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Abstract An approach using systematic component opti-
mization for the formation of a molecularly imprinted
polymer (MIP) has been adopted to imprint albumin. The
result was a copolymer comprising 3-dimethylaminopropyl
methacrylate and pentaerythritol tetraacrylate in a mole
ratio of 1 to 11. Myoglobin was used in competitive re-
binding experiments to compete with the polymer’s native
template. The effects of monomer to crosslinker mole ratio,
polymerization temperature and time were investigated.
These results also showed that the MIP possessed a high
selectivity and adsorption capacity with respect to albumin
in competitive binding protocols when the interfering
species was also present in solution. Polymerization temper-
ature and time were all shown to have significant effects on
the resulting albumin-MIP’s performance. Additionally,
higher polymerization temperatures (> 38°C) and extended
polymerization times (> 48 h) increased monomer conver-
sion as determined by HPLC, but decreased the selectivity
and adsorption capacity of the MIP.
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Introduction

In recent decades, molecularly imprinted polymers (MIPs)
have shown potential applications in many fields, such as
sensor design [1-5], chromatograpic separation [6] and
catalysis [7, 8]. Because of their easy synthesis, stronger
mechanical properties and high selectivities MIPs are poten-
tially useful candidates for many applications. For example, in
sensor fabrication, the selectivity of the prepared sensor relies
on the recognition element in the sensor device to selectively
“catch” the analyte. How to fabricate a recognition element
that posses both high selectivity and sensitivity is a key design
consideration in sensor fabrication. This is especially true for
biosensors, because the antibodies commonly used as
recognition elements are labile, the use of stable MIPs as
substitute recognition agents is a potential solution [9].

The concept underlying MIP formation is the incorpo-
ration of functional monomers into a copolymer to generate
interactions with the template molecule present in the pre-
polymerization solution. The template molecule is subse-
quently removed, leaving complimentary cavities, which
have high re-binding selectivity with respect to the template
molecule. The MIP’s recognition ability is attributed to its
cavities molecular sizes, shapes and chemical functionalities,
which enhance selective adsorption.

The type, and mole ratios, of the monomers and
crosslinker used to synthesize the MIP can affect the
polymer’s performance; due, at least in part, to the resulting
stronger or weaker interactions generated between the
template molecule and the monomer [10, 11].

In biological systems, molecular recognition process
takes place in aqueous media; therefore, it was our aim to
synthesize MIPs that can function in this environment [12].
As MIPs are commonly synthesized with organic reagents,
it is reasonable to assume that the conformation of protein
templates will change if we replace the aqueous media with
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an organic solution. Additionally, biological molecules
(proteins or peptides) are difficult to dissolve in the organic
reagents, this decreases the number of generated cavities
and reduces the adsorption ability of the prepared MIPs.
We have developed several procedures for imprinting
bio-molecules such as: myoglobin, bilirubin, ribonuclease
A and lysozyme [13—-16]. Here, we introduce a new
method for the preparation of an albumin imprinted
polymer using an organic/aqueous mixed media system.
We used bovine serum albumin (BSA) as the template
molecule, [3-(Dimethylamino) propyl] methacrylamide
(DMAPMA) as the functional monomer, pentaerythritol
tetraacrylate (PETTA) as the crosslinker, cumene hydroper-
oxide (CHP) and tetramethylethylenediamine (TMEDA) as a
redox initiation pair in this organic/ aqueous synthesis system.
We have previously shown that the introduction of a small
amount of water into the pre-polymerization solution facili-
tates the generation of MIPs with excellent recognition and
selectivity characteristics [17]. In this paper, we focus on the
effect that the structural rigidity of the synthesized polymer
has on the selective re-adsorption of the template molecule.

Experimental
Chemicals

Bovine serum albumin (BSA), Applichem (Cheshire, CT,
USA); myoglobin, Sigma (St. Louis, MO, USA); 3-
dimethylaminopropyl methacrylamide (DMAPMA), Rohm
GmbH (Darmstadt, Germany); pentaerythritol tetraacrylate
(PETTA), Aldrich (St. Louis, MO, USA); cumene hydro-
peroxide (CHP) and tetramethyl ethylenediamine
(TMEDA), Fluka (Buchs, Switzerland); trifluoroacetic acid
(TFA), J.T. Baker (Phillipsburg, NJ, USA); methanol and
acetonitrile, Mallinckrodt Baker (Phillipsburg, NJ, USA)
were used as received. The water was deionized with a
resistance > 18.2 MQ).

The water content titration reagents used were: Hydranal-
coulomat CG and Hydranal-coulomat A, Riedel-deHaen
(Buchs, SG, Switzerland).

Apparatus

The HPLC comprised a Shimadzu LC-10AT pump (Kyoto,
Japan); SPD-10A detector, SIL-10 AD auto sampler, C-R8A
recorder and Phenomenex Jupiter Su C18 300A column
(Torrance, CA, USA). A planetary micro mill, Fritsch
(Idar-Oberstein, Germany); and All basic analysis mill
IKA" (Wilmington, NC, USA); were used to control the
particle size of the MIP. The water content was confirmed
by Karl Fischer coulometry, AQUATEST™ (Minneapolis,
MN, USA).
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HPLC analysis

We used HPLC to determine the adsorbed amount of each
protein and the extent of conversion of the monomer.
HPLC analysis was performed with a constant flow rate of
1.0 mL min' at ambient temperature and monitored by UV
detection at 277 nm. The column was washed with 0.1%
TFA,q) until a stable baseline was achieved. Then, 100 uL
of sample was injected into the system. The amount of each
protein or monomer in the aqueous solution was determined
with a gradient elution, performed using water and
acetonitrile both containing 0.1% TFA. Initially, the elutant
was 100% aqueous this being reduced by gradient to 55%
at 20 min with a total analysis time of 35 min.

Preparation of MIP and NIP

In brief, an MIP having a monomer to crosslinker ratio of
0.09 was prepared as follows: 0.039 g BSA was dissolved in
0.383 g water then 7.966 g DMAPMA was added to form an
aqueous DMAPMA-BSA solution. The water content of the
solution was adjusted to 6.04%—determined by Karl Fischer
coulometry. [Because the DMAPMA monomer is hygro-
scopic, the water content of DMAPMA-BSA-water mixture
cannot easily be estimated by calculation]. The water content
was defined as: [the mass of H,O (g) / the mass of the
DMAPMA-BSA-water complex (g)] * 100%. The adjusted
DMAPMA-BSA-water mixture solution 0.109 g was added
to a test tube containing 2.689 g PETTA with mixing to
give a homogeneous solution then CHP (0.028 g) and
TMEDA (0.028 g) were added to form a clear, aggregate
free homogenous solution. This test tube was capped and
immersed in a temperature-controlled water bath main-
tained at (25+£0.5°C) for 30 min, after which it was
immersed in a water bath maintained at 38+0.5°C, in a
reactor that was continuously purged with N,. After 48 h,
the opaque and ‘stiff” polymer bulk solid was ground and
sieved. The synthesis of the NIP (i.e. control polymer) was
similar to the MIP except for the absence of the template.

Extraction of the template and un-reacted chemicals

The BSA molecules and un-reacted chemicals in the MIP were
removed by Soxhlet extraction with methanol (48 h). The MIP
particles were transferred to a vacuum oven (60+0.1°C) for
24 h to remove any residual solvent.

Recovery of BSA and conversion of monomer

The un-extracted MIP 0.210 g and 2 mL water were added to
a 10 mL sample vial, and then immersed in a temperature-
controlled water bath maintained at (25+0.1°C). After 48 h,
this MIP-water mixture was centrifuged (7,000 rpmx
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10 min). Then the supernatant was collected and injected in
to the HPLC to measure the concentration of extracted BSA
and un-reacted DMAPMA in the supernatant.

Determination of the saturation adsorption time of MIP

The MIP particles (0.193 g) were dropped into a sample
vial containing 10 mL BSA solution (4x10"*g mL™"), and
immersed in a water bath maintained at (25+0.1°C). The
supernatant of this MIP-BSA mixture was sampled period-
ically to examine the residual concentration of albumin.
This testing procedure was repeated until there was no
further albumin concentration change.

Adsorption test of MIP

The re-binding ability of the MIP was estimated with an
adsorption test. MIP (0.062 g) was dispersed in 2 mL
mixed protein solution at 25+0.1°C. After 3 h, this MIP-
protein solution mixture was centrifuged (7,000 rpmx
10 min) and then the supernatant was collected to measure
the concentration changes of albumin and the competing
proteins.

Results and discussion

In this study, we used a simple bulk polymerization method
to synthesize the MIP. These chosen chemicals and the
optimal water content (6.04%) were obtained from former
experimental data [17]. Some studies have focused on the
solvent effect with respect to the selectivity of the resulting
MIP [18-21]. The selection of the functional monomer, in
the context of the solvent system used, is crucial for
successfully imprinting the target molecule. For example, a
Boc-L-Trp MIP, prepared using acetonitrile as the porogenic
solvent, showed good selectivity when an acetonitrile-based
adsorption solution was used, however with chloroform
instead of the acetonitrile in the adsorption solution, no
selectivity was observed [21]. This indicates that the
conformation of the molecule is affected by the surrounding
environment. Therefore the re-binding media surrounding
the template should ideally be similar to the solution when
the imprint of the template was originally formed. As we
used BSA (a bio-macromolecule) as the template, we
therefore chose water as the imprinting medium [17]. The
selectivity and adsorption capacity of the synthesized MIP
is dependent on the polymerization conditions, e.g. the
reaction temperature: where a lower temperature typically
gives a polymer with higher selectivity [22]. The redox
initiation pair used generates free radicals at low reaction
temperatures due to the low initiator-decomposition free
energy. Previously, we have used TEGDMA, which has a

linear, flexible molecular structure as a crosslinker to
successfully synthesize a BSA imprinted MIP [17], but in
this research we chose the relatively rigid PETTA as the
crosslinker instead of TEGDMA. We wanted to discover
the effect of the crosslinker on the resulting MIP. The
molecular structures of PETTA and TEGDMA are shown
in Table 2. We assumed that the polymer synthesized with
PETTA would have a higher degree of crosslinking,
resulting in a more rigid structure than a polymer similarly
made with TEGDMA, given the same mole ratio of
crosslinker to monomer and reaction conditions.

Determination of the saturation adsorption time of MIP

The uptake of the template protein (BSA) by the MIP is shown
in Fig. 1. This shows that the adsorption, of the protein, from
a total volume of 10 mL containing 4x10*g mL™' BSA
using 0.193 g MIP, reaches maximum adsorption after 2 h
incubation. A 3 h standard sampling time after the
commencement of adsorption was used as a standard to
ascertain the adsorption capacity of the MIP, which from the
graph is shown to be 4.961 mg protein g MIP™".

Recovery of BSA from the resulted MIP

We determined the recovery of BSA to be about 36.64%
(0.013 mg), the equation of recovery is defined as: [the
mass of BSA extracted from the MIP (mg) / total mass of
BSA in the MIP (mg)]* 100%.

Adsorption amount of BSA by MIP (mg protein/ g MIP)

T T T T T T T T T T T T 1
0 1 2 3 4 5 6
Adsorption time (hr)

Fig. 1 Adsorption isotherm of MIP. Polymerization conditions:
DMAPMA: PETTA=1: 11, water content of monomer complex:
6.04%, polymerization time: 48 h, polymerization temperature: 38+
0.5°C, concentration of BSA: 0.46% and initiator concentration: CHP/
TMEDA: 0.1/ 0.1%. Test condition: adsorption temp.: 25+0.1°C,
particle size: 0.105-0.149 mm and concentration of BSA:
0.4 mg mL™
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Fig. 2 The effect of crosslinker mole ratio on the selectivity of MIP.
Water content of monomer complex: 6.04%, polymerization time:
48 h, polymerization temperature: 38+0.5°C, concentration of BSA:
0.46% and initiator concentration: CHP/ TMEDA: 0.1/ 0.1%. Test
condition: adsorption temp.: 25+0.1°C, adsorption time: 3 h, particle
size: 0.105-0.149 mm, concentration of each protein in the protein
mixture solution: 0.4 mg mL™"

We removed the BSA molecule from the 3D net-work of
the MIP with water, which has very high solvation ability
toward to BSA, using an extended extraction time (48 h).
The experimental data show the BSA was not all removed
from the 3D network of the MIP, i.e. there remained about
63.36% (0.022 mg BSA) in the interior of the MIP. The
micro-structure of the MIP is constructed with many 3D
networks that link the monomer and crosslinker molecules
and thereby cause a large mass transfer resistance to any
molecule. Therefore a BSA molecule in a position far away
from the surface region is hard to extract making the
recovery of BSA from the MIP<100%.

The effect of crosslinker mole ratio on the selectivity
of MIP

Figure 2 indicates the relationship between the selectivity of
the MIP and the mole ratio of monomer to crosslinker. The
results show that the maximum selectivity of the MIP
appeared at a 0.09 mole ratio of monomer to crosslinker,
which shows 93.56% selectivity for the MIP and an uptake
of 3.393 mg g-MIP'. The equation of selectivity of MIP is
defined as: [mass (g) of target protein adsorbed / total mass
(g) of all proteins adsorbed] x 100%. The main topic of this
paper is the role of the crosslinker in MIP synthesis,
especially the effect of crosslinker structure on the MIP.
Myoglobin, another mammalian protein, was chosen as a
competitor to evaluate our MIP’s performance as it has a pl
value of 6.8 and a negative charge in pH7.0 media. This
value gives it essentially similar electrostatic properties in
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solution to BSA (pl 4.9). The molecular weight of
myoglobin is 17.0 KD, which is smaller than that of BSA
i.e. 68 KD giving myoglobin a better mass transfer ability.
These properties make myoglobin a suitable candidate as a
competitor in these experiments. The results show that the
selectivity of the synthesized MIP toward to BSA and
myoglobin are 93.56% and 6.44% respectively. A polymer
optimized with a 0.09 mole ratio of monomer to crosslinker
gave the highest selectivity toward to BSA.

Comparison of MIP and NIP

Adsorption capacity comparisons of the MIP and the NIP
are shown in Table 1. This shows that the adsorption
capacity of the NIP to BSA and myoglobin was 1.980 and
0.388 mg g NIP ™', respectively. Under the same conditions
the adsorption capacity of the MIP with respect to BSA and
myoglobin was 3.393 and 0.234 mg g MIP ", respectively.
According to these data, the adsorption density of BSA
imprinted polymer is about 1.714 times that of the NIP.
Additionally, the BSA selectivity of the MIP, i.e. 93.56%, is
also higher than the selectivity of the NIP, 83.60%. The
selectivity of the MIP is thought to be due to the shape of
the BSA imprinted cavities, which can bind BSA but not
myoglobin i.e., the conformational differences between the
two molecules are responsible for the selectivity of MIP.
Since there are no BSA recognition sites in the NIP, the
adsorption of protein to the NIP is entirely non-specific.

The effect of polymerization time and synthesis temperature
on the adsorption capacity, selectivity and conversion
of monomer

Figures 3 to 6 show the relationships between the
polymerization time, conversion of monomer, selectivity
and adsorption capacity of the resulting MIP at different
temperatures. All data shown in Figs. 3 and 4 represents the

Table 1 Comparison of MIP and NIP made with DMAPMA and
PETTA

Selectivity of
polymer (%)

Adsorption amount
of BSA by polymer
(mg-BSA g-MIP™)

Adsorption amount of
myoglobin by polymer
(mg-myoglobin g-MIP™")

MIP 93.56
NIP 83.60

3.393
1.980

0.234
0.388

Polymerization conditions: DMAPMA: PETTA=1: 11, water content
of monomer complex: 6.04%, polymerization time: 48 h, polymeri-
zation temperature: 38+0.5°C and initiator concentration: CHP/
TMEDA: 0.1/ 0.1%

Test condition: adsorption temp.: 25+0.1°C, particle size: 0.105-
0.149 mm, concentration of each protein in the protein mixture
solution: 0.4 mg mL™"
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Fig. 3 Effect of polymerization time on the adsorption amount of BSA
and selectivity of MIP under 38°C of polymerization temperature.
Polymerization conditions: DMAPMA: PETTA=1: 11, water content
of monomer complex: 6.04%, polymerization temperature: 38+0.5°C,
concentration of BSA: 0.46% and initiator concentration: CHP/
TMEDA: 0.1/ 0.1%. Test condition: adsorption temp.: 25+0.1°C,
adsorption time: 3 h, particle size: 0.105-0.149 mm, concentration of
each protein in the protein mixture solution: 0.4 mg mL ™'

MIP, which was synthesized at a set temperature of 38°C,
while Figs. 5 and 6 show results with the MIP synthesized
at 68°C. The conformation of the BSA is strongly affected
by the temperature. In using polymerization temperatures of
38 and 68°C we assumed the protein’s conformation would
change in a stable manner. At higher temperatures amino
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Fig. 4 Effect of polymerization time on the adsorption amount of
BSA and conversion of monomer of the MIP under 38°C of
polymerization temperature. Polymerization conditions: DMAPMA:
PETTA=1: 11, water content of monomer complex: 6.04%, polymer-
ization temperature: 38+0.5°C, concentration of BSA: 0.46% and
initiator concentration: CHP/ TMEDA: 0.1/ 0.1%. Test condition:
adsorption temp.: 2540.1°C, adsorption time: 3 h, particle size:
0.105-0.149 mm, concentration of each protein in the protein mixture
solution: 0.4 mg mL ™', the adsorption test was used 0.06 g dried,
extracted MIP particles and 0.2 g un-extracted MIP particles was
applied to the conversion of monomer measuring

Polymerization time (hr)

Fig. 5 Effect of polymerization time on the adsorption amount of BSA
and selectivity of MIP under 68°C of polymerization temperature.
Polymerization conditions: DMAPMA: PETTA=1: 11, water content
of monomer complex: 6.04%, polymerization temperature: 68+0.5°C,
concentration of BSA: 0.46% and initiator concentration: CHP/
TMEDA: 0.1/ 0.1%. Test condition: adsorption temp.: 25+0.1°C,
adsorption time: 3 h, particle size: 0.105-0.149 mm, concentration of
each protein in the protein mixture solution: 0.4 mg mL ™"

acids in the primarily structure of proteins have more
mobility than that at lower temperatures. The degree of
conformation changing of the molecule can be observed by
measuring the proportional changing of the «-helical and
[3-structures, which exist in the secondary structures of
proteins[23]. Previous research indicated that BSA would
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Fig. 6 Effect of polymerization time on the adsorption amount of
BSA and conversion of monomer of the MIP under 68°C of
polymerization temperature. Polymerization conditions: DMAPMA:
PETTA=1: 11, water content of monomer complex: 6.04%, polymer-
ization temperature: 68+0.5°C, concentration of BSA: 0.46% and
initiator concentration: CHP/ TMEDA: 0.1/ 0.1%. Test condition:
adsorption temp.: 2540.1°C, adsorption time: 3 h, particle size:
0.105-0.149 mm, concentration of each protein in the protein mixture
solution: 0.4 mg mL ™', the adsorption test was used 0.06 g dried,
extracted MIP particles and 0.2 g un-extracted MIP particles was
applied to the conversion of monomer measuring
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totally denature at temperatures >68°C and generate an
almost constant proportion ofx-helical and (3-structures
under 40°C. Accordingly, we chose the temperatures 38
and 68°C as our synthetic temperatures to give us the most
contrastive, stable molecular conformations without any
unstable or transitional conformations. In Fig. 3, the results
indicate the polymerization time is inversely proportional to
the adsorption capacity of the MIP, i.e. from 24 to 60 h
adsorption capacity decreased from 4.472 mg g-MIP' to
3.228 mg g-MIP™'. However, the increased polymerization
time leads to an increased conversion of monomer (from
44.77% to 56.35%) shown in Fig. 4. The polymerization
time is inversely proportional to the adsorption capacity of
the MIP from 24 to 60 h. This may be explained as follows;
the shape of the cavities that are created becomes more
defined with increasing polymerization time i.e., the
increasing conversion of monomer increases the selectivity
of the MIP but it also makes the mass transfer resistance
gradually become larger and causes a decrease in adsorp-
tion. Thus, the most structurally complementary micro-
structure with respect to the template may not be ideal for
macromolecular imprinting due to the mass transfer
problem. We observed the highest selectivity of the MIP
(93.56%) to appear at 48 h polymerization time, and then
decreased as the polymerization time increased.

The experimental data shown in Figs. 5 and 6 are for the
MIP synthesized at 68°C. According to these data, we can
see the higher polymerization temperature results in a
conversion of monomer higher than when carried out at 38°C
(average value~69.24%). But the larger resistance generated
by increasing monomer conversion makes the adsorbed
amount of the MIP quite low (the variation of the
adsorption amount of MIP are from 0.720 mg g-MIP ! to
0.468 mg g-MIP "' during the period of polymerization time
24 to 60 h). Due to the BSA denaturation at 68°C, which
was the synthesis temperature of this MIP, the resulting
imprinted polymer was almost without any selectivity toward
the template molecule. All the results mentioned above were
found with an adsorption temperature of 25°C.

Here, we also compared the experimental data from a
MIP synthesis system which employed DMAPMA and
TEGDMA as the functional monomer and crosslinker,
respectively [17] these data are shown in Table 2. According
to the former experimental data, the crosslinker TEGDMA
can make a resulting polymer, which has higher adsorption
ability and selectivity of MIP than that with PETTA. The
molecular structures of TEGDMA and PETTA are quite
different: TEGDMA has a flexible main chain which has
high freedom of conformation, but the PETTA instead has a
more rigid chain which has low freedom of conformation.
Comparing these data, we may deduce that the crosslinker
which has linearly structure is more suitable for macromo-
lecular imprinting. The interactions generated between
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Table 2 Comparison of MIP made with different kind of crosslinker
under the same polymerization time and temperature

Kind of crosslinker Selectivity ~ Adsorption Conversion of
of MIP (%) amount of monomer (%)
BSA by MIP
(mg-BSA
g-MIP )
o o 93.56 3.393 55.9
Hzcyko 0)1\70142
Hch\n)o OY‘\‘CHz
o o
PETTA
o o 98.67 6.020 232
HzC {r\/ol\ﬁ CH,
o (o
TEGDMA

Polymerization conditions: Water content of monomer complex:
6.04%, polymerization time: 48 h, polymerization temperature: 38+
0.5°C and initiator concentration: CHP/ TMEDA: 0.1/ 0.1%

Test condition: adsorption temp.: 25+0.1°C, particle size: 0.105-
0.149 mm, concentration of each protein in the protein mixture
solution: 0.4 mg mL ™"

functional monomer and template molecule are constructed
with Van der Waals forces and the electrostatic force. The
differences caused by using different kinds of crosslinkers
can contribute to the amount of the generated Van der Waals
forces between the monomer, or crosslinker, and the
template, but the major component in the MIP synthesis
system is the crosslinker. TEGDMA, which has a flexible
main chain can easily change its conformation to match the
template molecule but PETTA, which has a more rigid main
chain structure cannot adapt in a similar manner. Therefore,
the linearly structured crosslinker can assemble with the
BSA in the polymerization solution in a way determined by
the relatively strong Van der Waals forces, between the
template and the crosslinker, to create the desired conforma-
tional structure of the imprinted cavities [24].

Whereas, previous studies have tended to emphasize
functional monomer selection, our results clearly show that
the polymerization conditions need to be optimized for all
the MIP’s components and that with proteins the choice of
crosslinker is especially important as a determinant of the
template’s transport function into and out of the polymer.

Conclusions

An albumin imprinted MIP was successfully synthesized
using DMAPMA-PETTA as the functional monomer and
crosslinker respectively. The results show that the synthe-
sized MIP possesses both a high selectivity and adsorption
capacity with respect to albumin, in comparison to our
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chosen competing protein. The polymerization temperature
and the time allowed for polymerization were shown to
have a significant effect on the resulting albumin imprinted
MIP’s performance. Also of interest is the observation, that
having optimized the preparation conditions for our chosen
template, the polymer’s affinity for the competing protein
was minimal. Higher polymerization temperatures (>38°C)
and extended polymerization times (>48 h) increased
monomer conversion but decreased the selectivity and
adsorption capacity of the MIP. Our optimized MIP with
93.56% selectivity and 3.393 mg g-MIP™' adsorption
capacity was obtained with the following polymerization
conditions: 0.09 mole ratio of monomer to crosslinker,
6.04 wt% water content of monomer complex, 48 h of
polymerization time, polymerization at 38°C and 0.46%
albumin in the pre-polymerization monomer complex.
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