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Abstract

The increasing use of pesticides in agriculture causes environmental issues and possible
serious health risks to humans and animals. Their determination at trace concentrations in
vegetable oils constitutes a significant analytical challenge. Therefore, their analysis often
requires both an extraction and a purification step prior to separation with liquid
chromatography (LC) and mass spectrometry (MS) detection. This work aimed at developing
sorbents that are able to selectively extract from vegetable oil samples several
organophosphorus (OPs) pesticides presenting a wide range of physico-chemical properties.
Therefore, different conditions were screened to prepare molecularly imprinted polymers
(MIPs) by a non-covalent approach. The selectivity of the resulting polymers was evaluated by
studying the OPs retention in pure media on both MIPs and non-imprinted polymers (NIP)
used as control. The most promising MIP sorbent was obtained using monocrotophos (MCP)
as the template, methacrylic acid (MAA) as the monomer and ethylene glycol dimethacrylate
(EGDMA) as the cross-linker with a molar ratio of 1/4/20 respectively. The repeatability of the
extraction procedure and of the synthesis procedure was demonstrated in pure media. The
capacity of this MIP was 1 mg/g for malathion. This MIP was also able to selectively extract
three OPs from almond oil by applying the optimized SPE procedure. Recoveries were
between 73 and 99% with SD values between 4 and 6% in this oil sample. The calculated LOQs
(between 0.3 and 2 pg/kg) in almond seeds with a SD between 0.1 and 0.4 ug/kg were lower
than the Maximum Residue Levels (MRLs) established for the corresponding compounds in
almond seed.

Keywords: molecularly imprinted polymers; organophosphorus pesticides; solid phase
extraction; vegetable oils; liquid chromatography; mass spectrometry.

1. Introduction

Vegetable oils occupy a large place among food products and their nutritional or health
contribution does no need demonstration. Their constituents play a very important role in



human health. In addition, their beneficial properties in cosmetics have been known since
antiquity by nourishing, protecting and moisturizing the skin. However, pesticides used in
agriculture may possibly be found in vegetable oils. The EU harmonization of the pesticides
Maximum Residue Levels (MRLs) within Regulation 396/2005 has led to specific MRLs being
set on raw materials (oil seeds and oil fruit), but not on processed products. A processing
factor was proposed by FEDIOL (vegetable oil and protein meal industry association), to define
the limits allowed in the processed products such as vegetable oils, fats and meals. To reach
the MRLs values that are established at 10 pg/kg by EU for pesticides as general default for
food or feed constitutes a significant analytical challenge for the safe use of such oils.

Organophosphorus (OPs) compounds constitute an important class of pesticides
whose toxicity arises from the inhibition of the acetylcholinesterase enzyme. They exhibit a
wide range of physicochemical properties thus rendering their determination in complex oil
samples particularly difficult. Their analysis often requires a previous extraction step using gel
permeation [1] or a liquid-liquid extraction (LLE) step [2] that is nowadays usually followed
by a purification step by dispersive solid-phase (dSPE) extraction, i.e. a global QUEChERS-
based procedure adapted for fatty matrices [3-5]. Primary secondary amine (PSA),
octadecylsilica (C18) and graphitized carbon black (GCB) are the three most commonly used
sorbents for QUEChERS. However, their amount and their proportion when they are used in
combination must be optimized to reach the most powerful clean-up effect without affecting
the extraction recovery of the target analytes [5]. Indeed, it was recently shown that the
addition of GCB to PSA/C18 was efficient for trapping oil components and their removal from
the extract but also affects the extraction recovery for some compounds [3].

These drawbacks led to the recent development of molecularly imprinted polymers
(MIPs). These synthetic polymeric materials possess specific cavities designed for a template
molecule involving a retention mechanism based on molecular recognition. The MIPs have
been already successfully used in several fields, such as sensors, organic synthesis and
separation of enantiomers [6-9]. The first application of a MIP as SPE sorbent was carried out
by Sellergren et al. in 1994 for extracting pentamidine present at low concentrations in urine
[10]. The principle of selective extraction on a MIP is the same as for a conventional SPE
sorbent. After a conditioning step, the sample is percolated through the MIP and a washing
step removes the interfering compounds. The desorption of analytes is achieved by
percolating a solvent able to develop interactions with the sorbent in order to desorb the
analytes retained on the MIP. Several MIPs dedicated to the selective extraction of
mycotoxins, drugs, pollutants or steroids are now commercially available.

The development of MIPs for the extraction of OPs has been largely reported these
last years. MIPs were prepared as particles to be used in cartridges between two frits as SPE
sorbent [11-26] or as dispersive sorbent for dSPE [27-31] and for matrix solid-phase
dispersion (MSPD) [32—34] or as a thin film in solid-phase microextraction (SPME) [35-37] or
in stir bar sorption extraction (SBSE) [38]. They were applied to the selective extraction of OPs
from vegetable extracts (cucumber, lettuce, apple, pear...) and environmental samples such
as waters and soil extracts.

In the common approach, the synthesis of MIPs involves first the complexation of a
template molecule with functional monomers through non-covalent bonds in a porogenic
solvent, followed by polymerization of these monomers around the template with the help of
a cross-linker in the presence of an initiator. The choice of the chemical reagents used for the
synthesis of the MIP must be judicious in order to really create specific cavities designed for



the template molecule. In 85% of the reported works, MIP for OPs were produced in fixed
conditions without optimizing the nature and the ratio of the reagents. The target OP was
taken as template molecule, methacrylic acid as monomer, ethylene glycol dimethacrylate as
cross-linker in a non protic solvent (mainly acetonitrile, dichloromethane and chloroform). The
effect of the template was studied only once for the development of an MIP for dimethoate
and its metabolite omethoate showing that the metabolite was better adapted for the
trapping of both molecules [19]. A few studies described the synthesis of an MIP by varying
the nature of the monomer [11,19,28,30,31] and/or the porogen [11,25,30,31] or the
template/monomer ratio [24]. In some studies, the choice of the monomer for a given
template resulted from studies by molecular modeling and computational design [17,19,23].
Once, the MIP synthesized, its selectivity was mainly evaluated by binding experiments or
retention studies in pure media. These evaluations were achieved by comparing results using
the MIP with results obtained using a non-imprinted polymer (NIP) that is prepared in the
same conditions as MIP but in the absence of template. In most reported works, these studies
were carried out using up to three OPs including the OP used as template. This comparison
between MIP and NIP achieved in spiked pure media allows to put in evidence the presence
of cavities in the MIP and is also useful to optimize the extraction procedure that must give
rise to high extraction recovery on the MIP and low one on the NIP [8]. Except for one reported
work [21], the conditions of extraction finalized in pure media were applied to real samples
[11,17-20,22-27, 38] without a control of the selectivity by using the NIP or without
reoptimization of the extraction conditions to circumvent matrix effects as already reported
[8]. These matrix effects were well illustrated by Sanagi et al. who reported recoveries
obtained in pure media and in real samples after applying the same extraction procedure on
MIP and on NIP [21]. While recovery of extraction for quinalphos in pure media was 92.3%
and 43.9% for MIP and NIP respectively, the recovery was 99% and 64.8%, respectively for a
real sample, thus illustrating the effect of the matrix components that increase the retention
on both sorbents and induce consequently a loss of selectivity. At last, very few works
reported the application of MIPs for the selective extraction of OPs from vegetable oils. These
works were carried out by Bakas et al. who studied the extraction of methidathion [17],
dimethoate [19] and fenthion [23] from olive oil samples.

The objectives of this work were to prepare a MIP able to extract from vegetable oil
the maximum number of OPs that were selected by taking into account the risk of their
occurrence in such samples. For this, different conditions of synthesis were screened by
varying the nature of the template, of the monomer and of the porogenic solvent in order to
find the conditions of synthesis of a MIP able to selectively trap the largest number of OPs
from vegetable oils The MIP resulting in best selectivity for five OPs was studied more in detail
by investigating its behavior towards ten OPs from pure media but also from vegetable oils
whose content may affect the recoveries on the MIP. At last, to highlight the potential of the
developed MIP, a comparison with results obtained while applying C18 silica to an almond oil
extract was performed.

2. Materials and methods
2.1. Chemicals

HPLC-grade acetonitrile (ACN), methanol (MeOH), dichloromethane (DCM) and



toluene were supplied by Carlo Erba (Val de Reuil, France). High purity water was dispensed
by a Milli-Q purification system (Millipore, Saint Quentin en Yvelines, France).

Certified reference material : dimethoate (DMT) 98%, fenthion sulfoxide (FSX) 99%,
fenthion sulfone (FSN) 99%, methidathion (MTH) 98%, malathion (MAL) 99%, fenitrothion
(FNT) 98%, diazinon (DIZ) 98%, pirimiphos methyl (PIM) 99.5%, fenthion (FEN)99% and
chlorpyrifos-ethyl (CLE) 99.5% were supplied by Cluzeau Info Labo (Saint-Foy-La-Grande,
France). Individual stock solutions from each OP were made at a concentration of 100 mg/L in
ACN. A stock solution mixture containing 5 mg/L of each OP was prepared in ACN and stored
at 4 °C until further use.

Parathion ethyl (PE), monocrotophos (MCP), fenamiphos (FEM), 2-trifluoromethyl
acrylic acid (TFMA) 98%, acetonitrile anhydrous 99.8%, ammonium acetate for HPLC 99.0%
(AC), n-hexane, methacrylic acid (MAA) and ethylene glycol dimethacrylate (EGDMA) were
supplied by Sigma-Aldrich (Saint Quentin Fallavier, France). Washed EGDMA and MAA were
distilled under vacuum in order to remove inhibitors. Azo-N,N’-bis-isobutyronitrile (AIBN) was
purchased from Acros Organics (Noisy-le-Grand, France). Acetic and formic acids (AA and FA
respectively) were purchased from VWR (Fontenay-sous-Bois, France).

2.2. Apparatus and analytical conditions

The LC-MS/MS analyses were performed using a liquid chromatograph (UltiMate
3000°, Thermo Scientific, lllkirch, France) coupled with Triple Stage Quadrupole Mass
Spectrometer (TSQ Quantum Access MAX, Thermo Scientific, llikirch, France) equipped with a
heated electrospray ionization source (HESI2). The chromatographic separation was
performed on Accucore PFP column (150 x 2.1 mm, 2.6 um, ThermoFisher Scientific, Villebon
Courtaboeuf France) maintained at 32 °C with a column oven (Croco-cil, Interchim). Samples
were analysed using linear gradient elution with water containing 0.1% (v/v) of FA and 4 mM
of AC (A) and MeOH containing 0.1% (v/v) of FA and 4 mM of AC (B). The gradient started at
20% of B during 2.5 min and increased to 80% of B in 23.5 min, held for 2 min, and returned
to initial composition within 2 min and let 2 min to equilibrate the system. The flow rate was
set at 0.4 mL/min and the injection volume was 2 pL.

For the capacity study, the LC gradient was shorter. This new gradient started with an
equilibration during 2 minutes with 20% of B and increased to 80% in 5 min, held for 3 min,
and returned to initial composition within 2 min and let 2 min to equilibrate the system.

MS was operated in positive ion mode with MRM detection using an electrospray
voltage of 3500 V and a skimmer offset of 5 V. Capillary and vaporizer temperatures were set
at 280 °C and 295 °C respectively. Sheath gas pressure and auxiliary gas pressure were set
respectively at 55 and 15 units. Nitrogen was used as nebulizer and desolvatation gas and
argon as the collision gas at a pressure of 1.5 mTorr. For the optimization of the MS detection,
each OP was infused at a concentration of 5 mg/L in the mixture A/B (50/50, v/v). The
quantification of 10 the OPs was performed in MRM mode using the specific transitions FEN
and FNT both gave a very low signal intensity during infusion. A second transition was used
for confirmation purposes and to avoid false positive responses. The m/z values, tube lens and
collision energies values corresponding to quantitation and confirming ions were summarized
in the supplementary material 1 (table S1).

The LC-DAD analyses were performed using a liquid chromatograph (LC) Agilent 1200
series (Agilent Technology, Massy, France) system equipped with a binary pump, an auto



sampler and a diode array detector (DAD) controlled by a Chemstation software. OPs were
separated using the same column, flow rate and injection volume as for LC-MS/MS analysis.
Samples were analysed using linear gradient elution with water (A) and ACN (B). The gradient
started with 8% of B during 2.5 min and increased to 60% in 23.5 min, held for 2 min, returned
to initial composition within 2 min and let 2 min to equilibrate the system. DMT, MTH, MAL
were quantified at 210 nm, FSX at 240 nm, FSN at 230 nm, FNT at 270 nm, DIZ, PIM and FEN
at 250 nm and CLE at 290 nm.

2.3. Synthesis of the MIPs

MIPs were synthesized as bulk using a non-covalent approach. Different combinations
of templates; monomers and solvents were tested (Table 1). A template/monomer/cross-
linker molar ratio of 1/4/20 was used for all syntheses. Briefly 0.25 mmol of template and 1
mmol of monomer were dissolved in 1.4 mL of solvent in a glass tube (14 mm i.d.). Then, 5
mmol of the cross-linker (EDGMA) and 10 mg of the initiator AIBN, were added to the mixture
and purged by nitrogen for 10 min. The tube was sealed and placed in a water bath at 60 °C
for 24 h. A non-imprinted polymer was simultaneously prepared in the same conditions but
without adding the template. Each obtained polymer was crushed, ground automatically in a
mixer MIL MM 301 from Retsch® at 35 s for 3 x 1 min and sieved in a vibratory sieve shaker
from Retsch ® using amplitude of 15 mm/g for 5 min. The particles sizes between 25 and 36
um were collected and a sedimentation with 4 x 5 mL of MeOH/water 80/20, v/v was
performed to remove the thin particles and then dried 24 h at room temperature.

After that, between 25 and 35 mg of polymer were packed in a 1 mL disposable
cartridge of propylene (Interchim) between two polyethylene frits (20 um, Sigma-Aldrich). The
polymer was washed with MeOH (approximately 10 mL) containing 10% of AA (v/v). The
washing fractions were evaporated and suspended in MeOH, ACN and H,0 (40/10/50, v/v/v)
for the MCP template, and in ACN for the other templates before injection in LC/UV. The
polymers were washed until the template could no longer be detected in the washing fraction
by LC-UV at 210 nm for MCP, 250 nm for DIZ and F, and 280 nm for PE. Then the cartridge was
washed with 10 mL of MeOH to remove residual AA.

Table 1: Conditions of the synthesis of six MIPs, using AIBN as initiator and a molar ratio template
/monomer/cross-linker of 1/4/20. NIPs were synthetized in the same conditions without introducing
the template. MAA: methacrylic acid, EGDMA: ethylene glycol dimethacrylate, TFMA: 2-
(trifluoromethyl) acrylic acid, DCM: dichloromethane, ACN: acetonitrile.

Sorbent Template Monomer Cross-linker Porogen
MIP 1 PE MAA EGDMA DCM
MIP 2 MCP MAA EGDMA DCM
MIP 3 F MAA EGDMA DCM
MIP 4 DIz MAA EGDMA DCM
MIP 5 DIz MAA EGDMA ACN
MIP 6 DIz TFMA EGDMA ACN




2.4. SPE procedure applied in pure media

Different studies were carried out on the synthesized polymers to optimize the SPE
procedure, as the selection of the percolation solvent or the washing solution. Before the
percolation, the cartridges were conditioned with 4 mL of the used percolation solvent. Then
1 mL of percolated solvent (toluene, DCM, hexane or mix of hexane, DCM and ACN (70/29/1,
v/v/v)) spiked with 1 mg/L of PE was passed through MIP/NIP 1 cartridges. To study the
washing solvents, a spiked solution of hexane using six OPs at 1 mg/L was used as percolation
solution on the 6 synthesized MIPs/NIPs. Three washing steps were included in an SPE
procedure: 1 mL of hexane and DCM (80/20, v/v), 1 mL of hexane, DCM and ACN (80/18/2,
v/v/v) and 1 mL of hexane, DCM and ACN (80/15/5, v/v/v). The second procedure applied to
the six synthesized MIPs consisted in a single washing step with 1 mL of a mixture of hexane
and DCM (95/5, v/v). After the washing step, the cartridge was dried by 5 mL of air. Finally,
the OPs were eluted with 1 mL of ACN. Each fraction resulting from each step was evaporated
to dryness by a nitrogen stream and was resuspended in 0.5 mL of ACN before injection in the
LC-DAD system.

2.5. Extraction of OPs from the vegetable oils
2.5.1. Preliminary extraction procedure for the vegetable oils

Before the SPE procedure using MIP or NIP sorbents, an LLE was performed on oil
samples. This LLE procedure was described by the ITERG (French Institute specialized in fats
and oils) and used before an SPE step using a C18 sorbent. LLE was carried out using 3 x 1 mL
of a mixture of ACN and DCM (90/10, v/v) for 200 mg of oil. The obtained oil extract was
evaporated to dryness under nitrogen stream and was spiked with 2.5 mg/kg of ten OPs in
1 mL of hexane and passed through the MIP 2 and NIP 2 cartridges. After a conditioning step
with 4 mL of hexane, the oil extract was percolated and 1 mL of a mixture of hexane and DCM
(95/5, v/v) was used for the washing step. Finally, the OPs were eluted in 1 mL of ACN. The
elution fraction was directly injected in the LC-MS/MS and LC-UV systems. For the clean-up
on C18, 12 mL of MeOH and 12 mL of ACN were passed through the cartridge for conditioning,
then 3 mL of oil extract resulting from the LLE step were percolated, and 1.5 mL of MeOH was
used for the elution step. The elution fraction was recollected and evaporated under nitrogen
stream. Finally, the dry extract was suspended in ACN, before its analysis by LC-MS.

2.5.2. Optimized extraction procedure on MIP for the vegetable oils

Optimization of the SPE procedure was necessary to reach the MRLs established by the
regulation (EC) No 396/2005 of the European Parliament and of the Council of 23 February
2005. LLE was carried out as in the previous section. The obtained oil extract was evaporated
to dryness under nitrogen stream, diluted with 10 mL of hexane and was spiked with a low
concentration of 100 pg/kg of three OPs (MTH, MAL, DIZ). After conditioning the MIP/NIP with
4 mL of hexane, 1 mL of the oil extract was percolated through MIP/NIP cartridges and
different volumes of washing solution hexane and DCM (95/5, v/v) were tested: 0.4, 0.65, 0.8
and 1 mL. Finally, the OPs were eluted with 1 mL of ACN. The elution fraction was evaporated
to dryness under nitrogen stream and suspended in 100 uL of ACN before injection in the LC-
MS/MS system.



2.6. Study of the capacity

The study of the capacity of the MIP was performed using percolation solutions that
contained different amounts (between 0.5 and 87 ug) of MAL in 1 mL of hexane through the
MIP and NIP cartridges. Before percolation, the cartridges were conditioned with 4 mL of
hexane. Then, for the washing step, 1 mL of hexane and DCM (95/5, v/v) was passed through
the cartridge. Finally, the OPs were eluted with 1 mL of ACN. The elution fractions were diluted
with ACN taking into account the linearity range of MAL (10-250 ug/L) and were directly
injected in LC-MS/MS using the specific transition (348 = 127) for the quantitation of MAL.

3. Results and discussions
3.1. Development of the LC-UV and LC-MS analyses

To ensure a good quantification of the OPs, the development of an analytical
separation was necessary. Taking into account the hydrophobicity of the studied OPs (see
Figure 1), different non-polar columns were tested using different linear gradient modes. The
first column, Atlantis C18 (150 x 2.1 mm, 3.5 um, Waters), was not able to separate PE and
FEN. Hence, a fused-core column Zorbax Poroshell 120 EC-C18 (50 x 2.1 mm, 2.7 um, Agilent),
was tested but a low resolution was obtained for DIZ and FEN. A third column, Accucore RP-
MS 120 EC-C18 (100 x 2.1 mm, 2.6 um, Thermoscientific) yielded a better resolution for DIZ
and FEN, but the separation of MAL and FNT was not possible with this column. Finally, the
best separation was obtained using an Accucore PFP column (150x 2.1 mm, 2.6 um,
Thermoscientific). The LOQ values (defined as the concentration level that gives a signal to
noise ratio S/N of 10) ranged from 30 to 300 ug/L depending on the OPs (Table 2) using the
LC-UV conditions described in Section 2.2. These values of LOQ allowed the OPs to being
quantified and the performance of the MIPs to being evaluated in pure media. However, for
the studies related to the application of the MIPs to oil samples, it was necessary to develop
and to use the more sensitive LC-MS/MS method in MRM mode in order to decrease the LOQs
(operating conditions described in Section 2.2). The obtained LOQs are summarized in Table
2, and range from 0.4 to 7 pg/L for the OPs in pure media, with the exception of FEN whose,
the estimated LOQ was 1000 pg/L.

Table 2. Comparison of LODs (S/N= 3) and LOQs (S/N= 10) in pg/L obtained in LC-UV and LC- MS/MS
and estimated by injecting OPs at 200 pg/L in LC-UV and at 5 ug/L in LC-MS (except for FEN, 1000 pg/L).

Compounds LC-Uv LC-MS
OPs LOD LoOQ LOD LoQ
DMT 50 160 0.6 2.2
FSX 20 70 0.1 0.4
FSN 2 10 2.1 6.9
MTH 50 170 0.3 0.9
MAL 90 300 0.2 0.8
DIZ 50 160 0.08 0.3
FNT 20 50 No signal No signal
FEN 10 30 300 1000
PIM 20 60 0.2 0.8
CLE 30 90 0.4 1.3
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Figure 1: Chemical structure and partition coefficient of ten OPs and of the templates*. Log P values
are issued from Pesticide Properties DataBase from University of Hertfordshire.

3.2. Screening of the synthesis conditions
3.2.1. Choice of the MIP synthesis conditions

Several synthesis conditions were screened in order to determine which ones resulted
for the largest number of OPs in the highest selectivity during the extraction procedure, i.e a
low retention of OPs on the NIP and a strong retention on the MIP. The non-covalent approach
was selected because it is the most common one used to prepare MIPs for SPE [40]. The
synthesis of MIPs involves first the complexation of a template molecule with a functional
monomer, through non-covalent bonds, followed by polymerization of this monomer around
the template with the help of a cross-linker and in the presence of an initiator [41]. Finally, the
template molecule is removed from the highly cross-linked polymer, thus leaving specific
cavities complementary to the template in shape, size and functionality.

Target analytes were selected by taking into account the most frequently detected OPs
in different vegetable oils by ITERG. As these OPs presented a large structural variety and a
broad range of octanol-water partition coefficients (Figure 1), different templates were used
to prepare the MIPs (Table 1). PE was selected for the MIP 1 synthesis because it is an analogue
of FNT. MCP was used for the MIP 2 synthesis because it has a linear structure like DMT and
MAL. F was selected for the MIP 3 synthesis because it presents similarities, namely the benzyl
and the phosphate groups with FEN, FSX and FSN. Finally DIZ, although it is also a target OP,
was used for the MIP 4 synthesis because it presents similar heterocycles and a thiophosphoric
(P=S) group as CLE, PIM and MTH. The choice of the functional monomer also constitutes one
of the most important factors governing the properties of MIPs. MAA was used for MIPs 1 to
5 and TFMA for MIP 6. These monomers were selected because the OPs include nitrogen,
oxygen and sulfur atoms that can form electrostatic interactions with these acidic monomers
or hydrogen bonds. In order to enhance this type of interactions, slightly polar and non-protic
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solvents, DCM (MIP 1 to 5) or ACN (MIP 5) were tested. To obtain a highly cross-linked
structure, an excess of cross-linker, EGDMA, was added to the polymerization mixture. Once
the six MIP/NIPs were synthesized, the optimization of the SPE procedure was necessary to
evaluate the performance of these supports.

3.2.2. Choice of the percolation solvents

In order to select the solvent favoring the retention of OPs on the synthesized MIPs, a
preliminary experiment was carried out by percolating different solvents spiked with one OP
on one MIP only, MIP 1, the nature of the expected interaction between the OPs and the MIPs
being similar, i.e. polar interactions. PE was selected for this experiment, as it is one of the
selected templates. To favor the specific interactions between the monomer and the target
compounds during the percolation step, solvents with low polarities (toluene, DCM, hexane
and a mix of hexane, DCM and ACN (70/29/1, v/v/v)) spiked with 1 mg/L of PE were passed
through MIP/NIP 1 cartridges. PE was not retained during the percolation step in toluene, and
was weakly retained in DCM (50%) and in the mixture of hexane, DCM and ACN (70/29/1,
v/v/v) (50%), whereas using hexane as percolation solvent, the retention was strong on MIP
and on NIP. Therefore, hexane was selected as the solvent of percolation to evaluate the
retention on other MIPs.

3.2.3. Comparison of the synthesized MIPs

To favor the selectivity brought by the MIPs, the washing step was optimized to
decrease the retention on NIPs (that is caused by non-specific interactions at the surface of
the polymer) while maintaining a high retention on the MIPs by specific interactions that
should take place in their cavities. For this experience, and to limit data treatment, the
retention of six OPs among the ten was studied on the six synthesized MIPs/NIPs (Table 1).
These OPs (FSX, MAL, DIZ, FNT, FEN and CLE) were selected according to their polarity, from
one of the most to the less polar (FSX, FEN respectively) and by adding four other OPs of
intermediate polarities in order to cover the whole range of polarity. The cartridges were
conditioned first with 4 mL of hexane, then 1 mL of hexane spiked with 1 mg/L of six OPs was
percolated on each MIP/NIP. Three successive washing steps were applied: 1 mL of hexane
and DCM (80/20, v/v) (W1), 1 mL of hexane, DCM and ACN (80/18/2, v/v/v) (W2) and then
1 mL of hexane, DCM and ACN (80/15/5, v/v/v) (W3), the augmentation of the polarity of the
mixture increasing its elution strength. As observed for PE, most of the six OPs were retained
during the percolation step, but more than 70% were lost during the first washing step (W1)
from the six MIPs/NIPs. However, CLE was not retained (loss during percolation step) on the
six MIPs/NIPs because it was not able to develop strong polar interactions with the MIP. To
optimize the selectivity for the retained OPs, a washing solution of a lower elution strength
was tested by introducing only 5% of DCM in hexane (1mL). The elution step was ensured with
a more polar solvent, i.e acetonitrile. In these conditions, a strong retention of the studied
compounds was obtained but without any selectivity for MIP 5 and MIP 6. Indeed, similar
extraction profiles were obtained on MIP 5 and NIP 5 and on MIP 6 and NIP 6. Therefore, these
two supports were removed from the study. For the four other MIPs/NIPs, the recovery of the
five OPs in the elution fraction by applying this extraction procedure is reported on Figure 2.
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Figure 2: Recovery of five OPs in the elution fraction obtained on four MIPs/NIPs by applying the
screening extraction procedure including the percolation of 1 mL of hexane spiked with 1 mg/L of each
OP, a washing with 1 mL of hexane/DCM 95/5 (v/v) and an elution with 1 mL of ACN. The average
recovery (%) + SD (n= 3) for MIP/NIP 2 and MIP/NIP 4 and the average recovery (%), (n= 2) for MIP 1
and MIP 3 are reported.
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The comparison of MIPs and NIPs in these conditions shows that no selectivity (MIP 1 and MIP
3) or a low selectivity (MIP 2 and MIP 4) was obtained for FSX, which is the most polar of the
studied compound. At this stage, an improvement in selectivity for all the MIPs could be
expected for this strongly retained compound by increasing the elution strength of the
washing. Nevertheless, MIP 4 presented a good retention for the five OPs but a lower
selectivity than the three other MIPs for MAL and FEN. MIP 4 was then removed from the
study. The three other MIPs were very similar in terms of retention and selectivity. However,
MIP 1 appears less retentive than MIPs 2 and 3 (especially for DIZ and FEN). Finally, according
to the retention and the selectivity observed for DIZ that was higher on MIP 2 than on MIP 3,
MIP 2 was selected and named MIP for the rest of the study.

Additional studies were carried out on this MIP to improve the retention of these four
compounds by changing the elution strength of the washing solution using 7% or 3% of DCM
instead of 5%, but no improvement was observed in terms of selectivity or retention.

3.3. Potential of the MIPs towards OPs

To evaluate the potential of this MIP for the selective extraction of the ten OPs, the
previously developed extraction procedure was further applied in triplicate to the ten OPs of
interest (Figure 3A). To confirm its potential, the same experiment was carried out on a MIP
resulting from a second independent synthesis (Figure 3B). The extraction profile represents
recovery obtained in the percolation, washing and elution fractions on MIP and on NIP (Figure
3A and 3B). The target OPs can be gathered together in three different groups according to
their behavior on MIP/NIP. The MIP does not present any selectivity for the most polar OPs
(DIM, FSX, FSN and DMT) because the retention was strong (up to the elution fraction) and
was the same on MIP and NIP. Some selectivity was obtained for the non-polar OPs (PIM and
CLE) because their extraction profiles on MIP and NIP were different but their retention was
low since they were mainly recovered in the washing fraction. In return, a high retention and
a satisfactory selectivity for moderately polar compounds was obtained. For example, the
recovery of DIZ in the elution fraction was 81 + 8% for the MIP and 23 + 11% for the NIP. SD
values between 2 and 13% (n=3) also indicate the good repeatability of this MIP-SPE
procedure.
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Figure 3: Extraction profiles obtained when percolating the ten OPs (A) on MIP/NIP (n= 3 assays) and
(B) on two MIPs/NIPs synthesized independently using the same condition of synthesis (n= 3 assays on
each synthesis of MIP, n=6). The extraction procedure was the same as in Figure 2.

In addition, the extraction profiles obtained for the two syntheses were similar as
demonstrated by results reported on Figure 3B that corresponds to the average extraction
profiles observed with the use of the MIPs/NIPs resulting from two different syntheses
(extraction in triplicates on both MIP/NIP, n= 6). Indeed SD values of the recovery were
between 3 and 12%. Moreover, the analysis of variance, ANOVA test, (a= 5%) demonstrated
that there was not a significant variation between recoveries obtained on the MIPs resulting
from the two syntheses. These last two observations show the good repeatability of the
extraction procedure and the reliability of the synthesis.

3.4. Study of the capacity of the MIP in pure media

The capacity of the MIP, which corresponds to the maximum amount of a compound
that can be retained by the imprinted polymer with a constant recovery, was studied. This
parameter is linked to the number of specific cavities that are available for the trapping of the
target compounds. Therefore, the determination of the capacity was performed using MAL,
which presents a selective behaviour on this polymer as shown in pure media (Figure 3A):
recoveries of 100% with a SD of 8% on the MIP and of 64% with a SD of 11% on the NIP. To
determine this capacity, samples of hexane were spiked with increasing amounts of MAL and
percolated on MIP and on NIP and the extraction procedure described on Figure 3 was applied
to each sample. The amounts of MAL in the elution fraction of the MIP were plotted as a
function of the percolated amounts. The resulting curve reported on Figure 4 presents two
different parts. For the lowest percolated amounts of MAL, the trend is linear, meaning that
there is a constant recovery of extraction for this range of percolated amounts. The slope of
this linear part corresponds to a recovery of 113%. This value was very close to the recoveries
previously obtained for MAL using the same extraction procedure (Figure 3A). For higher
amounts of MAL loaded on the MIP, the curve reaches a plateau. The recovery decreases since
the capacity of the cartridge was overloaded. Considering the point where the two parts of
the curve intercept as the maximum amount of MAL retained on the MIP with constant
recovery, the capacity can be estimated at about 32 pg of MAL for 32 mg of MIP, which
corresponds to a capacity of about 1 mg/g or to 3.31 umol/g of MIP. Over this value,
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guantitative analyses are not reliable since there is a decrease in the recovery of extraction.
This capacity value was in good agreement with the capacity values reported in the literature
namely, between 0.37 umol/g and 40 umol/g[17,42,43].
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Figure 4: Calibration curves obtained by plotting the amount of malathion recovered in the elution
fraction of the MIP and the corresponding NIP after the percolation of different amounts of malathion
spiked in 1 mL hexane. The extraction procedure was the same as in Figure 2.

3.5. Extraction of OPs from different oils
3.5.1. Preliminary study of the repeatability of the extraction procedure in different vegetable oils

In order to evaluate the potential of the MIP for the extraction of OPs from real media,
three vegetable oils (sunflower, almond and olive oils) were spiked at 2.5 mg/kg with the nine
OPs. The analysis was carried out with LC-UV for FNT and with LC-MS for the other OPs.
Despite the selectivity obtained for FEN in pure media, it was not considered in this study
because its LOQ in MS or in UV were too high for its determination at this spiking level in the
fractions resulting from SPE on MIP. Figure 5 shows the recoveries of the nine OPs in the
elution fraction for the three oils. Recoveries obtained in pure media were also reported on
this figure. The results obtained for oil samples confirmed the results on pure media: the MIP
was not selective towards the most polar OPs (DMT, FSX and FSN) with this extraction
procedure. Moreover, a matrix effect causes a decreased of recovery for all the compounds,
this recovery being lower for spiked oil samples than for spiked pure media. Therefore, the
less polar compounds that were only slightly retained in pure media were weakly or no more
retained on the MIP/NIP.

For the moderately polar OPs, MTH, MAL, DIZ and FNT, the retention was lower
(especially for DIZ) than in pure media because of the matrix effect. However, the selectivity
of the extraction on MIP was maintained, even slightly improved as shown by the highest
difference between recoveries on MIP and NIP. Indeed, MIP becomes more selective towards
MTH in oil samples than in pure media. This can be explained by the fact that the matrix
components may greatly weaken the non-specific interactions as compared with the specific
ones. To improve the recoveries for these OPs, the optimization of the SPE procedure appears
to be necessary.
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Figure 5: Recovery obtained on MIP/NIP after applying the extraction procedure on different types of
vegetable oils (almond, olive and sunflower) spiked at 2.5 mg/kg with nine OPs. Extraction conditions:
see part 2.5.1. Recovery obtained in pure medium (spiked hexane) correspond to those already

reported in Figure 3A.
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3.5.2. Optimization of the SPE procedure using almond oil

As the extraction profile (Figure 5) seems not to be affected by the nature of the oil,
being similar for the three types of oils, this optimization was only carried out for almond oil
samples. Despite the selectivity obtained for the four moderately polar compounds, this part
of the study only focusses on the three OPs that can be analyzed by LC-MS. The MRLs values
were taken as reference to set the spiking level of OPs in the almond oil. Nevertheless, the
MRLs for pesticides in processed products like crude oils (and refined oils) are not specifically
set in the EU legislation. To compare the LOQs of pesticides in crude oils with the MRLs of
pesticides in seeds, a processing factor proposed by FIEDOL (the vegetable oil and protein
meal industry association) was applied. This processing factor is calculated taking a count the
oil content and the hydrophobicity of the OPs at the same time. As an example, the proposed
processing factor for hydrophobic pesticides (log P= 3) in nut seed with 54% in oil content was
2.5. For this case, the average oil content of almond oil is 58% [44], thus the estimate
processing factor for this oil was 2.6. This proposal value, was used to estimate the LOQs of
OPs in almond seed (see Table 3). The almond extract was spiked at 100 ug/kg oil, instead of
2.5 mg/kg, and diluted 10 times to limit the matrix effect during the extraction procedure on
MIP/NIP as proposed by Barkas et al. for olive oil [17]. In addition, different volumes of
washing solution hexane and DCM (95/5, v/v) were tested: 0.4, 0.65, 0.8 and 1 mL.

The washing with 0.65 mL presented a good compromise in terms of recovery and
selectivity. Indeed, for 0.8 and 1 mL the extraction recovery decreases particularly for MAL
and DIZ. In return, if a washing with 0.4 mL gives rise to the same recoveries as for 0.65 mL,
this higher volume was preferred because it must allow the removal of a higher amount of
matrix components than the smaller one. Recoveries in the elution fraction obtained by
applying the dilution of the extract and this washing volume to almond oil extract are reported
in Table 3. Recoveries of extraction were corrected for MAL by taking into account the low
amount of this compound (4 pg/kg) detected in the blank oil sample. The SD values were
between 4 and 6% (n= 3). Those values are comparable to those obtained in pure media
(between 5 and 8%). The selectivity is highlighted by the higher recoveries obtained on MIP
(between 73 and 99%) than on NIP (between 34 and 75%).

Table 3: Recovery obtained in the elution fraction using almond oil spiked with 100 pg/kg of the three
OPs after LLE and SPE clean-up using MIP/NIP or C18. LOQs correspond to S/N= 10. ?: MRLs according
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to EU regulation N° 396/2005; °: processing factor from FEDIOL (vegetable oil and protein meal
industry association); ¢: estimated LOQs according to FEDIOL processing factor.

MRLs?in LOQin Processitr)mg Estimatgd Matrix
almond Recovery factor LOQsCin
OPs Sorbent almond effect
seed (%) oil (pg/kg) almond seed (%)
(ng/kg) (ng/kg)
MIP 99+6 2+1 2.6 0.8+0.4 7+3
MTH 50 NIP 75113
C18 106 £1 216
MIP 73+ 4 51 2.6 2+04 1718
MAL 20 NIP 42 +5
C18 1157 34+13
MIP 816 0.8+0.3 2.6 0.3+0.1 11+3
DIz 50 NIP 34+8
C18 134 +9 35+8

These results were also compared with those obtained by using conventional C18 silica
sorbents after the same LLE step (Table 3). For this, the same spiked level was used for the
three OPs in almond oil as the objective was also to compare the matrix effect in similar
conditions. The recovery for the three OPs was over 100% using C18 silica, which indicates
that the results obtained using C18 silica could be affected by a matrix effect. The contribution
of matrix effect in the quantification of OPs was then evaluated for both sorbents. After
applying the whole extraction procedure to a non-spiked oil sample (LLE and SPE on MIP or
on C18), the elution fraction was spiked with three OPs. This extract was injected in LC-MS,
and the obtained signals were compared to those of a standard solution in pure media at same
concentration level. The results indicate that the contribution of matrix effects using C18
silica was higher than when using the MIP. As an example, for MTH, the matrix effect was 21%
on C18 and 7% on MIP. Therefore, the comparison of the two extraction procedures
performed on MIP and C18 indicates that the use of MIP as a selective sorbent limits the matrix
effect that occurs when using a conventional sorbent by a factor two to three. This can be
explained by a more efficient removal of matrix components from the MIP than from C18
silica. This can also be illustrated by comparing the LC-UV (210 nm) chromatograms resulting
from the analysis of the elution fraction after using C18 or MIP (Figure 6). The chromatogram
corresponding to C18 contains more peaks of interfering compounds than those obtained
from MIPs. The MIP allowing a larger part of interfering compounds to being removed thus
improving the reliability of LC-UV and LC-MS analyses.

Figure S2 (supplementary material 2) corresponds to the LC-MS analysis in (MRM
mode) of the elution fraction from the MIP for an almond oil sample spiked at 100 pg/kg. The
calculated LOQs for the three target OPs (MTH, MAL and DIZ) are reported in Table 3 and
range from 0.3 to 2 pg/kg in almond seed. These results mean that this analytical method
allows the determination of concentration levels of OPs lower than their MRLs (20 to 50
ug/kg). Moreover, it is important to mention than these results obtained for vegetable oils
(comparison of oils, optimization of washing conditions, studies of matrix effect) were
achieved on the same MIP without observing any decrease in its performance, thus
highlighting its good chemical stability and its reusability for more than 100 experiments.
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Figure 6: LC-UV chromatograms (210 nm) of elution fraction of almond oil extract spiked at 100 pg/kg
with eight OPs using C18 or MIP after LLE. The extraction procedure was described in the part 2.5.2
(washing volume of 0.65 mL).

4. Conclusions

Different conditions of synthesis were screened to determine those that allow the
synthesis of a MIP able to selectively extract OPs that belong to a very broad range of
molecular structures and log P values (between 0.7 and 4.7). Among the six synthesized MIPs,
one of them was able to selectively trap five OPs (MTH, MAL, DIZ, FNT and FEN).

After studying the repeatability of the optimized SPE procedure and of the reliability
of the MIP synthesis in pure media, the performances of this polymer were evaluated in real
media. The retention of OPs on the MIP was similar using three different oils (olive, sunflower
and almond oils). Therefore, a rapid optimization of the SPE procedure on almond oil was
achieved and allowed us to obtain recoveries for three OPs (MTH, MAL and DIZ) between 73
and 99% using the MIP and of only 34 to 75% using the NIP. The MIP also allows the matrix
effects to being reduced by a factor of two to three: the matrix effects were between 7 and
11% using the MIP and between 21 and 35% using the C18 silica sorbent for a sample of
almond oil spiked at 100 pg/kg. The LOQs obtained for almond seeds (between 0.3 and 2
ug/kg, estimated taking a count the LOQs of spiked almond oil), were lower than the MRLs
(between 20 and 50 pg/kg) established for the almond seeds.
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Supplementary material 1

Tube
OPs Precursor lon lens Quantitation Collision energy of Confirming
ion m/z guantitation ion lon m/z t
m/z (Da) (V) (Da) (V) (Da) (min)
DMT [M+H]*= 230 90 125 22 170 7.7
FSX [M+H]*= 295 116 280 18 109 17.7
FSN [M+NH,]'=328 g5 311 12 125 19.0
MTH  [M+NHJ'=320 g 145 13 85 19.5
MAL  [M+NH,J'=348 g1 127 17 99 22.12
DIz [M+H]*= 305 96 169 21 153 239
PIM [M+H]*= 306 96 164 22 108 24.8
CLE [M+H]*= 352 112 200 21 97 26.3

Table S1. Tube lens values corresponding to quantitation and confirming ions and collision energies

corresponding to quantitation ions.
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Figure S2: LC-MS chromatograms (MRM mode) of the elution fraction of an almond oil extract spiked at 100
ug/kg with eight OPs issued of the MIP. Extraction procedure was described in part 2.5.2 (washing volume

of 0.65 mL).
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