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Abstract—Molecular imprinting, artificial receptors, plastic antibodies are terms associated with synthetic materials
capable of chemical and biological sensing. Through the years, these sensors have advanced greatly not only in ana-
lytical chemistry; they have high utility for environmental, health, security, military, etc. monitoring and separations
applications. New transduction methods and miniaturization have enabled in-situ and real-time sensing capabilities.
On the other hand, they have high utility as matrices for chemical and biological separations. The challenge of employing
molecularly imprinted polymers or MIPs as receptors lie in demonstrating high selectivity and sensitivity. Robustness
and cost are also important considerations. Traditional methods of monolith polymerization employing free radical
polymerization mechanisms have yielded good performance but lack the ability to demonstrate repeatable selectivity
and sensitivity. Thin films have been deemed to be more useful in sensing applications, but may not offer the right
throughput for separations applications. Engineering optimized materials require not only adapting to new chemis-
tries but also knowing their structure-property relationships.
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DEFINITION AND BASICS

A Molecularly Imprinted Polymer (MIP) is simply a synthetic
polymer that utilizes a template molecule that is removed after-
wards, leaving complementary cavities or specific interactions behind
(Fig. 1) [1]. The material is not limited to a polymer but perhaps
inorganic materials (sol-gel or metal oxides) [2] and may as well
be referred to as molecularly imprinted material (MIM). These mate-
rials then exhibit a degree of chemical affinity for the original tem-
plate molecule. Several possible interactions, such as hydrophobic
interactions, H-bonding, van der Waals forces and electrostatic inter-
actions determine the spatial arrangement of monomers around the
template. Polymerization and/or cross-linking fix these structures
into place enabling stability of the arrangement. The method can
be used to fabricate sensors, catalysts, and separations solid-support

Monomer Template

w Electropolymerization

Prepolymerization
complex

Polymer film

[3]. The components in a molecular imprinting process include: 1)
template, 2) functional monomer, 3) crosslinker, 4) initiator, 5) poro-
genic solvent, and 6) extraction solvent.
1. Biological Mimicry

The inspiration for MIP is the lock-and-key mechanism in enzymes
and natural receptors mimicking perhaps the endocrine system re-
sponse of most living organisms [4]. For example, many basic bio-
logical processes, from sensing of odors to signaling between cells,
rely on such lock-and-key combinations. In a way, the complement
with biologists and endocrinologists is that while they are involved
in identifying the chemicals or endocrine disrupting chemicals (EDC)s
playing locksmith, and searching for the right key to fit a particular
receptor, MIP scientists and materials engineers work on making
the locks themselves, artificially that is. Analogously, drug or phar-
maceutical research has the goal to find alternative chemicals that
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Fig. 1. Schematic diagram of a general molecular imprinting polymerization (MIP) process that can be employed.
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Fig. 2. Shows the generation of new enzyme inhibitors using imprinted binding sites which shows removal of the template (in green) from
the MIP (in black) where the binding cavity was used to direct the assembly of reactants (in red). A new inhibitor (3) showed Kal-
likrein inhibition activity similar to that of the original template (1). Where the enzyme’s active site is blocked by an inhibitor (in

yellow) (REF. 7).

can elicit a biological response on natural receptors towards the treat-
ment of diseases, MIP scientists can artificially mimic the action of
a drug by building a synthetic chemical receptor for it [5]. One can
see that a great advantage of artificial receptors over naturally oc-
curring receptors is the ability to design new molecules or use new
synthetic methodologies on demand. Also the ability to adapt these
two solid support matrices enable better analysis. Compared to natu-
ral receptors which require DNA-based information or proteins, a
variety of chemical components (e.g., organic or inorganics) can
be used. This gives MIP the stability, flexibility, and other proper-
ties that can be selectively modulated by materials design. Even
functional groups that are not found in nature can be employed to
create synthetic guest-host systems. Lastly, it is possible to apply
external fields (irradiation, temperature, pH change, electric or mag-
netic field, and others) to extend their utility or stimuli-responsive-
ness [6]. It is indeed possible to develop a totally new artificial sys-
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tem not even found in nature. In one example, the generation of
new enzyme inhibitors using imprinted binding sites has been dem-
onstrated based on the direct assembly of reactants where a new
inhibitor showed Kallikrein inhibition activity similar to that of the
original template (Fig. 2) [7]. In a “direct molding” to mimic an
active site of an enzyme - Kallikrein was studied and a stereospe-
cific inhibitor obtained allowing the constituents to interconnect in
the active site. This approach is appealing for finding new drugs [8],
in particular if not much is known about the biomolecule (enzyme)
in question.

RECENT REVIEWS

The interest in the technique of MIP has increased rapidly in aca-
demia and in industry. The history of the MIP method can be traced
to the 1930s experiment by Polyakov [9]. Key developments by
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Table 1. Summary of some of the recent reviews on MIP

General review on molecular imprinting strategies

Ye and Mosbach [16]; Mayes and Whitcombe [17]; Wei and Mizaikoff [18];

Alexander et al. [19]; Holthof et al. [20]

Reviews focusing on imprinting biological mole-
cules, drugs, therapeutics, proteins, macromole-
cules, and cells

Picci [6]; Conchiero [8]; Hillberg and Tabrizian [21]; Verheyen et al. [22];
Bergmann and Peppas [23]; Janiak and Konas [24], Piletsky et al. [25];
Turner et al. [26]; Reddy [38]

Different chemistries and analytical methods

Haupt et al. [27]; Walcarius et al. [28]; Byrne et al. [39]; Miyata [37]

Applications in separation and purification methods

Wulff [12]; Turiel et al. [29]; Augusto et al. [30]; Kist et al. [31]; Row et al. [34]

Mosbach [10], Katz [11], Wulff [12], Andersson [13], Peppas [14],
Shea [15], etc. have been reported through the years. Many meth-
ods and attempts have been developed. Much progress has been
made in utilizing new materials, polymerization methods, substrates
(transduction) format to produce MIP materials with very good bind-
ing properties in monoliths, beads, films or nanoparticles. This review
is not meant to be comprehensive compared to recent reviews but
is designed to introduce and highlight the potential and recent chal-
lenges of the field in engineering new materials. There have been
many excellent and recent reviews that are accessible to the reader.
These reviews are summarized in Table 1.

THE PROTOCOL FOR MIP

The MIP process is essentially a phenomenon of creating mac-
romolecular memory. In general, this rely on two synergistic effects:
(i) cavity formation - shape specic cavities that images the template
molecular shape stabilized in a crosslinked (or gel) matrix, and (ii)
interactions- chemical groups oriented to elicit several non-cova-
lent complexation points with the template. Non-covalent forces of
interaction may also be observed in non-crosslinked structures but
they tend to be weak and destroyed by heating, e.g. DNA de-as-
sociation of H-bonds upon reaching melting temperature. Cross-
linking is a form of polymerization forming networks or even inter-
penetrating network (IPN) structures. MIPs rely on a controlled de-
gree of cross-linking which can predetermine selectivity for a single
molecule or a group of structurally related molecules (selectivity is
important). In a covalent approach, the monomer and template are
covalently bound. In non-covalent imprinting, selectivity is intro-
duced by designing the complexing monomer to surround or in-
clude the template analyte during cross-linking.

What then constitutes an ideal molecular imprinting?

1) Complexation-Dissolution: Dissolution of a template molecule
in a solvent, together with one or more of the functional and com-
plexing monomers. This complexation depends on the degree of
complementarity of the chemical functionalities in the template and
the monomer. The solvent properties e.g., dielectric constant and
miscibility for both is important. Simulation or the application of
quantum mechanics may be important to predict optimum mono-
mer-template combination.

2) Polymerization-deposition: the template-monomer complex
in the presence of an initiator and crosslinker or simply a polymer-
ization protocol, results in the incorporation of the template mono-
mer to form a matrix that is deposited or precipitated as a monolith,
particle, or a film. These different polymerization techniques can
include bulk, precipitation, emulsion, suspension, dispersion, gela-

tion, and multi-step swelling polymerization. One can add elec-
tropolymerization, surface-initiated polymerization, and supramo-
lecular assembly methods.

3) Removal of Template: A very important and if not un-opti-
mized procedure in many cases is the removal of the template. Often
a variety of factors have to be taken into account including the mis-
cibility of the matrix to the solvent, surface energy, hierarchical poros-
ity, interpenetration of structures, and surface area. Problems with
incomplete removal of the template can lead to “bleeding” or gener-
ation of false-positive results in sensing or poor separation methods.

4) Establishment of Analytical Figures of Merit. An important
aspect for establishing the validity of method includes kinetics of
binding (or capture and release), limit of detection, dynamic range,
and throughput (combinatorial). It has been largely demonstrated
that MIPs offer the highest selectivity when samples are dissolved
in the solvent used for the MIPs preparation. As most MIPs are syn-
thesized in organic solvent, MIPs seem to be well adapted to the
clean-up of complex matrices on organic solvents. A perennial prob-
lem though is the lack of affinity for sensing and separations in aque-
ous systems.

5) Other factors. This includes: a) robustness of the materials
against a variety of temperature, pressure, and solvents, b) adapt-
ability to surfaces and devices is a problem for sensing, c) repro-
ducibility of data based on un-optimized protocols and d) cyclic
stability and reusability.

MONOMER AND TEMPLATE COMPLEX PAIRING

It is important that the tandem monomer-template complex or
concept be understood and optimized prior to MIP protocol prepa-
ration. While MIP can be divided into a covalent and a non-covalent
approach, the non-covalent approach is advantageous in that it does
not require the use of post-MIP reactions to remove the template
but can simply involve solvent washing.

What are the important parameters for template design and mono-
mer selection?

1) Analyte. 1dentify components of an analyte that results in ef-
fective interaction with the monomer in the solvent or media to which
the polymerization occurs. Thus not all analytes may have the ne-
cessary non-covalent interactions and may be chemically deriva-
tized covalently to allow MIP.

2) Monomer and polymerizability. Choose monomers that are
likely to form strong interactions in a chosen solvent or exhibit cage
effects. This will increase the capacity and influence homogeneity of
the binding cavities. It is also important that the monomer be tailored
towards a particular polymerization process (solution, bulk, or even
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Fig. 3. Importance of complexation is demonstrated in 2D optimized structures (ball and spoke (a), tube (b), and space filling (c) models)
of the prepolymerization complex between a polymerizable monomer and theophylline template (Spartan, Wavefunction Inc.,
semi-empirical AM1 quantum calculations). Note color representation of elements: carbon (gray), hydrogen (white), nitrogen

(blue), oxygen (red), and sulfur (yellow).

electropolymerization). Modeling can be used to optimize the ratio
and composition of the monomer-template complex even with sim-
ple semi-empirical quantum chemical methods (Fig. 3).

3) Solubility and stability of the complex. Choose templates and
monomers that will be soluble in the porogenic solvent to be used
in the polymerization process. This cannot be taken for granted since
dissociation of the complex due to poor solubility can result in a
poor MIP protocol with non-homogeneous distribution of cavities.
One should ensure that the template-monomer mixture is stable and
does not undergo side reactions under the polymerization conditions.

4) Porosity and removability. Ensure the porosity of the matrix
from which the analyte will eventually be extracted by selecting
the proper crosslinking monomer—a range of di- or tri-unsaturated
crosslinking monomers with varying chemistries are available to
create the porous organic network material. The analytes has to be
able to go in and out of the cavities. For separations, this is impor-
tant as throughput is a primary consideration. The template should
be removable to a high degree, i.e. up to ppb levels if the MIP is to
be used to clean up trace-level compounds. This should enable it to
have more quantitative properties and demonstrate reusability. The
use of a redox potential on a conducting polymer MIP matrix to
improve template removal was recently highlighted by the Advin-
cula group in a recent publication [32].

5) Molecular cross-reactivity. Sometimes, it is necessary to use
an analog of the desired template molecule especially if the original
template is unstable, non-soluble, or is not efficiently removed. The
problem with incomplete removal of the template is that of “bleed-
ing” or generation of false-positive results. One can use this con-
cept to prepare an MIP with one template molecule that is not only
selective for that molecule but also for other target molecules with a
similar three-dimensional orientation of interacting functional groups.
This is analogous to the “pharmacophore” concept in drug design,
and for separations, a “selectophore”. This means that the device is
useful for a host of other molecules yet to be synthesized and has
valuable applications in high throughput combinatorial synthesis
methods and drug development.

POLYMERIZATION PROTOCOLS

It is important to focus on applying the right polymerization proto-
June, 2011

cols. The monolith approach is by far the most common way to pre-
pare MIPs and is also the simplest. This is often based on “bulk”
or solution polymerization due to its versatility and the commercial
availability of common monomers. It is mainly used exclusively
with organic solvents and consists basically of homogeneously mix-
ing all the components (template, monomer, solvent and initiator)
and subsequently polymerizing them. The resultant polymeric block
is then pulverized, freed from the template, crushed and sieved to
obtain particles of irregular shape and size between 20 and 50 pm
which contain the templated cavities. In principle, depending on
the target (template) type and the final application of the MIP, MIPs
can be prepared in different formats such as nano/micro spherical
particles, nanowires and thin film or membranes. Thin films in par-
ticular are very important for sensing. For vinyl or acrylate poly-
merization, the most common materials for MIP synthesis are mainly
based on the use of methacrylic acid monomer (MAA) or vinyl pyr-
idine monomer (VP). Crosslinkers include divinylbenzene or dia-
crylate derivatives. Other polymers have been developed for better
optimization of MIP selectivity. It is possible to do a fishing expedi-
tion for the best combination of components. High-throughput syn-
thesis and evaluation of large groups of MIPs has recently been dem-
onstrated by Sellergen et al. [10]. In this case, a library of polymers
can be prepared in a very short time and a complete evaluation of
binding properties assessed on each combination. This technique
can lead to rapid optimization of MIP synthesis for the extraction and
analysis of analytes within a matrix but may not be as useful for
sensors. To make the process more targeted, computational method
for a custom synthesis of MIP can be used to optimize the process.
This can be based on a molecular modeling software that enables
energy minimization of a particular complex. This then leads to a
library of functional monomers and crosslinkers that can be designed
and screened against the template to identify the best monomers
and composition ratio for an MIP process.

APPLICATIONS

Due to a number of possible applications, it is worthwhile sum-
marizing first into two types prior to listing the challenges in this
field:

1) Sensing and monitoring. By far, a more relevant mimick to



Engineering MIP materials: Developments and challenges for sensing and separation technologies 1317

* Analyte (theophylline)

‘%Polymerf" ilm (poly(terthlophene)) e (a)

PBS Solution 1
© |%582°

I\

Glass Prism J .
h 4 \
l +*
Kretschmann'Configuration '

Detector

ample Injection  Washing

8, (milli degree)

Time (second)

Analyte Rebinding

Analyte Washing

Yo ™"

Fig. 4. Sensing of theophylline demonstrated via surface plasmon resonance spectroscopy (SPR): (a) Molecular imprinting of the template.
(b) Formation of cavity after washing the template. (c) SPR setup for sensing of the template (REF. 30).

the lock and key analogy in enzymes. This can require a simple yes
or no answer to determine the presence of a particular analyte. Quan-
tification may not be the main goal but can be obtained as a matter
of calibration. More importantly, it is the ability to distinguish from
interfering non-analytes that optimizes the application, i.e. sensitiv-
ity combined with selectivity. For example, the use of surface plas-
mon resonance (SPR) sensor is an important transducer for achieving
high sensitivity and selectivity in sensing (Fig. 4) [32,33]. Another
is the development of artificial receptors or antigen-antibody inter-
actions. The monitoring of banned substances and quantitation of
pharmaceutically active compounds and their metabolites in blood,
serum, or urine is a challenge. It can be in-situ or ex-situ. Likewise,
the monitoring hormones and growth promoters in biological and
environmental matrices can be problematic with the presence of
non-specific interference. It is important that for these types of com-
pounds, the extremely low detection limits set by various organiza-
tions and monitoring agencies match the length of time needed to
utilize current spectroscopic and chromatographic analytical detec-
tion methods. This is an interesting growth area and necessitates
alternative and on-site techniques that can deliver information in
real time.

2) Extraction or Separations. An important application of MIPs
is separations and isolation methods (either for sample isolation,
improved detection, or concentration enhancement). This can involve
liquid-liquid extraction and solid-phase extraction methods. Some
limitations include extraction of polar pharmaceuticals from aque-
ous solutions and the presence of a complex matrix or media con-
taining many different chemical classes. These factors often com-
promise isolation of the desired molecules and results in poor per-
formance. The optimization of an MIP for extraction also allows
for rapid, simple, and near-quantitative analysis of analyte. Com-
pared to liquid-phase extraction in a solid-phase extraction (SPE),

one needs to estimate the capacity value corresponding to the maxi-
mum amount of a compound retained on the MIP for a particular
procedure (Fig. 5) [34]. The determination of a saturation curve is
often necessary which is obtained by loading constant volumes of a
sample spiked with increasing amounts of target analyte. The amount
of extracted analyte can be reported as a function of the amount of
analyte present in the percolated sample. A plateau corresponding
to the saturation of binding sites is eventually observed.

A fast and cost-effective MIP technique has many potential ap-

m Analyte
o Interferences
o Binding sites

Sample loading

o

O

Conditioning (apolar solvent) Elution (polar solvent)

Fig. 5. Schematic procedure of molecularly imprinted solid phase
extraction (REF. 34).
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plications in the fields of chemistry, biology and engineering, partic-
ularly as: affinity material for sensors, detection of banned chemi-
cals, separations in manufacturing processes, adsorbents for solid
phase extraction, chromatographic stationary phase, catalysis, bind-
ing assays, artificial antibodies, and drug development and screen-
ing. It should be noted that despite all the successes in demonstrating
the robustness of the MIP for specific applications in literature and in
patents, the successful commercial demonstration of portable sen-
sors, integrated monitoring, process scale separations, and analytical
chromatography are still wanting. Other specialized applications of
MIPs in the future include microfluidic devices, circulating medic-
inal or plastic antibodies, strip sensors, and field-effect transistor
devices.

NEW CHALLENGES AND DIRECTIONS FOR MIP

1. Solid Phase Extraction Technologies

The most readily demonstrable commercial application of MIP
perhaps is in selective solid-phase extraction (SPE) methodologies.
This is a very useful method for the clean-up and the direct selec-
tive extraction of trace level of compounds from various complex
matrices. This includes: 1) environmental pollutants and EDCs, 2)
trace molecules from pathogens, 3) pharmaceutical drugs and com-
binatorial synthesis, etc. There are a number of academic research-
ers and start-up companies that synthesize MIPs for new selective
extraction methods of various molecules. MIP Technologies AB
of Lund, Sweden, has made commercially available custom made
SPEs based on MIP. The MIPs are synthesized with vinyl or acrylic
monomers and generate selective interactions based on H-bonding
or electrostatic attraction. There are important challenges though.
A primary limitation is the nature of selective interactions or phases
that take place during the extraction in which it is important to match
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the organic or aqueous solvent, i.e. dielectric constant or polarty.
This requires a comprehensive investigation into the retention mech-
anism to optimize the extraction procedure. The method can be docu-
mented for very common compounds or family of compounds. These
MIPs should find utility in high throughput analysis methods as well.
The use of combinatorial screening is certainly an efficient tool to
develop more selective MIPs with new monomers. Also MIPs can
have a high potential in miniaturized system like microfluidics. This
includes the coating of solid-phase microextraction fibers and in
electrochromatography.
2. Challenges for Protein and Large Biomolecule MIPs
There is much interest recently towards imprinting larger bio-
molecules or biotemplates. This is relevant for the monitoring of
diseases or pathogenic infections based large on proteomics and
genomics. The difficulty is that MIP as a technique has been prima-
rily developed to create articial receptors around small template mol-
ecules. However, adapting the methodology toward MIPs for selec-
tive recognition of proteins, DNA, viruses and bacteria is very chal-
lenging. Some of the important considerations include: proper mono-
mer selection, optimized washing method/template removal, and
the quantication of the rebinding and reproducibility. The biggest
problem is perhaps porosity or transport of analyte for removal and
rebinding studies. Monoliths are not optimized for this consideration
since many sites will be inaccessible if deeply located within the
matrix. The use of detergents commonly used for template removal,
can lead to experimental artifacts, and must be avoided. Although,
the use of charged monomers can lead to strong electrostatic inter-
actions between monomers and the biotemplate, this can also lead
to undesirable high specic binding or even denaturation. Thus with
most template rebinding studies of large biomolecules, they are unre-
liably quantied and the results may lack statistical validity. Strong
electrostatic interactions between monomers and template can lead

o c Proti
fy © /)Y

0 '\Or

Fig. 6. Protocol for template imprinting with protein epitopes. (a) Method for glass modification and peptide attachment. (b) Illustration
outlining MIP film fabrication and evaluation and (c) Proposed mechanism for the target protein recognition of C-terminus peptide-
sequence-imprinted surfaces. A nano-cavity-bound target protein is caused by many cooperative weak interactions, involving

hydrogen bonds and hydrophobic interactions (REF. 35).
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to very high non-specic binding in which case, the use of charged
monomers should therefore be considered carefully. Lack of con-
sideration of factors such as pH and ionic strength can also compli-
cate matters. In natural systems, for example high afhity between
antibody and antigen or ligand and receptor, H-bonding is not the
only primary consideration. Other non-covalent interactions such as
electrostatic and hydrophobic interactions also play a major role. How-
ever, for imprinting of biomolecules in aqueous media, hydrophobic
and electrostatic interactions may substantially contribute to an im-
printing effect. For validation of a method, elemental or composi-
tional analysis of the MIP could be used to rule out minute amounts
remaining in the polymer. Kinetic measurements should always be
employed to determine the time needed to reach binding equilib-
rium. The use of control non-imprinted polymers (NIP)s should
ensure that changes in concentration correlate to binding on the MIP
and not due to e.g. protein aggregation/adsorption. Reproducibility
should also be conrmed with different batches. Perhaps for pro-
teins the best approach should be in terms of the epitope approach
in which a segment or peptide fragment of the protein which is prom-
inently exposed naturally and can represent the binding of the whole
protein synergistic with other surface or interactions “around” the
protein (Fig. 6) [35].
3. Imprinting with Hydrogels

Although most of the demonstrated MIPs rely on highly crosslink-
ed systems, macromolecular memory or structural plasticity of poly-
mer chains can also be observed with weakly crosslinked imprinted
networks. Taking advantage of stimuli response, molecular imprint-
ing in hydrogels, creates memory for templated molecules within a
exible macromolecular structure that responds to pH, ionic strength,
and solvent changes [36]. Not only is it possible to improve binding
parameters in hydrogels, it should be interesting to demonstrate field-
effects or stimuli response [37]. It has been shown that imprinting
in hydrogels leads to signicant improvements in template afnity,
capacity, and selectivity over non-templated hydrogels for templates
such as ions, small and moderate molecular weight molecules, pro-
teins, viruses, DNA, and cells [38]. An important advantage of hy-
drogels is different levels of porosity (Fig. 7) [39]. Responsive im-
printed hydrogels can also exhibit reversibly modulated template
binding and transport. Compared to more rigid crosslinked systems,
hydrogels has a number of advantages for controlled and modulated
drug delivery, diagnostic sensors, and separation. In drug delivery
for example, imprinting can lead to modulated transport and can
provide further control of therapeutic transport with a multiple num-
ber of molecules. The basis of improved response compared to rigid
crosslinked systems is not unwarranted. A certain degree of exibility
has been observed in nature, where recognition occurs in a polar,
protic, aqueous environment due to a diverse group of multiple non-
covalent interactions. Biomolecular recognition, as exhibited by
biological macromolecular structures such as enzymes, involves a
highly specic recognition event where strong non-covalent bond-
ing is due to the structural orientation of multiple differing chemi-
cal functional groups, complementarity, and conguration. This is
usually a complex functional mechanism that involves the confor-
mational reorganization or exibility of macromolecular counterparts.
The induced t mechanisms and regulation of enzyme activity via
allosteric mechanisms are examples of this flexibility requirement
or trigger effects in which a molecule binds to a regulation site and

(a) (b)
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Microporosity

Nanoporosity

In solvent In solvent

Fig. 7. Hierarchical porosity within imprinted hydrogels. (a) For
templated gels prepared in solvent the polymer will con-
tain significant macro- and microporosity. Template trans-
port will be primarily related to the porosity and tortuosity
within the polymer, as in conventional hydrogels. (b) For
imprinted gels prepared without solvent, the polymer will
not typically exhibit macro and micro-porosity and will have
small pores that approach the size of the template (REF. 39).

subsequent reorganization results in controlled substrate binding at
the substrate site. It can also include coupling of protein function
by exible linkage of domains, e.g., immunoglobulins can function-
ally adapt to the variation of antigenic sites on surfaces. It is highly
probable that the most specic recognition in nature occurs closer to
that of hydrogels through the ordering of structures that have certain
degrees of exibility. Recent progress in the eld of imprinted hydro-
gels should lead to exciting developments in the future and may be
combined with nanomaterials. Responsive gels are not only for rec-
ognition but can exhibit “catch and release” function on template
or drugs in a controlled mechanism. Thus, the application of these
systems can find its way in pharmacy, medicine, tissue engineer-
ing, sensors and diagnostics, micro and nanodevices, and separa-
tion processes.
4. Imprinting with Electropolymerization

MIP is a highly viable method of preparing the recognition ele-
ments for chemical and biological sensors because of its high selec-
tivity and sensitivity toward a wide array of analytes. Most of these
sensors rely on metal-electrode transduction either by electrochem-
ical, optical, or frequency (acoustic) methods. Robustness would
allow for its use in various demanding applications with higher pH
and temperature. Direct electropolymerization on surfaces is regarded
as a most promising technique to interface the imprinted polymer
layer on the surface of the transducer/electrode. Polymers which
exhibit p-conjugation in its structure, commonly called conducting
polymers, can be formed by the electropolymerization process due
to the presence of electrochemically active sites for radical cation

Korean J. Chem. Eng.(Vol. 28, No. 6)
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coupling of its monomers. In contrast to the traditional methods of
bulk/solution polymerization employing free radical polymeriza-
tion mechanisms which yield monoliths, thin, electropolymerized
imprinted polymer films can be obtained via this process. Thin films
are more useful in sensing applications as film thickness is one of
the factors that can affect efficient detection. Transduction techniques
that can be viably coupled to these electropolymerized films can
be more commercially attractive. Recently, picomolar sensing of a
nerve agent analog was demonstrated on an electropolymerized pre-
cursor dendrimer by SPR [40]. Electropolymerized MIPs or E-MIPs
require the use of specialized monomer and an optimized recipe.
Thus, there can be a significant demand for the synthesis of the new
and novel conjugated monomers for this type of application. More-
over, the application of such new monomers or cross-linkers for
sensor applications must be thoroughly studied and modeled (quan-
tum calculations and simulations). For one, issues pertaining to homo-
geneity of the surface must be given attention to ensure reproduc-
ibility and to minimize nonspecific interactions with the polymeric
receptor. Reproducibility is important only to demonstrate that the
system is more robust and analogous to enzymes and other natural
biological receptors. Other issues for electropolymerization and opti-
mization include: template-monomer matching of the electrochemi-
cal window, concentration template-monomer ratio, solvent quality,
potential washing protocols for the removal of template and sensor
recycling. The key issues are based on developing a sensing ele-
ment that is optimized with the transducer. Other than optimizing
the electrochemical conditions, a thorough investigation must be
performed aiming to characterize the polymer-electrode/transducer
interface. For the development of E-MIPs, one must also address
the suitability of these for mass-production and for low-cost porta-
ble transducers. Though several studies have already shown the feasi-
bility of introducing these directly onto the surface of mass sensitive

in situ EC-QCM
MIP fabrication

Ag/AgCl
electrode

Pt electrode

QCM sensor

Imprinted polymer

Rebinding Jét
of template of template &é§' - 00

transducers or conducting substrates, focus must be given to other
modes of transduction which can adopt real-world sample meas-
urement such as in field monitoring. Stability and robustness must
also be considered in the design of integrated E-MIP/ransducer sen-
sor systems. The optical properties of new and novel conjugated
polymers can also be exploited to develop fluorescent- or UV-based
chemical/biological sensing. Fluorescent based biological sensors are
considered one of the most sensitive methods of detection. In this
case, the electrochemical method is simply used for materials prep-
aration, e.g. on a fiber optic probe. Other types of transducers in-
cluding QCM, SPR, waveguides, interferometers, etc. coupled with
an electrochemical apparatus, can facilitate the in-situ deposition of the
E-MIP film directly on the transducer surface. Hyphenated meth-
ods facilitate in-situ characterization of the film deposition as well.
Equally attractive is the development of E-MIP based sensors that
are tailor-made for the detection of metal ions for environmental
monitoring or even for extraction purposes. Studies that will put more
emphasis on demonstrating complete analytical protocols and por-
table devices based on E-MIPs can be a lot more interesting. The
Advincula group recently emphasized the use of the E-MIP method
in demonstrating high sensitivity and selectivity in SPR and QCM
(Fig. 8) sensors [41].

CONCLUSIONS

The challenge of employing MIPs as artificial receptors lie in
demonstrating high selectivity and sensitivity. Robustness and cost
are also important considerations, but more importantly as sensors,
they have to be reliable. Traditional methods of monolith polymer-
ization employing free radical polymerization mechanisms have
yielded good performance but lack the ability to demonstrate repeat-
able selectivity and sensitivity. They are more sufficient for separa-
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Fig. 8. Schematic illustration of the fabrication of a polythiophene-based sensor for folic acid using quartz crystal microbalance (REF. 41).
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tion methods. Thin films have been deemed to be more useful in
sensing applications, but may not offer the right throughput for sep-
arations applications. Engineering optimized materials require not
only adapting to new chemistries but also knowing their structure-
property relationships. The sensing and separation of proteins, DNA,
cells, bacteria, and viruses will continue to be a challenge. How-
ever, advances are still being made. This has been demonstrated
with new inorganic materials, stimuli-responsive hydrogel materi-
als, direct electropolymerized thin film matrices, and in the future
many such combinations incorporating nanomaterials (not high-
lighted in this review) should come out in literature and patents.

ACKNOWLEDGEMENT

The author is grateful to members of the Advincula Research
Group involved in MIP related projects. He would like to acknowl-
edge partial funding from the National Science Foundation CBET-
0854979, DMR-10-06776, and Robert A. Welch Foundation, E-
1551 for related projects. Technical support from Inficon, MetroOhm,
and Optrel is also acknowledged.

REFERENCES

1. G Wulft, Angew. Chem. Int. Ed. In English, 34, 1812 (1995).

2. A. Katz and M. Davis, Nature, 403, 286 (2000).

3. K. Mosbach, Trends in Biochem. Science, 19,9 (1994).

4. K. Mosbach and O. Ramstrom, Bio-Technology, 14, 163 (1996).

5. G Vlatakis, L. Andersson, R. Muller and K. Mosbach, Nature, 361,
645 (1993).

6. F. Puoci, F. lemma and N. Picci, Curr: Drug. Deliv,, 5(2), 85 (2008).

7.Y. Yu, L. Ye, K. Haupt and K. Mosbach, Angew. Chem., Int. Ed.,
41, 4460 (2002).

8. C. Alvarez-Lorenzo and A. Concheiro, Biotechnol. Annu. Rev., 12,
225 (2006).

9. H. Andersson and I. Nicholls, Techniques and Instrumentation
in Analytical Chemistry, 23, 1 (2000).

10. B. Sellergen, M. Lepisto and K. Mosbach, J. 4m. Chem. Soc., 110,
5853 (1988).

11. M. Davis, A. Katz and W. Ahmad, Chem. of Mater:, 8, 1820 (1996).

12. G Wulff and K. Knorr, Bioseparation, 10,257 (2006).

13. L. Andersson, A. Paprica and T. Arvidsson, Chromatographia, 46,
57 (1997).

14. M. Byme, K. Park and NA. Peppas, Adv. Drug. Deliv. Rev., 54, 149
(2002).

15. D. Batra and K. Shea, Current Opinion in Chem. Bio., 7,334 (2003).

16. L. Ye and K. Mosbach, Chem. Mater., 20, 859 (2008).

17. A. Mayes and M. Whitcombe, Adv. Drug. Deliv. Rev., 57, 1742
(2005).

18. S. Wei and B. Mizaikoff, J. Sep. Sci., 30, 1794 (2007).

19. C. Alexander, H. Andersson, L. Andersson, R. Ansell, N. Kirsch, I.
Nicholls, J. O’Mahony and M. Whitcombe, J. Mol. Recognit., 19,
106 (2006).

20. E. Holthoff and F. Bright, Analytica Chimica Acta, 594, 147 (2007).

21. A. Hillberg and M. Tabrizian, Biomolecule imprinting: Develop-
ments in mimicking dynamic natural recognition system, 29, 89
(2008).

22. E. Verheyen, J. Schillemans, M. van Wijk, M. Demeniex, W. Hen-

nink and C. van Nostrum, Biomaterials, 32, 3008 (2011).

23. N. Bergmann and N. Peppas, Prog. Polym. Sci., 33,271 (2008).

24. D. Janiak and P. Kofinas, Anal. Bioanal. Chem., 389,399 (2007).

25. A. Bossi, F. Bonini, A. Turner and S. Piletsky, Biosens. Bioelectron.,
22, 1131 (2007).

26.Y. Ge and A. Turner, Chem. Europ. J., 15, 8100 (2009).

27. B. Tse, S. Bui and K. Haupt, Anal. Bioanal. Chem., 398, 2481 (2010).

28. A. Walcarius and M. Collinson, Ann. Rev. Anal. Chem., 2, 121
(2009).

29. E. Turiel and A. Martin-Esteban, Molecularly imprinted poly-
mers for sample preparation: A review, 668, 87 (2010).

30. F. Augusto, E. Carasek, R. Gomes, C. Silva, S. Rivellino, A. Batista
and E. Martendal, J. Chromatography A, 1217, 2533 (2010).

31. T. Kist and M. Mandaji, Electrophoresis, 25, 3492 (2004).

32.R. Pernites, R. Ponnapati and R. Advincula, Macromolecules,
43(23), 9724 (2010).

33. R. Pemites, R. Ponnapati, J. Felipe and R. Advincula, Biosens. Bio-
electron., 26(5), 2766 (2011).

34. F. Qiao, H. Sun, H. Yan and K. Row, Chromatographia, 64, 625
(2006).

35. H. Nishino, C. Huang and K. Shea, Angew. Chem. Int. Ed., 45,2392
(2006).

36. M. Byme, K. Park and N. Peppas, Advanced Drug Delivery Reviews,
54, 149 (2002).

37. T. Miyata, Adv. Sci. Technol., 57, 15 (2008).

38. K. Warriner, E. Lai, A. Namvar, D. Hawkins and S. Reddy,
Molecular imprinted polymers for biorecognition of bioagents,
Principles of Bacterial Detection: Biosensors, Recognition Recep-
tors, and Microsystems, 3, 785 (2008).

39. M. Byme and V. Saliana, /nt. J. Pharmaceutics, 364, 188 (2008).

40. P. Taranekar, A. Baba, J. Park, T. Fulghum and R. Advincula, Adv.
Funct. Mater., 16, 2000 (2006).

41. D. Apodaca, R. Pemites, R. Ponnapati, F. Del Mundo and R. Advin-
cula, ACS Applied Materials and Interfaces, 3(2), 191 (2011).

Rigoberto Advincula is a Professor in the
Department of Chemistry and Department of
Chemical Engineering at the University of
Houston, Texas. He obtained his chemistry
degrees from the University of Florida (Ph.D.)
and the University of the Philippines (B.S.).
He then did Post-doctoral work at the Max
Planck Institute for Polymer Research and
Stanford University. His research interest in-
cludes nanostructured polymer materials and
surface analysis. He has published some 380
papers, 11 patents (and pending), and has co-edited the book on Func-
tional Polymer Films, Polymer Brushes, and New Trends in Polymer
Science. He currently serves as Editor of Reactive and Functional Poly-
mers and is on the Editorial Boards of Chemistry of Materials, ACS-
Applied Materials and Interfaces, Macromolecular Chemistry and Phys-
ics, Macromolecular Rapid Communications, Macromolecular Research,
Journal of Bioactive and Compatible Polymers, and Polymer for Advance
Technologies journals. He is a Fellow of the American Chemical Society
(ACS), and also a Fellow of both the Polymer Materials Science and
Engineering (PMSE) and the Polymer Chemistry Divisions of the ACS.

Korean J. Chem. Eng.(Vol. 28, No. 6)




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 200
  /ColorImageDepth 8
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth 8
  /GrayImageDownsampleThreshold 1.33333
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /DetectCurves 0.000000
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /PreserveDICMYKValues true
  /PreserveFlatness true
  /CropColorImages true
  /ColorImageMinResolution 290
  /ColorImageMinResolutionPolicy /Warning
  /ColorImageMinDownsampleDepth 1
  /CropGrayImages true
  /GrayImageMinResolution 290
  /GrayImageMinResolutionPolicy /Warning
  /GrayImageMinDownsampleDepth 2
  /CropMonoImages true
  /MonoImageMinResolution 800
  /MonoImageMinResolutionPolicy /Warning
  /CheckCompliance [
    /None
  ]
  /PDFXOutputConditionIdentifier ()
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


