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1 Introduction

Molecular imprinted polymer-based metal complex
potentiometric sensor doped with carbon
nhanotubes for sensitive determination of piroxicam
in spiked human plasmat

Veronia S. Nazim, © Ghada M. El—Sayed,@ Sawsan M. Amer and Ahmed H. Nadim*

The main concern upon fabrication of solid contact potentiometric electrodes is the choice of ion sensing
membrane. The key principle is to design a sensor having optimum sensitivity and potential stability along
with simplicity, reproducibility, and cost effectiveness. Herein, a novel screen-printed potentiometric sensor
has been developed for selective and sensitive determination of piroxicam in its pharmaceutical formulation
or human plasma. The obstacle was to improve the limit of detection of the proposed sensor to determine
the plasma peak concentration of the cited drug. A three-step optimization protocol has been developed. (I)
Novel neutral carrier based on Cu(i) complex of piroxicam was employed as ion sensing membrane with
better sensitivity compared to classical ion exchangers. () The sensor was fabricated based on
molecular imprinted polymer of piroxicam to assure selectivity. Molecular imprinted polymer was
synthesized by precipitation polymerization approach and characterized by field-emission scanning
Fourier-transform infrared and Brunauer—Emmett-Teller

electron microscope,

measurements for surface area analysis. (lll) The obstacle of water layer formation was overcomed by

spectroscopy,

comparing the doping effect of multiwalled carbon nanotubes and graphene nanocomposite on the
sensors' signal stability. Three screen printed sensors for piroxicam were developed and their
electrochemical performance was assessed. Optimum results for piroxicam were obtained with ion
sensing membrane of Cu(i)-piroxicam complex based on molecular imprinting and multiwalled carbon
nanotubes. The obtained Nernstian slope was 28.97 mV/decade with linearity range of 9.7 x 10771 x
1073 M and LOD of 5.2 x 1077 M. The sensor was successfully applied into spiked human plasma. This
would offer an alternative sensing platform for therapeutic monitoring of piroxicam in biological fluids.

the concentration of a specific ion with respect to the reference
electrode. Polymer-based ISMs have been widely used regard-

Electrochemical methods have recently experienced a massive
increase in applications owing to the sensitivity and selectivity
of their measurements." Potentiometric ion selective electrodes
(ISE) offer several advantages compared to other electro-
chemical methods, including short response time, high life-
time, low cost, and wide detection ranges for different analyte
determination.>* Solid contact ion-selective electrodes (SC-ISE)
are advanced potentiometric sensors with the capability of
detection of a wide range of analytes in industrial processes as
well as clinical analysis.® Recently, the innovative design of SC-
ISE offers great advantages to improve potential stability and
miniaturization for in situ/real-time analysis.® Ion sensing
membrane (ISM), an integral part of ISE, can selectively detect
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less the specific requirements of individual application.” There
is an urgent need for sensitive and selective determination of
traces of specific anionic species in a wide variety of real
samples. Ion sensing membranes based on metal centers as
binding sites are often applied for anionic sensors. The metal
center can be either ionic, complexed in an organic ligand, or
can be covalently bound as part of an organometallic structure.
The ligands surrounding the metal center in a complex can be
modified to suit specific analytes. By adjusting the ligand
structure, the complex can be made to preferentially bind
certain ions or molecules, offering a high degree of selectivity.
This tunability makes metal complexes ideal for the design of
specific ion-selective electrodes tailored to particular ions even
in complex matrices.*® A recent study reported Bakker et al
showed the behavior of calcium ion complexation and utilizing
an isomeric calcium complex as ionophore for selective deter-
mination of ionized calcium in blood samples' with promising
outcomes.
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A globally widespread used class of drugs is the non-steroidal
anti-inflammatory drugs (NSAIDs), particularly aspirin,
ibuprofen, diclofenac, meloxicam, and piroxicam. The frequent
consumption of these drugs is due to their characteristic
properties; anti-inflammatory, analgesic, and antipyretic
actions.” Among NSAIDs class, piroxicam (PXM) (4-hydroxy-2-
methyl-N-2 pyridinyl-2H-1,2-benzothiazino-3-carboxamide-1,1-
dioxide) is an enolic acid oxicam derivative. It is commonly
prescribed for therapeutic treatment of rheumatoid arthritis,
osteoarthritis, and spondylitis, thus it is usually prescribed for
chronic conditions.” The association between cardiovascular
complications and the use of NSAIDs is an area of ongoing
concern. NSAIDs may increase the risk of serious adverse
cardiovascular thrombotic events.'* PXM inhibits platelet
aggregation and may prolong bleeding time. Some reports have
also suggested that the incidence of piroxicam-induced peptic
ulceration and gastrointestinal bleeding may be higher with
usual dosages compared to other NSAIDs.* To minimize the
potential adverse effects, the lowest effective dosage and
shortest possible duration of therapy should be employed and
monitored regularly.

Different methods for analysis are reported in the literature
for detection of PXM in various samples such as liquid
chromatographic,”*™® spectrophotometric and electro-
chemical methods.””?* Nevertheless, most of these reported
methods require expensive instrumentation and involve several
manipulation steps and sample pre-treatment before analysis.
The development of a simple, rapid and cost-effective approach
with a low detection limit for PXM determination is of great
interest. Screen printed sensors have the advantages of
simplicity, short analysis time with adequate precision and
accuracy.”® Moreover, they are highly suitable for portable
instrumentation and offer several advantages being simple to
prepare, highly sensitive and cost effective.”” A key feature of
these sensors is their disposability, which ensures sensitivity as
they are designed for single use only which presents a signifi-
cant advantage over conventional sensors for real-time and in
situ monitoring of biological samples.”® The sensor's detection
limit should be lower than the concentration range in physio-
logical condition to reach optimal performance. This enhances
the sensor's ability to monitor and assess target concentrations
effectively, leading to better diagnostic and monitoring capa-
bilities. The choice of ion sensing membrane for fabrication of
electrochemical sensors is a main concern. Several potentio-
metric methods were reported for PXM determination using the
classical anion exchangers as a sensing platform with accept-
able detection limit.>»**** The design of metal carriers such as
some aza-substituted macrocyclic ligands, metallocenes,
porphyrins, phthalocyanines and Schiff base metal complexes
as sensing membranes have emerged to obtain more sensitive,
selective and cost effective for determination of analytes.?*?*
PXM was found to be highly selective to complexation with
Cu(u) ions.* Therefore, a Cu(r) PXM complex was prepared and
employed as a sensing platform in ISE. Moreover, the electrode
selectivity can be tuned by adding either a traditional iono-
phore®® or a specifically synthesized molecular imprinted poly-
mer (MIP)* for the cited drug. MIP are three-dimensional
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polymeric materials with cavities complementary to the
template drug. These cavities act as receptors that can bind
specifically to the drug of interest.*® Another approach to
enhance the sensors' performance was employing nanoparticles
in fabrication and optimization of electrodes.** Nanoparticles
are deposited on electrode surface and used as ion-to-electron
transducing coating in ISE. Multi wall carbon nanotubes
(MWCNT) have unique structures with excellent electrical and
thermal properties. They are known to be inert and highly stable
in wide pH range. Besides, being highly hydrophobic, MWCNT
can interfere with the formation of water layer between the
electrode ion sensing membrane.”” Moreover, they reduce
signal drift which is a known disadvantage of SC-ISEs applica-
tion. A synergistic effect between these MIP and nano-
composites can help in the specific determination of the
desired drugs.

In this study, a novel screen-printed potentiometric sensor
was fabricated for determination of PXM either in pharmaceu-
tical formulations or human plasma. Cu(u)-PXM complex was
synthesized and employed as neutral carrier for drug sensing. It
was compared to traditional ion exchangers used for PXM
determination. The sensor was based on MIP for PXM to over-
come selectivity challenge. The synthesized MIP was charac-
terized by different techniques including Fourier-transform
infrared (FT-IR) spectroscopy, field-emission scanning electron
microscope (FE-SEM) and Brunauer-Emmett-Teller (BET)
surface area measurements to assess the efficacy of imprinting,
removal and rebinding of the PXM templates. MWCNT and
graphene nanocomposites (GNC) were then doped on the
electrode surface and compared as ion-to electron transducer to
reduce water layer and increase signal stability. Finally, the
performance characteristics of the proposed sensors were
investigated. The Cu-PXM complex based on MIP and MWCNT
as a transducer exhibited better performance compared to the
proposed fabricated sensors. It was employed for PXM deter-
mination in pharmaceutical dosage form and spiked human
plasma samples.

2 Experimental

2.1. Chemicals and samples

PXM standard (purity 98.87% =+ 0.56) was kindly supplied by
Pharco Pharmaceuticals (Egypt). Feldene® dispersible tablets,
with labeled amount of 20 mg PXM for each tablet, were man-
ufactured in Pfizer, USA. Carbon screen-printed electrodes (SPE)
3 mm diameter were purchased from CH Instruments, Inc.
(USA). High molecular weight polyvinyl chloride (PVC), trido-
decyl methyl ammonium chloride, tetradodecyl ammonium
bromide, benzethonium chloride, cetylpyridinium chloride, B-
cyclodextrin (BCD), calix[6]arene (CX-6), tetrahydrofuran (THF),
and multiwalled carbon nanotubes (MWCNT), graphene nano-
platelets (6-8 nm thick x 5 microns wide), methacrylic acid
(MAA), dimethylsulfoxide (DMSO), ethylene glycol dimthacry-
late (EGDMA), ethanol, methanol, glacial acetic acid and diethyl
ether were all purchased from Sigma-Aldrich (Germany). Azo-
bisisobutyronitrile (AIBN), 2-nitrophenyloctyl ether (NPOE)
were obtained from Alfa Aesar (Germany). Copper acetate

© 2025 The Author(s). Published by the Royal Society of Chemistry
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monohydrate (Cu(CH3;COO),-H,0) was purchased from Loba
Chemie (India). Sodium chloride, ammonium chloride, lactose,
starch and sodium lauryl sulphate were obtained from El-Nasr
Pharmaceutical Chemicals Co (Egypt). Phosphate buffer (pH
8.0 + 0.2) was prepared using monobasic potassium phosphate
solution and then adjusting the pH using 0.2 M NaOH
according to the US pharmacopoeia.** Human plasma was ob-
tained from Holding Company for Biological Products and
Vaccines, VACSERA (Egypt). Double distilled water was used all
through the study. All other reagents and chemicals used were
of analytical grade.

2.2. Instruments

Potential measurements were carried out using ADWA AD1030
potentiometer (Romania) with Ag/AgCl double-junction refer-
ence electrode (Thermo Scientific, USA). pH glass electrode
(Jenway, UK) was used for pH adjustment. To assess MIP
chemical bonding and identify functional groups, Fourier-
transform infrared (FT-IR) spectroscopy was carried out using
Shimadzu IRAffinity-1 in addition to field-emission scanning
electron microscope (FE-SEM) Quanta 250 FEG model, Fei
Company, Oregon-USA). NOVA touch 4LX analyzer (Quantach-
rome, USA) was used for Brunauer-Emmett-Teller (BET)
measurements.

2.3. Procedures

2.3.1. Preparation of Cu-PXM complex. The stoichiometry
of Cu(u) binding to PXM was previously reported and deter-
mined using mole-ratio method or Job's plot and was found to
be 1:2 (metal to drug).”> The Cu-PXM complex has been
prepared as described in literature.** A hot ethanol solution (60
°C) of Cu(CH3COO0),-H,0 (0.5 mM, 25 mL) was added to hot
ethanolic solution (60 °C) of PXM (1 mM, 25 mL). The resulting
mixture was magnetically stirred for 30 min under reflux. A
yellow coloured complex was formed and precipitated as
microcrystalline powder. The complex was then removed by
filtration, washed with hot ethanol followed by diethyl ether and
left to dry at room temperature.

2.3.2. Preparation of molecular imprinted polymer for
PXM. For MIP preparation, non-covalent imprinting method
(precipitation polymerization) was employed.**™*® In a glass
stoppered flask 1.0 mmol of PXM was dissolved in 40.0 mL
DMSO as a porogenic solvent. For in situ precipitation poly-
merization, 4.0 mmol of MAA as a functional monomer was
added followed by sonication for 10.0 min. Then, 25.0 mmol of
the cross-linker EGDMA and 1.0 mmol of the initiator AIBN
were added. Finally, the flask was purged with nitrogen for
almost 10.0 min then placed for 24.0 h in a thermostatic water
bath adjusted at 60.0 °C to start polymerization. The formed
white precipitate was washed with ethanol and then filtered by
decantation to remove excess unreacted reagents. A batch-mode
Soxhlet extraction was used for PXM template extraction in
which MIP particles were treated with methanol and glacial
acetic acid mixture (9:1, by volume). Complete extraction was
confirmed using UV/vis spectrophotometric measurements by
giving no absorbance of PXM in the extracted solutions. The
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MIP particles were finally washed many times with double
distilled water till neutral pH and then dried at 60.0 °C for 2 h.
Non-imprinted polymer (NIP) was synthesized using same
procedure without adding the PXM template. The morphology
of the prepared PXM MIP and NIP were characterized by
Fourier-transform infrared (FT-IR) spectroscopy, field-emission
surface electron microscope (FE-SEM), Brunauer-Emmett-
Teller (BET) surface area measurements.

2.3.3. Fabrication of ISE sensors. For liquid contact (LC)
membranes; five sensing mixtures were prepared in which
190.0 mg PVC were mixed with 0.4 mL NOPE and 10.0 mg of
either tridodecyl methyl ammonium chloride (sensor I), or tet-
radodecyl ammonium bromide (sensor II), or benzethonium
chloride (sensor III), or cetylpyridinium chloride (sensor IV) or
the prepared Cu-PXM complex (sensor V) in a glass test tube
using 6.0 mL THF. The five prepared solutions were then
poured in a small Petri dish of 5.0 cm diameter and then the
solvent was left to evaporate overnight at room temperature,
resulting in a master membrane with a thickness of almost
0.1 mm.

For ionophore-doped membranes; the Cu-PXM complex
membrane (sensor V) was prepared as mentioned before but
with addition of 10.0 mg of the sensing polymers MIP and NIP
of PXM (Cu-PXM/MIP, Cu-PXM/NIP). For evaluation of the
ionophores' selectivity, two different membranes were prepared
in which the sensing polymers (MIP and NIP) were replaced
with BCD in one and CX-6 in the other. The Cu-PXM complex
and the ionophores, BCD and CX-6, were doped in 1:2 molar
ratio in the membranes.

For solid contact membrane; MWCNT were prepared
according to a previously reported method* in which 15 mg
MWCNT and 0.5 mL NPOE were dissolved in 3 mL THF. The
mixture was then sonicated for 20 min to form a uniform
suspension. In a 25-mL volumetric flask, a working solution of
MWCNT was prepared by accurately transferring 2.5 mL from
the stock solution, diluting to the mark by THF and was soni-
cated for 5.0 min to ensure dispersion. Graphene nano-
composite (GNC) (1% w/v) was also prepared using solution
dispersion method.”® 10.0 mg graphene nanoplatelets powder
were dispersed into 1.0 mL xylene by ultrasonication for 5 min.
95.0 mg PVC and 0.20 mL NPOE as a plasticizer were then
dissolved into 3.00 mL of THF. The graphene dispersion was
mixed with THF solution and sonicated for 10 min to obtain
a uniform suspension.

For screen-printed sensor (without transducer, sensor VI).
10.0 pL of the Cu-PXM/MIP membrane before dryness was drop-
casted on a carbon SPE and left to evaporate overnight at room
temperature.

For MWCNT screen printed sensor (sensor VII). 10.0 pL of
the prepared MWCNT dispersion was drop-casted on a carbon
SPE and allowed to evaporate overnight at room temperature.
Then, 10.0 pL of the Cu-PXM/MIP membrane before drying was
applied to a carbon SPE and left to evaporate overnight at room
temperature.

For GNC screen printed sensor (sensor VIII). 10.0 uL of the
prepared GNC dispersion was drop-casted on a carbon SPE and
allowed to evaporate overnight at room temperature. Then, 10.0
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pL of the Cu-PXM/MIP membrane before drying was applied to
a carbon SPE and left to evaporate overnight at room temperature.

2.3.4. Liquid contact ion selective electrode assembly.
From the master membrane of the five prepared sensors, about
8 mm in diameter disk was cut by using a cork borer and then
fixed by THF to a transposable PVC tip. Equal volumes of 1.0 x
107" M PXM and 1.0 x 10~* M NaCl (prepared in 50 mM
phosphate buffer, pH 8.0) were mixed and used as an internal
reference solution. An Ag/AgCl wire was immersed in the
internal reference solution and used as an internal reference
electrode. The sensor was soaked in a 1.0 x 10~* M PXM stock
standard solution for 24 h for conditioning and it was then
stored in the same solution when not in use. For the ionophore-
doped membranes, same procedure was used.

2.3.5. Screen-printed ion selective electrodes (SPEs)
assembly. The three fabricated SPE sensors were soaked in 1.0 x
10~* M PXM stock standard solution for 24 h. For conditioning
and were then stored in the same solution when not in use.

2.4. Potentiometric measurements

Stock standard solution of PXM (1.0 x 10~% M) was prepared in
50.0 mM phosphate buffer pH 8.0 in a 100-mL volumetric flask.
Working solutions of varying concentrations (1.0 x 10”7 to 1.0
x 10~* M) were freshly prepared into a series of 25-mL volu-
metric flasks. Different volumes were accurately transferred
from PXM stock solution (1.0 x 10~* M) and then completed till
the mark using phosphate buffer pH 8.0 as a solvent. Potenti-
ometric measurements were carried out at 25 °C using each of
the prepared conditioned sensors. Each sensor was separately
conjugated with double junction Ag/AgCl reference electrode
then calibrated by immersing it in PXM working standard
solutions (1.0 x 1077 to 1.0 x 10~?) and allowing it to equili-
brate while stirring using a magnetic stirrer till achieving
a constant reading of the potentiometer. The electromotive
forces (emf) were recorded within +1 mV. After each measure-
ment, the sensors were washed with the phosphate buffer. The
recorded electrode potentials obtained by the proposed sensors
were plotted versus —log molar concentrations of PXM to
construct the calibration curve. Regression equations were
estimated from the linear part of the calibration plots. The
detection limit of the sensors was estimated from the inter-
section between the two linear extrapolated arms of background
potential and the constructed calibration curve. The perfor-
mance characteristics of the proposed electrodes were evalu-
ated according to the IUPAC recommendations.*

2.5. Effect of pH on MWCNT/Cu-PXM/MIP screen printed
sensor

The effect of pH on the response of MWCNT/Cu-PXM/MIP
sensor was studied over a pH range of 2-12 using the 1.0 x
107* M and 1.0 x 10> M PXM solutions. The potential was
recorded at each pH value.

2.6. Sensors potential stability and water layer test

The water layer test was implemented by measuring the
response of the three SPEs for 3 h. The first hour in 1.0 x 10> M
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PXM. The second hour in 1.0 x 10> M perindopril. While the
third hour in 1.0 x 107> M PXM again.* The signal drift was
assessed by recording emf values every 2 min during the first
hour.

2.7. Selectivity of MWCNT/Cu-PXM/MIP screen printed
sensor

The degree of interference of foreign substances with PXM
using MWCNT/Cu-PXM/MIP screen printed sensor was studied
using the separate solutions method (SSM).** The response of
the sensor was recorded in the presence of several additives and
inorganic-related compounds. The potentiometric selectivity
coefficient (K*°') was calculated.

2.8. Direct potentiometric determination of PXM

2.8.1. Application in pharmaceutical formulation. The
average weight of ten tablets of Feldene® was estimated, then
the tablets were finely powdered. An amount equivalent to
3.31 mg of PXM was accurately weighed, transferred into a 100-
mL volumetric flask, and diluted using 50 mM phosphate buffer
(pH 8.0). The flask was sonicated for 15 min till complete
dissolution. The concentration of the solution was claimed to
be 1.0 x 10~* M PXM. The MWCNT/Cu-PXM/MIP screen prin-
ted sensor in conjunction with the double-junction Ag/AgCl
reference electrode was immersed in the prepared solution.
The resulting potentials were recorded, and the corresponding
concentrations were determined using the sensor's regression
equation.

2.8.2. Application in spiked human plasma. One mL of
PXM-free human plasma and aliquots of PXM working standard
solutions (1.0 x 10”7 to 1.0 x 10> M) were added into a series
of 10-mL volumetric flasks. The volumes were completed to the
mark with phosphate buffer pH 8.0 to give final concentrations
0f9.7 x 107" M, 2.7 x 107° M, 1.5 x 10> M, and 2.5 x 10> M.
The MWCNT/Cu-PXM/MIP screen printed sensor in conjunc-
tion with the double-junction Ag/AgCl reference electrode was
immersed in the prepared solutions without pre-treatment of
matrix. The resulting potentials were recorded, and the corre-
sponding concentrations were determined using the sensor's
regression equation.

3 Results and discussion

Screen-printing electrodes are promising potentiometric
approaches that have various advantages over traditional
analytical methods. They provides non-destructive, rapid,
portable, and eco-friendly analytical procedures for detecting
analytes in different matrices with no or less sample prepara-
tion.” To present an alternative efficient method to chromato-
graphic techniques in quantifying PXM in real human plasma
samples, the designed sensors should achieve LOQ lower than
Cmax of PXM in plasma. This is crucial to detect not only the
peak concentration of the drug but also measure the decline in
concentration as the drug is metabolized and eliminated from
the body also to monitor drug levels over time to see when the
drug concentration falls below therapeutic levels, which is

© 2025 The Author(s). Published by the Royal Society of Chemistry
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important for therapeutic drug monitoring to ensure proper
dosing and effectiveness. This ability is essential for real-time
drug monitoring, pharmacokinetic studies, and therapeutic
drug monitoring, providing a more efficient, cost-effective, and
real-time alternative to traditional chromatographic method.
PXM was found to reach a peak plasma concentration of 1.85 pg
mL ™" (equivalent to 5.58 x 10~ ® M) after 1 h from administra-
tion of 20 mg PXM.* In this study, the impact of ion sensing
membrane, ionophore, and the transducer on the fabricated
sensors' response sensitivity, selectivity and stability were
investigated. Optimization of such factors would have
a synergic effect on the electrochemical performance of the
developed sensor.

3.1. Fabrication of liquid contact ISE sensors

ISE sensors are fabricated using a polymeric PVC matrix, which
acts as a consistent support. However, it needs plasticization, so
NPOE was incorporated to provide the membrane malleability.
PXM is an enolic acid and exhibits a weakly acidic 4-hydroxy
proton. The strongest acidic pK, value of PXM is 4.76, thus it
behaves as an anion in a basic medium. The key factor in the
fabrication and optimization of ISE is the type of the used ion
exchanger membrane. Therefore, a preliminary study was con-
ducted using LC sensors to assess the effect of the anion
exchanger type on potentiometric performance. Five LC-ISE
were fabricated for PXM determination with an anion
exchanger. It offered cationic sites inside the membrane matrix
to increase the conductivity and reduce lipophilic cations
interference.> Upon using the lipophilic ion exchangers, tri-
dodecyl methyl ammonium chloride, tetradodecyl ammonium
bromide, benzethonium chloride (hyamine), and cetylpyr-
idinium chloride, a relatively weak Nernstian slope was ob-
tained (Table S1t). The anionic response of these electrodes is
based on ion-exchanger property between the analyte (PXM)
anion and the counter ion in which they respond to anions in an
order of decreasing hydrophobicity, which is known as Hof-
meister selectivity series.> When charges of membrane carriers
and analyte anions are fixed, the Hofmeister selectivity pattern
of classical liquid ion-exchange membrane electrodes can be
changed by the coordination affinity. This selectivity is known
as anti-Hofmeister series.***® Thus, studies on ISEs with anti-
Hofmeister selectivity series with electrical active material that
can recognize the specific target ion with higher performance is
of great interest due to the urgent need for sensitive determi-
nation of traces of anionic species in a wide variety of real
samples. Owing to the low lipophilicity of some analytes, the
design of a selective ligand for its selective recognition has been
a challenging issue. Literature reported several electrodes based
on organometallic compounds® metal ion complexes® and
different metalloporphyrin derivatives.** Cu-PXM complex was
synthesized in a molar ratio of 1: 2 metal to drug (Fig. S11) and
used as a metal carrier for PXM in fabrication of sensor V as
PXM was found to be highly selective to copper.* The Cu-PXM
LC sensor showed slightly higher sensitivity than the other LC
sensors with a Nernestian slope 26.95 + 0.5 per each drug ion.
The introduction of ionophores to Cu-PXM LC sensor was then
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investigated using f-CD and CX-6, but they showed no signifi-
cant improvement in the sensor's sensitivity. The Nernestian
slope was found to be 26.16 + 0.9 and 25.82 + 0.5 upon adding
B-CD and CX-6, respectively. To improve the sensor's response,
MIP which creates highly efficient synthetic molecular receptors
was synthesized and incorporated in the Cu-PXM sensing
membranes rather than the traditional ionophores.

3.2. Synthesis and characterization of PXM MIP

MIP is considered an effective approach in which any template
molecule is introduced in a mixture of monomer and cross-
linker dissolved in a solvent result into three-dimensional
polymer matrix. After the removal of template from the
prepared polymer, the permanent cavities of the initial template
are formed and capable to selectively rebind to template
molecules.® MIPs have become increasingly popular in sensor
technologies owing to their high selectivity, sensitivity, and
versatility. They are engineered to have a selective recognition
site for a specific target analyte, similar to how natural biolog-
ical receptors function ensuring high specificity for the target
analyte. MIPs provide consistent and reproducible sensor's
performance, ensuring reliable results. MIP based sensors offer
high sensitivity and low detection limits, suitable for detecting
trace analytes.®” Precipitation polymerization method was
employed for synthesis of PXM MIP and NIP to be used as
molecular ionophores in the ISE membranes. Precipitation
polymerization results in formation of regular size and shape
polymer particles which offers more binding sites and good
dispersion in the ion sensing membrane.®> The functional
monomer was chosen as per the chemical structure of PXM
(Fig. S2t) where basic amino group exists. That's why MAA was
selected as an acidic functional monomer. The ratio between
the template drug PXM and MAA was adjusted to 1: 4 being the
most optimized ratio for MIP synthesis either in electro-analysis
as previously reported in literature.®® The synthesized PXM MIP
was characterized by different techniques as described below.

3.2.1. Field-emission scanning electronic microscope (FE-
SEM). The synthesized PXM MIP and its corresponding NIP,
were characterized by FE-SEM to investigate their surface
morphology as shown in Fig. 1. The figure showed that PXM
MIP (Fig. 1a) exhibits more porous and rough structure in
comparison with the plain surface of its corresponding NIP
(Fig. 1b). This porous pattern is due to the pores and small
cavities obtained after PXM templates removal.

3.2.2. Fourier-transform infrared (FT-IR) spectroscopy. The
FT-IR spectra of PXM along with its corresponding leached MIP
and NIP were recorded over a wavelength range of 4000-
500 cm ™ ".** The IR spectrum of PXM was characterized by the
presence of two sharp bands, 3336 cm ™" due to pyridin-2-yl-
amino and hydroxyl stretching and 1631 cm™' due to C=0
amide stretching. Aromatic C=C stretching vibrations were
also observed at 1575-1560 cm ™" (Fig. S3at). On the other hand,
IR spectrum of leached MIP (Fig. S3bt) and NIP (Fig. S3ct) did
not have any characteristic IR bands of PXM template drug
which gives a strong proof to the removal of PXM template.
While keeping the characteristic polymer bands, aliphatic C=C
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Fig. 1 SEM images for the synthesized (a) PXM MIP and (b) its corresponding NIP.

bands of MAA and EGDMA at 1732 cm ™. The relatively similar
IR bands of the leached MIP and NIP suggested that they both
have similar backbone structures.

3.2.3. Brunauer-Emmett-Teller (BET) surface area anal-
ysis. The porosity extent of the synthesized PXM MIP and its
corresponding NIP were estimated from BET measurements.
There is a significant influence of polymers' surface area and
pore size on their imprinting functionality. Measurements were
performed at liquid nitrogen temperature of —196 °C where
adsorption/desorption isotherms were recorded as shown in
Fig. S4.1 These isotherms were used to calculate the specific
surface area of polymers using BET equation.® Pore volume and
diameter were also calculated using the non-local density
functional theory (NLDFT).*® The results are summarized in
Table S2.7 Results showed larger surface area and average pore
volume of MIP compared to their corresponding NIP. This re-
flected MIP higher porosity than NIP due to the formed
imprinted drug cavities during polymerization process. NLDFT
results also showed that the diameter of polymers pores was less

Screen printed sensor

Insulator l

carbon paste;/
silver ink

plastic she‘,et"

Reference Working
electrode ( \VJ7 7\ electrode
L S

Fig. 2 Schematic representation of screen-printed electrodes (VI-VIII).
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@ s« lon sensing membrane

than 2 nm which is classified as micro pore according to the
TUPAC definition.*”

3.3. Fabrication of screen-printed electrodes (SPEs)

Nanoparticles have been employed in fabrication and optimi-
zation of stable solid contact ion selective electrodes for several
applications.®® Various methods were previously reported in
literature to employ MWCNT®**”® and GNC’"”* as a transducer
layer in SPEs to increase potential stability and minimize
potential drift. The obstacle of water layer formation in SPE was
overcomed by comparing the doping effect of MWCNT and GNC
on the sensors' signal stability. The formation of a water layer
on the surface of SPEs can affect the stability, sensitivity, and
accuracy of the measurements, interfering with the electro-
chemical reactions, or disrupting the electrode's performance.
Transducer materials such as carbon-based nanomaterials can
impart hydrophobic properties to the electrode surface. This
can help to repel water molecules, preventing the accumulation
of a water layer on the electrode surface, making it easier for the

sensor VI
Cu-PXM/MIP

1’#2‘

sensor Vil

MWCNT/Cu-PXM/MIP

v@.g?

sensor VIII
GNC/Cu-PXM/MIP

1}‘,'2’
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Fig. 3 Signal drift for the three proposed SPEs. Measurements were
recorded in 1.0 x 107* M PXM.

sensor to maintain stable electrochemical measurements.”
Two SPE sensors were fabricated using MWCNT (sensor VII)
and GNC (sensor VIII) in which 10 pL of each was drop-casted
on SPE modified with MIP based Cu-PXM ion sensing
membrane (Fig. 2). Both MWCNT and GNC sensors showed
improvement in stability and minimal signal drifting of
approximately 0.8 mV h™' and 1.5 mV h™' respectively when
compared to the Cu-PXM SPE (sensor VI) which showed signal
drifting of about 9.5 mV h™' (Fig. 3). These results confirmed
that adding nanoparticles to SPEs significantly improves both
electrode stability and signal drifting.

3.4. Sensor's calibration and response time

The IUPAC guidelines were followed to assess the performance
characteristics of MWCNT/Cu-PXM/MIP, GNC/Cu-PXM/MIP
and Cu-PXM/MIP sensors. The response properties of the
proposed SPE sensors were measured over a six-week time
frame and the results are shown in Table 1. Calibration curves
were plotted for the electrode potential from the proposed SPE

View Article Online
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Fig. 4 Potential profile versus log concentrations of PXM (1.0 x 10~/ —
1.0 x 10~° M) obtained with MWCNT/Cu-PXM/MIP, GNC/Cu-PXM/
MIP and Cu-PXM/MIP sensors.

sensors versus the —log molar concentrations of PXM as shown
in Fig. 4. The slope was calculated using the calibration graph's
linear portion as shown in Table 1. Better Nernstian slope of
28.97 mvV/decade was achieved for MWCNT/Cu-PXM/MIP
sensor with respective LOD of 5.2 x 1077 M. This improve-
ment in the sensor's performance may be attributed to syner-
gistic effect upon implementing MWCNT and MIP of PXM.
Accuracy, repeatability and intermediate precision of the
sensors were also estimated with satisfactory mean percentage
recoveries and low relative standard deviations. The MWCNT/
Cu-PXM/MIP sensor's stability was evaluated over a six-week
period, demonstrating consistent accuracy and reliability.
Additionally, repeatability was examined by testing three repli-
cates of the sensor (A, B and C), as illustrated in Fig. 5.

3.5. Sensors potential stability and water layer test

Upon carrying measurements in 1.0 x 10> M solution of the
structurally relative compound, perindopril, increase in the

Table 1 Response characteristics of the proposed SPE sensors for PXM determination

Parameter Cu-PXM/MIP GNC/Cu-PXM/MIP MWCNT/Cu-PXM/MIP
Slope (mV per decade) 25.04 26.51 28.97

Intercept (mV) —16.97 —10.53 —5.01

Correlation coefficient (r) 0.9993 0.9995 0.9997

Concentration range (M) 1.0 x 107%-1.0 x 10 9.7 x 1077-1.0 x 10 9.7 x 1077-1.0 x 10
Working pH range 7-9 7-9 7-9

Response time (s) 15 10 10

Stability (weeks) 6 6 6

Accuracy + SD* 101.53 + 1.31 101.62 + 0.69 101.66 + 0.81
Repeatability RSD? 1.12 0.85 0.74

Intermediate precision RSD® 1.44 0.97 1.39

LOD (M)* 8.3 x 1077 6.4 x 1077 5.2 x 1077

“ Average of three determinations (n = 9). ? The intraday precision (n = 9), average of three concentrations repeated three times within the same day.
¢ The inter-day precision (n = 9), average of three concentrations repeated three times on three consecutive days. ¢ Limit of detection was measured

by interception of the extrapolated arms of the non-responsive and the Nernstian segments of the calibration plot.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Stability of MWCNT/Cu-PXM/MIP using 3 replicate sensors
(A—C). Measurements were recorded in 1.0 x 107> M PXM.

potential was observed. The interferent ion has the same ionic
behavior as PXM at the same working pH. This increment in
potential is due to the substitution of PXM in the water film
formed between the sensing membrane the MWCNT layer and
the GNC layer of the sensors by perindopril. The final replace-
ment of the test solution (1.0 x 10> M perindopril) by the
original 1.0 x 10° M PXM solution exhibited lower drift
MWCNT/Cu-PXM/MIP sensor compared to GNC/Cu-PXM/MIP
(Fig. 6). Whereas Cu-PXM/MIP sensor lacks the hydrophobic

120 —o— MWCNT/Cu-PXM/MIP
[ | —+ GNC/Cu-PXM/MIP
100 - | |
| - Cu-PXM/MIP
80 -
o
v
550
5]
40 -
20 4
0 T T T 1
0 50 100 150 200

Time(min)

Fig. 6 Water layer test for MWCNT/Cu-PXM/MIP, GNC/Cu-PXM/MIP
and Cu-PXM/MIP sensors. Measurements were recorded in 1.0 x
107> M PXM then 1.0 x 1072 M perindopril and finally 1.0 x 107> M
PXM.
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Fig. 7 Effect of pH on the response of MWCNT/Cu-PXM/MIP using
the 1.0 x 107* M and 1.0 x 10~ M PXM solutions [working pH range:
7-9].

character of MWCNT and GNC layer. It is clearly demonstrated
that MWCNT showed comparable results with GNC. Thus,
MWOCNT offered the required hydrophobicity for the water layer
test. Accordingly, MWCNT/Cu-PXM/MIP sensor was employed
for all the measurements determining PXM in Feldene® tablets
and spiked human plasma.

3.6. Effect of pH on MWCNT/Cu-PXM/MIP screen printed
sensor

A pH study was performed by recording the potential signal of
1.0 x 107*M and 1.0 x 10~> M PXM solution over pH range of
2.0-12.0 (Fig. 7). The pH of the working solutions is such
a critical factor to achieve complete drug ionization. A rela-
tively constant potential was obtained within pH range of 7.0-
9.0. Higher or lower pH values showed unstable potential
possibly due to reduction in the aqueous solubility of PXM
and predominance of their molecular form over anionic ones.
The strongest acidic and basic pKa of PXM are 4.76 and 3.79
respectively, thus it is highly ionized in the pH range of 7.0-9.0
which increases its solubility. Therefore, a pH value of 8.0 was
used to guarantee complete ionization of PXM for its
detection.

3.7. Selectivity of MWCNT/Cu-PXM/MIP screen printed
sensor

Separate solution method (SSM) was used to detect selectivity of
the MWCNT/Cu-PXM/MIP screen printed sensor in presence of
some interfering substances.” The selectivity of the sensor was
measured in the presence of tablet excipients and some of the
inorganic compounds that might be present in pharmaceutical
dosage forms or in biological fluids. The following equation was
used to calculate the potentiometric selectivity coefficient:
log(K™®) = (Epxm — Ei/S), where K*°° is the potentiometric
selectivity coefficient, Ey is the potential measured in a 1.0 X
107 M solution of the interferent ion, Epxy is the potential

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Potentiometric selectivity coefficients of MWCNT/Cu-PXM/
MIP using separate solution method (SSM)

Interfering compound (1.0 x 10> M) KPot
Lactose 0.031
Starch 0.044
NH,CI 0.069
Sodium lauryl sulphate 0.027
NacCl 0.086
Meloxicam 0.011

“ Average of three determinations.

Table 3 Determination of PXM by MWCNT/Cu-PXM/MIP in spiked
human plasma

Spiked human plasma Recovery” (%) RSD (%)
2.5%x10° M 101.37 0.95
1.5x107° M 100.62 1.31
27 x10°M 98.47 1.65
9.7 x 10’ M 99.17 1.25

¢ Average of three determinations.

measured in a 1.0 x 10~° M PXM solution, and S is the slope of
the calibration curve. The calculated selectivity coefficients
revealed that MWCNT/Cu-PXM/MIP exhibited high selectivity
towards PXM and no significant interference from other species
was observed (Table 2). In addition, a mixed solution containing
final concentration of 1.0 x 10> M of same interferants
(lactose, starch, NH,Cl, Sodium lauryl sulphate, NaCl, Melox-
icam) was measured. A KP°* value of 0.092 was obtained indi-
cating minimum interference compared to PXM signal. This
would offer an insight into ionic interactions and matrix effects
that may occur in complex real samples, thereby providing
a reliable assessment of the sensor's performance.

3.8. Direct potentiometric determination of PXM
3.8.1. Application in pharmaceutical formulation.
MWCNT/Cu-PXM/MIP was employed to determine PXM

concentration in Feldene® tablets. The percentage recovery esti-
mated from average of three determinations was 101.3 &+ 1.15%

View Article Online
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with good precision. This indicated the selectivity of the proposed
sensor towards PXM in pharmaceutical dosage forms regardless
of interfering ions and excipients in the formulation.

3.8.2. Application in spiked human plasma. PXM was
successfully determined in real samples of spiked human
plasma using MWCNT/Cu-PXM/MIP sensor. NSAIDs are widely
used to treat long-term inflammatory conditions. The long-term
exposure to such class of pharmaceuticals can cause serious
upper gastrointestinal adverse effects, particularly bleeding in
higher risk patients, such as the elderly and kidney impairment
patients which must take adjusted dose.” That's why it's crucial
to selectively monitor PXM Cy,a in plasma especially for higher
risk patients. Upon applying MWCNT/Cu-PXM/MIP sensor in
spiked human plasma samples, satisfactory results were ach-
ieved without employing matrix pre-treatment procedures. The
incorporation of MIP facilitates the detection of PXM despite
the presence of any other interferents, whereas the Cu-PXM
complex improved the sensitivity of the sensor to lower detec-
tion limit. In addition, the screen-printed electrode offered an
economical sensing platform. The percentage mean recoveries
of PXM were presented in Table 3. These findings were prom-
ising for a direct and feasible determination of PXM without
interference either from dosage form or plasma proteins
and ions.

3.9. Statistical data analysis and comparison with previously
reported potentiometric methods

Results obtained using the proposed MWCNT/Cu-PXM/MIP
sensor were statistically compared to those obtained by
applying previously reported method for determination of
PXM in its pharmaceutical preparation.®” Student's ¢-test and
F-test were applied and the calculated ¢- and F- test values were
found to be less than the tabulated ones indicating insignifi-
cant difference between the compared methods (Table S37).
Moreover, the results of the proposed sensor were compared
to other reported methods for determination of PXM in terms
of linearity range, LOD, ISE used, and their application as
shown in Table 4. The proposed sensor had the advantage of
having wide linear range with lower detection limit for PXM.
Besides, the incorporation of highly specific MIP for the target
analyte PXM in the developed sensor allowed the specific
determination of PXM in spiked human plasma and complex
matrices.

Table 4 Overview of previously reported potentiometric methods for PXM determination

Analyte Linearity range (M) LOD (M) Used ISE Application Ref.
PXM & Ketroprofen 1.0 x 107*-5.0 x 102 3.2 x107° Liquid contact ISE Pharmaceutical dosage form 29
PXM 1.0 x 107%-1.0 x 1072 7.0 x 1077 Solid contact ISE Pharmaceutical dosage form 31
(carbon paste electrode)
PXM & other 1.0 x 1077-1 x 1072 6.0 x 1077 Solid contact ISE Pharmaceutical dosage form 32
different oxicams Biological fluids
PXM 9.7 x 1077 —1.0 x 10 5.2 x 1077 Screen printed ISE Pharmaceutical dosage form Present work

© 2025 The Author(s). Published by the Royal Society of Chemistry
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4 Conclusion

This study introduced a novel potentiometric approach for the
determination of PXM. Selective and sensitive SPE was fabri-
cated for the determination of PXM in pharmaceutical dosage
form and spiked human plasma. A metal carrier based on Cu-
PXM complex was employed as sensitive sensing membrane
for detection of PXM. The high recognition capability of MIP
based sensor was compared to the effect of ionophores on the
selectivity and stability of the proposed sensors. Different
characterization techniques including FE-SEM, FT-IR, and BET
measurements were employed to assess the efficacy of
imprinting, removal and rebinding of the PXM templates in the
synthesized MIP. Moreover, the formation of water layer was
controlled successfully by adding either MWCNT or GNC as ion-
to-electron transducer between the sensing membrane and the
electrode surface. The membrane optimization achieved more
sensitive determination and lower detection limit in determi-
nation of PXM upon using MIP based Cu-PXM complex in
combination to MWCNT as a transducer. The proposed SPE
sensor offered many advantages, in terms of sensitivity, selec-
tivity, stability, and durability. This enabled their application in
spiked human plasma samples where peak concentration of
PXM requires more sensitive and selective sensors. Generally,
the proposed potentiometric platform offered simplicity in
design and a lower detection limit as well as being rapid and
economic.
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