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ABSTRACT: In the presence of a template molecule, trans-
aconitic acid and, using acetonitrile as solvent and dispers-
ing medium, monodispersed microspheres with a diameter
of 600–700 nm bearing molecularly imprinted binding sites
were prepared by precipitation polymerization. It was
found that the concentrations of template, monomer, and
crosslinking agent as well as the chemical structure of the
template greatly affect the polymer configuration. Micro-
spheres are produced only when the concentration of the
template molecule and the functional monomer are finely

tuned. Comparison with the performance of a conventional
imprinted polymer monolith showed that the imprinted
microsphere had obvious advantages in specific binding to
template molecule. © 2004 Wiley Periodicals, Inc. J Appl Polym
Sci 94: 542–547, 2004
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INTRODUCTION

Molecular imprinting is a technique for constructing
tailor-made receptor binding sites in a three-dimen-
sional, crosslinked polymer matrix that is called a
molecularly imprinted polymer (MIP).1,2 Since
Vlatakis et al.3 first reported the synthesis of MIPs
through a noncovalent approach, interest in the mo-
lecular imprinting technique has blossomed.4–8 We
have reported selective recognition of histamine with
a fluorescent molecularly imprinted polymer by using
a commercially available reagent zinc(II)–protopor-
phyrin (ZnPP) as a novel fluorescent functional mono-
mer.9 Synthetic conditions for preparation of a �-es-
tradiol imprinted monolithic polymer were also re-
ported.10 We found that the porogen solvent and the
other polymerization conditions greatly affected the
binding ability of a MIP to a certain molecule. How-
ever, most of the reported MIPs are prepared in the
form of a macroporous monolith that is then ground
and sieved to an appropriate particle size to obtain a
surface large enough for the template molecules to
diffuse in when being rebound.4,7 The grinding and
sieving process is labor intensive and polymer waste-
ful. It yields only moderate amounts of “useful” prod-
uct and decreases specific binding degree because of
destruction of imprinted binding sites. The resulted
MIP particles are also irregularly shaped and not ideal

for chromatographic purposes. Thus the imprinting
method yielding uniform MIP spheres is highly de-
sired.

Traditional suspension polymerization methods11

for producing spheres require an aqueous or a highly
polar organic suspension medium (e.g., an alcohol),
which weakens the hydrogen bonding interaction be-
tween the functional monomer and the template mol-
ecule in the noncovalent MIP synthesis. In contrast to
the highly polar suspension medium, Mayes and Mos-
bach12 developed a new suspension polymerization
method for molecular imprinting by using perflu-
oro(methylcyclohexane) (PMC), a dipersion medium
largely immiscible with most organic solvents. Al-
though it was applicable to a range of conditions
typically used for yielding an imprinted microsphere,
the reagent is so expensive that it restricted the broad
acceptance of this method in molecular imprinting. An
attempt has also been made to use the aqueous mul-
tistep swelling method13 to make monodispersed mi-
crospheres14,15 for imprinted polymer preparation.
With uniformly sized seed polymer beads as the tem-
plate, microspheres were produced in very high yields
compared with the suspension polymerization
method. Unfortunately, this method also suffers from
the need for an aqueous phase during the swelling
procedure, so it is applicable only to a narrow range of
template molecules.

A more economical and labor-saving imprinting
method for synthesizing uniform microspheres bear-
ing molecularly imprinted binding sites, called precip-
itation polymerization,16 was reported.17,18 With ace-
tonitrile as the porogen and dispersing medium, mo-

Correspondence to: A. J. Tong (tongaj@chem.tsinghua.edu.cn).

Journal of Applied Polymer Science, Vol. 94, 542–547 (2004)
© 2004 Wiley Periodicals, Inc.



lecularly imprinted microspheres were produced
without any other postimprinting treatment. Al-
though Ye et al.17,18 discussed the effect of dilution on
the configuration of the polymer, other detailed exper-
imental conditions for getting imprinted microspheres
with this precipitation polymerization method is still
not clear.

In this study, the experimental conditions for prep-
aration of spherical MIP with the precipitation poly-
merization have been discussed. We also compared
the binding ability of the imprinted microsphere with
the conventional MIPs prepared as a bulky monolith.
Evidence of much higher specific binding by the mi-
crospheric imprinted polymers than the monolithic
MIPs was found.

EXPERIMENTAL

Materials

Trans-aconitic acid (99%), cis-aconitic acid (98%), and
diethylstilbestrol (99.0%, HPLC grade) were pur-
chased from Fluka and used as received. Methacrylic
acid (MAA, 99.5%) was obtained from Acros Organ-
ics, Belgium. Trimethylol-propane trimethacrylate
(TRIM) was from Tonghua Chemical Plant, Beijing,
China. Azobisisobutyronitrile (AIBN, chemical pure)
was from Shengshi Fine Chemical Co. Ltd, Wuhan,
China. Acetonitrile (99.9%, HPLC grade) was from
Siyou Biomedicine Co. Ltd, Tianjin, China.

Preparation of imprinted microspheres by
precipitation polymerization

Synthesis of the trans-aconitic acid imprinted micro-
spheres was carried out with 1 mmol TRIM, 0.25
mmol trans-aconitic acid, 0.8 mmol MAA, and 0.15
mmol AIBN in 0.5 mol acetonitrile in a 50- ml round-
bottom flask. The solution was treated with ultra-
sound for 5 min and then was purged with nitrogen
flow for 10 min. Polymerization was carried out in a
water bath at 60°C for 24 hs. The microspheres ob-
tained were collected by centrifugation at 3,500 rpm
for 30 min. The template was removed by washing
five times with 10 ml methanol containing 10% (vol/
vol) acetic acid. The microspheres were finally rinsed
with acetone and then dried in a vacuum desiccator
for 48 h before use. As a control, the nonimprinted
microspheres were prepared and treated in exactly the
same way except that the template was absent in the
polymerization procedure.

Evaluation of the binding ability

Four milliliters of 6 � 10�5 mol/L trans-aconitic acid
acetonitrile solution was mixed with 40 mg of the
microspheric polymer in a 5-ml glass tube with screw

cap. The mixture then was dispersed by ultrasound
and incubated with frequent shaking on a rocking
table at room temperature for 24 hs. After centrifuga-
tion and careful separation of the polymer micro-
spheres, the solution was filtered through a membrane
filter. The concentration of the trans-aconitic acid after
adsorption by the polymer was determined by mea-
suring the solution absorbance at 215 nm. The average
binding percentage was calculated with nine repeated
binding processes. UV spectra were taken on a Shi-
madzu UV-2100s type absorption spectrometer.

RESULTS AND DISCUSSION

Although precipitation polymerization in acetonitrile
provides a method yielding spherical molecularly im-
printed polymers,17 detailed synthesis conditions have
not been reported. With acetonitrile as solvent and
dispersion medium, trans-aconitic acid as template
molecule, MAA as functional monomer, and TRIM as
crosslinking agent, monodispersed molecularly im-
printed microspheres are synthesized at certain exper-
imental conditions. The effects of template molecule,
functional monomer, and crosslinking agent on shape
and size of polymer are summarized in Table I.

From Table I it can be seen that, with different
synthesis conditions in polymerization, polymers can
have various physical configurations. The increase in
concentration of crosslinking agent at constant
amounts of porogen drastically resulted in coagula-
tion of the microparticles. In Figure 1, both imprinted
microspheres (MIP-A) and nonimprinted amorphous
particles (NMIP-A) coagulated to bulky monoliths
MIP-C and NMIP-C with the increase of TRIM con-
centration from 40.8 to 410 mmol/L. In fact, the con-
ventional imprinted and nonimprinted polymer
monoliths were produced with a total crosslinker con-
centration of 25% (vol/vol) with respect to porogen.
When the polymerization occurs, solid polymer ap-
pears and absorbs porogen. The lack of porogen
makes the growing polymers occupy the entire vol-
ume of the vessel with little porogen left after initia-
tion, which results in coagulation.

From Table I it can also be seen that, although the
increase of crosslinker concentration makes the micro-
particles coagulate, it is not the unique control factor
that affects the formation of spherical polymer. In the
absence of the template molecule trans-aconitic acid,
more functional monomer than that needed for syn-
thesis of imprinted microsphere or synthesis of amor-
phous imprinted particles should be added to obtain
spherical nonimprinted polymer NMIP-B. However,
excess of template molecule or functional monomer
will also coagulate microspheres to one another (Fig.
2). Microspheres are produced only when the concen-
tration of template molecule and functional monomer
is finely tuned while low concentration leads to amor-
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phous particles and high concentration leads to coag-
ulum. Higher concentrations of the template and the
monomer led to higher “concentration” of the hydro-
gen-bonded template–monomer complex and the ag-
gregation of monomer themselves, which resulted in
coagulum of the polymer particles. The results indi-
cate that the “concentration” of hydrogen-bonded
complex is one of the most important factors control-
ling the microsphere formation.

Because template molecules with different steric
structures have different affinities with the functional
monomer, even template molecules of steric isomers
will lead to different “concentrations” of hydrogen-
bonded template–monomer complex with exactly the
same amounts of added template molecule and func-

tional monomer. In fact, different configurations of
molecularly imprinted polymer result with cis- and
trans-aconitic acid as the template (Fig. 3). The coag-
ulum of imprinted polymer is produced when cis-
aconitic acid is used as the template molecule but
imprinted microsphere is obtained at the same con-
centration with trans-aconitic acid as the template.
Another template molecule, diethylstilbestrol, results
in amorphous particles for its lowest affinity to MAA
of the three templates used.

The total reaction volume affected the size of micro-
spheres even if the concentrations of template and
monomer didn’t change. As shown in Figure 4, 600 to
800-nm microspheres were produced when the total
reaction volume was 25 ml while the size became less

TABLE I
Polymer Configuration and Size under Different Synthetic Conditionsa

Entry
Template molecule

(mmol/L)
Functional monomer

MAA (mmol/L)
Crosslinker

TRIM (mmol/L)
Configuration and size

(nm)

MIP-A Trans-aconitic acid 10.3 32.8 40.8 Microsphere 600–800b

MIP-B Trans-aconitic acid 10.3 187.4 40.8 Coagulum �1,000
MIP-C Trans-aconitic acid 10.3 32.8 410 Monolith �10,000c

MIP-D Trans-aconitic acid 10.3 32.8 122 Coagulum �1,000
MIP-E Diethylstilbestrol 10.3 32.8 40.8 Amorphous �100
MIP-F Cis-aconitic acid 10.3 32.8 40.8 Coagulum �1,000
MIP-G Trans-aconitic acid 10.3 70.3 40.8 Microsphere 800–900
MIP-H Trans-aconitic acid 10.3 70.3 81.6 Microsphere 1,500–2,000
MIP-I Trans-aconitic acid 10.3 32.8 40.8 Microsphere 400–500b

NMIP-A None 32.8 40.8 Amorphous �100
NMIP-B None 468 40.8 Microsphere 600–700
NMIP-C None 32.8 410 Monolith �10,000

a The porogen solvent is acetonitrile. The concentration of AIBN is 6.09 mmol/L. MIP and NMIP refer to the imprinted or
non imprinted polymer, respectively.

b The total reaction volume of MIP-A is 25 ml while that of MIP-I is 250 ml.
c Ground carefully to collect the particles with sizes below 900 nm in binding experiment.

Figure 1 Effect of crosslinker concentration on the configuration of the polymer. Polymer synthetic conditions are the same
as shown in Table I.
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Figure 2 Concentration effect on polymer configuration and size. Increase in the concentration of the template and the
monomer means an increase in the concentration of hydrogen-bonded template–monomer complex and the concentration of
monomer aggregate. Polymer synthetic conditions are the same as shown in Table I.

Figure 3 Configurations of polymers synthesized with different template molecules. The chemical structures of the
corresponding template molecules are shown below. Polymer synthetic conditions are the same as shown in Table I.

SYNTHESIS OF MIP. FOR RECOGNITION OF TRANS-ACONITIC ACID 545



than 500 nm when the reaction volume turned to 250
ml with preparation of the trans-aconitic acid im-
printed polymer.

Binding performance of molecularly imprinted
polymers with different configurations and particle
sizes for trans- and cis-aconitic acid was studied by
using a batch adsorption method. Adsorption percent-
ages were calculated by measuring trans- or cis-aco-
nitic acid concentration in the supernatant with UV
detection. Direct comparison was difficult due to the
experimental restrictions, i.e., under the same tem-
plate, monomer, and crosslinker concentration, the
polymer configuration was different while both the
polymer composition and configuration affect their
binding performance. From the synthetic practice, we
found that monolithic MIP could not be obtained at
the same dilute concentration as that in preparation of
MIP-A. Monolithic MIP-C was produced with a large
excess of crosslinking agent. To eliminate the particle-
size effect, the MIP-C was ground as finely as possible
and then the particle size below 900 nm was collected
with the aid of a scanning electron microscope. For
nonimprinted polymers, NMIP-A was of the same
polymer composition as MIP-A but the particle size
and configuration were different; NMIP-B was mono-
dispersed sphere and has a similar particle size as
MIP-A except its polymer composition was different.

Figure 5 compares the binding of trans- and cis-aco-
nitic acid with these different kinds of polymers.
Trans-aconitic acid imprinted polymers MIP-A and -C
bind more efficiently to the template molecule than
the nonimprinted polymers. They also show more
affinity to the template trans-aconitic acid than its
isomer cis-aconitic acid. The imprinted microsphere
MIP-A and the imprinted monolith MIP-C were of a
similar size in the binding experiment. The percentage
of binding on imprinted microsphere with trans-aco-
nitic acid was 78.87% while it was 50.32% on the
imprinted monolith. The imprinted microsphere
shows an obvious advantage over the conventional
monolith in specific binding. The spherical polymer
also shows an advantage in nonspecific binding. Re-
sults of the binding analysis indicated that the non-
specific binding of spherical NMIP-B was invariable
with both template molecule (18.15%) and its isomer
(17.72%), while amorphous NMIP-A bound more tem-
plate molecules (26.26%) than its isomer (10.68%); this
is because of the nonuniformity of the surface of the
amorphous nonimprinted polymer where the nonspe-
cific binding takes place.

CONCLUSION

In summary, our results show that the concentrations
of template, monomer, and crosslinking agent as well
as the chemical structure of the template greatly affect
the polymer configuration. The concentration effect of
the hydrogen-bonded template–monomer complex is
one of the most important factors controlling the mi-
crosphere formation by the precipitation polymeriza-
tion method. The microspheric imprinted polymers
had obvious advantages in specific binding to the
template molecule than the monolithic MIPs.
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