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ABSTRACT: Methacrylic acid monomer was crosslinked
in the presence of a template of either all-trans-retinoic acid
or all-trans-retinol to prepare molecular imprinted polymers.
The prepared molecular imprinted polymers showed good
performance in the high-performance liquid chromatogra-
phy (HPLC) separation of objective molecules from retinoid
derivatives. The retention time increased with an increasing
ratio of monomer to template, as more binding sites were
statistically generated between host molecules and the tem-
plate. The column capacity factor and selectivity were de-

termined from the HPLC data. Not only specific interactions
such as hydrogen bonding but also a tailor-made spatial
cavity were the main functions of the separation of objective
molecules. Thermal stability and prepared polymer particle
shape were also investigated. © 2003 Wiley Periodicals, Inc.
J Appl Polym Sci 90: 1081–1087, 2003
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INTRODUCTION

Retinoids, including retinoic acid, retinol, retinal, and
retinol acetate, are produced either by either biome-
tabolism or chemical synthesis.1 Retinoids can control
cell cultivation and division, and thus they may have
positive effects on the prevention of or immunity from
cancer, amblyopia, and other medical disorders. Sep-
aration of retinoid derivatives is essential for effective
medical treatments, as each retinoid derivative has
unique medical and physical properties. All-trans-reti-
noic acid has been reported to be very effective as a
remedy for leukemia and its isomer 13-cis-retinoic acid
as effective for bladder inflammation, but other iso-
mers, such as 13-cis-4-oxo-retinoic acid and all-trans-
4-oxo-retinoic acid, have not.2,3

Gas chromatography–mass spectroscopy (GC-MS),4,5

high-performance liquid chromatography (HPLC),6,8

and high-performance liquid chromatography–ultravio-
let (HPLC-UV)9–12 spectrophotometer were applied for
the separation of a number of chemical mixtures. Gen-
erally, the separation features of chromatographic meth-
ods are mostly affected by the physicochemical proper-
ties of column-packing materials. Although many suc-
cessful separations of chemical mixtures have been
achieved and reported from using chromatographic
techniques with commercial packing columns, there are

still uncertainties in the separation of many chemical
systems, especially when composed of similarly struc-
tured molecules such as chiral isomers.

The molecular imprinting technique13–24 involves
the preparation and processing of molecularly recog-
nizable materials with tailored bonding sites to the
objective molecules. Molecular imprinted polymers
(MIPs) are generally obtained by synthesizing the host
materials, or crosslinked polymers, in the presence of
a template, or objective molecule. Elimination of the
template after polymer synthesis provides molecular
and ionic recognition ability with host materials. With
this molecular and ionic recognition ability, MIPs can
be used in chromatographic column-packing materi-
als.

In this study MIPs were synthesized from the mono-
mer of methacrylic acid and the template of either
all-trans-retinoic acid or all-trans-retinol. Their perfor-
mance as chromatographic column-packing materials
was analyzed for the separation of retinoid deriva-
tives. As retinoids have been reported to be very sen-
sitive to light and oxidation, HPLC, a relatively mild
separation technology, was employed for this analy-
sis.

EXPERIMENTAL

Preparation and characterization of MIP

In 7.5 mL of chloroform (Daihung Chemical Com-
pany, Japan) were dissolved 4 mmol of the monomer
methacrylic acid (MAA, Sunjung Chemical Company,
Japan), 25 mmol of the crosslinking agent ethylene
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glycol dimethacrylate (EGDMA; Aldrich Chemical
Company, Milwaukee, WI), and 1 mmol of the tem-
plate of all-trans-retinoic acid (Aldrich). The reaction
mixture was ultrasonified in a vacuum to eliminate
gas and then placed in a 25-mL three-necked flask.
Then 0.05 g of the initiator, 2,2�-azobisisobutyronitrile
(AIBN, Aldrich), was added, the radical polymeriza-
tion reaction was conducted at 75°C for 48 h and then
at 90°C for another 72 h under an argon gas environ-
ment in a glove box to prevent oxidation of retinoic
acid. The synthesized polymers were crushed into
particle form using a mortar and then separated ac-
cording to their size using molecular sieves. The prod-
ucts were washed with chloroform four times at 4-h
intervals to eliminate the unreacted monomers, and
then with methanol at least six times at 60°C for 24 h
to eliminate the residual template. The final polymer
products were filtered at room temperature and then
dried in a vacuum oven at 37°C for at least 24 h. The
large polymer particles were recrushed into smaller
ones.

All-trans-retinol was also introduced instead of reti-
noic acid as template material in the preparation of
MIP. The experimental conditions and procedure
were the same as above.

HPLC column packing

The HPLC column, 250 mm (L) � 4.6 mm (D), was
packed with MIP particles using a column packer
(model 1666, Altech Corporation, Flemington, NJ).
MIPs were prepared in a slurry state by dispersing
them in chloroform. The slurry was treated ultrason-
ically to prevent particle adhesion. After the column
was attached to the bottom of a storage tank, it was
filled with fine MIP slurry from the two column ends.
The slurry was compressed by N2 gas and then in-
jected into the column from a slurry reservoir. The
solvent permeated out through a porous metal frit,

which retained the MIP particles packed in the col-
umn. Figure 1 shows a schematic of the column-pack-
ing procedure.

Characterization

Molecular sieves (models 170, 200, 230, 270, and 325;
Chunggye Sanggongsa, Korea) and an optical micro-
scope (model CSB-HP3; Samwon Science, Korea) were
used to measure the size distribution and shape of the
MIP particles prepared.

A thermogravimetric analyzer (TGA7, Perkin–
Elmer, Boston, MA) was used to investigate the ther-
mal stability of both template and MIP. The measure-
ments were conducted at temperatures ranging from
room temperature to 400°C at a ramping rate of 10°C/
min.

A HPLC (model 486, Waters, Milford, MA) was
used to separate retinoids at room temperature. The
column was packed with MIP by the method men-
tioned above. After the retinoid mixture, composed of
all-trans-retinoic acid, all-trans-retinol, all-trans-retinal,
and all-trans-retinol acetate on an equimolar basis,
was diluted in chloroform to a concentration of 400

Figure 1 Schematics of column-packing apparatus and
procedure.

Figure 2 The molecular structures of retinoid derivatives
used in the present experiment: (a) all-trans-retinoic acid, (b)
all-trans-retinol, (c) all-trans-retinal, and (d) all-trans-retinol
acetate.
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ppm, it was injected into the HPLC column. For its
operation, the flow rate of the mobile phase was 0.8
mL/min, and the injection volume was 10 �L. Sepa-
ration features of the injected mixtures were detected
in the UV mode at 368.4 nm. Before injection of the
retinoid solution mixture, each component solution
was prepared and injected for the reference. Pure chlo-
roform was injected for at least 40 min at 0.8 mL/min
between individual component injections. The molec-
ular structure of each retinoid derivative used in the
present experiment is shown in Figure 2.

RESULTS AND DISCUSSION

MIP particle size and distribution

Figure 3(a,b) shows the size distribution and shape of
the crosslinked poly(methacrylic acid) particles after
being imprinted with the template of all-trans-retinoic
acid. The particle diameter was less than 100 �m with
a relatively narrow distribution.

Thermal stability

TGA data of the template of all-trans-retinoic acid and
the MIP of poly(methacrylic acid) are shown in Figure
4(a,b), respectively. Both the template and MIP were
thermally stable up to 230°C; hence, no thermal deg-

radation of the template and the MIP was assured
during the preparation and manipulation of MIPs in
the present experiment. The MIPs prepared using
other templates showed a similar thermal behavior.

Separation characteristics of MIPs

The HPLC separation characteristics of the MIPs pre-
pared in the presence of the template of all-trans-
retinoic acid are shown in Figures 5 and 6. Figure 5
shows the retention characteristics of retinoid deriva-
tives in the MIP-packed columns when each compo-
nent was injected into the HPLC separately. More
retention time was required for the target molecule of
the all-trans-retinoic acid to pass through the column,
as it was held longer at the binding site in the host
molecules by hydrogen bonding, as shown in Figure 7.
No distinguishable retention time difference was ob-
served among the other derivatives of all-trans-retinol,
all-trans-retinal, and all-trans-retinol acetate.

Figure 6 shows the separation peaks from HPLC
when the retinoid mixture, composed of all-trans-ret-
inal, all-trans-retinol, all-trans-retinoic acid, and all-

Figure 4 TGA data of (a) the template of all-trans-retinoic
acid and (b) the MIP of poly(methacrylic acid).

Figure 3 (a) The size distribution and (b) the shape of the
MIPs prepared.
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trans-retinol acetate, was injected simultaneously. The
peaks originating from all-trans-retinal, all-trans-reti-
nol, and all-trans-retinol acetate were superimposed,
as the characteristic peak of each component was ob-

served at almost the same retention time in Figure 5.
This result implied that the separation of an objective
specimen from the retinoid mixture was very accurate
using MIP. Also, it is expected that extension of the
application of MIP to the separation of other retinoid
derivatives such as all-trans-retinal, all-trans-retinol,
and all-trans-retinol acetate would be possible.

Figure 6 Separation characteristics of retinoid derivatives
in the column packed with the MIP prepared using the
template of all-trans-retinoic acid when the retinoid mixture
was injected simultaneously, for monomer-to-template ra-
tios of: (a) 4:1, (b) 8:1, and (c) 12:1.

Figure 5 Separation characteristics of retinoid derivatives
in the column packed with the MIP prepared using the
template of all-trans-retinoic acid when each derivative was
injected into HPLC separately, for monomer-to-template ra-
tios of: (a) 4:1, (b) 8:1, and (c) 12:1.
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A comparison of Figures 5(a–c) and 6(a–c) shows
that the retention time increased with increasing
monomer-to-template ratio for all retinoid compo-
nents. This is because more hydrogen bonding is sta-
tistically available with the presence of more
methacrylic acid monomer when the template amount
is fixed.

Figures 8 and 9 show the HPLC separation charac-
teristics of MIPs prepared with the template of all-
trans-retinol. Different from the separation features of
MIPs prepared with the template of all-trans-retinoic
acid, being well separated from other components is a
feature when the template is of all-trans-retinol. Also,
even if all-trans-retinoic acid was not employed as the
template, its separation was still observed. That is
because hydrogen bonding inherently exists between
template and host molecules even without its employ-
ment. Except for all-trans-retinoic acid there was no
chemical or physical interaction between retinoid
components and monomer molecules in the absence of
a template being introduced. The tailor-made spatial
cavity was the main cause of the separation of all-
trans-retinol in this case. Other behavior was similar to
that of the previous MIP system. A higher retention
time was observed for a higher monomer concentra-
tion.

Simultaneous injection resulted in separation be-
havior similar to separate injection except that the

Figure 8 Separation characteristics of retinoid derivatives
in the column packed with the MIP prepared using the
template of all-trans-retinol when each derivative was in-
jected into HPLC separately, for monomer-to-template ra-
tios of: (a) 4:1 and (b) 8:1.

Figure 7 Hydrogen bonding between all-trans-retinoic acid
and methacrylic acid molecules.

Figure 9 Separation characteristics of retinoid derivatives
in the column packed with the MIP prepared using the
template of all-trans-retinol when the retinoid mixture was
injected into HPLC simultaneously, for monomer-to-tem-
plate ratios of: (a) 4:1 and (b) 8:1.
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peaks corresponding to all-trans-retinal and all-trans-
retinol acetate were superimposed because of no sig-
nificant retention time difference between them. For
the same reason, the peaks originating from all-trans-
retinoic acid and all-trans-retinol were also superim-
posed for the template-to-monomer ratio of the 1:4
system, but those were clearly separated for the 1:8
system.

Capacity factor, separation factor, and resolution
are the main quantitative parameters determining
HPLC separation performance. Table I shows the ca-
pacity factor, separation factor, and resolution of
HPLC columns packed with MIPs that were prepared
using the template of all-trans-retinol. The capacity
factor increased with an increasing monomer-to-tem-
plate ratio for all-trans-retinol and retinoic acid com-
ponents because of increased tailor-made spatial cav-
ity and hydrogen bonding. The separation factor, �
defined by eq. (1), decreased with increasing mono-
mer concentration for the same reason.

� �
k�2
k�1

(1)

where k2
� indicates the capacity factor for the compo-

nent with the higher retention time.
The resolution of column, RS, is defined by eq. (2).

Rs � 2� tR2 � tR1

W1 � W2
� (2)

where the subscript 2 indicates the component for the
higher retention time, and tR and W are the retention
time and baseline bandwidth, respectively.

No significant difference in characteristic inclination
was observed except the absolute values.

CONCLUSIONS

Molecular imprinted polymers can provide tailored
binding to specific molecules. Highly crosslinked

poly(methacrylic acid) imprinted with the template of
either all-trans-retinoic acid or all-trans-retinol was
prepared in particle form. The diameter of polymer
particles was less than 100 �m. The MIPs prepared in
this study showed good separation capability for the
target molecules when those were used as packing
materials in an HPLC column. Separation efficiency
increased with increasing monomer concentration as
greater molecular interaction was generated between
monomer and template molecules during polymer
synthesis. This separation was caused not only by the
specific chemical or physical interaction between host
molecules and guest molecules but also by the tailor-
made spatial cavity provided in host molecules during
synthesis.
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