutral ionophores requires the
presence of appropriate ion-exchange sites, which can create
more robust, partially covalent, or host-specific interactions
between these species and ions.** For that reason, NaTPB
anionic site was integrated into the paste with a percentage of
0.70% to result in a super-Nernstian slope of 77.0 mV decade .
The amount of NaTPB was optimized to 0.50%, yielding
improved sensor performance, including a Nernstian slope of
(50.0 mV decade ), a linear range of (1.0 x 10 °-1.0 x
107> mol L"), and a low detection limit of (8.30 x
10~° mol L™ "). This significant improvement in sensor response
is ascribed to the incorporation of the NaTPB anionic additive,
which enhances primary ion selectivity, increases paste
conductivity, decreases or eliminates co-ion interference, and
shortens sensor reaction time.*> Since conducting polymers
provide unique advantages, their incorporation into an inert
polymeric matrix to produce modified carbon-paste sensors has
become a significant advancement in analytical electrochem-
istry. Poly-2-aminobenzenethiol, a conducting polymer, was
added to the paste's matrix to modify the constructed sensor.
The data showed that the addition of conducting polymer of
poly-2-aminobenzenethiol improved the behavior of the sensor.
Therefore, different percentages of poly-2-aminobenzenethiol
ranging from 3.0% to 10.0% (w/w relative to carbon powder)
were added to the paste matrix to have an optimum composi-
tion of 5.0% poly-2-aminobenzenethiol, 0.70% DB18C6, 0.50%
NaTPB, 49.40% DBP plasticizer and 44.40% graphite powder.
The reasonable enhancement in the sensor's performance is
attributed to improving the sensor conductivity and increasing
the transduction of the chemical signal to an electrical signal.

The performance of the sensor is improved by the plasti-
cizer's assistance in controlling various equilibria between the
major ions and the ionophore in the paste. Khalil et al* A
previous study investigated a range of natural (apricot, almond,
and castor oil) and synthetic (DBP, DOS, DOA, and DOP) plas-
ticizers and concluded that DBP was the most effective. Intro-
ducing a new member to the plasticizer family is crucial for
future feature enhancements of the sensor. Two carbon paste
sensors were created using O-NPOE (¢ = 24) as a solvent
mediator and DBP (¢ = 6.4). When compared to the sensor
plasticized by DBP, the sensor plasticized by O-NPOE exhibits
a better potentiometric response with a Nernstian slope of (57.4
+ 0.81 mV decade™'), a linear range of (1.0 x 107°-1.0 x
10> mol L"), a low detection limit of (4.6 x 10~” mol L™ "), and
excellent potential reading stability (Fig. 2). O-NPOE suitability

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Calibration curves of DTZ-CP sensor at optimum paste
composition plasticized with DPB and O-NPOE.

can be attributed to its high lipophilicity and dielectric
constant, which allows O-NPOE to readily incorporate iono-
phores into the sensor's matrix, ensuring effective ion transport
and sensing.** The limit of quantification (LOQ), calculated as
100/S, was found to be 1.52 x 10~° M. Although this value is
slightly higher than the minimum calibration point, it repre-
sents the lowest concentration that can be reliably quantified
with acceptable accuracy and precision. While measurable
signals can be observed below the LOQ, only concentrations at
or above this level satisfy the statistical criteria for accurate and
precise quantitative analysis.*® Based on these considerations O-
NPOE was selected for all subsequent tests (Table 1).

3.3 Electrochemical impedance spectroscopy (EIS)

The electrochemical impedance analysis of the fabricated
sensor, as illustrated in Fig. 3, reveals significant improvements
in both ¢ (Rs) and charge transfer resistance (Rcy) when
compared to the blank sample. The sensor demonstrates a well-
defined semicircle in the Nyquist plot, with Rs and Rcr values of
84 Q and 560 Q, respectively, whereas the blank sample exhibits
higher resistance values of 180 Q and 1120 Q (Fig. 3). This
considerable reduction in resistance suggests a notable
enhancement in electrochemical charge transfer, both within
the solution and across the sensor's interface.

The improved charge transfer characteristics indicate
a strong interaction between the sensor and the electrolyte
solution, likely facilitated by efficient charge attraction mecha-
nisms. The superior sensitivity of the sensor can be attributed to
the formation of van der Waals interactions, which enhance the
interface conductivity and improve charge transport efficiency.
The lower resistances observed further highlight the sensor's
enhanced electrochemical performance, confirming its ability
to facilitate rapid and effective electron transfer. These findings
align well with recent scientific studies,®® reinforcing the
sensor's potential for high-sensitivity electrochemical applica-
tions. This enhancement underscores the importance of the

RSC Adv, 2026, 16, 12915-12926 | 12919
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Table 1 Performance characteristics of DTZ-CP sensor®
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Parameter DTZ-CP

Composition 0.70% DB18C6 + 0.50% NaTPB + 5.0% poly-2-aminobenzenethiol + 44.40% graphite + 49.40% O-NPOE
Slope (mV decade ") 57.4 + 0.81
Correlation coefficient (%) 0.997

RSD (%) 1.41

LOD (mol L) 4.6 x 1077

LOQ (mol L™ 1.52 x 10°°

LR (mol L) 1.0 x 10°°-1.0 x 102
Response time (s) =10

Working pH range 2.0-8.0

Isothermal coefficient (mV °C ") 0.00023

Life time (weeks) 6.0

“ LOD: limit of detection, LOQ: limit of Quantification, LR: Linear range, RSD: relative standard deviation (three determinations).

600 —a— Blank
A —— SENSOr
4004
G
N
200+
0 r T T - .
0 300 600 900 1200 1500
Z'(Q)

Fig. 3 EIS of DTZ-CP sensor against the blank sensor (A), and Equivalent circuit (B).

sensor's its overall

efficiency.

structural properties in optimizing

3.4 Sensor potential response characteristics

The constructed sensor's fast potential response demonstrates its
suitability for focused ion monitoring. The dynamic response
time of the developed sensor was investigated by immersing it in
a series of working solutions ranging from 1.0 x 10~7 to 1.0 x
10~% mol L%, each with a 10-fold difference, and the time
required to achieve the steady state potential (within £1 mV) was
monitored.’” Fig. 4 shows that the examined sensor reached
potential equilibrium in around 10 seconds. The reversibility of
the sensors was checked by recording the sensor response in the
sequence high-to-low from 1.0 x 107> to 1.0 x 10~7 mol L™*
sample concentrations of DTZ. The results showed that the
response of the sensors was reversible and has no memory effect
(Fig. 4). The repeatability of potential reading was tested by
immersing the constructed sensor in successive high-to-low
concentrations (1.0 x 107% and 1.0 x 10~* mol L™"). The rela-
tive standard deviation (RSD) of five replicate measurements was
1.34% for 1.0 x 10 * mol L™ and 0.89% for 1.0 x 10 ° mol L ™"
confirming the high precision of the sensor and the consistency
of the sensor's output over consecutive measurements. On the
other hand, to evaluate reproducibility, five independent sensors
were constructed and checked in 1.0 x 10> mol L' DTZ solu-
tion, the RSD values of their potentiometric responses found to

12920 | RSC Adv, 2026, 16, 12915-12926

be 1.87%, indicating the reliability, accuracy, and quality of
a sensor's measurements.

3.5 Water layer test

An essential step in verifying solid-contact ion-selective sensors
is the water layer test. Potential drifts, common in solid-contact
electrodes, are more evident when a water layer is present.*® To
perform the water layer test, the sensor potential was recorded
sequentially after conditioning in 1.0 x 10~> mol L™ DTZ
solution, followed by immersion in 1.0 x 10~ mol L' verap-
amil hydrochloride interferent solution, and finally returning to
1.0 x 10~* mol L™! DTZ solution. No water layer was observed,
as indicated by the absence of potential drift (Fig. 5). This
behavior is attributed to the high hydrophobicity of the devel-
oped carbon paste sensor.

3.6 Effect of pH

The working pH range is a controlling factor that restricts the
use of an ion selective electrode. The behavior of the sensor
response with pH change was studied for DTZ solutions (1.0 x
10 * and 1.0 x 10~° mol L") covering a wide pH range (1.5~
12.0). The constructed sensor is stable during a broad pH range
of 2.0-8.0, as shown in Fig. 6. This broad pH range demon-
strates the sensor's applicability across various types of media
matrices. At lower pH values, the mV measurements dropped
owing to the hydronium ion's interference.* At pH values above

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Dynamic response time and reversibility of DTZ-CP sensor.

8, a noticeable drop in potential is observed. This behavior is
primarily attributed to the proximity of the solution pH to the
pK, of diltiazem (~7.7). Near this pH, a deprotonating of the
amine group occurs. Consequently, the concentration of the
protonated diltiazem species responsible for the potentiometric
response decreases, leading to a reduction in the measured
potential.

3.7 Selectivity

An essential characteristic for assessing a sensor's ability to
discriminate between the analyte ion and other interfering
species in the same solution is selectivity behavior.
Quantitative evaluation of the selectivity behavior was
carried out by calculating the logarithmic potentiometric

(a) (a)

1.0 x 10° mol L' DTZ

120 -
1.0x 10~ mol L' DTZ

100 -

80

E, mV

60

40
1.0 x 10~ mol L™" Verapamil hydrochloride

20 T T T T 1
0 50 100 150 200

T, (sec)

Fig. 5 Water layer test for DTZ-CP sensor in (a) 1.0 x 107° mol L™*
Diltiazem hydrochloride and (b) 1.0 x 10~* mol L™ Verapamil
hydrochloride.

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

400 600 800

T, sec

selectivity coefficients (log Kjyy, ..). The separate solution
method (SSM)* was employed for inorganic cations (K', Na*,
Li*, NH,", Mg**, Ca**, and Verapamil), whereas the matched
potential method (MPM)*"*> was used for biologically relevant
species commonly found in urine, including amino acids
(glycine, histidine, and pr-alanine) and sugars (glucose and
fructose). As shown in Table 2, all investigated interfering
species exhibited negligible interference, except for K, which
showed moderate interference, confirming the sensor's ability
to accurately determine diltiazem in real urinary samples.

In addition to SSM and MPM, Bakker protocol was applied.*®
According to this approach, sensor selectivity is governed by the
ion-exchange equilibrium established at the membrane/
solution interface as well as by the relative mobility of ions
within the membrane matrix. The influence of potentially
interfering inorganic cations on the potentiometric response

140

(a) 1.0x1073 mol L1

120 o

100 +

(b) 1.0x10 ™4 mol L1
80 +

E,mV

60 -

40 -

20 A

pH

Fig. 6 Impact of pH on the potential response of DTZ-CP sensor for
(@) 1.0 x 10 *and (b) 1.0 x 10> mol L™* DTZ solutions.

RSC Adv, 2026, 16, 12915-12926 | 12921


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra07743e

Open Access Article. Published on 10 March 2026. Downloaded on 6/16/2026 7:51:26 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

Table 2 Logarithmic potentiometric selectivity coefficient of DTZ-CP
sensor

log Kggtz, J7+
Interferent SSM MPM
K" —0.90 —
Na+ —1.90 —
H," —1.60 —
Li —2.60 —
Mg —3.83 —
Ca*" —3.71 —
Verapamil® -1.38 —
Hestidine — —1.04
pr-Alanine — —1.13
Glycine — —1.50
Glucose — —1.30
Fructose — —1.20

was examined by recording the electrode potential as a function
of —log[concentration] of the added interfering ions. The
selectivity of the investigated sensor toward the primary ion
was further assessed by constructing calibration plots for
several cationic species, namely K*, Na*, NH,", Li*, Mg**, and
Ca®, in addition to Verapamil as a structurally related drug. As
shown in Fig. 7, no significant response was observed for
the interfering species tested, except for K', which showed
a limited response. This behavior can be attributed to the high
affinity of dibenzo-18-crown-6 (DB18C6) for K'relative to other
alkali metal cations.** Crown ethers are macrocyclic host
molecules with a cavity that selectively coordinates cations
through the lone pairs of oxygen atoms.** The strong binding of
DB18C6 to K" arises from the close match between the potas-
sium ion radius and the crown ether cavity. This size comple-
mentarity enables the formation of unusually stable K'
complexes, explaining the limited potentiometric response
observed.

200 ~
150 -

100 -

E, mV

-100 T T T
8 6 4 2

-log [DTZ]

Fig. 7 Response of DTZ-CP sensor to DTZ and some interfering
species.
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3.8 Life span and thermal stability

The lifetime of the sensor was evaluated by measuring its perfor-
mance parameters on a daily basis. Over six weeks, the sensor
maintained a stable response slope and the same linear dynamic
range. After this period, a considerable decrease in response slope
was observed, along with a narrower linear dynamic range.

Calibration curves were plotted at various test solution
temperatures ranging from 20 °C to 60 °C to investigate thermal
stability. Trace changes were noticed in the slope, dynamic
range and detection limit of the constructed sensor up to 50 °C
with a thermal coefficient value of 0.00023 V °C™". Despite this,
exceeding temperatures beyond 50 °C led to a substantial vari-
ance from the theoretical values. This suggests high tempera-
tures may cause deterioration of the sensor's outer layer.
Furthermore, some leaching from the paste may occur,
compromising overall sensor responsiveness.

3.9 Application of synthesized sensor

It is critical to evaluate the applicability of the modified sensor;
therefore, the drug was examined in pure drug, pharmaceutical
formulations, human urine, and industrial water samples using
potentiometric titration and the standard addition method. As
shown in Table 3, the sensor accurately measured DTZ
concentrations.

In the potentiometric titration, the constructed sensor was
effectively employed as an indicator for detecting the endpoint
of DTZ (Fig. 8). To evaluate possible matrix effects, the
concentration of DTZ was determined by the standard addition
method in pure solutions, ALTIAZEM® (60 mg per tablet), bio-
logical fluid (urine) and industrial water samples. As shown in
Table 3, the sensor achieved recoveries ranging from 97.0% to
102.0%, with RSD values below 1.95%.These results demon-
strate negligible matrix effects and confirm the sensor's effi-
ciency in measuring DTZ in pharmaceutical preparations and
pure solutions.

3.10 Comparison with reported methods

Compared to other electroanalytical techniques and other
methods for determining DTZ in terms of simplicity, sensitivity,
and cost-effectiveness. In some ways, our method is more accu-
rate than those reported in the literature, and comparable in
others. No sample pretreatment is required, as the sensor is
prepared simply using inexpensive reagents, making it superior to
previously reported methods. In addition, the constructed sensor
exhibited a linear range of (1.0 x 107°~1.0 x 10> mol L") wider
than the reported data in Table 4 and a detection limit of (4.6 x
1077 mol L"), outperforming spectrophotometric*® and Potenti-
ometric®® techniques. The sensor was also used to determine the
concentration of DTZ in pure formulations, pharmaceutical
formulations, human urine, and industrial water samples,
yielding accurate results with a low detection limit.

3.11 Greenness assessment

Global efforts to develop green analytical methods that may
help reduce and/or completely eliminate the use and

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


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra07743e

Open Access Article. Published on 10 March 2026. Downloaded on 6/16/2026 7:51:26 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

View Article Online

RSC Advances

Table 3 Application of the proposed sensor for determination of DTZ in pure, pharmaceutical, urine and Industrial water preparations and the
statistical parameters using standard addition method and potentiometric titration method

Standard addition method

Potentiometric titration method

Statistical
Sample parameters Taken mg Recovery (%) RSD (%) Taken mg Recovery (%) RSD (%)
Pure solution 0.23 97.00 1.00 13.53 100.00 1.95
1.13 97.30 0.89 27.06 97.00 1.69
2.26 98.60 1.87 40.59 102.20 1.27
Mean + SD 97.60 £ 0.85 99.7 £ 2.6
N 3 3
F- ratio 1.6 (9.28)"
t-test 1.8 (2.77)°
Altiazim (60 mg per tablet) 0.23 97.00 0.45 13.53 97.00 1.97
1.13 97.40 0.61 27.06 100.00 0.96
2.26 101.30 0.56 40.59 97.00 1.72
Mean + SD 98.57 £ 2.4 98.00 £ 1.70
N 3 3
F- ratio 3.27 (9.20)¢
t-test 1.30 (2.77)°
Urine 0.23 97.00 1.06
1.13 99.50 1.31
2.26 98.30 1.03
Mean + SD 98.27 £ 1.27
Industrial water 0.23 101.50 1.59
1.13 102.00 2.09
2.26 97.00 1.10
Mean + SD 100.17 & 2.7

“ Tabulated F-value at 95% confidence level. ” Tabulated ¢-value at 95% confidence level and four degrees of freedom.

-50 |
>
4
=
=
100 4
(©
150 - (@)
(b)
T T T T T T T T T T T ¥ 1
0 2 4 6 8 10 12
NaTPB (ml)

Fig. 8 First order derivative of potentiometric titration curves of (a) 3,
(b)6and (c) 9 mLof1.0 x 10 2mol L * DTZ and 10 mol L *NaTPB as
titrant using DTZ-CP sensor.

production of hazardous compounds have increased in
response to the current state of global warming and the hazards
it poses.* Green analytical chemistry (GAC) is a subfield of
green chemistry that focuses on creating analytical techniques
that are safe for people and the environment without affecting
analytical figures of merit.*” GAC principles are adaptable to
a variety of analytical techniques, and the most recent studies
demonstrate significant efforts in this area.*® Electrochemistry

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

is considered a straightforward method that enables fast
sample measurement without the need for prior sample
collection or pretreatment. To assess the greenness of analytical
methods, several tools have been developed, including the
Analytical Eco-scale, Green Analytical Procedure Index (GAPI),
National Environmental Methods Index (NEMI), and Analytical
GREEnness metric (AGREE). In this study, the Analytical Eco-
scale and AGREE metric were applied to evaluate the
proposed sensor.*”

3.12 Analytical eco-scale

On the eco-scale, an excellent analytical technique would
receive a score of 100 and Penalty points are deducted from the
overall score for each deviation from this ideal in the parame-
ters of the proposed method.

According to the results, a score of 75 or more indicates great
green analysis, a score of 50 or higher indicates good green
analysis, and a score of less than 50 indicates inadequate green
analytical practice. Among the factors assessed are the type and
amount of chemicals used, the energy consumption of different
electric equipment, the amount of trash and how it is managed,
and occupational dangers.*® As shown in Table 5, our suggested
approach is evaluated and proved to be an effective green
analytical technique.

3.13 Analytical GREEnness metric (AGREE)

The method's greenness was evaluated using a comprehensive
metric system that takes into account the 12 principles of green

RSC Adv, 2026, 16, 12915-12926 | 12923
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Table 4 Comparison of the constructed DTZ-CP sensor method with published methods®
Detection limit Response time
Method Linear range (mol L) (mol L™Y) (s) Applications Ref.
HPTLC 8.8 x 10°%-8.8 x 1077 4.4 x10°8 — Bulk drug and pharmaceuticals 7
Spectrophotometric — 1.10 x 10°* — Commercial tablets and capsules 10
Cyclic voltammetry 2.0 x 10°°-8.0 x 10°° 7.0 x 1078 — Pharmaceutical formulation (capsule) 11
and urine

1.0 x 107 "'-15.0 x 10~* 3.0 x 107" Methyldopa 12
PVC membrane 1.0 x 107°-1.0 x 10" 7.09 x 10°° 12 Pharmaceutical formulation and urine 13
DTZ-CPS 1.0 x 107°-1.0 x 107> 4.6 x 1077 10 Urine and industrial water P.S.

¢ P.S.: present study.

Table 5 Details of the proposed technique's penalty points

Risk factors Values Hazardous (pictograms x hazard) Penalty points
Reagents and solvents

Graphite powder <10 mLg™* 2x1 2
O-NPOE <10mL g™ " 4x1 4
Instruments

Energy <0.1 kWh per sample 0 0
Waste <10 mL 5 5
Heater Non 0 0
Occupational hazards Non 0 0
pH of the sample 2-12 0 0
Sample filtration Non 0 0
Total penalty points 11

AES score 100-11 = 89

analytical chemistry. In the center of a segmented pictogram,
the final score is displayed. Each criterion is given a color and
a weight that reflect the effectiveness of the analytical process
function. A greener process is indicated by a final score closer to
1, accompanied by a darker green coloration in the center and
across each segment of the pictogram.’* The suggested
approach achieved a score of 0.81 and displayed a green center
(Fig. 9), making it an environmentally friendly method of
analysis.

3.14 RAPI and BAGI assessments

White Analytical Chemistry (WAC), introduced in 2021,*
extends and complements green analytical chemistry by

@

combining ecological, analytical, and practical perspectives
according to the red-green-blue (RGB) model.**

As part of the present work, the Blue Applicability Grade
Index (BAGI) and the Red Analytical Performance Index (RAPI),
two recently introduced evaluative metrics, were employed to
comprehensively assess the developed analytical methodology.
BAGI, complementary to established green metrics, focuses on
the practical relevance and real-world applicability of a method,
allowing straightforward identification of its strengths and
weaknesses and enabling objective comparison between
different analytical approaches.”® RAPI, provides a broader
evaluation encompassing functional and validation-related
aspects, including efficiency, sensitivity, and waste

Fig. 9 Evaluation of the DTZ-CP sensor using: (A) BAGI for practical applicability, (B) RAPI for analytical performance, and (C) AGREE for

environmental sustainability.
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generation.> By integrating BAGI and RAPI with greenness
metrics, a holistic assessment of an analytical method can be
achieved, ensuring that environmentally friendly procedures
are also robust, reliable, and suitable for practical applications.
For each metric, a corresponding pictogram is automatically
generated asteroid-shaped for BAGI and star-like for RAPI
illustrating the evaluated criteria, with the final mean quanti-
tative score (0.0-100.0) displayed at the center. Based on the
comprehensive White Analytical Chemistry (WAC) evaluation,
the developed DTZ sensor achieved RAPI and BAGI scores of
77.50 and 72.50 (Fig. 9), respectively, indicating its good
performance, practicality and applicability within the proposed
White Analytical Chemistry framework.

4. Conclusion

A novel and environmentally friendly potentiometric sensor
composed of DB18C6 as a sensing ionophore for DTZ deter-
mination is constructed and described in the present study. The
sensor's Nernstian slope of 57.4 + 0.81 mVdecade ', rapid
response time (10 s), long operational lifespan (6 weeks), and
wide pH range of 2.0-8.0 demonstrated significant sensitivity
and adequate selectivity towards DTZ. The sensor's potential
stability and response time were enhanced by the modification
with conducting polymer, which promoted electron transfer
processes. The developed sensor can be applied to determine
DTZ in pure drug samples, pharmaceutical formulations,
human urine, and industrial water. In addition to experimental
evaluation, the sensor was evaluated using AGREE, BAGI, and
RAPI metrics to assess environmental greenness, sustainability,
applicability, and overall analytical performance. The obtained
pictogram scores (0-100 scale) confirmed the robustness, reli-
ability, and practical suitability of the proposed sensor.
Although DTZ was successfully detected, future studies will
focus on enhancing sensitivity through alternative sensing
strategies and measurement approaches.
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