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a  b  s  t  r  a  c  t

Molecularly  imprinted  polymers  are  synthetic  antibody  mimics  formed  by the  crosslinking  of  organic  or
inorganic  polymers  in the presence  of  an  analyte  which  yields  recognitive  polymer  networks  with  specific
binding pockets  for that  biomolecule.  Surface  imprinted  polymers  were  synthesized  via  a  novel  technique
for the  specific  recognition  of  bovine  serum  albumin  (BSA).  Thin  films  of  recognitive  networks  based  on
2-(dimethylamino)ethyl  methacrylate  (DMAEMA)  as the functional  monomer  and  varying  amounts  of
either  N,N′-methylenebisacrylamide  (MBA)  or poly(ethylene  glycol)  (400)  dimethacrylate  (PEG400DMA)
as  the  crosslinking  agent  were  synthesized  via  UV free-radical  polymerization  and  characterized.  A clear
rotein imprinting
hin film
ovine serum albumin

and  reproducible  increase  in  recognition  of  the  template  BSA  was  demonstrated  for  these  systems  at
1.6–2.5  times  more  BSA  recognized  by  the  MIP  sample  relative  to  the  control  polymers.  Additionally,
these  polymers  exhibited  selective  recognition  of  the  template  relative  to competing  proteins  with  up  to
2.9 times  more  BSA  adsorbed  than  either  glucose  oxidase  or bovine  hemoglobin.  These  synthetic  antibody
mimics  hold  significant  promise  as the next  generation  of robust recognition  elements  in  a wide  range

 appl
of  bioassay  and  biosensor

. Introduction

Molecularly imprinted polymers (MIPs) are highly crosslinked
olymer networks engineered to specifically recognize target
olecules. MIPs are formed by polymerization of organic or inor-

anic monomers in the presence of an analyte of interest (template
olecule). These synthetic systems can be designed to specifically

ecognize physiologically relevant macromolecule biomarkers and
re advantageous over their biological counterparts because they
imic  biological recognition pathways while at the same time

xhibiting abiotic properties. These favorable properties include
tability in a variety of environments, long-term storage without
erformance loss, reusability, and tunability to almost any macro-
olecular biomarker. Accordingly, these systems are particularly
ell suited to replace natural antibodies as diagnostic tools in

ettings where the health care infrastructure is lacking, including
eveloping countries or after natural disasters.
In spite of the success of MIPs used for recognition of small
olecular weight molecules, macromolecular recognitive MIPs

ave yet to reach their vast potential. This is commonly attributed
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to the inherent properties of proteins which include conforma-
tional instability, large size, and complexity [1,2].

Two  recent reports from our lab [3,4] clearly demonstrate the
detrimental effect monomers often employed in MIPs have on the
secondary structure of common protein templates. Even though
only a subset of components used in the literature were investi-
gated with the CD studies, we believe that the same trend holds true
for others as these are a representative sample of all monomers and
proteins employed to date. As a result, our goal here was to develop
a robust and facile procedure which does not require the protein
template to be in solution with the monomers prior to polymer-
ization while exhibiting reproducible and selective recognition for
the protein template.

A thorough review of the protein MIP  literature indicated a
limited number of procedures that satisfy the requirement of no
protein–monomer(s) contact before polymerization. In general,
these procedures adsorb the protein template to a substrate and
either coat with a disaccharide layer [5,6], dry with N2 [7–12], spin-
off the supernatant [13], or rinse [14] before addition of monomer
solution. Another approach having received significant interest in
the past few years is the covalent attachment of a protein template
to a spherical surface (silica, chitosan, or Fe3O4 particles) via an

aldehyde linker before addition to the monomer solution [15–20].
However, this general methodology may not avoid conformational
change because the attached protein is not typically dried or rinsed
before addition of the monomer solution. Also, permanent protein

dx.doi.org/10.1016/j.aca.2012.01.006
http://www.sciencedirect.com/science/journal/00032670
http://www.elsevier.com/locate/aca
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ntrapment is a concern as the polymer layer is polymerized on the
urface of the protein modified spheres.

Shi et al. [6] employed a procedure in which various templates
ere adsorbed onto a mica substrate, the protein was  coated with

 disaccharide layer, then a fluoropolymer layer was  deposited via
lasma deposition. The selectivity values obtained (ratio of tem-
late absorption by MIP  to competitor protein absorption by MIP)
re some of the best demonstrated to date, especially given that the
ompeting proteins were quite similar to the templates in both size
nd isoelectric point. However, despite the excellent specificity,
inimal affinity was achieved (recognition of template by MIP  over

ontrol polymer), the synthesis procedure was quite tedious, and
o further studies have been published using this approach from
his group.

Hu et al. [5] synthesized methacrylic acid (MAA) homopoly-
ers crosslinked with ethyleneglycol dimethacrylate (EGDMA) on

he surface of silica beads. A highly concentrated bovine serum
lbumin (BSA) solution (50 mg  mL−1) and a 5% saccharose solution
ere successively adsorbed onto the silica surfaces by spin coat-

ng, the monomer solution was added, covered with a poly(methyl
ethacrylate) slide, and then polymerized via UV free radical poly-
erization. BSA affinity (ratio of template adsorption by MIP  to

emplate adsorption by non-imprinted polymer) and selectivity
gainst a variety of competitor proteins were both excellent rel-
tive to the literature (affinities and selectivities up to 5.5). One
rawback to this approach, though, is that it required harsh condi-
ions, namely hydrofluoric acid, to fully etch the silica particles prior
o recognition studies. Additionally, the highly concentrated pro-
ein solution required for spin coating onto the silica beads would
e cost prohibitive if this approach were ever to be extended to a
rotein biomarker.

In another study, Menaker et al. [14] detailed a novel approach
o produce surface imprinted microrods for avidin recognition.
he template was adsorbed onto a porous polycarbonate mem-
rane (PCM) after incubation and subsequently rinsed with
uffer. The PCM was attached to a gold electrode and immersed

nto a monomer solution of 3,4-ethylenedioxythiophene (EDOT)
nd poly(sodium-4-styrenesulfonate) (NaPSS) for electrochemical
eposition to yield conductive polymer rods in the pores. After
emoval of the PCM, rebinding studies demonstrated high affinity
∼5) with selectivity not clearly shown. This facile approach shows
romise, however further studies are needed to display specific
ecognition.

The fourth approach, coined microcontact surface imprinting,
as been widely studied by the Chou group over the past several
ears [7–12]. The general procedure is to polymerize between two
lass surfaces – a protein stamp and a polymer support slide. The
rotein stamp is formed by physical adsorption of the template to

 cover slip via incubation with a protein solution and subsequent
rying with N2 gas. After pipetting the monomer solution onto the
upport slide, the protein stamp is placed on top, and a thin polymer
lm is formed via UV polymerization with 2-dimensional surface

mprints of the template. This approach has been used with varying
uccess to recognize ribonuclease A [9,11],  C-reactive protein [8],
yoglobin [11,12],  and creatine kinase [7] with highly crosslinked

lms composed of either PEG(400)DMA or TEGDMA as crosslink-
ng monomers and various functional monomers. These monomers
nclude styrene [9],  methyl methacrylate [12], and methacrylic acid
7,10].  Due to the simplicity of this procedure as well as its robust-
ess with various common model protein templates, we  decided to
odify our methodology from this microcontact imprinting proce-

ure for the current study. The general schematic for microcontact

mprinting is shown in Fig. 1.

It is important to note several key differences between the
ork presented in this report and those previously published by
hou and colleagues [7–12]. The modifications made by our group
imica Acta 718 (2012) 109– 115

include the employment of a different protein template and func-
tional monomer, use of control cover slips that were lysozyme
adsorbed rather than just incubated with a buffer solution, and
selection of sample concentrators with a UV–Vis plate reader to
quantify recognition as opposed to quantification with ELISA.

Surprisingly, there are no published microcontact studies to
date with bovine serum albumin (BSA) as the template protein,
as it is the most commonly employed model protein template for
macromolecular MIPs. This is likely due to the fact that these stud-
ies all employ an ELISA based protein detection procedure in which
the blocking solutions contain BSA as the blocking agent.

Secondly, we employed 2-(dimethylamino)ethyl methacrylate
(DMAEMA) as the functional monomer in order to exploit electro-
static interactions between the monomer and template. DMAEMA
has a pKa value of ∼7.5 [21], which means it will be positively
charged at physiological pH. BSA has a isoelectric point of ∼4.7 [22],
meaning that it will carry a net negative charge at neutral pH. Thus,
the positively charged DMAEMA homopolymer will non-covalently
bind via ionic interactions with the negatively charged BSA during
subsequent rebinding studies.

Third, lysozyme was adsorbed onto the surface of control pro-
tein stamps due to difficulty with removal of the control stamp
after polymerization. Addition of this control protein allowed for
facile removal of the cover stamp for both imprinted and control
films. This is most likely due to the fact that the protein would
accumulate on the edges of the cover slip after drying with N2 gas
(verified with FITC-BSA adsorbed cover slips, data not shown). This
accumulation prevented the monomer solution from falling off the
support slide after sandwiching with the cover stamp. As a result,
cover slips that were not lysozyme adsorbed resulted in very little
polymer forming on the support slide. This caused significant diffi-
culty in subsequent stamp removal. Furthermore, this step created
a more specific system overall as the control thin film inherently
has some protein imprints present.

Moreover, our goal was to find a method which could determine
protein concentration as easily as possible and without natural
components. As a result, we  employed Vivaspin sample concen-
trators as they satisfied both of these ends. While the ELISA based
detection method used in the previous studies by Chou and col-
leagues can detect lower amounts of protein, it requires several
more steps as well as specific experimental and storage conditions
for the antibodies. This was  important because protein MIPs are
most advantageous over the current gold standard, antibody based
systems, in resource-poor settings where harsh conditions may be
unavoidable.

2. Materials and methods

N,N′-methylenebisacrylamide (MBA, 99%), albumin from bovine
serum (BSA, lyophilized powder, >98%), 2-(dimethylamino)ethyl
methacrylate (DMAEMA, 98%), glucose oxidase from Aspergillus
niger (GOx, Type X-S, lyophilized powder), lysozyme from chicken
egg white (Lys, >90%), and hemoglobin from bovine blood
(BHb, lyophilized powder), 3-(trimethoxysilyl)propyl methacry-
late (�-MPS, 98%), and bovine albumin–fluorescein isothio-
cyanate conjugate (FITC-BSA, >97%) were purchased from
Sigma–Aldrich (St. Louis, MO). Polyethylene glycol 400 dimethacry-
late (PEG(400)DMA) was purchased from Polysciences, Inc.
(Warrington, PA). Irgacure® 2959 (4-(2-hydroxyethoxy)phenyl-
(2-hydroxy-2-propyl)ketone) was purchased from Ciba Specialty
Chemicals Corporation (Tarrytown, NY). Contrad® 70 was pur-

chased from Decon Labs, Inc. (King of Prussia, PA). Potassium
phosphate (Fisher Scientific, Fair Lawn, NJ) was dissolved in Milli-
Q grade deionized water (20 mM),  titrated to pH = 7.4 with 1 N
NaOH, and filtered (0.2 �m)  to prepare potassium phosphate buffer
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Fig. 1. General schematic for micr

PPB). Vivaspin 20 (10,000 MW cut-off) sample concentrators were
urchased from Sartorius-Stedim Biotech (Aubagne, France). All
emaining chemicals were of ACS grade and obtained from standard
ommercial sources. All chemicals were used as received.

.1. Preparation of glass surfaces

Standard plain glass microscope slides (75 mm × 25 mm)  were
mployed as supports for the thin films. Prior to use, the support
icroscope slides were cleaned sequentially via 10 min  sonication

t room temperature with 1 N NaOH, DI water, 1 N HCl, DI water,
nd ethanol. They were dried with N2 gas and stored in a desicca-

or until use. Immediately prior to use, the substrate slides were
ilanized by treatment with a solution of 0.5 mL  �-MPS in 100 mL
thanol, 2.7 mL  DI water, and 0.3 mL  glacial acetic acid for 30 min
t room temperature [23]. The treated glass slides were rinsed in
act surface imprinting procedure.

ethanol to remove excess �-MPS and then dried with an N2 gas
stream.

Standard microscope cover slips (22 mm × 22 mm)  were used
as protein stamps. Prior to use, these cover slips were rigorously
cleaned by sequential 30 min  bath sonication at 55 ◦C in solutions
of 5% (v/v) Contrad 70®/DI, DI water, 2-propanol, DI water, and
ethanol. Cleaned cover slips were dried with an N2 gas stream and
stored in a desiccator until use. Immediately prior to use, protein
(either BSA for MIP  stamps or lysozyme for the control stamps) was
adsorbed onto the previously cleaned cover slips. To do so, 3.7 �M
protein solutions were prepared in PPB and cover slips were incu-
bated in one of these solutions for 2 h at room temperature and

subsequently dried with an N2 gas stream. This incubation time was
selected because it was previously shown that physical adsorption
of various proteins onto quartz slides causes minimal loss of the
native structure for 2 h [24]. Longer incubation times resulted in a
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Table 1
General properties of proteins used in the selectivity studies – bovine serum albumin
(BSA), bovine hemoglobin (BHb), and glucose oxidase (GOx).

Protein MW (kDa) Hydrodynamic diameter (nm) pI

BSA 66.4 14 4.7
BHb 64.5 5.5 6.9
GOx  160 8.6 4.2

Protein properties references: MW for BSA [6]; diameter for BSA [32]; pI for BSA
&  BHb [22]; MW and diameter for BHb [33], MW of glucose oxidase [34]; and pI &
12 D.R. Kryscio, N.A. Peppas / Analy

oss in protein structure with minimal increase in protein adsorp-
ion [24].

.2. Fabrication of BSA imprinted thin films

Surface imprinted homopolymers of DMAEMA crosslinked with
ither PEG(400)DMA or MBA  were synthesized according to the
ollowing procedure. The functional monomer (DMAEMA) and
rosslinking monomer (either PEG(400)DMA or MBA) were added
nto a small glass vial. The ratio of these components was var-
ed to produce thin films with 5% and 20% by molar feed ratio of

BA  or 2% and 50% by molar feed ratio of PEG(400)DMA. The UV
ree radical initiator, Irgacure® 2959, was added to the monomer
olution at a concentration of 2% of total monomer weight. To the
onomer solutions with MBA  as crosslinker, PPB and ethanol were

dded (85 wt% total solvent out of solvent plus monomers) to the
ial at a volume ratio of 3:2 PPB to ethanol for complete dissolu-
ion. No additional solvent was required for the monomer solutions
ontaining PEG(400)DMA as the crosslinker.

The sample vial, silanized substrate slides, and protein adsorbed
over slips were placed into a glove box and the monomer solu-
ion was purged with N2 for 10 min. 50 �L of monomer solution
as pipette onto a substrate slide and the appropriate protein

tamp was placed onto the droplet, either BSA adsorbed for a MIP
r lysozyme adsorbed for a control. The glass plate assemblies
ere placed into a UV reactor (Dymax Ultraviolet Flood Cure Sys-

em, Torrington, CT) and photopolymerization was initiated by the
V light flood source with intensity ∼15–17 mW cm−2 for 10 min.
SA imprinted and control thin films were synthesized in tripli-
ate by either using BSA or lysozyme adsorbed protein stamps,
espectively. After polymerization, the cover slip was  removed with
orceps. The remaining surface imprinted thin film on the glass sub-
trate was placed into a 50 mL  centrifuge tube and was washed
epeatedly with PPB to remove any unreacted monomers or pro-
ein.

.3. Bovine serum albumin affinity recognition studies

To determine the efficacy of the BSA imprinted thin films,
ashed thin films were incubated in a solution containing the
odel protein template, BSA. A 3.7 �M (0.25 mg  mL−1) stock solu-

ion of BSA in PPB was prepared, and 15 mL  of the solution was
dded to each 50 mL  centrifuge tube containing a crosslinked film
ith support in addition to a conical vial with no thin film as a blank

ample. After incubation for 2 h on a plate shaker, the supernatant
as poured into a Vivaspin 20 sample concentrator and concen-

rated via centrifugation for 15 min  at 3500 rpm. This was  sufficient
o concentrate the supernatant ∼30 times with minimal loss of pro-
ein. To calculate the mass of BSA loaded into the imprinted films
fter the 2 h incubation, the following mass balance was used:

L,i = CB ∗ VB − Ci ∗ Vi (1)

here ML,i is the mass of BSA absorbed for sample i; CB and Ci are
he concentrations of the blank and sample i, respectively, after
entrifugation with Vivaspin; VB and Vi are the volumes of the
ltrand remaining after Vivaspin concentration for the blank and
ample i, respectively. Protein concentrations were determined by
easuring the filtrand absorbance at � = 277 nm using a UV–Vis

pectrometer 96-well plate reader (Bio-Tek, Synergy HT, Winooski,
T). Affinity or imprinted efficiency, IE, can be defined as shown
elow in Eq. (2),

M

E = L,MIP

ML,control
(2)

here ML,MIP and ML,control are averages of three independent sam-
les.
diameter of glucose oxidase [35].

2.4. Specific recognition studies

For specificity studies, proteins with varying molecular weight,
hydrodynamic diameters, and isoelectric points (pI), were selected
to assess the specificity of the BSA imprinted thin films (Table 1).
Hemoglobin (BHb) is the iron containing protein used for oxygen
transport in the red blood cells of all vertebrates. BHb was chosen
as a competitor protein because it has a similar molecular weight
as BSA as well as being a common protein template in protein MIP
literature. Glucose oxidase (GOx) is a dimeric enzyme which oxi-
dizes glucose into gluconic acid and has been used for decades to
determining blood glucose levels in diabetic patients. Although the
molecular weight for GOx is much larger than that of BSA, its iso-
electric point is very close (Table 1); therefore, these two templates
will have similar overall charges in aqueous buffers.

DMAEMA homopolymer thin films used in the selectivity stud-
ies were prepared as described earlier in Section 2.2. The higher
crosslinked thin film formulations for each crosslinker were chosen
to assess the specificity as they demonstrated superior performance
in the BSA affinity studies. Surface imprinted films were then incu-
bated in 3.7 �M solutions of the competitor proteins in PPB for 2 h
at room temperature on a plate shaker. The supernatant solutions
were then poured into Vivaspin 20 sample concentrators and cen-
trifuged for 15 min  at 3500 rpm for GOx based samples or 30 min
at 3500 rpm for BHb based samples. The absorbance values of the
resultant filtrand were read on a UV–Vis spectrometer 96-well
plate reader (Bio-Tek, Synergy HT, Winooski, VT) at � = 274 nm for
BHb samples and � = 276 nm for GOx samples. These absorbance
values were converted to protein concentrations via previously
constructed calibration curves for each competitor and mass of
competitor protein loaded was  determined via Eq. (1).

To analyze the selectivity of the surface imprinted thin films for
BSA over the competitor proteins, selectivity, ˛, was calculated by
the following equation (Eq. (3)):

˛t/c = ML,template

ML,competitor
(3)

where ML,template is the average mass BSA loaded into three
independent MIP  films and ML,competitor is the average mass of com-
petitor protein loaded into three independent MIP  films.

2.5. Thin film characterization

Fluorescence microscopy was  used to visually show the increase
in BSA loading for the imprinted versus control films. To do so, thin
films were incubated in a 3.7 �M solution of FITC-BSA in PPB for
2 h at room temperature on a plate shaker. Subsequently, the films
with support slides were rinsed in PPB, dried with N2, and stored

in a desiccator until ready for use. Fluorescence microscopy images
were acquired with a CoolSnap digital camera attached to the Nikon
Eclipse ME600 fluorescent microscope operating with a FITC filter.
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Fig. 2. Recognition studies results for DMAEMA homopolymers crosslinked with
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3.3. Specific recognition studies results
ifferent amounts of MBA  (n = 3, ±S.D.) (*p < 0.1).

. Results and discussion

.1. Rebinding of BSA to surface imprinted thin films

Two sets of molecularly imprinted thin films were synthesized,
hose with MBA  as crosslinker and those with PEG(400)DMA as
rosslinker and DMAEMA as the functional monomer for both. As
entioned above, the MBA  based thin films were synthesized with

ither 5 or 20 mol% crosslinker (relative to DMAEMA), 2 wt%  ini-
iator (relative to mass of both MBA  and DMAEMA), and 75 or
5 wt% solvent for low crosslinker (PPB only) or high crosslink-

ng (PPB/EtOH mixture) concentration, respectively. Addition of
thanol was required for dissolution of the MBA  at the higher con-
entration.

Fig. 2 shows the BSA recognition results for the MBA crosslinked
mprinted and control thin films. These resultant films were rela-
ively rigid, especially for the more crosslinked formulation, due
o the addition of the ethanol in the pre-polymerization solution.
he 5 mol% MBA  thin films adsorb 0.6 ± 0.3 and 0.2 ± 0.3 mg  of BSA
or the imprinted and control samples, respectively. This yields an
ffinity or imprinting efficiency of ∼2.6. However, as can be seen in
ig. 2, when the experimental errors are accounted for, there is no
tatistical significance between the two values. The 20 mol% MBA
lms absorb 1.8 ± 0.2 and 1.1 ± 0.3 mg  BSA for the imprinted and
ontrol samples, respectively. This gives an IE of 1.6 from Eq. (2)
nd a t-test analysis on these two values shows a statistical dif-
erence for p < 0.1. It is clear that the higher crosslinked network
dsorbs more BSA for both imprinted and control films overall and
hat the imprinted samples recognize more of the protein template
elative to the control as 60% more BSA is adsorbed. Attempting to
ncorporate even higher amounts of MBA  (50 and 85 mol%) required
arger volumes of solvent in general (and ethanol more specifi-
ally) for dissolution and caused the resultant thin films to be highly
igid and thus adsorb very low amounts of BSA overall. As a result,
0 mol% appears to be the optimal amount of crosslinker for this
ormulation.

The second set of thin films synthesized and characterized was
one so with PEG(400)DMA as the crosslinker. As mentioned above
hese films were polymerized with either 2 or 50 mol% crosslinker
relative to DMAEMA), 2 wt% Irgacure® 2959 (relative to mass of
oth crosslinker and functional monomer), and without additional
olvent. Since no ethanol was required for dissolution and the fact
hat PEG(400)DMA is a much longer crosslinker, the resultant films

btained after synthesis were more rubbery than the MBA  based
lms, even with the highly crosslinked films. Consequently, these
ere able to adsorb a higher mass of BSA overall. Fig. 3 shows the
Fig. 3. Recognition studies results for DMAEMA homopolymers crosslinked with
different amounts of PEG(400)DMA (n = 3, ±S.D.) (*p < 0.1).

BSA recognition results for these systems which included 2 mol%
and 50 mol% PEG(400)DMA in the monomer solution.

There is no increase in protein rebinding for the 2 mol%
imprinted films relative to the controls as 0.6 ± 0.1 mg  and
0.5 ± 0.1 mg  BSA are adsorbed to the imprinted and control, respec-
tively. On the contrary, there is a statistically significant increase
(p < 0.1) in BSA rebinding with the imprinted relative to the control
samples with the 50 mol% PEG(400)DMA system as 2.5 ± 0.2 and
1.0 ± 0.8 mg  BSA is adsorbed into the imprinted and control sam-
ples, respectively. This produces an IE value of 2.5, from Eq. (2).
Once again, it is clear that the more highly crosslinked formulation
rebinds more BSA overall and that the imprinted samples are able to
recognize a statistically significant higher amount than the control
as evidenced by the 250% increase in adsorption. The 50 mol% for-
mulation appears to be the optimal amount of crosslinker as films
polymerized with higher amounts of PEG(400)DMA required addi-
tion of PPB for dissolution of the monomer solution, which resulted
in an increased porosity that negated the impact of an increase in
crosslinker.

3.2. Reproducibility of BSA recognition to thin films

Based on previous work in our lab and a recent critical review
of the literature [25], it seems that a lack of reproducibility is com-
mon  occurrence in protein imprinting. As a result, it was important
for the results obtained in these studies to be reproducible. To
illustrate this, the higher performing systems (20 mol% MBA  and
50 mol% PEG(400)DMA) were synthesized two additional indepen-
dent times in triplicate, and BSA rebinding studies were conducted
following the same procedure. The results from these reproducibil-
ity studies are shown in Figs. 4 and 5. Fig. 4 shows consistent mass
loaded and IE values for all three sets of 20% MBA crosslinked sys-
tems. Once again, the BSA quantities loaded for the MIP  samples
are significantly larger (p < 0.1) than those of the control. An overall
IE value of 1.5 was obtained. Therefore, we  can say that our novel
surface imprinting procedure yielded reproducible BSA recognition
results.

Fig. 5 shows the results of the three independent studies with
the PEG(400)DMA crosslinked thin films. Even though the mass
loaded for the imprinted samples fluctuates from 1.5 ± 0.2 to
2.5 ± 0.2, these values are statistically significantly larger (p < 0.1)
than those of the control samples. An overall IE for all three sets
was determined to be 2.3.
Similar to the reproducibility studies, the selectivity studies
were performed on the two systems with the best IE results,
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Fig. 4. Reproducibility of BSA recognition for 20 mol% MBA  crosslinked thin films
(n  = 3, ±S.D.) (*p < 0.1, **p < 0.05).
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Fig. 7. Selectivity studies results for PEG(400)DMA crosslinked thin films for the
template, BSA, and competitor proteins, BHb and GOx (n = 3, ±S.D.). Bovine serum
ig. 5. Reproducibility of BSA recognition for 50 mol% PEG(400)DMA crosslinked
hin films (n = 3, ±S.D.) (*p < 0.1, **p < 0.05).

0 mol% MBA  and 50 mol% PEG(400)DMA. To do so, imprinted and
ontrol thin films were incubated in 3.7 �M single protein environ-
ents of either bovine hemoglobin (BHb) or glucose oxidase (GOx)

or 2 h at room temperature. After concentrating the supernatants

ith Vivaspin, the resultant filtrand solutions were analyzed with
V spectroscopy to determine the change in competitor protein
oncentration. Fig. 6 shows that there is no difference in mass
oaded of competitor protein, either BHb or GOx, between the

ig. 6. Selectivity studies results for MBA  crosslinked thin films for the template,
SA,  and competitor proteins, BHb and GOx (n = 3, ±S.D.). Bovine serum albumin
BSA), bovine hemoglobin (BHb), and glucose oxidase (GOx) (**p < 0.01, *p < 0.05
elative to MIP  with BSA).
albumin (BSA), bovine hemoglobin (BHb), and glucose oxidase (GOx) (**p < 0.01,
relative to MIP  with BSA).

imprinted and control samples for the MBA  crosslinked samples.
More importantly, this plot also shows that the amount of competi-
tor protein adsorbed by the imprinted thin films (0.6 ± 0.2 mg  for
BHb and 0.8 ± 0.5 mg  for GOx) is significantly lower (p < 0.05) than
the amount of BSA loaded (1.8 ± 0.2 mg). These rebinding amounts
result in selectivity values (˛) of 2.8 for BSA over BHb and 2.2 for
BSA over GOx.

Along the same lines, Fig. 7 shows the selectivity results for
the PEG(400)DMA crosslinked thin films for BSA against BHb and
GOx. Once again, it is clear that there is no difference in mass of
competitor protein adsorbed between the imprinted and control
samples. Also, Fig. 7 shows that the mass of competitor protein
adsorbed by the BSA MIP  (0.9 ± 0.1 mg  for BHb and 1.5 ± 0.2 mg for
GOx) is statistically significantly lower (p < 0.05) than that of BSA
(2.5 ± 0.2 mg). The resultant selectivity values are ˛BSA/BHb = 2.9 and
˛BSA/GOx = 1.7. Not surprisingly, the same trend applies to both the
MBA  and PEG(400)DMA crosslinked systems in that the selectiv-
ity is lower for GOx. This is because of the similarity in isoelectric
point, as ionic interactions will dominate between the positively
charged DMAEMA and overall negatively charged BSA and GOx pro-
teins. These selectivity values are on the lower end of what has been
previously reported in the literature for BSA, in general [6,26–28],
however compare quite favorably for studies using competitor pro-
teins with similar MW and isoelectric points [29–31], as was  done
in this work.

3.4. Thin film characterization

Fig. 8 shows fluorescence microscopy images of MBA
crosslinked imprinted and control thin films after incubation with
FITC-BSA, respectively. These images were taken with identical
instrument settings and qualitatively show an increased amount
of FITC-BSA adsorbed onto the imprinted polymer (Fig. 8A) relative
to the control (Fig. 8B). This provides further evidence for increased
recognition of BSA to the imprinted thin films relative to the control
samples.

Armed with the knowledge of our previous work [3,4] which
clearly demonstrates a large conformational change in protein tem-
plates when in solution with common ligands from protein MIP
literature; we have highlighted a novel, fully synthetic, approach
to BSA recognition. In order to continue employing traditional

monomers and crosslinkers, there is a significant need to further
study strategies which obviate the need for protein contact with
monomers before polymerization, such as the one detailed in this
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eport as well as those previously reported which were mentioned
n Section 1.

. Conclusions

We  have developed a facile synthesis procedure for reproducible
nd selective recognition of BSA. This procedure was  selected due
o the fact that it does not require the protein to be in solution with
he monomers prior to polymerization in addition to its previous
uccess with other protein templates. In this work, we have shown
hat the imprinted polymers synthesized with higher amounts of
rosslinker, either MBA  or PEG(400)DMA, rebind statistically signif-
cantly larger amounts of BSA than the control. These recognition
tudies were also shown to be reproducible, which is an important
esult not often demonstrated in the literature. In addition, our
ptimized thin films are highly selective to the template protein
ver similar competitor proteins. Consequently, we  feel that this
pproach shows great promise for integration with a transducer

i.e. microcantilever or quartz crystal microbalance) as a platform
echnology for a fully synthetic biosensor which could one day be
sed in various applications, including the diagnosis of diseases in
ettings where medical infrastructure is deficient.
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