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Abstract

The multi-template molecularly imprinted polymers reinforced with hybrid oxide nanoparticles were developed for the selec-
tive separation and determination of the trace level of naproxen (NPX), methocarbamol (MTH), and omeprazole (OMZ)
simultaneously from biological and pharmaceutical samples. The polymers were constructed by magnetic core @shell molecu-
larly imprinted polymer nanocomposite (Fe;0,/ZnO/CuO/MWCNT @MIP). An electrochemical sensor has been fabricated
for this purpose. Fe;0,/ZnO/CuO/MWCNT nanocomposite was introduced to improve the electron transport capability and
increase the sensor surface area, as well as enhance the electronic conductivity. The triple-template MIP-coated layer provides
simultaneous selective identification of three analytes by using [Fe (CN),]>~~as the redox probe. Electrochemical behavior
of MTH, NPX, and OMZ on the modified electrode (Fe;0,/ZnO/CuO/MWCNT @MIP) by various techniques such as cyclic
voltammetry, differential pulse voltammetry, and chronoamperometry was examined. The morphology of the modified and
unmodified carbon paste electrodes was performed by scanning electron microscopy (SEM) and X-ray diffraction analysis
(XRD). The average crystal size for fabricated nanoparticles obtained by calculating the X-ray diffraction technique was
17 nm in the Scherer method. The particle size which was determined by SEM was 48 nm. Some electrochemical parameters
such as the diffusion coefficient and electron transfer coefficient were determined. The effect of many variables such as the
pH and scan rate was also investigated. Under optimal conditions, the sensor is designed in the linear range 5.0 nM-100 pM
and 5.0 nM-100 pM and 1.0 nM-130 pM with a detection limit of 1.5 nM, 1.0 nM, and 0.7 nM for measurement OMZ, NPX,
and MTH, respectively. The relative standard deviation (RSD) of the five measurements was 1.21%, 2.23%, and 2.56% for
NPX, MTH, and OMZ. Finally, the designed sensor was successfully used for simultaneous detection of target analytes in
the real samples; tablets, water samples, and biological samples.

Keywords Modified carbon paste electrode - Molecular imprinted polymer - Naproxen - Methocarbamol - Omeprazole -
Fe;0,/ZnO/CuO/MWCNT @MIP nanocomposite
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medical science has helped to improve a variety of diseases
(Qu et al. 2013; Khan et al. 2020a, b, c; Khan et al. 2020b).

Naproxen [(+)-2-(6-metoxy-2naphthyl) propionic acid]
is a nonsteroidal drug and is widely used in the treatment
of many diseases such as rheumatoid arthritis, joint disease,
acute gout, and early painful menstruation (Zhu and Ju
2004). Several methods reported for the determination of
naproxen in bio-fluids, such as high-temperature phospho-
rimetry (Asadi et al. 2015), liquid chromatography (Sadecka
et al. 2001), and capillary electrophoresis (Beitollahi and
Yoonesfar 2016). A review of the articles shows that nap-
roxen is electrochemically active, so electrochemical meth-
ods have been used to measure it (Tashkhourian et al. 2014;
Carpenter 1958). Due to the slow oxidation kinetics, and low
sensitivity of naproxen measurements using electrochemical
methods, the selection of a suitable catalyst to improve the
analytical parameters has always been important.

Methocarbamol [2-hydroxy-3-(2-methoxyphenoxy) pro-
pyl carbamate)] is a widely used muscle relaxant drug used
to relieve acute muscle and bone pain (over a short period
time) (Ghoneim and El-Desoky 2010). It is usually presented
in the drug formulation alone or combination with another
active ingredient. Methocarbamol is mainly excreted by the
kidneys (Weng et al. 1994). Several methods were reported
for the determination of naproxen, such as spectroscopy
(Sane et al. 1987), gas chromatography (Patil et al. 1998),
supercritical fluid chromatography (Gholivand and Khoda-
dadian 2011), and voltammetry (Tutunji et al. 2007).

Omeprazole (OMZ), (5-methoxy-2 [[(4-methoxy-3,5-di-
methyl-2-pyridinyl) methyl] sulfinyl]-1H benzimidazole)
is a benzimidazole drug. By inhibiting the gastric enzyme
system, it can effectively control gastric acid production and
therefore be used to treat duodenal ulcers, gastric disease
(Nevado et al. 2014; Kulkarni and Balkrishna 2012). Sev-
eral methods have been reported for the determination of
omeprazole, such as chromatography (Lotfy et al. 2016),
spectrophotometry (Nevado et al. 2005), electrophoresis
(Chomistekova et al. 2017), and electrochemistry (Shah-
rokhian et al. 2015).

Despite the many instrumental methods used to diagnose
drugs, it is always worthwhile to find ways to measure them
in complex matrices. So, the sample preparation method
is crucial in analytical chemistry and particularly for the
complicated matrices encountered in environmental and bio-
logical samples. Among the sample preparation methods,
solid-phase extraction, especially selective adsorbents, is of
special importance.

Molecularly imprinted polymers (MIPs) are the syn-
thetic polymer with unique characteristics such as stabil-
ity in harsh conditions and selective molecular detection
due to the presence of recognition sites within the polymer
network regarding size, shape, and orientation of the func-
tional groups complements the analyte molecule. MIPs are

commonly used in various arenas, mainly in electrochemi-
cal sensors due to its special structure and unique proper-
ties including specific recognition capability. On the other
hand, the presence of MWCNTs in the polymer structure
with the high contact surface, good electrical conductiv-
ity, and the unique chemical properties can strengthen the
adsorbent by creating MWCNTs — MIP nanocomposite on
the electrode surface and accelerate the analyte trapping
(Akir et al. 2016). Zinc oxide semiconductor (ZnO) due
to its good catalytic performance, low cost, high stability,
and non-toxicity is known as one of the most effective and
environmental-friendly catalysts. But, zinc oxide has a wide
gap band (3.2 V) (Akir et al. 2016). Therefore, it is necessary
to modify its structural as well as optical properties by con-
necting ZnO with other short-band semiconductors such as
CuO (Mageshwari et al. 2015; Lu et al. 2009). On the other
hand, carbon-coated Fe;O, naoparticles demonstrated that
Fe;0,/C displays higher capacitance. This event arises due
to the presence of a carbon layer that makes the particles
undamaged and increases the electronic conductivity of the
electrode (Afkhami et al. 2016).

Carbon paste electrode be a member of the heterogeneous
carbon electrodes which are generally used in voltammetric,
potentiometric, and amperometric measurements. Carbon
paste electrodes in a simple way and at the lowest price
are obtained. These electrodes are simply used to prepare
modified electrodes with different modifiers. These types
of electrodes are highly selective for organic and inorganic
compounds (Gupta et al. 2018).

In this research, we applied several nanoparticles with
different properties as the sensor modifier material, Fe;0,/
ZnO/CuO/MWCNT and the triple-template MIP, to make a
modified carbon paste electrode with a satisfactory analyti-
cal response toward NPX, MTH, and OMZ detection simul-
taneously for the first time. The fabricated sensor was char-
acterized by several techniques. The experimental factors
and electrochemical oxidation of analytes at the modified
electrode surface were investigated in detail by cyclic vol-
tammetry, differential pulse voltammetry, and chronoampro-
metry. The analytical efficiency of the assembled sensor was
assessed by quantitative measurment of target analytes in
real sample matrices, and the results proved that the Fe;0,/
ZnO/CuO/MWCNT@MIP CPE sensor has satisfactory
results with respect to other reported sensors.

Experimental
Apparatus
All electrochemical measurements were taken using poten-

tiostat/galvanostat (Sama 500, analyzer system, Iran).
Measurements of cyclic voltammetry, differential pulse
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voltammetry, chronoamperometry in a three-cell cap elec-
trode with a capacity of 20 ml, consisting of an Ag/AgCl
reference electrode containing potassium chloride saturation
solution, the auxiliary electrode of the platinum wire, and
the modified carbon paste electrode was taken as a work-
ing electrode at laboratory temperature (25 0.5 °C). Excel
software was used to record voltammograms and calcula-
tions. To adjust the pH, a digital pH meter, model 827 with
a combined pH electrode was used (Metrohm, Switzerland).
The chemicals were weighted by a SCALTEC SBA/SBC
Balance (Sartorius, Germany) with an accuracy of 0.0001 g.
The morphology and size of nanoparticles and modified
carbon paste electrodes were investigated using a scanning
electron microscope (SEM, Hitachi S-4160, Japan). The
X-ray diffraction (XRD, Philips, the Netherlands) was used
to determine the phase type and size of the crystals. To do
this, the PW1800 X-ray machine from Philips and a cop-
per lamp were used. The samples used for this experiment
were in powder form. Heidolph Elektro GmbH magnetic
stirrer (Germany) and Binder-FD vacuum oven (Germany)
were used to synthesize nanoparticles. In all experiments,
double-deionized water were prepared by Aqua Max-Ultra
Youngling water purifier (South Korea, Seoul). The ultra-
sonic cleaner (KODO, South Korea), model 1200, was used
to clean the surface of the electrodes, better disperse the
carbon nanoparticles, and prepare homogeneous solutions
from the tested samples.

Materials and reagents

All chemical reagents were of analytical grade (=98%
purity) and used as received without further purification.
Methacrylic acid (MAA, 99.0%), ethylene glycol dimeth-
acrylate (EGDMA, 99.0%), acetonitrile, iron hexachloride
(FeCl;.6H,0, 99.0%), iron tetrachloride (FeCl,.4H,0,
99.7%), copper sulfate (CuS04, 99.0%), zinc sulfate
(ZnS04, 99.0%), methanol, N, N dimethylformamide,
acetone, ethanol, from Merck (Germany), and hydrochlo-
ric acid (37.0%), nitric acid, sulfuric acid, phosphoric acid
(85.0%), acetic acid, potassium dihydrogen phosphate, and
potassium hydroxide used in the preparation of buffers were
purchased from Sigma-Aldrich Company (USA). Naproxen,
methocarbamol, and omeprazole were purchased from Pars
Darou Company (Iran) with high analytical purity grade.
Nitrogen gas with a purity of 99.99% for degassing solutions
in cyclic voltammetry and differential pulse voltammetry
studies was prepared from the Roham Gas Company of Iran.
Multi-walled carbon nanotubes with a purity of 95% with an
average outer diameter of 20-30 nm, length of 1-15 pM, and
number of walls of 3—15 in this study were prepared from
the Iranian Petroleum Industry Research Institute. Phosphate
buffer solutions by adding dilute H;PO, and KOH solutions
to 0.5 M KH,PO, salt solution (phosphate bufter) and acetate

@ Springer

buffer solution by adding dilute KOH solution to 0.5 M acid
solution (acetate buffer) and adjusting the pH of the result-
ing solution were prepared. Stock solutions of naproxen,
methocarbamol, and omeprazole (0.001 M) were prepared
by dissolving appropriate amounts of them in methanol sol-
vent and refrigerated at 4 °C. Standard aqueous solutions
were diluted daily with stock solutions of buffer (support
electrolyte) were obtained. Phosphate buffers with different
pHs were used. Pre-activation of the modified carbon paste
electrode in 0.1 M solution of phosphate buffer solution
was performed for 60 s by applying an activation potential
of + 1.45 V (relative to the Ag/AgCl reference electrode).

Synthesis of magnetic carbon nanotubes

Multi-walled carbon nanotubes (MWCNTS) prepared by
chemical vapor deposition (CVD) were used in this work.
To purify carbon nanotubes to remove catalytic impurities
and amorphous carbon, they were first heated in a furnace at
400° C for 40 min. Next, to oxidize the purified nanotubes,
we first mixed nitric acid and concentrated sulfuric acid in
a ratio of 3:1 and reached a volume of 80 ml. 1 g of nano-
tubes was added to the solution. The mixture was boiled at
80° C for 8 h without stirring by reverse distillation. The
sample was cooled to room temperature and added to 200 ml
of distilled water. The oxidized nanotubes were separated
by centrifugation and washed again with distilled water.
Centrifugation and washing continued until the neutral pH
was reached. The active nanotubes were then dried in an
oven at 100° C and stored in closed containers. To prepare
the magnetic nanotubes, 1.49 g of FeCl;.6H,O and 0.76 g
of FeCl,.4H,0 were weighed and transferred to a 200-ml
beaker containing 150 ml of double-distilled water. Then the
dissolution operation was performed in a container under N,
gas at a temperature of 70° C (Li et al. 2018). After, 0.5 g of
oxidized nanotubes was introduced into the container under
constant stirring. This operation was performed for 10 min
to create a suspension. Then 30 ml of sodium hydroxide with
a concentration of 2 mol/l was added dropwise to the sample
container until the pH of the solution reached 10.5. Then,
for the growth of crystals, the reaction was performed at 70°
C for 4 h under stirring with a magnetic stirrer. After these
steps, the magnetized nanotubes were collected by a magnet.
Then, by spilling the solution into the container, sediment
particles were easily separated. Then, to adjust the alkaline
effects of sodium hydroxide, the precipitate was washed
twice with distilled water several times. Finally, these sedi-
ments were dried in an oven at 70° C for 3 h (Xu et al. 2003).

Synthesis of modified magnetic nanocomposites

To synthesize Fe,O,/MWCNTs/CuO-ZnO nanocomposite, the
stoichiometric ratio (1:1:1) by co-precipitation method with
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ultrasonic assistance was used. In this method, 0.0023 mol of
oxidized magnetic nanotubes (Fe;O,/MWCNTs-COOH) was
dissolved in 30 ml of deionized water under a magnetic stirrer.
Then 0.0023 mol of copper sulfate salt (CuSO4. SH20) and
0.0023 mol of the sulfate salt (ZnSO,.7H,0) were added to
the mixture and subjected to ultrasonic for one hour. Then, one
molar solution of sodium hydroxide was added dropwise and
slowly stirred until the solution reached a pH of 12. The solu-
tion was transferred to a round bottom balloon and exposed to
120° C for 3 h. After cooling the mixture at room temperature,
the suspension was collected with a strong magnet and dried
in an oven at 60° C for 7 h. Then, the materials were calcined
at 300° C for 3 h (Taufik and Saleh 2017). Nanocomposites
synthesized by scanning electron microscopy (SEM) and
X-ray diffraction (XRD) were characterized and are used for
the modified carbon paste electrode.

Preparation of molecularly imprinted polymer

Synthesis of the molecularly imprinted polymer can be done
in different ways. In this study, the non-covalent imprinted
method was used. Molecularly imprinted polymer in the
presence of naproxen, methocarbamol, and omeprazole as
target molecules was synthesized using a Soxhlet apparatus
(Binder, Germany) as follows:

0.1 g of each drug and 0.33 g of methacrylic acid (MAA)
were added to 30 ml of acetonitrile solvent. The solution
was sonicated for 10 min and stirred for 2 h. To remove
oxygen, N, gas was passed through the solution for 10 min.
Then 3.2 g of ethylene glycol dimethacrylate (EGDMA)
(cross-linking monomer) and 20 mg of azobisisobutyroni-
trile (AIBN) (initiator) were added to the stirring mixture.
The mixture was placed in a sealed container at 60° C for
24 h, and polymerization was performed. Then, the mixture
was cooled and collected at the bottom of the container. The
resulting polymer was then preheated to 100° C for 24 h
and dried. The dried polymer is pulverized in a laboratory
mortar (Porcelain Mortar) and used in Soxhlet containing
acetic acid and ethanol solution in a volume ratio of 1:9,
respectively, to extract target molecules from the MIP lattice,
non-reactive monomers, and cross-linkers. Then, distilled
water was used to wash and remove acetic acid and ethanol.
The product was collected and dried at 60° C. Also, the non-
imprinted polymer (NIP) was prepared by a similar method
in the absence of the target molecule (Rajabi and Zarezadeh
2016).

Method of preparation of unmodified and modified
carbon paste electrode with Fe;0,/MWCNTs/
Cu0-ZnO/MIP nanocomposite

In this study, carbon paste prepared by mixing graphite
powder and paraffin oil with a weight ratio of 25:75%. The

mixture was stirred in a mortar for at least 20 min until com-
pletely homogeneous. Then the prepared paste was inserted
and pressed at the end of a polyethylene pipe with an inner
diameter of 3.4 mm and a height of 15 cm. To establish the
electric current, a copper wire was placed in the electrode
structure. To prepare the modified paste electrode, 0.9 g of
graphite powder and 0.045 g of Fe;0,/MWCNTs-CuO-ZnO
nanocomposite and 0.18 g of molecular mold polymer were
poured into a hand mortar and mixed by grinding for 5 min.
Then, drop by drop, paraffin oil was added to it, and after
each step, add the ground mixture until a completely uni-
form modified paste was obtained. The amount of oil added
should be such that the resulting paste has a butter-like con-
sistency. After uniformity, the prepared paste was inserted
into the end of the tube with a diameter of 3.4 mm, and by
rubbing its surface on a sheet of white paper, a completely
smooth and uniform surface was obtained. For electrical
connection of the electrode, a copper wire was used (Mota-
harian et al. 2020) (Scheme 1).

Analytical method

The cyclic voltammetry (CV) technique was used to inves-
tigate the initial electrochemical behavior of the three
drugs. Differential pulse voltammetry (DPV) was used as
an efficient and sensitive method for the development of
this electrochemical sensor for simultaneous measurement
of drugs in real and biological samples. The experiments
were performed in such a way that after preparing the modi-
fied electrode, a certain volume was transferred from the
standard solution to the electrochemical cell, and the pH
of the medium was adjusted by adding a certain amount of
electrolyte solution containing 0.4 M potassium chloride at
pH="7; then, the volume of the solution was increased to
10 ml using distilled water twice. After adjusting all the con-
nections of the electrodes, the working solution was deoxy-
genated by blowing nitrogen gas (99.9% purity), and then,
electrochemical measurements were performed (Scheme 1).
A pre-potential of -0.5 V was applied to the electrode for
15 s, and then, the voltammogram was scanned in the range
of 0.6 to 1.3 V. Application of pre-potential for a suitable
time leads to the accumulation of analyte on the surface of
the modified electrode and increases the sensitivity of the
electrode during electrochemical analysis. Also, the standard
addition method was used to determine and measure the spe-
cies in real samples (Motaharian et al. 2020).

Method of preparing a real sample
The urine samples were stored in the refrigerator after
collection. Then, 4 ml of the urine solution was centri-

fuged (5 min at 1500 rpm) to separate the suspended par-
ticles from the urine sample. These particles sometimes
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Scheme 1. Construction of a Paraffin Oil (25%)

carbon paste sensor modified
with MIP/MWCNTs/Fe;0,-
CuO-ZnO for simultaneous
determination of omeprazole,
naproxen, and methocarbamol

Graphite powedr (50%)

g

e’

contaminate the surface by adsorption on the electrode
and reduce its efficiency. Therefore, the prepared sample
was passed through a suitable filter. The upper solution
was diluted with the buffer solution. The prepared samples
were stored in the refrigerator at 4° C. Water samples were
diluted with phosphate buffer (pH =7) and spiked with dif-
ferent amounts of drugs. The proposed method were used
for species analysis (Kyzas et al. 2015).

The plasma samples were stored in a freezer after prep-
aration from a medical diagnostic laboratory in Bojnourd,
Iran. Before the analysis, these samples were prepared as
follows. The samples were first centrifuged. Then, 4 ml of
methanol was added to precipitate the proteins. The pre-
cipitated proteins were centrifuged for 2 min at 2000 rpm
and separated. The resulting clear solution was transferred
to a voltammeter tube after filtration and dilution with
phosphate buffer. Then, under optimal conditions, the con-
tent of naproxen, methocarbamol, and omeprazole in the
sample was calculated by the standard addition method
(Kyzas et al. 2015).

To show the efficiency of the method for analyzing drug
samples, a sample of tablets was selected. Each NPX tablet
contains 500 mg of naproxen, MTH tablet contains 400 mg
of methocarbamol, and each OMZ tablet contains 20 mg
of omeprazole. Five tablets of each drug were completely
pulverized and homogenized, and a suitable weight of the
tablet powder was dissolved in 100 ml of distilled water.
The ultrasonic waves were used for better dissolution.
Then, the samples were filtered through filter paper and
the solution was diluted with buffer. The prepared solu-
tions were transferred to electrochemical cells to deter-
mine their accurate concentrations using differential pulse
voltammetry. The content of naproxen, methocarbamol,
and omeprazole in the samples was measured using the
standard addition to reduce the matrix effect.
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Results and Discussion

Morphology and identification of Fe;0,-Cu0-ZnO
nanoparticles

The analysis of the sample structure by the XRD method
is also clearly shown in Fig. 1(a). The lattice fringes cor-
respond to the (311), (110), and (102) planes of the cubic
spinel structure of Fe;O,, monoclinic structure of CuO, and
hexagonal wurtzite of ZnO, respectively. The average crystal
size of the particles with the most intense peak was calcu-
lated based on the Scherrer equation:

D =0.94/p cos 0 (1)

where D is the average crystalline size, A is the radiation
wavelength X-ray, f is the peak width at half height, and 0
is the Bragg angle. The monocrystalline average size was
obtained based on Scherer equation of about 17 nm.

Particle size and morphology of the nanoadsorbent
samples were identified by SEM. The SEM images in
Fig. 1(b) show that the sample contains aggregated parti-
cles with a morphology of spherical. The average size of the
synthesized nanoparticles was 48 nm.

The microscopic study of Fe;0,/Zn0O/CuO/MWCNT@
MIP nanocomposite

The scanning electron microscopy was used to study the
structure of magnetic nanocomposite in carbon paste tis-
sue. The surface of CPE and Fe;0,/ZnO/CuO/MWCNT @
MIP nanocomposite was evaluated by SEM technique. Fig-
ure 2(a) shows that CPE consists of graphite with a plate
morphology (Mbokou et al. 2016). With the addition of
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Fig.1 (a) X-ray diffraction 4
spectroscopy pattern of Fe304- 1
CuO-ZnO nanoparticles; (b) Wartzite
scanning electron microscope » Monoclinic
image of Fe;O0,-CuO-ZnO . .
nanoparticles # Cubic Spinel

Intensity (a.u)

20 25 30 35

L6 = 31.48 nm

7
/

SEM HV: 15.0 kV
SEM MAG: 150 kx

View field: 1.38 uym |Date(m/d/y): 08/19/20

nanocomposites, MWCNT, and MIP, the CPE structure
becomes porous and the surface area increases signifi-
cantly (Figs. 2a and b). The addition of multi-walled car-
bon nanotubes and magnetic nanoparticles and molecularly
imprinted polymer provides a more porous structure for the
carbon paste electrode (Noviandri and Rakhmana 2012).
This modification results in mesoporous and macroporous
structures with large surface areas (Teran-Alcocer et al.
2021). Meanwhile, magnetite nanoparticles have appealed
significant interest for the electrodes modification owing to
their individual characteristics, such as low toxicity, large
surface area, good biocompatibility, robust superparamag-
netic properties, and ease of preparation (Akbarzadeh et al.
2012). As mentioned in the literature, nanomagnetite plays
an influential role in the electrode processes. For example,
it acts as a catalyst to get high peak current densities and
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2-theta-Scale
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<

L3 =35.78 nm

«

L4 = 30.22 nm
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MIRA3 TESCAN
Det: SE
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high electro-catalytic activity toward the analytes (Tariq
Shah et al. 2018). Substantial decrease in the charge transfer
resistance at carbon paste electrodes has also been reported
too (Al-Zahrani et al. 2016). Magnetite also causes the sta-
bility and selectivity of the electrodes.

Electrochemical behavior of naproxen,
methocarbamol, and omeprazole on the surface
of modified and unmodified carbon paste electrode

Initially, the electrochemical performance of naproxen,
methocarbamol, and omeprazole was investigated by a vol-
tammetric technique using cyclic voltammetry. Figure 3
shows a comparison of cyclic voltammetry in the absence
of drugs (a) and the presence of drugs with concentrations
of 0.1 mM naproxen, methocarbamol, and omeprazole in
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Fig.2 Images from the scan-
ning electron microscope
(SEM): a carbon paste elec-
trode. (b) Modified carbon paste
electrode

SEMHV: 70KV WD:10.25mm

SEM MAG: 5,00 kx Det: SE 10pm

View field: 41.6

60

MIP/ZnO CuOF e304MWCNT/CPE
50
NIPZnO/'CuOFe304 MWONT/CPE MTH
4 e oMz NPR
@
3 30 ©
®)
20 @
10
0
0 02 0/4 0/6 0/8 1 12 14

E/V (vs Ag/AgCl)

Fig.3 Cyclic voltammograms (a) in the absence of drugs and(b)
and(c) and(d) in the surface of carbon paste electrode (CPE) and car-
bon paste electrode modified with NIPP/MWCNTs/Fe;0,-CuO-ZnO
and modified with MIP/MWCNTs/Fe;0,-CuO-ZnO, respectively,
in the presence of a 1 mM solution of omeprazole and naproxen and
methocarbamol in solution with phosphate M1.0 with pH=7 and
scan speed of 150 mVs

phosphate buffer at pH =7 with three different electrodes
(bare carbon paste (b), modified carbon paste electrode
with magnetic nanocomposite/molecularly non-imprinted
polymer (NIP) (c), and carbon paste electrode modified with
magnetic nanocomposite/molecularly imprinted polymer
(d)). The bare carbon paste electrode shows a weak oxida-
tion potential peak at+0.92 V for naproxen and under the
same conditions for methocarbamol and omeprazole at the
potential at+ 1.16 and+0.72 V, respectively. These results
suggest that the polymer is a molecularly imprinted used in
MIP-CPE strongly absorbs drugs from the aqueous solu-
tion, while CPE and NIP-CPE electrodes have little or no
capability. In fact, in the synthesis step of the molecularly
imprinted polymer, the cavities are created in the MIP that
are similar in size, shape, and orientation to the functional
groups of the drug molecule. The existence of these molecu-
lar identification sites has led to a high tendency of analytes
to MIP compared to NIP. On the other hand, the functional
groups present in the structure of modifier nanocomposites
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have led to an increase in the adsorption of drugs on the
NIP-CP electrode compared to CPE (Shang et al. 2014). The
results also showed that at the surface of the modified carbon
paste electrode, the anodic peaks of naproxen, methocarba-
mol, and omeprazole shifted to potentials of +0.9,+1.14
and+0.69 V, respectively, and the peak current increased.
The modified electrode not only increases the effective sur-
face area for oxidation of drug species, but also increases the
electron transfer rate between the analyte and the electrode
and improves the electrode kinetics.

Electrochemical properties of modified
and unmodified electrodes

The effective electrochemical active surface areas of unmod-
ified and modified electrodes were investigated using cyclic
voltammetry technique in the presence of K,Fe (CN), as the
model redox probe. So, the modified electrode was placed
in a 6 mM K, Fe (CN), solution containing 0.1 mol/L KClI,
and the current-voltage curve at different sweep rates were
recorded according to the Randles-Swick equation (Eq. 1.)
for a The reversible system of the electrode active surface
areas was calculated.

Ip = (2.69) x 10°n*/?AC D'/?y!/? )

Here, Ip is the anodic peak current, n=1 is the number
of electrons transferred in the process, A is the surface area
of the electrode (cm?), D is the molecular diffusion coeffi-
cient (cmzs_l), which is equal to 6.5 X 10° cm?s~!, Cis the
concentration of the electroactive species in solution (mol.
cm?) and v is the sweep rate (V.s™1). The electroactive lev-
els of carbon paste (CPE), MWCNTs-CPE and Fe;0,/Zn0O/
CuO/MWCNT @MIP-CPE were calculated to be 0.0321
cm?, 0.06741, and 0.11556 cm?, respectively. The presence
of MWCNTs and Fe;0,/CuO/ZnO on the electrode surface
led into a superior electroactive area (3.6 times higher than
CPE) and also presenting a more reversible electrochemi-
cal performance comparing to the CPE and MWCNTSs/CPE.
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Optimization of experimental parameters

Solvent selection in the removal of template
molecules

After synthesizing the molecularly imprinted polymer and
modifying the carbon paste electrode with it, the template
molecules must be removed to create the imprinted cavities.
There are several interactions between monomer molecules
and template, including hydrogen bonding and electrostatics.
There are many methods for removing template molecules in
molecularly imprinted polymer, the most important of which
is solvent extraction. This is because the solvent can interact
strongly with the polymer and dissolve the template. In this
study, various solvent systems such as pure water, methanol,
acetonitrile—acetic acid mixture (ACN-HOAc, 8:2 v/v), etha-
nol-acetic acid (ETOH-HOAc, 9:1 v/v), acetonitrile—water
mixture (ACN — H,0, 1:1 v/v), and acetic acid—methanol
mixture (HOAc-MeOH, 1:1 v/v) were used. The results
showed that the ethanol-acetic acid mixture (9:1 v/v) could
completely and rapidly remove the template.

This is because acetic acid has the ability to easily sep-
arate target molecules and break weak hydrogen bonds
between target molecules and the polymer structure. Also,
the presence of ethanol along with acetic acid causes the
removal of unreacted functional monomers remaining in the
system because all components of polymerization, especially
template molecules in ethanol are soluble. Therefore, for the
next stages of the study, a solvent containing ethanol-ace-
tic acid (9:1 v/v) was selected. The results are shown in
Figure S1.

Optimization and modification of carbon paste
electrode composition

The base of carbon paste is usually a mixture of graphite
powder and paraffin oil. Carbon paste can be modified by
other compounds. In this study, nanocomposite (Fe;0,/ZnO/

Table 1 Optimization of carbon paste composition for drug determination

CuO/MWCNT) and synthesized molecularly imprinted poly-
mer (MIP) were used as modifiers to investigate the effect of
adding modifiers on electrode performance. Since the type
and ratio of compounds are important for electrodes with
optimal structure, different amounts of modifier were added
to the paste and the electrode was prepared. For accurate
comparison, 7 electrodes were prepared. The experiments
were repeated three times for each electrode. Table 1 shows
the response of different electrodes under similar electro-
chemical conditions.

To investigate the role of polymer in electrode functional-
ity, the amount of MIP added to the structure of electrodes
No.4 to 6 was changed. According to the results, increasing
the amount of MIP molecules leads to an increase in the
number of sites available for trapping template molecules
to a certain degree, and the results are shown in Table 1. By
increasing the amount of MIP from 10 to 20%, our findings
reflect electrochemical current improvement. However, since
the lack of electrical conductivity is a characteristic of MIP
molecules, by increasing the amount of molecular imprinted
polymers beyond 20%, this effect overcomes the positive
effect of active sites, and thereby, current is reduced.

According to the data, both factors, the type of modifier
and its amount, played a significant role. The highest current
was obtained for the modified carbon paste with both MIP
and nanocomposite (Fe;0,/ZnO/CuO/MWCNT) modifiers.
Therefore, electrode 5 was selected as the optimal electrode.

The application of higher percentages of MIP reduced the
electrode response due to the increase in the paste resistance
because MIP is a non-conductive polymer. By selecting the
optimal amount of polymer, increasing the selectable loca-
tions on the electrode surface led to the improved electrode
performance.

Accumulation time effect
The accumulation step is a simple and effective step to

increase sensitivity. Because the analyte binds to the modi-
fied electrode containing MIP, it takes a certain amount of

NO Graphite (%) NIP (%) MIP (%) Paraffin (%) Zn:Cu:Fe;0,;MWCNTs OMZ (uA) NPX (nA) MTH (uA)
(%)

1 75 0 0 25 0 12.35 11.24 13.07

2 70 0 0 25 5 14.12 15.30 14.17

3 50 0 25 25 0 18.8 17.63

4 60 0 10 25 5 19.37 18.09 17.93

5 50 0 20 25 5 31.54 30.12 29.28

6 45 0 25 25 5 19.12 18.30 21.17

7 50 20 0 25 5 14.12 15.30 14.17
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time to obtain the highest enrichment. Therefore, the effect
of accumulation time on the Fe;0,/ZnO/CuO/MWCNT @
MIP sensor in the range of 25-200 s in the presence of three
drugs was investigated. Figure S2 shows a diagram of the
anodic current peak relative to the accumulation time of 25
to 200 s for a 50 pM solution of each drug. After 100 s,
the surface of the electrode becomes saturated with drugs
and the anodic peak current reaches a constant value. It
means that accumulation equilibrium is attained at the elec-
trode—solution interface (Cesarin et al. 2008). Therefore, the
time of 100 s was selected as the optimal accumulation time.

Effect of supporting electrolyte and pH
on the oxidation peaks of naproxen,
methocarbamol, and omeprazole

Due to the importance of the role of support electrolyte in
electrochemical reactions, in addition to phosphate buffer,
various support electrolytes such as buffer solution including
Britton—Robinson and acetate buffer and citrate and phtha-
late were selected for the study. This study was performed
to determine the best support electrolyte to measure the
oxidation current of three drugs. The results show that the
analytical signal oxidation three drugs were almost identi-
cal in acetate buffer and phosphate buffer at the electrode
surface, but had better reproducibility in phosphate buffer.
Therefore, in subsequent studies, 0.1 M phosphate buffer

Fig.4 (A) DPV voltammogram - » &
in the range of pH=9-3 in @

0.1 M phosphate buffer contain-
ing 10 uM of OMZ, NPX, and
MTH drugs with a scan rate

of 150 mVs using a modified
carbon paste electrode. MIP/
MWCNTs/Fe;0,-CuO-ZnO (B)
line graphs related to peak oxi-

I(nA)

(pH=7) was used to measure the oxidation of naproxen,
methocarbamol, and omeprazole at the modified electrode
surface (MWCNTs/Fe;0,-CuO-ZnO/CPE/MIP). Also, the
effect of phosphate buffer concentration in the two values of
0.1 and 0.05 M was investigated and compared, and sharper
peaks were obtained in 0.1 M phosphate buffer (Figure S3).

In this research, a nanocomposite that contains the ele-
ments of zinc, copper, iron, and oxygen was used. These
elements appeared in their highest oxidation state in the
nanocomposite structure, so no oxidation peak related to
the modifier was seen in the oxidation range of the three
drugs (Fig. 3(a)). The effect of solution pH on the oxidation
peak of naproxen, methocarbamol, and omeprazole 0.1 mM
in the range of pH =3-9 was investigated with 0.1 M phos-
phate buffer at 50 mVs~! scan rate (Fig. 4(A)). According
to Fig. 4(B), the oxidation potential of drugs is transferred
to negative values with increasing pH. This suggests that
protons are involved in oxidation reactions. According to
Scheme 2(A), the mechanism of the OMZ oxidation reac-
tion involves the formation of a cationic radical intermediary
by the removal of an electron; then, by the loss of a proton,
this cationic intermediary reacts with water to produce an
irreversible product (Shahrokhian et al. 2015).

According to the structure of naproxen shown in
Scheme 2(B), there are two groups of ether and car-
boxylic acid in the structure of this enzyme inhibitor.
As shown in Scheme 2(B), one proton and one electron
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Scheme 2. Proposed oxida-
tion reaction (A) omeprazole
(OMZ) (B) naproxen (NPX) (C)

H
A. I!l is? .
methocarbamol (MTH) H,CO &

HC  ocH,

B.

CHj
oH [O] o)
> l
H3C\O OO o) H3C\o OO o]

participate in the electrochemical oxidation process of
naproxen. This mechanism is also confirmed by the
electrochemical methods presented in previous stud-
ies (Sarhangzadeh 2015). Methocarbamol has an ether
bond in its molecular structure, which is located on the
ether oxygen of a non-bonded electron pair that can lose
it. Methocarbamol forms a radical cation by losing one
electron from this unbonded electron pair then converted
to an oxonium ion by losing a proton and an electron.
Exonium ions were immediately hydrolyzed to 2-meth-
oxy phenol and 2-hydroxy-3-isopropyl ester. The pos-
sible mechanism according to previous studies is shown
in Scheme 2(C) (Lamani et al. 2016). Figure 4(C) shows
that the peak currents of naproxen and methocarbamol
increase to pH =7, and for naproxen, some increase to
pH =09. But for omeprazole, it changed slightly to pH="7.
Then, with increasing pH, the peak current of the three
drugs decreased. At pH <7, the peaks were small. At
pH> 7, drugs disposed to decompose, resulting in a
reduced current response. Therefore, pH =7 was chosen
as the best pH (Fig. 4). Oxidation peak potential (Epa)

OH
+ O:C‘/'\/o
H

., OH
CL 7%
|
o

NH,

¥

was linearly related to pH for naproxen, methocarba-
mol, and omeprazole. According to the Epa versus pH
diagram, gradients of -0.0446, -0.0461, and -0.0504 for
naproxen, methocarbamol, and omeprazole were obtained
based on the following equations:

MTH : E,(V) = —=0.0461 pH + 1.5064; R? = 0.9807 3)
NPX : E (V) = —0.0446 pH + 1.1207; R? = 0.9904 )]

OMZ : E,(V) = —0.0504 pH + 1.1036; R? = 0.996 5)

The slopes of Epa against the pH of the solution are close to
the slope of the Nernst equation, which indicates that the num-
ber of electrons and protons involved in the oxidation reaction
of the drugs are equal. The mechanism of the proposed oxida-
tion reactions of naproxen, methocarbamol, and omeprazole
on the modified electrode in 0.1 M phosphate buffer solution
(pH=7) is presented in Scheme 2 (Bojdi et al. 2015; Soltani
etal. 2018).
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The effect of scan rate on the electrochemical
behavior of target drugs using the modified carbon
paste electrode

The effect of scan rate on the redox behavior of target ana-
lytes was studied. For this purpose, differential pulse voltam-
mograms were drawn at different scan rates in the range of
10 to 300 mV /s and the results are reported in Fig. 5(A).
According to Fig. 5(B), there is a linear relationship between
the current peak and the square root of the scan rate of all
three compounds according to the following equations,
which indicate that the oxidation process of the species is
under the diffusion process. The linearity is expected for a
process that occurs under diffusion control; however, the
intercept higher than zero indicates that an additional pro-
cess other than diffusion occurs during the process. Charge
transfer kinetics may also be involved.

OMZ : 1,(uA) = 3.6498 0'/2(V'/2s71/2) — 9.4986; R* = 0.9986

(©6)
NPX : I (uA) =3.54790'/2(V'/2571/2)-5.8432; R* = 0.9989
W
MTH : I(4A) = 6.27610'/2(V!/2s71/2) — 11.912; R* = 0.9988
®)

In addition, the relationship between log i, versus log v
is as follows:

OMZ : log i,,(uA) = 0.8872 logv (mVs~')—0.3198 (R? = 0.999)

(€))

NPX : log iy, (4A) = 0.5563 log v (mVs~") —0.6575 (R* = 0.9989)
10)

MTH: log i,,(uA) = 0.5611 log v (mVs™") —0.4201 (R* = 0.9963)
an

If the slope of the equations is close to the theoretical
value of 0.5, the process is controlled based on the diffu-
sion, and if it is close to one, the electrochemical process
is controlled based on the adsorption (Bard and Faulkner

Fig.5 (A) DPV voltammo-
gram of a modified carbon
paste electrode at different scan A) NPX
rates of 10 to 300 mV /s in a
solution of 0.1 M phosphate
buffer with pH="7 containing

1 mM of omeprazole, naproxen,
and methocarbamol (B) Peak
current changes in omeprazole,
naproxen, and methocarbamol
square root of the scan rate
(N=5)

I(ny)
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2000). Since the slope of the omeprazole equation is close
to 0.8872, the electrode reaction is controlled by adsorption,
and if the slope of the NPX and MTH equations is close to
0.5, it can be concluded that the oxidation of the two drugs
is mainly controlled by the diffusion process.

Also, the equation of peak current in terms of scan rate
for omeprazole is as follows:

OMZ:I,(uA) = 3.66160 (Vs™') — 4.7998; R* = 0.9838
(12)

The above equation confirms that omeprazole is also
under the control of adsorption.

Overall, our results show that the oxidation reaction of
OMZ on modified CPE is a one-electron and one-proton
process and both diffusion and adsorption processes control
the electrochemical oxidation pathway of OMZ.

According to the Laviron equation, the irreversible anodic
reactions controlled by the diffusion process have a peak
potential (Ep) of the following equation (Wu et al. 2004):

E, = E’— (RT/ (1 — &)nF) In ((1 — a)nF/RTK)

(13)
+ (RT/(1 —a)nF)Inv

In this equation, EC is the standard formal potential, v is
potential scan rate, a is the electron transfer coefficient, n is
the number of exchanged electrons, F is the Faraday constant
(96,493 C mol ™), R is the gas constant (8.314 J mol~! K1),
T is the temperature (298 K), and Ks is the standard het-
erogeneous rate constant. Consider that the slope of the Ep
curve versus log v was 0.0333, 0.045, and 0.053 for OMZ,
NPX, and MTH, respectively, and the value of « for irrevers-
ible reactions is 0.5. Therefore, the n values for OMZ, NPX,
and MTH were 1.184, 1.16, and 0.962, which were approxi-
mately equal to one electron for all the target analytes.

Calculation of transfer coefficient (a)
and penetration coefficient (D)

The Tafel plot was used to determine the electron trans-
fer coefficient (o). For this purpose, the results related to

o ® _AMTH
50 ¥~ _INPX
el ___30MZ
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linear scanning voltammograms in which the kinetics con-
trol the process (ascending part of the diagram) were used.
The slope of the curve log i, against potential is: n (1-a)
F/2.303RT. According to known values for F=96,493 C mol
~1,R=8314Jmol "' K", and T=298 K, the value of a is
calculated. Figures S4, 5, 6(A) and Figures S4, 5, 6 (B) show
the TOEFL diagrams for 50 pM concentrations for OMZ,
NPX, and MTH, respectively. The o values for OMZ, NPX,
and MTH were 0.76, 0.54, and 0.51, respectively.

To determine the diffusion coefficient of the studied
compounds, chronoamperometry method was used. Chron-
oamperograms are shown in Figures S7(A, B, and C) and
S8(A, B, and C), respectively, chronoamperograms Modified
electrode With MIP/MWCNTs/Fe;0,-CuO-ZnO in the pres-
ence of different concentrations of naproxen and methocar-
bamol. In order to record chronoamperograms, a potential of
1.1 V was applied. In order to record chronoamperograms of
oxidation of naproxen and methocarbamol and to determine
the diffusion coefficient, the Cottrell curve of this compound
was plotted at different concentrations. As can be seen, the
obtained curves are linear according to the Cottrell relation.
According to the Cottrell equation:

I = nFAD'2C, z~/2t"1/? (14)

In this relation, n is the exchanged electrons, A is the
active surface of the electrode (cm?), D diffusion coeffi-
cient (cm?.s™!), C is the concentration of the analyzed com-
pound (mmol.L™Y), t (s), and F=96,493 Cmol~!. From its
slope, the diffusion coefficient of the electroactive species
can be obtained. The slope of the diagram will be equal to
nFACD'?/ !”2, Figures A-S7 and A-S8 show the naproxen
chronoamperogram with concentrations of 0.5, 1, 1.5, and
methocarbamol 0.2, 0.7, and 1.4 mM (a-c), respectively.

Fig.6 Selectivity differential 34
pulse voltammetry response of

sensors prepared with MWC- 25 -
NTs/Fe;0,-CuO-ZnO/NIP and 1

MWCNTs/Fe;0,-CuO-ZnO/
MIP for 20 pM naproxen,
methocarbamol, and omepra-
zole in the presence of other
similar species (N=5)

(B

Ingip / Inip
[
h

o
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K4 EB—r7H

Current diagrams were plotted against t-1/2 for each of
the chronoamperograms, and then, slope plots were plot-
ted I-t~'? versus concentration for naproxen and methocar-
bamol. By substituting constant values F, A, &, and n=1,
the diffusion coefficient is equal to 1.085x 107> cm.s™" for
methocarbamol and the number of electrons is equal to one
electron; 2.42 x 107° cm.s~! was obtained for naproxen.

Selectivity of the sensor

In Fig. 6, differential pulse voltammetry response of
Fe;0,/Zn0O/CuO/MWCNT@MIP and Fe;0,/ZnO/CuO/
MWCNT@NIP sensors for the three drugs in the presence
of similar drugs (naproxen like ibuprofen, fenoprofen, gem-
fibrozil), methocarbamol (methocarbamol like guaifenesin,
mephenesin, zonisamide), and (omeprazole like acetami-
nophen, pantoprazole, phenylalanine) was tested. The results
showed that the response of the modified Fe;O,/ZnO/CuO/
MWCNT@MIP CPE for the three drugs naproxen and
methocarbamol and omeprazole was higher than similar spe-
cies. The response of both modified NIP and MIP sensors
was almost similar for other species. Therefore, although the
structure of these species was similar to drugs, due to the
size and functional groups in the cavities, the response of
Fe;0,/Zn0O/CuO/MWCNT @MIP sensor to drugs was higher
than similar species. To evaluate the selectivity of the pre-
pared sensors, the peak current ratio (Iygp/Ingp) Was used
for the three drugs and other similar species. As the results
show, the amount of Iy;p/Iy;p Was higher for the three drugs
than for similar species. Also, this ratio is approximately
equal to 1 for other species, which indicates the high selec-
tivity of the sensor prepared for the three drugs. The results
are depicted in Fig. 6.

=
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Linear range and detection limit of naproxen,
methocarbamol, and omeprazole

The differential pulse voltammetry (DPV) method has
a high sensitivity in measurements due to its lower base
current and was used to measure analytes under optimal
conditions and phosphate support electrolyte (pH=7).
Figure S10(A-i1) shows the simultaneous measurement
of three compounds in the presence of different concen-
trations of omeprazole and a constant concentration of
0.4 pM naproxen and 75 pM methocarbamol and the cor-
responding calibration diagram (Figure S10(A-ii). In this
figure, as the concentration of drugs increases, the signal
increases, and the peak current versus concentration con-
firms a suitable linear relationship between peak current
and concentration. The line equation is as follows:

OMZ: y = 0.9855x + 0.4243; R*= 0.9999 (15)
NPX: y = 44.766x + 5.2147; R®= 0.9997 (16)
MTH: y = 0.1587x + 3.1944; R’= 0.9997 17)

And the detection limit of this method (concentration of
sample with a signal-to-noise ratio of 3) for omeprazole,
naproxen, and methocarbamol was calculated to be 1.8,
1.1, and 0.78 nM, respectively.

Due to the importance of simultaneous measurements
of several compounds using modified electrodes, simul-
taneous measurements of naproxen and methocarbamol
and omeprazole were investigated. For this purpose, differ-
ent concentrations of omeprazole in the presence of con-
stant concentrations of naproxen and methocabamol were
investigated by differential pulse voltammetry method in
0.1 M phosphate buffer (pH="7). Figure S10(A-i) shows
the simultaneous measurement of three compounds in
the presence of different concentrations of omeprazole
and a constant concentration of 0.4 pM naproxen and
75 pM methocarbamol and the corresponding calibration
diagram (Figure S10(A-ii)). As can be seen, a continu-
ous change in the concentration of omeprazole without
altering the peak current of naproxen and methocarbamol
only increases the oxidation current of omeprazole, indi-
cating that simultaneous measurement of this compound
is possible without disturbing the other two compounds.
Also, simultaneous measurements of three compounds
in the presence of different concentrations of naproxen
and at constant concentrations of 40 pM omeprazole and
75 pM methocarbamol have been studied. As shown in
Figure S10(B-i), a continuous change in naproxen con-
centration without increasing the peak flow of omeprazole
and methocarbamol only increases the oxidation current of

@ Springer

naproxen. The corresponding calibration diagram is plot-
ted (Figure S10(B-ii)). Also, simultaneous measurements
of three compounds in the presence of different concen-
trations of methocarbamol at constant concentrations of
18 pM omeprazole and 0.15 pM naproxen have been stud-
ied. As shown in Figure S10(C-i), a continuous change
in the concentration of methocarbamol only increases
the oxidation current of methocarbamol without altering
the peak current of omeprazole and naproxen. The corre-
sponding calibration diagram is drawn (Figure S10(C-i1)).

In the other case, the concentrations of the two spe-
cies changed and the concentrations of the other drug
remained unchanged. In the first case, the concentra-
tions of naproxen and methocarbamol changed and the
concentration of omeprazole remained unchanged (Fig-
ure S11(c)(b)(a)). In the second case, the concentration of
naproxen and omeprazole changed and the concentration
of methocarbamol remained unchanged (Figure S11(e)(d)
(1)), and in the third case, the concentration of methocar-
bamol and omeprazole changed and the concentration
of naproxen remained unchanged (Figure S11(i)(h)(g)).
According to the results of the experiments, a calibration
curve was drawn in each case for species whose concen-
trations changed. The results showed that by changing the
concentration of the two drugs, there was no significant
change in the peak current and potential peak of other spe-
cies. Figure 7 shows the differential pulse voltammogram
obtained from the modified MWCNTs/Fe;0,-CuO-ZnO/
MIP/CPE electrode for the three compounds naproxen,
methocarbamol, and omeprazole in conditions where the
concentrations of all three species are constantly chang-
ing. As can be seen, the separation between the peaks of
the three species is such that it is possible to determine
each of them separately. Calibration curves are plotted by
concentration regression against peak current (Fig. 7(A)).

As shown in Fig. 7-B, the peak oxidation current of
omeprazole in the linear range of 5.0 nM to 100 pM and
naproxen in the linear range of 5 nM to 100 pM and ome-
prazole in the linear range of 1.0 nM to 130 pM is propor-
tional to their concentration. The linear regression equa-
tions of peak current (i,) and concentration (M) for the
analysis of simultaneous standard solutions of the three
drugs are as follows:

OMZ: y = 0.9849x + 1.4753; R®= 0.9999 (18)
NPX: y = 45.492x + 5.2466; R*>= 0.9999 (19)
MTH: y = 0.1556x + 3.3122; R*= 0.9999 (20)

Quantitative measurements (LOQ) and detection
limit (LOD) were calculated based on the equations
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Fig. 7 Differential pulse voltammograms for simultaneous measure-
ment of naproxen (a; 0.005, b; 0.05, c; 10, d; 30, e; 40, f; 60, j; 80, h;
100 pM), methocarbamol (a; 0.001, b; 0.5, c; 20, d; 40, e; 70, f; 90,

LOD =3 s/m and LOQ =10 s/m. In these equations, S:
standard deviation are different values of peak current for
the lowest drug concentrations and m: the slope of the cali-
bration curve. Statistical data from the results of experi-
ments performed for drugs individual and simultaneously
with the proposed method are summarized in Table 2. As
given in Table 2, there is no significant difference between
the LOD and LOQ values of individual and simultaneous
measurements of drugs, but the linear range for measure-
ment was only less than three drugs simultaneously. There-
fore, the simultaneous measurement of these three drugs
has been more efficient with the proposed method.

Table 3 compares the results of this electrode with the
other electrodes reported in the scientific literature and
shows the performance of the modified carbon paste elec-
trode in the present work for the three drugs naproxen,
methocarbamol, and omeprazole. As can be seen, the pre-
sent electrode shows acceptable and comparable results with
other methods performed (Afkhami et al. 2017; Deng et al.
2017; Bojdi et al. 2015; Mutharani et al. 2019; Montes et al.
2014; Santos et al. 2019; Atty et al. 2019).

[MTH] / pM

j; 115, h; 130 pM), and omeprazole (a; 0.005, b; 0.5, c; 10 pM, d; 40,
e; 50, f; 60, j; 75, h; 90 uM) species under optimal conditions: 0.1 M
phosphate buffer and 50 mVs~! scan rate (N=5)

1

As given in Table 3, the linear range of the electrode
used (Fe;0,/ZnO/CuO/MWCNT @MIP-CPE) is comparable
to other sensors and the detection limit of this method is
close to the best method mentioned in previous studies. The
employed method in this research is proved to be simple, low
cost, efficient and does not require advanced technology to
fabricate required sensor. It can be used as a suitable alterna-
tive to determine naproxen, methocarbamol, and omeprazole
in biological samples.

Renewability, reproducibility, stability,
and investigation of the interference effects

Renewability for 5 modified electrodes for measuring NPX,
MTH, and OMZ with a concentration of 0.01 pM by cyclic
voltammetry at a voltage range of 0.2 to 1.3 V and the scan
rate of 150 mVs ~! in phosphate buffer solution (pH=7)
was investigated. The relative standard deviation (RSD) of
five measurements was 1.21% for NPX, 2.23% for MTH,
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Table2 Analytical parameters SerialNo  Analyte  LDR/uM LRE R? LODMM  LOQ/M
for electrochemical

determination of naproxen, (A) Individual determination of OMZ, NPX and MTH:

methocarbamol, and 1 oMZ 0.018-80 y=09855x+04243 09999 1.8 5.1
omeprazole molecules in 0.1 M

phosphate buffer of pH 7.0, and 2 NPX 0.005-80 y= 44.766x +5.2147 0.9997 1.1 1.3

50 mVs~! scan rate 3 MTH 0.001-115 y=0.1587x+3.1944  0.9997 0.78 6.1

(B) Determination of either of the three molecules while keeping concentration of other two constant:

1 OoMZ 0.0180-80 y=0.9885x+0.3325  0.9999 1.71 5.0
2 NPX 0.005-80 y=45.034x +5.3068 0.9997 1.0 12.5
3 MTH 0.001-115 y=0.1559x +3.2638  0.9999 075 5.8
(C) Simultaneous determination of two of the three molecules where the third is kept constant:
1 NPX 0.004-50 y=59.529x +4.8138 0.9993 1.0 12.2
MTH 0.001-115 y=18.392x+5.1021 0.9996 0.72 6.0
2 OoMZ 0.005-100 y=59.529x +4.8138 0.9993 1.7 5.01
NPX 0.001-105 y=59.529x +4.8138 0.9986 1.0 12.1
3 OMZ 0.0035-100 y=0.9516x+7.8727  0.9993 1.7 5.02
MTH 0.0015-105 y=0.4230x+2.7066  0.9986 1.1 5.9
(D) Simultaneous determination of OMZ, NPX and MTH:
1 OoMZ 0.005-100 y=0.4230x+2.7066  0.9999 1.5 53
2 NPX 0.005-100 y=0.4230x+2.7066  0.9999 1.0 2.8
3 MTH 0.001-130 y=0.4230x+2.7066  0.9999 0.7 6.4

Table 3 Comparison of the performance of different modified electrodes for measuring naproxen, methocarbamol, and omeprazole

Electrode Analyte LDR/uM LOD/uM Method Ref
Ni,, sZn,, sFe,0,/Gr/GCE?* OoMZ 0.03-100 0.015 DPV (Afkhami et al. 2017)
S-MWCNTs-Fe,0,/PDDAYGCE oMZ 0.05-9 0.015 LSV (Deng et al. 2017)
Mercapto-NP-F-CPE oMZ 2.5%107-25.0 40x107° DPV (Bojdi et al. 2015)
CB-g-PAA/La,05/GCE ¢ NPX 0.02-888 0.035 DPV (Mutharani et al. 2019)
MWCNTs/GCE NPX 1-100 0.6 Amperometry (Montes et al. 2014)
CD-GrO/CPE? MTH 1.0-50 0.398 SWv (Santos et al. 2019)
ZY/SDS/MSPE® MTH 0.05-884 0.08 SwWv (Atty et al. 2019)
MIP/MWCNTs/Fe;0,-CuO-ZnO/CPE OMZ 0.005-100 0.0015 DPV This work

NPX 0.005-100 0.001 DPV

MTH 0.001-130 0.0007 DPV

LDR: linear dynamic range; LOD: detection limit

*nickel-zinc ferrite (Ni0.5Zn0.5Fe204)/graphene (Gr) modified glassy carbon electrode (GCE)

bshortened multi-walled carbon nanotubes—Fe;0, nanoparticles and poly(2,6-pyridinedicarboxylic acid))

‘carbon black (CB)/poly(acrylic acid/lanthanum oxide nanomaterials/glassy carbon electrode (GCE

‘carbon black (CB)/poly(acrylic acid/lanthanum oxide nanomaterials/glassy carbon electrode (GCE

dgraphite oxide (GrO)/p-cyclodextrin (CD)/carbon paste electrode (CPE)

¢zeolite bulk/sodium dodecyl sulfate/modified screen printed electrochemical sensor

and 2.56% for OMZ. These results showed that the modified
electrode has good renewability.

To evaluate the reproducibility of the modified electrode,
voltammograms of three drugs with a concentration of
5% 107* M at pH="7 were performed with the modified elec-
trode for 10 times. Finally, according to the obtained cur-
rent intensity, the relative standard deviation (RSD %) of the
electrode response was calculated. The RSD values of the

@ Springer

electrode response for NPX, MTH, and OMZ were 2.25%,
2.70%, and 1.81%, respectively. The results showed that the
reproducibility of the three electrodes was satisfactory.
The stability of the modified electrode during 2.0 months
was examined by differential pulse voltammetry at room
temperature. The results showed that the response of the
modified electrode to the initial response for the compounds
decreased by 5% only after 2.0 months, indicating good
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stability of the modified electrode. This decrease is probably
due to the contamination of the MIP at the electrode surface.

Interferences were measured by comparing current of
the certain concentration of the analytes and current of the
analytes in the presence of different amounts of the interfer-
ing species dissolved in the same analytes solution with a
concentration of ten times the analytes.

The modified sensor showed little (< 5% current devia-
tion) or in other words no response to the interfering sub-
stances. Results are demonstrated in Fig. 8.

Real sample analysis

To evaluate the performance of the modified electrode in
the electrochemical determination of the analytes, human
plasma and urine, tap water, and tablets were selected.
For this purpose, differential pulse voltammograms were
recorded for the real samples before and after spiking. The
calibration curve was plotted, and then, the amount and
recovery of the analyte in real samples were evaluated. The
data are presented in Table 4.

Results shown that the proposed sensor has a high capa-
bility to analyze real samples. On the other hand, a compari-
son of the results obtained from the proposed method with
chromatographic methods showed that although sometimes
chromatographic methods have a relatively lower detection
limit, but it requires a lot of time to prepare samples and
devices, also requires expensive reagents and experienced
staff. In comparison, our proposed method solves some of
these problems. Therefore, this method is suitable for meas-
uring drugs in real samples, especially in drug samples due
to the sufficient sensitivity of this alternative method. The
detection limits of high-performance liquid chromatography
(HPLC) for omeprazole, naproxen, and methocarbamol are

Fig. 8 Evaluation of the effect
of interference species with a 6
concentration of ten times the

analytes, in the measurement of 4
0.1 mM omeprazole, naproxen, ? ”"“l
and methocarbamol by modified = 2
carbon paste electrode MIP/ g / %
MWCNTs/Fe;0,-CuO-ZnO -§ 0
= \ A
B 2\ "ﬁﬂ
wn 3
S &
C -
-6
-8
-10
-12

7 luw ﬁ g E % &b:
\\‘ \\\ \\\\ ¥/

0.19, 0.086, and 1.66 uM, respectively, which is higher than
the fabricated sensor LODs proposed in this study (Kamal
et al. 2020; Escamilla-Lara et al. 2020; El-Yazbi et al. 2019).

Conclusion

This work describes the construction process of a novel car-
bon paste electrode that was modified based on Fe;0,/ZnO/
CuO/MWCNT nanocomposite reinforced triple-template
molecularly imprinted polymer-coated layer for determina-
tion of omeprazole, naproxen, and methocarbamol. Cyclic
voltammetry and differential pulse voltammetry were used
for simultaneous measurement of the analytes. To achieve
maximum sensitivity, the effect of various chemical and
instrumental factors was investigated. Concurrent integra-
tion of molecularly imprinted polymer and nanocomposite
led to advantages such as increased electron transfer rate,
extensive specific surface area, and high specific sites at the
electrode surface.

The most important gain of this research over other simi-
lar works is the selective measurement of three drugs simul-
taneously by a nanocomposite reinforced triple-template
molecularly imprinted polymer. The modification of the pol-
ymer with nanocomposite has made it particularly efficient.
It is noteworthy that the rapid response and easy removal of
the template are the superior features of the fabricated sensor
over the time-consuming and hard washing conditions that
usually reported in the literature for the MIPs. The sensor
presented a simple and consistent method to detect the ana-
Iytes with wide potential applications.

Due to these features, simultaneous and selective meas-
urement of analytes was taken in the suitable linear ranges
and low detection limits. Therefore, the fabricated carbon

s OMZ wNPX = MTH

Al

/
7/

Interfrenece spacies
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paste electrode was used as a promising and powerful sensor
to effectively oxidize and simultaneously determine ome-
prazole, naproxen, and methocarbamol in pharmaceutical,
biological, and aqueous samples.

Our future fundamental research in the field of electro-
chemical sensors will focus on use other nanocomposites to
modify these electrodes such as graphene and its derivatives
and carbon-based quantum dots. It is also accompanied by
the development of methods for the synthesis of nanomateri-
als with ideal properties such as access to more electrically
conductivity and more selectivity and specificity for the
detection of drugs and environmental contaminants.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s11356-021-18308-2.
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