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Abstract

A cholic acid-imprinted polymer has been prepared by a hybrid imprinting method involving the use of a template-containing monomer,
3a-methacryloyl cholic acid methyl ester. The removal of the template can afford the polymer with cavities and carboxylic acid groups well
positioned in these cavities for the specific binding of cholic acid via hydrogen bonding. The maximum binding capabilities for the imprinted
and non-imprinted polymers were determined to be 344.8 and 43.6 mmol/g, respectively. Scatchard analysis indicates the existence of two kinds
of binding sites on the imprinted polymer. The imprinted polymers exhibit high affinity and good recognition selectivity for cholic acid in com-
parison to other compounds with similar molecular structures. The size-specific binding and hydrogen bonding may be both important for the
binding of cholic acid by the imprinted polymers.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

The development of synthetic receptors that recognize
steroids is an important area of research because of the signif-
icance of steroids to living organisms. Bile acids are important
steroidal compounds which are synthesized from cholesterol
in the liver, stored in the gall bladder, and released in the small
intestine for the digestion of fats and lipids. The concentration
of bile acids in body is related with hepatitis, gallstone and
other diseases in liver. Bile acids such as ursodeoxycholic
acid have clinical significance in the treatment of primary bil-
iary cirrhosis [1] and non-alcohol induced steatohepatitis [2].
The qualitative and quantitative analysis of bile acids has
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both clinical and pharmaceutical significance. Medically, it
is feasible to reduce cholesterol content in body by removing
bile acids, especially for the treatment of hyperlipidemia [3,4].
It is thus important to prepare bile acid sorbents with high
selectivity for analysis and potential medical applications.

Molecular imprinting has been used for the preparation of
polymers with a high affinity for a specific target molecule
[5e9]. Covalent or non-covalent molecular imprinting method
has been used to prepare imprinted polymers, for instance
imprinted polymers with cholesterol [10,11], testosterone
[12], corticosteroid [13,14], b-estradiol [15] and cholic acid
[16,17]. Hybrid imprinting method [18], where a covalent tem-
plate structure is used in the polymerization step but binding is
entirely non-covalent in nature, combines some of the advan-
tages of both covalent and non-covalent methodologies. This
approach has been used here to prepare cholic acid-imprinted
polymers, which are useful in the analysis and separation of
these compounds of biological significance.
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2. Experimental

2.1. Materials

Cholic acid (CA) was purchased from Tianjin Chemical
Reagent Company (Tianjin, China) and purified by re-crystal-
lization in ethyl acetate prior to use. Ethylene glycol dimeth-
acrylate (EGDMA) (technical grade) was purchased from
Suzhou Anli Chemical Factory (Suzhou, China). It was ex-
tracted three times with sodium hydroxide solution to remove
inhibitors, dried over MgSO4 and stored at 4 �C. Azo-bis(iso-
butyronitrile) (AIBN) was obtained from Nankai University
Special Reagent Factory (Tianjin, China) and was recrystal-
lized from methanol before use. Cholesterol was purchased
from Biosino Biotechnology Company Ltd. (Beijing, China).
All solvents were of analytical grade and used as received.

2.2. Synthesis of polymer sorbents

3a-Methacryloyl cholic acid methyl ester (MECAME) was
synthesized from cholic acid methyl ester and methacryloyl
chloride according to a method reported previously [19,20].

For the preparation of the molecularly imprinted polymers
(MIPs), 0.245 g MECAME (0.5 mmol), 1.98 g EGDMA
(10 mmol) and 82 mg AIBN (0.5 mmol) were dissolved in
10 ml of chloroform. The mixture was transferred to a test
tube, sealed and kept in a water bath at 60 �C for 24 h. The
resultant rigid polymer was ground to particles ranging from
75 to 97 mm in diameter, then suspended in a solution of
2 M NaOH and THF (volume ratio of 1:2) and heated to reflux
for 12 h to cleave the templates by hydrolysis. Subsequently
the concentration of cholic acid in the solution was determined
to calculate the degree of hydrolysis. Thereafter the particles
were dried in a vacuum oven.

A reference polymer without imprinting templates was
prepared with a similar procedure, in which methacrylic acid
(MAA) was used as the monomer instead of MECAME and
no hydrolysis was performed.

Polymers cross-linked with DVB were synthesized using
the same procedure as for polymers cross-linked with
EGDMA.

2.3. Batch binding experiments

To evaluate the binding ability of the MIPs, a specific
amount (20 mg) of a dry polymer was mixed with 3 ml solu-
tion of cholic acid with the concentration ranging from 0 to
2.5 mM (in phosphate buffer or ethyl acetate), shaken for a
predetermined time at 25 �C to allow the binding equilibrium
to be established. The sample was then centrifuged and the
cholic acid concentration in the supernatant was determined
quantitatively by spectrophotometry after cholic acid reacted
with sulphuric acid [21]. A standard calibration curve with
the same method was established. This method provides the
same results as liquid chromatography in simple solutions
but takes less time. The amount of cholic acid adsorbed by
unit weight of the polymer (Q) was calculated from the differ-
ence between initial and final concentrations of cholic acid.

Equilibrium binding experiments were performed in the
same manner with a series of structural analogues of cholic
acid (2.5 mM in ethyl acetate) to determine their binding to
polymers. Cholesterol was detected by an enzyme kit. Hydroxy-
benzoic acid and 3,5-dihydroxybenzoic acid were analyzed by
UV absorbance on a UV-2100 spectrophotometer (UNICO,
China).

3. Results and discussion

3.1. Polymer synthesis

Cholic acid was used since it is one of the major bile acids
in the body. The cholic acid-imprinted polymer was prepared
by co-polymerization of a mixture of a template-containing
monomer (MECAME) and a cross-linker followed by hydroly-
sis as shown in Scheme 1. The template molecule (cholic acid)
linked with the methacrylate monomer covalently. Prior to

Scheme 1. Preparation of the cholic acid-imprinted polymer (MIP) based on

poly(3a-methacryloyl cholic acid methyl ester) cross-linked by EGDMA.
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polymerization, the monomers bearing the template and the
cross-linkers are assembled in an orderly manner with respect
to each other. Upon polymerization, the structure was frozen in
a three-dimensional network of polymers. The cleavage of the
template from the imprinted polymer matrix was performed
using a mixture of aqueous NaOH solution and THF. This
left specific cavities in the polymer which are topographically
complementary to the template and a carboxylic group ar-
ranged at the desired site in the cavities which could subse-
quently interact with the hydroxyl group of cholic acid
through hydrogen bonding. Multiple functional groups may
help further in the specific recognition process, but even a sin-
gle functional group in the cavity as in this case has shown to
be quite effective in the specific binding process. It is the com-
bined effect of the size and shape of the cavities and the func-
tional group(s) in the cavities that determined the binding
specificity.

The complete hydrolysis of covalent bonds in highly cross-
linked polymers is difficult. By monitoring the concentration
of cholic acid in the hydrolyzed solution, the degree of the hy-
drolysis of the imprinted polymer was calculated to be about
44.7%, which is consistent with results reported in literature
[22]. Prolonged hydrolysis did not improve the result further,
likely due to the steric hindrance in the polymer matrix, which
is typical in cross-linked polymers.

Imprinting solvent would also affect the properties of im-
printed polymer. Several solvents (chloroform, ethyl acetate,
toluene, DMSO and MeCN) were used in this work. Imprinted
polymers prepared in non-polar solvents had high binding ca-
pacities. We can speculate that it may be related to the solva-
tion of the templates by the solvents during the imprinting
process and the self-associating property of cholic acid in
the different solvents.

3.2. Effect of the cross-linker

Ethylene glycol dimethacrylate (EGDMA) and divinyl-
benzene (DVB) were used as cross-linkers in the preparation
of imprinted polymers. The binding isotherms of the two poly-
mers are shown in Fig. 1. Fitting by the Langmuir equation
showed that the EGDMA-based polymer had a higher binding
capability (344.8 mmol/g) than the DVB-based material
(140.0 mmol/g). Their imprinting factors (IF), defined as the ra-
tio of the maximum binding capacity of the MIP to that of the
non-imprinted reference polymer, IF¼Qmax(MIP)/Qmax(refer-
ence), were determined to be 7.9 and 6.8, respectively. This
result is in agreement with the reports which showed that the
EGDMA-based polymers were better than the DVB-based
materials in terms of the binding capacity and separation fac-
tors [23]. Therefore, EGDMA was selected as the cross-linker
for all of the polymers used in the following experiments.

3.3. Kinetic binding studies

The study of binding kinetics can provide information on
the time required to reach equilibrium. Kinetic experiments
were performed by adding a solution of cholic acid to the
MIP and monitoring the concentration of unbound CA at inter-
vals. The amount of CA bound increased over time until it
reached a plateau (Fig. 2). This value depends on the concen-
tration of cholic acid and differs from the maximum binding
capacity, which is the amount of binding extrapolated to
a very high concentration of the substrate. The results of the
kinetic binding studies showed that the binding equilibrium
could be reached within 3 h for these systems.
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Fig. 1. Binding isotherms for cholic acid by imprinted polymers cross-linked

with EGDMA and DVB in ethyl acetate at 25 �C (triangles, EGDMA, circles,

DVB). Binding time: 4 h, polymer: 20 mg, V¼ 3.0 ml, initial concentration:

0e2.5 mM.
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Fig. 2. Binding kinetics for cholic acid by MIP in ethyl acetate and phosphate

buffer at 25 �C (triangles, in ethyl acetate; squares, in phosphate buffer).

Polymer: 20 mg, V¼ 3.0 ml, initial cholic acid concentration: 2.5 mM.



5568 Y. Wang et al. / Polymer 48 (2007) 5565e5571
Two models are often used to describe the adsorption pro-
cess, the pseudo-first order kinetic model (1) and the pseudo-
second order kinetic model (2).

�lnð1�FÞ ¼ k1t ð1Þ

t

Qt

¼ 1

k2Q2
e

þ t

Qe

ð2Þ

where F is the percentage of the substrate bound, k1 the rate
constant of first order sorption (s�1), t (s) the time, Qt the
adsorption capacity at any time t (mmol g�1), Qe the adsorption
capacity at equilibrium (mmol g�1), k2 the rate constant of
second order sorption (mmol g�1 s�1).

The data here provide a good linear relationship for Eq. (1),
but the intercepts are not zero. Therefore, the sorption does not
really fit well to a pseudo-first order kinetic model. Although
this model has been often used, its numerical linear regression
may yield tangent and abscissa values in some cases, which
will depend on both the initial concentration and on the time
intervals [24]. When the pseudo-second order kinetic model
was applied to the experimental data, the correlation coeffi-
cients reached 0.9999 and 0.9974, respectively, for binding
kinetics in phosphate buffer and in ethyl acetate.

3.4. Characteristics of binding for cholic acid by the
polymers

Batch binding experiments were carried out to evaluate
quantitatively the binding characteristics of the polymers. As
shown in Fig. 3, MIP showed a much higher binding capacity
than the MAA-based reference polymer. The binding data at
equilibrium for the two polymers can fit well to a Langmuir
isotherm (Eq. (3))

Ceq

Q
¼ Ceq

Qmax

þ 1

b
ð3Þ

where Ceq is the free CA concentration (mM), Q the amount
bound at Ceq (mmol/g), Qmax the maximum binding capacity
(mmol/g) and b a constant. The maximum binding capabilities
for imprinted and reference polymers are calculated to be
344.8 and 43.6 mmol/g, respectively. The results provide a rel-
ative comparison of the different polymers. The imprinting
factor of this system is as high as 7.9. The good fit of data
to the Langmuir isotherm suggests that a unimodal hetero-
geneous distribution of binding sites was present in the
polymers.

The available binding sites are estimated to be 100 mmol/g
from the degree of hydrolysis of the imprinted polymer. The
binding capacity of the imprinted polymer calculated from
the binding isotherm is higher than this number. Such a phe-
nomenon is not unusual due to the cooperative effect in the
binding process of molecules that tend to self-associate. Huval
and coworkers [16] prepared bile acid sequestrants by mole-
cular imprinting techniques and showed that the binding
capacity of the imprinted polymer was higher than the amount
of imprinted cavities. But imprinting created high-affinity
binding sites in the polymers, as demonstrated by in vivo stud-
ies. It appears that molecular imprinting has imparted an addi-
tional binding capacity to the polymers in both covalent
imprinting [25] and non-covalent imprinting.

The geometrical location of the binding sites and the rela-
tive hydrophilicity/hydrophobicity of the cavities in the poly-
mer render a range of binding affinities of the different sites.
The binding may involve both electrostatic and hydrophobic
interactions [26]. The increased dielectric constant shifts the
balance between electrostatic and hydrophobic interactions.
Six solvents with different polarities were tested as the me-
dium (Fig. 4). Ethyl acetate has the similar dielectric constant
to that of chloroform which was used to prepare the MIP. It
provides a suitable environment for cholic acid to interact
with the MIP. When the imprinted polymer was used to recog-
nize cholic acid, in addition to the specific binding defined by
the size and shape of the cavities, the carboxyl group provided
an extra interaction through hydrogen bonding with the
hydroxyl group of cholic acid. This could be impaired by an
increase in the polarity of the solvents. Therefore, the amount
of CA bound increased with decreasing polarity of the sol-
vents. But in aqueous solutions, the MIP had a high binding
capacity for cholic acid, while the binding by MIP is actually
lower than that by the non-imprinted reference polymer
(Fig. 4), indicating the differences of the binding sites between
these polymers.

In addition, the self-associating properties of bile acids
also impart a cooperative effect in the binding process.
Even this cooperative effect is only induced by the presence
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Fig. 3. Binding isotherms for cholic acid by the imprinted (solid symbols) and

the reference polymers (open symbols, prepared by co-polymerization of

methacrylic acid and EGDMA under the same conditions of MIP) in ethyl acet-

ate at 25 �C. Polymer: 20 mg, V¼ 3.0 ml, initial cholic acid concentration:

0e2.5 mM.
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of specific binding between the imprinted polymer and bile
acids, as evidenced by the significant difference between
the imprinted and non-imprinted polymers (Fig. 4). Cholic
acid is known to be able to self-aggregate, leading to an
apparent higher capacity of the polymer than a simple forma-
tion of 1:1 complexes, as one would have expected for an
imprinted polymer.

3.5. Determination of binding parameters of the polymer

Scatchard analysis (Eq. (4)) [27,28] is usually used to esti-
mate the binding parameters of polymers:

Q

Ceq

¼ Qmax

KD

� Q

KD

ð4Þ

where Q is the amount of bound CA (mmol/g), Ceq the concen-
tration of free CA (mM), Qmax the apparent maximum number
of binding sites (mmol/g) and KD the equilibrium dissociation
constant.

Fig. 5A shows two distinct sections that can be regarded as
straight lines in the range of concentrations of CA studied.
The coefficients of determination (R2) are 0.993 and 0.926,
respectively. It indicates that there exist two classes of bind-
ing sites in the MIP. From the slope and intercept, the equilib-
rium dissociation constant KD1 and the apparent maximum
number Qmax1 of the higher affinity binding sites are calcu-
lated to be 7.99� 10�5 M and 232.4 mmol/g, respectively.
KD2 and Qmax2 of the lower affinity binding sites are
6.43� 10�4 M and 570.7 mmol/g, respectively. From the
binding constants, apparent free energy changes (DG0) of
these binding sites with high and low affinities were calcu-
lated to be �23.4 and �18.2 kJ/mol, respectively. This indi-
cates the existence of two kinds of binding sites: the
cavities containing the carboxylic acid group arranged at
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Fig. 4. Comparison of the difference in the binding capacity for cholic acid

(including both specific and non-specific bindings) by the imprinted (filled

bars) and reference (open bars, prepared by co-polymerization of methacrylic

acid and EGDMA under the same conditions of MIP) polymers from different

solvents at 25 �C. Polymer: 20 mg, V¼ 3.0 ml, initial cholic acid concentra-

tion: 2.5 mM.
the desired sites (high affinity) and binding sites without
specific binding (low affinity). According to a report on a
MIP imprinted with cholesterol prepared by a similar method,
the MIP only bound the guest at 114 mmol/g as analyzed by
Scatchard method [29] or 38e50 mmol/g as analyzed by
HPLC [30]. In comparison, the cholic acid-imprinted polymer
has a higher capacity for cholic acid due to its higher binding
affinity for the ligand.

It should be noted that under the same experimental condi-
tion there is only one straight line (R2 is 0.978) for the refer-
ence polymer (shown in Fig. 5B) analyzed by Scatchard
analysis. The KD and Qmax values for the reference polymer
are 3.11� 10�3 M and 39.8 mmol/g, respectively. The appar-
ent free energy change DG0 is �14.3 kJ/mol. The reference
polymer has a lower Qmax and a lower binding affinity than
the binding sites in the MIP.

3.6. Selectivity of the polymers

A control polymer, prepared without the template mole-
cule, is usually used to verify the imprinting effect. In covalent
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described in Fig. 3.
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imprinting, it is difficult to prepare the control polymers that
have the same number of functional groups located in the
polymer matrix as in the MIP [22]. In this work a copolymer
of methacrylic acid and EGDMA was used as the reference
polymer. A set of competing adsorption experiments were
carried out with substrates having different chemical structures
including deoxycholic acid (DCA), cholesterol (CHOL),
hydroxybenzoic acid (HBA) and 3,5-dihydroxybenzoic acid
(DHBA) (Scheme 2). Deoxycholic acid has only two hydroxyl
groups instead of three on the steroid backbone. Cholesterol is
a structurally related molecule and has only one hydroxyl
group. HBA and DHBA also have hydroxyl and carboxyl
groups but they are smaller in size than cholic acid.

The amounts bound to the imprinted and reference poly-
mers were determined by the equilibrium binding method.
IF is used as a reference parameter to describe the selectivity
of the polymers. The data in Table 1 show that the imprinted
polymer exhibits higher selectivity for cholic acid than
for the other analytes, which gives a high IF value of 7.9.
Although the reference polymer binds DCA and CHOL in
considerable amounts, only the binding of CA is greatly
enhanced by molecular imprinting. The MIP also binds
HBA and DHBA molecules, but their binding is limited be-
cause of the mismatch of spatial arrangement in the cavities.
It indicates that the imprinting creates a microenvironment
based on the selection of molecular shape and functional
groups that resemble those of the template molecule. Both
hydrogen bonding and the size of the substrates are important
in the binding process. Although the reference polymer
has a similar chemical composition as the imprinted polymer,
it does not contain any proper cavities and recognition
sites. It can only bind the test substrates by non-specific
adsorption.

DCA could also be bound in significant amounts, but CA is
bound more efficiently than DCA. The MIP can discriminate
between the bile acids with different numbers of hydroxyl
groups, showing the molecular selectivity of the imprinted
polymer. These selectivity tests were accomplished by a batch
operation. The guest selectivity is expected to be much higher
if the MIP is used for column separation, which is being
studied.
The preparation method used here combines the advantages
of both covalent and non-covalent imprinting. In covalent
imprinting, the imprinted polymers show good specificity in
binding, while the non-covalently imprinted polymers have
the advantage of fast guest binding. The covalent imprinting
in this method helps to avoid the use of the monomer in ex-
cess, which is typical in non-covalent imprinting. The cholic
acid-imprinted polymer prepared in this work exhibited high
affinity for cholic acid.

4. Conclusion

The imprinted polymer prepared by hybrid method ex-
hibited relatively high binding capability and good selectivity
for the guest molecule. The selectivity originates from im-
printing with templates of a certain shape and certain spatial
arrangement of functional groups. This method is a valid
way to synthesize imprinted polymers that can selectively rec-
ognize the target molecules. The study of binding capacity
shows that the cooperative effect in the binding process may
be helpful for improving the properties of imprinted polymer.
The preparation of MIP with a predetermined selectivity may
be useful in the fields of analysis, separation, catalysis and bio-
assay of related biocompounds and the method may be partic-
ularly useful in the preparation of artificial receptors for
molecular screening.

Table 1

Binding selectivity of imprinted and reference polymers

Substrate MIP Reference polymera IF

Q (mmol/g) Q (mmol/g) (QMIP/Qreference)

CA 285.5 36.0 7.9

DCA 219.6 46.2 4.7

CHOL 19.4 25.6 0.9

HBA 138.4 Not measurable e

DHBA 101.3 Not measurable e

Polymer: 20 mg, V¼ 3.0 ml, initial concentration: 2.5 mM in ethyl acetate,

binding time: 4 h.
a Reference polymer: prepared by co-polymerization of methacrylic acid

and EGDMA under the same conditions of MIP.
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Scheme 2. Chemical structures of compounds used in the binding study.
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