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ABSTRACT: Clenbuterol molecularly imprinted polymer microbeads were prepared
with a two-step swelling and thermal polymerization technique with either methacrylic
acid or acrylamide (AAm) as the monomer and ethylene glycol dimethacrylate as the
crosslinker at different monomer/crosslinker ratios. The quality of the microbeads, in
terms of shape, size distribution, rigidity, and monomer incorporation, was evaluated
as a function of the reaction parameters. A good imprinting effect was obtained with
both systems, as assessed by high-performance liquid chromatography (HPLC) exper-
iments with phosphate-buffered saline/acetonitrile eluents, with a complete baseline
separation of clenbuterol with respect to other B-adrenergic agents obtained. When
AAm was used as the monomer, improved control of the polymerization process was
achieved, producing microbeads with lower polydispersity and no lack of separation
capacity. © 2002 John Wiley & Sons, Inc. J Appl Polym Sci 83: 2660-2668, 2002
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INTRODUCTION

Molecularly imprinted polymers (MIPs) are
highly crosslinked materials in which a monomer
carrying functional group(s) able to interact with
a molecule to be recognized (template) is polymer-
ized in the presence of a crosslinker to give a
matrix in which selective cavities are formed
around the template. When the latter is removed,
sites complementary to the template in both
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shape and functionality are present in the mate-
rial and are able to selectively recognize the print
molecule with respect to other analytes.!”® Such
materials can be exploited in many different
fields, such as liquid chromatography, solid-phase
extraction, membranes, sensors, artificial anti-
bodies, and catalysis.>® The coordination of the
monomer molecules around the template can be
achieved by noncovalent interactions such as hy-
drogen bonds, ion pairs, and hydrophobic interac-
tions or reversible covalent interactions. Of the
two methods, the covalent approach usually pro-
vides better defined cavities with higher selectiv-
ity, whereas the noncovalent one is more flexible
and easier to apply because no chemical derivati-
zation is required. MIPs are normally prepared by
a bulk polymerization method in which a rigid rod
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Figure 1 Structures of CL and B-adrenergic compounds used in this study.

of material is synthesized, crushed, ground with a
mechanical mill, sieved, and finally sedimented to
obtain the final particles. This process has many
disadvantages: it is time-consuming and gives
polydisperse particles with no defined shape, and
the yield of the final material is low (20-30%). To
overcome these problems, several attempts have
been made to prepare uniform-sized MIPs. A sus-
pension polymerization technique with liquid per-
fluorocarbons as dispersing agents was used for
the preparation of Boc-L-Phe-imprinted polymers;
spherical polymeric materials with good recogni-
tion ability were obtained.”® In this way, the use
of water as a dispersing agent was overcome,
thereby preventing the weakening of noncovalent
interactions. Moreover, MIPs for (S)-naproxen,® !
(S)-ibuprofen,'? and propanolol*® were prepared
with a multistep swelling polymerization meth-
od'* with water as a dispersing agent. The recog-
nition ability of these materials was comparable
to that of those materials prepared with the non-
aqueous bulk polymerization technique.

Recently, we prepared highly selective MIPs
for clenbuterol (CL; Fig. 1), with methacrylic acid
(MAA) as the monomer, that were able to com-
pletely separate the template with respect to
many other structurally similar g-adrenergic sub-
stances when used as high-performance liquid
chromatography (HPLC) stationary phases eluted
with a mixture of phosphate-buffered saline
(PBS) and acetonitrile.’®'® We investigated the
contribution of the various noncovalent bonds in-
volved in the recognition mechanism, showing the
importance of hydrophobic forces coupled with
electrostatic and hydrogen-bonding interactions
in the overall process.

In this work, we prepared uniform-sized CL
molecularly imprinted microbeads with the mul-
tistep swelling polymerization approach. Differ-
ent polymers were prepared either with MAA or
acrylamide (AAm) as the monomer at different
ratios with the crosslinker [ethylene glycol
dimethacrylate (EGDMA)] and with changes in
the swelling-step parameters. In particular, AAm
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has been reported to provide good imprinting
when used to prepare MIP against amino acid
derivatives'” because of its ability to strongly in-
teract with the template via hydrogen bonds.
AAm was also chosen because we expected to
obtain an improved incorporation of the monomer
inside the particles in the second step of swelling
on account of its nonionic character. The depen-
dence of the quality of the microbeads on the
polymerization conditions is discussed. The mo-
lecular recognition ability with respect to other
B-adrenergic substances (Fig. 1) was evaluated by
the packing of HPLC columns with the imprinted
beads.

EXPERIMENTAL

Materials

MAA, EGDMA, AAm, and 2,2'-azobisisobutyroni-
trile (AIBN) were obtained from Fluka (Milan,
Italy). Dibutylphthalate and lauryl sulfate were
obtained from Sigma (Milan, Italy). Toluene and
sodium chloride were purchased from Carlo Erba
(Milan, Italy). Poly(vinyl alcohol) (PVA; 80%
hydrolyzed, weight-average molecular weight
= 9000-10,000 Da) was obtained from Aldrich
(Milan, Italy). 2-t-Butylaminoethanol (TBE) was
also from Aldrich. All the listed reagents were
used as received. Polystyrene microbeads (Pro-
labo, Pithiviers, France) with an average diame-
ter of 2.967 * 0.087 wm were exhaustively
washed with distilled water before use to elimi-
nate the surfactant. CL, purchased from Resfar
(Milan, Italy) as a hydrochloride salt, was ex-
tracted with chloroform from an alkaline aqueous
solution and finally isolated as a free base by
evaporation of the solvent. Timolol (Tim), atenolol
(Ate), isoxysuprine (Isox), metoprolol (Met), ter-
butaline (Ter), and fenoterol (Fen) were obtained
from Sigma (Milan, Italy). Salbutamol (Sal) was
the kind gift of Chiesi Farmaceutici (Parma,
Ttaly).

For the HPLC analysis, Na,HPO, - 12H,0 and
NaH,PO,, used as buffers, were obtained from
Fluka. Acetonitrile, methanol, acetic acid, and
propan-2-ol were supplied by Carlo Erba Reagenti
(Milan, Italy). Solvents were analytical-grade or
HPLC-grade.

Preparation of the Imprinted Microbeads

CL-imprinted microbeads were prepared by a
two-step swelling and polymerization technique

(or seed suspension polymerization) tech-
nique.’®!® Polymers with different monomer/
crosslinker ratios were synthesized. Correspond-
ing control polymers were also prepared with
TBE instead of the print molecule.

First Step of Swelling

The latex was prepared as follows. Distilled water
(31 mL), polystyrene microbeads (0.13 g), AIBN
(0.55 g), and sodium dodecyl sulphate (SDS) (0.02
g) were placed in a 100-mL, round-bottom flask.
The mixture was sonicated for 10 min (UTA 18
Ultrasonic Falc, Bergamo, Italy). Separately, an-
other latex was prepared by the addition of dibu-
tylphthalate (12 mL) and SDS (0.02 g) to 35 mL of
distilled water. This mixture was sonicated for at
least 10 min and then added to the latex prepared
first . The resulting latex was stirred at 200 rpm
with an anchor-shaped stirrer for 24 h at room
temperature. With an optical microscope, it was
possible to evaluate the disappearance of the oil
microdroplets in the final suspension, which indi-
cates the end of the swelling process and the
complete incorporation of the organic phase into
the particles. The diameter of the swollen beads
was around 5—6 pm.

Second Step of Swelling

Several different CL-imprinted microbeads were
prepared with changes in the monomer (MAA or
AAm) and monomer/template ratio (6:1, 12:1, and
18:1). Details on the amounts of the reagents used
in each experiment are given in Table 1. Toluene
(as a porogen), EGDMA, MAA (or AAm), and CL
were placed in a round-bottom flask. The mixture
was sonicated until CL was completely dissolved.
An aqueous solution prepared by the dissolution
of PVA in a proper amount of the latex obtained in
the first step of swelling was added to the organic
phase. The mixture was sonicated to obtain a
stable latex and left stirring at 250 rpm and room
temperature for 24 h until the swelling process
was completed, as judged by the observation of
the mixture with an optical microscope.

Polymerization

After the second step of swelling was completed,
argon was bubbled through the reaction mixture
for 10 min to remove oxygen. Polymerization was
then allowed to proceed for 24 h at 70°C with
constant stirring (250 rpm). The polymer parti-
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Table I Preparation of CL MIPs

CLMIPMAA-1 CLMIPMAA-2 CLMIPMAA-3 CLMIPAAmM
Water (mL) 90 90 90 90
PVA (g) 1.9 1.9 1.9 1.9
MAA (mL) 3 2 1 —
AAm (g) — — — 2.355
EGDMA (mL) 11 11 11 11
Toluene (mL) 10 10 10 10
CL (g) 0.55 0.55 0.55 0.55
1° Step suspension (mL) 13 13 13 13

Control polymers were prepared with the same compositions but with TBE instead of the print molecule.

cles were washed by repeated sedimentation, first
in water and then in acetone, to remove the sta-
bilizer and the remaining organic phase incorpo-
rated inside the particles. The water washings
were collected and used to determine the amount
of MAA not absorbed during the swelling pro-
cess.”’

The yield of each polymerization was calcu-
lated from the weight of the dried polymer after
complete removal of the template, with respect to
the amount of polystyrene, monomer, and
crosslinker used in the experiment.

Imprinted Microbead Characterization
Morphological Characterization

The size distribution and surface characteristics
of the polymer microbeads were evaluated with
scanning electron microscopy (SEM). An investi-
gation of the rigidity of the porous polymer matrix
was performed by the evaluation of the swelling
in toluene and in different types of acetonitrile/
PBS mixtures used in the chromatographic exper-
iments.

HPLC Analysis

Polymer microbeads (1.5-2 g) were sonicated in
chloroform. The suspension was then loaded into
a reservoir connected to an HPLC pump, and the
HPLC column (stainless steel, 150 X 4.6 mm in
inner diameter, fitted with 2-um frits) was filled
under pressure (200 bar) with propan-2-ol as a
solvent.

For removal of the template, the column was
connected to an HPLC system and washed with
9:1 methanol/acetic acid at a flow rate of 0.5 mL/
min until a stable baseline was obtained.

HPLC analysis (Varian LC 5020 chromato-
graph equipped with a Varian UV 50 variable-
wavelength detector and an HP 3395 integrator)
was performed isocratically with acetonitrile/PBS
(107 3M) at different ratios and pHs. The flow rate
was 1 mL/min, and the UV detection wavelength
was selected on the basis of the analytes and
eluent. Solutions (10 wL) of the B-adrenergic com-
pound (1 mg/mL) dissolved in the mobile phase
were injected. The void volume of the column was
determined by the injection of acetone.

Capacity factors (K'), separation factors (),
and retention indices (RIs) were calculated as
follows: K' = (¢ — t,)/t,, where t and ¢, are the
retention times of the analyte and acetone, re-
SpeCtively; a = K’print molecule/K’test molecule’ and RI
= a,/a,, where the subscripts p and b refer to the
imprinted and blank polymers, respectively.

RESULTS AND DISCUSSION

To make CL-imprinted polymers suitable for in-
dustrial application, some attempts have been
made to prepare molecularly imprinted mi-
crobeads with the general procedure called the
two-step swelling and polymerization tech-
nique.521-24

The main feature of this technique is the initial
activation of polystyrene seed particles in an
aqueous dispersion. As a result, the activated
beads are capable of absorbing the monomer and
crosslinker in an amount that far exceeds that of
pure polymer beads. The activation of the seeds
results from the presence of a highly water-insol-
uble, low molecular weight compound (dibu-
tylphthalate). An oil-soluble initiator must be
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added during the activation step to carry out the
final polymerization.

A second step of swelling is subsequently car-
ried out by the addition of the monomer,
crosslinker, template, and porogen (which gives
macroporous particles) in the form of an aqueous
suspension to the activated seed particles.

For the desired results, the choice of compo-
nents and swelling conditions is of great impor-
tance. The optimum swelling process can be
achieved if both the monomer and the crosslinker
are highly insoluble in the water phase and the
suspension is kept fairly stable during the whole
process.??25:26 Moreover, the choice of the mono-
mer, crosslinker, and porogen should be made
with consideration of the imprinting effect.

In a preliminary stage of our study, we demon-
strated that the best stabilizer for the second step
of swelling was PVA with a molecular weight of
about 10,000 Da and a degree of hydrolysis of
80%.

Toluene was selected as the porogen
cause it is highly compatible with the imprinting

9.27,28 1

Figure 2 Scanning electron micrographs of (a)
CLMIPMAA-1 and (b) CLMIPMAA-2.

Figure electron  micrograph of

3 Scanning
CLMIPAAm.

phenomenon and it is incorporated into the or-
ganic phase in the particles, resulting in porous
microbeads.

MAA and EGDMA were initially examined as a
functional monomer and a crosslinker, respec-
tively, on the basis of the good results we obtained
for the bulk polymerization of CL-imprinted poly-
mers.'® MAA, in fact, may form both ionic and
hydrogen bonds with various template functional
groups. Furthermore, MAA has already been
used successfully as a monomer for the prepara-
tion of MIPs with the two-step swelling tech-
nique.’~'* Three samples of MIP microbeads with
different compositions were prepared [60:36:2
(CLMIPMAA-1), 60:24:2 (CLMIPMAA-2), and 60:
12:2 (CLMIPMAA-3) EGDMA/MAA/CL].

The crosslinker/template ratio was kept con-
stant, whereas the monomer/template ratio was
changed. Blank polymers prepared in the same
manner but with TBE instead of the template
were also synthesized.

The amount of MAA not absorbed by the beads
was determined by acid—base titration of the wa-
ter phase at the end of the second step of swelling.
The results confirmed the presence of about 20—
25% of the acid in the water phase; therefore, in
principle, the amount of MAA absorbed should be
enough to guarantee the formation of crosslinker/
monomer/template complexes necessary to build
up imprinting sites. Actually, as shown later, no
separation ability was found at the lower mono-
mer/template ratio (12/2, CLMIPMAA-3). There-
fore, this MIP is not further considered in the
subsequent discussion.

Unfortunately, the presence of this excess of
MAA affected the size distribution of the beads
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Table II Chromatographic Results Obtained with CLMIPMAA-1B and
the Equivalent Control Polymer

CLMIPMAA-1B Control Polymer
Test Compound ¢t (min) K’ a RI ¢t (min) K’ a

CL 17.55 8.62 1 1 3.46 0.90 1

Isoxy 9.28 4.08 2.11 0.53 3.14 0.72 1.25
Ate 8.11 3.44 2.50 0.43 3.36 0.84 1.07
Tim 8.12 3.45 2.49 0.48 3.20 0.75 1.20
Sal 6.12 2.36 3.65 0.41 2.92 0.60 1.50
Ter 5.46 1.99 4.32 0.55 2.78 0.37 2.40
Fen 5.67 2.11 4.10 0.41 2.77 0.52 1.70
Met 8.91 3.88 2.22 0.50 3.29 0.804 1.12

Mobile phase: acetonitrile/PBS (pH 3.9) 70 : 30. Flow = 1 mL/min.

because it had polymerized on the surfaces of the The polymer beads had a narrower size distri-
beads themselves. This was shown by the pH bution range than the range obtained with MAA
value of the aqueous phase after the polymeriza- as the monomer. The diameter of the majority of
tion step. In the cases evaluated, the pH was the particles was about 15 wm, although a small
around 6, indicating the complete consumption of percentage of 3-um-diameter beads were present.
the acid from the water phase. (Fig. 3).

The particle size distribution was observed In all the syntheses, very good yields were ob-
with SEM, which showed an average bead size of tained, varying from 75 to 85%, a great improve-
10-15 um (Fig. 2). ment over the 20-30% yields obtained with the

A further attempt to obtain CL-imprinted poly- traditional bulk polymerization method.
mer beads was carried out with AAm as the SEM images of the different kinds of beads
monomer instead of MAA but with the synthesized also showed that highly porous ma-
crosslinker/monomer/template ratios unchanged trices were obtained. The rigidity of the particles
(60:36:2, CLMIPAAm). The use of this monomer was investigated through measurements of the
eliminated ionic interactions with CL because of swelling of the porous polymers in toluene and

the absence of the carboxylic group but allowed different acetonitrile/PBS eluents. Rigidity is par-
the formation of strong hydrogen bonds with the ticularly important for chromatographic applica-
template molecule.'” tions, for which there is a demand for packing

Table III Chromatographic Results Obtained with CLMIPMAA-2 and
the Equivalent Control Polymer

CLMIPMAA-2 Control Polymer
Test Compound ¢t (min) K’ a RI ¢ (min) K’ a

CL 23.20 13.02 1 1 4.70 1.84 1

Isoxy 9.00 4.44 2.93 0.39 4.30 1.60 1.15
Ate 12.38 6.48 2.00 0.40 5.45 2.29 0.80
Tim 6.50 2.93 4.44 0.05 5.41 2.27 0.21
Sal 6.26 2.78 4.68 0.21 4.72 1.85 0.99
Ter 5.57 2.36 5.51 0.17 4.79 1.90 0.97
Fen 5.40 2.27 5.73 0.18 4.67 1.82 1.01

Mobile phase: acetonitrile/PBS (pH 3.4) 85 : 15. Flow = 1 mL/min.
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Figure 4 HPLC profiles obtained by the isocratic elution of B-adrenergic agents with
the CL-imprinted polymers CLMIPMAA-1A and CLMIPMAA-1B.

materials that are noncompressible and able to
withstand high pressures.

As expected, the best results were obtained
with CLMIPMAA-2, which had the highest degree
of crosslinking. In this case, the increase in the
volume of the beads in toluene after 24 h of equili-
bration was 20%, whereas with CLMIPMAA-1
and CLMIPAAm (18:1 monomer/template), the
increase in the volume was 50%. No swelling was
shown with the other eluents tested.

The chromatographic characterization of the
MIPs was carried out by the fine tuning of the
composition of the eluent with respect to the pH
and the organic/aqueous ratios.

For the polymers produced with MAA, the
best performances were obtained with slightly
different eluents for CLMIPMAA-1 and CLMIP-
MAA-2 [70:30 (pH 3.9) and 85:15 (pH 3.4) ace-
tonitrile/PBS, respectively; Tables II and III, Figs.
4 and 5].

In all cases, good separation comparable to
that obtained with bulk polymerization was ob-
tained.

However, with the AAm-based MIP, the opti-
mum eluent to achieve the best selectivity for CL,
over the other B-adrenergic molecules, was 50:50
acetonitrile/PBS (pH 2). Results are reported in
Table IV and Figure 6.

Fen Iso
Sal Ate
Ter
i
CL
/ .
) e
0 10 20 30 t (min) 4¢

Figure 5 HPLC profiles obtained by the isocratic elution of B-adrenergic agents with

the CL-imprinted polymer CLMIPMAA-2.
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Table IV Chromatographic Results Obtained with the MIP EGDMA-AAmM-CL (60 : 36 : 2) and the

Equivalent Control Polymer

EGDMA-AAm-CL

Control Polymer

Test Compound ¢t (min) K’ RI ¢t (min) K’ a
CL 6.54 4.18 1 2.27 0.90 1
Isox 1.62 0.29 14.43 0.12 1.88 0.58 1.56
Ate 1.38 0.1 41.80 0.60 1.24 0.03 25.11
Tim 2.53 1 0.55 1.66 0.39 2.3
Sal 1.36 0.08 52.25 0.03 1.84 0.54 1.66
Ter 1.47 0.16 26.12 0.06 1.85 0.55 1.65
Fen 1.48 0.17 23.75 0.09 1.68 0.41 2.2
Met 1.55 0.23 17.94 0.08 1.89 0.58 1.55

Mobile phase: acetonitrile/PBS (pH 2) 50 : 50.
It is evident that with these mobile phases, CONCLUSIONS

nonspecific interactions between the polymer and
other B-adrenergic substances are minimized,
whereas the ones due to the imprinting effect
remain. As a result, CL is retained much more
than the other molecules tested, providing com-
plete resolution of the template from the other
compounds. This was further confirmed by the
lack of recognition observed with the blank poly-
mers, for which the retention time of CL was
similar to those of the other substances tested.

Furthermore, the complete lack of recognition
ability (data not shown) observed when a compet-
ing ligand (acetic acid) was used in the eluent
(90:10 acetonitrile/acetic acid) clearly confirmed
the relevance of hydrogen-bonding interactions in
the template recognition.

CL MIP microbeads were prepared with a two-
step swelling and thermal polymerization tech-
nique already reported in the literature. MIPs
prepared with MAA and EGDMA as the monomer
and crosslinker, respectively, at different ratios
showed a good separation capacity of CL with
respect to other B-adrenergic agents, with a com-
plete baseline separation obtained in HPLC ex-
periments with PBS/acetonitrile eluents. AAm as
a new interacting monomer for the two-step
swelling technique was also evaluated because of
its ability to give stronger hydrogen-bonding in-
teractions than MAA. The lower water solubility
of AAm with respect to MAA led to better control
of the polymerization process, producing mi-

6 8 t (min) 10

Figure 6 HPLC profiles obtained by the isocratic elution of B-adrenergic agents with
the CL-imprinted polymer EGDMA-AAm—CL (60:36:2).
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crobeads with lower polydispersity but with no
lack of separation capacity with aqueous eluents.

This study forms part of the European Commission
collaborative project FAIR-CT96-1219 (Nov 1996—Oct
1999) entitled Development of Novel and Robust Molec-
ular Imprint-Based Technology for the Real-Time Anal-
ysis of Food Contaminants and Components. The
project partnership comprises Leatherhead Food RA
(United Kingdom, coordinator), Lund University (Swe-
den, contractor), University La Sapienza/Polytech
(Italy, contractor), and UNIR Association (France,
associated contractor).
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