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The purpose of this research was to create an electrochemical sensor based on a nanocomposite of zinc
oxide nanoparticles (ZnO NPs) and molecularly imprinted polymer (MIP) for detecting cyanazine in
food samples. To make modified electrodes, ZnO NPs were electrodeposited on the surface of a carbon
paste electrode (CPE), and then a MIP layer was electropolymerized on the modified CPE
(MIP/ZnO/CPE). Structural studies of modified electrodes revealed the formation of ZnO NPs with
hexagonal shape characteristics and a wurtzite-type structure on the CPE surface, and after
electropolymerization, polymer nanoparticles were evenly dispersed on the nanostructured surface of
ZnO, resulting in the formation of a rough-shaped nanocomposite. Electrochemical measurements
using DPV and amperometry revealed a significant increase in MIP/ZnO/CPE electrocatalytic activity
and selectivity due to the synergistic effect of ZnO and MIPs. The studies demonstrated a linear
response from 0 to 120 pM, and the sensitivity of MIP/ZnO/CPE was determined to be 0.5034 pA/uM,
with a limit of detection of 5nM. The MIP/ZnO/CPE as a proposed sensing system for cyanazine
analysis in real samples prepared from lettuce samples was investigated, and the analytical results
showed that the RSD (3.48% to 4.64%) and recovery (99.20% to 99.60%) values were appropriate for
valid and accurate practical analyses in food in agricultural wastewater samples.
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1. INTRODUCTION

Cyanazine (CoH13CINg) is the common name for 2-chloro-4-(1-cyano-1-methylethyl-amino)-6-
ethylamine-1,3,5-triazine, a triazine herbicide. Cyanazine will cause photosystem dysfunction by
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binding to important proteins required for this process [1, 2]. When this critical step in photosynthesis
fails, a plant is unable to produce sugars that are necessary for growth and metabolism. As a result, it is
used to control annual grasses and broadleaf weeds as a herbicide [3, 4]. It eliminates undesirable
vegetation, particularly weeds, grasses, and woody plants. Cyanazine is the most toxic triazine
herbicide, and it has been linked to birth defects, mutations, and, eventually, cancer [5]. Depending on
the severity of the contact, cyanazine can cause dermatitis [6, 7]. Acute toxicity can also occur when
high levels of cyanazine are consumed. Inhaling cyanazine fumes can cause airway irritation [8-10].

Furthermore, because cyanazine quickly washes out of the soil and into the surrounding waters,
it is especially harmful to aquatic ecosystems [11, 12]. Cyanazine can cause dermatitis depending on
the severity of the contact. When high levels of cyanazine are consumed, acute toxicity can occur.
Inhaling cyanazine fumes can irritate the airways [13, 14].

Furthermore, because cyanazine is rapidly washed out of the soil and into the surrounding
waters, it is particularly harmful to aquatic ecosystems [15], enzyme-linked immunosorbent assay
(ELISA) [16], gas chromatography [17], surface plasmon resonance [18], high-performance liquid
chromatography (HPLC) [19], fluorescent [20] and electrochemical sensor [21] for determination
cyanazine. However, due to the presence of many interfering substances in food and agricultural
wastewater, the selectivity and sensitivity of cyanazine sensors in these studies are relatively limited
[22, 23]. More research is thus required to improve the detection performance of herbicide sensors.
Electrochemical sensors based on molecularly imprinted polymers (MIPs) have demonstrated
commendable precision and selectivity for herbicide determination in real samples containing
interferants.[24-26]. These sensors are synthetic materials that are used as recognition elements in
sensor design due to their higher thermal stability, reusability, and selectivity compared to biological
receptors [27, 28]. Furthermore, MIPs-based electrochemical sensors are simple, quick, and
inexpensive. This research focused on the development of an electrochemical sensor based on a
nanocomposite of ZnO NPs and MIP for the detection of cyanazine in food samples.

2. MATERIALS AND METHODS

2.1. Synthesis of nanocomposite of ZnO NPs-MIP modified CPE

For preparation of the CPE, 1.4 g graphite powder (99%, Qingdao Furuite Graphite Co., Ltd.,
China) was added to 0.6 g paraffin liquid (99.9%, Qingdao Fortune Environmental Technology Co.,
Ltd., China). The mixture was blended in a mortar by hand until a homogeneous paste was obtained.
The resultant paste was tightly packed into one end of a PVC tube (3 mm internal diameter) that
contained copper wire as electrical contact. The electrode was polished on a clean sheet of butter paper
to achieve a smooth surface. Freshly prepared CPE was pretreated in 0.1 M PBS (pH = 5.5) by cycling
the potential between 0.4 and 1.4 V vs. Ag/AgCl at a scan rate of 30 mV/s for 15 cycles using a
potentiostat/galvanostatic system with a 3-electrode cell, with a platinum plate electrode as a counter-
electrode, an Ag/AgCl as reference electrode, and CPE as working electrode [29, 30]. For modification
of the CPE surface with ZnO NPs, the CPE was subjected to cyclic potential sweeps, between -1.0 and
-0.8 V vs. Ag/AgCI at a scan rate of 30 mV/s for 25 cycles in support electrolyte of 50 mM NaNOs
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(>99.0%, Sigma-Aldrich) containing 10 mM ZnCl, (>98%, Sigma-Aldrich) [31]. The electrode was
immersed in 0.1 PBS (pH = 5.5) containing 5 mM O-Phenylenediamine (99.0%, Sigma-Aldrich) and 1
mM cyanazine (99%, Sigma-Aldrich) for preparation. Poly(o-phenylenediamine) film was
electrochemically synthesized for 25 cycles using cyclic potential sweeps between 0.0 and 0.1 V vs.
Ag/AgCI at a scan rate of 30 mV/s [32]. To remove the cyanazine template molecules, the MIP
modified electrodes were dipped in 0.2 M NaOH (99%, Merck Millipore, Germany) for 5 minutes. As
a control, the NIP electrode was also synthesized in the same manner, but without adding cyanazine.
Finally, the modified electrodes were stored in a refrigerator at 4 °C.

2.2. Characterizations

Field emission scanning electron microscopy (FESEM) and X-ray diffractometer (XRD) with
Cu K radiation (1.5406 A) at 40 KV and 40 mA were used to analyze the structural and morphological
properties of synthesized nanostructures. For electrochemical analyses, amperometry and differential
pulse voltammetry (DPV) techniques were used on a potentiostat/galvanostatic system (PARSTAT,
mod 2273, Princeton Applied Research, Oak Ridge, USA) in a 0.1 M phosphate buffer solution (PBS)
with pH = 4.0 that contained an equal volume ratio of 0.1M NaH2PO4 (99%, Sigma-Aldrich) and 0.1M
Na:HPO4 (99%). 0.1 M HCI (37%, Merck Millipore, Germany) and 0.1 M NaOH were used to adjust
the pH of the solutions.

2.3. Analysis of the actual sample

The lettuce was purchased at a local market, washed, and crushed and squeezed with
domestic juice extractor. The extracted liquid was filtered through filter paper (Whatman) and
centrifuged for 5 minutes at 1000 rpm. The obtained supernatant was used to prepare the real sample
as follows: To obtain 1.25 mg/l cyanazine (5.19 uM), 0.250 mg of cyanazine solution was
ultrasonically added to 200.0 mL of the resultant supernatant and 200.0 mL of 0.1 M PBS solution
which was used as a real sample for amperometric studies. The traditional standard method was also
used to analyze the actual sample.

3. RESULTS AND DISCUSSION
3.1. Structural studies of nanostructured modified electrodes

Figure 1 shows FE-SEM micrographs of modified electrodes (ZnO/CPE, MIP/ZnO/CPE, and
NIP/ZnO/CPE). Figure la shows a FE-SEM micrograph of ZnO/CPE that shows the formation of
nanoparticals and some rods with a hexagonal shape typical of ZnO with a wurtzite-type structure on
the surface. The hexagonal cross section of nanoparticals and rods has an average size of 100 nm. The
FE-SEM micrographs of MIP/ZnO/CPE and NIP/ZnO/CPE (Figures 1b and 1c) show that after
electropolymerization, polymer nanoparticles can be evenly dispersed on the nanostructured surface of
ZnO, forming new rough-shaped nanocomposite. The MIP was dipped after the template (cyanazine)
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was removed with NaOH. As a result, MIP/ZnO/CPE has a rougher and more porous structure than
NIP/ZnO/CPE, and the resulting cavities after template removal are shown in Figure 1b. These cavities
can be used for template binding with MIP in electrochemical sensors [33, 34]. Figure 1c shows the
surface of NIP, implying no defined pattern or structure on the electrode surface. The results
demonstrate that MIPs have more vacant sites and porous surfaces to adsorb template molecules [35-
37].

Figure 1. FE-SEM micrographs of modified electrodes (a) ZnO/CPE, (b) MIP/ZnO/CPE and (c)
NIP/ZnO/CPE.
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Figure 2. The results of structural characterization of powders of ZnO, MIP/ZnO and NIP/ZnO
nanocomposites by XRD.

Figure 2 depicts the structural characterization results of powders of ZnO, MIP/ZnO, and
NIP/ZnO nanocomposites. XRD pattern of ZnO depicts characteristic diffraction peak at 26= 31.88°,
34.32°, 36.29°, 47.56°, 56.59°, 62.8°, 66.49°, 68.02°, 69.20°, 72.6°, 77.03° can be assigned to (100),
(002), (101), (102), (110), (103), (200), (112), (201), (004) and (202) Bragg reflection planes of
hexagonal wurtzite structure of ZnO corresponding to JCPDS Card No. 36-1451 [38-40]. As seen
from XRD patterns of MIP/ZnO and NIP/ZnO nanocomposites, there is the same diffraction peak of
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the hexagonal wurtzite structure of ZnO but with a lower intensity [41]. The FE-SEM and XRD results
indicate the successful electropolymerization of MIP on ZnO NPs.

3.2. Electrochemical measurements

Figure 3 depicts the DPV curves of MIP/ZnO/CPE, NIP/ZnO/CPE, ZnO/CPE, and CPE at a
scanning rate of 30 mV/s for a potential range of -0.90 to -0.10 V vs. Ag/AgCl in 0.1 M PBS of pH
4.0. The DPV curves are shown in both the absence and presence of cyanazine solutions in the
electrochemical cell. In the absence of cyanazine solution, there is no clear peak in the DPV curves of
the electrodes. After addition of the cyanazine solution, there are the anodic peaks at -0.39 V, -0.43 V,
-0.56 V and -0.53 V at the DPV curves of MIP/ZnO/CPE, NIP/ZnO/CPE, ZnO/CPE and CPE,
respectively, that can be related to the suggested electrochemical reduction prosess as shown in Figure
4 [21, 42, 43]. Figure 5 also shows that the DPV peak current of MIP/ZnO/CPE is greater than that of
NIP/ZnO/CPE, ZnO/CPE, and CPE, and the cathodic peak appears at a significantly lower positive
potential. It demonstrates a significant increase in MIP/ZnO/CPE electrocatalytic activity due to the
synergistic effect of ZnO and MIPs. ZnO nanostructures with high electrocatalytic activity, large
specific surface area [44], and high electrical conductivity can function as a highly porous surface to
support MIP molecules in sensor design [45-47]. ZnO NPs also provide fast transfer of electrolyte
ions to electrode through the electrochemical reactions and promote the sensitivity of the sensor [48-
50].
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Figure 3. The DPV curves of MIP/ZnO/CPE, NIP/ZnO/CPE, ZnO/CPE and CPE at scanning rate of
30 mV/s for a potential range from -0.90 to -0.10 V vs. Ag/AgCl in 0.1 M PBS (pH 4.0) with
(solid line) and without (dashed line) cyanazine solution.
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In the case of MIP, the monomer(s) are first spontaneously arranged around the template to
achieve a tailor-made cavity complementary to it during the electropolymerization process, whereas in
NIP electropolymerization, there is no arrangement process due to the absence of the template
molecules, resulting in a polymer with no imprinting (against the template molecule) and thus a less
functional cavity [51, 52]. Thus, formation of 3D complementary cavities within the polymer during
the synthesis and subsequently removal of the template molecule from the polymeric matrix results in
cavities with specific shapes, structures and functional groups, which will serve as specific binding
sites for the template [53]. Consequently, the MIP-based sensor shows improved sensitivity, selectivity
and adsorption efficiency for the template [51]. Therefore, further electrochemical tests were
conducted on MIP/ZnO/CPE.
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Figure 4. The suggested electrochemical reductoion mechanism of cyanazine [21].
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Figure 5. (a) The recorded amperogram of MIP/ZnO/CPE through successive injections of a solution
containing 5 uM cyanazine in electrochemical cell containing 0.1 M PBS (pH 4.0) electrolyte
solution at an applied potential of -0.39 V, and (b) the corresponding calibration graph.

Figure 5a depicts an amperogram of MIP/ZnO/CPE recorded after successive injections of a
solution containing 5 pM cyanazine into an electrochemical cell containing 0.1 M PBS (pH 4.0)
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electrolyte solution at an applied potential of -0.39 V. The recorded amperogram steps show a quick
and sensitive response of the MIP/ZnO/CPE to each addition of cyanazine solution. By increasing the
cyanazine concentration in the electrochemical cell, the amperometric current increases linearly, and
the corresponding calibration graph in Figure 5b shows a linear response from 0 to 120 uM. The
sensitivity of MIP/ZnO/CPE is determined to be 0.5034 pA/uM, and the limit of detection (LOD) is
5.nM.

Table 1 shows the comparison between the MIP/ZnO/CPE electrocatalytic performance and
released outcomes of cyanazine sensors in literetures. In comparison to other reported cyanazine
sensors, the proposed sensor in this study has a broad linear range for cyanazine concentrations and an
appropriate LOD value. It can be attributed to grafting the MIP molecules as a special place for analyte
detection on the porous surface of ZnO NPs with high conductivity and large surface area [54-56].

Table 1. Comparision between the MIP/ZnO/CPE electrocatalytic performance and released outcomes
of cyanazine sensors in literetures.

Electrode Technique LOD | Linear range (uM) | Ref.
(nM)
MIP/ZnO/CPE Amperometry 5 0to 120 Present
work
GO/GCE DPV 0.25 5.5x10* to 1.5 [21]
Pt-Pd-CdO/SWCNTs/ds- DPV 0.8 0.004 to 70 [57]
DNA/GCE
AuUNP-CdTe quantum dots fluorescent 0.156 5x10° t0 9 [20]
Molecularly imprinted nanofilms surface plasmon 0.095 | 10*to0 6.64 x10°® [18]
onto the gold surfaces resonance
Monoclonal antibodies ELISA 4.15 1.6 x10® to [16]
HY B/horseradish peroxidase 6.23x10°3
GLC columns Gas 0.78 | 0.00 to 2.36x1073 [17]
Chromatography

spectrophotometry | 623.1 1.250 to 20.770 [15]
VVP-ODS C18 column HPLC 0.062 | 1.66x10° to 0.166 [19]

In agricultural wastewater samples, the specificity of the MIP/ZnO/CPE system was
investigated in the presence of various chemicals and organic pesticides as interference species. Table
2 summarizes the results of amperometric measurements performed with MIP/ZnO/CPE after
successive injections of a solution containing 100 nM cyanazine and 500 nM interference species
solutions in 0.1M PBS (pH 4.0) at an applied potential of -0.39 V. The results show that when
cyanazine solution is added to an electrochemical cell, a significant amperometric signal is formed.
However, adding interference species to the electrolyte solution has no effect on the amperometric
signal, demonstrating the high specificity of the MIP/ZnO/CPE to determine cyanazine in food in
agricultural wastewater samples. This specificity is linked to tailor-made cavities in MIP as a special
location for specific analytic detection [58].
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Table 2. The results of amperometric measurements using MIP/ZnO/CPE upon successive injections
of a solution containing 100 nM cyanazine and 500 nM interference species solutions in 0.1 M
PBS (pH 4.0) at an applied potential of -0.39 V.

Substance Added | Amperometric signal RSD
(nM) (UA) at -0.39 V

Cyanazine 100 0.0504 +0.0020
Amylum 500 0.0078 +0.0011
Glucose 500 0.0026 +0.0012
Propazine 500 0.0109 +0.0011
Carbofuran 500 0.0061 +0.0010
Trichlorfon 500 0.0036 +0.0007
Simetryn 500 0.0093 +0.0011
Triazophos 500 0.0094 +0.0008
Aminocarb 500 0.0070 +0.0009
Isocarbophos 500 0.0061 +0.0011
Phoxim 500 0.0074 +0.0010
Dichlorvos 500 0.0090 +0.0012
Isocarbophos 500 0.0076 +0.0007
Diuron 500 0.0075 +0.0007
Ca?* 500 0.0051 +0.0011
Na* 500 0.0022 +0.0010
AP 500 0.0074 +0.0011
Ag" 500 0.0081 +0.0012
Fe?* 500 0.0084 +0.0010
Mg?* 500 0.0064 +0.0010

The MIP/ZnO/CPE as a proposed sensing system for analysis of cyanazine in real samples
prepared from lettuce samples was examined. Figure 6a shows the obtained data from amperometric
measurements using MIP/ZnO/CPE upon successive injections of a solution containing 5 pM
cyanazine in 0.1 M PBS (pH 4.0) prepared from a lettuce sample at an applied potential of -0.39 V.
The resulted calibration graph in Figure 6b indicates that the cyanazine level in the processed sample is
5.20 uM, which is very close to the cyanazine concentration in the preparation of real sample prosess
(5.19 uM). The analytical results are also summarized in Table 3, which illustrates that the values of
RSD (3.48% to 4.64%) and recovery (99.20 to 99.60) are appropriate for valid and accurate practical
analyses of food in agricultural wastewater samples.
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Figure 6. (a) The obtained data from amperometric measurements using MIP/ZnO/CPE upon
successive injections of a solution containing 5 uM cyanazine in 0.1 M PBS (pH 4.0) prepared
from lettuce sample at an applied potential of -0.39 V, and (b) the corresponding calibration
graph.

Table 3. Analytical applicability of MIP/ZnO/CPE to determine cyanazine in real specimens.

Adding(uM) | Found(pM) Recovery RSD
(%) (%)

5.00 4.96 99.20 3.48
10.00 9.94 99.40 3.66
15.00 14.90 99.33 4.58
20.00 19.92 99.60 4.64

4. CONCLUSION

The current work was done on the fabrication of MIP/ZnO/CPE for cyanazine determination in
food samples. The ZnO NPs were electrodeposited on the CPE surface before the MIP layer was
electropolymerized on the modified CPE. Structural studies of modified electrodes revealed the
formation of ZnO NPs with a hexagonal shape characteristics and wurtzite-type structure on the CPE
surface, and after electropolymerization, polymer nanoparticles were evenly dispersed on the
nanostructured surface of ZnO, resulting in the formation of a rough-shaped nanocomposite. Because
of the synergistic effect of ZnO and MIPs, electrochemical measurements revealed a significant
increase in MIP/ZnO/CPE electrocatalytic activity and selectivity. The studies demonstrated a linear
response from 0 to 120 uM, and the sensitivity of MIP/ZnO/CPE was determined to be 0.5034 pA/uM,
with a LOD of 5nM. In comparison to other reported cyanazine sensors, the comparison of the
MIP/ZnO/CPE electrocatalytic performance and released outcomes of cyanazine sensors in the
literature revealed that the proposed sensor in this study presented a broad linear range of cyanazine
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concentrations and an appropriate LOD value. The MIP/ZnO/CPE as a proposed sensing system for
analysis of cyanazine in real samples prepared from lettuce samples was examined and the analytical
results illustrated that the values of RSD and recovery were appropriate for valid and accurate practical
analyses in food in agricultural wastewater samples.
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