
 Combinatorial Chemistry & High Throughput Screening, 2006, 9, 747-751 747 

 

 1386-2073/06 $50.00+.00 © 2006 Bentham Science Publishers Ltd. 

Selective Molecularly Imprinted Polymer Obtained from a Combinatorial 
Library for the Extraction of Bisphenol A 

Antonio Martin-Esteban
*
 and Jose Luis Tadeo 

Departamento de Medio Ambiente, INIA, Carretera de A Coruña km 7.5, E-28040 Madrid, Spain 

Abstract: In the present work, an analytical methodology based on molecularly imprinted solid-phase extraction (MISPE) 

has been developed for the determination of bisphenol A (BPA) in environmental and food samples. In order to select the 

optimum material, a combinatorial library of molecularly imprinted polymers in small-scale (mini-MIPs) was prepared us-

ing BPA as template. Different monomers (methacrylic acid or 4-vinylpyridine), crosslinkers (ethylene glycol dimethacry-

late or trimethylolpropane trimethacrylate) and porogens (methanol, acetonitrile or toluene) were used leading to 24 dif-

ferent polymerisation mixtures. After BPA removal, the ability of mini-MIPs to recognise BPA was evaluated by equilib-

rium rebinding-elution experiments. The copolymer of 4-vinylpyridine (4-VP) and trimethylolpropane trimethacrylate 

(TRIM) prepared in toluene showed the higher affinity for the template. Subsequently, a scaled-up version of the optimum 

polymer was prepared and used in the development of MISPE procedures for the extraction of BPA. The optimised 

MISPE protocols were successfully applied to the selective extraction of BPA from soils and aqueous canned peas sam-

ples. 
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INTRODUCTION 

 Bisphenol A (4,4’-isopropylidenediphenol, commonly 
named BPA) is widely used in the manufacture of chemical 
products including both epoxy and polycarbonate resins and 
flame retardants. Consequently, it is present in pipes, adhe-
sives and coatings of cans for foodstuff packaging purposes 
among other items [1]. Its high production, widespread use 
and ubiquitous occurrence in the environment as well as its 
endocrine-disrupting properties are of concern for regulatory 
agencies [2]. In this sense, a Specific Migration Limit (SML) 
in food and food simulants has been set by the European 
Union to 3 mg/kg for BPA [3]. In addition, it has been pre-
dicted that ~50% of BPA in the environment has the poten-
tial to bind to sediments and soils [4] making necessary the 
evaluation of its concentration in those environmental com-
partments in order to perform a correct risk assessment. 

 Different analytical methods have been reported for the 
determination of BPA in different kinds of samples such as 
river waters [5, 6], river sediments [6], aqueous foods [7] 
and milk [8], among others, by gas or liquid chromatography 
coupled to mass and ultraviolet or fluorescence detectors, 
respectively. Such methods require the previous extraction 
and clean-up of BPA from samples by liquid-liquid or solid-
phase (micro)extraction, which are not always successful due 
to the inherent lack of selectivity of these extraction method-
ologies. During last years, molecularly imprinted polymers 
(MIPs) have been proposed as useful materials in analytical 
chemistry [9]. Especially, they have been recognised as suit-
able selective sorbents to be used in solid-phase extraction 
[10-13], namely molecularly imprinted solid-phase extrac-
tion (MISPE). 
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 MIPs are synthetic polymers obtained by polymerising a 
monomer with a cross-linker around a template molecule in 
the presence of a suitable solvent. After polymerisation, the 
template is removed by washing, leaving cavities in the po-
lymeric matrix complementary in size and shape to the tem-
plate. Thus, theoretically, the imprinted polymer will be able 
to rebind selectively the analyte (the template) in certain 
experimental conditions. There are several variables, such as 
kind and amount of monomer or nature of cross-linker and 
solvent, which affect the final characteristics of the obtained 
materials in terms of capacity, affinity and selectivity for the 
target analytes. Thus, the optimisation of the MIP might take 
several weeks of trial-and-error experiments using different 
formulations, which has provoked an overuse of certain 
standard formulations [14]. Therefore, the optimisation of 
MIP formulations is an ideal candidate for a combinatorial 
approach making easier and faster the screening of various 
formulations. 

 However, in spite of the mentioned advantages, few 
attempts dealing with the use of combinatorial approaches in 
the molecular imprinting field have been made [15-18]. 
Thus, the aim of this paper is the preparation of an optimum 
MIP able to selectively recognise BPA following a combina-
torial approach reducing the time devoted to the synthesis 
and the subsequent evaluation of materials. Besides, the 
optimum MIP will be used in the development of analytical 
methodologies for the determination of BPA in soils and 
aqueous canned peas samples. 

EXPERIMENTAL 

Reagents 

 Bisphenol A (BPA), methacrylic acid (MAA), 4-
vinylpyridine (4-VP), trimethylolpropane trimethacrylate 
(TRIM), ethylene glycol dimethacrylate (EDMA) and 2,2´-
azobis methylbutyronitrile (AIMN) were purchased from 
Sigma-Aldrich (Madrid, Spain). All other used chemicals 
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were of analytical reagent grade obtained from Scharlab 
(Barcelona, Spain). 

Preparation of Small-Scale MIPs 

 A previously reported procedure [16] for the synthesis of 
the small-scale MIP layers was adapted for the present work. 
Firstly, two pairs of mother solutions (with and without tem-
plate) were prepared by mixing 943 L of EDMA (5 mmol) 
or TRIM (3 mmol) and 12.5 mg of AIMN. Both template 
mother solutions also contained 0.25 mmol of BPA. Then, a 
volume of 20 L of each mother solution, 45 L of porogen 
(methanol, acetonitrile or toluene) and 1 mmol of monomer 
(MAA or 4-VP) were added into the corresponding 1.5 mL 
glass vials leading to 24 different polymerisation mixtures. 
Subsequently, the vials were sealed under nitrogen with 
silicon caps and placed in a water bath at 65 ºC for 8 h. The 
obtained thin polymer layers were repeatedly washed with 
methanol/acetic acid (9:1; v/v) until the template could not 
be detected in the extraction solvent. Typically, 4 washing 
cycles were enough to remove BPA completely and unre-
acted monomers from the mini-MIPs. Finally, the ability of 
mini-MIPs to recognise BPA was evaluated by equilibrium 
rebinding-elution experiments. Table 1 summarises the dif-
ferent polymerisation mixtures (monomer/crosslinker/por-
ogen) used and the corresponding control and imprinted 
polymers (CPs and MIPs, respectively) evaluated in the 
present study. 

Table 1. Small Scale Polymers Evaluated 
 

Polymer Template Monomer Cross-Linker Porogen 

CP1 --- MAA EDMA Toluene 

CP2 --- MAA EDMA Acetonitrile 

CP3 --- MAA EDMA Methanol 

CP4 --- 4-VP EDMA Toluene 

CP5 --- 4-VP EDMA Acetonitrile 

CP6 --- 4-VP EDMA Methanol 

CP7 --- MAA TRIM Toluene 

CP8 --- MAA TRIM Acetonitrile 

CP9 --- MAA TRIM Methanol 

CP10 --- 4-VP TRIM Toluene 

CP11 --- 4-VP TRIM Acetonitrile 

CP12 --- 4-VP TRIM Methanol 

MIP1 BPA MAA EDMA Toluene 

MIP2 BPA MAA EDMA Acetonitrile 

MIP3 BPA MAA EDMA Methanol 

MIP4 BPA 4-VP EDMA Toluene 

MIP5 BPA 4-VP EDMA Acetonitrile 

MIP6 BPA 4-VP EDMA Methanol 

MIP7 BPA MAA TRIM Toluene 

MIP8 BPA MAA TRIM Acetonitrile 

MIP9 BPA MAA TRIM Methanol 

MIP10 BPA 4-VP TRIM Toluene 

MIP11 BPA 4-VP TRIM Acetonitrile 

MIP12 BPA 4-VP TRIM Methanol 

Preparation of Normal-Scale Optimum MIP 

 Template molecule (BPA, 1 mmol), functional monomer 
(4-VP, 4 mmol) and 150 ml of dry toluene were placed into a 
250 mL round-bottomed flask and the mixture was left in 
contact for 10 min. Subsequently, TRIM (12 mmol) and 
AIMN (0.88 mmol) were added. The flask was sealed and 
the mixture was purged with nitrogen for 15 min. Polymeri-
sation took place in a water bath at 65 ºC for 12 h. Finally, 
the template was removed by Soxhlet extraction with metha-
nol/acetic acid mixture (9:1; v/v) for 8 h, and the obtained 
polymer particles (10-50 m) were air dried before storage 
in a glass container at room temperature. The corresponding 
control polymer (CP) was prepared as described above but 
without the addition of template. 

Sample Preparation 

 The extraction of BPA from soil samples was carried out 
by sonicated-assisted extraction in small columns. This 
methodology was developed by Sánchez-Brunete, et al., and 
successfully employed for the extraction of pesticides in 
soils [19, 20]. Briefly, 5 g of soil was placed in a glass col-
umn equipped with a polyethylene frit. Fortified samples 
were obtained by adding a small volume of BPA standard 
solution to reach a final concentration of 40 ng/g. Then, soil 
samples were extracted with 5 mL of acetonitrile for 15 min 
in an ultrasonic water bath at room temperature. After ex-
traction, columns were placed on a multiport vacuum mani-
fold where the solvent was filtered and collected for further 
MISPE as described below. Regarding the aqueous canned 
food samples, just 1 mL of the aqueous phase in contact with 
canned foods (peas) was filtered through a 0.45 m nylon 
syringe filter before the MISPE procedure. 

Molecularly Imprinted Solid-Phase Extraction (MISPE) 
of Samples 

 The optimised molecularly imprinted polymer (100 mg) 
was placed in an empty solid-phase extraction cartridge and 
properly conditioned depending on the kind of sample to be 
analysed. Table 2 shows the entire MISPE process employed 
for the analysis of soil sample extracts and aqueous canned 
food samples. The final extracts were directly analysed by 
HPLC according to the procedure described below. 

Table 2. Optimum Molecularly Imprinted Solid-Phase Ex-

traction Procedure Followed for the Analysis of Soil 

and Aqueous Food Samples 

 

 
Soil Sample  

Extracts 

Aqueous Canned Food  

Samples 

Conditioning 10 ml of ACN 10 ml of ACN + 5 ml of water 

Loading 
5 ml of sample 
extract in ACN 

1 ml of filtered aqueous sample 

Washing 3 ml of ACN 5 ml of water + 5 ml of ACN 

Elution 
4 ml of 2% Ethano-

lamine in MeOH 
4 ml of 2% Ethanolamine in 

MeOH 

 

Chromatographic Analysis 

 HPLC measurements were made using a Hewlett-
Packard 1100 Series HPLC instrument equipped with a qua-
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ternary high-pressure pump, an autosampler and a fluores-
cence detector. A sample volume of 100 L was injected 
into a Kromasil 5 ODS (150 mm x 4.6 mm i.d.) analytical 
column, and BPA was separated from other matrix compo-
nents using a mobile phase consisting of acetonitrile/water 
(40:60; v/v) at a flow rate of 1 mL/min. BPA was monitored 
by fluorescence ( exc = 275 nm; em = 320 nm) and quanti-
fied by external calibration using peak area measurements. 

RESULTS AND DISCUSSION 

Evaluation of Mini-MIPs 

 It is known that the template, monomer(s), cross-linker 
and solvent (porogen) are the key parameters for the obtain-
ment of a successful selective MIP. Since all the parameters 
mentioned have a strong influence on the overall perform-
ance of MIPs in terms of affinity, selectivity, loading capac-
ity, etc. their proper selection will ensure that polymers with 
the appropriate properties are obtained for a particular appli-
cation. Thus, in order to identify the best reagents mixture, a 
series of mini-MIPs were prepared containing different com-
binations of functional monomers (MAA or 4-VP), cross-
linkers (EDMA and TRIM) and porogen (methanol, acetoni-
trile and toluene) and subsequently, evaluated during equilib-
rium rebinding-elution experiments. 

 Initially, after removal of the template, 1 mL of a stan-
dard solution of BPA (1 mg/L) in acetonitrile was added to 
each vial. After incubation for 18 h at room temperature, the 
vials were directly placed in the autosampler and the amount 
BPA unbound to the polymers was determined by HPLC 
according to the procedure described in Experimental sec-
tion. From the results obtained in this first series of experi-
ments shown in Table 3, it was already possible to discard 
those polymers prepared with combinations of MAA and 
EDMA since no recognition was observed in any of the 
imprinted (MIP1-MIP3) and control (CP1-CP3) polymers 
assayed. The remaining 18 polymers were able to interact 
with BPA regardless of whether imprinted or control poly-
mers were used. 

Table 3. Percentage of BPA Bound to Each Polymer After 

Incubation of 1mL of BPA Standard Solution (1 

mg.l
-1

 in Acetonitrile) for 18 h at Room Temperature 

 

Control Polymer % Bound Imprinted Polymer % Bound 

CP1 < 1 MIP1 < 1 

CP2 < 1 MIP2 < 1 

CP3 < 1 MIP3 < 1 

CP4 17.0 MIP4 12.0 

CP5 17.8 MIP5 11.6 

CP6 19.3 MIP6 13.0 

CP7 17.3 MIP7 10.0 

CP8 18.4 MIP8 11.6 

CP9 16.3 MIP9 13.1 

CP10 11.5 MIP10 10.9 

CP11 9.3 MIP11 14.0 

CP12 9.2 MIP12 9.8 

 Next, the former solution was removed from the vials, 
and 1 mL of acetonitrile was added where it remained in 
contact with the polymeric layer for 24 h at room tempera-
ture in order to remove non-specific interactions. As shown 
in Table 4, it is clear that the amount of BPA removed from 
CPs and MIPs for the systems based on VP-EDMA (CP4-
CP6 and MIP4-MIP6) and MAA-TRIM (CP7-CP9 and 
MIP7-MIP9) was similar. These results suggest that the 
binding of BPA with these polymers was based on non-
specific interaction, and thus the control polymers CP4-CP9 
and the imprinted polymers MIP4-MIP9 were excluded from 
further experiments. However, according to the results 
shown in Table 4, BPA was more strongly retained by the 
imprinted 4-VP-TRIM-based polymers (MIP10-MIP12) than 
by the corresponding CPs (CP10-CP12), due to the polarity 
of the porogen used in its synthesis. In this sense, although 
similar binding to the MIPs was obtained, lower non-specific 
binding was observed when toluene was used as porogen. 
These results can be attributed to the strong interaction of the 
phenol groups of BPA with two pyridyl groups by hydrogen 
bonding in apolar media during the pre-arrangement step of 
polymer preparation as suggested previously [21]. However, 
the results suggest that interaction BPA-MAA is not strong 
enough (even using toluene as porogen) to allow the creation 
of imprinted sites. 

Table 4. Percentage of BPA Removed with 1 mL of Acetoni-

trile from Polymers After Incubation for 24 h at 

Room Temperature
* 

 

Control Polymer % Removed Imprinted Polymer % Removed 

CP4 35.7 MIP4 34.0 

CP5 39.3 MIP5 40.6 

CP6 37.2 MIP6 35.8 

CP7 15.6 MIP7 17.3 

CP8 14.4 MIP8 13.0 

CP9 13.8 MIP9 13.2 

CP10 77.4 MIP10 47.3 

CP11 57.2 MIP11 45.1 

CP12 47.2 MIP12 35.2 

*Polymers were previously incubated with 1 ml of BPA standard solution (1mg.l-1) in 
acetonitrile for 18 h at room temperature. 

 

 Besides this, the better performance of the TRIM-based 
polymers suggests a better accessibility of BPA to the bind-
ing sites likely due to the higher degree of cross-linking 
provided by TRIM. From these results, it is clear that the 
cross-linker is a key element in the preparation of MIPs. 
Thus, the imprinted polymer MIP10 (based on the combina-
tion of 4-VP as functional monomer, TRIM as cross-linker 
and toluene as porogen) was chosen as optimum for prepar-
ing the MIP on a large scale for subsequent experiments. 

 It is important to stress that the preparation and evalua-
tion of the 24 polymers were performed in only 5 working 
days. If traditional methodologies of preparing MIPs in large 
scale had been followed, no less than 30 working days would 
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have been necessary to perform polymer synthesis and the 
corresponding evaluation. In this regard, it is evident that the 
use of a combinatorial approach reduced to a large extent the 
time devoted to synthesis and evaluation of MIPs. 

Optimisation of MISPE Procedures 

 The aim of this work was the extraction and clean-up of 
BPA from complex samples by a MISPE protocol. As in 
other SPE procedures, the common steps of conditioning, 
sample loading, washing and elution had to be optimised. In 
general, loading solvent is chosen in order to stabilise ana-
lyte-monomer interaction, allowing rebinding of the analyte 
to specific sites, whereas the elution solvent should be opti-
mised taking into account its ability to disrupt such interac-
tion. However, it is also important to point out that the load-
ing solvent has to be optimised in each application in order 
to minimise sample handling and to prevent non-specific 
interactions. Taking these comments into account as well as 
the fact that molecular recognition is often more efficient in 
the solvent used as porogen during polymer preparation, 
toluene, acetonitrile and water were evaluated as loading 
solvents. Table 5 shows the recoveries and breakthrough 
data for BPA obtained during the loading and subsequent 
washing steps of 1mL of a solution of BPA (1 mg/L) in the 
different solvents assayed both onto the imprinted and con-
trolled polymers. According to these results, the amount of 
BPA remaining bound to the MIP after the corresponding 
washing steps is always higher than that bound to the CP. 
Thus, it is clear that selective molecular recognition takes 
place regardless of the solvent used during the loading step. 
However, the amount of non-specific interactions is depend-
ent on the loading solvent and such interactions are more 
important if water is used. It seems clear that the extraction 
of BPA from water is predominantly dominated by hydro-
phobic interactions which are partially disrupted by acetoni-
trile (Washing 2 in Table 5) in CP, whereas BPA remains 
bound to the MIP to a larger extent. This result demonstrates 
that analyte is able to diffuse from non-specific locations to 
the imprinted sites by a solvent switch in the MIP and opens 
the possibility of direct MISPE of BPA from aqueous canned 
food samples. On the other hand, as expected, BPA is 
strongly retained mostly through specific interactions in both 
toluene and acetonitrile since BPA-4-VP interactions are 
clearly stabilised in such media. However, the use of toluene 
required the inclusion of long drying steps in order to re-
move toluene traces completely that otherwise disrupted the 
final detection of BPA. Subsequently, toluene was discarded 

and acetonitrile was selected for the MISPE of BPA from 
soil sample extracts. 

 Once the loading and washing conditions were estab-
lished, it was necessary to find out the optimum elution con-
ditions to allow quantitative elution of BPA. Accordingly, 
methanol, acetonitrile/acetic acid, methanol/acetic acid, 
acetonitrile/ethanolamine, and methanol/ethanolamine were 
evaluated for their ability to disrupt BPA-4-VP interactions 
present in the MIP. In this study, it was observed that only 
those mixtures with ethanolamine in their composition were 
able to quantitatively elute BPA. However, only a 2 % solu-
tion of ethanolamine in methanol was able to elute BPA in a 
low volume of elution solvent (4 mL) preventing further 
sample dilution. Any attempt to reduce the elution volume 
by increasing the amount of ethanolamine in the mixture was 
unsuccessful, and thus the above mentioned mixture was 
chosen as optimum for subsequent studies. 

MISPE of BPA from Different Samples 

 As stated above, one of the objectives of this study was 
the evaluation of a MISPE procedure for the extraction of 
BPA from both environmental and food samples due to the 
environmental and health risk associated with the wide-
spread use of BPA. Subsequently, the developed MISPE 
procedures were evaluated for the cleanup of soil sample 
extracts (organic media) and canned peas and olives (aque-
ous media) at low concentration levels. 

 Fig. 1 shows the chromatograms obtained with and with-
out MISPE of spiked (40 ng/g) soil sample extracts. As can 
be observed, the detection of BPA without clean-up is not 
possible due to interferences appearing in the chroma-
tograms which produced serious signal suppression at the 
retention time of BPA. However, BPA was quantitatively 
recovered (80 ± 12 %, n = 3) and easily determined free of 
co-extractives at a very low concentration level after clean-
up of sample extracts by the proposed MISPE procedure. 
Based on this preliminary evaluation, it seems clear that the 
developed MISPE procedure is an appropriate method for 
the selective monitoring of BPA in soil samples at low con-
centration levels. 

 In parallel, the imprinted polymer was also evaluated for 
the extraction of BPA from aqueous canned foods by the 
developed MISPE procedure for the analysis of aqueous 
samples. Fig. 2 shows the chromatograms obtained with and 
without MISPE of spiked aqueous phase sample in contact 

Table 5. Recoveries of BPA (1 g) Obtained in the Breakthrough and Washing Fractions in Both Imprinted and Control Polymers 

Regarding the Used Loading Solvent 

 

Recovery (%) 

Control Polymer Imprinted Polymer Loading Solvent 

Breakthrough Washing 1
a
 Washing 2

b
 % Bound Breakthrough Washing 1

a
 Washing 2

b
 % Bound 

Toluene 6 16 65 13 n.d.c 2 10.9 87.1 

Acetonitrile 6.5 71 --- 22.5 3.2 21 --- 75.8 

Water n.d.c 0.6 39.8 59.6 n.d.c n.d.c 18.9 81.1 

aWashing 1 was performed with 5 ml of the same solvent used for loading. 
bWashing 2 was performed with 5 ml of acetonitrile. 
cnot detected. 
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with canned peas. It can be easily observed that the huge 
peak appearing at the beginning of the chromatogram with-
out MISPE is almost completely eliminated after clean-up 
allowing BPA to be recovered (78 ± 10%, n = 3) and deter-
mined at a concentration of 1 mg/kg, which is 3 times lower 
than the SML established by the European Union [3]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (1). LC-FLD chromatograms obtained without (dotted line) 

and with (solid line) MISPE of soil sample extracts spiked with 

BPA (40 ng/g). Arrow indicates the peak corresponding to BPA. 

Chromatographic conditions were as given in the Experimental 

section. 

CONCLUSIONS 

 In this work, the potential of combinatorial chemistry for 
the optimisation of MIP formulations has been demonstrated 
resulting in the selection of a 4-VP-TRIM-based imprinted 
polymer as optimum for the extraction and clean-up of BPA 
from complex samples. The developed MISPE protocols 
were applied successfully to the selective extraction of BPA 
from soils and aqueous canned peas prior to its final deter-
mination by HPLC with fluorescence detection at low con-
centration levels. Consequently, further research is underway 
in our laboratory in order to extend the field of application of 
the proposed methodology to other complex samples as well 
as to BPA derivatives. 
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Fig. (2). LC-FLD chromatograms without and with MISPE of 

canned peas spiked with BPA (1 mg/kg). Graph insert shows the 

same chromatograms with different scale. Chromatographic condi-

tions were as given in the Experimental section. 
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