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ABSTRACT: The effect of the cross-linker on the shape and size of
molecular imprinted polymer (MIP) beads prepared by precipitation
polymerization has been evaluated using a chemometric approach.
Molecularly imprinted microspheres for the selective recognition of
fluoroquinolone antimicrobials were prepared in a one-step precipitation
polymerization procedure using enrofloxacin (ENR) as the template
molecule, methacrylic acid as functional monomer, 2-hydroxyethyl
methacrylate as hydrophilic comonomer, and acetonitrile as the porogen.
The type and amount of cross-linker, namely ethylene glycol
dimethacrylate, divinylbenzene or trimethylolpropane trimethacrylate, to
obtain monodispersed MIP spherical beads in the micrometer range was optimized using a simplex lattice design. Particle size
and morphology were assessed by scanning electron microscopy, dynamic light scattering, and nitrogen adsorption
measurements. Electron paramagnetic resonance spectroscopy in conjunction with a nitroxide as spin probe revealed information
about the microviscosity and polarity of the binding sites in imprinted and nonimprinted polymer beads.

KEYWORDS: molecular imprinting, precipitation polymerization, experimental design, microparticles, fluoroquinolones, EPR

■ INTRODUCTION

Molecular imprinting is a template-directed polymerization
technique that enables the synthesis of artificial selective
molecular recognition materials. These polymers are usually
regarded to as synthetic analogues of antibodies as they contain
cavities that are complementary in size, shape, and functional
group distribution to those of the template molecule present
during polymerization.1 To satisfy the different application
purposes, molecularly imprinted polymers (MIPs) can be
prepared in different formats, such as monoliths, beads,
membranes, or nanostructures, among others.2

The preparation of bead-shaped MIPs, characterized by a
narrow particle size distribution, is especially suited for
analytical separations as these materials allow a more efficient
packing of the chromatographic columns, or the solid phase
extraction (SPE) cartridges, significantly improving the hydro-
dynamic properties of the system.3−5 Moreover, the integrity of
the binding sites is preserved after MIP synthesis as no further
processing of the material is required for analytical application.2

MIP beads have been applied as well in capillary electro-
phoresis,6−8 fluorescent-based assays,9 chemiluminescence
imaging,10 radioligand binding assays,11 and sensors,12 as well
as for the preparation of composite membranes.13

There is a lack of a general procedure for the preparation of
monodisperse spherical MIP beads, with different compositions
and sizes in the micrometer range. Moreover, the need of
strong interactions between the functional monomers and the
template or the need of a high cross-linking degree to preserve
the high-affinity binding sites limits the applicability of available
synthetic methods for particle preparation.14 Currently applied
techniques include suspension polymerization, emulsion
polymerization, dispersion/precipitation polymerization, single
or multistep swelling polymerization, or surface imprinting on
porous rigid supports in beaded form.15 Probably, one of the
most widely applied methods is precipitation polymerization. In
this approach, polymerization takes place in a large excess of an
organic solvent, where the monomers are soluble, but the
resulting polymer is not, at monomer concentrations typically
in the range of 2−5% (w/v).16 In such conditions, polymer
nuclei formed by aggregation of highly cross-linked oligomer
radicals neither overlap nor coalesce but continue to grow
individually by capturing new oligomers from solution
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(entropic precipitation). In a reduced solvating medium, where
the growing polymer has little affinity for the surrounding
solvent, phase separation occurs, and nonporous polymer
microspheres are obtained.
Several authors have studied the effect of the polymerization

conditions on the size of particles obtained by this approach.
Cormark, Sherrington, et al.17,18 reported the preparation of
MIP beads, with narrow size distributions and average diameter
up to ca. 10 μm, using DVB as cross-linker, by adequately
tuning the composition of the prepolymerization mixture (i.e.,
type of solvent and the monomers and initiator concentration).
Mosbach and Ye described the use of a mixture of
divinylbenzene (DVB) and trimethylolpropane trimethacrylate
(TRIM) as cross-linkers, in different ratios, to prepare
propranolol imprinted MIP beads with diameter sizes in the
range 0.130−2.4 μm.19 These authors pointed out the
important influence of the presence of the template on the
characteristics of the resulting beads, reporting that, for some
compositions, the nonimprinted (NIP) particles were about 2
times larger than the corresponding MIPs. Other authors have
described the preparation of monodisperse particles with sizes
in the micrometer range (3−10 μm) for chromatographic
applications.17−22

This study describes the preparation of micron-size
monodisperse molecularly imprinted beads, with tunable
sizes, by precipitation polymerization for their application in
analytical separations. Enrofloxacin (ENR), a fluoroquinolone
antimicrobial frequently used in veterinary medicine, was

selected as a model template for polymer synthesis, although
the main aim of the work was to study the effects of several
parameters (e.g., the type and amount of porogenic solvent and
the composition of the polymerization mixture) on the
preparation of micrometer-size beads with a narrow size
distribution. The polymers have been prepared using a
combination of methacrylic acid (MAA) as functional
monomer and 2-hydroxyethyl methacrylate (HEMA) as
hydrophilic comonomer. An experimental mixture design
(simplex lattice design) has been applied, for the first time, to
study the effect of the type and amount of cross-linking
monomer namely, ethylene glycol dimethacrylate (EDMA),
DVB, or trimethylolpropane TRIM, on bead size and
polydispersity (Figure 1). The texture and morphology of the
functional surface of the MIPs have been investigated using
scanning electron microscopy (SEM), transmission electron
microscopy (TEM) and gas (N2) adsorption. Electron
paramagnetic resonance (EPR) spectroscopy was used to
provide information on the differences in the binding cavities
present in the imprinted and the corresponding nonimprinted
polymers (NIP). Polymer cross-selectivity for other related and
nonrelated antibiotics has been determined by HPLC.

■ EXPERIMENTAL SECTION
Chemicals. Methacrylic acid (MAA), 2-hydroxyethyl methacrylate

(HEMA), divinylbenzene (DVB, technical grade, 55%, mixture of
isomers), trimethylolpropane trimethacrylate (TRIM, technical grade)
and ethylene glycol dimethacrylate (EDMA) were obtained from

Figure 1. Structures of compounds used in this study (A) template molecule, (B) monomers and cross-linking monomers. (C) Schematic
representation of ENR binding to a MIP selective cavity.
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Sigma-Aldrich (St. Louis, MO). The monomers were purified using an
inhibitor-remover from Aldrich (Milwaukee, WI). The initiator 2,2′-
azobis(2,4-dimethylvaleronitrile) (ABDV) was purchased from Wako
(Neuss, Germany), and it was recrystallized from methanol before use.
Enrofloxacin (ENR) was supplied from Fluka (Buchs, Switzerland),
and ciprofloxacin hydrochloride (CIP), norfloxacin (NOR), levo-
floxacin (LEV), flumequine (FLU), oxolinic acid (OXO), doxycycline
(DOX), and nafcillin (NAF) were from Sigma-Aldrich (St. Louis,
MO). Sarafloxacin hydrochloride (SAR) was a gift from Fort Dodge
veterinaria (Girona, Spain) and danofloxacin (DAN) was obtained
from Riedel-de-Hae ̈n (Seelze, Germany). Acetonitrile (ACN),
methanol (MeOH) (HPLC-grade), and acetone (HPLC-grade) were
provided by Sharlau Chemie (Barcelona, Spain), and trifluoroacetic
acid (TFA) (HPLC-grade, 99%) was from Fluka (Buchs, Switzerland).
Tetrahydrofuran (THF), dimethyl sulfoxide (DMSO) and N,N′-
dimethylformamide (DMF) and 2-[4-(2-hydroxyethyl)-1-piperazinyl]-
ethanesulfonic acid (HEPES) was supplied by Aldrich (Steinheim,
Germany). The EPR probe, 4-(2′,2″,6′,6″-tetramethylpiperidine-1-N-
oxyl)trimethylammonium bromide (CAT1) was synthesized following
literature procedure.23

Water was purified using a Milli-Q system (Millipore, Bedford,
MA). All solutions prepared for HPLC were passed through a 0.45 μm
nylon filter before use.
Polymer Preparation. Molecularly imprinted micro- and nano-

particles were synthesized using precipitation polymerization. The
template molecule, ENR (181.1 mg; 0.5 mmol) and the functional
monomers, MAA (175 μL; 2 mmol) and HEMA (248 μL; 2 mmol),
were dissolved in 15 mL of ACN in a 100 mL round-bottom flask. The
cross-linkers DVB, EDMA, TRIM, or their mixtures, at the
concentrations listed in Table 1, and the free radical initiator

(ABDV, 1% weight of all monomers) were then added. The solution
was homogenized and then purged with argon for 10 min. The
solution was transferred to a borosilicate glass tube (50 mL) fit with a
thermostated water jacket and the mixture was stirred (ca. 34 rpm)
using a Heidolph RZR 2021 (Heidolph, Schwabach, Germany)
mechanical overhead stirrer. The temperature was controlled with a
digital water bath (Polyscience 9105 circulator, Polyscience, Niles, IL)
and was held at 60 °C for 24 h. Upon completion of polymerization
the particles were separated by centrifugation (Centrifuge 5804 R,
Eppendorf, Stenvenage, UK) at 10 000 rpm for 10 min. For template
removal, the particles were extracted by successive washing and
centrifugation steps with methanol containing 5% TFA until no trace
of the template was detected by chromatographic analysis of the
washing solution with fluorescence detection. Finally, the particles
were washed with a mixture of MeOH and acetone (1:1, v/v) and
dried overnight in a vacuum oven at 40 °C. Non-imprinted (NIP)
polymers were prepared in the same way as the MIPs but in the
absence of the template molecule.
Polymer Characterization. Fourier Transform Infrared (FTIR)

spectra of the polymers were obtained using a FTIR-8300 Shimadzu
spectrophotometer (Shimadzu Corporation, Kyoto, Japan). Particle
size and morphology were characterized by scanning electron
microscopy (SEM) in a JEOL JSM-6400F Field Emission scanning
electron microscope (JEOL Ltd., Tokyo, Japan) operating at 15 kV.
Polymer samples were coated with gold before SEM measurements.

The particle-diameter dispersity (PDD) of the polymer micro-
spheres was calculated from the SEM data measuring the size of, at
least, 100 particles and applying the following equations:
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where Dw the weight-average diameter, Dn is the number-average
diameter, Di the particle diameter of the beads, k the total number of
measured particles and ni the number of measured particles with the
same diameter.24,25

Particle size distributions of the polymer microspheres were
measured by dynamic light scattering using a CGS-8 (ALV GmbH,
Hessen, Germany) instrument equipped with an Ar laser (Coherent
I300, 514.5 nm). The average scattered intensity was recorded using a
scattering angle of 30−140°, at 30 °C. The apparent hydrodynamic
radius (RH

app) of the particles was determined from the calculated
apparent self-diffusion coefficient (Dapp), by applying the Stokes−
Einstein equation:26

πη
=D

k T
R6app

B

H
app (4)

where kB is the Boltzmann constant, T is the temperature, and η is the
solvent viscosity.

Porosity and surface area analysis were assessed by nitrogen
adsorption−desorption porosimetry using an ASAP 2020 instrument
(Micromeritics, Norcross, GA) at 77 K. Before the adsorption
measurements, the samples were outgassed (10−3 Torr) at 50 °C for 2
h and at 30 °C for 8 h. The Brunauer−Emmett−Teller (BET) method
was applied to calculate the specific surface area of the polymeric
materials. The external surface area was obtained from the so-called t-
plots calculated by the Harking and Jura equation while the pore size
distribution was calculated by the Barret−Joyner−Halenda (BJH)
method as described previously.27

Chromatographic Evaluation of Polymers. The polymers were
packed into stainless columns (30 × 2.1 mm) using a slurry packer
(Alltech Model 1666, Deerfield, IL) with methanol as packing solvent.
Chromatographic analyses were carried out with an HP-1100 HPLC
from Agilent Technologies (Palo Alto, CA) equipped with a
quaternary pump, online degasser, autosampler, automatic injector,
column thermostat, fluorescence detector and absorbance (diode
array) detector. Fluoroquinolone stock solutions (200 μg mL−1) were
prepared in 0.02 M H3PO4 (0.01 M NaOH in the case of FLU and
OXO). These solutions were stored at 4 °C in the dark for no longer
than 1 month.

The binding affinity of the polymers to ENR (1 mM) was evaluated
using different mobile phases ranging from 100% ACN to 100%
HEPES buffer solution (0.1 M, pH 7.5). Analyses were performed at a
flow of 0.2 mL min−1, and the column temperature was kept at 25 °C.
The injection volume was 20 μL and the UV detector was set to 260
nm. Cross-selectivity of the polymers toward structurally related
analogues of the template molecule and other nonrelated compounds
(Figure S1, SI) was evaluated under the same experimental conditions.
The retention factor (k) for each analyte was calculated as k = (t − t0)/
t0, where t and t0 are the retention times of the analyte and the void
marker (ACN containing 0.5% of acetone), respectively. Imprinting
factors were evaluated as IF = kMIP/kNIP, where kMIP and kNIP are the
retention factors of the analyte in the columns filled with MIP and
NIP, respectively. Injections were carried out in triplicate.

The binding capacity of the polymers and the homogeneity of the
binding sites were assessed by frontal chromatography following the
procedure described by Kim and co-workers.28 The MIP/NIP
columns were equilibrated with ACN/water (0.1 M HEPES, pH
7.5) (50:50, v/v) as mobile phase. Solutions of the antimicrobials

Table 1. Cross-Linker Composition in the Pre-
Polymerization Mixture According to an Experimental
Mixture Centroid Design

polymer DVB (mmol) TRIM (mmol) EDMA (mmol)

MIP25 5 0 0
MIP26 0 0 5
MIP27 0 5 0
MIP28 2.5 0 2.5
MIP29 2.5 2.5 0
MIP30 0 2.5 2.5
MIP31 1.67 1.67 1.67
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(0.03−0.50 mM), prepared in the mobile phase were pumped at a flow
rate of 0.2 mL min−1 until a plateau in the fluorescence signal was
attained. To ensure the complete removal of the analyte, we washed
the columns after each measurement with 20 mL of methanol
containing 0.5% of trifluoroacetic acid at 0.2 mL min−1 and re-
equilibrated with 12 mL of the mobile phase before a new
measurement. The breakthrough volume was calculated from the
maximum numerical value of the first derivative of the frontal
chromatogram. The breakthrough volume for a nonretained analyte
was measured by eluting the columns with ACN containing 0.5% of
acetone. All analyses were carried out in triplicate at room
temperature.
The frontal analysis data were plotted in binding isotherms that

were fitted to several isotherm adsorption models using SigmaPlot
11.0 (Systat Software Inc., San Jose, CA) for the calculation of the
thermodynamic constants.
Hydrodynamic Performance of Polymer Particles. Pressure

stability of the polymer was tested by packing the particles into a 20 ×
2.1 mm stainless steel column (Upchurch Scientific, Oak Harbor,
WA). The column was coupled to a HP-1100 quaternary pump
(Agilent Technologies, Palo Alto, CA) and the pressure drop over the
packed bed was measured at different flow rates of the mobile phase.29

The specific permeability was calculated according to Darcy’s law
(eq 5):

η
=

Δ
u

PK d

L
p0
2

(5)

where u is the flow rate, ΔP is the column pressure drop, K0 is the
specific permeability, dp is the average size of the particles, η is the
viscosity of the solvent, and L is the length of the column. The system
was run isocratically with ACN as mobile phase. ACN containing 0.5%
acetone was used as the void marker. The pressure drop across the
microparticle-size columns was monitored with the built-in pressure
sensor of the pump. After the pressure test, the column was unpacked,
and the particles were vacuum-dried before being subject to SEM.
Analysis by EPR. The polymers (2.5 mg) were incubated

overnight in 1 mL of HEPES buffer (25 mM, pH 7.5) containing
0.5 mM CAT1. After centrifugation, the supernatant was removed, and
the polymers were washed twice with the same buffer (1 + 1 mL) and
transferred to capillary Pyrex tubes (1 mm inner diameter) for EPR
measurements. UV spectroscopy was used to calculate the amount of
CAT1 bound to the polymers by monitoring the absorbance of the
supernatant solution, before and after incubation The retention of
CAT1 in the MIP or NIP polymers was in the range of 1.2−1.7%
(RSD < 5%, n = 3) for all the polymers tested. The EPR spectra were
recorded on a Bruker EMX spectrometer operating at X-band (9.5 G)
at room temperature. Computation of spectra was accomplished by
utilizing the computer program developed by Freed, Budil, and co-
workers.30 The main parameters extracted from the spectral analysis
are:
(1) The gii components of the g tensor for the coupling between the

electron spin and the magnetic field. The values were gii = 2.009, 2.006,
and 2.0023 and did not show significant variation between different
samples, and therefore, they are not discussed further.
(2) The Aii components of the coupling tensor between the

electron spin and the nuclear nitrogen spin, A. For comparison, the
average value ⟨A⟩ = (Axx + Ayy + Azz)/3, whose increase is related to an
increase in environmental polarity of the radicals, is reported. The
accuracy of this parameter is ±0.01 G.
(3) The correlation time for the rotational diffusion motion of the

probe, τ. The Brownian diffusion model (Di = 1/(6τi)) was assumed in
the computation, where D is the diffusion coefficient. In this case the
main component of the correlation time for motion is the
perpendicular component, τ. An increase in τ corresponds to a
decrease in the radical mobility that, in turn, reflects the microviscosity
and interactions of the radical with functional groups at the binding
sites. The accuracy of this parameter is ±0.01 ns.

(4) The intrinsic line width (indicated as LW), which increases with
the increase of spin−spin interactions arising from probes close to
each other. The accuracy of this parameters is ±0.02 G.

In cases where the experimental spectra are constituted by two or
three spectral components due to CAT1 in motionally different
environments, the components were subtracted and computed
separately to obtain the mobility and polarity parameters characteristic
of each probe environment. The relative percentages of the probe
populations were obtained from double integration of each spectral
component. The accuracy of this parameters is ±1%.

Experimental Design and Data Processing. To evaluate the
effect of the nature of the cross-linker on the size, dispersity, and yield
of the polymer beads, we used an experimental mixture design in
which factors represent the fraction of a given component in a
mixture.31,32 With the experimental results of the experimental design,
a polynomial model, describing the relation between a response and
the considered factors, was build.33,34 The model was interpreted
graphically, by drawing 2D contour plots, and statistically applying
Analysis of Variance.

Three cross-linkers, namely, EDMA, DVB, and TRIM, have been
considered as factors of interest, that is, ingredients of the mixture. The
experimental mixture design used in this work was a simplex centroid
design. In such approach, the experimentation points form a {q,n}
lattice in a (q-1) dimension simplex, where q is the number of
components and n is the degree of the polynomial model. In a q-
component simplex centroid design, the number of distinct points is
2q-1. When q = 3 the constrained experimental region can be
represented with an equilateral triangle as shown in Figure 2.

The coordinates of the seven designed points correspond to the
amount of each cross-linker in the prepolymerization mixture. Thus,
coordinates (1, 0, 0), (0, 1, 0), and (0, 0, 1) (vertices of the triangle)
correspond to the pure q component (i.e., polymers synthesized with
one cross-linker); coordinates (1/2, 1/2, 0), (0, 1/2, 1/2), and (1/2, 0,
1/2) (midpoints of the three sides of the triangle) are ascribed to
binary mixtures (i.e., polymers synthesized mixing two cross-linkers)
and the central point (1/3, 1/3, 1/3) (centroid) corresponds to the
ternary mixture (i.e., a polymer synthesized mixing the three cross-
linkers). Table 1 shows the cross-linker composition for the polymers
synthesized in the experimental mixture design. The amount of
template (ENR), functional monomers (MAA and HEMA), volume of
ACN and percentage of initiator (ABDV) were kept constant
throughout all the experiments.

After data were collected, they were fitted to a special cubic
polynomial model applying least-squares regression to estimate the
unknown coefficients in eq 6:

Figure 2. A three-component experimental mixture centroid design.
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= + + + + +

+
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where Y is the response, bi is the magnitude of the effect of each
component, bij is the magnitude of the synergistic or antagonistic effect
of two-components, and bijk is the magnitude of the synergistic or
antagonistic effect of the three components on the response. Xi denote
the proportions of the q components in the mixture. The computer
program Design-Expert 7.1.5 (Stat-Ease Inc., Minneapolis, MN) was
used to analyze the results.

■ RESULTS AND DISCUSSION

In a previous study, we described the preparation of water-
compatible ENR-imprinted polymers using bulk polymer-
ization.35 The polymers were synthesized using MAA as
functional monomer, HEMA as hydrophilic comonomer,
EDMA as cross-linker, and ACN as porogenic solvent. The
MIP showed selective recognition to ENR and related
structural analogues, allowing their direct extraction from
aqueous samples. However, the irregular shape and particle size
of the imprinted materials were a shortcoming for online SPE
and μ-HPLC applications. In the present work, we have focused
on the preparation of monodisperse ENR-selective MIP beads
by precipitation polymerization with a controllable size in the
range of 2−3 μm suitable for such applications. The same
combination of functional monomers was selected as they
provided selective recognition of the antimicrobials in aqueous
rich samples. A number of factors including the nature and
concentration of the polymerization components have been
evaluated to determine their impact on the size and shape of
the resulting MIPs.
Selection of Polymerization Solvent. Initially, we

explored the effect of several porogenic solvents and solvent
mixtures on the preparation of narrow disperse microparticles
by precipitation polymerization. It has been shown that ACN is
an effective solvent for the preparation of uniform polymeric
beads using DVB as the cross-linker.19 MIP particles with good
capacities and porosities have also been described using
mixtures of ACN and toluene (near θ-solvents) in combination
with DVB, as the presence of the cosolvent improves the
compatibility with the oligomers and retards phase separation
during polymerization.17,18 Therefore, we explored the ability of
these solvents (V = 15 mL), as well as MeOH, THF, DMSO, or
DMF, to promote microparticle formation in the polymer-
ization of MIPs. The polymers were prepared by mixing ENR
(0.5 mmol) as template, MAA (2 mmol) and HEMA (2 mmol)
as functional monomers, and a mixture of DVB (2.5 mmol) and
EDMA (2.5 mmol) as cross-linkers, in 15 mL solvent.
As reported by Goh and Stover, the Hansen solubility

parameters have shown to be more useful than the Hildebrand
parameter to explain the role of the solvent in the formation of
micron sized particles in polymerizations involving MAA.36 In
agreement with these authors, decreasing the solvency of the
medium favors polymer−polymer interactions thus promoting
polymer desolvation and microspheres formation. Tables S1
and S2 (SI) summarize the three-dimensional Hansen solubility
parameter values for the polymerization components and for
the various solvents included in the study.
The Hansen’s three-dimensional solubility parameters differ-

entiate between three types of interactions between the
polymer and the solvent (i.e., dispersive (δd), polar (δp), and
hydrogen bonding (δh)). In this work, soluble MIP polymers
were obtained when solvents with either low δp and δh (THF),

or medium δp but high δh (MeOH) were used, while solvents
with moderate δh (DMSO and DMF) led to coagulation. Neat
ACN, with high δp (18 MPa1/2) and low δh (6.1 MPa1/2), led to
the formation of narrow disperse microspheres with spherical
shape and smooth surface, for both MIP and NIP.37 The shapes
and particle sizes of the MIP/NIP polymers prepared in the
different solvents are summarized in Table S2 (SI).
To produce particles with higher porosities, we mixed a

thermodynamically good solvent (toluene) with ACN to favor
solvation of the incoming polymeric phase.38 Li and Stover
reported the effectiveness of such mixture for precipitation
polymerizations when DVB was used as a cross-linker, as it
yielded high-quality bead-shaped polymers with reasonable
yields and well developed pore structure.39 However, all our
attempts to use toluene as cosolvent (ACN/toluene, 75:25 v/v)
led to the formation of polydisperse nanoparticles when ENR
was used as the template. We attribute this result to the low
solvency of the ACN/toluene mixture toward the template and
to the low solubility of the monomers, which do not match the
Hansen solubility parameter for the solvent mixture and exert a
negative effect on chain formation during the early stages of the
precipitation polymerization process.
These results, together with the well-known performance of

ACN in molecular imprinting polymerizations, led us to select
ACN as porogen for the synthesis of the ENR imprinted
beads.40

Effect of the Solvent Volume and Monomer Concen-
tration. To investigate the effect of the porogen volume on the
morphology and size of the resulting beads, we prepared several
polymers, keeping constant the amount of template (ENR),
functional monomers (MAA and HEMA) as well as cross-linker
(EDMA) and increasing the volume of ACN (Table S3, SI).
Figure S2 (SI) shows the SEM images of the beads prepared
with increasing amounts of porogen. Higher solvent volumes
led to a decrease in the particle size that ranged from 997 nm
(MIP4) to 343 nm (MIP1) when the volume was increased
from 15 to 40 mL, respectively. Volumes lower than 15 mL led
to particle coagulation. It should also be mentioned that,
according to the dynamic light scattering results, the apparent
hydrodynamic radius (Rh) distribution of the polymer particles
was extremely narrow (CV% < 7%; Figure S3, SI), reflecting
the high quality shapes of the imprinted beads.
Increasing the amount of DVB resulted in spherical beads

with larger average particle diameters, up to 2.9 μm. This
suggests that higher amounts of DVB enhance the solubility of
the oligomers leading to the formation of beads with larger
particle diameter (Figure S4, SI). Similar results and
morphologies have been reported for poly(MAA-co-DVB),41

poly(MAA-co-PEGMM-co-EDMA),36 and poly(DVB) micro-
spheres,39 where increasing the concentration of the cross-
linking agent led to an increase in the particle size.

Effect of the Cross-Linking Monomer. Type and
Concentration. The formation of stable spherical polymer
particles by precipitation polymerization depends on both the
type of cross-linker and its concentration in the prepolymeriza-
tion mixture.42 Thus, we evaluated the effect of both factors on
the preparation of ENR selective MIP beads by applying a
mixture design approach based on a simplex lattice design
(Figure 2). The amount of template (ENR), functional
monomers (MAA and HEMA), initiator (ABDV), and the
volume of porogen (ACN) were kept constant, and the
concentration of EDMA, DVB, TRIM, or a combination of the
three was varied, as described in Table 1.
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Figure 3A,B shows the response contour plots for the fitted
polynomial models obtained for the particle size and the surface
area as a response, respectively. As shown in the SEM
micrographs (Figure 3C), the MIPs showed important
morphological differences, ranging from macrogels to micro-
spheres, depending on the cross-linker(s) composition in the
prepolymerization mixture. The use of DVB (MIP25)
produced polymer beads with a narrow size distribution (2.86
± 0.03 μm, PDD 1.00 ± 0.01) and low porosities (<5 m2 g−1).
Besides, better shaped spherical particles (circularity close to 1)
were obtained with increasing amounts of DVB in the
prepolymerization mixture (Table 2). The polymers synthe-
sized with EDMA (MIP26) or TRIM (MIP27) as cross-linkers
were in the form of aggregates of particles or coagula with a
high surface area (Figure 3). Polymer aggregates were also
obtained when equimolar amounts of DVB/TRIM (molar
ratio, 1:1) (MIP29) were used in the synthesis, with average
particle sizes ranging between those obtained for DVB and
TRIM-based MIPs. Moreover, the surface area of the DVB/
TRIM polymer was similar to that of the one prepared with
DVB, suggesting an important influence of this cross-linker on
the porosity of the materials. The use of equimolar amounts of

Figure 3. Response contour plots for the empirical models estimated by fitting (A) the average diameter and (B) the BET-specific surface area data
of the MIPs as a function of the type and amount of cross-linker(s). (C) Scanning electron micrographs for the experimental mixture design
formulations (see Table 1 and Figure 2).

Table 2. Average Diameter, BET Surface Area, and
Circularity of the ENR Imprinted and the Corresponding
Non-imprinted Polymer Microspheres

polymera
diameter
(μm)b

BET specific surface area
(m2 g−1) circularityc

MIP25 2.86 ± 0.03 <5d 1.00 ± 0.01
NIP25 2.53 ± 0.01 <5d 1.00 ± 0.01
MIP26 0.21 ± 0.05 36.3 ± 0.4 0.89 ± 0.04
MIP27 0.19 ± 0.08 118 ± 1 0.6 ± 0.3
MIP28 3.22 ± 0.03 <5d 1.00 ± 0.01
NIP28 3.54 ± 0.06 <5d 1.00 ± 0.01
MIP29 2.4 ± 0.6 <5d 0.8 ± 0.1
MIP30 0.12 ± 0.02 82.8 ± 0.5 0.6 ± 0.1
MIP31 2.1 ± 0.3 17.0 ± 0.2 0.7 ± 0.1

aPolymer composition: template (ENR), 0.5 mmol (imprinted
polymers); MAA, 2 mmol; HEMA, 2 mmol; cross-linker, see Table
1; initiator (ABDV), 1% (w/w); ACN, 15 mL. bAverage diameter for
at least 100 particles. cCircularity is defined as the ratio between the
circumference of a circle of equivalent area to the particle and the
perimeter of the particle itself. dMinimum surface area was determined
with precision in the ASAP 2020 instrument (±confidence interval, α
= 0.05).
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EDMA/DVB (molar ratio, 1:1) (MIP28) resulted in beads with
a similar morphology to MIP25, but larger particle sizes (3.22
± 0.03 μm, PDD 1.01 ± 0.01) and lower surface areas (<5 m2

g−1) were obtained with a higher yield (42%) than MIP25
(11%). However, bead circularity and surface roughness were
very similar. Eventually, a mixture of the three cross-linkers
(MIP31) resulted in a coagulum of microparticles with a 2.1
μm particle size and a surface area of 17 m2 g−1.
Interestingly, the particle size of NIP25, prepared with DVB

(2.53 ± 0.01 μm) was slightly smaller than that of the
corresponding MIP, but the opposite was observed when
equimolar mixtures of DVB/EDMA were used (NIP28, 3.54 ±
0.06 μm), confirming that the presence of the template also
exerts an important effect on the particle size.
To validate the empirical mixture model, we prepared a new

MIP with a mixture of cross-linkers EDMA/DVB, at molar
ratios of 1:4, which according to the empirical model should
result in beads with a particle size of 3.4 ± 0.5 μm. The
resulting polymer showed a similar morphology to MIP25 and
MIP28 and a particle size of 2.89 ± 0.01 μm that does not
significantly differ (α = 0.05) from the predicted value,
confirming the adequate prediction ability of the empirical
mixture model.
FTIR Analysis. The FTIR spectra of the imprinted polymers

(Figure S5, Supporting Information) showed characteristic
bands at ca. 1725 cm−1 (CO stretch vibration), 3500 cm−1

(O−H stretch), 2950 cm−1 (C−H stretch), 1460 cm−1 (C−O−
H bending), 1390 cm−1 (C−H bending) and 960 cm−1 (C−
CH3 bending). The polymers prepared with EDMA and TRIM
showed the characteristic symmetric and asymmetric ester C
O stretching bands at 1260 and 1155 cm−1, respectively.43

However, these bands overlap when DVB was used as cross-
linker (MIP28, MIP29). The spectra of the polymer prepared
with DVB (MIP25) showed five bands at ca. 711, 798, 835,
903, and 990 cm−1 corresponding to the out-of-plane bending
of the aromatic C−H.
The polymers prepared with cross-linker mixtures showed

the characteristic IR bands for each monomer at relative
intensity ratio that correlates with the polymerization ratios. In
all cases, a band at ca. 1635 cm−1, with moderate to weak
intensity, assigned to the CC stretch vibration was observed
in the spectra reflecting the presence of unreacted double
bonds.
EPR Analysis. EPR in conjunction with the positively

charged nitroxide (CAT1) as probe was used to investigate
the microenvironmental properties of the interior binding sites
for ENR in MIP25 and MIP28 and compared to NIP25 and
NIP28, respectively. EPR spectra were recorded after
incubation of polymer particles in solutions containing CAT1
and washing (see Experimental Section). The EPR spectra were
characteristic of two major components: CAT1 free in solution
and CAT1 bound to the polymer particles. The free component
was subtracted, and the bound component was subjected to
computation. This bound component was, in turn, constituted
by one or two components. The experimental and computed
EPR spectra of CAT1 bound to polymer particles are shown in
Figure 4, and the main parameters for computation are
summarized in Table 3.
Significantly weaker EPR signals were observed for non-

imprinted polymer particles compared to imprinted polymer
particles, which is consistent with the lack of ENR binding sites
for non-imprinted polymers. For example, the integrated signal
intensity of the EPR spectrum for NIP25 was 5 times weaker

than for MIP25 (Figure 4). The EPR spectrum of CAT1 bound
to NIP25 was computed with a single component in slow
motion conditions with a correlation time for the rotational
mobility of τ = 5.37 ns. Two components were required to
compute the spectrum of CAT1 bound to MIP25 and MIP28
(Table 3). The presence of two components for the MIPs
indicates the presence of two binding sites in different
environments, one more fluid and one less fluid (more
viscous). The major component, at a relative percentage of
60% for MIP25 and 65% for MIP28, shows a lower mobility (τ
= 5.6 ns). The minor component, 40% for MIP25 and 35% for
MIP28, shows a faster mobility (τ = 2.35 ns). This minor
component shows some line broadening (2 G) which might be
caused by spin−spin interactions probably arising from a higher
local concentration of CAT1 in MIPs.
Information on the polarity of the binding sites can be

derived from the coupling constants ⟨A⟩ (Table 3). A higher
⟨A⟩ value corresponds to a higher polarity. The bound CAT1
showed a coupling constant of ⟨A⟩ = 16.67 G for MIP25 and
NIP25 and ⟨A⟩ = 16.7 G for MIP28, which is slightly less polar
than free CAT1 in aqueous solution (⟨A⟩ = 16.78 G). A slight
increase in polarity of the binding site was observed for NIP28
(⟨A⟩ = 16.83 G). All investigated MIPs and NIPs showed
relatively high coupling constants, which corresponds to polar
binding sites. This is consistent with free carboxylic acid groups
on the surface of the binding pockets.

Chromatographic Evaluation of the Polymer Micro-
spheres. The binding capacity and selectivity of MIP25 and

Figure 4. (Black) Experimental and (red) simulated EPR spectra of
bound CAT1 on MIPs and NIPs.

Table 3. Main Parameters Extracted from the Computation
of the EPR Spectra

sample % componenta <A> (G)b τ (ns)c line width (G)d

MIP25 60 16.67 5.60 1.0
40 16.67 2.35 2.0

NIP25 100 16.67 5.37 1.0
MIP28 65 16.70 5.60 1.0

35 16.70 2.35 2.0
NIP28 70 16.83 6.30 0.7

30 16.83 1.87 1.5
buffere 100 16.78 0.05 0.7

aPercentage of signal contribution of the components (one or two) of
bound CAT1 to MIPs and NIPs. bAverage coupling constant.
cCorrelation time for rotational diffusion motion. dIntrinsic line
width. eFree CAT1 in aqueous buffer solution.
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MIP28 to the antibiotic ENR were assessed by liquid
chromatography. The beads were packed in a chromatographic
column and the selective retention of FQ antimicrobials was
evaluated using mixtures of ACN and 0.1 M HEPES buffer, pH
7.5 with increasing organic solvent content (0−100%, v/v) as
mobile phase. As shown in Table 4, an imprinted effect is

observed for ENR in pure ACN, both for MIP25 and MIP28.
In fact, ENR was more strongly retained on MIP28 (no elution
after 60 min) than on MIP25. The addition of 10% buffer
decreases the retention times on both the MIP and the NIP,
although the retention factor on the imprinted material remains
always higher. The imprinting factor (IF) increases with the
buffer concentration reaching a maximum at 75% aqueous
buffer (IF ≥ 3.3) for both polymers. The retention times
increased again at concentrations over 90% aqueous buffer;
however, no selective retention was attained in such media,
suggesting the presence of nonspecific hydrophobic inter-
actions with the polymeric materials.
The binding properties and the homogeneity of the binding

sites of MIP25 and MIP28 were assessed by frontal analysis.
The binding features of ENR to both the MIPs and the NIPs
were accurately modeled using the Freundlich isotherm model
(Figure 5). The model developed by Rampey and co-workers

(eq 7) was applied to estimate the affinity distribution, the
apparent number of binding sites, N̅K1 − K2

, and the apparent

weighted average affinity, K̅K1 − K2
, and the results are

summarized in Table 5.44

= − −N K am m e( ) 2.303 (1 ) K2 2.303log
(7)

The comparison of the affinity distributions of the polymers
show that the binding capacity of MIPs is always higher than
for the corresponding NIPs, especially for MIP25 (MIP25:6.9
± 0.8 μmol g−1; NIP25:1.8 ± 0.5 μmol g−1; MIP28:4.7 ± 0.2
μmol g−1; NIP28:1.1 ± 0.1 μmol g−1). Slightly lower values of
the heterogeneity index, meaning a more heterogeneous
polymer, were obtained for MIP25 (0.62 ± 0.01), which also
showed a higher average binding affinity (7558 ± 44 M−1) for
ENR than MIP28 (7283 ± 19 M−1), as well as for the
corresponding NIPs (NIP25:6499 ± 48 M−1; NIP28:6440 ±
27 M−1).
To evaluate the cross-selectivity of the imprinted microbeads

and identify the noncovalent forces involved in the selective
interaction of the polymers with a series of different
antimicrobials, samples containing equimolar concentrations
of the antibiotics (ENR, CIP, DAN, LEV, SAR, NOR, DOX,
OXO, FLU) were injected in the MIP or NIP columns using
different mobile phases (ACN/water (0.1 M HEPES, pH 7.5)).
As can be observed in Figure 6, the highest IFs in both
polymers were obtained with the template molecule (ENR);
however, other structurally related fluoroquinolones, such as
CIP, DAN, LEV, SAR, and NOR also showed good retention
for buffer concentrations in the range from 25 to 75% (v/v) in
the mobile phase (1.5 < IF < 2.2). As reported previously,
selective retention can be explained considering the ionic
interactions between the positively charged piperazinyl moiety
on the antimicrobials and the carboxylate groups in the
polymeric network.35,45 Other fluoroquinolones such as OXO
and FLU, which does not contain such ring, or other
nonstructurally related antibiotics, DOX, showed IF < 1.2 in
both polymers.
Application of MIP28 as a stationary phase for the separation

of a solution of CIP, ENR, FLU, OXO, NAF, and DOX
resulted in the chromatogram shown in Figure 7.
A solution of HEPES 50 mM containing 25% of ACN and 36

mM piperidine was selected as mobile phase. A pH gradient
from pH 7.5 to 3.0 was applied to favor protonation of the

Table 4. Retention Behavior of ENR on MIP25/NIP25 and
MIP28/NIP28 Polymersa

mobile phase
ACN:HEPES buffer (0.1

M, pH 7.5) kMIP25
b kNIP25

b IFc kMIP28
b kNIP28

b IFc

100:0 77 16 4.8 NEd NEd

90:10 11 5.4 2.0 12 4.0 3.0
75:25 14 6.4 2.2 15 4.6 3.3
50:50 26 12 2.2 28 8.3 3.4
40:60 55 18 3.1 48 13 3.7
25:75 180 55 3.3 140 37 3.8
10:90 448 448 1.0 398 433 0.9
0:100 426 426 1.0 NEd NEd

aAnalyte concentration, 1 mM; injection volume, 20 μL; flow rate, 0.2
mL min−1. Column: 30 × 2.1 mm. bRetention factor calculated as k =
(tr − t0)/t0, where tr is the retention time of the analyte, and t0 is the
retention time of an unretained component (void marker).
cImprinting factor: IF = kMIP/kNIP. (n = 3). dNE: not eluted after 60
min.

Figure 5. Adsorption isotherms of ENR on (black) MIPs and (red) NIPs for polymer (A) MIP25 and (B) MIP28 in ACN/HEPES buffer solution
(0.1 M, pH 7.5) (50:50, v/v). Data fitted to a Freundlich adsorption isotherm model.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.5b02238
ACS Appl. Mater. Interfaces 2015, 7, 10966−10976

10973

http://dx.doi.org/10.1021/acsami.5b02238


carboxyl groups in the MIP and, hence, facilitate the elution of
the more retained analytes (Table S4, SI). The retention factors
for CIP and ENR were 44 and 220, respectively. As expected
from the cross-selectivity study, molecules lacking the
piperazinyl moiety were poorly retained (k < 1.5) in the
column. A baseline resolution (Rs = 1.6) between CIP and
ENR confirmed the good performance of the MIP although a
significant peak tailing was observed of both analytes that was
attributed to the heterogeneity of the binding sites.
Polymer Stability and Compressibility. Packed MIP

microspheres must withstand high pressures, without being
compressed or collapse, to be useful for HPLC or “on-line” SPE
applications. To evaluate the suitability of MIP25 and MIP28 in
high-performance liquid chromatography, the polymers were
packed in a 20 × 2.1 mm column and flowed with ACN as a
mobile phase using a maximum packing pressure of 40 MPa.31

MIP25 showed significantly higher backpressures than MIP28
at the same flow rates, probably due to a swelling effect. A plot
of variation of the pressure drop vs the linear velocity of the
mobile phase (Figure S6A, SI) showed a slight hysteresis for
MIP25 and NIP25 polymers when they were subjected to a
pressure drop up to 30 MPa. However, no hysteresis was
observed for MIP28 and NIP28 in the same experimental
conditions. A comparison of the SEM micrographs recorded
before and after the test (Figure S7, SI) demonstrated that
most MIP25 microbeads were cracked or dented upon pressure
application; however, MIP28 beads showed no signs of
compression or collapse.

The permeability of the MIP and NIP columns was evaluated
using ACN as mobile phase (viscosity 0.37 cP at 25 °C).46 The
experimental data were fitted to Darcy’s law (eq 5), as
described in the Experimental Section, representing the specific
permeability, considering the particles being nonporous, vs the
linear velocity.31 As shown in Figure S6B (SI) the specific
permeability of MIP25 beads was significantly lower than for
MIP28. This finding could be partially attributed to the
different reactivity of both cross-linkers along with the
clustering tendency of DVB that results in more compact and
smaller particles with lower resistance to compressibility under
high pressures. The non-imprinted polymers showed higher
specific permeabilities than the corresponding MIPs, demon-
strating that the cross-linker/template interactions during
polymerization also affect the characteristics of the resulting
polymers.47

■ CONCLUSIONS

An experimental mixture design strategy has been successfully
applied to assess the influence of the cross-linker on the
physicochemical characteristics of molecular imprinted micro-
spheres selective to the antibiotic ENR prepared by
precipitation polymerization. The application of a statistical
mixture design has allowed unraveling the synergistic and
antagonistic effects of different cross-linker blends on the
morphology and porosity of MIPs, resulting in an optimal
cross-linker composition to produce spherical MIP beads with
suitable properties for analytical separations such as, micro-

Table 5. Freundlich Adsorption Isotherm Fitting Parameters, Apparent Weighted Average Affinity, and Apparent Number of
Binding Sitesa,b

MIP25 NIP25 MIP28 NIP28

apparent weighted average affinity K̅K1 − K2
(M−1)c 7558 (44) 6499 (48) 7283 (19) 6440 (27)

apparent number of binding sites N̅K1 − K2
(μmol g−1)c 6.9 (0.8) 1.8 (0.5) 4.7 (0.2) 1.1 (0.1)

heterogeneity parameter nd 0.62 (0.01) 0.86 (0.01) 0.68 (0.01) 0.88 (0.01)
preexponential factor, a (μmol g−1 (L mol−1)m)d 1531 (117) 5488 (538) 1798 (61) 4008 (219)
r2 0.9988 0.9990 0.9998 0.9997

aCalculated according to ref 44. bStandard error in parentheses. cFree analyte concentration range, 0.03−0.5 mM (n = 3). dFreundlich adsorption
isotherm model parameter. B = aFn, where B and F are the concentrations of bound and free analytes, respectively.

Figure 6. Cross-selectivity for ENR and structurally related and nonrelated analogs (see chemical structures in Figure S1, SI) in HPLC columns
packed with (A) MIP25 and (B) MIP28. Solvent: ACN/HEPES buffer solution (0.1 M, pH 7.5). Imprinting factor (IF) calculated as IF = kMIP/kNIP.
Retention factor (k) calculated as k = (tr − t0)/t0, where tr and t0 are the retention time of the analyte and the void marker (acetone), respectively.
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meter particle size, narrow size distribution, low porosity, high
hardness.
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