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Molecular imprinting is a technique that is used to create artificial receptors by the formation of
a polymer network around a template molecule. This technique has proven to be particularly effective
for molecules with low molecular weight (<1500 Da), and during the past five years the number of
research articles on the imprinting of larger (bio)templates is increasing considerably. However,
expanding the methodology toward imprinted materials for selective recognition of proteins, DNA,
viruses and bacteria appears to be extremely challenging. This paper presents a critical analysis of data
presented by several authors and our own experiments, showing that the molecular imprinting of
proteins still faces some fundamental challenges. The main topics of concern are proper monomer
selection, washing method/template removal, quantification of the rebinding and reproducibility. Use
of charged monomers can lead to strong electrostatic interactions between monomers and template
but also to undesired high aspecific binding. Up till now, it has not been convincingly shown that
electrostatic interactions lead to better imprinting results. The combination of a detergent (SDS) and
AcOH, commonly used for template removal, can lead to experimental artifacts, and should ideally be
avoided. In many cases template rebinding is unreliably quantified, results are not evaluated critically
and lack statistical analysis. Therefore, it can be argued that presently, in numerous publications the
scientific evidence of molecular imprinting of proteins is not convincing.

� 2011 Elsevier Ltd. Open access under the Elsevier OA license.
1. Introduction

Molecular imprinting is a technique used to create artificial
receptors by the formation of a polymer network around a template
molecule (Fig. 1). In the pre-polymer mixture, several possible
interactions, such as hydrophobic interactions, hydrogen bonds,
Van der Waals forces and electrostatic interactions determine the
spatial arrangement of monomers around the template. This spatial
arrangement is then fixed by polymerization of monomers and
crosslinker. Removal of the template leaves a chemically and
sterically complementary void (imprint) in the polymer network,
which is able to rebind the template.

Although thefirst paperdescribing the formationof imprintswas
published in 1931 [1], research on molecular imprinting was scarce
until the 1980’s. In an excellent and extensive review, Whitcombe
et al. illustrated thematuration of the field by the dramatic increase
inpublications seenover thepast 20 years (Fig. 2A) [2]. Fromthis and
many other reviews that describe the progress made over the years,
x: þ31 30 2517839.
strum).
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it becomes clear that molecular imprinting is a very promising and
rapidly evolving technology, with many possible applications such
as analytical separations, enzyme-like catalysis, chemical sensors
and drug delivery [2e6].

Molecular imprinting has proven to be particularly successful for
low molecular weight compounds [7e10]. Although imprinting of
larger, more complex molecules such as proteins, DNA, and even
wholecells andviruseshasalsobeen reported [11e14], thenumberof
research papers using such templates is relatively small (Fig. 2B). Till
2003, less than 10 research papers on imprinting of bio-
macromolecules were published per year, which reflects the diffi-
culties facedwhen trying to imprint large and sensitive biomolecules
[15,16]. Firstly, for low molecular weight compounds, highly cross-
linked gels are used to ensure preservation of the imprint cavity after
removal of the template.However, for large templatemolecules, high
crosslink densities seriously hinder mass transfer of the template,
leading to slow template removal and rebinding kinetics or, in the
worst case, permanent entrapment of the template in the polymer
networkdue to physical immobilization. Additionally, crosslinkingof
the template to thenetwork canalso lead to chemical immobilization
[17]. Secondly, due to the solubility properties and sensitive struc-
tural nature of biomacromolecules, imprinting can generally only be
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Fig. 1. Schematic representation of the principle of molecular imprinting. (A) The
template (shown in blue), (functional) monomers (shown in yellow, green and orange)
and crosslinker (þ) form a pre-polymerization complex. (B) Polymerization of
monomers and crosslinker fixes the complex. (C) Removal of the template leaves
rebinding cavities. Reprinted with permission from [1].
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Fig. 3. Relative frequency of the templates used in molecular imprinting of protein
over the periods 1985e2006 and 2007e2009.
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performed in aqueous environment, which limits the choice of
monomers. Moreover, hydrogen bonding interactions strongly
contribute to the affinity of molecularly imprinted polymers (MIPs)
for lowmolecularweight compounds inorganic, aprotic solvents, but
are seriously hampered in water. Thirdly, biomacromolecules are
highly complex. Physicochemical properties such as charge or
hydrophobicity can strongly vary in different regions of e.g. the
protein template, whereas similar regions may be present in other
templates. This could lead to high aspecific binding and cross-reac-
tivity of the imprinted polymer.

Despite the challenges, after an initial lag in biomacromolecule
imprinting relative to the rest of the field (Fig. 2), the number of
Fig. 2. (A) The number of publications within the field of molecular imprinting science
and technology per annum for the period 1931e2009 (adapted from [3] supplemented
by data from [16]). (B) Number of research papers on biomacromolecular imprinting
per annum for the period 1985e2009.
papers has now begun to increase. Interestingly, Fig. 3 shows that in
recent years (2005e2009) the model proteins albumin, hemo-
globin, and lysozyme are being used more frequently (54%) than in
the period up to 2006 (44%). This is opposed to what can be
expected from an emerging research field and illustrates that
molecular imprinting of proteins is still in its initial phase of
development, where research is mostly focused on proof of concept
using well defined, relatively stable and inexpensive model
proteins. We believe that especially in this time of increasing
research intensity, proof of concept, and setting of standards for
future research, it is important to subject the published data to
a critical review. Therefore, the aim of this paper is to critically
analyze published data and conclusions in relation to our own
experimental data. The articles discussed are selected on the basis
of an extensive literature study on papers published between 2001
and 2009. We focused on the publications that contained sufficient
data to allow proper analysis and recalculations. We would like to
emphasize that the points raised in this chapter are only meant to
initiate debate and it is not our intention to discredit anyone.
2. Experimental basis

2.1. Materials

Acrylamide (AAm, ultra pure) and N,N’-methylene-bisacrylamide
(MBA, ultra pure) were purchased fromMP Biomedicals, methacrylic
acid (MA, 99%), N,N’-bis(acryloyl) cystamine, fluorescein iso-
thiocyanate (FITC), lysozyme from hen egg white (96,381 U/mg),
cytochrome C from bovine heart (purity >95%), hemoglobin from
bovine blood (purity >90%), myoglobin from horse heart (purity
>90%) and N-octyl b-D-glucopyranoside (OG) from SigmaeAldrich.
Acetic acid (AcOH), acrylic acid (AAc, synthesis grade) and N,N-
dimethylformamide p.a. were obtained from Merck. N,N,N’,N’-tetra-
methylethylenediamine (TEMED), ammonium peroxodisulfate (APS)
and sodium dodecylsulfate (SDS) were obtained from Fluka. N,N-
dimethylaminoethyl-methacrylamide (DMAEMA)was obtained from
Polysciences Europe GmbH. The Bio-Rad DC protein assay was
purchased from Bio-Rad Labs. Dioleoylphosphatidylcholine (DOPC)
was purchased from Lipoid GmbH, Triton X100 (TX100) from BDH
LaboratorySupplies, and Irgacure2959 fromCibaSpecialtyChemicals.
Lipid II, a bacterial membrane-associated peptidoglycan precursor
[18],waskindlyprovidedbyDr. E. Breukink (UtrechtUniversity). FITC-
labeled lysozyme was synthesized as described before [19]. In detail:
300mg lysozymewasdissolved in50mLboratebuffer (100mM,pH9).
While stirring, 0.28 mL FITC solution (10 mg/mL in DMF, FITC:lysine
mol ratio 1:20)was added to the lysozymesolutiondrop-wise and the
resulting mixture was stirred for 1 h at room temperature. Next, the
pH was adjusted to 7.2 by adding boric acid and the protein solution
was filtered (0.2 mm). Finally, the solution was extensively dialyzed
againstwater (1week, at 4 �C) to removeunreacted FITCand the FITC-
lysozyme was collected after freeze-drying.
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2.2. Surfaces coated with a lysozyme imprinted polyacrylamide
hydrogel layer

The method was adopted from Matsunaga et al. [20]. First, the
gold surface of surface plasmon resonance (SPR) chips (1 by 1 cm,
Biacore,) was modified with vinylgroups by incubation for 30 min
with 5 mM bisacryloylcystamine in methanol. Next, chips were
washed 5 times with methanol and RO-water. The pre-polymer
mixturewaspreparedbydissolving72.2mgAAm,13.6mgMBA,12mL
AAc (10% w/w in 10 mM HEPES, pH adjusted to pH 7.4, molar ratio
AAm:MBA:AAc¼ 11:1:0.2) and 50 mg lysozyme in a total volume of
1 mL 10 mM HEPES (pH 7.4). Neutral pre-polymer mixtures were
preparedwithout adding AAc. Afterflushingwith nitrogen for 5min,
10 mL APS (10% w/w) was added. The components were mixed and
50 mL of themixturewas pipetted onto the gold surface, and allowed
to polymerize for 3 h at 37 �C. The surfaceswerewashedwith 3 times
5 mL 1 M NaCl and 3 times 5 mL RO-water to remove the template.
Non-imprinted polymers were prepared in the same way, without
adding lysozyme. Rebindingwas studied by adding 40 mL of a 30mg/
mL FITC-lysozyme solution in 10 mM HEPES pH 7.4 to the surfaces.
After 1.5 h incubation at room temperature, the surfaces were rinsed
3 times with 10 mM HEPES (pH 7.4) to remove unbound protein.
Bound FITC-lysozymewas visualizedusing aNikonTE-2000 inverted
fluorescence microscope (Nikon Europe).

2.3. Preparation and analysis of cytochrome C imprinted hydrogels

The synthesiswasdoneaccording toKimhiandBianco-Peled [21].
In detail, 0.86 g AAm, 0.2 gMBA,1.025mLMAand 2.05mLDMAEMA
(molar ratio AAm:MBA:MA:DMAEMA ¼ 10:1:10:10) and 0.2 g
Cytochrome C were dissolved in 10 mM HEPES buffer (final volume
10mL, pHwas adjusted to 7.4). The pre-polymermixturewasflushed
with nitrogen for 10 min to remove oxygen. Next, 0.70 mL APS (1.5%
w/w in RO-water) and 0.56mLTEMED (3.75% in 10mMHEPES buffer,
pH adjusted to 7.4) were added to initiate polymerization. The gels
were allowed to polymerize overnight at room temperature and
subsequently ground by using an IKA� Ultra-turrax tube drive, and
wet-sieved throughan80-mmsieve. The templatewas removed from
the granulated gel particles by successive washing with 100 mL RO-
water,100mL1 MNaCl,100mL 10% SDS:AcOH and200mLRO-water.
Theproteinconcentration in thewash fractionswasdeterminedwith
the Bio-Rad DC protein assay, using the microplate-assay procedure
[22]. Next, the particles were freeze-dried and stored at room
temperature. Non-imprinted polymers were prepared in the same
way without adding cytochrome C.

The rebinding was done with 50 mg dry particles, which were
hydrated with 1 mL TRISeHCl buffer pH 8, prior to the addition of
4 mL cytochrome C or lysozyme solution (final concentration
ranging from 0.5 to 4mg/mL). After overnight incubation on a roller
bench at room temperature, the particles were allowed to sediment
(visually completely sedimented within 10 min) and the protein
remaining in the supernatant was determined spectrophotomet-
rically after filtration (0.2 mm), using a calibration curve (A410
cytochrome C, E11 ¼ 86 [23], A280 lysozyme E11 ¼ 2.7 [24]).

2.4. Myoglobin recovery after incubation and centrifugation

As a control experiment, the effect of experimental conditions on
the protein concentration in solutions not containing any polymer
was assessed. Eppendorf tubes containing 200 mL myoglobin solu-
tions (0.05, 0.15, 0.25, 0.35 and 0.45 mg/mL) in 10 mM HEPES pH 7.4
were incubated on roller bench for 6 h at room temperature. Samples
were centrifuged at 22.000 g for 15 min and the concentration of
myoglobin in the supernatant was determined by measuring the
absorbance at 410 nm, using a calibration curve (E11 ¼157 [25]).
2.5. Preparation and analysis of hemoglobin imprinted hydrogels

Neutral protein imprinted polyacrylamide hydrogels were
synthesized essentially as described previously [26,27]. In detail,
270 mg AAm, 30 mg MBA (molar ratio 19:1) and 40 mg bovine
hemoglobin were dissolved in 5 mL RO-water. The pre-polymer
mixture was flushed with nitrogen for 10 min to remove oxygen.
Next, 50 mL APS (20% w/w in RO-water, pH adjusted to 7.4) and 50 mL
TEMED (10% v/v in RO-water, pH adjusted to 7.4) were added to
initiate the polymerization. The gels were allowed to polymerize
overnight at room temperature and subsequently ground by using
an IKA� Ultra-turrax tube drive and wet-sieved through an 80-mm
sieve. The template was removed from the granulated gel particles
by successive washing with 100 mL RO-water, 100 mL 10% SDS and
300 mL RO-water. The hemoglobin concentration in the wash frac-
tions was determined spectrophotometrically (A410, hemoglobin
calibration curves were made in RO-water and in 10% SDS). The
removal of SDS was verified by adding potassium chloride to the
wash fractions. Non-imprinted (control) polymers were prepared in
the same manner without adding the template protein.

After template extraction, the gel particles were conditioned
with phosphate buffer (PB, 10 mM) pH 6.8. The dry weight of the
obtained particle suspension was determined by incubation in
a vacuum oven for 2 h at 40 �C. Subsequently, fixed amounts of
the MIP and NIP suspension corresponding to 20 mg of dry
polymer (w300 mg wet) were transferred to 2 mL tubes and PB
buffer pH 6.8 was added to a total weight of 0.5 g. Subsequently,
hemoglobin in PB pH 6.8 was added, the final concentration
ranging from 0.125 mg/mL to 1.0 mg/mL (total volume of
1.65 mL). Since the volume of wet particles was not exactly the
same for MIP and NIP, the exact concentration of hemoglobinwas
determined immediately after addition (C0). After overnight
incubation, samples were centrifuged (15.000 g, 2 min), and
filtered (0.2 mm) to remove remaining gel particles. The protein
concentration in the filtered supernatant was then determined
spectrophotometrically (A410).

2.6. Lipid II surface-imprinted nanoparticles

Crosslinked polyacrylamide nanoparticles (10% w/v total mono-
mer, AAm: MBA: AAc 32:8:1 w/w/w, molar ratio 9.6:1:0.27) were
synthesized using a liposomal nanoreactor as reported earlier [28],
except using extrusion to prepare DOPC liposomes. Lipid II (LII) was
incorporated in the liposomal bilayer in a ratio of 1 mol LII per
1333 mol phospholipids. In short, DOPC (2 mmol) and LII (1.5 nmol)
were dissolved in chloroform in a round-bottom flask. A lipid film
was prepared under reduced pressure using a rotary evaporator and
dried further under a stream of nitrogen. Next, 0.8 mL monomer
solution in 10 mM HEPES pH 7.4 was added to yield a final phos-
pholipid concentrationof 2.5mM. Irgacure2959 (photoinitiator)was
added to a concentration of 0.01% (w/v). Subsequently, the formed
multilamellar liposomes were extruded using a hand extruder
(Avanti Polar Lipids) throughpolycarbonatefilterswith apore size of
0.1 mm. To prevent polymerization of the monomers outside the
liposomes, 200 mL ascorbic acid dissolved in HEPES (130 mg/mL, pH
adjusted to 7.4) was added to the liposome dispersion immediately
before illumination. Photopolymerization was initiated by illumi-
nation for 90 s under a N2 atmosphere using a Bluepoint 4 UVC
mercury lamp (150W, l-range 230e600nm,HonleUVTechnology).
After polymerization, the lipid bilayer and the LII-template mole-
cules were removed from the particles by addition of Triton X100,
followed by 4 ultracentrifugal cycles (250.000 g,1 h) and removal of
the supernatant. Removal of DOPC was confirmed by a phosphate
determination according to Rouser after destructionwith perchloric
acid [29]. The size and size distribution of the obtained particles
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were measured by dynamic light scattering (DLS) using a Malvern
CGS-3 multiangle goniometer (Malvern Ltd.).

2.7. Surface plasmon resonance

The rebinding of the imprinted nanoparticles (MIP) to the LII-
template was determined by surface plasmon resonance (SPR)
using a Biacore3000 (Biacore,). LII-containing DOPC monolayers
were immobilized (flowcell 2) on an HPP-chip (XanTec bioanalytics
GmbH) according to the protocol provided by Biacore (for DMPC
monolayers on an HPA chip). In short, LII-containing DOPC lipo-
somes (2 mM phospholipids, molar ratio DOPC:LII ¼ 333:1) in
10 mM HEPES pH 7.4 containing 2 mM CaCl were prepared by
extrusion. After cleaning the HPP-chip surface by an injection
(25 mL, flow 5 mL/min) of octyl-b-D-glucopyranoside (40mM in H2O),
monolayers were formed by an injection (30 mL, flow 2 mL/min) of
liposomes, followed by a pulse (30 mL, flow 50 mL/min) of 10 mM

NaOH to remove loosely bound vesicles. DOPC monolayers without
LII where used a reference surface (flowcell 1).

After the immobilization, sensorgrams were recorded in
running buffer (10 mM HEPES, pH 7.4, filtered and degassed) until
a stable baseline was reached. Different concentrations of MIP and
control nanoparticles were injected at 10 mL/min during 6 min.
Dissociation in running buffer was followed for 5 min, followed by
regeneration of the surface with 10 mM NaOH.

3. Polymer composition: the first critical parameter

After selecting a protein as target template for molecular
imprinting, the next step is the selection of an appropriate polymer
matrix, in which high affinity binding sites can be created, ideally
without introducing aspecific interactions. Proteins are very complex
and possess many potential recognition sites at their surface, such as
charged amino acids and hydrophobic/hydrophilic regions. This
makes the creation of molecular imprinted polymers with high
selectivity challenging, due to possible cross-reactivity with proteins
Fig. 4. Fluorescent images of neutral (top) and negatively charged (bottom) MIP and NIP a
10 mM HEPES, pH 7.4. These figures clearly illustrate the non-specific binding of lysozyme t
were kept constant for all the samples.
with similar charge or hydrophobic/hydrophilic structure as the
imprinted template protein. It has beenproposed, in contrast to small
molecules in aprotic organic solvents, where a few strong bonds are
responsible for the selective interaction between template and
polymer, multipleweak interactions are necessary for the generation
of a strong-protein binding polymer network in aqueous environ-
ment [30,31]. Hjertén and co-workers, introduced acrylamide (AAm)
and N,N’-methylene-bisacrylamide (MBA) for the design of imprin-
ted hydrogels of several proteins, e.g. cytochrome C [32], hemoglo-
bine [32], ribonuclease [30], human growth hormone [30] and
human serum albumin [33]. They typically used hydrogels with
a relatively low crosslink density, i.e. 3% (w/w) relative to the total
monomer amount. The polyacrylamide matrix is non-charged and
multiple weak interactions, like hydrogen bonds and dipoleedipole
interactions are assumed to be responsible for the polymer-
etemplate interactions [34]. Additionally, the polymerization of
monomers in the vicinity of a template protein leads to the formation
of a cavity with the shape and size of the imprinted template, and
with the sites of interaction in a pre-determined orientation [30,33].

Theoretically, electrostatic interactions due to introduction of
charged monomers in the polymer network can contribute to more
specific and stronger templateeimprint interactions. However,
charged residues can also cause non-specific binding of the template,
resulting in a decreased imprint effect. Hjertén and co-workers
indeed observed that introducing acrylic acid (AAc) as negatively
charged monomer at neutral pH in the polymer matrix, led to
a decreased selectivity toward hemoglobin and they concluded that
the use of functional (charged) monomers should be avoided. High
aspecific interactions, due to the presence of chargedmonomers was
also observed by our group. We prepared lysozyme imprinted and
non-imprinted polyacrylamide gels without and with 1.5 mol% AAc
(AAc:lysozyme molar ratio ¼ 5:1), with a crosslink density of 15.5%
(w/w), as described in the Experimental Basis section. The rebinding
of FITC-labeled lysozyme was evaluated with fluorescence micros-
copy. In order to make comparison possible between the different
samples, the microscope settings (exposure time and gain) were
fter rebinding with FITC-lysozyme (green) (50% of the initially imprinted amount) in
o acrylic acid (AAc)-containing polyacrylamide hydrogels. The exposure time and gain
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kept constant for all the formulations. As can be seen in Fig. 4, the
(bright green) fluorescence intensity (FITC-lysozyme) of the AAc-
containing MIP is substantially higher than that of the neutral MIP,
where almost no fluorescence is observed (black to slightly green).
However, this is also the case for the non-imprinted polymer (NIP),
which indicates that this effect is mostly the result of aspecific
binding. Although both charged and neutral MIPs seemed to bind
more FITC-lysozyme than the non-imprinted counterparts, experi-
ments with bulk imprinted hydrogels of the same composition
where the rebinding was assessed by the depletion of protein from
the supernatant did not confirm an imprint effect. Also in this
experiment the negatively charged bulk imprinted hydrogels
showed quantitative rebinding of lysozyme for both theMIP and NIP.
These results clearly illustrate the non-specific binding caused by
electrostatic interaction between positively charged lysozyme and
the negatively charged networks.

3-Aminophenylboronic acid (APBA) has been frequently used as
functional monomer for the preparation of protein imprinted poly-
mers, with varying results [35e38]. APBA possesses several func-
tional groups (hydroxyl, secondary amine and an aromatic ring),
which can interact with different amino acids present in proteins
[39,40]. As observedbyBonini et al., thesemultiple interactionpoints
can sometimes result in high non-specific binding [36]. They used
aminopropyl silica beads coated with APBA as functional monomer
for imprinting of human serum albumin (HSA). The proteinwas first
covalently bound to an aldehyde-modified aminopropyl silica
surface (2 mg HSA/g beads). Thereafter, a thin film of pAPBA was
deposited on the particle surface (15.2 mg/g beads, thickness of the
layernot specified). The templatewas removedbywashing thebeads
with RO-water and 1 M oxalic acid. The strong acidic solution breaks
the covalent bond between the protein and the modified silica
surface. From the release profile presented by the authors, it is clear
thatonlyw50mgwas removed fromthebeads,whereas initially2mg
HSAwasadded toderivatize thebeads. This suggests that there is still
a considerable amount of template present on the beads (97.5%,
assuming quantitative immobilization of HSA on the beads), which
could be due either to strong interaction between the aminopropyl
silica andHSA [41], or to permanent entrapment of HSA between the
silica surface and the depositedpABPA layer. Beadswere conditioned
with phosphate buffer (PB,10mM, pH 8) before rebinding.Wewould
like to point out that the pABPA is a linear polymer deposited on the
silica surface. In our view, the absence of permanent (covalent)
crosslinksmakes the creation of stable imprint cavities very unlikely.
Rebinding studies were performed with different protein amounts
(0.02e2.4 mg/g beads). Only at high rebinding protein concentra-
tions (>1.56 mg HSA/g beads), a significant difference in binding
Fig. 5. Binding capacity for control (solid) and MIP beads (open). The amount in microgram
particles for rebinding. Rebinding is done with different amounts of proteins in phosphate
behavior was observed between the imprinted and non-imprinted
beads (imprint factor¼ 1.4, Fig. 5). At lower concentrations, bothMIP
and NIP adsorbed the loaded HSA quantitatively. This observation is
contrary to what is expected for specific protein (re)binding, where
one would expect a difference in adsorption at low protein concen-
trations until all specific binding sites on the MIP are occupied,
whereas at higher concentrations aspecific protein binding to the
surface of bothMIP andNIPwould occur. Additionally, the difference
in binding between MIP and NIP (w500 mg/g) beads was 10 times
higher than the removed amount of template (50 mg/g beads).
Therefore it is likely that the difference in binding between the MIP
and NIP observed at high concentrations is caused by a difference in
exposed surface area per g particles, which could originate from the
presence of the protein during the polymerization.

Even though it is clear that functional (charged) monomers can
induce aspecific binding of the template to the polymers, it has
been shown that the charge density of the network [42], as well as
the pH [43] and ionic strength of the buffers used for imprinting
and rebinding [20,35] have an effect on the experimentally deter-
mined imprint specificity. Matsunaga et al. presented a detailed
study on the effect of salt concentration on both the imprinting
process and rebinding to negatively charged polyacrylamide
hydrogels [20]. They synthesized lysozyme imprinted and non-
imprinted polymers on SPR-chips with AAc as negatively charged
monomer. The effect of ionic strength (0, 20 and 40 mM NaCl) of the
buffer (HEPES, pH 7.4) during the polymerization and the rebinding
assay was evaluated with SPR. AAc was added to provide negatively
charged binding sites for the positively charged lysozyme. The
template was removed by washing with 1 M NaCl (the amount of
template removed was not quantified). When rebinding was con-
ducted in absence of NaCl, high non-specific binding of lysozyme
was observed for both the MIP and NIP, likely caused by the elec-
trostatic interaction between the template and the polymer
(control experiments using polymers without AAc were not per-
formed). Rebinding to the lysozyme-MIP and NIP was also done
with other proteins (cytochrome C, RNAse, myoglobin, lactalbumin)
to examine the selectivity of the imprints. Cytochrome C and RNAse
(both positively charged at pH 7.4) bound to a high extent to both
MIP and NIP, whereas no adsorption was observed for myoglobin
(neutral) and lactalbumin (negatively charged). Interestingly, when
the rebinding of lysozyme and the different control proteins was
done in the presence of NaCl (20 or 40 mM), the aspecific binding to
both MIP and NIP decreased, but this did not result in an increased
imprint factor for lysozyme. In case the preparation of theMIPs was
done in absence of salt (50 mM HEPES, pH 7.4), no specific
adsorption of lysozyme to the MIP was observed (imprinting
s bound to the beads is plotted as function of amount in micrograms added to 0.5 g
buffer (10 mM pH 8). Reprinted with permission from [38].



Fig. 6. Effect of washing method (SDS/AcOH 5%:5%, 10%:10% and 15%:15%) on the
rebinding to MIP and NIP. The figure shows the amount of hemoglobin present in the
different wash fractions after rebinding. (load fraction ¼ unbound protein remaining in
the supernatant after rebinding, Wash: low affinity bound protein removed by
washing with water, Elution: strong affinity bound protein eluted with SDS/AcOH). All
values are means of duplicate experiments and the error bars represent the two
“actual” results for each data set groups. In case of the NIPs, accumulation of the
protein recovered in the different wash fractions, resulted in a higher amount of
protein than originally added to the polymers. Reprinted with permission from [28].
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factor ¼ 1.0). On the other hand, when imprinting was done in
presence of salt, 20 or 40 mM, the imprint factor for lysozyme in
20 mM NaCl increased to 1.2 and 3.4, respectively. However, when
rebinding was done with these gels in presence of 40 mM instead of
20 mM NaCl the rebinding efficiency decreased. This can be
attributed to the interference of the salt ions with the specific
charged binding sites, thereby masking the charges and resulting
again in loss of rebinding efficiency.

It is clear that the selection of proper monomers is critical for the
performance of the imprinted polymer. One has to take into account
that strong interactions, either electrostatic or hydrophobic,
between monomers and template can lead to aspecific binding.
Moreover, the imprinting and rebinding conditions (pH, salt
concentration) have a clear effect on the experimental results, which
makes it even more challenging to develop standardized protocols
for the design and evaluation of protein imprinted polymers.

4. The essence of template removal

An important step in the process of creating imprints with high
selectivity and absorption capacity is the removal of the imprinted
template, especially because the imprint cavities of interest, i.e.
thosewith the highest binding affinity, will most strongly retain the
template molecules during template extraction. Moreover, removal
of proteins from imprinted polymers is challenging due to their
high molecular weights, which retards diffusion through the dense
polymer network. In the past decade, several washing methods
have been developed and optimized for protein/template extrac-
tion. The pioneering work by Hjertén and co-workers has been
used as a starting point by other research groups [30,32,34]. In
order to remove the template from (neutral) polyacrylamide
hydrogels, they used several methods, depending on the protein
properties (size, pI). For example, cytochrome C was removed by
washing with a solution of high salt (0.5 M), whereas for hemo-
globin, albumin andmyoglobin 10% SDS/10% AcOHwas needed and
even then traces of both proteins were permanently entrapped (the
gels remained slightly red colored after washing) [32]. Nowadays,
these methods are still frequently used for template removal. For
smaller proteins like cytochrome C and lysozyme, washing with
RO-water and solutions with high salt concentrations is sufficient
to remove 73 up to 92% of the template molecule, depending on the
polymer composition [21,44,45]. At present, the combination of
acetic acid (AcOH) with a detergent (SDS or Tween-20) is the most
frequently used washing procedure, however this harsh method
does not guaranty complete template removal either; results
varying from 50% up to 95% have been published [26,35,36,46,47].
In 2005, Hawkins et al. evaluated the use of a mixture of SDS/AcOH
and trypsin as washing solutions for the removal of hemoglobin
from polyacrylamide hydrogels [26]. They polymerized acrylamide
and bisacrylamide in presence of hemoglobin (12 mg/g polymer).
After polymerization, the hydrogels were granulated by sieving and
washed with different solutions, and subsequently the rebinding
efficiency was determined by incubating the imprinted and control
particles with 6 mg hemoglobin/g. The best imprint effect was
obtained with 10% SDS/10% AcOH (45% of the initially imprinted
amount rebound), even though only approximately 50% of the
template was removed. By increasing the SDS/AcOH concentration
to 15%:15%, more template was removed (w70%), but the rebinding
decreased tow35%, which Hawkins et al. assigned to changes of the
network structure, caused by the high SDS/AcOH concentrations.
When trypsin was used, up to 87.4% of template was removed from
the imprinted network; however, only 20% of the amount initially
used for imprinting was rebound. This was explained by the
blocking of imprinted sites with residual protein fragments.
Although the results of Hawkins et al. [26] look promising, some
issues need to be addressed. Firstly, the time used for template
removal is not specified, nor do the authors state whether the last
wash fraction still contained protein. Therefore it is not certain
whether the template that was not removed (up to 50%) did not
continue to leak out during rebinding studies. Second, the template
rebinding was allowed for only 10 min, which is too short to reach
equilibrium (vide infra). Third, a bias is observed in the data pre-
sented on the hemoglobin recovery after rebinding. According to
the described method, 12 mg hemoglobin was used for the
imprinting process, whereas the rebinding to the MIP and NIP was
done with 6 mg hemoglobin (because only w50% of the template
was removed). However, based on the presented results, the
amount of protein recovered in the different wash fractions after
rebinding for the NIP, was 7.25e7.75 mg, which is 20e30% more
than the initial amount used for rebinding (Fig. 6). On the other
hand, in case of the MIP, the total amount of protein recovered
during the washing steps after rebinding (4.5e5.9 mg) is less than
the amount used for rebinding, suggesting some irreversible
rebinding of the protein to the MIP. These uneven mass balances
were not addressed by the authors. Therefore, given the inaccuracy
of the method used to assess rebinding, the author’s conclusion
that 10% SDS/10% AcOH would be the best template removal
method is probably not justified.

In a second paper, the same authors evaluated the efficiency of
the SDS/AcOH washing method with confocal microscopy [47].
Fluorescently labeled (FITC) albumin was imprinted in a poly-
acrylamide hydrogel and visualized by confocal microscopy. After
addition of 50 mL 10% SDS/10% AcOH to the MIP an immediate and
almost complete decrease in fluorescence signal was observed. This
observationwas ascribed to the structural denaturation of the FITC-
labeled protein and subsequent extraction from the hydrogel
network. However, fluorescein (and also FITC) is a pH-sensitive
fluorescent probe andhasbeenusede.g. as pHsensor tomeasure the
intracellular pH [48,49]. The fluorescence intensity of fluorescein
has a maximum above pH 7 and a minimum below pH 5. Conse-
quently, the observed instant loss of the fluorescence signal is more
likely caused by the decrease of the pH after adding SDS/AcOH (pH
w2.8), rather thandue todenaturation and removal of FITC-albumin
form the gel network. Moreover, immediate release is highly



Fig. 8. Hemoglobin binding to bare crosslinked chitosan beads treated differently. (A)
Original crosslinked chitosan beads; (B) beads washed with 10% (v/v) AcOH; (C)
washed with 10% (w/v) SDS solution; and (D) washed with the AcOH/SDS solution.
Binding conditions: temperature 25 �C, time 18 h, polymer mass 0.1 g, rebinding
volume 5 mL, Initial concentration (C0) 1.0 mg/mL, and 20 mM phosphate buffer pH 6.8.
All values are means of three measurements. Reprinted with permission from [56].
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unlikely because of the low diffusion rates of proteins in highly
crosslinked hydrogel matrices. Despite the above-mentioned
concerns, many researchers adopted this method to remove protein
templates fromMIPs [27,46,50e53].

As demonstrated by Fu et al., template removal by SDS and
AcOH can be associated with another artifact. They synthesized BSA
imprinted chitosan-polyacrylamide gels by graft copolymerization
of acrylamide on chitosan in presence of bisacrylamide. The gels
were sieved (70-mesh sieve) and the obtained granules were
washed with 10% SDS/10% AcOH to remove the template. When
performing a rebinding experiment (acetate buffer pH 4.6 in which
BSA has no net charge), they observed that the MIP had a binding
capacity exceeding the theoretical capacity at least twice, whereas
the template binding to NIP was very low [46]. In a later publication
they verified that the mixture of SDS/AcOH, used to remove the
imprinted template, was responsible for this extremely high
absorption by the MIP [54]: when non-imprinted polymers were
washed with the same solution (10% SDS/10% AcOH), a comparable
amount of template (hemoglobin) was bound to the NIP as to the
MIP (Fig. 7). In a control experiment, using crosslinked chitosan
beads, high non-specific protein adsorption to the beads occurred
when they were washed with a combination of SDS and AcOH,
whereas after washing with only AcOH or SDS, a much lower
protein sorption was observed (Fig. 8). It is possible that anionic
SDS binds electrostatically to the positively charged chitosan
surface, which is more pronounced at the lowpH (w2.8) of the SDS/
AcOH solution. The SDS molecules may remain adsorbed to the
surface after washing and can thereby cause aspecific hydrophobic
interactions with BSA and hemoglobin (both neutral at pH 4.6 and
pH 6.8, respectively). These results indicate that non-specific
sorption induced by the washing step with SDS/AcOH, rather than
the creation of imprinted sites, is responsible for the very high
binding capacity. As suggested by the authors, it is very important
to treat the MIP and NIP in exactly the same way during the whole
imprinting process.

Tan and Tong also reported extremely high adsorption capac-
ities for a protein imprinted methylmethacrylate polymer cross-
linked with ethylene glycol dimethacrylate, up to 100-fold of the
theoretical maximum binding capacity, however, this was not
addressed in their discussion [52,55,56]. In a comment on one of
their papers, the washing step with SDS/AcOH was proposed to be
responsible for this exceptionally high rebinding capacity. More-
over it was suggested that the MIP and NIP were treated differently
Fig. 7. Hemoglobin binding isotherms for imprinted hydrogels based on poly-
acrylamide-chitosan semiinterpenetrating network, and for the NIP-washed or
unwashed with the AcOH/SDS solution. Binding conditions: temperature 25 �C, time
8 h, Particles 0.1 g, volume 5 mL, 20 mM phosphate buffer pH 6.8. All values are means
of three measurements. Reprinted with permission from [56].
during the washing steps [57]. Tan and Tong replied and assured
that both MIP and NIP were treated in a similar way and explained
the unrealistic high adsorption capacity by means of the general
mechanism of protein adsorption to hydrophobic surfaces [58]. The
authors argued that the presence of binding sites in the imprinted
polymer would create a stable layer of adsorbed proteins, onto
which other proteins can be adsorbed, leading to multiple layers of
proteins. In absence of these binding sites, the adsorbed layer is not
stable and can be desorbed again. However, the explanation is
based on hypothesizes is not supported by experimental data.
Moreover, multi-layer protein adsorption has only been observed
with some proteinesurface combinations, and there is still a lot of
controversy on this topic [59,60].

Recently, Janiak et al. also discussed the problems they
encountered with the use of SDS/AcOH to remove imprinted
protein molecules from charged polyacrylamide hydrogels [27,61].
Like Fu et al. [54], they observed that the presence of SDS in the
wash solution, in particular in combination with AcOH, led to an
increased non-specific binding to the imprinted and non-imprinted
polymers.

Also in ourworkwe observed high non-specific rebinding due to
insufficientwashing after removal of the templatewith 10% SDS/10%
AcOH. Cytochrome C imprinted and non-imprinted neutral poly-
acrylamide hydrogels (containing equal amounts of negatively (MA)
and positively (DMAEMA) charged monomers) were prepared
according to Kimhi and Bianco-Peled [21], as described in the
Experimental Basis section. The template was removed (85% � 5%)
by washing of the granulated gels with 10% SDS/10% AcOH,
comparablewith results reported byKimhi et al. [21]. Afterwashing,
the gels were equilibrated in TRIS-buffer pH 8. To assess the selec-
tivity of the imprinted polymers, rebinding was performed with
cytochrome C and lysozyme, which are similar with respect to their
size and isoelectric point (pI; lysozyme ¼ 14.3 kDa, pI ¼ 9; cyto-
chromeC¼ 12.6 kDa, pI¼ 11). The rebindingwas done by incubation
of 50 mg MIP and NIP (dry weight) with different amounts of both
proteins (2.5, 5, 10, 15 and 20 mg) for 14 h. Based on the initial
template concentration, the maximum rebinding capacity of the
MIPwas 50mg/g. After sedimentation of the particles, the unbound
protein in the supernatant was determined spectrophotometrically.
Surprisingly, for all initial rebinding concentrations used (0.5mg/mL
e 4mg/mL), no proteinwas detected in the supernatant of solutions
incubated with both MIP and NIP. The absence of a red color in the
supernatant after rebinding with cytochrome C confirmed this
finding. However, a closer examination of the MIP and NIP after
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rebinding revealed that the protein molecules had neither pene-
trated into nor adsorbed onto the polymers, but were precipitated
on top of the polymers, as shown for lysozyme in Fig. 9. TheMIPwas
still slightly red colored, indicating the presence of cytochrome C
that was permanently entrapped in the hydrogel network after
imprinting (Fig. 9A). For all lysozyme concentrations used, quanti-
tative precipitation occurred for bothMIP andNIP. Determination of
the pH revealed that the solution was slightly acidic (pH 5), even
though they were washed with H2O, and TRIS-buffer (pH 8) was
used during hydration of the polymer particles and during rebind-
ing. This suggests that AcOH, and likely also SDS, used for template
removal were not extracted quatitatively from the gels. Therefore,
the stability of lysozyme and cytochrome C was tested in 10% SDS,
10%AcOHandamixtureof10%SDS/10%AcOH.Only the combination
of SDS and AcOH caused precipitation of the proteins, which
confirms the hypothesis that traces SDS and AcOHwere still present
in the gels during the rebinding.

Based on the examples mentioned above, it has become clear
that a harsh washing method, like SDS/AcOH, may improve the
removal of imprinted template proteins, but care must be taken to
avoid non-specific interactions or protein precipitation by e.g.
residual SDS molecules present in the polymer network. As shown,
such artifacts might lead to false positive results. First of all,
imprinted and non-imprinted polymers should be subjected to
identical procedures used for the template removal and washing of
the polymers. This way, non-specific interaction introduced by the
washing procedure can be identified. Second, one should ensure that
washing compounds are removed completely prior to the rebinding
step. In case of SDS and AcOH, this can be done easily by measuring
the pH of the supernatant (AcOH) and by adding potassium chloride
to the supernatant which will cause precipitation of KDS. Never-
theless, SDS entrapped inside the gel matrix may still cause artifacts.
5. Assessment of template rebinding

5.1. Incubation time/equilibrium

Affinity is a parameter that describes the binding of substances
(e.g. ligand and receptor) in equilibrium. Logically, in order to assess
the affinity of a MIP for the template, it has to be made sure that
Fig. 9. Precipitation of lysozyme after rebinding to cytochrome C imprinted particles
(A) and non-imprinted particles (B). Lysozyme (3 mg/mL in TRIS pH 8) was added to
0.5 g dry particles and incubated overnight. Black arrows: protein precipitate, white
arrows: sedimented particles (slightly red colored in the case of the imprinted particles
(A)).
equilibrium has been reached. It is well known that the diffusivity of
proteins in a highly crosslinked polymer matrix is rather slow.
Polymer geometry, polymer hydration, crosslink density, protein size
and temperature all play a role in the time needed for a protein to
diffuse into the polymermatrix and to reach equilibrium. As a result,
the required incubation time needs to be validated before affinity
can be properly assessed. Surprisingly, in many articles on protein
imprinting the incubation time is not accounted for. For example, Ou
et al. reported on lysozyme-imprinted polyacrylamide beads (solid
content up to 40% w/w) of 105e149 mm using an incubation time of
30min [44]. Their formulation and incubation timewere adopted by
Kimhi and Bianco-Peled [21], but in a later paper by the same group
it was stated that it took at least 2 h to reach equilibrium, and the
incubation time was adjusted to 5 h [62]. Even more striking are the
papers on hemoglobin imprinted polyacrylamide gels (6% w/w total
monomers, 10% crosslinker), by Hawkins et al. [26] (sieved through
a 75 mm sieve) and Janiak et al. [27] (granulated, dimensions not
specified), where an incubation time of only 10 min was used.
Judging from the time-dependent adsorption curves shown by
others for similar hydrogel compositions [63e65], it can be stated
with certainty that equilibrium was not reached.

Also when time needed to reach equilibrium is determined, the
results should be analyzed critically. For example, Lu et al. showed
that the concentration of BSA and lysozyme upon incubation with
their corresponding polyacrylamide MIP beads (25% w/w total
monomer, 10% crosslinker) decreased with the same kinetics. This
is contradictive to what is expected, considering that the molecular
weight of BSA is approximately 6 times higher than that of lyso-
zyme. The difference in size leads tomuch slowermovement of BSA
in the crosslinked polyacrylamide matrix and therefore one would
expect that more time is needed to reach equilibrium for BSA. The
finding that equilibriumwas reached within the same time interval
raises the question whether the change in concentration was
indeed caused by specific binding to imprint cavities in the polymer
matrix, or that it was rather caused for example by protein aggre-
gation or aspecific binding to the polymer surface or test tube.

5.2. Quantification of rebinding

In the majority of papers the indirect method of template
depletion from solution is used to quantify template rebinding. MIP
and template are mixed and the concentration of unbound protein
in the solution is determined after a certain incubation period
(when equilibrium is reached). A major shortcoming of the
template depletion method is that it does not confirm that the
template is in fact bound to the polymer. The drop in concentration
of protein in the supernatant can have other causes, such as the
SDS/AcOH combination (vide supra). Also other unexpected effects
could lead to serious artifacts, as is illustratedwith some of our own
data shown in Fig. 10. Fig. 10A shows the relative amount of
myoglobin measured in 10 mM Hepes buffer, pH 7.4, after incuba-
tion in eppendorf tubes without MIP/NIP for 6 h at room temper-
ature followed by centrifugation. It becomes clear thatw90% of the
myoglobin remained in the solution, independent of the original
concentration. When this picture is converted into a Langmuir
curve (Fig. 10B) it seems that significant “binding” occurred. This
background binding could result from adsorption of protein to the
test tube and loss of protein (aggregates) as a result of centrifuga-
tion. Solid surfaces can adsorb up to 1 mg protein/cm2 (monolayer of
globular protein) [66]. The surface of an eppendorf tube isw10 cm2,
which means that it can adsorb approximately 10 mg of protein and
could indeed explain the observed decrease of protein
(DC¼ 0.05 mg/mL, V¼ 200 mL). If MIP/NIP would have been present,
such phenomena could lead to false positive results. Therefore,
when indirect measurements are used to show template rebinding,



Fig. 10. Depletion of myoglobin from solution after 6 h incubation (10 mM Hepes buffer pH 7.4) and subsequent centrifugation. The concentration was determined by A410 and
expressed as % of the original amount (A, n ¼ 3), and the resulting Langmuir isotherm expressed as both decrease in concentration (left yaxis) and amount bound (right y-axis) vs.
equilibrium concentration (B). Individual triplicates are shown because the x-coordinate (equilibrium concentration) is a sample-dependent value. The line in Figure B represents
the fit using a one site binding model.
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samples not containing MIP/NIP should be included as an extra
control, additional to the normal non-imprinted polymer. It should
be noted that in some papers protein rebinding is quantified by
determining the bound protein directly, for example by ELISA [67]
or using a quartz crystal microbalance (QCM) [68e70]. Also for
these methods it is essential that they are validated, to be able to
make the distinction between rebinding and for example change of
the availability or conformation of epitopes in the case of ELISA, and
polymer swelling and deswelling in the case of QCM. To our
knowledge, no papers have been published in which the affinity of
a MIP for the template protein is assessed using equilibrium dial-
ysis, a method commonly used in pharmacology, immunology and
biochemistry to assess the affinity of ligand/protein complexes
[71,72]. In this method, the distribution of a radiolabeled ligand is
determined over two compartments separated by a semipermeable
membrane. Only one of the compartments contains the receptor
(MIP), while the ligand (template) can freely diffuse over the
membrane. Ligand binding to the receptor results in an increased
amount of total radioactive ligand in the receptor compartment.
This method has several advantages. First, there is no need to
separate the unbound template from the MIP by centrifugation or
filtration, which could lead to unwanted loss of ligand. Second,
artifacts due to protein aggregation or adsorption to the compart-
ment walls do not affect the outcome in such an experimental set-
up, since those phenomena occur to the same extent in both
compartments. Third, a proper mass balance of the ligand is
obtained, which strengthens the power of the experiment. There-
fore, adopting this method would be an improvement to the field of
protein imprinting.

The most common method for determination of protein
concentration in solution after rebinding to MIPs or NIPs is UVeVIS
spectrometry, using either absorption of the aromatic amino acids
(at 280 nm) [44,51,53,64,65,73e77], the absorption maximum of the
heme group atw410 nm in the case of hemoglobin, cytochrome C or
myoglobin [27], or a colorimetric protein assay such as Bradford
[45,78]. In most papers, results are converted to represent the
amount of protein bound per weight of MIP/NIP. Presented this way
many results look quite convincing. However, the raw data should
always be considered in order to judge whether the proposed
imprinting effects are significant. For example, Bolisay et al. reported
that mosaic virus imprinted polymers rebound 8.82 mg virus/g MIP
while NIP bound 4.22 mg/g [12]. The binding was obtained by
indirect measurement of virus concentration, using UVeVIS spec-
trometry after removal of the polymer with a 0.45 mm filter from
samples containing a ratio of 1mg polymer per 1mg/mL virus. Using
these data, it can be calculated that the DCmeasured for MIP and NIP
were 0.00882 and 0.00422 mg/mL, respectively. In can be calculated
that the concentration in the supernatant was 99.1% and 99.6% of the
original, respectively, which is without doubt within the margin of
error of the assay. Silvestri et al. reported that when a-amylase was
passed through a poly(ethylene-co-vinyl alcohol)/dextran MIP/NIP
membrane, the imprinted membrane retained 0.41 mmol/g more
than the control (MIP 0.60 mmol/g, NIP 0.19 mmol/g) [75]. With an
MW of 51 kDa and knowing that the imprinted membrane was
prepared using a protein concentration of 2% w/w (¼ 0.39 mmol/g),
this translates into an imprint efficiency of 105%. However, the
difference in non-adsorbed a-amylase was 8% of the original a-
amylase concentration (0.15 mg/mL), which is 0.012 mg/mL. Using
e ¼ 95,925 M�1 cm�1 [79,80], it can be calculated that this results in
a difference of A280 between MIP and NIP of only 0.022.

Hua et al. showed Scatchard plots of BSA rebinding to MIP and
NIP disks (Fig. 11A and B, respectively) [73]. Solutions of various
concentrations of BSA were incubated for 24 h with 5 mg polymer
and the concentration of BSA was determined using A280. They
found that the MIP exhibited two binding sites, one with high and
one with low affinity, while the NIP only had one binding site with
low affinity. An interesting point not mentioned by the authors is
that the maximum amount of bound protein to the high affinity site
(Qmax), which can be deducted from the plot by extrapolation of the
line to the x-axis, is w4.5 mmol/g dry polymer. According to their
Materials and Methods section, the MIPs were prepared with
229 mg BSA/g monomer, which leads to a theoretical maximum of
3.5 mmol/g dry polymer. Taking into account that template removal
was 93.4% reduces Qmax to 3.2 mmol/g. The equilibrium concen-
tration C (mmol/L) can be calculated from the points in Fig. 11 by
C¼ x/y (Q/(Q/C). The approximate A280 can then be calculated using
e¼ 43,800M�1 cm�1 for BSA, and assuming a 1 cm path length. The
results of this calculation are shown in Table 1. Considering the
small differences in A280 between the MIPs and the NIPs, the likely
error in weighing 5 mg polymer, the general error in absorbance
measurements and the fact that no standard deviations are given, it
is questionable whether these measurements show an imprinting
effect.

When aspecific and error sensitive indirect measurements are
used, especially when the amount of protein bound is just a fraction
of the total amount of protein offered, standard deviations or
duplicates/triplicates are essential to judge the significance of the
presented data. However, standard deviations are often missing in



Fig. 11. Scatchard plot of the BSA readsorption assay of MIP (A) and NIP (B) presented by Hua et al. [75]. 5 mg MIP and NIP composed of N-Isopropylacrylamide (3.5 mmol), N-[3-
(dimethylamino)propyl]- methacrylamide (0.085 mmol), AAm (0.070 mmol) and MBA (0.117 mmol) were incubated in 8 mL BSA solutions in 10 mM TRISeHCL pH 7.4 containing
1 mM NaCl for 24 h. Reprinted with permission.
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papers on molecular imprinting of proteins. This is illustrated
further by a paper by Guo et al. [76], in which rebinding of hemo-
globin to polyacrylamide MIP beads was studied using A280
(Fig. 12). When the adsorption isotherm was linearly converted
according to the Langmuir equation they found a correlation
coefficient of 0.9989, suggesting an excellent fit. However, it is
interesting to note that in the same paper, from another experiment
at the same conditions, the adsorption capacity (Q-value) at
C0 ¼ 1.0 mg/mL was determined to be 20.4 mg/g, which deviates
substantially from the curve presented in Fig. 12. Yet another Q-
value at C0 ¼ 1.0 mg/mL can be calculated from the reported KD
value of 23.2. Given that KD ¼ Cp/Cs (Cp ¼ concentration of protein
in the MIP in mg/g, Cs ¼ concentration in the solution in mg/mL),
C0 ¼ 1.0 mg/mL, V ¼ 10 mL and the amount of beads is 0.5 g, Q is
10.8 mg/g. Adding these two additional values for Q to Fig. 12
(depicted in the figure as X) it becomes clear that there is an
enormous deviation from the presented curve. Besides that, the
authors did not show the adsorption isotherm to the NIP.

According to our own experience, reproducibility is a difficult
issue in protein imprinting. Fig. 13A shows the A410 values of the
supernatant after hemoglobin rebinding to MIP and NIP (crushed
polyacrylamide gels with 6% (w/v) total monomer, AAm:MBA¼ 9:1,
40 mg hemoglobin/g dry polymer, template removal 55 � 3%). The
differences in absorption are minimal but significant (paired t-test,
p ¼ 0.0234), and when these data are converted to a Langmuir plot
(Fig. 13B) there seems to be a clear imprinting effect. However, the
Table 1
The original concentrations (C0) (given in material and methods) and the equilib-
rium concentrations (Ceq) and corresponding A280 values recalculated from Fig. 11.
A280 values were calculated using e ¼ 43800 M�1 cm�1, assuming a path length of
1 cm, and not considering dilution of the samples.

C0 (mg/mL) Ceq (mg/mL) A280

MIP NIP MIP NIP

2.27
4.55 3.25 3.76 0.14 0.17
7.58 6.82 7.28 0.30 0.32
15.2 14.3 15.3 0.63 0.67
22.7 21.6 23.6 0.94 1.03
30.3
37.9 37.4 37.7 1.64 1.65
45.5 45.1 1.98
60.6 58.0 61.1 2.54 2.68
75.8 75.2 3.29

89.2 86.9 3.91 3.81
134 5.88
imprints were prepared using 200 mg hemoglobin/g dry polymer,
while the maximum amount of hemoglobin bound toMIP was only
17 mg/g dry polymer (¼ 8.5% of the imprinted amount). Moreover,
the reproducibility of these data was poor: an imprint effect was
observed in less than 50% of our repeated experiments.

Poor reproducibility is also illustrated by another example from
our own experiments on surface-imprinting of the bacterial
membrane-anchored cell wall precursor lipid II (LII), aiming for
bacteria recognizing MIPs. The bacterial cell wall comprises of
a biopolymer of alternating amino sugars, N-acetylglucosamine
(GlcNAc) and N-acetylmuramic acid (MurNAc), crosslinked by
a pentapeptide (L-alanyl-D-glutamyl-diaminopimelyl-D-alanyl-D-
alanine). The cell wall is synthesized from LII, which consists of the
hydrophilic pentapeptide, GlcNAc and MurNAc, linked to the lipid
anchor bactoprenyl-phosphate [81]. LII-surface-imprinted nano-
particles were prepared by the formation of a polymer network
Fig. 12. Adsorption isotherm of hemoglobin on MIP beads as presented by Guo et al.
(Reprinted with permission from [78]), supplemented with data showing the calcu-
lated values for C0 ¼ 1.0 mg/mL (depicted as X). Hemoglobin (600 mg) imprints were
prepared using 1.9 g AAm and 0.1 g MBA graft polymerized to 16 g (wet) porous
crosslinked chitosan beads. Template removal was not quantified. Rebinding studies
were performed at 25 �C for 16e17 h using 0.5 g wet beads and 10 mL (¼max 10 mg)
of hemoglobin solution.



Fig. 13. The raw A410 data (A) and corresponding Langmuir representation (B) of hemoglobin binding to crush sieved MIP and NIP (n ¼ 2). Hemoglobin was incubated with fixed
amount of polymer particles in phosphate buffer (pH 6.8) for 14 h. Particles were pelleted by centrifugation, and the supernatant was filtered (0.2 mm) before determination of the
A410. Individual duplicates are shown because the x-coordinate is sample-dependent (in Figure A, C0 was determined for each sample immediately after addition of the wet
polymer particles, and in Figure B, Cs is an experimental outcome).
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inside the aqueous inner compartment of liposomes. LII was
immobilized in the liposomal bilayer in order to create surface-
imprints of the hydrophilic part of LII directed toward the liposomal
interior. The rebinding of surface-imprinted particles to their LII-
template was determined by surface plasmon resonance. The
hydrodynamic particle size and polydispersity index of the isolated
LII-imprinted and non-imprinted particles as determined by
dynamic light scattering are shown in Table 2.

Fig. 14 shows the sensorgrams of LII-imprinted and non-imprin-
ted particles (NIP) flown over the SPR chip on which the LII was
immobilized. Upon injection of MIP (at the time point marked by A)
a strong increase in signal was observed. The increase in response
was dependent onparticle concentration; a higher concentration led
Table 2
Z-average diameter and polydispersity index (PDI) of LII-imprinted (MIP) and non-
imprinted (NIP) polyacrylamide nanoparticles.

Z-Avg (nm) PDI

MIP 217 0.176
NIP 251 0.205

Fig. 14. Binding of LII-imprinted particles (MIP) and non-imprinted particles (NIP) to
LII immobilized in a DOPC monolayer on an SPR chip. The sensorgrams were corrected
for the signal of a reference DOPC surface without LII (flowcell 1).
to a higher association level. Injection of NIP led to much lower
association, which was concentration independent. After the injec-
tion of particles was finished (time point B), the amount of immo-
bilized material remained constant, i.e. no dissociation of bound
particles was observed. The data in Fig. 14 suggest that MIP specifi-
callybound to theLII-template andimprinting is therefore successful.
Furthermore, the absence of dissociation implies a very strong
interaction between template and MIP. Unfortunately, attempts to
reproduce these data with a new batch of particles and with a new
batch of LII were unsuccessful. The poor reproducibility raises the
question whether there are some minor and obviously uncontrol-
lable and unknown experimental details that have an important
influence on the successful formation of imprints, or whether the
observed effect were merely a result of experimental errors or arti-
facts. To say the least, the exact factors that determine whether
imprinting is successful are currently poorly understood.
6. Conclusions and recommendations

Despite the increase in the number of publications per year, our
analysis of data presented by other authors and our own experi-
ments has shown that molecular imprinting of proteins still faces
fundamental challenges. A substantial part of the literature
contains data that seemingly confirm an imprinting effect, but lack
convincing evidence when subjected to a critical analysis. Based on
our findings we would like to conclude with some recommenda-
tions that in our view will help to avoid the common pitfalls.

Strong electrostatic interactions between monomers and
template can lead to very high aspecific binding. The use of charged
monomers should therefore be considered carefully. Up till now, it
has not been convincingly shown that they lead to better
imprinting results. Additionally, factors such as pH and ionic
strength seriously complicate the eventual effects. On the other
hand, it remains to be seen whether non-charged hydrophilic
matrices currently used for imprinting are suitable to form high
affinity polymers. In nature, high affinity between for example
antibody and antigen or ligand and receptor does not only result
from hydrogen bonding. Electrostatic and hydrophobic interactions
also play a major role. Interestingly, in a recent series of papers on
peptide (melittin) imprinting in aqueous environment, imprinted
polymer particles were prepared from N-isopropylacrylamide
crosslinked with N,N’-methylene-bisacrylamide, supplemented
with functional monomers for electrostatic and hydrophobic
interactions (AAc and N-t-butylacrylamide, respectively) [82e84].
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This example illustrates that for imprinting of biomolecules in
aqueous media, hydrophobic and electrostatic interactions may
substantially contribute to an imprinting effect.

The combination of SDS and AcOH is commonly used for
template removal. However, the evidence that this leads to the best
results can be seriously doubted. To mention, it has become clear
that this combination can also lead to experimental artifacts, and
should ideally be avoided. When it is used, MIP and NIP should
undergo exactly the same washing protocol and extensive rinsing
should ensure complete removal of remainders of AcOH and SDS,
which should be checked by pHmeasurements and addition of KCl,
respectively. For validation, destructive analysis of the polymer
could be used to rule out minute amounts remaining in the
polymer.

Template removal and rebinding should be quantified by vali-
dated methods. Proper controls should ensure that changes in
concentration are actually the result of binding to the polymer and
not due to e.g. protein aggregation/adsorption. The raw data should
be presented, either as separate duplicates/triplicates or with error
bars, to show convincing differences between MIP and NIP, and
reproducibility should be confirmed with different batches. Kinetic
measurements should always be employed to determine the time
needed to reach binding equilibrium. Rebinding studies should be
done with amounts equal to that used for the preparation of MIP to
ensure that the measured effects are a plausible result of the
formation of specific binding sites.

At present, it can be argued that in numerous publications, the
scientific evidence of molecular imprinting of proteins is not
convincing. Further studies with improved and solid experimental
designs, critical data analysis, and clear presentation and inter-
pretation are needed to make protein imprinting fit for the future.

Appendix. Supplementary data

Figures with essential color discrimination. Certain figures in
this article, particularly Figs. 1, 4 and 9 are difficult to interpret in
black and white. The full color images can be found in the on-line
version, at doi:10.1016/j.biomaterials.2011.01.007.
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