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Abstract In this study, a molecularly imprinted polymer that
can selectively recognize dimethoate, isocarbophos, and
methyl parathion was synthesized. Using this compound as
sorbent, a new method for simultaneous determination of the
three organophosphorus pesticides by molecularly imprinted
solid-phase extraction coupled with high-performance liquid
chromatography was established. The factors affecting the
preconcentration and sensitivity were studied in detail. Under
optimal conditions, the limits of detection of this method for
dimethoate, isocarbophos, and methyl parathion were 19.78,
8.73, and 17.41 pg/kg, respectively. The relative standard de-
viation for five replicates of 0.01 mg/L-mixed solutions was in
the range of 1.8-4.2 %. Cucumber sample spiked with the
three organophosphorus pesticides at levels of 0.125 and
0.250 pg/g were examined using this method, good recoveries
were obtained ranging from 82.5 to 95.6 %. Moreover, this
method was also successfully used for the detection of the
three organophosphorus pesticides in cauliflower sample.
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Introduction

Organophosphorus pesticides play an important role in the
improvement of agricultural output by controlling diseases,
and they have become some of the most commonly used pes-
ticides in industrialized countries (Pérez-Ruiz et al. 2005).
However, their universal application in agriculture also gives
rise to high-level residues of organophosphorus pesticides in
food and the environment, and this is harmful to human health
because of their high toxicities (Taira et al. 2006; Casida and
Quistad 2004). Therefore, monitoring and controlling the
levels of these compounds in food and the environment are
crucial and necessary.

In the past decades, many studies have been reported on the
determination of organophosphorus pesticides using methods
such as gas chromatography (GC) with flame photometric
detection (FPD) (Liu et al. 2014) or nitrogen—phosphorus de-
tection (NPD) (Tian et al. 2014), high-performance liquid
chromatography (HPLC) with diode array detection (Pirsaheb
et al. 2013), gas chromatography—mass spectrometry (GC-
MS) (Chen et al. 2009) or liquid chromatography-mass spec-
trometry (Ingelse et al. 2001), capillary electrophoresis (CE)
(Zhao et al. 2014; Chen and Fung 2010), immunoassays
(Garcés-Garcia et al. 2006), and chemiluminescence methods
(Meng et al. 2011). Among these methods, GC and HPLC are
the classical methods, but their high limits of detection are
insufficient for the analysis of trace pesticide residues in sam-
ples (Xin et al. 2012; Wang et al. 2013). So, the development
of effective preconcentration and separation procedures prior
to analysis is of great significant.

In recent years, many pretreatment techniques have been
used such as dispersive liquid—liquid microextraction
(DLLME) (You et al. 2013), solid-phase extraction (SPE)
(Xie et al. 2013), supercritical fluid extraction (SFE) (Cuong
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et al. 2012), solid-phase microextraction (SPME) (Saraji et al.
2013), matrix solid-phase dispersion extraction (MSPDE)
(Guan et al. 2011), and stir bar sorptive extraction (SBSE)
(Yu and Hu 2009). Among them, SPE is the most widely used
and commercialized technique because it is simple, stable, and
easily automated (Zhao et al. 2014). Currently, C;g and Cg-
bonded silica are commonly used as solid-phase sorbents.
However, the interaction between the adsorbent and target in
SPE is non-specific, which leads to poor purification efficien-
cy. Sometimes, it is also difficult to remove matrix interfer-
ence, which is unfavorable for the determination of target
analytes.

The molecular imprinting technique (MIT) is one of
the most ideal and promising methods to prepare tailor-
made materials for the development of specific sor-
bents. The resulting molecularly imprinted polymers
(MIPs), which are stable, simple to prepare, reusable,
and highly selective, have been applied as SPE sor-
bents in many fields, including biology (Ricanyova
et al. 2010), environmental studies (Nuflez et al.
2010), pharmaceuticals (Zhang et al. 2009), and food
analysis (Theodoridis et al. 2006). However, traditional
MIPs can only specifically recognize the template mol-
ecule and have low adsorption for other substances.
Their applications in multi-pesticide residue analysis
have therefore been limited.

4-(Dimethoxyphosphorothioylamino)butanoic acid has
common functional groups with, and a similar structure to,
organophosphorus pesticides and has been used as a hapten
to immunize animals to obtain antibodies that can selectively
recognize multi-pesticides (Zhang et al. 2007). In this study, a
new MIP that can selectively recognize dimethoate,
isocarbophos, and methyl parathion was prepared using
4-(dimethoxyphosphorothioylamino)butanoic acid as the tem-
plate. Using this functionalized material as sorbent, a new
method of molecularly imprinted solid-phase extraction
(MISPE) coupled with high-performance liquid chromatogra-
phy (MISPE-HPLC) for the separation and determination of
three organophosphorus pesticide residues in vegetables was
established. The factors affecting preconcentration were opti-
mized. The accuracy and applicability of the method were also
evaluated.

Experimental
Materials

Cucumber sample was purchased from the Tai’an Yaxiya
Food Co., Ltd. (Shandong, China), and the cauliflower sample
was purchased randomly from a market in Taian (Shandong,
China) in May 2014.

Chemicals

Analytical standard dimethoate (>98.3 %), isocarbophos
(>99.0 %), and methyl parathion (>99.0 %) were obtained from
the Institute for the Control of Agrochemicals of the Ministry of
Agriculture (Beijing, China). 4-Aminobutyric acid was pur-
chased from the TCI Development Corp. (Shanghai, China).
0,0-Dimethyl phosphorochloridothioate and ethylene glycol
dimethacrylate (EGDMA) were supplied by the Sigma-
Aldrich Co., Ltd. (St Louis, MO, USA). Acrylamide (AM)
was purchased from the Meryer Chemical Technology Co.,
Ltd. (Shanghai, China). 2,2-Azobis(isobutyronitrile) (AIBN)
was obtained from Tianjin Chemical Reagent Factory (Tianjin,
China), and it was purified by recrystallization before use.
HPLC-grade methanol and acetonitrile (ACN) were supplied
by the Shandong YuWang Industrial Co., Ltd. (Dezhou, China).
Doubly distilled water (DDW) obtained from an Aike ultrapure
water instrument (Tangshi Kangning Technology, Chengdu,
China) was used in all of the experiments. Other reagents were
of the highest available purity and at least of analytical grade.

Apparatus

Analysis was performed using an HPLC equipped with two
Shimadzu LC-20AT pumps, a Shimadzu SPD-M20A ultravi-
olet (UV) detector, and an automatic injector (Shimadzu, Kyo-
to, Japan). All separations were performed using an analytical
reversed-phase Thermo C;g column (4.6 mm x250 mm; Agela
Technologies, Newark, DE, USA), at a mobile phase flow rate
0f 0.8 mL/min. ChemStation software was used to acquire and
process spectroscopic and chromatographic data. The mobile
phase was methanol/DDW (60:40, v/v). The injection volume
was 10 pL, and the detection was operated at 200 nm.

The C3 SPE columns (Strata Scx, 200 mg/3 mL) were
purchased from Phenomenex (Torrance, CA, USA). Fourier-
transform infrared (FT-IR) spectra (4000-400 cm ') in KBr
were recorded using a Vector 22 spectrometer (Bruker,
German).

Methods

Synthesis of 4-(dimethoxyphosphorothioylamino)butanoic
Acid

In this study, 4-(dimethoxyphosphorothioylamino)butanoic ac-
id was prepared using the method reported by Wang et al.
(Wang et al. 2013). Briefly, 1.032 g of 4-aminobutyric acid
(10 mmol) was dissolved in 10 mL of 2.5 mol/L NaOH
(4 °C). After stirring for 30 min (4 °C), 1.215 mL of O,0-
dimethyl phosphorochloridothioate was gradually added to
the mixture. The solution pH was then adjusted to 10 with
2.5 mol/L NaOH, and the solution was stirred for another 6 h
while the temperature gradually increased to room temperature.

@ Springer
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Impurities were removed by washing with diethyl easter, and
then the pH of mixture was adjusted to 2.0 by addition of
1.0 mol/L HCL. Finally, the mixture was extracted with diethyl
easter (3x25 mL). The organic layer was dried with Na,SO4
overnight, and the product was obtained by rotary evaporation.

Preparation of MIP

The MIP was prepared according to the method of our previ-
ous study as follows: 0.227 g of
4-(dimethoxyphosphorothioylamino)butanoic acid (1 mmol)
and 0.213 g of AM (3 mmol) were dissolved in 5.0 mL of
ACN. After stirring for 30 min, 1.585 g of EDGMA (8 mmol)
and 40 mg of AIBN were added. The mixture was stirred for
another 15 min to form a homogenous solution. After
ultrasonication for 15 min and purging with nitrogen for
15 min, the mixture was incubated in a water bath at 60 °C
for 8 h. When polymerization was ended, the obtained rigid
polymer was ground and sieved with a 200-mesh sieve. The
MIP was extracted with 200 mL of methanol/acetic acid (4:1,
v/v) for 8 h, and then with 200 mL of methanol for 2 h to
remove the template molecules. Finally, the product was dried
under vacuum at 60 °C for 12 h.

For comparison, a non-imprinted polymer (NIP) was pre-
pared using the same procedure as for the MIP except for the
addition of a molecular template.

Procedures of MISPE-HPLC

To evaluate the applicability of the prepared MIP as a sorbent
for the extraction and determination of trace organophospho-
rus pesticides in vegetables, 100 mg of MIP or NIP was
packed into an empty SPE cartridge. The cartridge was con-
ditioned with 6 mL of methanol and DDW, and then 100 mL
of mixed standard aqueous solution containing three organo-
phosphorus pesticides was loaded at a rate of 1.5 mL/min. As
a result, the analytes (dimethoate, isocarbophos, and methyl
parathion) were selectively adsorbed onto the cartridge. When
the sample loading was finished, the MIP cartridge was eluted
with 2.0 mL of methanol/acetic acid (95:5, v/v). The eluent
was collected in a test tube and condensed to dryness under a
gentle flow of nitrogen at room temperature. The analytes
were then accurately redissolved with 0.5 mL methanol. After
filtration with a 0.22 pm filter membrane, 10 uL of the filtrate
were injected into the HPLC for analysis (Fig. 1). Finally, the
MIP cartridge was rinsed with 6.0 mL of methanol/acetic acid
(9:1, v/v) for the next procedure.

Sample Preparation
To test the accuracy of the developed MISPE-HPLC method,

the fortified cucumber sample, which had been determined to
be free of the three organophosphorus pesticides before

spiking, were prepared. Briefly, 2.0 g of cucumber was cut
into slices and weighed into a 100-mL breaker. The samples
were then spiked with 1.0 mL of a mixed standard solution
(0.25 or 0.50 mg/L) containing 0.25 or 0.50 pg of the three
organophosphorus pesticides. After incubation for 4 h, the
spiked samples were sonicated and extracted with 3x30 mL
of DDW for 20 min. The resulting extractions were collected
and then constant their volume 100 mL. Finally, the superna-
tants were used for the MISPE-HPLC procedure.

To evaluate the applicability of this method, cauliflower
sample randomly purchased from a market in Tai’an were
detected. Cauliflower sample (2.0 g) was prepared according
to the above process, except for spiking with the standard
solutions, and the levels of dimethoate, isocarbophos, and
methyl parathion were determined.

Results and Discussions
Characterization of MIP by FT-IR

The FT-IR spectra of the MIP before and after extraction of the
template molecules, and the NIP are shown in Fig. 2. The peak
at 1730 cm ' was assigned to C = O stretch and the peak near
2980 cm ! was the C—H stretch. The peaks at 3440 cm ™' and
3450 cm™ ' were —OH vibrations, the slight shift in the position
of this stretch for the MIP might result from interactions be-
tween the -COOH group of the template molecule and the —
NH, or C = O groups of AM. These results indicated that the
template had reacted with AM, and the imprinted polymer had
been synthesized.

® 2980
3440
(b)
© 1730
3450
4000 3000 000 1000

Wave numbers(cm!)

Fig. 2 FT-IR spectra of MIP before (a) and after (b) extraction of
molecular template and (¢) NIP
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The spectra of the MIP after extraction (Fig. 2b) and the
NIP (Fig. 2c) showed major bonds with similar locations and
appearances, and this demonstrated that the template mole-

cules had been completely removed after extraction (Xin
et al. 2012).

Optimization of MISPE Conditions

To achieve good precision and sensitivity, the MISPE process
conditions were optimized, including the eluent composition
and volume, and the sample loading flow rate.

The eluent has an important effect on elution and the recov-
ery of target molecules in the MISPE procedure. In this study,
eluent with different polarities, namely methanol, acetonitrile,
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Fig.4 HPLC chromatograms of three organophosphorus pesticides after
SPE of 100 mL of 0.05 mg/L-mixed standard solution using MIP (a) and
NIP (b) as sorbent
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acetone, and ethyl acetate were used to desorb the three organ-
ophosphorus pesticides from the MIP cartridge. The results
(Fig. 3) showed that good recoveries were achieved for all three
organophosphorus pesticides when methanol was used.

It is well known that the recognition principle of most MIPs
is based on the hydrogen bonding between the analytes and
the polymer functional groups (Zhu et al. 2002). Acetic acid
can increase the eluting strength, weaken the strong interac-
tions between the MIP and the analyte, and release the tem-
plate from the imprinted cavity more quickly (Stafiej et al.
2007). In this study, various volumes of acetic acid (1-
10 %) were added to the elution solvent to test the effect of
acetic acid on the recoveries. The results indicated that the
addition of 5 % acetic acid gave good recoveries for all three
organophosphorus pesticides. As a result, a mixture of
methanol/acetic acid (95:5, v/v) was selected as the eluent
for the subsequent experiments.

To optimize the eluent volume, different levels of
methanol/acetic acid (95:5, v/) solution from 0.5 to 3 mL
were investigated in this study. It was found that the recoveries
of the three organophosphorus pesticides increased quickly
with eluent volume increasing from 0.5 to 1.5 mL, and then
increased slightly when the eluent volume was in the range of
1.5-3.0 mL. Finally, an eluent consisting of 2.0 mL of
methanol/acetic acid (95:5, v/) was selected for the MISPE

Table1l Analytical parameters of the developed MISPE-HPLC method
Pesticides Linear range R’ LOD (ug/ MRLs (pg/
(mg/L) kg) kg)

China  EU

Dimethoate 0.001-1.0 0.9986 19.78 200— 20
1000
Isocarbophos  0.001-1.0 0.9983 8.73 - 10
Methyl 0.001-1.0 0.9978 17.41 20 20
parathion

LOD limit of detections, MRLs maximum residue limits, EU European
Union
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Table 2 Recoveries of three organophosphorus pesticides in spiked
cucumber samples (n=3)

Pesticides Spiked level (0.125 pg/g) Spiked level (0.250 ng/g)
Recovery (%) RSD (%) Recovery (%) RSD (%)
Dimethoate 82.5 4.6 83.6 3.8
Isocarbophos 92.6 59 95.6 2.5
Methyl parathion 83.9 2.8 86.4 42

RSD relative standard deviation

procedure to ensure complete elution of the three absorbed
organophosphorus pesticides.

The loading flow rate is also an important parameter that
affects the binding of target analytes. In this study, 100 mL of
0.01 mg/L-mixed standard solution was used for adsorption,
with a flow rate ranging from 1.0 to 5.0 mL/min. When the
loading time was increased from 20 min to 60 min, the recov-
eries of the three organophosphorus pesticides were gradually
increased. When the time was varied from 60 to 100 min, the
recoveries had no obvious increasing. To ensure the complete
desorption of the three organophosphorus pesticides, 1.5 mL/
min was therefore selected as the loading flow rate.

Selectivity of MISPE-HPLC Method

To test the selectivity of the prepared MIP, 100 mL of mixed
standard solutions (0.01 mg/L) containing the three organo-
phosphorus pesticides was passed through a MIP or NIP car-
tridge, respectively. Compared to the NIP chromatogram

(Fig. 4b), the signals of the three organophosphorus pesticides
were more obvious in the MIP chromatogram (Fig. 4a). These
results indicated that the three organophosphorus pesticides
were selectively adsorbed onto the MIP cartridge, and the
MIP sorbent had higher selectivity toward the dimethoate,
isocarbophos, and methyl parathion than the NIP sorbent.

Analytical Parameters of the MISPE-HPLC Method

The analytical parameters of the developed MISPE-HPLC
method for simultaneous separation and determination of the
three organophosphorus pesticides were evaluated under the
optimal conditions. The limit of detections (LODs) (S/N=3)
of the three organophosphorus pesticides were 19.78 ug/kg
for dimethoate, 8.73 pg/kg for isocarbophos, and 17.41 ug/kg
for methyl parathion, respectively, which were lower than the
maximum residue limits (MRLs) in both China and the Euro-
pean Union (EU) (Table 1). The linear ranges of the calibra-
tion graph were all between 0.001 and 1.0 mg/L. The relative
standard deviation (RSD) for five replicate extractions of
0.01 mg/L of mixed solution was in the range of 1.8-4.2 %.

Accuracy and Applicability of the MISPE-HPLC Method

To evaluate the accuracy of the developed MISPE-HPLC
method, cucumber sample spiked with the three organophos-
phorus pesticides at level of 0.125 or 0.25 pg/g was extracted
and analyzed using the method. Three measurements were
performed for each concentration. Good recoveries ranging
from 82.5 to 95.6 % were achieved (Table 2). The peak area

Table 3  Comparison of other methods with the one described in this article to determine of organophosphorus pesticide residues samples

References Pretreatments Detection method ~ Analysis targets LODs

Liu et al. 2014 Modified QUuEChERS GC-FPD 30 Organophosphorus pesticides 5-20 pg/L
in perennial morinda roots

Tian et al. 2014 Single-drop microextraction GC-NPD 6 Organophosphorus pesticides 0.010-0.45 pg/L
in water

Pirsaheb et al. 2013 Dispersive liquid—liquid microextraction =~ HPLC-UV 4 Organophosphorus pesticides in 14 pg/kg
summer crops

Chen et al. 2009 Single-drop microextraction GC-MS 4 Carbamate pesticides and 4 0.02-0.5 pg/L
organophosphorus in water

Ingelse et al. 2001 LC-MS-MS 6 Organophosphorus pesticides 0.01-0.03 pg/L

Chen and Fung 2010
Garcés-Garcia et al. 2006 Rapid extraction process

A MISPE

ELISA

HPLC-UV

in vegetables

4 Organophosphorus pesticides 50-180 pg/kg
in vegetables
4 Organophosphorus pesticides 1046 ng/L
in olive oil
3 Organophosphorus pesticides 8.73-19.78 nugkg

in vegetables

A This work, LODs limit of detections, GC-FPD gas chromatography with flame photometric detection, GC-NPD gas chromatography with nitrogen—
phosphorus detection, HPLC-UV high-performance liquid chromatography-ultra violet, GC-MS gas chromatography—mass spectrometry, LC-MS-MS
liquid chromatography-mass spectrometry-mass spectrometry, CE capillary electrophoresis, £LISA enzyme-linked immunosorbent assay, MISPE mo-

lecularly imprinted solid-phase extraction

@ Springer
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precision (RSD) for three replicate extractions at each concen-
tration was 2.5-5.9 %. These results showed that the devel-
oped MISPE-HPLC method was accurate and applicable.

To evaluate the practical application of the developed
MISPE-HPLC method, cauliflower sample purchased ran-
domly from a market in Tai’an was analyzed. Methyl parathi-
on was not found in the cauliflower sample, possibly because
its use on fruit trees in China was prohibited. Dimethoate and
isocarbophos were quantitatively detected at levels of 0.11 and
0.33 mg/kg, respectively, which are higher than the MRLs in
the EU. Therefore, more work should be done on monitoring
organophosphorus pesticides in vegetables.

Merits of the Developed Method

A lot of methods including GC (Liu et al. 2014; Tian et al.
2014), HPLC (Pirsaheb et al. 2013), GC-MS (Chen et al.
2009), LC-MS-MS (Ingelse et al. 2001), CE (Chen and Fung
2010). and enzyme-linked immunosorbent assay (ELISA)
(Garcés-Garcia et al. 2006) have been reported for the detec-
tion of organophosphorus pesticide residues, and they are
summarized in Table 3.

In comparison, each method has its advantages and disad-
vantages in terms of sensitivity and interference of matrix
compounds. GC and GC-MS are classic methods for the de-
termination of organophosphorus pesticides, but the accuracy
of the result is relatively low because organophosphorus pes-
ticides are unstable and degrade easily at high temperature.
ELISA is sensitive, accurate, and specific, but it is time con-
suming, expensive, and has difficulties associated with anti-
body production. These drawbacks have restricted the use of
ELISA in the determination of pesticide residues. HPLC and
CE have been reported for the analysis of organophosphorus
pesticides, but they are limited because of their low sensitivity
to UV detectors.

In this study, the sensitivity of the developed MISPE-
HPLC method had been improved because of the good ad-
sorption ability and selectivity of the MIP. The LODs of the
three organophosphorus pesticides were much lower than the
MRLs of China and EU (Table 1). Therefore, this present
method has enough sensitivity for the determination of trace
multi-pesticide residues in samples for export. Furthermore,
the prepared MISPE column is stable and can be reused for
more than 15 times, so the cost per analysis of the MISPE-
HPLC method is low.

Conclusions
In this study, a MISPE-HPLC method for the simultaneous

determination of three trace organophosphorus pesticides was
developed. The results showed that the method was simple,

@ Springer

sensitive, and reliable. This study established a preparation
methodology for MIP that can selectively recognize of many
structural analogs. Furthermore, we will provide a promise
tool for determination of trace multi-pesticide residues in food
samples.
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