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Abstract—A phenylalanine (Phe) imprinted polymer was prepared by the wet phase inversion method to investi-
gate the optimum preparation condition which endows the polymer matrix with prominent adsorption selectivity. The
addition of a large amount of porogen (dimethyl sulfoxide: DMSO) was needed to form macrovoids in the polymer
matrix. For the high adsorption selectivity of the polymer matrix, a complex between functional monomers and a
template molecule must be formed before the copolymerization of acrylonitrile (AN: crosslinker) and acrylic acid (AA:
functional monomer). The formation of a phenyl group in the polymer matrix by the coupling reaction between D-
Phe and AA seemed to cause the reverse adsorption selectivity of the polymer matrix. The adsorption selectivity of
the Phe imprinted polymer was dependent on the pH of the racemate solution. The adsorption selectivity of the D-Phe
imprinted polymer prepared by the post implanting method reached 11 at pH 2 and showed a reverse adsorption
selectivity at pH 4 and 6.
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INTRODUCTION prepared by aim-situ implanting procedure showed reverse adsorp-
tion selectivity, although the adsorption selectivity of the D-Phe im-

A molecular imprinting polymer has recognition sites which are printed membrane prepared by a post implanting procedure reached
complementary in shape to the template molecule and which alsd.79. Ramstrome et al. [1998] have described the pH dependency
contain functional ligands that can bind template molecules. Thuspf the chromatographic resolution. When a molecularly imprinted
a molecularly imprinted polymer has the ability to bind selectively polymer was prepared by using 2-vinylpyridine and/or methacrylic
the imprinted enantiomer from a racemate solution and is also ablacid as a functional monomer and used as a separation media, the
to separate target molecules from substrates of a similar structurghromatographic resolution was dramatically influenced by the vari-
[Park and Seo, 2002]. Molecularly imprinted polymers have beeration in pH of the aqueous mobile phase.
prepared byn-situ polymerization [Mathew-Krotz and Shea, 1996;  In this study, we tried to develop a method to form macrovoids
Hong et al., 1998], dry phase imprinting [Yoshikawa et al., 1999],in a molecularly imprinted polymer matrix and to determine how
and the wet phase inversion method [Kobayashi et al., 1995; Wanthe macrovoids so formed affect the adsorption selectivity of the
et al., 1997]. The in-situ polymerization is also applied to the prep-polymer matrix. We also investigated how the charge variation of
aration of composite membranes by plasma polymerization on athe template molecules according to the pH of the racemate solu-
alumina porous plate [Son et al., 2000; Kim and Jung, 2000; Kimtion affected the adsorption selectivity of the Phe imprinted poly-
et al., 2000]. Most of the molecularly imprinted polymer has beenmer. We tried to determine the reason why the adsorption selectivity
used as solid separation media [Whitcombe et al., 1995; Mayes &if some of the D-Phe imprinted polymer was reversed, by investi-
al., 1996] in liquid chromatographies, capillary electrophoresis, affin-gating the preparation process of the molecularly imprinted poly-
ity based solid-phase extraction for separations of chiral compoundshers.
and amino acid derivatives, and as artificial enzymes [Robinson
and Mosbach, 1989; Ohkubo et al., 1994]. EXPERIMENTAL

In a wet phase inversion method, a template molecule is implanted
by an in-situ implanting procedure or post implanting procedurel. Materials
[Park and Seo, 2002]. In amsitu implanting procedure, the com- All reagents used in this experiment were of reagent grade. The
plex of target molecule and functional monomer is formed duringcrosslinker AN was obtained from Yakuri (Japan), the functional
copolymerization, but is formed when the copolymer prepared with-monomer AA was from Junsei (Japan), the porogen DMSO was
out a template molecule is dissolved in the porogen solution confrom Kanto (Japan), and L-Phe and D-Phe, the template and enan-
taining target molecules in a post implanting process. In a previousiomer, were from Sigma (USA). All reagents were used without
study [Park and Seo, 2002], a dense symmetric Phe imprinted poffurther purification.
(AN-co-AA) membrane containing no macrovoids was produced?2. Preparation of Phe Imprinted Polymer
by a wet phase inversion method. The D-Phe imprinted membrane The Phe imprinted polymer was prepared by the alternative wet
phase inversion method using a post implanting procedure and an
To whom correspondence should be addressed. in-situimplanting procedure, which are described in detail in a pre-
E-mail: parkjk@knu.ac.kr vious article [Park and Seo, 2002]. The preparation dhibitu
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implanted membrane was initiated by stirring 7.51 g of AA con-
taining 0.1 g of D-Phe for 2 h in order to form a complex of D-Phe
and AA. This solution was mixed with 30.4 g of AN and 300 g of
DMSO and was then copolymerized for 6 h in a nitrogen atmo-
sphere with an addition of 0.22 g of 2,2'-Azo-bis-isobutyronitrile
(AIBN) at 60°C. The copolymer solution was cast on a glass plate
with a thickness of 120m and coagulated in distilled water at@0
The membrane was washed with 5% acetic acid in order to remov
template molecules. The post implanting polymer was prepared b
copolymerizing 30.4 g of AN with 7.51 g of AA in 100 g of DMSO
for 6 h at 60C. The copolymer solution was coagulated in dis-
tilled water at 28C and dried for a week at 8D in a vacuum dry-
ing oven. For implantation, 10 wt% of copolymer P(AN-co-AA)
was dissolved in 300 g of DMSO containing 0.02 g of D-Phe for
20 h at 50C. The solution was cast on a glass plate and coagu
lated for less than 5 min. The Phe imprinted polymer beads wer:
prepared by dropping the polymer solution contained in a syringe
which was pressed at a constant pressure (Fig. 1). The polymer dr
of 2 mm fell into the water contained in a vessel and then coagu
lated. Beads were washed by 5% acetic acid in order to remove tt
template molecules from the bead polymer matrix. The structure
of the polymer matrix was examined by a SEM photograph anc
the formation of the recognition sites in the polymer matrix was
indirectly determined by measuring the peak intensity ratio using
FT-IR spectra. The FT-IR spectra of the Phe imprinted polymer wer¢
measured by an FT-IR spectrometer (Galaxy 7020A, Mattson In:
strument Inc., USA). The transmittance (tr) of a peak was trans
formed by the equation Adog(tr/100) in order to obtain the absor-
bance (A) of a peak. The peak intensity ratio was defined as the rat
of peak absorbance of a functional group to that of the CN group it
a polymer matrix, as represented in the literature [Wang et al., 1997]
3. Substrate Adsorption on the Phe Imprinted Polymer

The Phe imprinted polymer was immersed for 1 h in distilled
water whose initial pH was adjusted to 2 by HCl or NaOH. The
batch of distilled water of pH 2 was renewed at an interval of 2 h
until the pH of the solution was unchanged after 1 h immersion. In
order to selectively uptake the template molecules, the imprintec
polymer was maintained in a 0.1 wt% Phe racemate solution fo

Complex
formation Copolymerization

Washing Bead producing
system

Fig. 1. Schematic presentation of the molecularly imprinted poly-
mer bead preparation by the wet phase inversion method.
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)
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Fig. 2. SEM photograph of the cross section of the D-Phe imprint-

ed polymer washed with acetic acid after being washed with
water: (a) membrane prepared byin-situ implanting pro-
cedure using 100 g DMSO, (b) membrane prepared big-
situ implanting procedure using 300 g DMSO, (c) bead pre-
pared by post implanting procedure using 200 g DMSO fol-
lowing in-situ implanting procedure using 100 g DMSO.
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24 h at 30C with shaking at 150 rpm. The concentrations of D- in the polymer matrix. In the previous study [Park and Seo, 2002],
Phe and L-Phe were analyzed by HPLC (Youngrin M930, Korea)the FT-IR spectra of the Phe imprinted P(AN-co-AA) membrane
with a TSKgel Enantio L1 column (4.6x250 AinThe efluentrate  showed well developed peaks at the wave numbers of 3,522 cm
was 1 mL/min and the absorbance of the substrate solution was moand 3,217 ci, although those of PAN showed no peaks and the
itored by a UV detector at 254 nm. Substrate uptake was define@(AN-co-AA) membrane showed a well developed peak of dimer-
as the amount of Phe adsorbed by the polymer during the adsorjzed COOH only at 3,217 ¢frand no peak of free COOH at 3,522
tion process. Fresh polymer was dried by a freeze dryélaC cnT™. It was easily explained that AA in the copolymer showed a
until the weight of the polymer reached constant value. The spepeak of dimerized COOH at 3,217 ¢rand a well developed rec-
cific uptake by the polymer was the substrate uptake divided byognition site showed a peak of free COOH at 3,522 &he FT-

the dry weight of the polymer. The adsorption selectiajyof the IR spectra of the asymmetric membrane were significantly different
phenylalanine imprinted polymer was definedoag(Phe)temp/  from those of the symmetric membrane, as shown in Fig. 3. There
(Phe)iso)/([Phe]temp/[Pheliso), where (Phe)temp and (Phe)iso ar@ias no peak at 3,217 chand 3,522 ci. Therefore, the addition

the amount of Phe (template and enantiomer) adsorbed in the polpf a large amount of DMSO to the mixture of the monomer solu-
mer, and [PheJtemp and [Pheliso denote the concentrations in thiion seemed to hinder the copolymerization of AN with AA and
solution after adsorption, respectively, as defined in the literaturehe formation of complex between AA and Phe molecule, and thus,

[Yoshikawa et al., 1998]. recognition sites did not form in the polymer matrix.
2. D-Phe Double Imprinted Beads with Macrovoids
RESULTS AND DISCUSSION Phe imprinted beads with macrovoids were also prepared. The
copolymer solution of P(AN-co-AA) which was prepared by the
1. Formation of Macrovoids in a D-Phe Imprinted Membrane in-situ implanting procedure using 100 g DMSO was coagulated

The symmetric Phe imprinted membrane without macrovoids
prepared in a previous investigation [Park and Seo, 2002] is me
chanically stronger than the asymmetric membrane with macro
voids. However, the macrovoids in the polymer matrix cause ar
increase in the mass transfer rate in the polymer matrix. The porc
gen, DMSO in the copolymer solution is exchanged with water at
the coagulation step and then the copolymer is solidified. Thus, :
large amount of DMSO was added to the monomer mixture befort
copolymerization, with the hope that the exchange of this DMSO
with water at the coagulation step would form large channels anc ) L :
hence, these channels would become macrovoids in the coagulat (b),: I “ k \’
copolymer matrix. Fig. 2 shows the SEM photograph of the cros: ’ 3
section of a D-Phe imprinted membrane prepared by im- v
planting procedure using 300 g of DMSO, three times more thar , , , ,
the amount of DMSO used in the preparation of a symmetric mem 4000 3200 2400 1600 800
brane without macrovoids in the previous study [Park and Seo, 2002 Wavenumber (cm™)

Macrovoids were well developed in the lower part of the mem-Fig. 3. FT-IR spectra of D-Phe imprinted membrane prepared by

brane with a skin layer at the upper surface. in-situ implanting process using (a) 300 g DMSO, (b) 100 g
The FT-IR spectra of this asymmetric membrane were measured DMSO with individual complex formation step, (c) 100g

in order to indirectly determine the formation of recognition sites DMSO without individual complex formation step.

Transmittance

Table 1. Adsorption selectivity of D-Phe imprinted polymer. Adsorption was carried out by immersing polymer in a 100 mL solution
containing 0.5 mg L-Phe and 0.5 mg D-Phe and maintaining it for 24 h at 3C with shaking at 150 rpm. Data are the mean
values of three experiments. Abbreviations for the polymers include: L, L-Phe imprinted; D, D-Phe imprinted,; I, in-situ implant
ing; and P, post implanting

mg uptaken Phe/g polymer

Polymer pH DPhe | Phe Selectivitya g polymer/L solution Remarks
DIDP membrane 2 0.0054 0.0048 1.17 270 Post re-implant with 100 g DMSO
4 0.0064 0.0052 131
8 0.0061 0.0057 1.09
DIDP bead 2 0.033 0.037 0.86 57 Post re-implant with 300 g DMSO
4 0.033 0.035 0.91
8 0.042 0.059 0.43
DI* membrane - 0.08* 0.15* 0.42* 10* With 100 g DMSO

* from [Park and Seo, 2002].
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in distiled water. The lump of coagulated D-Phe imprinted P(AN-

co-AA) polymer was dried in a vacuum oven, and then 20 g of driec
polymer was dissolved in 200 g of DMSO containing 0.045 g D-
Phe. The SEM photograph of the cross section of the D-Phe dot
ble imprinted P(AN-co-AA) bead (abbreviation: DIDP bead) showed
many well developed macrovoids in the polymer matrix (Fig. 2).

The DIDP bead selectively adsorbed the other enantiomer, L-Phe
from a 0.001 wt% racemate solution. The adsorption selectivity of
the DIDP bead was 0.43 when the uptake capacity of the DIDP bez
was 0.1 mg Phe/g bead at pH 8 of the racemate solution, as shov
in Table 1. This adsorption selectivity was very similar to 0.42 of
DI membrane (the D-Phe imprinted P(AN-co-AA) membrane pre-
pared by an in-situ implanting procedure) measured at 0.001 wty
racemate solution when the uptake capacity of the DI membran
was 0.23 mg Phe/g membrane. The smaller uptake capacity of t
DIDP bead seemed to be caused by the amount of beads, whit
was 6 times larger than that of the DI membrane. The decrease

the specific adsorption capacity with an increase of the adsorber
density can also be found in the biosorption of heavy metals usini
microbial cells. The specific copper and chrome adsorption capac
ity of Aspergillus carbonariusells decreased 29 times and 8 times,

respectively, in accordance with the biosorbent density [Kapoor anc #

Viraraghavan, 1997]. In the literature [Puranik and Paknikar, 1999],
this has been explained by the obstruction between the heavy met
combined sites.

The adsorption selectivity of the DIDP bead showed a reverse
value at the pH range from 2 to 8 and was similar to that of DI mem

brane, especially at pH 8, as shown in Table 1. However, the adsor| |

3

tion selectivity of the DIDP membrane prepared by using 100 g §

DMSO at the post implanting procedure was larger than 1 at pH:
ranging from 2 to 8 and was opposite to that of DI membrane. Thus
D-Phe seemed to be not effectively imprinted in the DIDP bead a
the post implanting procedure which was carried out with large 300 ¢
of DMSO. This inference is supported by the SEM photograph for
the local point of the DIDP bead. As shown in Fig. 4, the micro-

structure of the DIDP bead was very similar to that of DI mem-

brane which was prepared by using 300 g DMSO and far differen
from those of DI and DP (the D-Phe imprinted P(AN-co-AA) pre-
pared by a post implanting procedure) membranes prepared by u

ing 100 g DMSO. Therefore, we deduce that redissolving the Phe ¢

imprinted P(AN-co-AA), which has been prepared byiresitu
implanting procedure using a small amount of DMSO, in a large
volume of DMSO can endow the polymer matrix with macrovoids
reserving the ability of selective adsorption.
3. Complex Formation before Copolymerization

In anin-situ implanting procedure, functional monomers can be
copolymerized in a mixture of functional monomer, cross linker,
porogen, and template molecules. We investigated whether the con
plex formation between template molecules and functional mono:
mers before copolymerization is essential for endowing the poly-
mer matrix with selective adsorptivity. A D-Phe imprinted mem-
brane was prepared by using 100 g DMSO bin-aitu implant-
ing procedure without any separate complex formation steps befor

- . . 2 Rttt
15.8kVY Xe2a.oK '1.564m

[
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e
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copolymerization. The FT-IR spectra of the membrane were aNdrig 4. SEM photograph of D-Phe imprinted membrane prepared

lyzed and compared with those of membranes preparediby an
situ procedure including a complex formation step before copoly-
merization and by an-situ procedure using a large amount, 300 g of

by (a) in-situ implanting method using 100 g DMSO, (b)
in-situ implanting method using 300 g DMSO, (c) post im-
planting method using 100 g DMSO.
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Table 2. Peak intensity ratio of FT-IR spectra of D-phenylalanine imprinted membrane without macrovoids prepared by in-situ impla-
ing. Peak intensity ratio is defined as the ratio of peak intensity of functional ligand to that of CN in each membrane. Abbiav
tion DI means a D-phenylalanine imprinted P(AN-co-AA) prepared by in-situ implanting

OH stretching:  OH stretching: OH stretching:

C=0 stretching C-O stretching

Membrane free COOH  dimerized COOH dimerized COOH

3,522 cm* 3,217 cm* 2,604 cm* 1,728 cm* 1,248 cm*
Polyacrylonitrile 0.081 0.022 0.022 0.019 0.119
P(AN-co-AA) 0.11 0.87 0.14 1.67 0.7€
DI with independent complexation 0.75 0.8& 0.21 1.30 0.97
DI without independent complexation 0.017 0.563 0.131 1.987 0.537

DMSO, as shown in Fig. 3. There was a peak of dimerized COOHnembrane, which was much smaller than 0.14 g Phe/g membrane
at 3,217 crit, which was clearly higher than that of DI membrane at pH 2.
prepared by using 300 g DMSO. As shown in Table 2, the intensi- Given the decrease in uptake capacity with an increase in pH,
ties of peaks at 3,522 ¢hrand 2,604 cm which came from AA  we investigated why the adsorption selectivity decreased with pH
segments in the copolymer chain were somewhat smaller than thosend reversed at high pH. If a template-functional monomer com-
of P(AN-co-AA) and DI prepared with independent complex for- plex was formed mainly by the hydrogen bond at the beginning of
mation. However, there was no peak of unoccupied free COOH atopolymerization, the carboxyl group (COOH) remained in the rec-
3,522 cnt in the FT-IR spectra of the DI membrane prepared with- ognition site after extraction of the template molecule from the poly-
out separate complex formation before copolymerization. Thus, Phener matrix. Thus, the template molecule fits into the recognition
could not be effectively implanted in the polymer matrix without a site which is complementary in shape and binds to the polymer ma-
separate complex formation before copolymerization and a smaltrix better than the enantiomer at a low pH. However, the carboxyl
amount of AA was also not copolymerized with the cross linker, group (COOH) of the template molecule converts to T@Ih
AN. As expected, the adsorption selectivity of the DI membranean increase in pH of the solution, and the C@®&ztion calculated
prepared without complex formation before copolymerization wasby the Henderson-Hasselbach equation increases from 21% at pH
approximately 1, indicating that the membrane could not selectively2 and reaches 99.9% at pH 6. Nevertheless, the amino group of the
adsorb the template molecule from the Phe racemate solution.  template molecule remains as Neven at pH 6. The carboxyl group
4. The Adsorption Selectivity Dependent on the pH of the Ra-  (COOH) in the recognition site also converts to C@®the pH
cemate Solution of the solution increases. At a high pH, the template molecule with
Although the mechanism of selective adsorption by a chiral staa shape complementary to the recognition site cannot bind to the
tionary phase of a chromatography is not clear and no perfect mogbolymer matrix because of a repulsive force caused by the same
el has yet been formulated, a three-point interaction model is widelxharges of carboxyl groups (CQQ@f the template molecule and
cited [Jin, 1999]. Three ligands on the chiral stationary phase binc¢
the corresponding ligands of the target molecule, respectively. Tht
enantiomer also binds at one or two corresponding ligands with
geometric hindrance by the side chain of the polymer matrix. The
recognition site of a molecularly imprinted polymer supplies one
or two attractive ligands in a cavity which is complementary in shape
to the template molecule. Chen et al. [2001] have reported that th
functional groups of phenylalanine anilide imprinted polymer bind
an analyte with hydrogen binding and/or ion exchange and the sa
uration capacity of the chiral sites was nearly twice larger at pH=
5.8 than at pH=3.0 [Chen et al., 2001]. The recognition site in the
Phe imprinted polymer also contains carboxyl groups which car
bind the template molecule using a hydrogen or electrostatic inter
action. We investigated the variation of the adsorption selectivity of
the D-Phe imprinted membrane, which was prepared by the pos
implanting procedure (DP membrane) without a coupling reaction,
using 100 g DMSO, with respect to pH of the 0.01 wt% racemate
solution. The DP membrane selectively adsorbed the template mo
ecule, D-Phe at pH 2 of the racemate solution with 11.6 of adsorp
tion selectivity. However, the adsorption selectivity of the DP mem-
brane decreased with the increase in pH of the solution and reachgsyy 5. Schematic representation of a molecule of Phe adsorbed on
0.09 at pH 6. The DP membrane selectively adsorbed the enanti- imprinted recognition sites of the polymer matrix at differ-
omer, L-Phe, at pH 8 and the uptake capacity was 0.09 g Phe/g ent pH values.

low pH high pH

enantiomer
o
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Table 3. Adsorption selectivity of D-Phe imprinted membrane
without macrovoids prepared by post implanting proce-
dure (abbreviation; DP) with and without coupling reac-
tion. Adsorption was carried out by immersing polymer
in a 100 mL solution containing 0.5 mg L-Phe and 0.5 mg
D-Phe and maintaining it for 24 h at 30°C with shaking

at 150 rpm
mg uptaken
Phe/g Selectivity, g membrane
Membrane PH " polymer a /L solution
D-Phe L-Phe
DP with 2 0.003 0.004 0.72 300
coupling reaction 6 0.003 0.005 0.58
8 0.007 0.013 0.4
DP without 2 013 0.012 11.6 16
coupling reaction 6 0.008 0.085 0.09
8 0.020 0.069 0.29
- 0.21* 0.05* 4.79* 10*

*from [Park and Seo, 2002].

polymer matrix. However, the amino group (Nief the enantio-

1071

A Phe imprinted polymer with macrovoids can be produced by
using a large amount of porogen, DMSO, at the copolymerization
step. However, adding a large amount of porogen in the mixture of
a functional monomer and crosslinker seemed to hinder both the
copolymerization of AA with AN and the formation of a complex
between the template molecule and AA. The preparation of MIP
by two steps is recommended to provide macrovoids in the poly-
mer matrix preserving the capability of selectively binding a target
molecule from a racemate solution. In a two step method, template
molecules should be implanted by using a small amount of DMSO,
and then dissolved in a large amount of porogen. The complex for-
mation between a template molecule and functional monomers be-
fore copolymerization is also required for a polymer matrix to be
capable of selectively adsorbing a target molecule from a racemate
solution. The adsorption selectivity varied sensitively depending
on the pH of the solution and selectivity was reversed at a certain
range of pH because the charge of an affinity ligand in a recogni-
tion site changes with pH. However, the D-Phe imprinted polymer
prepared with a coupling reaction between D-Phe and AA showed
reverse adsorption selectivity regardless of the pH of the solution.
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