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ABSTRACT: Protein imprinting in hydrogels is one approach
for developing artificial receptors capable of specific recognition
and binding of a target molecule. Through selection of mono-
mers with side groups that can interact with the target protein and
control over the degree of cross-linking, the architecture and spatial
distribution of interaction points can be optimized for a target
protein. Here we report on the imprinting of polyacrylamide-
based hydrogels with maltose binding protein (MBP). To design
the optimum architecture, we analyze the distribution of surface
amino acid residues on the protein surface. We show that the selectivity of MBP recognition is increased by incorporating
monomers that can introduce sites for hydrogen bonding, hydrophilic interactions, and electrostatic interactions. MBP-imprinted
films showed high specificity and could discriminate between reference proteins with similar molecular weight, dimensions, and
isoelectric point.
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B INTRODUCTION

Molecularly imprinted polymers (MIPs) provide the means
for designing and developing artificial receptors cagable of
specific recognition and binding of a target molecule." > Molec-
ular imprinting is an approach that involves formation of a
recognition site or binding pocket at the surface or inside a
polymer matrix (e.g, thin film or particles) by incorporating
functional monomers with side groups that can interact with the
target molecule. After polymerization, the template molecule is
removed from the polymeric matrix, leaving recognition sites
that are complementary in shape, size, and spatial distribution of
functional groups to the target. Because of their stability and low
cost, molecularly imprinted polzmers have been explored for
applications in chromatography,” drug delivery,®® targeting,”'°
and sensors.""

Recognition of proteins using molecular imprinting is parti-
cularly challenging due to their size and structural complexity;
however, there is growing interest in producing artificial anti-
bodies for high throughput diagnostics and sensing.13716 Much
of the work in this field has been based on the use of poly-
acrylamide hydrogels.'” > Polyacrylamide gels are widely used
for protein separations and are biocompatible. Copolymers
incorporating monomers with charged side groups have also
been investigated.”* >’

The key issue in designing polymers for protein imprinting is
to find the optimum monomer composition that will interact
with the target protein with high affinity. Side groups that
introduce sites for hydrogen bonding, hydrophobic interactions,
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and electrostatic interactions are most often investigated; how-
ever, experimentally, the monomers are usually selected empiri-
cally without any correlation to the protein structure. Here we
present a study of protein imprinting based on analysis of the
protein structure. Maltose binding protein (MBP) was selected
as the template protein. MBP is a relatively small 41 kDa protein
approximately 3 X 4 X 6.5 nm in size with surface residues
capable of both hydrogen bonding interactions and hydropho-
bic interactions. MBP is negatively charged with a pI of 5.22 but
has both positively and negatively charged surface residues.
Through analysis of the surface residues we selected functional
monomers to introduce hydrogen bonding, hydrophobic, and
electrostatic interaction points into the protein recognition sites.
The binding affinity of the template protein was characterized as
afunction of the composition of the hydrogel. We found that the
optimal monomer composition for MBP imprinting contains
48% hydrogen bonding monomer (AAm), 48% hydrophobic
monomer (NIPAm), 1% negatively charged monomer (MAA),
and 1% positively charged monomer (DMAPMA).

B EXPERIMENTAL SECTION

Materials. N-Isopropylacrylamide (NIPAm), acrylamide (AAm),
methacrylic acid (MAA), N-[3-(dimethylamino)propyl]methacrylamide
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Table 1. Composition of Polymer Films: (AAm) Acrylamide,
(NIPAm) N-Isopropylacrylamide, (DMAPMA)
N-[3-(Dimethylamino)propyl]methacrylamide, (MAA)
Methacrylic Acid, and (MBA) N,N-Methylenebisacrylamide

composition (mol %)

polymer AAm NIPAm DMAPMA MAA MBA

1 98 0 0 0 2
2 78 20 0 0 2
3 49 49 0 0 2
4 20 78 0 0 2
S 0 98 0 0 2
6 48.5 48.5 1 0 2
7 48.5 48.5 0 1 2
8 48 48 1 1 2

(DMAPMA), N,N-methylenebis(acrylamide) (MBA), ammonium persul-
fate, N,N,N',N''-tetramethylenebis(acrylamide) (TEMED), 3-(trimeth-
oxysilyl)propyl methacrylate, and Tris buffer were obtained from Sigma-
Aldrich. Details of expression and purification of maltose binding protein
(MBP) are provided in the Supporting Information. Bovine serum albumin
(BSA) and ovalbumin (OVA) were obtained from Sigma. Proteinase K was
purchased from New England BioLabs. All chemicals were used as received.
All experiments were performed using ultrapure water (MilliPore).

Preparation of Molecularly Imprinted Polymer (MIP)
Films. Microscope glass slides (1.5 em X 1.5 cm, Fisher Scientific)
were cleaned with piranha solution for 30 min, washed with deionized
water, and dried under nitrogen. To improve polymer adhesion, the slides
were modified by silanization. After incubation in 3-(trimethoxysilyl)-
propyl methacrylate (1%) in toluene overnight at room temperature, the
slides were sequentially washed with toluene and water and then dried at
115 °C for 1 h. The silane-modified glass slides were stored under
nitrogen at room temperature.

Freshly cleaved mica sheets (1.5 cm X 1.5 cm, grade V-4 from SPI
Supplies) were used to ensure that the top surface of the polymer gels
was flat. Each mica sheet was treated with silane to reduce adhesion to
the gel and facilitate separation after gelation. Mica wafers were
immersed in a solution of PlusOne Repel-Silane ES (GE Healthcare)
for 10 min, sequentially washed with ethanol and water, and then air-
dried.

The proteins MBP, BSA, and OVA were labeled with sulfoindocya-
nine N-hydroxysuccinimidyl ester dye (Cy3-NHS) (GE Healthcare,
Amersham Cy3Mono-Reactive Dye Pack, PA23001) following proce-
dures provided by the manufacturers. The average number of Cy3
molecules per protein molecule was 1, as determined by UV—vis
spectroscopy. Although the Cy3 dye contains two negative charges
and one positive charge, we assume that they do not influence rebinding
since MBP has a large number of surface residues with positive and
negatively charged side groups (see discussion below).

The precursor solution for producing the hydrogel films was prepared
by mixing functional monomers (NIPAm, AAm, MAA, DMAPMA)
along with a cross-linker (MBA) and ammonium persulfate (1 mg per
1 mL) in 10 mM Tris buffer (pH 7) to obtain a total monomer
concentration of 10 wt %. In all cases the total amount of monomers
(including cross-linker) was 1.69 x 10> mol. Subsequently, TEMED
was added to initiate polymerization. The compositions studied here are
summarized in Table 1.

As an example, a nonimprinted polymer with a 1:1 mole ratio of AAm
and NIPAm monomers and 2 mol % cross-linker was prepared as
follows. AAm (8.27 x 10™* mol), NIPAm (8.27 x 10~* mol), MBA
(3.38 x 10° mol), and ammonium persulfate (1 mg per 1 mL) were

mixed in a volume of 10 mM Tris buffer (pH 7) to obtain a total
monomer concentration of 10 wt %. To initiate polymerization, S 4L of
TEMED (6.5% v/v, aqueous solution) was added to S0 uL of precursor
solution and then immediately deposited on a silane-modified glass slide
and covered by a mica wafer. The imprinted polymers (MIPs) were
prepared in the same way by adding MBP labeled with Cy3 (MBP-Cy3)
(1 mg mL " in Tris buffer) to the precursor solution to achieve a final
concentration of 0.5 mg mL ™. Polymerization was conducted at 35 °C
for 3 h. After polymerization, the mica was removed from the surface of
the polymer film on the glass slide by soaking in 10 mM Tris buffer
solution pH 7 for 1.5 h. The buffer solution was analyzed by UV—vis
spectroscopy to verify that no protein was removed from the polymer
during mica separation. The thickness of all imprinted and nonimprinted
films on the glass slides was about 100 #m as measured by profilometer.

MBP-Cy3 was extracted from the polymer film by digestion with
proteinase K (400 g mL ™" in solution containing 100 mM NaCl and
50 mM CaCl,) for 12 h at 40 °C in the dark. The polymer films on the
glass slides were then washed for 30 min in solution containing 10 mM
Tris buffer and 500 mM NaCl to remove the protein fragments and
proteinase K, followed by rinsing with 10 mM Tris buffer to remove
NaCl. Nonimprinted polymers were subjected to the same treatment to
avoid any differences in comparing to the imprinted polymers. Protein
extraction is important since entrapped proteins influence the rebinding
of the imprinted polymers. Proteinase K was selected for its lack of
specificity in cleaving peptide bonds and its ability to break down
proteins to very short peptides.”® Protein removal by incubation in
10% SDS (w/v) in 10% (v/v) acetic acid,*** 5 M urea, digestion with
trypsin and Pronase E did not result in efficient extraction of MBP from
the polymer films.

The affinity of the hydrogel films for the template protein was veri-
fied by rebinding experiments in which imprinted (MIP) and non-
imprinted (NIP) films were incubated in 2.5 mL of MBP-Cy3 solution
(0.5 mg mL ") in Tris buffer pH 7 for 7 h at room temperature in the
dark. The slides were then rinsed with the same buffer prior to
measuring the fluorescence intensity of the films. The same experi-
mental conditions were used during binding of BSA-Cy3 and OVA-Cy3
to polymers imprinted with MBP-Cy3.

The degree of hydration of the hydrogels was determined from
gravimetric measurements of nonimprinted polymers (NIPs) before
and after hydration. A fixed volume of precursor solution containing the
monomers, cross-linker (MBA), and initiators (ammonium persulfate
and TEMED) was placed on a coverslip. After polymerization, the hy-
drogel was dried under vacuum for 24 h and then weighed. The hydrogel
was then incubated in 10 mM Tris buffer pH 7 for 7 h at room tem-
perature in the dark. After removing from the buffer solution, excess
solution was removed, and the hydrogel sample weighed. The swelling
ratio (SR) was determined from (w, — wy)/wq where wy and wq are the
weight of the hydrated and dehydrated polymer, respectively.

After each step (protein imprinting, protein extraction, and protein
rebinding), the films were imaged by fluorescence microscopy using a
Nikon Eclipse ME 600 epifluorescence microscope. IPLab software
(Scanalytics) was used to acquire fluorescence images using a 10X
objective (NA 0.3). Images were collected using a SpotRT 229044
camera with 2 X 2 binning yielding 1600 X 1200 pixels. For measuring
Cy3 fluorescence (Ex 550 nm, Em 570 nm) we used a Nikon G-2A filter
cube (Ex $10—560 nm, DM 565 nm, BA 590 nm). The fluorescence of
the imprinted films was measured at 25 ms exposure, and fluorescence of
the films after protein extraction and rebinding was measured at 100 ms
exposure. The average fluorescence intensities (per pixel) of the polymer
films were determined using IPLab software.

Quantitative analysis of protein incorporation into the films was
achieved by measuring the average fluorescence intensity for known
concentrations of MBP-Cy3. The average fluorescence intensity (per
pixel) of different MBP-Cy3 concentrations (0—1 mg mL ') was
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Figure 1. Distribution of amino acid residues on the surface of MBP.

H,C=CH H,C=CH |
HC=CH
O° N-H O" NH

H A 0" oH

Acrylamide  N-isopropylacrylamide Methacrylic acid
(AAmM) (NIPAmM) (MAA)

H,C=CH H,C=CGH  HC=CcH,

o ry/\rg o
H H
N,N-methylenebisacrylamide

0" NH

/7 \

N-[3-(dimethylamino)propyl] methacrylamide
(DMAPMA)

Figure 2. Molecular structure of the monomers used in this study.

determined by pipetting S 4L of the protein solution on a microscope
slide and covering with a circular coverslip (1.13 cm?) such that the
solution was constrained to a fixed height and a fixed area. The
fluorescence intensities were collected with exposure times of 25 and
100 ms and normalized to the intensity at 100 ms exposure for
calibration.

The distribution of solvent-accessible residues on the MBP surface
was analyzed using PISA (Protein Interfaces, Surfaces and Assemblies;
http://www.ebi.ac.uk/msd-srv/prot_int/pistart.html, PDB ID lanf).

B RESULTS AND DISCUSSION

Selective binding of a target protein is dependent on the
composition of the functional monomers in the polymer gel. To
guide selection of the functional monomers that provide the
recognition elements for the protein, we analyzed the distribu-
tion of surface amino acid residues on MBP, based on their
solvent accessible surface area. Figure 1 shows the distribution of
hydrophobic, hydrogen bonding, negatively charged, and posi-
tively charged residues on the surface of MBP. About 24% of the
surface residues are available for hydrogen bonding, and 21%
have the potential to form hydrophobic interactions. Here we
only consider the overall fraction of the residues, not the details
of their distribution. The isoelectric point for MBP is 5.22, and
hence the protein is negatively charged under physiological
conditions. Nonetheless, 22% of the surface residues are nega-
tively charged and 28% positively charged.

On the basis of the surface analysis, we selected the following
monomers to provide interaction sites for the protein (Figure 2):
N-isopropylacrylamide (NIPAm) to introduce sites for hydro-
phobic interaction, acrylamide (AAm) to introduce sites for
hydrogen bonding interactions, the negatively charged monomer
methacrylic acid (MAA), and the positively charged monomer
N-[3-(dimethylamino)propyl] methacrylamide (DMAPMA). In
a series of experiments, we have systematically varied the
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Figure 3. Schematic illustration of synthesis of imprinted polymer films.
A glass slide (a) is modified with a 3-(trimethoxysilyl) propyl methacry-
late silane (b) to improve adhesion of the polymer film. A fixed volume
of precursor solution is placed on the modified glass slide (c) and a mica
wafer placed on top (d) prior to polymerization. Finally, the mica wafer
is removed (e) and the protein extracted (f). (g) Protein extraction and
rebinding.

monomer composition (Table 1) to study the relationship
between the surface properties of the protein and the polymer
composition and to determine the optimum composition to
maximize binding selectivity.

Protein recognition was studied using bulk imprinting in
hydrogel films. The steps involved in preparing the polymer
films are illustrated in Figure 3a—f. Briefly, a fixed volume of
precursor solution containing the monomers, cross-linker
(MBA), initiators (ammonium persulfate and TEMED), and
Cy3-labeled MBP (MBP-Cy3) was placed on a modified glass
slide and covered by a mica wafer to ensure that the surface of the
polymer is flat. After polymerization, the mica was removed and
the protein extracted by digestion with proteinase K (Figure 3g).
The affinity of the imprinted polymer films to MBP was
determined through rebinding experiments.

We first studied recognition with AAm-based polymer films.
In this case, the mechanism of recognition is due to hydrogen
bonding between carbonyl and amide side groups on the
polymer backbone (see Figure 2) and the surface accessible
hydrophilic residues of the MBP that represent about 24% of the
surface. Figure 4a shows fluorescence images of a nonimprinted
films (NIP), an MBP-imprinted polymer film (MIP), and an
imprinted film after digestion of the protein incorporated during
film formation and subsequent exposure to MBP-Cy3 solution
for 7 h. The imprinted film (MIP) shows bright fluorescence due
to the incorporation of MBP-Cy3 (0.5 mg mL ") during film
formation. After protein extraction, about 98% of the MBP-Cy3
was removed from the film. Rebinding experiments were per-
formed by exposing these MBP-imprinted films to fresh MBP-
Cy3 solution (0.5 mg mL™'). The rebinding of MBP-Cy3
resulted in an increase in fluorescence compared to the imprinted
film after protein extraction. The amount of protein in the film
was determined quantitatively using fluorescence microscopy.

Figure 4b shows the fluorescence intensity versus MBP-Cy3
concentration in solution. From the calibration curve, we can
convert the fluorescence intensity from the polymer films to a
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Figure 4. Protein recognition in polyacrylamide (pAAm) hydrogels.
(a) Representative fluorescence images (1192 um X 894 um) of a
nonimprinted polymer (NIP), a polymer film after imprinting (MIP),
and an imprinted film after protein extraction and rebinding (MBP
rebinding). These images illustrate that protein incorporation, extrac-
tion, and rebinding are uniform. (b) Calibration curve of fluorescence
intensity versus concentration of MBP-Cy3. Known concentrations of
MBP-Cy3 were placed between two glass slides and the fluorescence
intensity per pixel measured at different exposure times: (A) 25 ms and
(O) 100 ms. The fluorescence intensities were normalized to an
exposure time of 100 ms. (c) Histogram showing protein incorporation
at different steps during rebinding experiments: (NIP) autofluorescence
of the nonimprinted polymer, (MBP binding (NIP)) protein uptake due
to nonspecific binding in the nonimprinted polymer, (MIP) the amount
of protein in the film after imprinting, (MBP extraction) amount of
protein left in the imprinted film after protein extraction, (MBP
rebinding (MIP)) amount of protein taken up by the imprinted film.
Error bars represent the standard deviation for three independent
experiments with different films.

protein concentration. Figure 4c shows results for rebinding
MBP-Cy3 to imprinted and nonimprinted pAAm films. In our
experiments, a protein concentration of 0.5 mg mL " corre-
sponds to 7.3 x 10" cm™>,

From Figure 4c it is evident that the amount of protein
taken up by the film after rebinding is about 5% of the amount
of protein in the film after imprinting. The incubation time for
rebinding was selected to ensure that the film was not
saturated with the fluorescently labeled protein. The kinetics
of protein uptake during rebinding are discussed in more
detail below.

The ability of the imprinted polymers to bind the target
protein was analyzed quantitatively from the imprinting
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Figure 5. Influence of the degree of cross-linking on MBP-Cy3
rebinding to polyacrylamide (pAAm) imprinted film: (O) imprinting
factor versus degree of cross-linking; (A) amount of protein bound to
the imprinted polymer film after protein extraction and rebinding.

factor, IF:
1P 1P
m- —m
IF=—— 9 (1)
mNIP — yNIP

where m' is the amount of MBP-Cy3 bound to the imprinted
polymer, m"'" is the amount of protein bound to the nonim-
printed polymer, mg is the amount of MBP-Cy3 left in the
imprinted polymer after extraction, and my™ is the intrinsic
signal of the nonimprinted polymer. In most cases, the fluores-
cently labeled protein was completely removed from the polymer
film and m§ = my". Note that an imprinting factor of 1.0
corresponds to no selectivity to the target protein. From the
results in Figure 4c, we determine an imprinting factor of 1.5 for
MBP binding to pAAm.

The degree of cross-linking in the imprinted polymers plays an
important role in protein recognition. Increasing cross-linking
decreases the pore size and hence attenuates protein transport in
the film. However, decreasing cross-linking increases the spatial
fluctuations in the recognition sites and hence reduces binding
efficiency. Figure S shows the amount of protein uptake and
the imprinting factor for acrylamide-based gels with different
degrees of cross-linking. The binding of MBP-Cy3 decreased
with increasing cross-linking, indicating that we are in the regime
where cross-linking controls protein transport. On the basis
of these experiments, all other experiments were performed at
2 mol % cross-linking.

Next, we investigated protein imprinting in polymers with side
groups for both hydrogen bonding and hydrophobic interactions
by preparing gels with different amounts of AAm and NIPAm, a
monomer with hydrophobic side groups (Table 1). Figure 6a
shows results for rebinding MBP-Cy3 to imprinted and non-
imprinted films with a 1:1 ratio of AAm and NIPAm. About 98%
of the protein is removed from the imprinted polymer after
digestion, and the increase in protein uptake on rebinding is
significantly larger than for the nonimprinted polymer. Figure 6b
shows the influence of the mole fraction of NIPAm in the
polymer on protein recognition. The initial amount of protein
in the AAm/NIPAm hydrogels and the amount remaining after
extraction were the same, independent of composition. All
AAm/NIPAm imprinted polymers showed measurable binding
of MBP-Cy3, and the influence of polymer composition on
imprinting factor is shown in Figure 6¢c. The imprinting factor
increases from 1.5 for pure AAm to a value of 3.0 at a mole
fraction of NIPAm of 0.49, suggesting that the hydrophobic side
groups on the NIPAm introduce additional recognition sites and
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Figure 6. Protein recognition in AAm/NIPAm (49 mol %:49 mol %)
hydrogels. (a) (NIP) autofluorescence of the nonimprinted polymer,
(MBP binding (NIP)) protein uptake due to nonspecific binding in the
nonimprinted polymer, (MIP) amount of protein in the film after
imprinting, (MBP extraction) amount of protein left in the imprinted
film after protein extraction, (MBP rebinding (MIP)) amount of protein
taken up by the imprinted film. Error bars represent the standard
deviation for three independent experiments with different films. (b)
Protein concentration in the film versus composition. (O) Initial amount
of MBP-Cy3 in the imprinted polymers, (V) amount of MBP in the
imprinted film after protein extraction, (A) amount of protein bound to
the nonimprinted films due to nonspecific binding, (<) amount of
protein bound to the imprinted polymer film after protein extraction and
rebinding. (c) Imprinting factor for MBP binding versus polymer
composition in pAAm/pNIPAm films.

hence increase the imprinting factor. The peak in the imprinting
factor at a mole fraction of 0.49 is very close to the fraction of
hydrophobic surface residues of 0.47, taking into account only
the hydrophobic and hydrophilic residues. Increasing the mole
fraction of NIPAm higher than 0.49 results in a progressive
decrease in imprinting factor, with a value of 1.5 for pure NIPAm.

The kinetics of protein recognition was determined by
measuring MBP uptake with time for an AAm/NIPAm (49:49
mol %) polymer film. Figure 7 shows a plot of the integrated
amount of protein in the film M plotted versus t'/% The linear
behavior indicates that protein uptake in the imprinted film is
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Figure 7. Amount of protein taken up by the imprinted polymer film
plotted as M/cy vs t'/* for a AAm/NIPAm (49:49 mol %) polymer
film. M is the amount of protein taken up by the polymer film
(molecules cm ™ ?) and ¢, is the protein concentration in solution during
rebinding (molecules cm ™). At ¢ = 0, the initial concentration repre-
sents the protein not removed during digestion.

dominated by diffusion. Assuming a constant concentration of
protein in the bulk solution, the total amount of protein taken up
by the imprinted polymer film is given by’

M 2(12)”2 @)

Co T

where D is the diffusion coefficient (cm® s™"), ¢, is the protein
concentration in solution during rebinding (molecules cm ),
and M is the amount of protein taken up by the polymer film
(molecules cm ™). From a least-squares fit to the data, we obtain
a diffusion coefficient of 3.1 x 10~ ** cm® s . Thus, diffusion in
the hydrogel films with 2% cross-linking is about 4 orders of
magnitude slower than in aqueous solution where the diffusion
coefficient is about § x 10~ cm”s ™ '*>' For the rebinding experi-
ments reported here, the films were exposed to the target protein
for 7 h. The diffusion length for the 7 h exposure time used in
rebinding experiments is about 6 ym, corresponding to a small
fraction of the film.

PolyNIPAm is a thermosensitive hydrogel with a low critical
solution temperature (LCST) of about 32 °C.*> At temperatures
below the critical temperature polyNIPAm absorbs water and
exists in a swollen state, whereas above the critical temperature
water is expelled and the hydrogel density increases significantly.
The critical temperature can be controlled by adjusting the
relative hydrophobicity. Thus, for AAm/NIPAm polymers, the
critical temperature is increased by incorporation of the more
hydrophilic AAm monomer.*>** We verified that there was no
change in volume or optical transparency for all AAm/NIPAm
films during polymerization (35 °C) or protein digestion (40 °C).
The 98 mol % NIPAm films were opaque after polymerization,
indicating a transition to the high density state. However, this
did not appear to have significant influence on protein digestion
or subsequent protein uptake in nonimprinted or imprinted
polymers (see Figure 6b).

We next investigated the influence of electrostatic interactions
on protein recognition in MBP imprinted polymers by incorpor-
ating monomers with charged side groups into the films. MBP is
negatively charged at neutral pH (pI 5.22) but has approximately
22% negatively charged residues and 28% positively charged
residues at the surface. In these experiments, we used a 1:1 mole
ratio of AAm and NIPAm to maintain equal amounts of hydro-
philic and hydrophobic residues.
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Figure 8. Protein recognition in AAm/NIPAm/DMAPMA/MAA hy-
drogels (48%:48%:1%:1%) comparing the amount of protein in non-
imprinted and imprinted films. (NIP) autofluorescence in the non-
imprinted polymer, (MBP binding (NIP)) protein uptake due to
nonspecific binding, (MIP) amount of protein in the film after imprint-
ing, (MBP extraction) amount of protein left in the imprinted film after
protein extraction, (MBP rebinding (MIP)) amount of protein taken up
by the imprinted film. Error bars represent the standard deviation for
three independent experiments with different films.

BSA OVA

b 0.10
—~ MBP BSA OVA

2 IF=33 IF=0.98 IF=1.2

(2]

£

o

2 o005} 1
©

=

e

e _

£ | |

49 ‘

o

& 0

NIP  MIP NIP MIP NIP MIP

Figure 9. Binding of MBP, BSA, and OVA in AAm/NIPAm/DMAP-
MA/MAA (48%:48%:1%:1%). (a) Fluorescence images after incubation
of MBP-imprinted and nonimprinted AAm/NIPAm/DMAPMA/MAA
films with MBP, BSA, and OVA. (b) Protein binding for MBP and the
reference proteins BSA and OVA in imprinted and nonimprinted films.

The incorporation of 1 mol % of the positively charged monomer
N-[3-(dimethylamino)propyl|methacrylamide (DMAPMA) with
AAm/NIPAm (48.5:48.5 mol %) resulted in high nonspecific
binding in both imprinted and nonimprinted polymers and
a low imprinting factor of 1.1. In contrast, incorporation of
1 mol % of the negatively charged monomer methacrylic acid
(MAA) with AAm/NIPAm (48.5:48.5 mol %) resulted in
selective binding with an imprinting factor of 2.6, close to
the value of 3.0 obtained for AAm/NIPAm (49:49 mol %)
imprinted polymer.

The high level of nonspecific binding in imprinted and
nonimprinted AAm/NIPAm/DMAPMA films is ascribed to
electrostatic binding between the negatively charged protein
(pI = 5.22) and the positively charged (DMAPMA) side groups
in the polymer. In contrast, the electrostatic repulsion between the
protein and the negatively charged (MAA) side groups in AAm/
NIPAm/MAA films results in much lower nonspecific binding
and a higher imprinting factor (2.6). These results highlight the
complexity in introducing electrostatic recognition points into
imprinted polymers.

To introduce recognition points for electrostatic binding with
the positively charged and negatively charged domains at the
surface of MBP, we introduced monomers with both positive and
negative charges into the films. The incorporation of 1% of the
positively charged monomer DMAPMA and 1% of the negatively
charged monomer MAA further decreases nonspecific binding.
Figure 8 shows results of a binding experiment for MBP-Cy3
with an AAm/NIPAm/DMAPMA/MAA hydrogel. The hydro-
gel films exhibited low nonspecific binding, comparable to the
films without DMAPMA and MAA, and the imprinted hydrogel
exhibited high rebinding of the protein compared to the non-
imprinted polymer. The imprinting factor for the AAm/NIPAm/
DMAPMA/MAA hydrogel was 3.3. The imprinting factor is
higher than for the AAm/NIPAm hydrogel, indicating that
the monomers with charged side groups introduce additional
functional groups for binding recognition, in addition to the
functional groups for hydrogen bonding and hydrophobic
interactions.

The selectivity of the AAm/NIPAm/DMAPMA/MAA hydro-
gel for MBP (MW 41000, 3 X 4 X 6.5 nm, pl 522) was
investigated by performing rebinding experiments with reference
proteins with similar molecular weight, dimensions, and iso-
electric point. The two reference proteins are bovine serum
albumin (BSA, MW 66000, 4 x 4 x 14 nm, pI 47) and
ovalbumin (OVA, MW 45000, 5 X 4.5 X 7 nm, pl 4.6). The
distribution of amino acids residues on OVA is 27% hydropho-
bic, 34% hydrogen bonding, 19% negatively charged, and 20%
positively charged residues. In comparison to MBP, OVA has
more hydrogen bonding residues and fewer charged residues. We
cannot analyze the surface amino acid residues on BSA since the
crystal structure is not available.

Figure 9a shows fluorescence images after incubation of
imprinted and nonimprinted AAm/NIPAm/DMAPMA/MAA
hydrogel films with the three proteins. The fluorescence images
clearly show that the imprinted polymer binds MBP to a much
larger extent than the reference proteins. Figure 9b shows the
amount of protein bound to the imprinted and nonimprinted
films. The selectivity of recognition is obtained from the im-
printing factor, taking into account the total amount of rebinding
and the amount of nonspecific binding (see eq 1). The imprinting
factors were 0.98 for BSA binding and 1.2 for OVA binding, while
the imprinting factor for MBP in AAm/NIPAm/DMAPMA/
MAA hydrogel was 3.3. These low values reflect the fact that
uptake of BSA and OVA in the MBP-imprinted films is primarily
through nonspecific binding and that there is very little uptake in
the MBP recognition sites, despite the similarity in physical
properties.

B CONCLUSIONS

We have prepared molecularly imprinted polymer films
with the ability to recognize maltose binding protein. We have
developed a strategy to optimize the monomer composition for
protein recognition based on analysis of the amino acid residues
on the surface of the protein. MBP has solvent accessible residues
available for hydrogen bonding (24%) and hydrophobic

3971 dx.doi.org/10.1021/ma200355j [Macromolecules 2011, 44, 3966-3972



Macromolecules

interactions (21%) as well as negatively charged residues (22%)
and positively charged residues (28%). We show that hydrogen
bonding interactions, hydrophobic interactions, and electrostatic
interactions can all contribute to recognition of MBP. Nonspecific
binding due to electrostatic interactions can be minimized by
introducing equimolar concentrations of positively and negatively
charged monomers. The selectivity of the imprinted polymer films
was verified in binding experiments with the reference proteins
BSA and OVA.
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