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Abstract

A molecularly imprinted polymer (MIP) was designed in order to allow the selective solid-phase
extraction of carbamazepine (CBZ), an anticonvulsant and mood-stabilizing drug, at ultra-trace
level from aqueous environmental samples. A structural analog of CBZ was selected as a dummy
template and different synthesis conditions were screened. The selectivity of the resulting
imprinted polymers was evaluated by studying the retention of CBZ in a solvent similar to the one
used for the synthesis. The presence of imprinted cavities in the polymers was then demonstrated
by comparing the elution profiles (obtained by using MIP and a non-imprinted polymer, NIP, as a
control) of the template, of CBZ, and of a structural analog of CBZ. Then the extraction procedure
was further optimized for the treatment of aqueous samples on the two most promising MIPs, with
a special attention being paid to the volume and composition of the percolation and washing
solutions. The best MIP provided a highly selective retention in tap water with 81 % extraction
recovery for CBZ in the elution fraction of the MIP and only 14% for NIP. The repeatability of the
extraction procedure was demonstrated for both tap and river waters (RSD below 4% in river water)
for the drugs CBZ, oxcarbamazepine, and one metabolite (carbamazepine 10,11-epoxide). A MIP
capacity of 1.15 pmol g was determined. Finally, an analytical procedure involving the MIP was
developed allowing the detection of CBZ at a concentration level of only a few ng L™t in river water.
The selectivity provided by the MIP resulted in a 3000-fold increase of the signal-to-noise ratio in
LC/MS analysis as compared to the use of conventional sorbent.

Keywords: Carbamazepine; Molecularly imprinted polymers; Solid phase extraction; Liquid
chromatography; Mass spectrometry; Environmental aqueous samples

1 Introduction

Carbamazepine (CBZ) is an anticonvulsant and mood-stabilizing drug used worldwide for the
treatment of temporal lobe epilepsy and neuropathic pain [1]. It is one of the most frequently
detected pharmaceutical compounds in environmental waters [2, 3]. After human consumption, up
to 10% of CBZ is excreted unmetabolized from the body [3]. CBZ is resistant to biodegradation
and with the relatively high level of excretion, the conventional wastewater treatment processes
used by drinking water suppliers do not completely remove the CBZ from the waste water [4, 5].
CBZ is therefore detected all over the world in ground, surface and waste water and even in



drinking water at concentration levels ranging from a few ng L to several pg L [6]. At this low
concentration, CBZ has no acute toxic effects in the aquatic ecosystem, however, potentially
adverse effects can occur with continuous exposure and/or with the possible synergistic effects
with other pollutants [7]. Different analytical methods have been developed for the quantification
of CBZ by GC, LC and CE [8-10]. However, at this concentration level a sample treatment step
by liquid-liquid extraction (LLE) or solid phase extraction (SPE) is necessary prior to analysis to
allow a reliable quantitation of CBZ in aqueous samples [11-14].

Molecularly imprinted polymers (MIPs) have already been proposed for improving the selective
trapping of CBZ [3, 15-24]. MIPs are material synthesized in the presence of a template molecule,
leading to the formation of a polymer that possesses cavities that are complementary in size, shape,
and the functionalities of the template compound. The MIP cavities have the ability to selectively
retain target analytes from complex samples. The shape of the cavities, the nature of the monomer,
and the porogen determine the nature and the strength of interactions that will occur between the
target compounds and the imprinted polymer during the extraction procedures. Their stability under
different pH, solvent, or temperature conditions makes MIPs excellent sorbents for SPE compared
with other selective sorbents such as immunosorbents [25]. In order to assess the selectivity of the
retention observed on the MIP, a non-imprinted polymers (NIPs) are synthesized under the same
conditions as MIPs, but without the introduction of the template molecule.

MIPs specific to CBZ have been prepared systematically using CBZ as a template molecule [3,
15-23]. In most cases, methacrylic acid (MAA) was used as a monomer [15-20, 22, 23] in
association with ethylene glycol dimethacrylate (EGDMA) [20, 22, 23], trimethylolpropane
trimethacrylate (TRIM) [18, 19] or with divinyl benzene (DVB) [15-17] as the cross-linker.
Surprisingly, so far only three studies have reported on the screening of different synthesis
conditions [16, 18, 19]. One study reported the effect of the ratio between MAA and methyl
methacrylic acid (MMA) on the binding capacity and on the morphology of nanoparticles of a MIP
synthesized with TRIM as the cross-linker and acetonitrile (ACN) as the porogen [19]. The same
group later focused on the effect of the porogenic solvent (ACN, chloroform or toluene) in
association with MAA and TRIM on the same parameters [18]. The third study only dealt with the
effect of the cross-linker used (DVB or EGDMA) in association with MAA and a mixture of ACN
and toluene as porogen on the extraction recovery of CBZ and on the selectivity of the resulting
MIP [16].

MIPs have been applied to extract CBZ from pure media [18, 22], urine [15, 16, 23], serum [20],
and plasma [23]. Only two studies have focused on the application of MIPs to extract CBZ from
environmental aqueous samples [15, 17]. In the first study, a high recovery yield (80%) was
reported for CBZ extracted from 100 mL of spiked waste water samples at a concentration level of
1 pg Lt [15] using MIP, but no recovery yield was determined using the corresponding NIP. The
actual retention selectivity of CBZ on the MIP in this matrix was then not demonstrated. In the
second study, MIP was used for the removal of CBZ from real river water samples at concentration
level of few pg L™[17], but no extraction recoveries were described.

The aim of this work was thus to evaluate the potential of MIPs for the selective extraction of CBZ
at ultra-trace levels (few ng L) from environmental samples. The MIP synthesis requires the
introduction of a large quantity of the template molecule, and regarding the targeted concentrations
in real environmental samples (highest contamination levels are of the order of a few pg L? [6]),
Contrary to all previous studies an analog of CBZ was selected as the template molecule. Different



conditions of synthesis were evaluated by changing the nature of the monomers, the cross-linker,
and the porogen. The selection of the optimal synthesis conditions was achieved by studying the
retention of the template, CBZ, and a structural analog of CBZ on each MIP and its corresponding
NIP. After optimization of the extraction procedure, both in organic and aqueous medium, the MIP
giving rise to the best selectivity for CBZ was studied in more detail by investigating its capacity
and ability to extract CBZ from different water samples such as drinking, mineral, and river waters.
To highlight the potential of the synthesized MIP, results obtained with the MIP were compared
with results obtained by using a conventional Oasis HLB polymer for the analysis of a river water
sample.

2 Materials and methods

2.1 Materials

Trifluoromethacrylic acid (TFMAA) was purchased from Apollo Scientific Ltd (Manchester, UK).
Itaconic acid (1A), carbamazepine (CBZ), oxcarbamazepine (OX-CBZ) and iminostilbene (IMS)
were procured from ABCR, Karlsruhe, Germany, while methoxycarbamazepine (MCBZ) came
from Fluorochem Ltd (Derbyshire, UK), methacrylic acid (MAA), ethylene glycol dimethacrylate
(EGDMA), divinylbenzene (DVB), triethanolamine (TEA) and carbamazepine 10,11-epoxide
(CBZ-EPO) were from 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). HPLC-grade acetonitrile
(ACN), methanol (MeOH), dichloromethane (DCM), hexane and toluene were supplied by Carlo
Erba (Val de Reuil, France). Acetic acid (AA) was purchased from VWR (Fontenay-sous-Bois,
France). High purity water was dispensed by a Milli-Q purification system (Millipore, Saint
Quentin en Yvelines, France).

2.2 Instrumentation and Analytical conditions

The LC-UV analyses were performed using a liquid chromatograph (LC) Agilent 1200 series
system (Agilent Technology, Massy, France) equipped with a binary pump, an auto sampler and a
diode array detector (DAD) controlled by Chemstation software. The chromatographic separation
was performed on a Varian C18 column (Omnispher) (150 x 2.1mm, 5um) maintained at 35°C.
The mobile phase, MeOH/ACN/H-0 (38/20/42, viviv), flowed through the column at 0.2 mL min-
1 and the detection was performed by UV absorbance at 220 nm. The injection volume was set at
5ul. The corresponding calibration curves were furnished as supplementary material (Table S1).

The LC-MS/MS analyses were performed using a liquid chromatograph (UltiMate 3000®, Thermo
Scientific, Illkirch, France) coupled with a Triple Stage Quadrupole Mass Spectrometer (TSQ
Quantum Access MAX, Thermo Scientific, IlIkirch, France) equipped with a heated electrospray
ionization source (HESI2). The separation was performed under the same conditions as for LC/UV
analysis. MS was operated in positive ion mode with MRM detection using an electrospray voltage
of 3000 V, a tube lens offset of 60 and 82 V for CBZ and MCBZ, respectively and 72V for CBZ-
EPO and OX-CBZ. Capillary and vaporizer temperatures were set at 350 °C and 300 °C
respectively. Nitrogen was used as desolvatation gas and argon as the collision gas at a pressure of
1.5 mTorr. Two transitions were monitored for each compound and collision energies were
optimized and are indicated between parentheses: (i) CBZ: 237> 194 (19V), 237>179 (34V); (ii)
MCBZ: 267> 222 (18V), 267> 193 (30V); (iii) CBZ-EPO : 253> 210 (14V), 253>180 (28V) and
(iv) OX-CBZ : 253>236 (12V), 253>208 (19V). The corresponding calibration curves were
furnished as supplementary material (Table S2).



The instrument was also operated in full scan mode (Q3) (m/z= 100-1100) in order to visualize
interfering compounds that were present in the elution fraction on the MIP/NIP and on a
commercial Oasis HLB polymer (Waters).

2.3 Synthesis of molecularly imprinted polymers and preparation of cartridges

Five MIPs (MIP 1 to MIP 5) were synthesized by bulk polymerization using MCBZ as a template
and different combinations of monomers, cross-linkers, and porogens. Non-imprinted polymers
(NIP 1 to NIP 5), were synthesized following the same procedure as their corresponding MIP
except that the template was absent. The five polymers were generated using a ratio 1/4/20,the
most common ratio used in the literature [25-31], between the template, the monomer, and the
cross linker. For all the syntheses, the template (1 mmol) and monomer (4 mmol) were first mixed
with 1.8 mL of the corresponding porogen in a glass vial the “template-monomer” complex was
allowed to form in an ultra-sonication bath for 10 minutes. After this, 20 mmol of the corresponding
cross-linker was added and the mixture was purged for 10 minutes with a N2 stream to remove the
dissolved oxygen and to avoid the quenching process. The thermal initiator, AIBN (0.2 mmol),
was then added to the above mixture and the glass vial was closed and placed in a 60°C water bath
(this temperature was determined according to (i) the “monomer-template” complex that forms
before the initiation of polymerization and that may be weakened by an excessively high
temperature, (ii) the volatility of the porogen used and (iii) the necessity to promote the
polymerization). After 48 h the glass vials were broken, and each polymer was crushed, ground
automatically in a mixer (MIL MM 301 from Retsch®) and sieved in a vibratory sieve shaker
(Retsch ®). The particles between 25 and 36 um were collected and sedimented with 4 x 5 mL of
MeOH/water (80/20, v/v) to remove the thinest particles and then dried in a 40°C oven overnight.

Extraction cartridges were prepared by placing 55 mg of the MIP or NIP particles between two
polyethylene frits (Sigma-Aldrich) in 3 mL disposable polypropylene cartridges (Sigma Aldrich).
The polymers were washed with 30 mL of MeOH/AA (90/10, v/v) to remove the template
molecule. The washing fractions were evaporated under N2 and suspended in MeOH/ACN/H.O
(38/20/42, vIviv) before injection into LC/UV. The washing step was continued until the template
could no longer be detected in the washing fraction by LC/UV. Finally, the cartridges were washed
with 10 mL of MeOH to remove residual AA. NIPs followed the same protocol.

2.4 Evaluation of the MIPs in organic media

For the screening of the different synthesis conditions and to assay the retention capacity and the
selectivity in organic media only one extraction procedure was performed on each couple MIP/NIP.
The cartridges were conditioned with 2.5 mL of a solvent similar to the one used as the porogen,
i.e. toluene for MIP/NIP 1, MIP/NIP 4, and MIP/NIP 5 and DCM for MIP/NIP 2 and MIP/NIP 3.
Then 1 mL of this solvent spiked with CBZ, MBZ, and IMS at a concentration level of 5 ug mL™*
was percolated through the MIP and the NIP. Elution was directly performed after percolation
using 1 mL of a MeOH/AA, 90/10, v/v mixture. The elution fractions were evaporated under N
stream and resuspended in MeOH/ACN/H20 (38/20/42, viIviv) before injection into LC/UV.

2.5 Evaluation of the MIPs in agueous media

For extracting compounds from tap water, only one extraction procedure was performed on each
couple MIP/NIP, the cartridges were conditioned with 2.5 mL of methanol and 2.5 mL of milliQ
water before the percolation of 1 mL of tap water spiked at 5 pug mL* with CBZ, MBZ, and IMS.
A washing step with 300 pL of 0.1M HCI followed by the same volume of milliQ water was added
prior to the drying of the cartridge during 20 minutes under vacuum [26]. A second washing step



adapted to each sorbent, was performed with 1 mL of toluene for MIP/NIP 1, 1 mL of a mixture of
DCM/hexane (30/70, v/v) for MIP/NIP 2 and MIP/NIP 3, 1 mL of DCM for MIP/NIP 4 and with
1 mL of a mixture DCM/toluene (25/75, v/v) for MIP/NIP 5. Finally the analytes were eluted with
1 mL of MeOH/AA, 90/10, v/v. The washing and elution fractions were evaporated under N:
stream and resuspended in MeOH/ACN/H20 (38/20/42, viv/v) before injection into LC/UV.

2.6 Optimization of the extraction procedure in aqueous media

For determining the breakthrough volumes, the cartridges were conditioned in the same way as for
the extraction procedure described in Section 2.5. Different volumes ranging from 1 mL to 35 mL
of tap water spiked with the same quantity (500 ng) of CBZ were passed through MIP 4. All the
other steps of the extraction procedure were performed as described in Section 2.5 for MIP 4 and
the percolation fraction was lyophilized and resuspended in MeOH/ACN/H20 (38/20/42, viviv)
before injection into LC/UV.

For the optimization of the washing conditions, different compositions, adapted to each MIP, with
various polarities were tested. All the steps of the extraction procedure were the same as in section
2.5 except that 25 mL of tap water was percolated, followed by the second washing step of (i) 1.5
mL of DCM, or DCM/toluene (80/20, v/v), or DCM/hexane (80/20, v/v) or DCM/hexane (70/30,
v/v) mixture for MIP/NIP 1, and (ii) 1.5 mL of DCM, or DCM/toluene (50/50, v/v), or
DCM/hexane (80/20, v/v) or DCM/hexane (60/40, v/v) mixture for MIP/NIP 4. Finally the elution
was performed with 1 mL of MeOH. The elution fractions were evaporated under N. stream and
resuspended in MeOH/ACN/H20 (38/20/42, viviv) before injection into LC/UV.

2.7 Characterization by solid phase extraction of MIP 4 in different types of water

To estimate the binding capacity of this MIP, 25 mL of tap water spiked with concentrations of
CBZ ranging from 1 ng mL™ to 1600 ng mL were percolated through MIP 4 (corresponding to a
quantity of CBZ between 25 ng and 40 pg). The optimized extraction procedure was applied: a
conditioning step with 2.5 mL of methanol and then 2.5 mL of milliQ water before the percolation
of 25 mL of tap water spiked at different concentration with the targeted CBZ. A first washing step
with 300 pL of 0.1M HCI followed by the same volume of milliQ water was performed prior to
the drying of the cartridge for 20 minutes under vacuum. Then 1.5 mL of a mixture of DCM/hexane
(60/40, v/v) was used as the washing solution. Finally the analytes were eluted with 1 mL of MeOH.
The washing and elution fractions were evaporated under N» stream and resuspended in
MeOH/ACN/H20 (38/20/42, viviv) before injection into LC/UV and quantification thanks to
calibration curves.

In order to check the repeatability of the extraction procedure and also the synthesis of the MIP, a
new synthesis, named MIP 4-bis/NIP 4-bis, was carried out and the optimal extraction procedures
were performed three times with tap water spiked at 20 ng mLL.

Before applying Loire river water (collected near Orleans) onto the MIP/NIP 4 a double filtration
was attempted using Millipore® glass-fiber filters (Merck, Ireland). For mineral (Evian water) and
Loire river water, the optimal extraction procedure was applied in triplicate except that the spiking
level was fixed at 500 ng Lt of CBZ, MCBZ, CBZ-EPO, and OX-CBZ. This low concentration in
these matrices necessitates the use of LC/MS-MS for the determination of the recovery yields in
the fractions thanks to calibration curves.



2.8 Application of the optimized extraction procedure to different types of water

To assess the selectivity of the MIP, a Loire river water sample was percolated through a
conventional sorbent, an Oasis HLB polymer 3cc, 60 mg (Waters) and on the M4-bis/N4-bis. The
procedure for the MIP 4-bis/NIP 4-bis was exactly the same as those described in Section 2.7 except
that the Loire river water was spiked at 100 ng L1. For the Oasis sorbent, the extraction procedure
was adapted from [32]: briefly the cartridge was conditioned with 2 mL of MeOH and 2 mL of
water. After this conditioning step, 25 mL of the Loire river water spiked at 100 ng L of CBZ
were percolated through the cartridge, followed by 1 mL of water/MeOH (90/10, v/v) mixture as
the washing step. The sorbent was dried for 20 min under vacuum before the elution of CBZ with
1.5 mL of MeOH. The elution fractions collected from both sorbents (Oasis and MIP) were
evaporated under an N2 stream and resuspended with MeOH/ACN/H20 (38/20/42, v/viv) before
injection into LC/MS-MS. The elution fraction was injected twice, the first one in MRM mode for
performing the quantification of CBZ and determining the recovery yield thanks to the LC/MS-
MS calibration curves, and the second time in scan mode (m/z = 100-1100) in order to visualize
the cleanup effect of the extraction on Oasis HLB and on the MIP.

3 Results and Discussions

3.1 Screening of the synthesis conditions

3.1.1 Choice of the synthesis conditions

In order to avoid the risk of false positives caused by the leakage of CBZ when applying the MIP
to real samples, a structural analog, the 10-methoxycarbamazepine (MCBZ) was selected as the
template for the synthesis of all the MIPs in this study. MCBZ shares a tricyclic hydrophobic ring
with the target compound (CBZ) and has a hydrophilic carboxamide group attached (Table 1).

Table 1: Chemical structure and partition coefficient of template, target and analog

Chemical name Chemical structure  Log P
OCHj
10-methoxycarbamazepine a
(MCB2) J N 213
O”N

H
Carbamazepine 277

(CBZ) NP

Iminostilbene N
e 3.78




In order to promote hydrogen bond formation with the template, three polar and acidic functional
monomers with different pKa values i.e. TFMAA (pKa = 2.1), MAA (pKa = 4.65), and IA (pKa =
3.84 and 5.55) were studied (Table 2). These three monomers were evaluated in combination with
two cross-linking agents, the polar and acidic EGDMA, and hydrophobic DVB that contains a
phenyl group able to promote n- © interactions (Table 2). DCM was initially chosen as the porogen
for its non protic and moderate polar properties meaning that it favours the establishment of
hydrogen bonds between the monomers and the template while ensuring the solubilization of the
reagents. It was then used to prepare MIPs using EGDMA as the cross-linker (MIP 2 and MIP 3).
However, the solubility of DVB was too low in this solvent. Therefore, when TFMAA or MAA
were used as monomer in association with DVB (MIP 1 and MIP 4), DCM was mixed with toluene
(non-polar solvent) in order to allow the complete solubilization of the mixture. IA was used for
the synthesis of the MIP 5, but is barely soluble in non-polar solvents [33], so a ternary mixture of
toluene with acetonitrile and TEA was required. NIP 1 to NIP 5 were synthesized following the
same procedure to their corresponding MIP but without the template. Altogether, five sets of MIPs
(MIP 1- MIP 5) and NIPs (NIP 1- NIP 5) were synthesized and 55 mg of each sorbent were packed
in 3 mL disposable cartridge to evaluate their retention properties.

Table 2: Composition of the polymerization solution used for MIPs and NIPs syntheses

Monomer Cross linker Porogen
o s ow TR
M2 TFMAA EGDMA DCM
M3 MAA EGDMA DCM
S GO '
M5 IA DVB Toluene/ACN/TEA,

0.47/0.47/0.6, viviv

3.1.2 Retention of target analytes in organic media

To evaluate the selectivity, i.e. the presence of cavities in MIPs, the retention of the template
molecule (MCBZ) and of the target analyte (CBZ) was studied on the 5 couples of MIP/NIPs. In
addition, IMS (no carboxamide group) (Table 1) was percolated to evaluate the contribution of the
hydrogen bonds in the retention process. The initial screening studied the retention potential for
these molecules, by percolating a pure organic media spiked with the three studied compounds.
This solvent was selected to promote the same type of interaction that was developed during the
imprinting process (toluene for MIP 1, MIP 4 and MIP 5, or DCM for MIP 2 and MIP 3). Indeed,
if no selectivity is observed in this solvent, no selectivity can be expected in another solvent. In



return, the direct application of a water with a not adapted washing procedure could give rise to a
similar behavior on MIP and on NIP thus preventing the identification of the most promising
sorbent. The elution step was performed with methanol acidified with 10% AA to disrupt polar
interactions. The contribution of cavities in the retention process was evaluated by studying in
parallel the retention on their corresponding NIPs.

The targeted CBZ (Figure 1A) and the template MCBZ (Figure 1B) exhibited the same extraction
profiles regardless of the synthesized MIPs/NIPs. Since MCBZ has the same behavior as the target
molecule during the extraction procedure, it definitively constitutes a good choice as the template
molecule. MIP 1 and MIP 4 appear as the most promising MIPs in terms of retention and selectivity.
These MIPs showed both a high recovery yield (81 and 95% for CBZ and 82% and 92% for MCBZ,
respectively) in the elution fraction and a notable difference between the MIPs and the NIPs (only
12 and 67% of CBZ was retained until elution on NIP 1 and 4 respectively). DVB was used as the
cross-linker in a mixture of toluene and DCM (0.64/0.46, v/v) as porogen and in association with
two different acidic monomers TFMAA for MIP/NIP 1 and MAA for MIP/NIP 4, respectively.
MIP 2 and MIP 3 were synthesized with the same acidic monomers (respectively TFMAA and
MAA) as MIP 1 and MIP 4 respectively, but in association with another cross linker (EGDMA),
and they all provided similar extraction profiles. Using DCM as the percolation solvent, the
hydrogen bond formation was prevented between CBZ or MCBZ and the acidic monomer, leading
to the loss of approximatively 80% of CBZ (or MCBZ) during the percolation step. The comparison
of the profiles obtained on these four couples of MIP/NIPs highlight the role of DVB, used as a
cross-linker in MIP 1 and MIP 4, in the retention of CBZ and MCBZ, probably because of n-n
interactions. This is confirmed by results obtained with MIP 5 that demonstrated a high retention
of both compounds until elution (close to 100%). However, as the profiles on NIP 5 were identical
to those of MIP 5 for both molecules (Figure 1 A,B), this retention is therefore not specific and is
probably related: (i) to the use of 1A that was not able to provide strong polar interactions in the
solvent used for its solubilization, or (ii) according to the strong adsorption observed, the non-
specific binding interactions of IA functional groups cover up any template effects. Altogether,
these results demonstrate that the nature of the monomer (acidic monomers) and of the cross-linker
are crucial to promote retention and selectivity. The contribution of polar interactions (hydrogen
bonds) in the retention mechanism is also confirmed by the extraction profiles obtained for IMS
on all the synthesized MIP/NIPs. In the absence of the carboxamide moiety being able to establish
these hydrogen bonds, IMS was not retained on any of the MIPs (Figure 1C), thus demonstrating
the important role of the acidic monomer to ensure the retention of CBZ and MCBZ. The purpose
of the study was to selectively extract CBZ from water, therefore it was necessary to study the
ability of the different synthesized MIP/NIPs to develop specific interactions between the MIP and
the targeted compounds in this aqueous media.
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Figure 1: Extraction profiles obtained when loading (A) CBZ, (B) MCBZ and (C) IMS in organic media on
the 5 synthesized MIPs and NIPs (n=1). Loading: 1 mL of 5 mg L™ in toluene (MIP 1, 4 et 5); in DCM (MIP
2 and 3) ; Elution : 1 mL MeOH/AA, 90/10, v/v

3.1.3 Evaluation of the MIPs in aqueous media

During the percolation of water samples, the polarity of water prevents the establishment of
hydrogen bonds, previously identified as essential to ensuring the selective retention of analytes on
the MIP. Only hydrophobic non-specific interactions can be expected with the polymeric backbone.
After the percolation step, a drying step was thus introduced to remove water and then to percolate
a non-polar solvent, close to the porogen, as in section 3.1.2, to favor polar selective interactions.
Different non-protic solvents with decreasing polarities were then tested as washing solution
(DCM, toluene, or a mixture of DCM/toluene, or DCM/hexane) on the 5 synthesized MIP/NIPs.
Moreover, in order to mimic the possible matrix effect that could occur during the analysis of real
environmental samples, this study was performed with tap water. Environmental waters contain
divalent ions that may cause ion-exchange between the protons of the carboxylic acid of the
polymer. The divalent cations can replace the proton thus preventing the formation of hydrogen
bonds necessary for selective retention on the MIP [26]. This matrix effect was circumvented by
regenerating the interaction sites just before the drying step and the by washing with a 0.1 M
hydrochloric acid solution. The elution step was performed with 10% AA acidified methanol. The
best extraction profiles i.e. those obtained with the washing solution that gives rise to a high
recovery on the MIP and a low recovery on the NIP are presented in Figure 2 for CBZ, MCBZ and
IMS.

MIP 2, MIP 3, and MIP 5 showed a high retention for both CBZ and MCBZ, but this was not
selective since the retention was also strong on their corresponding NIPs. Both compounds were
retained by non-specific interactions, in a range from 72 to 98% until elution without any
significant difference between the MIPs and the NIPs. Conversely, MIP 1 and MIP 4 again showed
a selective retention of CBZ and MCBZ (Figure 2A, B). Indeed, for these two MIPs, the recovery
yield in the elution fraction, after washing with toluene for MIP 1 and DCM for MIP 4 (Figure 2A,
B), was significantly higher on the MIP (for example, 96 and 100% for CBZ and MCBZ on MIP
1) than on the NIP (31 and 29% respectively). Under the same extraction conditions, IMS was
partially or totally lost during the washing step for all the tested MIP/NIPs (Figure 2C) thus
confirming the contribution of hydrogen bonds in the selective retention of CBZ and MCBZ.
Interestingly, the extraction yield (55%) of this compound in the elution fraction on MIP 1
demonstrated that the elution strength of the washing fraction had to be further optimized in order
to remove possible interfering compounds with a polarity similar to IMS that could be retained by
non-specific interactions.



7 Loading i Washing ® Elution

3
)

¥
i

B

2

61

100 100
a0 . a4
" a8 0 5 . 0
. ™ ) o 50 . "
% 3 1 . -
R N ] N :
77 & 2 7 % f
) 53 53 55 o 56 1 3 .. =
5651 G0 ar 60 . : i
5 & % a5 45 & 8 : = £
= 40 1 s : a + 7 E . i &
I 13 : aff . & .
1 11 a0 4 ] . : an L El gl : :
o Rl el el b L L ET I I | I I I WTR B G s 7 L,
off | 1 L3 a 1 o ff oof oo oof B 1 . o 0 oo oo E E 1 o o 0 oE0 wfi0 a
o= " + " + + + + + | | i s MED a:l CR + 0 | -iim B mil

M1 N1 MZ MNZ M3 N3 M4 N4 M5 NS M1 N1 M2 N2 M3 N3 M4 NI M5 NS M1 N1 M2 N2 M3 N3 M4 Na M5 N5

g
covery (%)

z

(SR
e o
action

t

Extraction recovery (%)
Extraction recovery (%)

E
o B B

Figure 2: Extraction profiles obtained when percolating (A) CBZ, (B) MCBZ and (C) IMS in tap water on
the 5 synthesized MIPs and NIPs (n=1). Loading: 1 mL of 5 mg L™ of each compound in tap water; washing:
1 mL of toluene for MIP/NIP 1, iImL of DCM/hexane, 30/70, v/v, for MIP/NIP 2 and 3, 1 mL of DCM for
MIP/NIP 4 and 1 mL of DCM/toluene, 25/75, v/v, for MIP/NIP; Elution: 1 mL MeOH/AA, 90/10, v/v

Altogether, these results confirmed that MIP 1 and MIP 4 were the most promising in terms of the
selective retention of CBZ. The further optimization of the extraction procedure was thus achieved
only on these two imprinted sorbents and by limiting the study to CBZ and MCBZ.

3.2 Optimization of the extraction procedure applied to real waters

3.2.1 Determination of the breakthrough volume

The final aim of this work was to apply MIPs to the selective extraction of trace levels of CBZ
from real environmental samples. Therefore, in order to obtain the highest possible enrichment
factor and to decrease the quantification limits of the whole analytical procedure, increasing
volumes of tap water (15, 25, and 35 mL) spiked with the same quantity of CBZ (500 ng), were
percolated onto the MIPs and the corresponding extraction recovery yields in the percolation
fraction were monitored. More than 93% of CBZ was retained on MIP 1 and MIP 4 during the
percolation step with 15 and 25 mL of water. However, the percolation of 35 mL led to a decrease
of the recovery on both sorbents thus indicating that the breakthrough volume was reached on both
sorbents. In all the following experiments the loading volume was then fixed to 25 mL thus making
it necessary to decrease the elution strength of the washing solution previously defined for the
percolation of 1 mL of water samples.

3.2.2 Optimization of the washing step

The increase of the percolating volume up to 25 mL could lead to the migration of the target
analytes through the sorbents during the percolation step and thus the elution strength of the solvent
could be too high in the washing step. In order to avoid this possible effect, the washing step was
optimized on MIP 1 and MIP 4 to decrease the retention on NIPs of the targeted CBZ (non-specific
interactions at the surface of the polymer) while maintaining a high retention in the cavities of the
MIPs. For that purpose, after the percolation of 25 mL of tap water spiked with CBZ and MCBZ,
1.5 mL of washing solutions of different elution strengths were assayed and the recovery in the
elution fraction obtained with 1.5 mL of methanol were monitored. Pure methanol was then chosen
because it elutes the target analytes with the same efficiency as the mixture MeOH/AA, 90/10, viv
and it greatly simplifies the conditioning step prior to the next analysis.

Different washing solutions (1.5 mL) including pure toluene, pure DCM and DCM containing
various amounts of toluene (20%) or hexane (20%, 30% or 40%) were tested and the best
compromise between retention and selectivity for MIP 1 was obtained using a DCM/Hexane
mixture (80/20, v/v). This washing mixture allows for a high retention on the MIP (87% of CBZ



recovered in the elution fraction) while decreasing as much as possible the retention on the NIP
(only 28% of CBZ retained until the elution fraction). For MCBZ, the recoveries were 53% and
13% in the elution fraction on the MIP and the NIP respectively. For MIP4/NIP4, the best
compromise was obtained by applying a washing step with a mixture of DCM/hexane (60/40, v/v).
Recovery in the elution fraction of the MIP were 75% and 88% for CBZ, and MCBZ and only 17%
and 15%, respectively, on the NIP. Thus, despite the fact that both MIPs were selective toward
CBZ and MCBZ, the comparison of the results obtained in the best conditions defined for each
couple of MIP/NIP showed that MIP 4 was more selective for the extraction of CBZ and MCBZ.
The comparison of the selectivity can be achieved by comparing the ratios between the recoveries
obtained on MIP and on NIP for a given molecule: these ratios were 3.07 and 4.07 for CBZ and
MCBZ for MIP 1 and 4.41 and 5.86, respectively, for MIP 4. Thus, MIP/NIP 4 was selected for
the remainder of the study.

3.3 Capacity of the MIP

The capacity corresponds to the maximum amount of a compound that can be retained by the
imprinted polymer with a constant recovery. This depends directly on the number of cavities that
are available in the polymer for the selective trapping of the target analytes. In order to evaluate
this parameter in conditions as close as possible to the one used when applying the MIP4 to real
samples, the evaluation of the capacity was carried out by percolating 25 mL of spiked drinking
water and the optimized extraction procedure (washing with 1.5 mL of DCM/hexane, 60/40, v/v)
was applied. The amounts of CBZ recovered in the elution fraction were plotted as a function of
the percolated amount. As show in Figure 3, over the lowest concentrations studied, the trend was
linear, meaning that the extraction recoveries remained constant from 0.02 to 0.6 pg mL?. The
slope of this linear part (75 %) corresponds to the constant recovery yield reflecting the selective
retention of the analyte. For the highest concentrations of CBZ tested (0.8 and 1.6 pug mL1), the
points were clearly not on the previous curve, meaning that the capacity of the cartridge was
overloaded and that retention occurred because of non-specific interactions as observed with the
NIP. The breakdown point of the curve, corresponding to the maximum amount of CBZ that can
be retained on MIP with a constant recovery, was estimated to be close to 15 pg of CBZ for 55 mg
of MIP, which corresponds to a capacity of 0.27 mg g or 1.15 umole g* of MIP. This value is in
good agreement with those reported in the literature (between 0.2 umol g* and 9 umol g) for
MIPs synthesized with the same combination of monomer (MAA) and cross linker (EGDMA) and
targeted toward different classes of compounds with various physicochemical properties, like
pesticides or drugs [29-33]. Moreover, the mean of the recoveries of 75 + 5% obtained for the
extraction of CBZ from the water spiked between 0.02 and 0.6 pg mL* also highlights the
reliability of the extraction procedure.
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Figure 3: Capacity of MIP 4: Amount of CBZ (ug) quantified in the elution fraction obtained on MIP 4 as
a function of the amount of CBZ percolated. The extraction procedure was composed of percolation: 25 mL
of tap water spiked with various amount of CBZ; washing: 1.5 mL of DCM/hexane, 60/40, v/v; Elution: 1
mL MeOH.

3.4 Repeatability of the synthesis of the MIP

To evaluate both the reliability of the synthesis of MIP 4 and the repeatability of the optimized
extraction procedure on tap water, a new synthesis of MIP 4 was performed (named MIP 4-bis/NIP
4-bis) and three optimized extraction procedures were performed on M4-bis and on the
corresponding N4-bis on three different days (n = 3). A high extraction recovery in the elution
fraction for the targeted CBZ (81 + 4%) and a high selectivity was again obtained using MIP 4.
The optimized extraction procedure led to a recovery of only 14 £ 4% in the elution fraction on the
NIP. The recovery yields for CBZ obtained on this MIP resulting from a second independent
synthesis are in good agreement with those obtained on the first synthesized MIP 4/NIP 4 (75%
and 17% of recovery yield in the elution fraction of the MIP and of the NIP, respectively).
Altogether these results demonstrate both the reliability of the synthesis and the repeatability of the
developed extraction procedure.

3.5 Repeatability of the optimized extraction procedure for different types of water

The performance of this sorbent was then evaluated in two different aqueous media: (i) Evian
water, commonly used by French water suppliers as model water to check their analytical
procedure because of its saline and constant composition over time and (ii) Loire river water, a
surface water directly taken from the river. The spiking level was lowered to 500 ng L™, in order
to be close to the level found in real media [6] and the SPE fractions were further analyzed by
LC/MS-MS (mass spectrometry being selected for its higher sensitivity than UV).

The optimized extraction procedure was applied to an unspiked Loire river water sample and CBZ
and MCBZ were detected at a concentration level of 80 ng L* and 1010 ng L, respectively
(quantification performed thanks to LC/MS-MS calibration curves, supplementary materials 2).
The extraction recovery for CBZ in spiked Loire river water was then calculated by taking into
account the concentration detected (80 ng L) in an unspiked sample. Moreover, the use of the
more sensitive MS detector (close to 1000 times more sensitive than UV) allowed for the detection
of MCBZ in un-spiked samples which highlight the leakage of the template from the MIP (about
25 ng of MCBZ were detected in the elution fraction). According to the quantity of MCBZ
introduced during the synthesis for one cartridge (0.2 mmol), this value corresponds to a leak at
each extraction procedure of 0.000047 % of the template molecule introduced during the synthesis.



Even if this value remained really low, it clearly demonstrates the importance of the use of a
structural analogue as a template during the synthesis process of a MIP in order to avoid false
positive responses during its subsequent use, particularly when trace level concentrations are being
investigated. The extraction recovery for MCBZ was then calculated for both Evian and Loire river
water by taking into account the concentration detected (1010 ng L) in the un-spiked sample.
The extraction profile presented in Figure 4 A and B demonstrate that the selectivity of MIP 4 is
maintained for the extraction of CBZ and MCBZ from Evian (Figure 4A) and Loire water (Figure
4B) with recoveries for CBZ of 70% and 65% on MIP 4 and only 31% and 20%, respectively on
the corresponding NIP. However the recovery yield decreased (70% and 65%, respectively, instead
of 81% for tap water). The RSD values (n=3) describing the repeatability of the extraction
procedure for real samples were of 10% and 4% for Evian and Loire river water, respectively.
These results clearly demonstrate the ability of the MIP to selectively extract CBZ from an
environmental water sample at a concentration of only 500 ng L. However, one could wonder if,
under the same conditions, MIP would be to trap simultaneously the two drugs CBZ and OX-CBZ
and one metabolite (CBZ-EPO). Without any further optimization the full extraction procedure
was applied and the extraction profiles obtained are presented in Figures 4A and B. MIP 4 was able
to selectively extract these two compounds from the different types of water (extraction recovery
in the elution fraction of 69% and 60% for CBZ-EPO and of 91% and 69% for OX-CBZ in Evian
and Loire river water, respectively).

The reusability of imprinted polymers is crucial in order to provide a reliable, economic and
sustainable sample treatment step. In this study, multiple extraction procedures were carried out
using the same cartridge. Interestingly, even after 100 cycles (adsorption - elution), the MIP
demonstrated no carry over (demonstrated thanks to the percolation of unspiked milliQ water, data
not shown) and was able to selectively trap the CBZ in complex environmental samples with the
same performance.
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Figure 4. Repeatability of the extraction procedure (n=3) obtained when percolating a mixture of CBZ,
MCBZ, CBZ-EPO and OX-CBZ in (A) Evian water and (B) Loire river water on the MIP 4/NIP 4. The
extraction procedure was the same as in Figure 3 except that the Evian and Loire river water were spiked at
a concentration level for 500 ng L™ of each compounds and analysis of the fractions were carried out in
LC/MS-MS.



3.6 Comparison of performances with a conventional sorbent

To highlight the potential of the MIP, its performances in terms of recovery yield or cleaning
capacity was compared to those obtained with Oasis HLB sorbent which is commonly applied to
the extraction of drugs from waters [32]. For this purpose, a sample of Loire river water spiked at
100 ng L was extracted on both sorbents. The use of Oasis HLB led to a recovery yield of 74 +
6% in the elution fraction. This value was slightly higher than those obtained with the MIP (65 +
4%). However, the comparison of the LC/MS chromatogram in scan mode (Figure 5) clearly
showed that the elution fraction resulting from the Oasis HLB contained more interfering
compounds (higher baseline signal, presence of many peaks and higher noise) than the elution
fraction of the MIP. The presence of these interfering compounds raises the possibility that a matrix
effect occurred during the LC/MS-MS analysis after an extraction on Oasis HLB which could
induce an overestimation of the extraction recovery yield. In addition, the chromatogram in MRM
mode (Figure 5, insert a and b) showed that, even in this mode with some selectivity, the signal to
noise ratio corresponding to the quantitation ion of CBZ in the elution fraction of MIP (Figure 5,
insert b) was 3000 times higher than in the same fraction of Oasis HLB (figure 5, insert a). This
cleaner elution extract obtained using the MIP should provide an increase in the life time of the
analytical column and limit the clogging of the source of the mass spectrometer. However the main
advantage of using MIP was an important improvement in the limit of quantification of the global
analytical procedure (sample treatment on MIP 4 and LC/MS-MS analysis). The high S/N observed
fin the MRM mode for the Loire river water clearly demonstrated that sample treatment on MIP 4
coupled with LC/MS-MS analysis allows for the quantification of CBZ at a concentration level of
only 4 ng L1. CBZ was detected in surface water, waste water, and even in drinking water at
concentrations that ranged from a few ng L* to several pug L [6]. Thus, the developed MIP clearly
demonstrates its potential for its application to environmental waters.

Figure 5: LC/MS chromatogram in scan mode (m/z =100-1100) of the elution fraction obtained after the
percolation of Loire river water on Oasis HLB and on MIP 4-bis. In the insert, the MRM chromatogram of
the same samples corresponding to the quantitation transition for CBZ (237> 194) in the elution fraction
of Oasis HLB (a) and MIP 4 (b). The extraction procedure was the same as the one described in Figure 3,
except that the Loire river water was spiked at a concentration level of 100 ng L™ and analysis of the fractions
was carried out in LC/MS-MS.



4  Conclusions

Different conditions of synthesis were screened to determine the optimal conditions for the
synthesis of a MIP able to selectively extract CBZ from pure organic and aqueous media. The most
promising MIP was synthesized by using MCBZ as the template, MAA as the monomer, DVB as
the cross linker, and a mixture of toluene and DCM as porogen. After studying the repeatability of
the optimized SPE procedure and the reliability of the MIP synthesis in pure media, the capacity
of the MIP for the trapping of CBZ was determined (1.15 pmole g* of MIP) and the performances
of this polymer was evaluated in real media. A high retention of CBZ was maintained with mineral
and river water with extraction recoveries of 70 and 65% respectively, while the recoveries with
the NIP were lower than 20%. The MIP was also able to selectively trap selectively two other
structurally similar compounds, another drug (OX-CBZ) and a metabolite (CBZ-EPO), under the
same conditions. The repeatability of the extraction procedure was also demonstrated in these real
media (RSD of 4%). The MIP demonstrated an efficient clean-up of the sample compared with a
conventional Oasis HLB sorbent, thus allowing for the quantification of CBZ by LC/MS-MS at the
ultra-trace level (4 ng L) in Loire river water that is fully in accordance with the targeted
concentration in real water samples. This work also highlighted the advantage of using a dummy
molecule as the template to circumvent the risk of false positives.
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