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ABSTRACT

A new highly sensitive sensor was prepared for metronidazole (MNZ) employing single-walled carbon nanotube (SWCNT) and
1-butyl-3-methylimidazolium tetrafluoroborate as ionic liquid (IL). The utilization of IL as a binder in the paste increased the
response of the electrode. The performance of the obtained carbon paste electrode was examined by differential pulse
voltammetry. Various factors like electrode composition, types of supporting electrolyte, pH, stirring rate, scan rate were studied
and optimized. The modified sensor demonstrated high recognition ability and sensitivity for MNZ when compared with the
unmodified sensor. Moreover, the sensor also demonstrated good stability and acceptable reproducibility for the determination
of MNZ. In the optimum experimental conditions, the current response of the electrochemical sensor studied for metronidazole
solution and linearity was obtained in the range of 5.00 X 10°t0 5.00 X 10° mg L™, with a detection limit of 1.238 X 10° mg L. The
method was successfully used for the analysis of MNZ in the milk and egg samples with acceptable recoveries of 90.33-108.0 %.
In addition, the non-covalent interactions of the metronidazole with the SWCNT were investigated employing the density

functional theory (DFT) method.
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1. Introduction

Metronidazole (MNZ) is a commonly used antibiotic for the
treatment of bacterial infections in humans and pets.' Determi-
nation of low amounts of MNZ is important in food and drug
industries due to highly harmful effects of MNZ on human
health. The chemical structure of metronidazole is similar to
nitrobenzene. Metronidazole nitro group is reduced in a single
four-electron step to an amino group in the absence of dissolved
oxygen.” Several methods have been reported for determining
metronidazole, including various instrumental techniques such
as chromatography,”® spectrophotometry,”™ fluorescence in
addition to different electrochemical methods.""® Electrochemi-
cal methods are widely employed in analytical chemistry to
determine pharmaceuticals”*' due to the fast and easy prepara-
tion process, low cost, quick and reliable response. On the other
hand, the feasibility of miniaturization and high sensitivity
toward trace amount of analytes are other advantages of electro-
chemical methods. Furthermore, electrochemical methods could
be applied in non-aqueous medium, it is not time-consuming and
heating or extraction processes are not required either.

Working electrodes like Ion selective electrodes (ISEs) have a
fundamental role in electrochemical methods. One type of ISEs,
sensors based on PVC have been used for the determination of
drug®, cations®™ and anions®*?¥ with different ligands like
crown ether®*, porphyrin”** according to Gupta et al.

Carbon paste electrodes (CPEs) are another type of ISEs that

* To whom correspondence should be addressed. E-mail: ebrachem2007 @ yahoo.com

are used as working electrodes in electrochemical methods in
recent decades*™. CPEs are prepared from graphite powder
and organic liquid like paraffin. CPEs are commonly used elec-
trodes in laboratories owing to their affordability, the simplicity
of fabrication and renewal surface. In addition, reproducibility
and high sensitivity for recognition and particularly their very
low background current are other advantages of CPEs.** CPEs
are applied as indicator electrodes in potentiometry and as
working electrodes in voltammetry methods. Interestingly,
carbon nanotubes (CNTs)® have been applied in the past two
decades due to their extreme mechanical strength, physical and
chemical properties, high surface to area ratio, and excellent
electrical conductivity properties. The conductivity property of
CNTs has led to the application of CNTs in CPEs matrixes.
Single-walled carbon nanotube (SWCNT) is one of the famous
CNTs chemical structures that are applied in modified electro-
chemical sensors and biosensors.” Nowadays, Ionic Liquids
(ILs) are employed in the composition of modified electrode
matrix instead of organic liquids in electrochemical sensors
structure.”® ILs have advantages like wide electrochemical
windows, high chemical and thermal stability in addition to
high ionic conductivity.

Recently, Karimi-Maleh et al. applied the combination of
nanomaterial and IL that led to significant increase in sensor
response to the analyte and its selectivity.®®

In this study, we applied the SWCNT-IL nano composite as a
modifier for the carbon paste electrode based on the specific
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interaction of SWCNT with 1-butyl-3-methylimidazolium
tetrafluoroborate as IL and their special properties for the first
time. The difference between this study and other recent similar
studies the utilization of IL instead of paraffin oil with SWCNT
and graphite powder without additional modifiers like types of
ionophore which enhanced the sensitivity, long-time stability,
low detection limit and suitable reproducibility. This modified
electrode could measure MNZ in sub-ppb level with high sensi-
tivity when compared with other similar methods. Due to the
increasing use of nanotechnology, investigations on the mecha-
nism of nanoparticles operation is of great importance.”” In
many cases, the covalent and non-covalent interactions of various
molecules with the carbon nanotubes have been investi-
gated.”"” In addition to what has been earlier mentioned,
non-covalent interactions of the MNZ with the SWCNT have
been examined using the Density Functional Theory (DFT) ap-
proach that confirms the suitable orientation of drug interaction
with the nanomaterial.

These results provide a new window for utilizing novel
nanocomposite as identification element and sensitivity tool for
determination of drugs and cations in the food industry or various
media and investigation of theoretical calculations for the confir-
mation experimental work.

2. Materials and Procedures

2.1. Reagents and Apparatus

Metronidazole (Fig. 1a) was purchased from Aladdin Reagent
Company (Shanghai, China). SWCNTs and MWCNTs were
obtained from Tehran Research Institute of Petroleum Industry
with the mean diameter of 10-15 nm for MWCNTs and 1-2 nm
for SWCNTs, the length of 50-100 nm and the purity of >95 % for
both of them. Graphite powder was provided from Lobachemi
(Mumbai, India). The room temperature IL, 1-butyl-3-methy-
limidazolium tetrafluoroborate ([BMIM][BF,]) (Fig. 1b) was
acquired from Spectrochem. Milk and egg samples were provided
from the local supermarket. Aqueous solutions were prepared
with double distilled water. Other chemicals were analytical
grade prepared from Merck. All chemicals of the present study
were of analytical reagent grade and used directly without any
purification.

Electrochemical measurements were performed on a three-
electrode system using the Metrohm model 797 VA Computrace
polarography (Herisau, Switzerland). A platinum wire and an
Ag/AgCl electrode (saturated KCI) were used as the counter
and reference electrodes, respectively. Modified carbon paste
sensors were applied as a working electrode. The cell was a

« o

one-section cell with an internal volume of 20 mL. All experi-
ments were usually directed at room temperature. Differential
pulse voltammetry was applied for the determination of MNZ
under the optimized conditions (pulse amplitude/90 mV; pulse
time/40 ms). A Metrohm model 780 pH-meter (Herisau, Switzer-
land) with a combined glass electrode was utilized for pH
controlling, and solutions stirred with a Heidolph type of stirrer
(MR 2000, Kelheim, Germany).

2.2. Computational Details

In order to study the direction of binding of MNZ with
SWCNT, all calculations reported in this study were obtained by
applying the gradient-corrected DFT method with the M06-2X
functional” as implemented in the Gaussian 03 program pack-
age.”® Geometries of the investigated species were fully optimized
at 6-31+G (d, p) basis sets. The optimized geometries were
confirmed to have noimaginary frequency of the Hessian. Mole-
cules of the solvent have a considerable effect on the stability
and reactivity of the chemical compounds, which also affect the
kinetics and mechanism of the reactions. In this study, the
Polarizable-Continuum Model (PCM)” was utilized to investigate
solute—solvent interactions in aqueous solution. The frequency
calculations were carried out on the optimized geometries of the
metronidazole drug beside SWCNT to consider the zero-point
energy in the evaluation of the electronic energies. The armchair
(5, 5) SWCNT was employed to investigate the interaction
between SWCNT and metronidazole drug.

2.3. Preparation of Sensors

The unmodified CPE was prepared by thoroughly mixing of
analytical grade graphite powder and paraffin oil, in 80:20 /
(w/w, %) ratio. The modified CPE (SWCNT-IL/CPE) was pre-
pared by mixing different percentages of graphite powder, IL,
and SWCNT. The mixture was blended in a mortar for about
10 min to become homogeneous. The paste was put into an end
of a Teflon holder in which electrical contact was constructed
with a copper rod that runs through the center of the electrode
body. The electrode surface was polished with 0.3 um ALO, then
rinsed with deionized water to produce reproducible working
surface.

The electrochemical behaviour of metronidazole at these differ-
ent electrodes was investigated using differential pulse voltam-
metry (DPV) technique (Table 1). Best results were obtained at
76:20:4 / (wW/w, %) ratio of graphite powder, IL, and SWCNT This
optimized electrode composition was then applied to the
voltammetry determination of metronidazole in food samples.

Figure 1 (a) Optimized structure of Metronidazole (MNZ). (b) Structure of 1-butyl-3-methylimidazolium tetrafluroborate [BMIM*][BF -].
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Table 1 Optimization of composition of carbon paste electrode (n = 5).

Electrode no.

Composition of carbon paste /wt %

I % Error

Binder Graphite powder CNT /uAin 0.001 mg L™
1 Paraffin oil 15 85 SWCNT 0 0.393 24
2 Paraffin oil 20 80 SWCNT 0 0.954 3.2
3 Paraffin oil 25 75 SWCNT 0 0.867 2.7
4 Paraffin oil 20 79 SWCNT 1 0.750 1.0
5 Paraffin oil 20 78 SWCNT 2 0.792 2.1
6 Paraffin oil 20 77 SWCNT 3 1.041 19
7 Paraffin oil 20 76 SWCNT 4 1.329 4.5
8 Paraffin oil 20 75 SWCNT 5 1.107 2.3
9 Ionic liquid 20 76 SWCNT 4 7.970 4.6
10 Tonic liquid 20 76 MWCNT 4 7.510 37

2.4. General Analytical Procedure

The pH 7.0 Britton-Robinson (B-R) buffer solution was applied
as the supporting electrolyte in the experiment. The electrolyte
solution was purged with nitrogen for nearly 10 min and
retained under the nitrogen atmosphere during the measure-
ments. The modified electrode was immersed in the sample
solution containing an appropriate concentration of MNZ and
after stirring for 30 s, DPV curves were recorded from -1.0 to
—-0.5 V. The MNZ reduction peak currents were measured at
-0.7 = 0.05 V. The pulse amplitude, pulse width and pulse
period were 0.4 s, 50 mV and 0.05 s, respectively. A cleaning-up
procedure in ensuring repeatability of the measurements was
followed by a cleaning-up step in supporting electrolyte for at
least 10 min. The cleaning/renewing steps were applied between
each measurement. Thus, by applying the cleaning-up step and
correcting for background currents the background current was
about zero in working range.

According to previous works done by researchers, one irre-
versible peak observed at about 0.7V by CV method in both
Peng et al.* and L et al.’s* works. This peak is related to the
catalytic reduction nitro group as explained in the following
(cf. Scheme 1). Peng et al. reduced metronidazole by using
graphene and ionic liquid composite film modified electrode
and Li et al. applied MWCNT-film coated glassy carbon elec-
trode for reduction of metronidazole. In both works observed
reduction peak in about —0.7 in 7-9 pH. Our goal was quantita-
tive analysis and determination of trace amounts of drug that
applied DPV method. For this reason CV study not investigated
and we rely on their results.

Furthermore, theoretical calculation by DFT method conforms
interaction drug with SWNT through NO, group in metronidazole
is the most appropriate orientation that explained in the next
section.

3. Results and Discussion
3.1. Optimization of Parameters for Metronidazole Detection

3.1.1. Optimization of Electrode Composition
SWCNT-IL/CPE composition optimization was performed

N N
)l\ | + 4 + 4H —> )'\ |
H,C T NO, H,C T

CH,CH,OH

with one-parameter-at-a-time in the constant conditions of
voltammetry determination, so that the sum of all the materials
is 0.1 g. For optimization purposes, initially, the bare CPE elec-
trodes were prepared with different amounts of graphite and
paraffin and without SWCNT. The resulted electrodes in each
case were applied to determine metronidazole. The obtained
results indicated that the maximum response for the modified
sensor is in the amount of paraffin to graphite at the ratio of
0.020/0.080 g, respectively. At first, increasing amount of graph-
ite in CPE electrode increased the electrode response probably
because of high electron transferring capability of graphite.
Spectroscopic grade graphite with extremely porous media
caused high charging currents due to decrease of the signal-to-
noise ratio in electroanalytical measurements.® The amount of
the pasting liquid has a great impact on the response. Higher
amounts of the pasting liquid decrease electron transfer rates
and led to background current contributions.* The presence of
higher amounts of binder (paraffin more than 0.020 g) in the CPE
electrode structure led to a decrease in electrode response due to
the decrease of electrode surface conductivity which was the
result of the insulting effect of the binder. The influence of the
amount of SWCNTs on the current peak has been examined in
the range of (0.001-0.005 g) and 0.004 g was obtained as the opti-
mum amount for the present study due to providing more
recognition sites on the electrode surface. Enhancing the
amount of SWCNT in the SWCNT-CPE modified electrode
might increase the sensor response. However, increasing the
SWCNT amount more than 0.004 g led to a decrease in the modi-
fied sensor response. This phenomenon might be the result of
electrode surface saturation. By changing the type of binder
from paraffin to ionic liquid, the sensor response was increased
approximately 8 times. Finally, by changing the type of CNT
from SWCNT to multi-walled carbon nanotube (MWCNT)
caused a decrease in the current response (Table 1). Figure 2
shows DP voltammograms of 1.00 X 10° mg L™ of metronidazole
at the surface of variety electrodes.

3.1.2. Selection of Supporting Electrolyte
The selection of appropriate supporting electrolyte has high
importance in achievement of excellent electrochemical responses

+ H,0
NHOH

CH,CH,OH

Scheme 1
Proposed mechanism for the electrochemical behaviour of MNZ on the surface of Gr-IL/GCE adopted from reference [64].
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Figure 2 DP voltammograms of 1.00 X 10 mg L™ of metronidazole at
the surface of variety electrodes. (Measurement conditions: pH = 7,
tequitibrium = 308, stirring rate = 200 rpm, scan rate = 25 mV ™), (n =5).

in the electrochemical determination. In this work, the electro-
chemical reduction responses of MNZ in different supporting
electrolytes such as sodium citrate-HCI buffer, phosphate
buffer, sodium tetraborate -NaOH and B-R solution (each
0.04 M), were studied by DPV. A clear peak and highest peak
current were seen in the B-R solution. Therefore, 0.04 M B-R
solution was chosen as supporting electrolyte.

3.1.3. Effect of pH

The influence of pH value on the current response and peak
potential of 0.001 mg L' MNZ at the SWCNT-IL/CPE was exam-
ined by DPV with 0.04 M B-R solution in the pH range from 2.0
t0 10.0. As can be seen in Fig. 3 (blue curve) the I, increases with
an increase in pH value from 2.0 to 7.0, then decreases with an
increasing of pH value from 7.0 to 10.0. Therefore the optimum
pH of B-R solution was selected at 7.0. The relationship between
the reduction peak potential (E) and pH was also exhibited in
Fig. 3 (red curve). A linear shift of E, toward negative potential
with an increasing pH from 2.0 to 10.0 indicates that protons
are directly involved in the reduction of MNZ by obeying the
following equation:

E = —0.3577 — 0.0498 pH (R = 0.9987) 1)
According to the Nernst equation:
9 -0.40

3 - L -0.45
. L -0.50

I -0.55

—o—1/pA L -0.60

1/uA
E/V

=@=F/mV r -0.65

F -0.70
F -0.75
r -0.80

11  -0.85

0 2 4 6 8 10 12
pH
Figure 3 Influence of pH on the reduction peak current and potential of
metronidazole at the SWCNT-IL/CPE electrode (Experimental condi-
tions: metronidazole (1.00 x 10° mgL™), t = 30s, stirring rate =
200 rpm , scan rate = 25 mV s™), (n = 3).

equilibrium

2.303mRT
———)pH 2
nF

where m and n are corresponding to the transference numbers
of proton and electron, respectively;® the ratio of m/n was calcu-
lated nearly to be 1, suggesting the numbers of the involved
protons and electrons were equal in the electroreduction of
MNZ.

E=E’—(

3.1.4. Effect of Stirring Rate

Whereas the electrode has small contacting surface area with
the metronidazole in the medium, the analyte diffusion into the
electrode must be affected by the stirring rate of the solution.
Therefore the stirring rate was optimized in the range of
(200-1000). Metronidazole voltammetry response increased
with an increase in the stirring rate up to 400 rpm due to increase
of analyte diffusion into the electrode surface. By the continuous
increasing of stirring rate, there was a significant decrease in the
reduction current. This phenomenon is attributed due to decrease
in the time of effective contacting between electrode surface and
analyte. Therefore the value of 400 rpm was selected as the opti-
mum stirring rate for the rest of the experiment.

3.1.5. Effect of Equilibrium Time and Scan Rate

The influence of equilibrium time on the DPV peak current in
the presence of 0.001 mg L™ metronidazole was also investi-
gated. Variation of the equilibrium time in the range of (0—480/s)
indicated that the reduction peak current of metronidazole
increased with increasing of the equilibrium time up to 60 s.
Gentle equalizing at the period longer than 60 s, may be due to
saturation of the electrode surface. This phenomenon indicates
that the electrode process is controlled by diffusion of MNZ to
the electrode surface, which is favourable for quantitative deter-
mination. The optimized equilibrium time of 60 s was applied
through the experiment due to good sensitivity and rather short
analysis time. The scan rate of the modified electrode was
survived in the range of (10-100 mV s™'). Experiments indicated
that by increasing the scan rate up to 50 mV *' the peak current
increased due to high electron transfer rate. By continuous
increasing of the scan rate there is a decrease in the peak current
because of the short time for reduction process. Therefore, a scan
rate of 50 mV/ s was selected for subsequent studies.

3.2. Performance of the Sensor

3.2.1. Calibration Curve

The optimized parameters were applied in the plotting of
calibration curve in the concentration range of 5.00 x 10° -
5.00 x 10°mg L. Differential pulse voltammetry in the potential
range of (-<1-0/V s™) was applied. The voltammetry responses of
the SWCNT-IL/CPE electrode are shown in Fig. 4. The linear re-
gression equation is as follows:

L (uA) = 914.92C,,y, + 6.3839 (* = 0.9315) 3)

In the lower concentrations of 5.00 X 10° mg L™ no linear plot
was achieved that might due to somehow low sensitivity of DPV
method; on the other hand, in higher concentrations than 5.00 x
10~ mg L™ there is no linearity between reduction peak current
and concentration due to the saturation of electrode surface.

3.2.2. Limit of Detection (LOD) and Limit of Quantification (LOQ)
The limit of detection (LOD) and limit of quantification (LOQ)
were calculated using the relation as follows: kS,/m, wherek = 3
for LOD and k = 10 for LOQ, S, represented the standard devia-
tion of the peak currents of the blank (n = 5) and m represented
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Figure 4 DPV signal variation with changing the metronidazole concen-
tration/mg L™ onto SWCNT-IL/CPE electrode. (Measurement condi-
tions: stirring rate 400 rpm, pH = 7, t . jbrium = 60’8, scanrate = 50 mV's™,
pulse amplitude = 50 mV, pulse width = 40 ms), (n = 3).

the slope of the calibration curve for metronidazole. Both LOD
and LOQ values were found tobe 1.238 X 10°mg L~ and 4.127 x
10° mg L™, respectively. These values indicated the high sensitiv-
ity of the proposed method for determination of MNZ. The com-
parison of proposed sensor with other reported sensors for
MNZ determination was summarized in Table 2.

3.2.3. Reproducibility, Stability of SWCNT-IL/CPE and Interference
Study

Toinvestigate the reproducibility of the prepared sensor, MNZ
solution with the concentration of 0.001 mg L™ was measured
using five SWCNT-CPE/IL modified electrodes prepared sever-
ally under the same experimental conditions. The relative stan-
dard deviation (RSD) was 4.7 %. The repeatability of the same
electrode was also examined for 0.001 mg L™of MNZ. The RSD
for five replicate measurements was 3.6 %.

For evaluating the stability of the electrode, the peak current
variation of 0.001 mg L™ MNZ was measured daily. When accu-
mulated in air at room temperature, the sensor can retain 95.5 %
of its initial response after after 12 days, and decreased to after 25
days. These results show that the prepared sensor has satisfactory
reproducibility and applicable stability for the recognition of
MNZ.

The interference study was performed for drugs such as
doxycycline, lidocaine, metformin, aspirin, acetaminophen and
NH,*, Ca**, Mg** that were available in the same concentration
analyte and thel(00-fold analyte. In these experiments applied
optimum condition and concentration of metronidazole was

0.00Img.L™" .These drugs and cations have interference with
metronidazole neither in terms of peak situation nor in terms of
decrease of intensity peak. According to the definition of the
tolerant limit, this is the maximum concentration of the interfer-
ing substance or compound that causes 5 % or more error on the
potential peak desired drug. The results showed that to 100-fold
of analyte concentration not observed any interference. The
higher concentrations were not used.

3.2.4. Application in Real Sample Analysis

3.2.4.1. Preparation of the Real Samples

Homogenized egg or milk powder samples were weighed
(0.100 g) exactly into a 10 mL polypropylene centrifugal tube.
Then,5mL of 10 % (wt %) trichloroacetic acid was added into the
tube and vortexed extremely for 1 min, then centrifuged at
4000 rpm for 10 min and separated additional compositions out a
0.5 um filter membrane. The filtrate was diluted to 25 mL with
B-R solution pH 7.0 for detection.

3.2.4.2. Results of Determination

In order to evaluate the performance of the modified carbon
paste electrode in practical analytical applications, quantitation
of MNZ in egg and milk samples by using standard addition
method with spiking samples to standard solutions were
attempted. The results are given in Table 3. Although the egg
and milk have complex matrix the results were satisfactory.

3.3. DFT Calculations

The SWCNT and metronidazole drug can interact with each
other in the van der Waals manner. In this study, four possible
van der Waals interactions were investigated. Their geometries
have been fully optimized in the aqueous solution using the
PCM model. Their PCM optimized geometries are presented in
Fig. 5. The optimized geometries were named as SD1 to SD4,
respectively. In the optimized geometries, all the substituents
were in the same plane with the aromatic imidazole ring.

In the SD1 geometry, the metronidazole drug was parallel to
the nanotube, the —-CH,-CH,-OH moiety was far from the
nanotube. The distance between the imidazole aromatic ring of
the drug and SWCNT was about 350 pm.

On the other hand, in the SD2 geometry, the -CH,-CH,-OH
moiety was close to the nanotube. The distance between the O
atom of the hydroxyl group and the carbon nanotube was about
300 pm, which was about 600 pm in the SD1 geometry. The drug
lay at the edge of the SWCNT. In this structure, the imidazole
ring of the drug was roughly parallel with respect to the
six-membered rings of the SWCNT. Their distance was about
375 pm. Both the imidazole ring and hydroxyl moieties were
close to the SWCNT.

Table 2 Comparison of features of proposed sensor with other literature data on the determination of metronidazole.

Electrode Technique Linear range LOD R.S.D. pH Peak potential Reference
/mg L™ /mg L /% N

MWCNT-GCE DPV 428 x107°-1.71 1.03 x 107 4.8 9.0 -0.640 [60]
Gr-IL/GCE DPV 1.71 x 10> -4.28 2.1 7.0 -0.690 [64]
MIP-CP DPV 5.64 x 10°-7.69 x 10 3.59 x 107 <4.0 7.0 -0.680 [18]
Carbon fibre SWASV 1.71 x 107" -3.76 855 x 1072 37 9.0 -0.780 [15]
microdisk electrode

HMDE DPV 3.94 x 10-3.08 x 10 6.16 x 107 - 8.95 -0.692 [17]
SWCNT-IL/ CPE DPV 5.00 x 10°-5.00 x 107 1.238 x 10 3.6 7.0 -0.700 This work
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Figure 5 The optimized geometries for exploring the van der Waals interactions between the metronidazole drug and (5,5) SWCNT in four state

SD1, SD2, SD3, SD4.

In the SD3 structure, the hydroxyl group was close to the CNT,
but other part of the molecule was far from the SWCNT. The
aromatic ring was roughly parallel to the rings of the SWCNT by
a dihedral angle of about 15. Finally, in the SD4 geometry, the
plane of the drug was perpendicular to the SWCNT. The methyl
and —-CH,-CH,-OH moieties were close to the SWCNT. Impor-
tant distances are illustrated in Fig. 5.

The binding energy of the van der Waals interaction was
computed between the metronidazole drug and the SWCNT in

Table 3 Determination of metronidazole in real samplesintraday (1 = 5).

Sample  Added/mgL™  Found/mgL™ Recovery/%  %Error
Egg 0 ND
1.00E-03 1.07E-03 107 +4.5
3.00E-03 2.71E-03 90.33 +3.9
5.00E-03 4.59E-03 91.8 +49
Milk 0 ND
1.00E-03 1.08E-03 108 +4.5
3.00E-03 2.81E-03 93.66 +3.7
5.00E-03 4.59E-03 91.8 +5

several orientations. The obtained-DFT results are presented in
Table 4. The binding energy is defined as:

AE = E@swNT - Drug) — (EswNT) + E(Drug)) 4)

Where the E g\ _prugy (Egwan and E g, are the electronic ener-
gies of the investigated species; the optimized geometry of the
drug and SWCNT beside each other, the SWCNT and the
metronidazole drug, respectively.

As seen, the order of the DFT-calculated binding energy of the
optimized geometries is SD2 > SD1 > SD3 > SD4. Since, the
SD2 geometry is the most favourable structure for the van der
Waals interaction between the used SWCNT and the metroni-
dazole Drug. Energy difference between the SD2 geometry
and each of the SD1, SD3 and SD4 geometries is 11.58, 13.16 and
29.55 k] mol™, respectively.

4. Conclusion

In the present study, we have been able to demonstrate a new
and highly sensitive modified electrochemical sensor for the
detection of trace amounts of MNZ by SWCNT-IL/CPE electrode
by applying simple, rapid and precise DPV technique. So, the
redox reaction of the electroactive nitro group on MNZ was

Table4 The electronic energy of the optimized geometries in Hartree together with the binding energy of the investigated interactions AE/k] mol™.

Interaction SWCNT MNZ SWCNT-MNZ AE BSSE Energy Corrected AE
complex /Hartree /KJ mol™
SD1 -3440.6041857 -623.6451215 —4064.2671261 -0.0178189 0.006959704 -28.51
SD2 -3440.6041857 -623.6451215 —-4064.2715396 -0.0222324 0.009014332 -34.70
SD3 —3440.6041857 —623.6451215 —4064.2665264 -0.0172192 0.007775481 -24.79
SD4 -3440.6041857 -623.6451215 —4064.2602834 -0.0109762 0.005193646 -15.18
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applied for recognition. The combination of the high conductivity
of IL and the unique properties of SWCNT, like high specific
surface area, subtle electronic properties and strong adsorptive
ability, enhanced the sensitivity of the modified electrode, inter-
estingly. The modified electrode demonstrated a strong response
toward the reduced form of MNZ over a wide range of concen-
tration from 5.00 X 10 t0 5.00 x 10 mg L™ with a detection limit
0f 1.238 x 10 mg L™ which is much lower than that of any other
reported study up to now. It is evident that the proposed
method can provide wide linear range and lower detection limit
by asimple electrode preparation procedure. Owing to high sen-
sitivity, broad linearity, good stability, excellent reproducibility of
the modified electrode, the proposed sensor could be applied in
pharmaceuticals and real sample analysis. Using the DFT method,
the non-covalent interactions of the metronidazole with the
SWCNT were investigated in four different manners. Among
them, the most stable form involved the interaction of metro-
nidazole with the SWCNT via the nitrogen atom of the nitro

group.
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