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ABSTRACT: In this work, we initiated to study new
synthetic conditions to obtain uniformly sized molecularly
imprinted polymers (MIPs) in the micrometer to nanome-
ter range, using carbamazepine (CBZ) as a model
template. The MIPs were successfully prepared by precipi-
tation polymerization using methacrylic acid (MAA) and
methyl methacrylate (MMA) as functional monomers at
different mole ratios. The effect of MAA-to-MMA mole
ratios on the morphology, binding, recognition, and
release behaviors of the final particles were studied, and
the adjusting possibility of these properties was also
obtained. The produced polymers were characterized by
Fourier transform infrared spectroscopy and differential
scanning calorimetry, and their morphology was precisely
examined by scanning electron microscopy and photon
correlation spectroscopy. We obtained very uniform
imprinted nanospheres and microspheres with diameter in
the range of 120 nm to 1.74 lm under various conditions.
Among the MIP nanospheres and microspheres prepared,

the MIPs using MAA-to-MMA mole ratio of 1 : 2 showed
nanospheres with the lower polydispersity index (0.004)
and the highest selectivity factor (10.4), which is defined
as the binding ratio of CBZ and oxcarbazepine as template
analog. Results from binding experiments proved that
MIPs exhibit specific affinity to CBZ in contrast to control
polymers, and this performance was affected by pH and
concentration of the loading solution. Moreover, release
experiments showed the controlled release of CBZ in long-
time period. The 50% of loaded CBZ was released from
the imprinted nanospheres within the first 30 h, whereas
another 50% was released in the following 160 h. The
release kinetics of CBZ from the MIPs highly affected with
the properties of particles. VC 2012 Wiley Periodicals, Inc.
J Appl Polym Sci 125: 1804–1813, 2012
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INTRODUCTION

Molecular imprinting is recognized as a powerful
technique to synthesize polymer-type artificial recep-
tors.1–3 This technology is attracting widespread
attention because of its potential to deliver robust
molecular recognition elements targeted toward any
guest really present in any environment (e.g., drug
enantiomers, hormones, toxins, pesticides, peptides,
proteins, and nucleic acids in matrixes ranging from
pure organic solvents to biological fluids). In molec-

ular imprinting, highly crosslinked polymers can be
used to form three-dimensional cavities with binding
sites, mimicking the specificity of biologic molecules,
through a course in which functional monomers and
crosslinkers are copolymerized in the presence of
the selected analyte as template. Molecularly
imprinted polymers (MIPs) are often referred to as
‘‘artificial antibodies’’. Unlike antibodies, MIPs are
stable to extremes of pH, organic solvents, and
temperature, which allows for more flexibility in the
analytical methods.4

MIPs with well-controlled physical forms in differ-
ent size ranges are highly desirable. For example,
MIP nanospheres are very suitable to be used to
develop binding assays, microfluidic separations, the
stationary phase design for open-tubular capillary
electrochromatography, and drug delivery sys-
tems.5,6 The MIP nanospheres are ideal to apply in
the well-established nonseparation assay formats, for
example, using measurements based on fluorescence
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polarization–depolarization or fluorescence reso-
nance energy transfer technique.7 Nanosphere drug
delivery carriers are able to protect drugs from deg-
radation and improve the penetration or permeation
of drugs across the mucosal surface.8

Conventionally, MIPs were synthesized by nonaqu-
eous bulk polymerization techniques, which after
grinding and sieving gave irregular particles with dif-
ferent sizes. Although this method allows easy prepa-
ration of large amount of MIPs, it is time consuming
and yields only moderate amount of useful MIPs. The
irregularity of size and shape of such MIP particles also
made sample handling difficult, and chromatography
efficiency reduced. For new analytical applications, the
irregular particles are inferior to well-defined polymer
beads, especially in developing MIP-based assays, sen-
sor arrays, and separation modules. In addition to
improving binding performance of MIPs, new physical
formats of MIPs and more efficient synthetic methodol-
ogies were important research topics in the past
years.9,10 Previously, uniformly sized MIPs for sulfa-
methazine,11 clenbuterol,12 (S)-ibuprofen,13 17b-estra-
diol,14 and (S)-propranolol15 have been prepared by a
one-step, two-step, or multistep swelling and thermal
polymerization methods. The polymerization methods
available to prepare such monodispersed particles
include water-based emulsions, seeded suspension
polymerizations, nonaqueous dispersion polymeriza-
tions, and precipitation polymerizations. A relatively
simple method for the preparation of imprinted
polymers not requiring mechanical grinding or disper-
sion polymerization is precipitation polymerization,
which yields uniformly sized nanospheres or micro-
spheres.16–20

Recently, we applied MIPs as synthetic artificial
receptors in potentiometric detection of hydroxyzine21

and cetirizine22; solid-phase extraction of verapamil,23

metoclopramide,24 and tramadol25; and sustained
release of dipyridamole26,27 and carbamazepine
(CBZ).28 The current study investigates the potential
of precipitation polymerization as a promising tech-
nique for the synthesis of novel imprinted materials
for various applications such as analytical field and
drug delivery systems. In this work, we used the new
synthetic conditions to obtain very uniformly sized
imprinted nanospheres and microspheres for CBZ
(Fig. 1) as a model template. CBZ is an anticonvulsant
drug that is widely used in epilepsy treatment. Precip-
itation polymerization was carried out using metha-
crylic acid (MAA) and/or methyl methacrylate
(MMA) as functional monomers, trimethylolpropane
trimethacrylate (TRIM) as crosslinker, and 2,20-azobis
isobutyronitrile (AIBN) as initiator in acetonitrile as
progenic solvent at 60�C. MAA, MMA, and TRIM
(acrylate ester) that were the compounds of interest
used in this work as the monomers are found to
have biocompatibility and nontoxicity. Although
poly(MAA)-, poly(MMA)-, and poly(acrylate ester)-
based polymers are used for producing pharmaceuti-
cal products such as tablets and capsules,29 MAA and
N-vinylpyrrolidinone crosslinked by ethylene glycol
dimethacrylate (TRIM analog crosslinker) are widely
used as enteric polymers in the controlled delivery of
paracetamol and aspirin.30 The MAA-based nano-
spheres reported by Foss and Peppas31 had no cyto-
toxic side effects on the Caco-2 cell cultures.
The choice of functional monomer is more critical

to the promotion of the imprinting efficiency and
other properties of imprinted polymers.32 Normally,
MIPs have been prepared with only a single type of
functional monomer. Occasionally, combinations of
functional monomers have been used to improve the
properties and performance of MIPs with respect to
those produced with a single functional

Figure 1 Structures of chemicals used in the molecular imprinting syntheses and the binding experiments.
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monomer.33,34 Acrylamide and 2-hydroxyethyl meth-
acrylate (as neutral monomers), MAA and 4-vinyl-
benzoic acid (as acidic monomers), and 4-vinylpyri-
dine (as basic monomer) were used as common
functional monomers. To study and improve the
morphology, binding, recognition, and release prop-
erties of MIPs when the ratio of the acidic monomer
MAA and the neutral monomer MMA changed, sev-
eral CBZ-imprinted polymers were prepared. The
three-dimensional structure of binding sites in poly-
mers containing MAA and MMA are improved
because of steric hindrance of methyl groups in the
side chains. The most successful noncovalent
imprinting systems are based on MAA since the car-
boxylic acid groups of MAA serve as both hydrogen
donor and acceptor. It is also a suitable functional
monomer for CBZ, because carboxylic acid groups
can form cyclic hydrogen bonds with the functional
groups on CBZ (such as CONH2 and CONR2; Fig.
2). The neutral monomer of MMA was used to con-
trol composition and properties of MIPs.

Recently, the MIPs application in the drug release
systems was reported. They can increase the resi-
dence time of the drug within the body by reducing
the rate at which the drug is released.35 Although its
application in this field is just at an initial stage, the
use of MIPs in the design of new drug delivery car-
riers and devices useful in closely related fields,
such as diagnostic sensors or chemical traps to
remove undesirable substances from the body, is
receiving increasing attention.36 In the current study,
we present the first devices based on MIPs for con-
trolled release of CBZ. The effect of functional
monomer nature on the release behaviors of CBZ in
sodium dodecyl sulfate (SDS) solution was studied
to develop a material with controlled release proper-
ties for drug delivery applications. The binding
properties of the MIPs to CBZ were evaluated by
their binding capacity to CBZ in loading solution
with different pH and concentrations. The molecular
recognition ability with respect to template analog
(oxcarbazepine [OCBZ]; Fig. 1) was also determined.

EXPERIMENTAL

Materials

MAA and MMA from Merck (Darmstadt, Hohen-
brunn, Germany) were distilled in vacuum before
use to remove the stabilizers. TRIM and AIBN were
purchased from Sigma–Aldrich (Steinheim, Ger-
many). AIBN was recrystallized from methanol
before use. CBZ and OCBZ were obtained from the
Ministry of Health and Medical Education (Tehran,
Iran). SDS and acetonitrile were purchased from
Merck. Dialysis tubes (Sigma dialyses tubes Mw cut-
off 12 kDa, Steinheim, Germany) were heated in so-

dium bicarbonate (2 wt %)/ethylene diamine tetra
acetic (0.05 wt %) solution and then kept under re-
frigeration in 0.05 wt % solution of sodium azide
until use. Other reagents and solvents of an analyti-
cal reagent grade were used without further
purification.

Apparatus

Scanning electron microscopy (SEM; PhilipsXL30
scanning microscope, Philips, Eindhoven, Nether-
lands) was used to determine the shape and surface
morphology of the produced polymer particles. The
particle size and size distribution of the particles
were measured by photon correlation spectroscopy
(PCS; Malvern Zetasizer ZS, Malvern, Worcester-
shire, UK). Polymer particles (2 mg) were mixed
with acetonitrile (1 mL) sonicated in a bench-top ul-
trasonic cleaner (Tecno-Gaz, Tecna 6, Bologna, Italy)
for 20 min until no particle aggregate could be
observed. The colloidal sample was diluted with
acetonitrile to a final concentration of 20 lg L�1

prior to particle size measurement. The hydrody-
namic size of the polymer particles was measured in
acetonitrile at 25�C. The pH of solutions was
adjusted using a Mettler Toledo pH meter (Seven
Multi, Schwerzenbach, Switzerland) equipped with a
combined glass–calomel electrode. Concentrations of
solutions were analyzed by UV spectrophotometer
(Scinco S-3100, Seoul, Korea). Particles were collected
by centrifugation (Sigma 3K30, Ostrode am Harz,
Germany). FTIR spectra (4000–400 cm�1) in KBr
were recorded on a Nicolet spectrometer (Magna IR
550, Madison, USA) using KBr pellets. Thermal

Figure 2 Schematic representation of the MIP synthesis
and recognition.
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properties were investigated by a Mettler DSC 823
(Mettler Toledo, GmbH, Greifensee, Switzerland)
equipped with a Julabo thermocryostate model
FT100Y (Julabo Labortechnik GmbH, Germany). A
Mettler Star software system (version 9.x) was used for
the data acquisition. Indium was used to calibrate the
instrument. The samples were scanned with a heating
rate of 10�Cmin�1 in 20–470�C temperature range.

MIP and NIP preparation with precipitation
polymerization

Molecularly imprinted nanospheres and micro-
spheres were synthesized using precipitation poly-
merization under the conditions illustrated in
Table I. For the preparation of the CBZ-imprinted
polymer, the template (CBZ, 0.84 mmol) was dis-
solved in 5 mL of acetonitrile in a 50-mL thickwalled
glass vessel, and then the functional monomers
(MAA and/or MMA) were added. The mixture was
homogenously dispersed by sonication for 6 min.
The solution was allowed to stir continuously for 90
min and the initiator (AIBN), the crosslinker (TRIM),
and 35 mL of acetonitrile were added to the above
solution and the mixture was homogenously dis-
persed by sonication for 6 min. The solution was
purged with a gentle flow of nitrogen for 5 min and
sealed under nitrogen. The reaction vessel was
inserted in a shaker bath and shaken horizontally at
50 cycles per minute. The temperature was ramped
from 25 to 60�C within 40 min, thereafter kept for 20
h. After the polymerization, the polymer particles
were separated by centrifuging at 17,000 rpm for 30
min. To remove template from the polymer matrix,
the unleached imprinted polymers were washed
with 40 mL of methanol containing 10% acetic acid
(v/v) for five times for 1 h, until no template could
be detected from the washing solvent by spectromet-
ric method (at k ¼ 285 nm). The polymer particles
were finally washed with same volume of deionized
water and acetone, and the resulted leached
imprinted polymers were dried at 50�C overnight.
To verify that retention of template was due to mo-
lecular recognition and not due to nonspecific bind-
ing, a control, nonmolecularly imprinted polymer
(NIP), was prepared as the same procedure, but
with the omission of CBZ.

Binding experiments

The 40 mg of imprinted and nonimprinted particles
were added to 6 mL of 85 lmol L�1 CBZ water/ace-
tonitrile (4 : 1, v/v) solution (pH ¼ 7). A concentra-
tion of 85 lmol L�1 CBZ was chosen in order to
investigate the performance of MIPs in possible bio-
medical or biological applications. After the samples
were stirred for 2 h, the polymer particles were cen-

trifuged at 20,000 rpm for 30 min. The concentration
of free CBZ in supernatant was measured by UV
spectrophotometer. The amount of CBZ bound to
the polymer particles was calculated by subtracting
the amount of free CBZ from the CBZ initially
added.
For determination of binding in solutions with dif-

ferent concentrations, 40 mg of MIP2 and NIP2
nanospheres were added to 6 mL of water/acetoni-
trile (4 : 1, v/v) solutions (pH ¼ 7) of CBZ with spe-
cific initial concentrations ranging from 40 to 160
lmol L�1. After the samples were stirred for 2 h, the
amount of CBZ bound to the polymer particles was
measured.
The effect of pH on the binding efficiency of CBZ

was investigated by varying the pH of solutions
from 3 to 11. All pH were adjusted with hydrochlo-
ric acid and sodium hydroxide solutions. Several
batch experiments were performed by incubating 40
mg of MIP1 or NIP1 nanospheres with 6 mL of 85
lmol L�1 of CBZ water/acetonitrile (4 : 1, v/v) and
applying a gentle mixing under the desired range of
pH for 2 h. Then, the amount of CBZ bound to the
nanospheres was measured.
The selectivity of MIPs were determined by incu-

bating 40 mg of imprinted polymers with 6 mL of 85
lmol L�1 OCBZ (analog template) water/acetonitrile
(4 : 1, v/v) solution (pH ¼ 7), and then proceeding
as for binding experiments.

In vitro drug release

Drug release from CBZ-loaded MIPs was carried out
using dissolution method in SDS (1 wt %) aqueous
solution as medium. The good solubility of CBZ in
SDS (1 wt %) aqueous solution was used to maintain
sink conditions.37 The polymer particles (50 mg)
were incubated with 6 mL of 1.0 mmol L�1 CBZ
water/acetonitrile (1 : 6, v/v) solution (pH ¼ 7) for
1 h. Unbound CBZ was separated from the polymer
particles by centrifugation at 20,000 rpm for 30 min.
The amount of unbound CBZ by each polymer was
determined by UV spectrophotometer. The

TABLE I
Preparation of CBZ-Imprinted and

Nonimprinted Polymers

Polymer
Template
(mmol)

MAA
(mmol)

MMA
(mmol)

TRIM
(mmol)

MIP1 0.84 2.52 – 1.68
NIP1 – 2.52 – 1.68
MIP2 0.84 1.68 0.84 1.68
NIP2 – 1.68 0.84 1.68
MIP3 0.84 0.84 1.68 1.68
NIP3 – 0.84 1.68 1.68
MIP4 0.84 – 2.52 1.68
NIP4 – – 2.52 1.68
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centrifuged particles were suspended in 2 mL of
SDS (1 wt %) aqueous solution and placed in a dial-
ysis tube, then sealed at both ends with medicell
clips, and soaked at 50 mL of SDS (1 wt %) aqueous
solution. The medium was stirred at 100 rpm. Ali-
quots of 2 mL were withdrawn from the medium at
designed time intervals. An equivalent volume of
SDS (1 wt %) aqueous solution was added to main-
tain the volume of the medium at 50 mL. The
amount of CBZ released from the polymer particles
was quantified by UV analysis.

RESULTS AND DISCUSSION

Characterization

The infrared spectra of the nonimprinted polymer
and unleached and leached imprinted polymer are
shown in Figure 3. As a result of the hydrogen
bonding with the ACOOH group of MAA, the C¼¼O
stretching and the OAH stretching at 1733 and 3557
cm�1 in the leached MIP were shifted to 1725 and
3536 cm�1 in the corresponding unleached MIP,
respectively. Furthermore, there was another distinct
difference between the FTIR spectra of the leached
and unleached MIPs. In the unleached MIP, there
was a sharp band with low relative intensity at 1598
cm�1 that disappeared in the corresponding leached
MIP. This peak is related to the NAH bending vibra-
tion of CBZ in the unleached MIP. Other absorption
peaks match both those of MIP as well as NIP: 973
cm�1 (out-of-plane bending vibration of vinylic

CAH bonds), 1147–1270 cm�1 (symmetric and asym-
metric stretching vibration of ester CAO bonds),
1388 cm�1 (bending vibration of ACH3 groups), 1475
cm�1 (bending vibration of ACH2 groups), 1634
cm�1 (stretching vibration of residual vinylic C¼¼C
bonds), and 2965 cm�1 (stretching vibration of CAH
bonds).
Figure 4 depicts the differential scanning calori-

metric results of the NIP1 and unleached and
leached MIP1 nanospheres. DSC plots show that all
polymers were thermally stable up to � 250�C. At
this temperature, the complex processes of decompo-
sition were started. DSC plots with similar character-
istics were obtained for leached MIP1 and NIP1.
When compared with the unleached and leached
MIP1, the endothermal transition at about 190�C
was due to the melting of CBZ loaded on the
unleached MIP1.

Morphologic analysis and size distribution of
CBZ-imprinted nanospheres and microspheres

To study the size distribution of CBZ-imprinted
polymer nanospheres and microspheres in solution,
MIPs and NIPs were resuspended in acetonitrile and
characterized with PCS. The PCS measurements pro-
vided valuable information about the hydrodynamic
radius of the colloidal particles. Four samples of
MIP nanospheres and microspheres with different
composition were prepared. In these polymer sam-
ples, the crosslinker/functional monomer/template
ratio was kept constant, whereas the MAA-to-MMA
ratio was changed. Table II shows the different size
distribution of imprinted and nonimprinted nano-
spheres and microspheres. By using neat acetonitrile
as solvent, we obtained very uniform-sized nano-
spheres and microspheres with diameter in the
range of 120 nm to 1.74 lm. Depending on the

Figure 3 FTIR spectra of unleached MIP1 (a), leached
MIP1 (b), and NIP1 (c).

Figure 4 DSC thermograms of unleached MIP1 (a),
leached MIP1 (b), and NIP1 (c).
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monomers used, the CBZ-imprinted polymer nano-
spheres and microspheres had drastically different
sizes. The use of MMA resulted in large particles
(1.74 lm), whereas MAA gave uniformly sized
nanospheres (174 nm). The results showed that the
poly(MAA-co-TRIM) and the poly(MAA-co-MMA-co-
TRIM) particles were uniform nanospheres, whereas
the poly(MMA-co-TRIM) particles were nonuniform
microspheres. The stability of polymer particles in
the precipitation polymerization reaction is due to
electrostatic charges and electrostatic repulsion.38

The electrostatic charges are resulted in the presence
of side groups on the polymer chains. The electro-
static charges of the polymer particles containing
MAA are due to carboxylic acid side groups. The
electrostatic charges cause the stability of growing
polymer nuclei during the polymerization, and
therefore, as a result, the number of resulting poly-
mer particles would be increased and the size of
them would be decreased.

The SEM images show spherical nanometer and
micrometer particles (Fig. 5). There are no consider-
able differences in the morphology of imprinted and
nonimprinted nanospheres and microspheres. The lit-
tle difference in size and polydispersity index (index
of the dimensional homogeneity of particles) of
imprinted and nonimprinted polymers is due to the
influence of template compound on the particle
growth during the precipitation polymerization.16 In
the absence of CBZ, functional monomer can form
hydrogen-bonded dimers in the nonimprinting sys-
tem, and the prepolymerization solution contains
both functional monomer dimers and free functional
monomer. In the imprinting system, there are addi-
tional molecular interactions between functional
monomer and CBZ, which might somehow affect the
growth of the crosslinked polymer nuclei. The SEM
images of imprinted polymers containing MAA
clearly show very spherical particles in the range of
129–174 nm. MIP2 containing MAA-to-MMA at mole
ratio of 2 : 1 had a smaller average mean diameter
(129 nm). The results obtained by PCS tests were
higher than those observed by SEM that was related

to swelling of polymer nanospheres in investigated
solvent. Figure 6 shows the size distribution for MIP3
and NIP3 nanospheres that are corresponding with
the SEM images in Figure 5(e,f). The SEM images
excellently show the well-defined spherical nanopar-
ticles in narrow size distribution. MIP3 with the
MAA-to-MMA mole ratio of 1 : 2 had a lower poly-
dispersity index of 0.004. We should point out that
the SEM and the PCS results suggest that the nano-
spheres containing MAA had a very narrow particle
size distribution that is a highly desirable characteris-
tic in many applications such as solid-phase microex-
traction, chemical sensors, capillary electrochroma-
tography, and biomedical applications.16

CBZ binding to molecularly imprinted
nanospheres and microspheres in
water/acetonitrile solution

Specific binding provided by the imprinted sites can
be estimated by measuring the difference of CBZ
uptake between the imprinted and nonimprinted
nanospheres and microspheres. The results from
binding experiments showed that all imprinted
polymers had much higher CBZ binding than corre-
sponding nonimprinted polymers. When MAA was
used as the functional monomer, the imprinted
nanospheres and microspheres displayed higher
CBZ binding (Table III); this amount was increased
from 21.6% for MIP4 (MAA-to-MMA, 0 : 3) to 46.8%
for MIP1 (MAA-to-MMA, 3 : 0). This phenomenon
was most probably due to the fact that the carbox-
ylic acid groups of MAA had additional interactions
with the functional groups of CBZ. The specific
binding was reduced with decrease of MAA per-
centage in the polymers. The specific binding recov-
ery of CBZ at MAA-to-MMA mole ratios of 3 : 0, 2 :
1, 1 : 2, and 0 : 3 were 13.2%, 15.2%, 9.3%, and 3.5%,
respectively. The optimum functional monomers
ratio for the specific binding of CBZ in water/acetoni-
trile solution (4 : 1, v/v) was 2 : 1 (MIP2). The excess
amount of MAA in MIP1 when compared with MIP2
reduced the imprinting efficiency of MIP1.
The CBZ binding of MIP2 and NIP2 in loading

solutions with different concentrations of 40, 80, 120,
and 160 lmol L�1 was determined. MIP2 bound
about 0.49, 1.22, 1.93, and 2.75 mg of CBZ per 1 g of
polymer in different concentrations, respectively.
The amount of CBZ binding and the binding differ-
ence of imprinted and nonimprinted polymers were
increased gradually with the increase of the CBZ
concentration in the loading solution. The binding
difference between MIP2 and NIP2 were obtained
0.19, 0.45, 0.45, and 0.87 mg of CBZ per 1 g of poly-
mer, respectively. This kind of binding kinetic of
imprinted polymers is similar to that of biological
receptors.

TABLE II
Size Distribution of MIP and NIP Nanospheres and

Microspheres

Polymer Average diameter (nm) Polydispersity index

MIP1 174 0.022
NIP1 138 0.076
MIP2 129 0.017
NIP2 127 0.071
MIP3 152 0.004
NIP3 120 0.039
MIP4 1,742a –
NIP4 1,158a –

a Average diameter measured by SEM.
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The effect of pH on the binding of imprinted and
nonimprinted polymers is shown in Figure 7. There
was a trend of the increase binding with the increase
of pH up to 7.0; the maximum binding was

observed at pH 7.0, and at higher pH (>7.0), the
binding of CBZ was decreased. These results can be
explained as follows: the polymer nanospheres with
the carboxylic acid group of MAA bound the

Figure 5 Scanning electron micrographs of MIP1 (a), NIP1 (b), MIP2 (c and d), MIP3 (e and f), MIP4 (g), and NIP4 (h).
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template molecule by ionic and hydrogen bonding
interaction. At pH 13 or below, which was lower
than the pKa values of CBZ (13.4), the solute of CBZ
was completely protonated. At acidic or basic condi-
tions, the acidity and basicity of the medium was so
strong that its interaction with the template molecule
exceeded the imprinting effect. In addition, at higher
pH, the negative charge of the polymer was
increased, mainly as carboxylic acid groups were
deprotonated. At neutral pH, the best conditions
existed for the formation of the hydrogen bonding
between functional groups of binding sites and tem-
plate molecules.

Selectivity of CBZ-imprinted nanospheres and
microspheres

OCBZ as structural analog of CBZ was selected to
investigate the selectivity of the MIP particles. The
molecular recognition abilities of CBZ-imprinted
polymers toward template analog were evaluated
using the selectivity factor (a) as ratio between tem-
plate and template analog binding39:

atemplate=analog ¼ template bound

analog bound

Table IV shows the OCBZ binding and selectivity
factors of CBZ-imprinted polymers. OCBZ binding
to CBZ-imprinted polymer is as a result of the non-
selective and nonspecific binding. OCBZ binding to
MIPs containing MAA increased with the increase of
MAA percentage. The highest selectivity factor of
10.3 was obtained for MIP3 (MAA-to-MMA, 1 : 2).
In this mole ratio, good cavities for imprinting of
CBZ were obtained. In contrast, the MIP1 and MIP4
gave little selectivity factors of 2.1 and 2.5 for CBZ,
respectively. These values were low, because MIP1
had excess amount of MAA (led to decrease of
imprinting efficiency and increase of nonspecific
binding), and MIP4 had no MAA as an appropriate
functional monomer for interaction with CBZ.

Drug release studies

In vitro release behaviors of CBZ from the MIP nano-
spheres and microspheres were studied in SDS (1 wt
%) media. Figure 8 shows the percent release of CBZ
from MIPs against incubation time. The quick first
release of CBZ is to be ascribed to weakly adsorbed
and available molecules, while in the longer time
period, the CBZ molecules more tightly bound to
the polymer networks are released. Many manufac-
turing parameters determine the drug release behav-
ior from MIP nanospheres and microspheres. The

Figure 6 Particle size distribution of MIP3 (a) and NIP3
(b) measured by photon correlation spectroscopy.

TABLE III
Amount of CBZ Bound by MIP and NIP Nanospheres

and Microspheres

Polymer
CBZ bound
by MIP (%)

CBZ bound
by NIP (%)

1 46.8 33.6
2 40.5 25.3
3 33.9 24.6
4 21.6 18.1

Figure 7 CBZ binding of MIP1 and NIP1 nanospheres in
loading solution with different pHs.

TABLE IV
Selectivity Properties of CBZ-Imprinted Polymers

Polymer OCBZ bound (%) atemplate/analog

MIP1 22.4 2.1
MIP2 7.4 5.5
MIP3 3.3 10.3
MIP4 8.7 2.5
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release of CBZ from MIP4 was faster than other
ones, and 87% of the loaded CBZ was released in 50
h. The fast release would be interpreted as weak
interactions between the CBZ and binding points of
polymer networks because of the absence of MAA.
MIP1, MIP2, and MIP3 released about 65, 73.5, and
68.5% of CBZ in 50 h. MIP1 nanospheres, having
maximum percentage of MAA, showed slower rate
and released about 90% of CBZ in 7 days. However,
MIP2 showed faster release than MIP3; this phenom-
enon was due to the higher hydrophilicity and
smaller size of MIP2 nanospheres. The higher per-
centage of MAA in MIP2 than MIP3 increased the
hydrophilicity of MIP2. The small size of MIP2
nanospheres increased the solid–liquid contact of
polymer particles to solution and, therefore,
increased the rate of CBZ release.

Imprinted polymers are introduced as drug deliv-
ery carriers because they act as a drug reservoir due
to their crosslinked network. These polymers can
increase the presence time of the drug in the body
by decreasing the release rate. They can also keep
the drug concentration below the concentration
where toxic effects become dominant.

CONCLUSION

The wide range of commercial applications for nano-
spheres and microspheres has encouraged much
recent research in this field. In summary, very uni-
formly sized CBZ-imprinted nanospheres and micro-
spheres with different ratios of MAA versus MMA
were carefully studied as for its morphology, release
profiles, affinity, and selectivity to CBZ and the ana-
log OCBZ by the methods including SEM, PCS,

equilibrium experiments, and UV spectroscopy. The
change of particles size was achieved by varying the
ratio of two different functional monomers, basically
in the same precipitation polymerization system.
The presence of MAA in polymerization reaction
resulted in the preparation of the monodispersed
polymer particles in nanoscale. Among the MIP
nanospheres and microspheres prepared, the MIPs
using MAA-to-MMA mole ratio of 1 : 2 showed
high uniformly sized nanospheres with the lower
polydispersity index (0.004). The imprinted polymers
prepared by 1 : 2 and 2 : 1 mole ratios of MAA-to-
MMA showed best imprinting efficiency and had
high selectivity and specific binding, respectively.
The increase in release rate was observed at greater
amounts of MMA, which is related to the decrease
in interaction intensity between the CBZ molecules
and binding points of polymer. By using imprinted
polymers containing different mole ratios of MAA
and MMA, the controlled release of CBZ was
obtained. The combined use of two different func-
tional monomers in precipitation polymerization
opened new possibilities of fine adjusting properties
(morphology, molecular recognition, and release
properties) of MIPs in other systems such as analyti-
cal and bioanalytical applications.
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