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Abstract In this research, an electrochemical sensor based on
molecularly imprinted polymer (MIP) nanoparticles for selec-
tive and sensitive determination of diazinon (DZN) pesticides
was developed. The nanoparticles of diazinon imprinted poly-
mer were synthesized by suspension polymerization and
then used for modification of carbon paste electrode (CPE)
composition in order to prepare the sensor. Cyclic voltamme-
try (CV) and square wave voltammetry (SWV) methods
were applied for electrochemical measurements. The obtained
results showed that the carbon paste electrode modified by
MIP nanoparticles (nano-MIP-CP) has much higher adsorp-
tion ability for diazinon than the CPE based non-imprinted
polymer nanoparticles (nano-NIP-CP). Under optimized ex-
traction and analysis conditions, the proposed sensor exhibit-
ed excellent sensitivity (95.08μAL μmol−1) for diazinonwith
two linear ranges of 2.5 × 10−9 to 1.0 × 10−7 mol L−1

(R2 = 0.9971) and 1.0 × 10−7 to 2.0 × 10−6 mol L−1

(R2 = 0.9832) and also a detection limit of 7.9 × 10−10

mol.L−1. The sensor was successfully applied for determina-
tion of diaznon in well water and apple fruit samples with
recovery values in the range of 92.53–100.86 %.

Keywords Electrochemical sensor .Molecularly imprinted
polymer . Nanoparticles . Diazinon

Introduction

Pesticides (herbicides, insecticides…) are widely used in ag-
riculture and industry. In order to limit their toxic effects and
their accumulation in living organisms, dosage adjustments
and trace level monitoring are necessary. Thus, there is an
essential need for the development of new methods for simple
pesticide determination at low concentrations [1].

Organophosphorus pesticides (OPPS), as the second-
generation of synthetic pesticides, have become popular due
to their biodegradability, low durability, and lack of tendency
to accumulate in the food chain. Nevertheless, organophos-
phates are generally more toxic compared to organochlorine
or carbamate compounds [2].

Diazinon (O,O-Diethyl O-[4-methyl-6-(propan-2-
yl)pyrimidin-2-yl] phosphorothioate) is a nonsystemic organ-
ophosphate pesticide generally used against insects in agricul-
ture and also for controlling cockroaches, silverfish, and ants
in commercial and residential buildings. Diazinon (DZN)
functions as an acetylcholinesterase (AChE) inhibitor. The
inhibition of this enzyme lead to an abnormal accumulation
of AChE in the synaptic cleft at muscarinic, nicotinic, and
central sites results in numerous toxic effects such as head-
ache, dizziness, convulsions, delirium, and depression. Other
toxic effects of DZN on hepatocytes, thymus, spleen, lymph
nodes, blood cells, and heart have also been reported in human
and animals [3].

Due to the mentioned harmful effects, sensitive and reliable
analytical methods for measuring trace amounts of DZN are
required. Various analytical methods have been developed for
quantitative determination of DZN in different samples, such
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as FT-Raman spectroscopy [4], spectrophotometric [5], differ-
ent chromatographic methods (HPLC, HPTLC, LC/MS, GC,
GC/MS) [6–15], immunoassays [16–18], biosensor [19–21],
and electrochemical methods [22–27].

Electrochemical methods have many advantages over
other analytical techniques for environmental research:
(1) these techniques are non-destructive, which minimize
sample perturbation, (2) the data can be collected rapidly
and reproducibly, (3) the detection limits (DL) have suit-
able sensitivity for most environmental applications, (4)
direct information on the chemical speciation can be ob-
tained, (5) ability to achieve very compact instrumenta-
tion, which is interesting for field deployment, and (6)
capability to miniaturize the electrochemical sensors that
provides the non-invasive in-situ sampling [28].

Certainly, in addition to sensitivity, selectivity repre-
sents the most desired characteristics in an analytical
procedure. Challenging problems associated with en-
hancement of the selectivity and improving the detection
limit, are strong incentives to find new materials for
modification of working electrodes for development of
electrochemical sensors [29].

Although biological receptors have specific molecular
bonding properties and have been widely used in diagnostic
bio-assays and chemo-biosensors, they are often produced via
complicated, tedious, and costly protocols, and require special
handling or processing due to their poor stability. Also, there
are no natural receptors for detection of many species. Thus,
there has been a strong driving force in synthesizing artificial
recognition receptors [30].

Molecular imprinting (MIP) is one of the most efficient
strategies to provide the recognition materials with good se-
lectivity continually being used in electrochemical sensors as
recognition elements or modifier agents.

AlthoughMIPs as the artificial receptors provide good mo-
lecular recognition ability similar to that of the biological re-
ceptors, traditional imprinted bulky materials usually showed
slow binding kinetics to the target species and suffer from the
low rebinding capacity [31].

Preparations of MIP with diameters in a nanometer
range provide significantly increased total surface areas
per material weight and highly active surfaces. In addi-
tion, they provide a better accessibility to the imprinted
sites that leads to a faster analyte equilibration to obtain
significant performance improvements in sensing and
separation events [32].

In recent years, numerous articles on the use of MIP nano-
particles in the preparation of chemical sensors has been pub-
lished that some of them have been reviewed by Lieberzeit
and Wackerlig [33].

Accordingly, electrochemical detection systems based on
MIP nanoparticles as sensing elements are widely used by
researchers in the current studies. For example:

Ganjali et al. fabricated the voltammetric [32] and potenti-
ometric [34] sensors using MIP nanoparticles for trace level
detection of promethazine.

Alizadeh and Akbari developed a capacitive biosensor
based on nano-sized MIP for determination of urea [35].

Li et al. fabricated an electrochemical sensor for warfarin
sodium determination by coupling nanoporous gold leaf
(NPGL) with molecularly imprinted polymer [36].

Merkoci et al. usedMIP-decorated magnetite nanoparticles
for sulfamethoxazole detection via electrochemical imped-
ance spectroscopy [37].

Madrakian et al. introduced MIP-coated magnetite nano-
particles modified carbon paste electrode for voltammetric
determination of venlafaxine antidepressant drug in human
urine and blood serum samples [38].

Although some researchers studied MIP using diazinon as
template [3, 39–45], there are no reports on the preparation of
electrochemical sensor based on MIP for diazinon molecule.

Therefore, in this study, we tried to introduce a new MIP
for diazinon with improved properties through the preparation
of MIP particles at nano-dimension and its use for preparation
of new electrochemical sensors for selective and sensitive de-
termination of diazinon pesticide.

Experimental

Apparatus

The electrochemical analyses were carried out with a 746
VA trace analyzer, Metrohm. A three-electrode system
consisted of an Ag/AgCl (reference electrode), a plati-
num rod (auxiliary electrode), and a nano-MIP modified
CPE as the working electrode was used. The pH mea-
surements were made with a Corning-PH meter 140 with
a combined glass electrode. The scanning electron mi-
croscopy images (SEM) of MIP nanoparticles, were ob-
tained using a Field Emission Scanning Electron
Microscope (FE-SEM), Hitachi, model S-4160.

Materials and solutions

Diazinon (Analytical grade) was supplied by Sigma-
Aldrich, (Milwaukee, USA). Methacrylic acid (MAA),
ethylene glycol dimethacrylate (EDMA), ascorbic acid
and graphite powder (spectroscopic grade, particle
size < 50 μm) purchased from Merck (Darmstadt,
Germany). Also, boric acid, orthophosphoric acid, acetic
acid and sodium hydroxide for preparation of Britton–
Robinson buffer solution (B.R. buffer) were obtained
from Merck. Silicone oil and 2, 2-azobisisobutyronitrile
(AIBN) were supplied from Sigma-Aldrich (Munich,
Germany). Other chemicals were of analytical grade
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and obtained from Merck. Standard stock solution
(2.5 × 10−3 mol L−1) of diazinon was prepared using de-
ionized triple-distilled water.

Preparation of MIP micro particles

In order to prepare micro-sized MIP, 0.3 mmol of diaz-
inon (template molecule) and 3.0 mmol of MAA (func-
tional monomer) were dissolved in 30 mL chloroform in
a 50-ml round bottom flask, and was stirred for 1 h to
prepare the preassembly solution. Subsequently, 15 mmol
of EGDMA (cross-linker) and 0.04 g of AIBN (initiator)
were added into the above solution and stirred for
30 min (molar ratio between DZN-MAA-EGDMA were
chosen based on reference 39). After sonication for
5 min, the mixture was purged with N2 for 10 min and
the flask was sealed under this atmosphere. Then, the
flask was cured at 60 °C for 24 h. The resultant poly-
meric particles were washed with chloroform to remove
unreacted monomers.

Then, the template molecule was removed from polymer
by washing the MIP with methanol solvent for several times
so that no UV–Vis signal were detected for diazinon in eluent.
The obtained MIP was dried in a vacuum oven at 60 °C for
24 h before use. Non-imprinted polymer (NIP) particles were
synthesized with a similar manner but in the absence of DZN.

Preparation of MIP nanoparticles by suspension
polymerization

MIP nanoparticles were synthesized by suspension polymeri-
zation in silicon oil as follows:

The diazinon (0.3 mmol), 3.0 mmolMAA, and 15mmol of
EGDMA were dissolved in 10 mL of chloroform in a
100.0 mL screw-capped glass tube, and were stirred for
30 min to prepare the preassembly solution. Then, 0.04 g of
AIBN was added to the above solution. The pre-
polymerization mixture was added to 60 ml treated silicon
oil (purged with nitrogen gas for 15 min) and was dispersed
by stirring at 700 rpm for 10 min. After sonication of mixture
for 10 min (in order to create smaller polymerizable droplets),
the suspension was purged with nitrogen for 10 min and heat-
ed at 65 °C for 24 h to complete polymerization. The synthe-
sized polymer particles were filtered and washed with petro-
leum ether and toluene several times.

DZN and unpolymerized monomers were removed by
washing of polymer particles with methanol for several times
so that no UV-Vis signal is observed for diazinon (at 280 nm)
in eluent. Finally, theMIP nanoparticles were dried in vacuum
at 60 °C overnight. The NIP nanoparticles were prepared in
the same manner without DZN.

Preparation of the sensors

For preparation of modified carbon paste (CP) electrodes,
0.06 g of graphite powder was mixed with 0.015 g modifier
(nano-MIP, nano-NIP, MIP, and NIP) and homogenized in a
mortar. The mixture was added to 0.025 g paraffin oil as a
binder and was thoroughly mixed. The final paste was tightly
packed into a Teflon tube (2.5 mm, i.d.) equipped with a
copper wire through the paste to make an electrical connec-
tion. The excess of paste on the electrode surface was removed
by polishing it onto a weighting paper and subsequently rinsed
with water.

After each measurement, the electrode surface was
renewed by cutting a thin layer of paste and polishing the
new surface on a weighting paper followed by washing with
water.

General procedure for electrochemical measurements

The modified electrode was incubated into the diazinon solu-
tion (pH = 7) for 10 min under stirring (400 rpm). Then, the
electrode was inserted into the washing solution for 10 s (to
remove any weakly adsorbed analyte) and then transferred
into an electrochemical cell containing 10 mL B.R. buffer
solution with pH = 3.5 and square wave voltammetry signal
(SWV) were recorded from −0.90 V to −1.45 V (versus Ag/
AgCl) for determination of diazinon.

All measurements were performed at room temperature
and the average of reduction peak height (for triplicate analy-
sis) was used to draw a calibration curve.

Determination of diazinon in real samples

The recovery of the DZN in the spiked well water and apple
fruit samples were obtained by standard addition method
based on triplicate analysis for each concentration.

Well water sample

For this purpose, in four 25-mL volumetric flasks, 2 ml of well
water samples and different concentrations of diazinon stan-
dard solutions were added. After that, the solutions were di-
luted to volume with the B.R. buffer (pH = 7). Determination
of diazinon was carried out by described method.

Apple fruit sample

For analysis of DZN in apple samples, four apples (purchased
from the local market) were washed and dried. Then, apple
samples divided into small pieces and mixed in a blender for
5 min to obtain homogeneous mixtures. Next, in 4 centrifuge
tubes, 1 g of above sample and then different concentrations of
DZN were added and each of solutions, were diluted to
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volume of 5 ml with B.R. buffer (pH = 7). Next, the solutions
were homogenized using a shaker for 10 min and then were
centrifuged at 12,000 rpm for 5 min.

Then, 1.0 mL of the supernatant liquid from each tube was
transferred into the calibrated flasks, and diluted to volume
with Britton–Robinson buffer (pH = 7). The diazinon was de-
termined by the recommended procedure.

Results and discussion

Surface characterization micro and nanoparticles of MIP

Scanning electron microscopy images of the MIP micro and
nanoparticles (prepared by precipitation and suspension poly-
merization techniques respectively) are shown in Fig. 1.

This figure indicates that the agglomerates MIP particles
were obtained through the precipitation polymerization meth-
od that have micro-sized dimension (Fig. 1, I and II) while,
suspension polymerization in silicon oil leading to production
of MIP nanoparticles with a particles size less than 100 nm
(Fig. 1, III–IV).

Electrochemical behavior of diazinon on the modified
carbon paste electrode

Preliminary study to investigate the electrochemical behavior
of 1.0 × 10−5 mol L−1 DZN solution at the surface of bare
carbon paste electrodes was conducted using cyclic voltamm-
etry method at potential range of 0 to −1500 mV versus Ag/
AgCl electrode in B.R. buffer. In previous researches [26], the
pH 4.4 was chosen for electrochemical determination of

diazinon and initially we also used this pH for electrochemical
analysis of DZN, but during the further experiments, the anal-
ysis pH will be optimized.

As can be seen in Fig. 2I, a reduction peak at around
−1.27Vwith no anodic peak on the reverse scanwas observed
which was in accordance with the earlier reports [22, 26]. This
signal was selected as an analytical response for the determi-
nation of diazinon.

Square wave voltammetry (SWV), as a fast and sensi-
tive electrochemical technique, was used for quantitative
determination of DZN in other studies.

Thus, the SWVresponse of 5.0 × 10−6 mol L−1 DZN on the
CP electrode was investigated (Fig. 2II). As expected, this
voltammogram also shows a reduction signal for DZN at
−1.24 V.

In order to verify the sensor’s ability to recognize the
DZN and also to evaluate the effect of particle size on
improving the sensor response, the nano-MIP-CP, nano-
NIP-CP, MIP-CP, NIP-CP and CP electrodes were pre-
pared and then incubated in 1.0 × 10−6 mol L−1 DZN so-
lutions with pH 7.0 (because diazinon is hydrolyzed in
acidic and alkaline environments, the pH 7.0 was selected
for extraction solutions) for 10 min under stirring.
Following the incubation step, the electrodes were
inserted into the B.R. buffer solution, pH 7.0 to remove
any physically and nonspecifically absorbed analyte
(washing step) and then transferred into a 0.04 mol L−1

B.R. solution (pH 4.4) and SWV signal was recorded. The
results are presented in Fig. 2III.

As can be seen, the SWV reduction signals of DZN at the
MIP-based electrodes (Fig. 2III d and e) are higher than those
of the NIPs-CP and bare CP electrodes (Fig. 2II a, b and c)

Fig. 1 SEM images of micro
particles (I and II) and
nanoparticles (III and IV) of
synthesized molecularly
imprinted polymers
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indicating non-selective rebinding of DZN in the NIPs which
could be removed from the surface of NIP-based sensors in

washing step, while incorporating of DZN in the imprinted
cavities in MIP based sensors, prevent its rapid desorption
during the washing process. Also, it is clear that the signal
of nano-MIP-CP is higher than that of MIP-CP electrode.

These observations show that the absorption capability of
MIP nanoparticles for diazinon is considerably higher than
that of micro-sized MIP. As mentioned previously, in the
nano-sized imprinted materials, the majority of the imprinted
sites are situated at the surface or almost near the surface of
polymer particles. This leads to higher binding capacity for
MIP nanoparticles and also enhances the affinity of imprinted
sites to the target molecules [45]. Thus, the MIP nanoparticles
were used as a selective modifier for preparation of the pro-
posed sensor.

Optimization parameters affecting the sensor response

After securing the response of the proposed sensor to diazi-
non, factors affecting its response such as the ratio between
components in synthesis of nano-MIP and also variables in-
volved in extraction and analysis of DZN were optimized.

Effect of the molar ratio of template molecule to functional
monomer

The molar ratio of reaction component has a significant effect
on the molecular imprinting processes and thus on the
resulting MIP properties. Therefore, the molar ratio of tem-
plate molecules, functional monomers and cross-linkers in
imprinting processes has been modified by changing the
amount of template molecules (DZN). The synthesized
MIPs were used for modification of carbon paste electrodes
and amount of recognition ability of the sensors to DZN were
evaluated by SWVmethod. The results (Table 1) showed that
the nano-MIP2 with molar ratio of 1:6:30 (respectively for
template, functional monomers, and cross-linkers) has most
of the recognition ability to diazinon than the other MIPs
and chosen for modification of CPE. Any amount higher than
this ratio leads to a decrease in SWV signal (Electronic
Supplementary Material (ESM), Fig. S1) apparently due to
the high agglomeration between MIP nanoparticles that offer

Fig. 2 (I) Cyclic voltammetry (scan rate: 100 mV s−1) behavior of
1.0 × 10−5 mol L−1 DZN and (II) SW voltammetry (ΔE = 50 mV,
Vstep = 2 mV, tstep = 0.3 s, Frequency = 50 HZ) behavior of 5.0 × 10−6

mol L−1 DZN in B.R. (0.04 M, pH= 4.4) at the surface of bare carbon
paste electrode (―) with the corresponding background current (- - -),
(III) SW voltammograms obtained at the (a) CP and (b) NIP-CP, (c)
nano-NIP-CP, (d) MIP-CP, and (e) nano-MIP-CP electrodes after
incubation of them in 1.0 × 10−6 mol L−1 DZN solution for 10 min and
recording the voltammograms in B.R. buffer (pH = 4.4)

Table 1 Effect of variation in
amount of template molecules
used for preparation of MIP
nanoparticle, on the SWV
response (n = 3)

MIP DZN
(mmol)

MAA
(mmol)

EGDMA
(mmol)

AIBN (g) I (μA) (Peak current)

nano-
MIP1

1 3 15 0.04 12.40 ± 0.62

nano-
MIP2

0.5 3 15 0.04 17.60 ± 0.56

nano-
MIP3

0.333 3 15 0.04 15.23 ± 0.51

nano-
MIP4

0.25 3 15 0.04 11.37 ± 0.74
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a poor accessibility of template molecules to the imprinting
sites [29].

The effect of washing time on the electrode response

In order remove the weakly and nonspecifically absorbed
DZN molecules from the surface of modified electrode after
extraction step and reproducible response of sensor, the effect
of washing time was evaluated. The washing solution was
B.R. buffer with pH similar to extraction solution pH.

As can be seen in Fig. 3, by increasing the washing time to
4 s, the sensor response is reduced while longer washing time
does not noticeably have an effect on the nano-MIP-CP signal.
However, the response of the nano-NIP-CP electrode greatly
decreases by increase of washing time until 10 s.

According to Fig. 3, in nano-MIP-CP electrode, after wash-
ing step for 10 s, 72.65 % of initial rebinded DZN (DZN
adsorbed on the unwashed electrode) has remained while
nano-NIP-CP electrode preserved 16.66 % of initial adsorbed
DZN after washing step (10 s). This difference could be due to

selective recognition sites in imprinted polymer particles com-
pared to NIP particles. Also, due to existence of these
imprinted cavities, initial adsorption of DZN in nano-MIP-
CP electrode is more than nano-NIP-CP electrode.
According to these results, 10 s was chosen for washing time
of the sensors.

Optimization of the nano-MIP-CP electrode composition

Due to insulating effect of the binder resulting in a decrease in
current response of carbon paste electrode, an appropriate
amount of binder is required for preparation of modified CPE.

The effect of variation in the amount of paraffin oil (ESM,
Fig. S2-A) shows that when the amount of paraffin is 27 %
(0.028 g) of the total CPE composition, the sensor has the best
electrochemical response, and more than this amount de-
creases the electrical current of sensor due to insulating effect
of the paraffin oil.

Also, as it is clear, the amount of the recognition sites in
nano-MIP based sensor has a significant effect on the extrac-
tion amount of analyte and also on the sensor response.
Therefore, different nano-MIP-based sensors with various
weight ratios of the nano-MIP to graphite powder at fixed
amount of paraffin binder (27 %) were fabricated and used
for diazinon extraction and its determination by SWVmethod.
The results are illustrated in Fig. S2-B (ESM). As can be seen,
an increase in the nano-MIP content in CPE up to weight ratio
of 0.258 (15 % nano-MIP and 58 % graphite) leads to an
increase in the DZN reduction signal due to an increase in
the number of binding sites on the electrode surface as well
as DZN extraction.

However, enhancement of the nano-MIP content of elec-
trode of more than 15 % leads to a decrease in the sensor
response. This can be related to decreasing in the electrode
surface conductivity in the presence of higher amount of nano-
MIP in CPE composition. Thus, the best weight ratio for fab-
rication of sensor is 57:15:28 for graphite:MIP:paraffin.

Effects of extraction and analysis of pH

The dependence of the reduction peak current to the sample
solution pH (extraction pH) was evaluated by incubating the
nano-MIP-CP electrode with optimized composition into the
1.0 × 10−6 mol L−1 DZN solutions with different pH (2.0 to
10.0) for 10 min. After extraction step, the electrode was

Fig. 3 The effect of washing time on the responses of modified
electrodes. Extraction solution: 1.0 × 10−6 mol L−1 DZN (pH = 7),
Extraction time: 10 min, SWV conditions (ΔE = 50 mV, Vstep = 2 mV,
tstep = 0.3 s, Frequency = 50 HZ) in B.R. buffer (pH = 4.4)

Fig. 4 Effect of DZN extraction solution pH on the SWVresponse of the
nano-MIP-CP electrode

Table 2 The effect of SWV parameters on the DZN determination

Parameter Values range of studied The optimal value

ΔE 10–50 mv 50 mV

f (Hz) 10–90 Hz 70 Hz

Vstep 2–12 mv 6 mV
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washed and immersed into the analysis solution (B.R. buffer
with pH 4.4) and SWV signal was recorded. As can be seen in
Fig. 4, the amount of DZN extraction in the pH range of 6–8 is
higher and has no considerable variation in this pH range. At
pH values less than 6 and greater than 8, the extraction amount

tends to decrease; this behavior could be due to diazinon hy-
drolysis in acidic or alkaline environments [46] and so its
appropriate form for inclusion in recognition sites was
changed. Thus, the pH = 7 was chosen as an optimum pH
for DZN extraction solution.

Fig. 5 Voltammograms corresponding to evaluate the electrochemical parameters related to the SWV technique; (I) pulse amplitude (ΔEs), (II)
frequency ( f ), and (III) pulse step (Vstep)

Fig. 6 I SW voltammograms of
varying concentration of diazinon
obtained at the nano-MIP-CP
electrode under optimized
conditions. II The corresponding
calibration curve of diazinon.
Extraction solution: DZN solution
prepared in B.R. buffer at pH 7.0;
the letters a–m correspond to
blank, 0.0025, 0.005, 0.008, 0.01,
0.05, 0.08, 0.1, 0.25, 0.5, 0.8, 1.0
and 2.0 μmol L−1 DZN; analysis
solution: B.R. buffer at pH 3.5
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After optimization of extraction pH, the effect of
supporting electrolyte pH on the DZN reduction at the surface
of nano-MIP-CP electrode in the pH range values from 2.0 to
7.5 was studied.

The results are illustrated in Fig. S3 (ESM). As can be
seen in Fig. S3-A, with increasing of pH, up to 3.5, the
cathodic peak current is increased and after this pH, an
obvious decrease results. Furthermore, Fig. S3B shows a
dependence of reduction peak potential to the analysis
pH. The potential shifted toward more negative values
upon increasing of pH. These results indicated participa-
tion of protons in the reduction process of DZN [22, 26],
so that the acidic media is better for this reaction, but at
a very acidic pH ( 3.5), the diazinon is unstable and
rapidly hydrolyzed prior to electrochemical analysis
[22]. Based on these results, the solution with pH 3.5
was selected as a suitable supporting electrolyte for the
DZN analysis.

Optimization of extraction time and stirring rate of sample
solution

Because in extraction step the contact surface of sensor with
diazinon solution is low, in order to achieve the maximum
capacity of sensor, transfer of diazinon molecules to the elec-
trode surface must be accompanied by stirring of DZN solu-
tion and sufficient extraction time.

For this purpose, the effects of extraction time and
stirring rate of extraction solution on the sensor response
was evaluated. The obtained results indicate that increas-
ing of extraction time (ESM, Fig. S4-A) and stirring rate
(ESM, Fig. S4-B) up to 12 min and 400 rpm, respective-
ly, leads to considerable increase in the SWV response,
and longer extraction times and faster stirring rates did
not have a significant effect on the diazinon extraction.
Therefore, these values were selected for subsequent
experiments.

Electrochemical condition optimization

'Finally, the effect of some of the important electrochem-
ical parameters related to the SWV technique such as
pulse amplitude (ΔEs), SW frequency ( f ), and pulse
step (Vstep) on the response of diazinon reduction was
studied. The results given in Table 2 indicate that the
best SWV response was obtained for the pulse amplitude
of 30 mV, frequency of 70 Hz, and pulse step of 6 mV.
The related voltammograms are shown in Fig. 5.

Analytical characteristics

To investigate the analytical performance of the proposed sen-
sor, the nano-MIP-CP electrode used for determination of di-
azinon solutions with various concentrations to plotting of
calibration curve (Fig. 6).

The SWV results (Fig. 6I) show that the reduction peak
current of DZN with peak potential at about −1.22 V increased
as a function of DZN concentration. The calibration curve
(Fig. 6II) showed two linear regions between the peak current
and concentration of DZN. One of these was from 2.5 × 10−9 to
1.0 × 10−7 mol L−1 with a regression equations of Ip
(μA) = 95.081 CDZN (μmol L−1) + 0.027 (R2 = 0.9971), and
the other from 1.0 × 10−7 to 2.0 × 10−6 mol L−1 with a regres-
sion equations of Ip (μA) = 17.774 CDZN (μmol L−1) + 10.161
(R2 = 0.9832). Also, as can be seen, the slope of the first linear
range is much higher than that of the second region. This dif-
ference in slopes is due to the different activities of the electrode
surface with low and high concentrations of the analyte. Due to
the high number of active sites (compared to the total number
of the analyte molecules) in the electrode surface in the lower
DZN concentration, the slope of the first linear region of cali-
bration curve is high. While in the higher concentration of

Fig. 7 Comparison of the SWV responses obtained at the nano-MIP-CP
and nano-NIP-CP electrodes over the studied concentration range of
DZN under the optimum conditions

Table 3 Tolerance limit with respect to 2.5 × 10−8 mol L−1 diazinon for
some interfering molecules and ions using nano-MIP-CP electrode under
the optimized conditions

Interferents Tolerance limit (mol ratio)

Li+,Na+,K+ 1500

Mg2+,Ca2+ 1000

CO3
2−, HCO3

2− 800

Cl− 1000

SO4
2− 500

Glucose, fructose 250

Thiamine (vitamin B1) 150

Riboflavin, ascorbic acid 200

Niacin (vitamin B3) 500

Pantothenic acid (vitamin B5) 400

Vitamin B6 300
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DZN, due to decreasing active binding sites, the slope of the
second linear region of the calibration curve decreased [47].
Therefore, the first region was selected for electroanalytical
determination of diazinon.

The limit of detection (LOD) and limit of quantification
(LOQ) for DZN assay at nano-MIP-CP were calculated using
the relation kSb/m (where k = 3 for LOD and 10 for LOQ, Sb is
the standard deviation of the blank (n = 7) and m is the slope
of the first linear region of calibration curve) and 7.90 × 10−10

and 2.63 × 10−9 mol L−1 values were obtained for LOD and
LOQ, respectively. The precision (%RSD) for five replicate
detections of 2.5 × 10−8 mol L−1 diazinon solution was calcu-
lated 2.66 %.

The stability of the proposed sensor was evaluated by
determination of 2.5 × 10−8 mol L−1 DZN and the results
showed that the current response of the sensor remained
up to 91.8 % (RSD = 3.93 %, n = 3) of its initial value after
14 weeks, which suggested that the nano-MIP based sensor
possessed good stability.

Also, the response of the nano-NIP-CP electrode under the
optimal conditions was compared with the nano-MIP-CP. As
can be seen in Fig. 7, the nano-NIP based sensor showed
considerably lower response to DZN than the nano-MIP based
sensor. This demonstrated the benefit of the selective binding
sites in the nano-MIP for recognition and extraction of DZN.

To assess the selectivity of the proposed sensor, the inter-
ference potential of some ions and organic compounds in real
samples (well water and apple fruit) was tested.

The SW voltammograms were taken for the reduction of
DZN (2.5 × 10−8 mol L−1) after addition of different concen-
trations of each interference species. These results are shown
in Table 3 and indicate that the performance of the developed
sensor did not significantly get affected by the presence of
various interfering molecules and ions studied, and suggest
that the proposed method could be applied successfully for
the determination of DZN in complex matrices. The high se-
lectivity results from the rigid imprinted cavities formed in the
polymer matrixes that are complementary to diazinon mole-
cule both in shape, size, and position of functional groups.

Analysis of real samples

The performance of the proposed sensor for determination
of diazinon in complex matrices was evaluated through
the determination of diazinon in well water and apple fruit
samples according to the procedures described in
BExperimental^ section. Each experiment was repeated
three times and the average of the results is reported in
Table 4. Also, the related voltammograms are shown in
ESM, Fig. S5.

Table 4 DZN determination in real samples (n = 3)

Sample Added (nmol L−1) Detected (nmol L−1) Recovery (%)

Well water ‾ ‾ ‾

5 5.076 ± 0.220 100.86

20 19.783 ± 0.480 98.91

80 77.856 ± 1.034 97.32

Apple fruit ‾ ‾ ‾

6 5.683 ± 0.260 94.72

30 27.76 ± 0.906 92.53

90 83.826 ± 0.633 93.14

Table 5 Comparison of some
characteristics of the developed
sensor with other reported
electrodes for DZN determination

Electrode Technique Linear range
(μmol L−1)

Detection limit
(μmol L−1)

Reference

HMDEa DPPe 10.24–933.00 2.65 21

HMDE DPAdSPf – 0.004 21

Nafion®-coated GCEb SWV Up to 5.0 0.075 22

Tyrosinase modified SPEc SWV 0.062–0.164 – 23

DNA immobilized onto a CNTPEd SWV 19.7 × 10−6–
203.7 × 10−6

1.64 × 10−6 24

HMDE SWAdSV 0.04–0.39 0.11 25

Tris (ethylenediamine) cobalt (II)
iodide modified CPE

DPV 0.164–88.713 0.0246 26

Nano-MIP-CP electrode SWV 0.0025–0.10 and
0.10–2.00

0.00079 This
work

a Hanging mercury drop electrode
bGlassy carbon electrode
c Screen-printed electrode
d Carbon nanotube paste electrode
e Differential pulse polarography
f Differential pulse adsorptive stripping voltammetry
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The resulting range of recovery values (92.53–100.86)
showed good performance of the proposed sensor to de-
termine of diazinon in samples with complex matrices.

Comparison of the developed sensor with other electrodes

In Table 5, the performance of the proposed sensor with
respect to some characteristics such as detection limit
and linear range was compared with other electrodes that
have been developed for diazinon determination. As can
be seen, except for one case, nano-MIP-CP electrode
represents better results in comparison to other reported
electrodes.

Conclusions

In this work, the nanoparticles of molecularly imprinted poly-
mer were used as recognition elements for the fabrication of a
sensitive and selective voltammetric sensor for the determina-
tion of diazinon pesticide.

It was shown that the MIP particle size had consider-
able effect on the sensor performance so that the elec-
trode modified with MIP nanoparticles showed a much
better response than the electrode modified with MIP
micro particles. In fact, preparation of MIP particles with
nano-dimension in this study compared to past researches
leads to an increase in the number of recognition sites
and their accessibility for detection of diazinon and dem-
onstrated the potential of nano-MIP-based sensor for sen-
sitive, selective, and cost-effective sample analysis.

The presented sensor has long-term stability and good re-
peatability with benefits of fairly fast response time, ease of
preparation, and regeneration of the electrode surface that pro-
vides a rapid and economical electrochemical method for the
determination of diazinon in real samples without any consid-
erable matrix interference.
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