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In this work, a signal amplification strategy was designed by the fabrication of a highly sensitive and selective
electrochemical sensor based on nickel-copper—zinc ferrite (Nig4Cug2ZNng4Fe>O4)/carboxymethyl
cellulose (CMC)/graphene oxide nanosheets (GONs) composite modified glassy carbon electrode (GCE)
for determination of omeprazole (OMP). The one-step synthesized Nig4Cug2Zng 4Fe,04/CMC/GONs
nanocomposite was characterized by scanning electron microscopy, energy-dispersive X-ray
spectroscopy, transmission electron microscopy and X-ray diffraction techniques. Then, the
Nig.4CUp 2ZNng 4Fe204/CMC/GONs/GCE was applied to study the electrochemical behavior of the OMP.
Electrochemical data show that the Nig4Cug2Zng4Fe,O4/CMC/GONs/GCE exhibits  superior
electrocatalytic performance on the oxidation of OMP compared with bare GCE, GONs/GCE, CMC/
GONs/GCE and MFe,04/GCE (M = Cu, Ni and Zn including single, double and triple of metals) which
can be attributed to the synergistic effects of the nanocomposite components, outstanding electrical
properties of Nig4Cug2Zng4Fe,O4 and high conductivity of CMC/GONs as well as the further electron
transport action of the nanocomposite. Under optimal conditions, the Nig 4Cug 2ZNng 4Fe204/CMC/GONSs/
GCE offers a high performance toward the electrodetermination of OMP with the wide linear-range
responses (0.24-5 and 5-75 uM), lower detection limit (0.22 + 0.05 pM), high sensitivity (1.1543 pA pM~*
cm™?), long-term signal stability and reproducibility (RSD = 2.54%). It should be noted that the
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rsc.li/rsc-advances biological samples, indicating its feasibility for real analysis.

1. Introduction binds to the thiol groups of the gastric wall proton pump cell
(H'/K'-ATPase).>”* Due to the importance of measuring OMP as

Omeprazole (omP), {5-methoxy-2-[(4-methoxy-3,5- well as the widespread commercialization of OMP-containing

dimethylpyridin-2-yl) methanesulfinyl]-1H-benzimidazole}, drug formulations, a wide range of analytical techniques

a substituted benzimidazole compound, is one of the first including spectrophotometric,”*™** electrophoretic,**

proton pump inhibitors to reduce gastric acid secretion and the ~chromatographic®*™” and electroanalytical methods'*™** have
prevention and treatment of gastric, duodenal ulcers or gastric ~been reported to its evaluation. Spectroscopic and chromato-
reflux, as well as the treatment of infections caused by Heli- graphic methods to measure the OMP often require compli-
cobacter pylori (H. pylori).'® Also, a triple treatment regimen cated and tedious sample preparation, pretreatment processes,
with OMP, amoxicillin, and clarithromycin has also been widely ~ expensive materials, and advanced instruments.* While, the
used to eradicate H. pylori.*® In fact, OMP is a pro-drug that is electroanalytical methods (electrochemical sensors) are simple,
converted to an active sulfenamide intermediate at low pHs that ~ fast, cheap, accurate and minimal sample preparation, as well

as powerful and practical techniques for analyzing with high

selectivity, sensitivity, reproducibility, quick response time, and
“Electroanalytical Chemistry Laboratory, Department of Chemistry, Faculty of cheap instrumentation.?® Electrochemical sensors perfor-
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, . - the high required overpotential for the redox reaction of analyte
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molecules or ions. To illuminate these problems, the electrode
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its electroactivity, sensitivity, and selectivity.”® Nowadays,
nanomaterials as electrode materials are the most suitable
materials for electrode modifiers, which have great potential for
developing new devices and designing sensors with unique
capabilities.”” Nanomaterial-based electrochemical sensors
have great potential for enhancing electrical, physical, and
sensing performance, especially in terms of selectivity and
sensitivity.”® Hence, significantly and extensive researches on
the fabrication of functional electrode materials, along with
numerous electrochemical methods, are driving the widespread
application of electrochemical devices. Compared to other
nanoparticles, magnetic nanoparticles with the general formula
MFe,0,-type spinel nano ferrites (M = is a divalent cation such
as Fe, Co, Cu, Ni, etc.), a group of inorganic biomaterials, that
are the most well-known compounds in analytical biochemistry,
medicine, biotechnology and separation methods.> Due to
their good biocompatibility, good electrocatalytic properties,
low toxicity, and easy preparation, these nanoparticles have
received more attention in the preparation of sensors and
biosensors.?** Ferrites are the most promising compounds
among magnetic oxide complexes, which have complexes of
iron oxides with different crystalline structures. There are
currently several types of ferrites including spinel's ferrites,
hexagonal ferrites, garnets, and ortho ferrites. Among these
ferrites, spinel ferrites with hydrophilic nature are important
magnetic materials due to their outstanding magnetic and
electrical properties.*®>* One of the most essential spinel
ferrites that has a mixed spinel structure is the Ni-Cu-Zn nano-
crystalline ferrite. The nano-crystalline Ni-Cu-Zn ferrite is
employed in the construction of multilayer chip inductors,
information storage, biosensors, etc**. Ni-Cu-Zn ferrite is a soft
material that has low magnetic power, good magnetic proper-
ties, and high electrical resistance.’” Recently, much research
has been conducted to explore the properties of Ni-Cu-Zn
ferrite and develop its applications as a new nanocomposite.**>

The use of carbon nanomaterial composites such as gra-
phene oxide, reduced graphene oxide, carbon nanotubes
composites in the recent years have attracted much attention in
electrode modification processes due to their suitable proper-
ties such as high surface area, conductivity and stability. Also,
decrease of the required overpotential of the electrochemical
reactions is one of the catalytic properties of hybrids of carbon
nanomaterials.***** On the other hand, the application of gra-
phene oxide and graphene-based metal oxide nanocomposites
have been widely reported that improved the electrochemical
performance.”” Compared with reduced graphene oxide, gra-
phene oxide/metal oxide hybrid nanocomposites have con-
cerned plentiful attention due to the simple and accessible
synthesis method and also the synergistic effect between gra-
phene oxide and metal oxide provide distinctive properties that
make them suitable composites for various applications (such
as photocatalysts, chemical sensors and biosensors, bioimag-
ing, energy storage and conversion devices, lithium-ion
batteries, and fuel cells).” In addition to these, magnetic
nanoparticles are appropriate materials with graphene oxide
hybridization for utilization in electrochemical sensors.*>** As
mentioned in above, the utilization of magnetic nanoparticles

29932 | RSC Adv, 2023, 13, 29931-29943

View Article Online

Paper

as electrode surface modifiers has an increasing trend due to
the high charge transfer capacity that significantly increases the
electron transfer between the analyte and the electrode and
consequently improves the sensitivity of electrochemical
sensors.”*** Despite these advantages, the accumulation of
graphene oxide and magnetic nanostructures reduces their
efficiency.”*® Therefore, to solve this problem, these materials
must be dispersed in a porous substrate. Cellulose has all the
ideal properties required for sensors and biosensors due to its
properties such as inertia, stability and mechanical strength.
Cellulose and its derivatives such as carboxymethyl cellulose
(CMC) can be used both as membranes and components of
nanocomposites. It can also be used as a substrate for stabi-
lizing graphene oxide and ferrite nanoparticles (to prevent them
from accumulating on the electrode surface in electrochemical
sensors). Hence CMC could act as an excellent option for the
upgrade of magnetic nanoparticles composites.**"*

As far as we know, the utilization of nickel-copper-zinc
ferrite (Niy4Cu,,Zn, 4Fe,0,) nanocomposite for the determi-
nation of OMP (drug) has not been reported in the literature. In
this research, the Ni,4CuoZn,4Fe,0,/CMC/graphene oxide
nanosheets (GONs) modified glassy carbon electrode (GCE) as
an innovative electrochemical sensor, Niy,Cug,Zng Fe,0,/
CMC/GONSs/GCE, was designed to the determination of OMP.
The physicochemical characterization of Nij 4Cuy Zn, 4Fe,0,/
CMC/GONs was examined using spectroscopic and electro-
chemical techniques [such as scanning electron microscopy
(SEM), transmission electron microscopy (TEM), energy-
dispersive X-ray spectroscopy (EDX), X-ray diffraction (XRD)
and electrochemical impedance spectroscopy (EIS)]. Wonder-
fully, active sites and synergistic effects (between GONs, CMC
and Nig 4Cug ,Zn, 4Fe,0,) of the nanocomposite demonstrated
excellently outstanding electrocatalytic performance toward the
oxidation of OMP with high sensitivity, long-term stability,
desirable selectivity, wide concentration range, and low detec-
tion limit. Interestingly, the present developed sensor was able
to monitor the OMP concentration in the real samples (phar-
maceutical and biological samples).

2. Experimental

2.1. Materials and apparatus

A brief description of chemicals and reagents is presented in the
ESLT Electrochemical measurements were performed by
a conventional three-electrode glass cell with a modified glassy
carbon electrode (diameter: 3 mm), platinum wire (Pt) and Ag/
AgCl (3 M KCl), respectively as the working, auxiliary and
reference electrodes in a computer-controlled electrochemical
workstation [Autolab, Eco Chemie, Utrecht, the Netherlands
and data processing software (GPES, software version 4.7)] at
room temperature (20-25 °C). Morphological, surface compo-
sition and compositional information of the Nij ,Cug,Zng 4-
Fe,0,/CMC/GONs/GCE were investigated by scanning electron
microscopy equipped with X-ray energy dispersive spectroscopy
(Phenom prox) and transmission electron microscopy (Carl
Ziess AG-Zeiss EM900). X-ray powder diffraction analysis (XRD;
D8 Advance Brucker AXS, Karlsruhe, Germany, CukK,, radiation,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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) = 1.5406 A) was utilized to characterize the crystal structure of
the prepared nanocomposites.

2.2. One-step synthesis of the Ni, ,Cu, ,Zn, 4Fe,0,/CMC/
GONSs nanocomposite

An appropriate amount of CMC/GONs composite®® (ESI{) was
dispersed in deionized water and sonicated in an ultrasonic
bath and then stirred with a magnetic stirrer for 12 hours. Then
appropriate amounts of NiCl,-6H,0, CuCl,-6H,0, ZnCl,, and
FeCl;-6H,0 are weighed according to the desired stoichiometry
and dissolved in distilled water (as the subsection of 2.2) and
added to the dispersed CMC/GONSs and sonicated for 1 hour.*”
Then the solution of potassium hydroxide 1 mol L™ was
transferred drop by drop to a three-necked flask (in an ultra-
sonic bath (40 W) at a rate of 10 ml min~" at room temperature)
and the pH of the solution was adjusted to 10.5 with ammonia
solution.”"****  When the co-precipitation reaction was
completed, the sample was kept in a fixed place for 48 hours.
The contents of the tube were then centrifuged at 3900 r min "
for 5 minutes and repeated three times. The resulting product
was then washed three times with distilled water and dried at
70 °C in an oven for 16 hours. Finally, the product was calcined
for 2 hours at 800 °C and then sintered for 2 hours at 900 °C.
Other structures of ferrite including single and double metals
(M = Ni, Cu, and Zn); NiFe,0,, CuFe,0,, ZnFe,0, or Cu,s-
Niy 5Fe,04, CugsZngsFe,0, and Nij sZng sFe,0, were synthe-
sized with the same process by selecting of desired metal salts.

2.3. Preparation of real samples

To evaluate the performance of the Ni, 4Cug,Zn, 4Fe,0,/CMC/
GONSs/GCE for the electrodetermination of OMP in pharma-
ceutical tablets and biological samples; their preparation
sample procedures are given in detail in the ESI.{ Differential
pulse voltammetry (DPV) technique and standard addition
method were used to determine the OMP in real samples [three
times assay of each sample (n = 3)].

3. Results and discussion

3.1. Physicochemical characterization of the nanocomposite

Since the morphological and compositional properties of
materials play important roles in their physical and chemical
properties, the synthesized nanocomposites and modified
electrodes were characterized in detail by suitable methods.
Typical morphology of nanomaterials were characterized by
SEM and obtained results illustrated in Fig. 1 with two magni-
fications: [A (low), B (high)] GONs, [C (low), D (high)] CMC/
GONs, [E (low), F (high)] Niy 4Cu, ,Zn, 4Fe,0, and [G (low), H
(high)] Nig 4CugZn, 4Fe,0,/CMC/GONs. The captured images
of A and B exhibit a folding laminar structure with thin sheets
for the GONs. The morphology of CMC/GONSs (images C and D)
is flat and uneven with partially wrinkled structures. Images E
and F illustrated the surface morphology of the Ni, Cug,-
Zn, 4Fe,04. According to these pictures, it is observed that
Niy.4Cug,Zny 4Fe,0, nanoparticles are spherical and the
particle size distribution is uniform. Also, images G and H in
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Fig. 1 SEM images with two magnifications of synthesized materials:
[A (low), B (high)] GONSs, [C (low), D (high)] GONs/CMC, [E (low), F
(hlgh)] Ni0v4CUO_ZZﬂ0v4FEZO4, [G (low), H (hlgh)] Ni0v4CUO_zznov4FEZO4/
CMC/GONs and (l) the EDX spectrum of as-prepared Nig4Cug»-
Zno_4Fezo4/CMC/GONS.

Fig. 1, represents the obtained images for Niy 4Cup Zn, 4Fe,04/
CMC/GONSs in two magnifications. As can be seen from these
images, the accumulated particles are almost regular in shape
and the particle size distribution is relatively uniform.
Furthermore, the EDX spectrum of Ni, 4Cug Zn, 4Fe,0,/CMC/
GONs clearly reveals the presence of Cu, Ni, Zn, Fe, C, O,
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Fig. 2 Elemental mapping of the each atom in the Nig 4Cug 2ZNng 4Fe,04/CMC/GONS, last map is the distribution of all atoms.

and N elements in the sample (Fig. 1 spectrum I) which signifies
the successful synthesis of the Ni, 4Cu, ,Zn, 4Fe,0,/CMC/GONs
nanocomposite. The elemental maps were also recorded to
obtain further information about the element distribution of
the present atoms. The elemental mapping of the Nij 4Cug ,-
Zn, 4Fe,0,/CMC/GONs was carried out by EDX analysis and the
results were revealed in Fig. 2 which confirms the existence of
Fe, Cu, Zn, Ni, C and O atoms with uniform distribution in the
synthesized nanocomposite.

Fig. 3 (left) displays the TEM image of the Nij ,Cug,Zng 4-
Fe,0,/CMC/GONSs and reveals that particles are irregular, most
likely cubic in shape, and agglomerated. As can be seen from
Fig. 3, Niy4Cug,Zn, 4Fe,0,/CMC/GONs particle is polygonal,
with a size of less than 50 nm, but there are also a few particles
with larger size. It is considered that some particles grow
abnormally due to incomplete drying process and small amount
of water remaining, but most of the particles are normal in size,

proving that the prepared ferrite powder is nanoparticle and
nanocrystalline, Fig. 3 (right).

The XRD analysis was used to identify the crystal phase and
structural information of freshly prepared GONs, CMC/GONSs,
Nig 4CugZng 4Fe,04, and  Nig4Cug»Zng 4Fe,0,/CMC/GONSs
nanocomposite (Fig. S1f). In the XRD pattern of GONs
(pattern a), the peaks around 26 equal to 11.09 and 26.4 for
reflection (002) of GONs stacked with distances d equal to 6.76 A
and 3.39 A, respectively, much larger than natural graphite (3.34
A), which indicates the introduction of oxygen-containing
groups on GONs.* After loading the GONs with the CMC
matrix®®” (pattern b), the peak in the GONs almost disappeared
on 26 = 11.09, while other diffraction peaks were similar to the
peaks of pure GONs.*® The Ni, 4Cuy ,Zn, 4Fe,0, sample (pattern
¢) shows clear reflections, which can be assigned to (111), (220),
(311), (222), (400), (422), (511), and (440) planes that emphasize
the successful formation of Ni, ,Cuy,Zn, 4Fe,04 according to

Fig. 3 TEM images of the Nig4Cug 2ZNng 4Fe204/CMC/GONs nanocomposite with different magnification [left (low) and right (high)].
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previous research;*®** a single phase of Nig4Cug,Zng 4Fe,0,
with cubic spinel structure.®*”* On the other hand, no extra
lines corresponding to any other phases can be detected that
indicates the resulting spinel ferrite is relatively pure. In addi-
tion, Fig. S17 pattern d depicted the XRD pattern of the Nig 4-
Cug,Zng 4Fe,0,/CMC/GONs. It can be seen that almost all
diffraction peaks of Ni,,Cug,Zn, 4Fe,0, correspond to the
standard pattern of Nig4Cug,Zn, 4Fe,0, nanoparticles pre-
sented in the Niy 4Cug2Zn, 4Fe,0,/CMC/GONs nanocomposite
which indicates that the formation of nanocomposite and
presence of CMC and GONs has no effect on the crystal struc-
ture of ferrite.”

Electrochemical characterization of the prepared modified
electrode was followed as: electrochemical impedance spec-
troscopy (EIS) was used to evaluate the interface properties of
the modified electrodes compared to the unmodified electrode
towards a standard redox system; [Fe(CN)]* /[Fe(CN)s]*~ (5.0
mM) in 0.1 M KClI solution. As shown in Fig. 4A (Nyquist plots),
the charge transfer resistance (R.) is estimated to be 309.83,
235.03, 192.45, 176.08, and 128.32 Q.cm? for GCE, GONs/GCE,

®¢:Nig 4Cup2Zng 4Fer04 /CMC/GONs/GCE
®d:Nig.4Cuo2Zno 4Fe204/GCE A
600 1 0c:CMC/GONSIGCE ¢ ®4
» b: GONS/IGCE ¢
a:unmodified GCE~ ® c'.
450 - ® od
—_ [ ] L] b
g ° 1. 5
-~ . a
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L ]
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Fig. 4 (A) Nyquist plots of the unmodified GCE (a), GONs/GCE (b),

CMC/GONSs/GCE (c), Nig4Cug2Zng4Fe,0O4/GCE (d) and Nig4Cug -
Znp 4Fe;04/CMC/GONs/GCE (e) in 0.1 M KCl containing 5 mM
[Fe(CN)gl>/[Fe(CN)el*~ as the redox probe. (B) CVs of the same
electrodes in similar conditions.
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Table 1 The R value of different electrodes

Electrode Ry

Nig 4Cug ,Zn, 4Fe,0,/CMC/GONs/GCE 128.32
Niy.4Cuy.2Zng 4Fe,04/GCE 176.08
CMC/GONs/GCE 192.45
GONs/GCE 235.03
GCE 309.83

CMC/GONSs/GCE, Nigy4Cug,Zng 4Fe,0,/GCE and Nig4Cug -
Zn, ,Fe,0,/CMC/GONSs/GCE, respectively (as shown in Table 1).
According to the results, it can be seen that the Ni, ,Cug,-
Zn, 4Fe,0,/CMC/GONs/GCE shows a smaller distinct semi-
circular arc with a low R, value compared to other step-by-
step modified electrodes which indicates that the Nig ,Cug,-
Zn, 4Fe,0,/CMC/GONs can improves the charge-transfer
kinetics and implicates the excellent electrocatalytic activity of
the designed nanocomposite. Furthermore, the inset of Fig. 4B
displays the equivalent circuit model for Niy 4Cug »Zng 4Fe,04/
CMC/GONSs/GCE, which is consistent with the results of the
corresponding Nyquist plots and mirror electron shifting
characteristics [Fe(CN)]> /[Fe(CN)g]*~ redox probe.*

The electrochemical responses of the prepared electrodes in
redox probe solution, Fe(CN)g* /Fe(CN)s*~ (5.0 mM) and KCI
(0.1 M), were also recorded by the cyclic voltammetric method.
Fig. 4B shows the obtained cyclic voltammograms for GCE
(curve a), GONs/GCE (curve b), CMC/GONSs/GCE (curve c),
Nig 4CUg »Zn, 4Fe,04/GCE (curve d), and Nij 4Cug,Zng 4Fe,04/
CMC/GONSs/GCE (curve e). From these results, the real surface
area of the modified electrodes was determined based on the
plots of the acodic peak current versus square root of scan rate
(not shown here) and the Randles-Sevick formula (eqn (1)):"*7°

I, = 2.69 x 10°n*24C,D"v'" (1)

In eqn (1), I, 1, A, C, D, and V are the anodic peak current, the
number of electrons in the reaction (n = 1), electrochemical real
surface area, electroactive species concentration (5.0 mM), the
diffusion coefficient of [Fe(CN)e]> /[Fe(CN)q]*~ (7.6 x 10 °® cm?
s7),”>”” and the scan rate, respectively. Based on the calcula-
tion, the real surface areas were found as: 0.023, 0.048, 0.083,
0.284, and 0.686 cm? for GCE, GONs/GCE, CMC/GONs/GCE,
Nig 4CUo»Zng 4Fe,0,/GCE, and  Nig4CugZn, 4Fe,0,/CMC/
GONSs/GCE, respectively.

3.2. Electrocatalysis performance of the
Niy_4Cug »Zn, 4Fe,0,/CMC/GONs/GCE towards OMP oxidation

In order to evaluate the electrocatalysis performance of the
Niy_4Cug »Zn, 4Fe,0,/CMC/GONs/GCE towards the oxidation of
OMP, the cyclic voltammetric method was utilized in phosphate
buffer solution (PBS, pH = 6.0) at the potential window from
300 to 1100 mV s~ vs. Ag/AgCl in the presence of OMP (25 uM)
with a fixed scan rate at 100 mVs ~'. The obtained results in
these condition at the unmodified GCE, GONs/GCE, CMC/
GONSs/GCE, Ni, 4Cug.,Zn, 4Fe,0,/GCE and Ni, 4Cug.,Zn, 4Fe,-
0,/CMC/GONSs/GCE were shown in Fig. 5A. As shown, at the
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Fig. 5 (A) CVs and (B) DPVs of the OMP at different electrodes:
unmodified GCE (a), GONs/GCE (b), CMC/GONs/GCE (c), and Nig 4-
CUO_ZZno_4Fezo4/GCE (d), and NiOV4CUO_ZZno_4Fezo4/CMC/GONS/GCE
(e). Cyclic voltammetric conditions: scan rate of 100 mVs™ for 25 uM
OMP in pH 6.0 PBS (0.1 M). DPV conditions: pulse amplitude 0.05 V,
scan rate 0.025V s~*and pulse time 0.04 s for 4 uM OMP in pH 6.0 PBS
phosphate buffer (0.1 M).

unmodified GCE (curve a), a very low redox current signal for
OMP oxidation was obtained (I, = 0.95 pA, E, = 0.898 V). While
others electrodes show high oxidation peaks: GONs/GCE (I, =
4.15 pA, E, = 0.844 V), CMC/GONSs/GCE (Ip =6.23 uA, E, =0.813
V), Nig 4Cug 2Zng 4Fe,04/GCE (I, = 7.73 pA, E, = 0.797 V), and
Nio.4Cug,Zn, 4Fe,0,/CMC/GONS/GCE (I, = 11.24 pA, E, = 0.787
V). As depicted in Fig. 5A, the Ni, 4,Cug»Zn, 4Fe,0,/CMC/GONs/
GCE (curve e) gives a well-defined peak for OMP oxidation with
highest peak current and lower potential compared to all the
modified GCEs.

These results indicate that the electrooxidation process of
OMP at the Niy,Cug,Zn, ,Fe,0,/CMC/GONs/GCE surface is
significantly increases due to the simultaneous presence of the
GONs, CMC and ferrite nanoparticles in the nanocomposite,
which has good conductivity from that of GONs, high specific
surface area from that of CMC and ferrite and synergistic
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contributions of CMC, GON and Ni,4Cug,Zn, 4Fe,0, which
increase the electrocatalytic performances of the Ni,,Cug,-
Zn, 4Fe,0,/CMC/GONs/GCE. On the other hand, high electro-
catalysis activity of the Niy4Cug,Zn, 4Fe,0,/CMC/GONs/GCE
may be attributable to the synergistic effects of these compo-
nents, the effective interaction of Ni,,Cu,,Zn,Fe,O, nano-
particles with OMP molecules™ on the electrode surface and the
catalytic effect of the nanocomposite, Nij4Cug,ZnFe,0,/
CMC/GONSs/GCE (Fig. 3A curve a) in analogy with CMC/GONs/
GCE (Fig. 5A curve c).** Actually, the excellent increase in the
anodic peak current and decrease in the peak potential of OMP
oxidation implies that the modified Ni, 4Cu, ,Zn, 4Fe,0,/CMC/
GONS/GCE accelerates the rate of electron transfer reaction.
Finally, as can be seen, no cathodic peak is observed for OMP
electroreaction during the reverse scan, it can be concluded that
the electrochemical reaction of OMP at the Ni, ,Cug,Zn, sFe,-
0,/CMC/GONSs/GCE is totally irreversible based on scientific
findings.”

Also, the DPVs were recorded in 4 uM OMP on the surface of
unmodified GCE, GONs/GCE, CMC/GONS/GCE, Ni, ,Cug -
Zn, 4Fe,0,/GCE and Ni, 4Cug ,Zn, 4Fe,0,/CMC/GONs/GCE and
shown in Fig. 5B. As can be seen, at the surface of unmodified
GCE, in the scanning potential window of 0.6 to 1.0 V, a very
weak and broad anodic peak current (curve a) was observed for
OMP oxidation due to slow electron transfer.* In addition, the
peak current of OMP electrooxidation improved at the GONs/
GCE (curve b) and significantly increased at the surface of the
CMC/GONSs/GCE (curve c). The Ni, ,Cug ,Zn, 4Fe,0,/GCE shows
a noteworthy high current for OMP oxidation (curve d). While,
at the Ni, ,Cug,Zn, 4Fe,0,/CMC/GONSs/GCE (curve e) for OMP
oxidation, a clear and sharp oxidation peak with the highest
peak current is observed, which indicates an improvement in
sensitivity in the determination process of OMP due to the
excellent electronic conductivity of the nanocomposite and the
high electroactive surface of the Ni,,Cuy,Zn, 4Fe,0,/CMC/
GONS/GCE. As can be seen, the DPVs results are in good
agreement with the results of the cyclic voltammetric method.

3.3. Optimization of various experimental factors

Some important and key factors on the reaction rate and signal
intensity including the amount and chemical structure of
modifier, effect of pH, scan rate and accumulation time in the
electrocatalysis process were studied and optimized.**** Since
the amount of modifier plays an essential role in OMP electro-
catalysis, different amounts of modifier were examined by
linear sweep voltammetry (LSV) method in the electrode
modification process (0.5 mg ml™" to 3 mg ml ™) (Fig. 6A). The
results (inset of Fig. 6A) show that the modified electrode with
1 mg ml~" of modifier provides a significant high current signal
compared to higher modifier values, while a further increase of
the modifier reduces peak current. This behavior may be
attributed to the fact that amounts higher than 1 mg ml~" cause
roughness on the surface, resulting in flattened noses and
reduced sensitivity. Hence, the amount of 1 mg ml™" was
chosen as the optimal value for subsequent experimental tests
in OMP electrocatalysis.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (A) LSVs of the Nig4Cup2Zng4Fe,04/CMC/GONs/GCE  at
various amounts of modifier in PBS (0.1 M, pH 6.0) in a solution con-
taining 25 uM OMP (inset is I, vs. amount of modifier). (B) CVs of the
OMP at different electrodes: CMC/GONs/GCE (a), ZnFe,O,4/CMC/
GONSs/GCE (b), NiFe,04/CMC/GONs/GCE (c), CuFe,O4/CMC/GONs/
GCE (d) and CugsZnosFe>04/GCE (e), NigsZngsFe,O4/GCE (f) and
Nig5Cug sFe,04/CMC/GONs/GCE (e). Cyclic voltammetric conditions:
scan rate of 100 mV s~ for 25 uM OMP in pH 6.0 PBS (0.1 M).

The chemical structure of synthesized ferrite nanoparticles
as a part of nanocomposite modifier can also affect the signal of
OMP electrooxidation due to the synergistic contribution of
metals. Therefore, in order to study of effect of each metal in the
ferrite structure on the electrocatalysis activity, different struc-
tures of ferrite including single, double, and triple metals (M =
Ni, Cu and Zn) involved in ferrite components were synthesized
and used as modifier in the OMP oxidation. The obtained cyclic
voltammograms related to different nanocomposite modifiers
are shown in Fig. 6B. As seen before (Fig. 5 curve c), the vol-
tammogram related to CMC/GONs/GCE shows a very weak
electrocatalysis response to the OMP oxidation with lowest peak
current value. Comparing this voltammogram with the vol-
tammograms of Fig. 6B shows that by adding the ferrite nano-
particles to the CMC/GONSs system, the peak current value of the
OMP oxidation increases, which indicates its positive effect on
the anodic peak current. The plot of ZnFe,0,/CMC/GONs/GCE
gave approximately 2 times higher peak current values than
the CMC/GONSs/GCE at the same concentration of OMP. It was
also observed that the modifier containing NiFe,0,/CMC/

© 2023 The Author(s). Published by the Royal Society of Chemistry
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GONs/GCE showed approximately 3 times the peak current
values, while the nanocomposite containing CuFe,O,/CMC/
GONs/GCE showed approximately 4 times the peak current
values. Also, the voltammograms of double ferrites; Cu, s-
Zn, sFe,0,/CMC/GONs/GCE and Ni, 5Zn, ;Fe,0,/CMC/GONSs/
GCE were examined. Of these two the CugsZng sFe,0,/CMC/
GONSs/GCE shows high electrocatalysis activity. Finally, the
triple metal ferrites; Niy4Cug,Zn,Fe,0,4, show the highest
peak current in the OMP oxidation due to the synergistic
contribution of metals.

Another effective parameter that must be optimized is the
pH of the solution in the electrooxidation of OMP. For this
purpose, the effect of pH on the oxidation of OMP at the Nij 4-
Cup »Zn, 4Fe,0,/CMC/GONs/GCE was studied by CV technique
for 10 ml 0.1 M PBS containing 25 pM OMP with different pH
values in the range of 3.0 to 9.0 (Fig. S2}) at the scan rate of
100 mV s '. The results illustrated that the pH value affects
both the peak current and peak potential of OMP oxidation. As
can be seen, the anodic peak current increased with the pH
change (inset A) from 3.0 to 6.0 and then decreased (in pH from
pH 7.0 to 9.0). Also, the oxidation peak potential of OMP shifts
to a negative potential with increasing pH under a regression
equation of Ep,(V) = —0.0529 pH + 1.1388 (R*> = 0.9923). The
peak potential diagram in terms of pH can be seen in inset B of
Fig. S2.7 As shown, the slope of the peak potential changes is
0.0529 V pH ' (obtained as a function of the pH of the solu-
tion), which is close to the slope of the Nernst equation.>**>
Therefore, we can deduce that the number of electrons and
protons involved in the oxidation reaction are equal. Based on
the obtained results and according to the literature reported for
OMP oxidation, the suggested electrooxidation mechanism of
OMP can be expressed as Scheme S2,T in which the number of
electrons and protons is 1.*"*>%%# From the chemical point,
OMP is a weak lipophilic base with pK,; = 4.2 and pK,, =9 and
decomposes unless protected against acidic conditions.®>*¢
Based on the values of pK, for OMP, at the pHs lower than the
PKai, due to the protonation of OMP molecule, its oxidation
process may be more difficult and therefore the current should
increase with increasing pH around its pK,;. At pH values above
9.0, the slope changes and the peak potential is independent of
pH. Due to the propinquity of the intersection point of the curve
to the pK,, value of benzimidazole moiety present in the OMP
molecule (about 8.6), it is assumed that the oxidation of OMP is
related to the removal of a proton from the imidazole part of the
OMP molecule in the oxidation of this molecule.®” This result is
consistent with the electrochemical oxidation mechanism of
OMP that shown in Scheme S21.2*** On the other hand, the
electrochemical oxidation mechanism of OMP involves the
removal of an electron and the formation of an intermediate
cation radical. Then deprotonation occurs, after which the
radical cation reacts with water molecules and finally leads to
the production of an irreversible hydroxylated product.*®* Due
to the excellent response of the obtained sensor in buffer
solution at pH = 6.0, OMP oxidation has the best and highest
signal at pH = 6.0, this pH was used in subsequent experiments
which is favorable for determining the OMP in real biological
conditions.
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To obtain more detailed information about the kinetic and
the nature of the OMP electrooxidation process at the Nij 4-
Cuy,Zn, 4Fe,0,/CMC/GONs/GCE, the effect of the potential
sweep rate by employing the several scan rates from 10-120
mvVs ' on the peak current response was evaluated by CV
analysis in the 0.1 M PBS (pH = 6.0) and 25 uM of OMP
(Fig. S31). As can be seen from Fig. S3,T the analysis of anodic
peak current in terms of scan rate (inset A) shows a linear
relationship between peak current (Ip) and scan rate (v) with
linear equation; I (MA) = 0.9789 + 0.1134v (v in mV s~ '), (R* =
0.9903), which indicates that the electrode reaction process is
an adsorption-controlled process.>* Also, by plotting the log
peak current (I,) in terms of the log of scan rate (inset B),
a linear graph was obtained with a slope of 0.8919 [log I, (LA) =
0.8919logv (mV s ') — 0.687 (R* = 0.9955)]. The obtained value
is theoretically close to 1.0 for reactions that are classified as
adsorption-controlled processes.>>

Furthermore, based on the theory of Laviron for an irre-
versible electrode process and the E-Log » plot (Fig. S47), and
following equation (eqn (2)),°* the catalytic rate constant (k)
and the values of electron transfer coefficients () of OMP
electrooxidation were calculated at the Niy4Cug,Zng 4Fe,0,/
CMC/GONSs/GCE.

o 2.303RT RTk; 2.303RT
E,=E +( )log( )—0—( >logv 2

o, F o, F o, F

where n, F, R, T and other symbols have their conventional and
usual meanings. By using the Laviron equation, the o, and K;
(catalytic constant) were calculated to be about 0.47 and 1.31
s, respectively.

Optimization of accumulation time is very important in
conditions where the proposed reaction mechanism is the
adsorption process. Because, this factor can affect the amount
of OMP accumulated on the modified electrode surface. Fig. S51
depicts the diagram of the anodic peak current in terms of the
accumulation time for the 4 yM OMP solution under optimal
conditions in the range of 10-70 s by DPV technique, where
a linear relationship between anodic peak current and time was
observed. The I, value increased rapidly with increasing pre-
concentration time and reached an uppermost value at 50 s,
while the peak current remained constant with a further
increase in accumulation time. Therefore, in the following
experiments, the optimal accumulation time was selected as
50 s.

3.4. Electrochemical determination of OMP

Due to various advantages; higher current sensitivity, lower
background currents, better performance and more acceptable
peak resolutions, the DPV technique was used to quantitate the
OMP by the proposed electrode; Ni,,Cug,Zng 4Fe,04/CMC/
GONSs/GCE. To achieve the working range of newly designed
sensor; Nig 4Cug ,Zn, 4Fe,0,/CMC/GONs/GCE, the correspond-
ing DPV profiles at different concentrations of OMP were
recorded under optimized conditions (0.1 M PBS at pH = 6.0).
Fig. 7 shows DPVs grams of the OMP in different concentration
ranges.
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Fig.7 DPVs of Nig 4Cug 2ZNng 4Fe204/CMC/GONs/GCE in the absence
(blank solution) and presence of 0.24-75 uyM OMP in 0.1 M PBS
phosphate buffer (pH = 6.0). Inset: the related linear relationships
between the I, and OMP concentrations (calibration curve) in the
ranges of 0.24-5 and 5-75 uM.

The linear response were obtained for the OMP in the ranges
of 0.24-5 pM and 5-75 pM with linear equations: I, = 1.1543
[OMP] + 0.3575 and I,, = 0.0448 [OMP] + 5.6177 and correlation
coefficient of R> = 0.9953 and R> = 0.9978 (inset), respectively.
The calculated limit of detection (LOD) and limit of quantita-
tion (LOQ) (LOD = 3S m™ ' and LOQ = 10S m ', where S =
standard deviation and m = slope of the calibration curve)®* are
0.22 £+ 0.05 uM and 0.73 £ 0.05 uM, respectively, suggesting that
the proposed sensor can detect the low concentrations of OMP.
In summary, the comparison of the results obtained from the
present designed sensor with other OMP electrochemical
sensors reported in the literature shows that the strategy
applied in this study in terms of detection limit and dynamic
range is well comparable with previous reports or better than
the provided methods (as clearly shown in Table 2). The results
show the high and acceptable performance of the present
sensor for the determination of OMP by the DPV method.

3.5. Interference studies

Anti-interference capability is one of the important indicators to
evaluate the practical application of a sensor. In interference
study, the interferer species are usually selected that have
oxidation or reduction behavior near to the main analyte or
presented in the analyte matrix (real samples). Therefore, the
responses of the Nig,Cug,Zn,4Fe,0,/CMC/GONs/GCE was
investigated for the some selected interferences in determina-
tion of 4 uM OMP on behalf of common mineral ions (K', Na*,
Zn>*, Mg”", Ca>", Fe** and Cu”*) and also biological compounds
(glucose, sucrose, ascorbic acid, citric acid, and uric acid) with
a 10-folds concentrations higher than OMP under optimal
experimental conditions (0.1 M PBS, pH = 6) and measured
peak currents in DPV technique shown in Fig. S6.1 According to
the results, it is obvious that there is no noticeable and signif-
icant change in the OMP signal, which indicates that the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Comparison of analytical parameters of OMP determination at the Nig4Cug2Zng 4Fe,04/CMC/GONs/GCE with other modified

electrodes”

Electrode Method Linear range (uM) LOD (uM) Sample Ref.
Mercury electrode DPV 0.07-300 0.02 Drug, serum 13
Nig 5Zng sFe,0,/Gr/GCE DPV 0.02-1.4 0.13 Drug, serum 22
BDDE DPV 2.3-14 0.91 Urine, drug 23
Mercapto-NP-F-CPE DPV 0.00025-25.0 0.095 Urine, plasma, water, drug 83
EPG SWV 0.11-100 0.019 Drug, serum 87
CuO NPs/CPE ALSV 0.1-2 0.013 Drug, serum 91
CPE SWV 0.2-50 0.025 Drug 93
GCE DPV 2.9-58 0.55 Drug 94
S-MWCNTs-Fe;0,/PPDA/GCE LSV 0.05-9.0 0.015 Urine, plasma, water, drug 95
NiOxNPs/GCE AP 4.5-120 0.4 Drug 96
Poly (alizarin)/GCE DPV 400-1000 0.715 Drug 97
DME DPP 0.1-1 0.7 Drug, serum 98
Chit-S@gC;N,/GCE DPV 0.6-260 0.02 Drug, serum, urine 99
Nig 4Cug »Zng 4Fe,0,/CMC/GONs/GCE DPV 0.24-5 5-75 0.22 Drug, serum This work

“ LOD: detection of limit; DPV: differential pulse voltammetry; SWV: square wave voltammetry; DPP: differential pulse polarography; AP:
amperometry; LSV: linear sweep voltammograms; GCE: glass carbon electrode; CPE: carbon paste electrode; BDDE: boron-doped diamond
electrode; DME: dropping mercury electrode; EPG: edge-plane pyrolytic graphite electrode; NiOxNPs: nickel oxide nanoparticles.

Table 3 Results of recovery test of OMP in real samples (n = 3)

No. Added (uM) Found (uM)  Recovery (%) RSD%
Human serum 0.00 Not detected — —
2 2.01 100.50 2.88
5 4.98 99.60 3.15
10 9.88 98.80 3.36
Omeprazol tablet  0.00 19.36 — 3.05
2 21.16 99.06 3.42
3 22.43 100.31 2.65
4 22.95 98.24 3.13

proposed sensor is selective and suitable for determining OMP
in complicated matrices.

3.6. Analytical applications of the Niy 4Cuy ,Zn, Fe,0,/
CMC/GONS/GCE in real samples

To evaluate the analytical and actual application of the newly
designed sensor, OMP was determined in real samples (tablet
and human serum) under optimal conditions by DPV tech-
nique, and the obtained results are listed in Table 3. The sample
preparation of the real samples was described in the experi-
mental section (ESIT). The obtained recovery range values of the
human blood serum (98.80-100.50%) and tablet samples
(98.24-100.31%) with low RSDs (2.88% for human blood serum
and 2.65% for tablet samples) are acceptable. Therefore, it can
be concluded that the proposed nanocomposite-modified elec-
trode has significant potential that can be used to detect the
OMP in real samples with a good recovery range.

4. Conclusion

This work summarizes the synthesis of Ni,,Cug,Zng 4Fe,0,4/
CMC/GONs nanocomposite through a one-step, sustainable
and rapid method. The synthesized nanocomposite was

© 2023 The Author(s). Published by the Royal Society of Chemistry

characterized by different suitable techniques including SEM,
TEM, XRD, EDX and EIS. In the next step, the GCE was modified
by the obtained nanocomposite, Ni,,Cuy,Zn, 4Fe,04/CMC/
GONs/GCE, and then was used to the electrooxidation of
OMP. The results show that the obtained modified electrode
has excellent electrocatalytic activity for OMP oxidation in low
positive potential (0.797 V) due to more active sites, large
surface area, high conductivity, synergistic effects and fast
electron transfer. The experimentally results display that the
newly designed sensor has excellent analytical performance for
OMP detection; wide working range (0.24-5 and 5-75 pM), low
LOD (0.22 £+ 0.05 uM) and LOQ (0.73 %+ 0.05 uM), good sensi-
tivity (1.1543 pA pM~ " cm™?), long-term stability, acceptable
selectivity, and high reproducibility. The use of the designed
sensor to determination of OMP in real samples such as human
blood serum and OMP tablets demonstrates that its appreciable
sensing potential in complex matrices. So, the prepared sensor
could certainly be a promising candidate for a wide range of
electrochemical and bioassay applications.
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