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INTRODUCTION

The increasing awareness of food safety by the consumers leads public control agencies and
food industry to ensure high levels of control on food for human consumption. Between
anthropogenic contaminants, antibiotics are of particular concern, as the development of
antibiotic resistance, for long time attributed to their overuse in human medicine, has been
recently related also to their use in animal breeding with possible contaminations of
foodstuffs [1]. Thus, the detection of low levels of antibiotics in food is of great relevance.
Among antibiotics, penicillins are frequently used in both permitted and clandestine
veterinary practices. In fact, since the fifties, these antibiotics have been used in livestock
farming as prophylactic and therapeutic agents and also as feed additives for growth
promotion [2]. Thus, penicillins residues are frequently monitored in a wide range of
sample matrices representative of foodstuffs, like muscle, kidney, liver, fat, milk, eggs, or
honey.

High performance liquid chromatography coupled to mass spectrometry (HPLC/MS) is at the
moment the top analytical methodology for simultaneous, unambiguous identification and
quantification of these residues [3,4], while an emerging trend for multi-residue
determination is the use of accurate mass full-scan techniques that allows simultaneous
determination of hundreds of different compounds in complex matrices in a single
analytical run [5,6]. Notwithstanding the excellent performance of these techniques, there
are still limitations in the majority of the HPLC/MS methods, mainly due to sample
preparation procedures and to the presence of matrix effects.

The clean-up of the samples plays indeed a key role in determining the detection capability
of the instrumental techniques because of its ability to reduce matrix interferences [7].
Several strategies can be used for the elimination of matrix effects in LC/MS methods, and
the use of immunoaffinity-based solid phase extraction systems results to be one of the
best performing strategies [8,9]. Immunoaffinity columns, however, are expensive because
of the costs associated with the antibody production and their use is limited to one analysis
as a consequence of the antibody instability to elution conditions. To overcome all these
problems, the use of molecularly imprinted polymers (MIPs) in the so-called molecularly

imprinted solid phase extraction (MISPE) is a good alternative to antibodies [10].



MIPs are frequently synthesized by using the target molecule as the template, and one of
the main drawbacks in this technology is represented by the residual template leakage due
to the presence in the polymeric matrix of minute amounts of the template molecule. It
can bleed during the extraction process, thus contaminating the sample extract and
affecting the analytical result. To overcome this drawback, a structural analogue of the
analytical target can be used as a template in the so called “mimic template approach”. At
the present, notwithstanding several imprinted polymers with molecular recognition
properties towards one or more penicillins have been reported in literature [11-22] and
some of them have been yet used to set up MISPE methods for clinical [18], environmental
[16,21] and food samples [19,22], very few attention has been paid to the use of mimic
templates.

In this paper we present the development of a MISPE technique with selective molecular
recognition properties towards structurally related penicillins obtained by using a mimic
template in the so-called “fragmental template approach” [23]. The polymer was prepared
in silica beads according with Yilmaz et al.[24], consisting in covalently immobilizing the
template mimic in the pores of silica beads through a spacer arm, filling the pores of beads
with an imprinting mixture, polymerizing it and dissolving the silica support, leaving porous
imprinted beads that are the “negative image” of the silica beads. The use of 6-
aminopenicillanic acid — a structure common to all the penicillins — as template molecule

solved the need for a mimic template able to represent an entire class of target analytes.

EXPERIMENTAL

Reagents and materials

6-aminopenicillanic acid (APA), 3-aminopropyltrimethoxysilane (APSMS), amoxicillin
trihydrate, ampicillin, carbenicillin, cefalexin, cefazolin, ceftiofur, chloramphenicol,
ciprofloxacin, cloxacillin, dicloxacillin, N,N’-diisopropylcarbodiimide (DIPCD),
hexamethyldisilazane (HMDS), N-hydroxysuccinimide (NHS), methacrylic acid (MAA),
moxifloxacin, nafcillin, oxacillin, penicillin G, penicillin V, piperacillin, succinic anhydride,

ticarcillin, trimethylolpropane trimethacrylate (TRIM) were from Sigma-Aldrich-Fluka



(Milan, Italy, www.sigmaaldrich.com). Acetone, acetonitrile, ammonium hydrogen fluoride,
2,2’-azo-bis-(2-methylpropionitrile) (AIBN), 4-(N,N-dimethylamino)pyridine (DMAP), N,N-
dimethylformamide (DMF), ethanolamine, methanol, pyridine, spherical porous silica beads
(PharmPrep 60CC, 25-40 pm mean diameter, mean pore size 6 nm, specific pore volume:
0.80 mL-g, specific surface area: 500 m2-g™'), toluene, were from VWR International (Milan,
Italy, it.vwr.com). All the solvents were of HPLC quality, other chemicals were of analytical
grade. Polymerization inhibitors in vinyl monomers were removed by clean-up on activated
alumina columns.

Ultrapure water was obtained by reverse osmosis with a Purelab Prima System from Elga
(Bucks, UK). All the buffers were prepared by dissolving the corresponding salt in ultrapure
water; pH values were adjusted with sodium hydroxide or hydrogen chloride 1 M and the
solutions filtered through a 0.45 um filter before use. Stock solutions of antibiotics were
prepared by dissolving 25.0 mg of substance in 10.0 mL of ultrapure water (DMSO for
amoxicillin trihydrate) and stored in the dark at -20 -C.

The high-performance liquid chromatography apparatus (L-6200 constant-flow binary pump,
L-4250 UV-Vis detector, Rheodyne 7100 six-port injection valve provided with 5 pul injection
loop and a D7000 data acquisition system) was from Merck-Hitachi (Darmstadt, Germany).
Capillary electrophoresis was performed using an Agilent CE system (Agilent Technologies,
CA, USA, www.agilent.com) equipped with a diode-array detector. Data acquisition and
signal processing were performed by using the Agilent ChemStation, Agilent Technologies).
The fused silica capillaries from Polymicro Technologies, Optronis GmbH, Kehl, Germany,
(www.explorethecapabilities.com) were 64 cm in length (56 cm to the detector) with an
[.D. of 50 um.

Grafting of mimic template onto silica beads.

In a 500-mL round-bottomed flask, 10.0 g of silica beads were suspended in 100 mL of 6 M
hydrogen chloride aqueous solution under sonication. The homogenous dispersion was
refluxed overnight, diluted with 400 mL of cold ultrapure water and filtered on a nylon
membrane (0.22 um nominal porosity). The beads were washed with ultrapure water till
neutrality, transferred in a 500 mL round-bottomed flask and dried at 105 °C overnight.

The dried beads were transferred in a 250-mL round-bottomed flask and dispersed in 100



mL of toluene, removing water by azeotropic distillation. Then, the flask was cooled to
room temperature, 1.75 mL (10 mmoles) of APSMS were added. The homogenous dispersion
was refluxed overnight under gentle agitation. The aminosilanized beads were filtered on a
nylon membrane (0.22 um nominal porosity), washed with toluene, transferred in a 250-mL
round-bottomed flask and dispersed again in 100 mL of toluene, removing water by
azeotropic distillation. Then, the flask was cooled to room temperature, 1.67 mL (8
mmoles) of HMDS was added to the beads dispersion and the mixture again let to react
overnight under reflux. The beads were filtered on a nylon membrane, washed with toluene
and transferred in a 100-mL round-bottomed flask.

The end-capped beads were suspended in 50 mL of anhydrous pyridine containing a
catalytical amount (-5 mg) of DMAP and 1.0 g (10 mmoles) of succinic anhydride. The
reaction mixture was heated overnight at 60 °C under gentle agitation. The succinylated
beads were separated from the reaction mixture by filtration on a nylon membrane,
washed with acetone, dried under vacuum and stored in a desiccator at room temperature.
The succinylated beads (3 g) were suspended in 15 mL of ice-cold anhydrous DMF. Then,
310 mg (2.7 mmoles) of NHS and 419 ul (2.7 mmoles) of (DIPCD) were rapidly added and the
reaction mixture was gently stirred to 4 °C for 1 h. The activated beads were separated
from the reaction mixture by filtration on a nylon membrane, washed with 3x15 mL of
anhydrous DMF and transferred in a 50-mL flask containing 30 mL of a freshly prepared
solution of APA (58 mg, 0.27 mmoles) in 1/1 DMF - 0.15 M bicarbonate buffer, pH 8.5. The
reaction mixture was gently stirred at room temperature overnight and filtered on a nylon
membrane. The grafted beads were washed with 3x15 mL of DMF, 3x15 mL of ultrapure
water, dried with 15 mL of anhydrous acetone and stored in the dark at -15 °C.

Silica beads for the preparation of the non-imprinted polymer (NIP) were treated with the

same protocol, substituting APA with freshly distilled ethanolamine.

Solid phase titration.

The amount of carboxyl groups available after the hemisuccination step was measured by
acid-base return titration. Hemisuccinated silica beads (about 100 mg) were carefully
weighted in a stoppered 25 mL-Erlenmeyer flask. Then, 10.0 mL of freshly titrated 0.100 N

aqueous sodium hydroxide were added and the suspension gently stirred in a nitrogen



atmosphere for 1 hour. After settled the suspension, 5.00 mL of solution were sampled,
diluted with 5.00 mL of ultrapure water and rapidly titrated under nitrogen with freshly

prepared 0.100 N aqueous hydrogen chloride. All the titrations were repeated three times.

Synthesis of molecularly imprinted beads.

A prepolymerization mixture was prepared dissolving AIBN (1% of the vinyl groups present in
the final mixture) in dried acetonitrile (10% of the resulting total volume) adding MAA and
TRIM in molar ratio 2/3, and purging with a gentle stream of nitrogen under sonication in a
water bath for 5 minutes. In order to obtain discrete silica-polymer composite beads and to
prevent particle agglomeration the amount of prepolymerization mixture added to the
silica beads was slightly lower (about 5%) than the nominal pore volume of the silica. Thus,
in 10 mL thick wall glass vials maintained under continuous sonication to remove any
entrapped air bubbles, an adequate amount of the prepolymerization mixture were slowly
added to 3 g of silica beads. Then, the mixture was homogenized with a steel spatula
obtaining a free flowing powder, sparged with nitrogen, sealed and allowed to polymerize
in a water bath at 65 °C for 3 days. After polymerization was completed, the silica-polymer
composite were transferred into a 50 mL screw-capped polypropylene tube and 10 mL of
acetone were added to increase the wettability of the beads. Then 20 mL of 3M ammonium
hydrogen fluoride aqueous solution was added. Suspension was gently stirred overnight to
completely dissolve the silica matrix of the composite. After dissolution of the silica, the
suspension of imprinted polymeric beads was diluted with 100 mL deionised water, filtered
on a polycarbonate filter funnel equipped with a nylon membrane and washed extensively

with ultrapure water till neutrality.

Liquid chromatography.

Adequate amount of polymer was suspended in a 1/1 methanol-water mixture, and the
slurry was packed in a 3.9x100 mm stainless-steel HPLC column by eluting it with 1/1
methanol-water mobile phase at constant pressure of 15 MPa. The packed column was
washed at 0.5 mL-min™" with 9/1 methanol-acetic acid until a stable baseline was reached
(254 nm).



The column was equilibrated at a flow rate of 1 mL-min”" with 50 mL of acetonitrile; then,
5 uL of stock solution of antibiotic diluted to 50 ug-mL™" with acetonitrile were injected and
eluted at 1 mL-min", and the absorbance was recorded at 240 nm. Each elution was
repeated three times to assure chromatogram reproducibility. Column void volume was
measured by eluting 5 uL of acetone 0.1% in acetonitrile, and the absorbance was recorded
at 260 nm.

The capacity factor (k) was calculated as (t-tp)/ty, where t is the retention time of the
analyte and tp is the retention time corresponding to the column void volume. The
imprinting factor (IF) is defined as an index of the imprinting efficacy respect to a NIP
prepared in the same conditions. It was calculated as kwp/knp, Where kwp is the capacity
factor of the antibiotics eluted on the MIP column and kyp is the capacity factor of the
antibiotics eluted on the NIP. The specific selectivity factor (SSF) is defined as an index of
polymer selectivity toward antibiotics due to the presence of imprinted binding sites, thus

neglecting any effect due to the bulk of the polymer. It was calculated as IFanaiyte/ IFapa [25].

MISPE of milk samples.

Polymeric beads (100 mg) were suspended in methanol, sonicated in a water-bath for 10
minutes and packed in 3-mL empty polypropylene SPE cartridges provided with frits to
secure the packing and outlet stopcocks. The columns were connected to a vacuum
manifold, washed extensively with glacial acetic acid, 1/1 methanol-acetic acid, methanol,
and then dried under vacuum. Immediately before any use, the cartridges were activated
with 3x1 mL of acetone and 3x1 mL of 0.5 M citrate buffer, pH 4.8.

Bovine skimmed milk samples purchased from a local supermarket were spiked with 5
penicillins (penicillin V, nafcillin, oxacillin, cloxacillin and dicloxacillin) to a final
concentration of 5, 25 and 100 ug-L™". Then, 2 mL of sample was treated with 2 mL of 1 M
citrate buffer, pH 4.8, homogenized with a vortex for 1 min, centrifuged at 5000 g for 30
min and filtered on a 0.22 um polypropylene membrane. One mL of the filtrate was loaded
on the MISPE cartridge applying a vacuum to facilitate the passage of the sample through
the cartridge bed. After sample loading, air was passed through the column for 5 min, the
cartridge was washed with 3x1 mL of 7/3 water-methanol, dried again with a stream of air

and B-lactams recovered by elution with 2x1 mL of acetone. The organic extract was



evaporated to dryness using a gentle stream of nitrogen at room temperature and
preserved in the dark at -20 °C. The evaporated extract was dissolved under sonication in
200 ul of ultrapure water immediately before the electrophoretic run to provide a low-

conductivity analyte matrix suitable for sample stacking.

Capillary electrophoresis.

The capillary was rinsed with potassium hydroxide 1 M for 5 min, ultrapure water for 10
min, and finally with the background solution (0.2 M TRIS-borate buffer, 30 mM SDS, pH 8)
for 10 min. The sample was loaded by hydrodynamic injection at a pressure of 0.2 MPa for
20 s so that the whole capillary was almost full. Reverse electrode polarity stacking was
produced by applying a negative voltage till 95% of the maximum current was reached.
Then, a positive voltage of 15 kV was applied to separate the analytes, monitoring the
absorbance at 205 nm. Reference standard in the background solution of penicillins of
concentration 5, 10, 25, 50, 100, 250 and 500 ug-L'1 were analysed three times
consecutively and peak areas were plotted against concentration. A calibration plot was

drawn using a weighted linear regression (weight = 1/conc.).

RESULTS AND DISCUSSION

Synthesis of molecularly imprinted beads.

The  molecular imprinting approach used in this work is based on the oriented
immobilization of a template onto the pore surface of sacrificial silica beads. After the
polymerization this support is removed by etching with an aqueous solution of ammonium
fluoride, leaving polymeric beads with the imprinted binding sites localized onto the
internal surface of the newly formed mesopores. We have recently reported experimental
insights on the relation between the porosity of sacrificial silica beads and the binding
properties of the resulting imprinted beads [26]. On these basis, we decided to use
mesoporous silica beads (mean pore size: 6 nm) instead of macroporous materials to obtain
a gain in terms of available pore surface, thus, increasing the amount of template grafted

onto the pores and, consequently, the binding capacity of the resulting imprinted polymer.



The amount of carboxyl groups present in the pores of the silica beads after the
hemisuccination step was estimated by acid-base titration, resulting in 0.87 mmoles-g”, a
value corresponding to about 1 carboxyl group-nm?, which is the 20% of the generally
accepted silanol surface density in fully hydroxilated silica [27]. This is a value potentially
sufficient to assure the grafting of large amounts of 6-aminopenicillanic acid. Anyway,
preliminary experiments revealed that no more than 50-100 umoles-g™ of template could
be successfully grafted onto the silica beads, irrespectively of the amount introduced in the
grafting mixture. Thus, a more limited amount of mimic template, corresponding to 90
umoles-g™', was used to graft the silica beads.

The use of 6-aminopenicillanic acid solves the need for a mimic template able to induce
selectivity towards a broad class of targets in an imprinted polymer. In fact, this molecule
shows the [3.2.0]bicyclic structure represented by the B-lactam ring fused with a five-
membered thiazolidine ring and unique to all the penicillins. The amine in position 6 makes
possible to covalently link this structure to the silica surface through a bis-succinamido
spacer arm, thus preserving the amido structure in position 6 typical of all the penicillins.
The presence of this spacer arm is intended to provide a further effect of distancing the
mimic template from the surface of silica, generating space to host B-lactam substituents
typically present in the considered antibiotics.

From table 1, it is possible to see that the template grafting design here described is
successful. In fact, of 17 antibiotics screened for the binding with the imprinted beads,
penicillin G, penicillin V, oxacillin, cloxacillin, dicloxacillin and nafcillin show a specific
selectivity factor (SSF>1) compatible with a good molecular recognition by the imprinted
polymer, while the others are poorly recognized (SSF<1). Considering the structural
formulae reported in Fig. 1, it is clear that binding selectivity is controlled by the nature of
the side arm in position 6. Considering penicillins, the presence of strongly polar
substituents as amino (ampicillin, amoxycillin, cefalexin), carboxy groups (carbenicillin,
ticarcillin) or amido (piperacillin) represents an obstacle to the molecular recognition by
the imprinted polymer, while hydrophobic side arms are much better recognized. Moreover,
the poor recognition of piperacillin — a penicillin characterized by a very large side arm —

shows that steric factors cannot be ruled out.
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As regards the other antibiotics considered in study, it seems that they are poorly
recognized by the imprinted polymer as effect of the different chemical nature of these
molecules. Anyway, it is quite difficult to ascribe to the imprinted polymer an ability to
well discriminate between the [3.2.0]bicyclic structure characteristic of penicillins from
the slightly enlarged [4.2.0]bicyclic structure characteristic of cephalosporins, as the
presence of a polar phenylglycinamido side arm in position 7 for cefalexin, and of a bulky
substituent in position 3 for ceftiofur and cefazolin makes the interpretation of the

experimental data ambiguous.

MISPE of milk samples.

As effect of the molecular recognition properties of the imprinted beads, satisfactory
sample clean-up was achieved by the MISPE protocol when performed on skimmed and
deproteinized milk. An example of successful clean-up is reported in Fig. 2, where milk
samples spiked at different levels (5, 25 and 100 ug-L') with a mixture of penicillin V,
nafcillin, oxacillin, cloxacillin and dicloxacillin were, cleaned by MISPE and subsequently
separated by MECK. While detection of penicillins is unfeasible when the milk sample is
directly separated without any extraction procedure, the same samples analysed after a
MISPE step show very clean traces, where peaks corresponding to penicillins can be easily
detected and, as a consequence, quantified. The recovery of the MISPE extraction was
determined by comparing the detector response of extracted milk with that of directly
loaded standards prepared in background solution. Recovery rates, reported in table 2,
were determined at three concentration levels (5, 25 and 100 pg-L™"). They came out at
between 64 and 90%. An analysis of variance performed comparing the recovery rate
obtained at the different concentration levels for each of the analysed penicillins showed a
relevant statistical difference between groups of measures, where the 5 ug-L™" level came
out different (underestimated) compared to the 25 and 100 pg-L™' levels for all the
penicillins considered. Thus, the extraction protocol performed quite well, with good
recovery rates for all the considered analytes at 25 and 100 ug-L" levels and a reduced,

even if acceptable, recovery rate at the lower level of 5 pg-L™".
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CONCLUSIONS

In this work, we show that it is possible to obtain a class-selective molecularly imprinted
polymer through the use of a template mimic characterized by a molecular structure
common to all analytes of the class itself. The mimic is covalently anchored on the inner
surface of the pores of silica microspheres in order to obtain a polymer with binding sites
capable of recognizing only the structure of the template, common to all analytes, masking
other structures that uniquely characterize each of the analytes. Moreover, the use of
commercially available porous silica makes easy to prepare spherical beads with controlled
diameter and porosity without resorting to complex polymerization protocols. The validity
of this approach is shown by the successful setup of a MISPE-CE format for the
determination of penicillins in skimmed milk. The method was tested at three
concentration levels between 5 and 100 pg-L", showing it to be fast and affordable, with
minimum pre-treatment of the milk samples, fairly precise and with good recovery levels of
64-90%.
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LEGEND OF FIGURES:

Fig.1: chemical structures of compounds separated on imprinted and non-imprinted

capillaries.
Fig.2: MECK of milk samples spiked at different levels (a,b,c: 5, 25 and 100 ug-L") with a
mixture of penicillin V (PENV), nafcillin (NAF), oxacillin (OXA), cloxacillin (CLO) and

dicloxacillin (DIC) and cleaned by MISPE. Experimental conditions as reported in the

experimental section

ELECTRONIC SUPPLEMENTARY MATERIAL:

Fig.1-ESM: synthesis scheme of the imprinted beads.
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Figure 2

absorbance, 205 nm
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