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a b s t r a c t

In the past decade, there has been an exponential increase in the number of papers describing molecu-
lar imprinting in hydrogels, a technique which creates memory for template molecules within a flexible
macromolecular structure. Macromolecular memory or structural plasticity of polymer chains is a supe-
rior description of weakly crosslinked imprinted networks since significant flexibility can occur within
the polymer chains. The focus of this article is to review and highlight work in the field describing the
imprinting strategy within hydrogels and associated challenges, characterization methods of imprinted
gels, current and potential translational applications, and future strategies and directions. This paper also
describes ways to improve binding parameter efficacy and presents significant areas of opportunity to
further describe, characterize, and understand imprinted gels. An analysis of the literature indicates that
imprinting in hydrogels leads to significant improvements in template affinity, capacity, and selectivity
over non-templated hydrogels for a number of templates such as ions, small and moderate molecular
weight molecules, proteins, viruses, DNA, and cells. However, the influence of imprinting on the transport
of template is much more complex, with little attention of most studies to structural analysis or discus-
sion of the gel porosity/tortuosity in the control of template transport. Responsive, intelligent imprinted
hydrogels are also highlighted that exhibit reversibly modulated template binding and transport. It is clear
that this field has transitioned from infancy and is leading to breakthroughs in a number of areas such as

controlled and modulated drug delivery, diagnostic sensors, and separation. For example in drug delivery,
imprinting can lead to delayed transport and provides further control of therapeutic transport through the
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macromolecular structure as well as optimizes the number of therapeutic molecules to polymer chains.
© 2008 Elsevier B.V. All rights reserved.
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. Introduction

In 2002, a review article entitled “Molecular Imprinting within
ydrogels” (Byrne et al., 2002a) was published, which described

he tremendous potential of molecular imprinting techniques in
he rational design, synthesis, and applicability of hydrogel struc-
ures. Back then, little research work had been conducted using
eakly or moderately crosslinked imprinted structures to provide

nhanced template binding, responsive recognition, or delayed
emplate transport. The field was in its infancy and 6 years later we
ave seen significant research progress in this field, demonstrated
y the exponential increase in the number of papers published in
his period (Fig. 1). There has been a sustained and concerted effort
oward the understanding and rational design of such systems,
nd a considerable increase in proposed applications involving
mprinted gel structures.

The purpose of this paper is to examine work in the field since
002, the year the last comprehensive review was published. In
his article, we highlight the recent work in the field with a his-
orical perspective, the benefits and challenges of the imprinting
trategy within hydrogels, characterization methods of imprinted
els, responsive imprinted gels, current and potential translational
pplications, and future strategies and directions. Imprinted struc-
ures are leading to solutions of major problems in medicine and

harmacy and will soon provide significant value to address unmet
eeds in a number of fields.

For example, in drug delivery, the rational design of polymeric
tructures has led to a number of controlled release products.
olecular imprinting has high potential to provide an additional

ig. 1. Exponential increase in imprinted hydrogel research. There has been tremen-
ous progress in the field since 1998. An exhaustive search of imprinted polymer
apers was undertaken and only those published papers which describe weakly and
oderately crosslinked imprinted gels with binding occurring in aqueous solutions
ere included in this chart. We have limited inclusion only to gels, where the main

onstituent is water or other biological fluid. Polymer gels, defined as networks of
exible polymer chains, can be deformed and respond as an elastic body. The pro-

ected value for 2008 was calculated by multiplying by a factor assuming the papers
n 2008 continue at the same rate.
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evel of control in the rational engineering of drug delivery matrices.
urther control of therapeutic transport through the macromolec-
lar structure as well as optimizing the number of therapeutic
olecules to polymer chains are leading to significant enhance-
ents in drug loading and extended transport. This level of control

as only been demonstrated recently within a small number of
esearch articles and is expected to grow significantly in the future.
his will be particularly important in reduced length scale applica-
ions with micro- and nanoscale carriers and devices.

. Creating macromolecular memory in hydrogels:
olecular imprinting within flexible polymer chains

The concept of molecular imprinting involves the creation of
acromolecular memory for a template molecule within a polymer

etwork. There have been many excellent reviews on the topic and
e direct the reader to more traditional imprinting strategy reviews

Ye and Mosbach, 2008; Wulff, 2002; Mayes and Whitcombe, 2005;
ormack and Mosbach, 1999; Wei and Mizaikoff, 2007; Whitcombe
nd Vulfson, 2001; Alexander et al., 2006; Davis et al., 1996), and
eviews focusing on imprinting biological molecules, therapeutics,
roteins, macromolecules, and cells (Byrne et al., 2002a; Hilt and
yrne, 2004; Ge and Turner, 2008; Hillberg and Tabrizian, 2008;
ergmann and Peppas, 2008; Wei et al., 2006; Zhang et al., 2006;

aniak and Kofinas, 2007; Bossi et al., 2007; Turner et al., 2006).
ost important to the non-covalent technique is the inclusion of
template molecule that the polymer must form around that is

ot covalently incorporated in the polymeric structure. Effective
elf-assembly of the functional monomer(s)–template complex is
rucial toward imprinting efficacy. Macromolecular memory is pri-
arily due to two synergistic effects: (i) shape specific cavities that
atch the template molecule, which provide stabilization of the

hemistry in a crosslinked matrix, and (ii) chemical groups oriented
o form multiple non-covalent complexation points with the tem-
late (Fig. 2A). Since gel structures can have significant flexibility

n the polymer chains as well as collapsible and expansive struc-
ures, it is very suitable to use the term macromolecular memory or
tructural plasticity of polymer chains when describing molecular
mprinting in gels. This term is much more appropriate in weakly
rosslinked imprinted networks as compared to highly crosslinked
etworks.

The majority of imprinted polymers produced to date have been
ighly crosslinked in efforts to limit the flexibility of the associ-
ted binding cavities produced between polymer chains. Thus, the
dea of the technique translating to polymeric networks with sig-
ificant flexibility within their polymer chains was highly suspect.

t was assumed that flexibility of polymeric chains would lead to
atal deficiencies in the metrics by which imprinted structures are
efined, namely template binding affinity, capacity, and selectivity.
owever, experimental work in the last decade has proven that this

s not the case.
An analysis of the recent literature with focus upon imprinted
ydrogels indicates that imprinting can occur in hydrogels with sig-
ificant improvements in binding parameters over non-templated
ydrogels (Venkatesh et al., 2007, 2006; Alvarez-Lorenzo et al.,
002, 2006a; Byrne et al., 2008; Hawkins et al., 2005, 2006; Kimhi
nd Bianco-Peled, 2007; Kublickas et al., 2007; Parmpi and Kofinas,



190 M.E. Byrne, V. Salian / International Journal of Pharmaceutics 364 (2008) 188–212

Fig. 2. Macromolecular memory within crosslinked hydrogels. (A) Self-assembly of the functional monomer complexes within the pre-polymerization solution. This can
be in the form of monomeric species or oligomers/polymers that have pendant double bonds or are reacted to other chains by another molecule (�). (B) Formation of an
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hemistry on differing polymer chains. (E) Crosslinking can consist of (left) permane
nd (right) covalent or non-covalent bonds. (F) Expansion and collapse of hydrogel

004; Xia et al., 2005; Espinosa-Garcia et al., 2007; Wizeman and
ofinas, 2001). From the literature, it is clear that increases in
emplate capacity and affinity within flexible hydrogel structures
an be tuned by the imprinting process. While there have been a
maller number of papers that highlight selectivity differences, or
he enhanced affinity of the template over closely matched struc-
ures, it has also been demonstrated to occur in imprinted hydrogels
Hawkins et al., 2005; Kimhi and Bianco-Peled, 2007; Kublickas et
l., 2007; Xia et al., 2005; Wang et al., 2008; Chen et al., 2008;
emirel et al., 2005; Liu et al., 2004a; Oral and Peppas, 2004, 2006;
olisay et al., 2006, 2007; Guo et al., 2006; Ogiso et al., 2006). Of
ourse, one must recognize that the difficulty of the selective chal-
enge (i.e., how the size and chemical functionality of the competing

olecule compares to the original template molecule) is a variable
hat must be benchmarked in defining selectivity limits. In highly
rosslinked polymers, selectivity has been demonstrated between
ery similar structures, including enantiomers (Maier and Lindner,

007; Chen et al., 2001a). To date, imprinted hydrogels have not
een shown to have this level of selectivity control, and selectivity
epends on the level of flexibility within the structure.

A certain degree of flexibility can be seen in nature, where
ecognition occurs in a polar, protic, aqueous environment due to a

(
m
s

o

moved. (D) Macromolecuar network with recognition sites consisting of functional
sical entanglements, (center) microcrystalline regions incorporating various chains,
re as a result of stimulus or solvation of polymer chains.

iverse group of multiple non-covalent interactions. In most cases,
iomolecular recognition, as exhibited by biological macromolecu-

ar structures, involves (i) a highly specific recognition event where
trong non-covalent bonding is due to the structural orientation
f multiple differing chemical functional groups, complementarity,
nd configuration; and (ii) a recognition event where recognition
s usually a constitutive element of a complex functional mecha-
ism that involves the conformational reorganization or flexibility
f macromolecular counterparts (Demchenko, 2001; Huber and
ennett, 1983; Blackburne and Hirst, 2001; Lemieux, 1996). Exam-
les of the functional roles of flexibility in protein systems are

nduced fit mechanisms and regulation of enzyme activity via
llosteric mechanisms, in which a molecule binds to a regulation
ite and subsequent reorganization results in controlled substrate
inding at the substrate site. It can also include coupling of protein
unction by flexible linkage of domains (e.g., immunoglobulins can
unctionally adapt to the variation of antigenic sites on surfaces)

Huber and Bennett, 1983). Therefore, it is highly probable that the

ost specific recognition in nature occurs through the ordering of
tructures that have certain degrees of flexibility.

Much of the theoretical basis of the conformational mem-
ry of biological macromolecules and designed heteropolymers



rnal o

(
H
W
J
t
f
m
m
t
a
g
t
e
w
t
t
r
p
t
c
2
i

b
f
p
p
m
c
c
b
i
b
i
m

s
i

2

t
w
a
k
p
t
r
(
n
c
a
r
t
p
i
m
e
w
b
n
t
p
fl

c
p
m
o
h
a
m
r
i
a
i
t

2

w
t
e
v
i
o
t
t

2
l

r
i
w
w
m
t
s
w
c
c
w
b
s
a
n
E
b
s
o
s
b

p
m
p
h
2
i
c

c

M.E. Byrne, V. Salian / International Jou

Demchenko, 2001; Huber and Bennett, 1983; Blackburne and
irst, 2001; Lemieux, 1996; De Gennes, 1986; Bryngelson and
olynes, 1987; Pande et al., 1994a,b, 1997, 2000; Jozefowicz and

ozefonvicz, 1997; Peppas and Huang, 2002) can be applied to
he concept of molecular imprinting. Macromolecular memory is
avored by heteropolymer systems. Typically, one type of functional

onomer will not provide optimal interactions between the poly-
er chains and the template (i.e., depending on the chemistry of the

emplate molecule, each functional monomer will have preferred
nd more energetically favorable interactions with certain chemical
roups on the template). Imprinting can organize the incorpora-
ion of monomers within the growing polymer chains in a low
nergy state conformation that favors multiple point complexation
ith the template. During network formation, increasing the poten-

ial for growing polymer chains with template binding complexes
o reach a global energy minimum will lead to increased memo-
ization of the chain conformation and enhance template binding
arameters in both highly and weakly crosslinked polymers. Frus-
rations between the template and polymer chains in forming
omplexes, as highlighted by Tanaka and co-workers (Enoki et al.,
000; Alvarez-Lorenzo et al., 2000), can be minimized by molecular

mprinting.
Demchenko outlines some general principles of recognition

etween flexible structures, which include: (i) a reaction of complex
ormation which includes the diffusional formation of an encounter
air and, (ii) a sequential selection isomerization with kinetic
roofreading or consecutive elementary steps of stochastic bond-
aking and breaking events of the encounter pair into a stable

omplex (Demchenko, 2001). Systems with flexible conformations
reate configurational complementarity with an ordering process
y many trial and error steps until the proper ligand–receptor
nteraction is reinforced by the ordering of short-range covalent
onds (Huber and Bennett, 1983). This process within the imprint-

ng mechanism is important to produce effective macromolecular
emory.
In the next sections, we define hydrogels and outline successful

trategies and challenges to create macromolecular memory within
mprinted hydrogel networks.

.1. Hydrogels defined

Hydrogels are insoluble, crosslinked polymer network struc-
ures composed of hydrophilic homo- or hetero-co-polymers,
hich have the ability to absorb significant amounts of water

nd retain their shape without dissolving. Crosslinks (otherwise
nown as tie-points or junctions) can be covalent bonds, permanent
hysical entanglements, non-covalent interactions, or microcrys-
alline regions incorporating various chains and are primarily
esponsible for preventing the dissolution of the polymer in water
Fig. 2E) (Peppas, 1987a). Since this review focuses on hydrogel
etworks, we have limited the discussion to gels, where the main
onstituent of the gel is water. Polymer gels, which are defined
s networks of flexible polymer chains, can be deformed and
espond as an elastic body. Thus, these solvated polymers are at
emperatures above their glass transition, where the amorphous
ortions of the polymer are in the rubbery state and are flex-

ble. In this regard, we have primarily focused on weakly and
oderately crosslinked imprinted networks or networks that are

xpected to or have been demonstrated to have these properties
hen solvated. We have also not focused attention on conjugated
iomaterials or hybrid structures that contain a complex recog-
ition element such as protein, inclusion complex, etc., unless
here were multiple such species on differing polymer chains
roviding recognition and the structures contained significant
exibility.
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When a dry hydrogel is immersed in a thermodynamically
ompatible solvent, the solvent movement into the hydrogel
olymer chains leads to considerable volume expansion and macro-
olecular rearrangement depending on the nature and extent

f crosslinking within the network (Fig. 2F). In addition, the
ydrophilicity of the monomers also determines the solvent uptake
nd thus the observed volume change. The rate at which a poly-
er expands or swells depends upon two coupled processes, the

elative rates of polymer-chain relaxation and solvent penetration
nto the network. A dry hydrogel transitions in a moving front from
n unperturbed, glassy state to a solvated, rubbery state with an
ncrease in macromolecular mobility due to chain extension, and
his leads to additional free-volume within the network.

.2. Imprinting strategies for hydrogel structures

Imprinting within hydrogels is more complex than imprinting
ithin rigid structures. Success depends on structural considera-

ions and the underlying flexibility of polymer chains, limiting the
xpansion or collapse of polymer chains due to solvation or desol-
ation forces. It also depends on the number of template molecules
n relation to the number of functional monomeric species, the level
f diversity of functional monomeric species that interact with the
emplate, the strength of the monomer–template interactions, and
he polymerization reaction.

.2.1. Structural considerations: controlled architecture and
imiting the expansion or collapse of polymer chains

One of the most important considerations in effective template
ecognition is to maintain the binding cavity produced via differ-
ng polymer chains close to the state when the original imprint
as formed (i.e., close to the relaxed state of the polymer). In other
ords, the swollen or collapsed polymer volume at equilibrium
ust not be too different from the relaxed polymer volume frac-

ion. The thermodynamic compatibility of the polymer chains and
olvent as well as the number of crosslinking points within the net-
ork determines the nature and extent of this transition. At a given

rosslinking density in aqueous solvent, an imprinted network that
ontains more hydrophilic moieties along the polymer backbone
ill tend to swell or expand more than gels containing hydropho-

ic groups, which will try to minimize their exposure to aqueous
olvent. The expansion of polymer chains increases the free volume
vailable for template transport, but it can decrease the effective-
ess of the imprinting site created by multiple polymer chains.
quilibrium is reached when the swelling force is counterbalanced
y the retractive force due to crosslinking points in the network
tructure. In gels where significant collapse of the structure can
ccur (e.g., the gel is put in a thermodynamically non-compatible
olvent), template transport may be significantly reduced and the
inding cavity may be significantly altered in a collapsed state.

It is important to note that this does not dictate that gels
repared in the absence of solvent (in these cases, the largest
onomer component is the solvent) and subsequently bind tem-

late in solvent have been unsuccessful. Typically, these systems
ave demonstrated higher affinity and capacity (Venkatesh et al.,
007, 2006; Alvarez-Lorenzo et al., 2002, 2006a) compared to non-

mprinted gels in aqueous solvents. In these cases, the largest
omponent in the formulation was a hydrophilic monomer.

If the network is prepared in solvent, the growing polymer
hains are solvated by the solvent and polymer must form around

he solvent molecules. Depending on the amount of solvent in the
ormulation, the gel may have varying levels of porosity. Fig. 3
ighlights the classification of spaces within a hydrogel polymer.
ydrogels can be classified as macroporous, microporous, and
anoporous. As one approaches the nanoscale, the mesh size or
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Fig. 3. Porosity within imprinted hydrogels. (A) For templated gels prepared in
solvent the polymer will contain significant macro- and microporosity. Template
transport will be primarily related to the porosity and tortuosity within the poly-
mer, as in conventional hydrogels. (B) For imprinted gels prepared without solvent,
the polymer will not typically exhibit macro and micro-porosity (Peppas, 1987a)
and will have small pores that approach the size of the template. Once solvated, the
mesh size or the free volume within the polymer chains and the imprinting effect
will influence template transport. These type of polymers may exhibit delayed tem-
plate transport due to the imprinting effect and the binding of the template in the
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inding cavities between the chains (Venkatesh et al., 2008) and also due to steric
indrance or ‘screening effect’ due to the crosslinked structure and the mobility of
he polymer chains excluding template. Polymers prepared in solvent will typically
ind less template due to less polymer volume fraction.

he free-volume available between the polymer chains is reached.
f this nanoporous mesh structure is in a collapsed state and the net-
ork is not formed in solvent, the polymer can be quite non-porous

nd significantly limit the transport of solutes. Critical point drying
ith transmission electron microscopy (Hawkins et al., 2007) and
uorescent and confocal imaging (Hawkins et al., 2006; Byrne et
l., 2002b, 2008) have been used to view the imprinted nanocavi-
ies or to visualize (Hawkins et al., 2006) and quantify (Byrne et al.,
002b, 2008) the template bound within the gel. Fluorescent spec-
roscopic methods allow the study of the local environment around
he chromophore (Aburto and Le Borgne, 2004). These studies offer
vidence as to the size of the imprinted cavities, template binding
istribution within sections of the gel, as well as their potential
ithin micro- and nanobiotechnology (Hilt et al., 2006a). Section

.3 presents these concepts further with discussion of structural
nd transport considerations of imprinted gels.

Variations in network structure itself have been demonstrated
o influence template binding and control the size of the imprinted
avities (Byrne et al., 2008; Espinosa-Garcia et al., 2007; Noss
t al., 2008; Spizzirri and Peppas, 2005; Djourelov et al., 2007;
amashita et al., 2003). Not surprisingly, crosslinking strategies
ave primarily included covalent crosslinks with very little work
xploiting other methods. Imprinted networks linked by non-

ovalent interactions or permanent physical entanglements have
ot been explored while interpenetrating (Xia et al., 2005; Wang
t al., 2008; Yamashita et al., 2003) and semi-crystalline and crys-
alline imprinted networks (Binet et al., 2007; Marty et al., 1999;
alaprat et al., 2006) have received little attention. Typically, the
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ow mechanical strength of gels and increased flexibility of the
etwork can be overcome by increasing and controlling the junc-
ion points. If the junction points are reversible, binding, release, or
ther functions of the gel could be modulated. For example, Binet
t al. (2007) recently demonstrated liquid crystalline imprinted
etworks with enhanced affinity and very large loading capacities

or template. They also demonstrated catalytic activity after dis-
rganization of the network by temperature increases or swelling,
ignifying memory within the network.

For covalent crosslinks, the crosslinker length (i.e., linear size),
oncentration (i.e., the percent of crosslinking monomer reacted
n network or degree of crosslinking), and crosslinker double bond
unctionality (i.e., two or more double bonds) influence imprinting
ffectiveness (Fig. 4A–C). Covalent crosslinking can be classified by
wo distinct approaches, which depend on the monomer or poly-

er building blocks.
With additive polymerization, such as the case with free-radical

olymerizations, the double bond of a vinyl monomer will open
nd begin to build linear chains. Thus, the first approach involves
bifunctional or divinyl crosslinker being added to the growing

olymer chain and serving as a bridge to link two distinctive chains
Fig. 4A). The crosslink bridge is usually much smaller in molecular
eight than the chains between two consecutive crosslinks and is

ometimes represented in a similar manner as Flory, as a volume-
ess point in respect to the rest of the polymer chains. In reality, the
rosslinking structure is far from ideal and can have a number of
efects, which may or may not participate in template recognition
epending on the accessibility of the binding cavity and flexibility
f the chains that comprise the binding cavity. The formation of
rimary loops, secondary loops, entanglements, and dangling ends
an also occur within a crosslinked network (Fig. 4D).

Gels of well-defined mesh size can be prepared if the length of
he chains between the crosslink is controlled. Recently, our group
as the first to demonstrate that living polymerization strategies

an significantly enhance binding parameters of highly crosslinked
mprinted networks, hypothesized to be due to a more appropri-
tely sized template binding cavities between the chains and a more
omogeneous mesh size (Fig. 4E) (Vaughan et al., 2007). We have
lso demonstrated this effect in weakly crosslinked gels (Vaughan,
npublished data). Living polymerization with a reversible ter-
ination reaction also increased the potential for the growing

olymer network and template binding complexes to reach a global
nergy minimum and led to further memorization of the chain
onformation.

The second covalent crosslinking approach is to start with
ligomers or polymer chains with double bonds or suitable chem-
stry along the polymer chain, either along the polymer chain or
ranched pendant groups, that can be covalently reacted to dif-
erent chains (Fig. 2A). A few groups have used this approach in
mprinting, namely the use of oligomers with functional groups that
omplex with the template and then are covalently bonded into a
rowing network structure (Parmpi and Kofinas, 2004; Espinosa-
arcia et al., 2007; Wizeman and Kofinas, 2001; Bolisay et al., 2006;
uo et al., 2006; Kanekiyo et al., 2002, 2003; Zhao et al., 2006;
oritani and Alvarez-Lorenzo, 2001; Jacob et al., 2008; Silvestri et

l., 2005a). Recently, this has been demonstrated using a polyvinyl
lcohol backbone oligomer functionalized with double bonds and
yridyl groups, which were randomly distributed with 3–5 per
hain (Guo et al., 2006). The complex was then immobilized onto
he rigid surface of macroporous spheres with modified groups

ontaining double bonds. Recognition and specificity was demon-
trated with bovine serum albumin as the template. Using different
ligomers, this technique has also been demonstrated with cloned
orcine cyclophilin 18 protein (Zhao et al., 2006). It has also been
sed to produce membranes with a high separation factor for
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Fig. 4. Structural considerations and flexibility of imprinted hydrogels. (A) Bi-functional crosslink where R is crosslinking bridge. As the length of R increases this will lead to
additional flexibility in the hydrogel structure. bi-functional crosslinking monomer exhibits a tetra-functional crosslink in the gel, a tri-functional crosslinker exhibits a hexa-
functional crosslink, and a tetra-functional crosslinker exhibits an octa-functional crosslink with the polymer gel. (B) Small bi-functional crosslinking monomer at moderate
concentration (left) and low concentration (right). (C) Longer bi-functional crosslinking monomer (increased R) at moderate concentration (left) and low concentration (right).
Structures have increasing flexibility moving top to bottom with the most flexible structure on the bottom right. If the functional monomer is grafted to the polymer chain
(i.e., branched, dangling functional chain), it can also have segment flexibility. (D) A non-ideal network where A represents primary and secondary loops, B represents
entanglements, and C represents dangling ends. Primary and secondary loops may participate in binding template depending on the chain flexibility and accessibility of such
structures to the template. All crosslinks are tetra-functional and are represented by (�), unreacted, non-incorporated polymer chains are not shown. (E) Living/controlled
p an et
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olymerization of imprinted gels and the effect on the network structure (Vaugh
olydispersity of kinetic chains and decreased average chain length. (Bottom) Within
f appropriately sized imprinted macromolecular cavities for the template. An opti
nhanced binding properties.

racil using supercritical carbon dioxide as solvent (Kobayashi et
l., 2008).
This is an exciting transition in the field, but more experimental
ork is needed with controlled studies that vary degrees of substi-

ution, chain length, chain flexibility, and the diversity of functional
hemistry in the chain that will interact with the template. Thus,
t is expected that in the near future there will be more work cre-

o
t
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al., 2007). (Top) In mono-vinyl polymerization, the use of iniferter yields a lower
inked networks, addition of iniferter leads to a more uniform and higher population
esh size, �, gives the binding site a better functional configuration which leads to

ting oligomers with varying distributions of two types of chain
unctionality, one that promotes covalent linking into a network

r onto a surface and one that non-covalently interacts with the
emplate. This will lead to a better understanding of the imprint-
ng process and the building of chains from monomeric units as in
onventional methods, but it may also lead to more control of the
mprinted network structure and lead to enhanced template bind-
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ng parameters. However, this depends on efficient integration of
he oligomer chain into the network structure with the binding site
ble to reach an energy minimum.

.2.2. Compositional considerations: the number and diversity of
unctional monomeric species and the strength of

onomer–template interaction
The strength of the monomer–template non-covalent inter-

ction is paramount to a successful imprinting strategy. As the
olymer is forming, any cross interaction between the solvent and
he intended functional monomer–template non-covalent bond-
ng will lead to decreased macromolecular memory. This depends
n the strength of the intended non-covalent interactions (i.e.,
onic, hydrogen bonding, hydrophobic interactions, pi–pi orbital
nteractions, and Van der Waals forces). For example, ionic non-
ovalent bonds are the strongest non-covalent bonds, with bond
trengths of 5–35 kcal/mol, approaching a third of covalent bond
trength (Meot-Ner, 2005; Lodish et al., 2000). Hydrogen bond-
ng decreases and hydrophobic forces increase as the temperature
ncreases. Thus, a strong interaction between functional monomer
nd the template is needed. Highly crosslinked imprinted polymers
ypically employ solvents as porogens, in the absence of which tem-
late diffusion out of the rigid structure of the highly crosslinked
el is severely limited. However, very high template removal can be
chieved in hydrogels which have low crosslinking densities.

The relative amount of functional monomers and template is
lso very important to imprinting efficacy. The functional monomer
o template (M/T) ratio is a major variable in an effective design.
here is considerable evidence of an optimal M/T ratio within
ighly crosslinked imprinted structures. There is also an optimum

n weakly crosslinked structures, and the work of Alvarez-Lorenzo
nd co-workers has been at the forefront (Hiratani et al., 2005;
lvarez-Lorenzo et al., 2006a). In non-covalent systems, usually
n excess of functional monomer is needed to push the reversible
emplate-functional monomer interaction to the complexed state.
herefore, M/T ratios are usually much higher than unity and are
ot commonly in stoichiometric amounts based on the function-
lity of the template. This optimum can be distinctively seen by
ooking at two extreme cases. At a very large M/T ratio, the memo-
ized configuration of monomer within the polymer chains is very
mall compared to the randomly incorporated monomer, and there
s no difference between the non-imprinted and imprinted gels. At
ery small M/T ratios, there are not effective multiple monomer
nteractions with the template, resulting in no recognition.

A diversity of functional monomers has also been demonstrated
o increase binding parameters of imprinted hydrogels (Venkatesh
t al., 2007, 2008). Our group was the first to demonstrate the poten-
ial of this technique in gels, and this work shows substantially
arger template binding than other systems (Venkatesh et al., 2007,
008). Single non-covalent bond energies are much less than sin-
le covalent bond energies, and they are slightly higher than the
verage kinetic energy of molecules at room temperature. Thus,
any molecules almost possess sufficient kinetic energy to break

heir non-covalent bonds. However, when multiple non-covalent
onds exist, they produce very stable binding complexes, such as
hose found in proteins and receptor ligand binding pockets (Meot-
er, 2005; Lodish et al., 2000). Our group has demonstrated that
t a fixed M/T ratio partitioning of drug into networks synthesized
rom multiple functional monomers (four different monomers) was
times greater than networks synthesized from single monomers
Venkatesh et al., 2007). To date, there is not much diversity in the
hoice of functional monomers and most synthetic gels use one
r at the most two different monomeric units (not counting the
rosslinking monomer) to interact with the template. Depending on
he reaction and the interactions between monomers, integration
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f multiple monomeric species into the polymer gel is sometimes
ifficult to achieve. A discussion of reactivity ratios and monomer

ncorporation is highlighted in Section 2.2.4.
Cross interaction and reactivity between the functional

onomers must also be avoided (Lubke et al., 2000). With a cocktail
f functional monomers, if they prefer to associate with each other
r other monomers or are energetically more favored to have self-
r other monomer-association rather than with the template, less
ffective recognition will occur. In many respects, this lack of diver-
ity and difficulties associated with the use of multiple monomers
as not furthered the field.

.2.3. Template size, chemical functionality, and mobility
The imprinting field has only recently moved toward more bio-

ogically relevant applications and aqueous environments. Most
ork on weakly crosslinked gels has been in aqueous solution with
ost of the chain building monomer being hydrophilic. Just as a
ore diverse group of functional monomers increases imprint-

ng effectiveness, templates with more chemical functionality and
iverse chemical functionality are, in theory, easier to imprint.

The majority of imprinted gels have been with relatively small
ized, hydrophilic templates such as ions (Alvarez-Lorenzo et al.,
000, 2001a,b; Hiratani et al., 2001; Ito et al., 2003; Basavaraja et
l., 2007) and low molecular weight molecules (Venkatesh et al.,
007, 2006; Alvarez-Lorenzo et al., 2002, 2006a, 2001a; Byrne et
l., 2008; Parmpi and Kofinas, 2004; Espinosa-Garcia et al., 2007;
izeman and Kofinas, 2001; Wang et al., 2008; Liu et al., 2004a;

ral and Peppas, 2004, 2006; Enoki et al., 2000; Kanekiyo et al.,
002, 2003; Hiratani et al., 2005, 2001; Gong et al., 2008, 2006;
uedee et al., 2006; Lavine et al., 2007; Watanabe et al., 1998, 2001;
ya et al., 1999; Hu et al., 2008; Bodugoz et al., 2007). Protein

ecognition (Hawkins et al., 2005; Kimhi and Bianco-Peled, 2007;
ublickas et al., 2007; Xia et al., 2005; Hawkins et al., 2006; Chen
t al., 2008; Demirel et al., 2005; Guo et al., 2006; Zhao et al., 2006;
rown and Puleo, 2008; Takatsy et al., 2006a) has increased dra-
atically in the last few years, but it has been demonstrated to
lesser extent. DNA fragments (564 (Ogiso et al., 2006) and 34

ase pair (Slinchenko et al., 2004), double-stranded fragments),
iruses (Bolisay et al., 2006, 2007; Takatsy et al., 2006b), and even
ells (Bacskay et al., 2006) have been imprinted within hydrogels.
f course as the size of the template increases, a determination
f the hydrodynamic radius is needed to ascertain the template’s
bility to diffuse within the spaces between the polymer chains.
hus, the size of the template may impose structural considerations
hat must be reflected in the choice of crosslinking monomer size
nd concentration, which will affect the mesh size of the network.
or example, a monomeric human growth hormone imprinted gel,
hich bound approximately seventy times more template than the
on-imprinted gel, has been shown to bind approximately four and
wenty-three times more template than the dimeric and trimeric
orms, respectively (Kublickas et al., 2007).

The generality of the technique has been explored. Recently,
oiety molecular imprinting techniques (Byrne et al., 2008) have

een developed for the preparation of polymer networks that
an recognize a general moiety, d-glucose, and the novel eval-
ation of loading and release of a larger molecule with glucose
s an integral part of its structure (i.e., fluorescently tagged glu-
ose). Poly(acrylamide-co-poly(ethylene glycol)dimethacrylate)
etworks with varying crosslinking monomer percentages (80, 67,
nd 30%) and crosslinker lengths (average number of ethylene gly-

ol units of 1, 4, and 14) were prepared and characterized using
uorescent microscopy, which allowed for microscale observa-
ion of the dynamic binding and release within the polymer film.
xperimental results indicate that tighter mesh-sized networks
ad increased affinity and capacity toward the glucose function-
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lized molecule as well as increased diffusional transport times,
ndicating the strong potential to load significantly higher amounts
f therapeutic within intelligent carriers as well as control and
xtend the rate of release via macromolecular structure.

The imprinting of hydrophobic templates in gels has not
eceived much attention due to problems such as tem-
late/monomer mutual solubility and, if solvent is used, finding
suitable solvent to dissolve the water-soluble monomers and

he hydrophobic template. These networks require the presence
f hydrophilic backbone monomers since recognition will occur
n aqueous solutions. Spizzirri and Peppas (2005) describe a net-

ork where cholesterol, a largely hydrophobic molecule, is used
s template, and mutual solubility during the polymerization is
chieved by the use of two solvents of significantly differing polar-
ty. This provides a dual benefit of countering the hydrophobicity of
holesterol as well as providing a means to make the hydrogel more
orous to improve the transport of the large cholesterol molecule.

.2.4. Polymerization reaction, monomer reactivity and
ncorporation

Since template binding properties are strongly dependent
n the network structure, it is important to study the details
f the reaction. For example, network structure of free-radical
olymerizations of multifunctional monomers depends upon
onomer/macromer size, flexibility, functionality, the amount of

olvent and concentration of monomers and initiators, initiation
ethods and initiation rate, as well as diffusional reaction con-

traints of propagating polymer chains. For example, monomer
ouble bonds may possess different reactivities that are influenced
y conversion (i.e., pendant double bonds typically have reduced
eactivity) and significantly affect structural characteristics of the
olymer network. It is this reason why most synthetic polymers do
ot typically consist of a large diversity of monomers. Questions
rise on the equal or equivalent incorporation of the monomers
ithin the polymer chains. These are very real concerns and diffi-

ulties especially when imprinting to achieve well-functionalized,
iverse binding cavities. However, these issues can be overcome
y proper understanding and study of monomer reactivities and
eactivity ratios, the interaction between various monomers in the
ormulation, and the imprinting polymerization reaction itself.

The study of the imprinting polymerization reaction has been
irtually unexplored and little effort has been expended in try-
ng to understand the imprinting process on mechanistic or a
asic molecular level. There have been a number of computa-
ional studies, but most groups have primarily focused on studying
he pre-polymerization template–functional monomer-complex
n the pre-polymerization solution (Wei and Mizaikoff, 2007;
hianella et al., 2006). Only recently have researchers begun to ana-

yze larger polymer chains and the polymerization process (Pavel
nd Lagowski, 2005; Henthorn and Peppas, 2007; Monti et al.,
006). For example, a method simulating the formation of densely
rosslinked networks was recently developed incorporating intra-
nd intermolecular interactions. An all-atom kinetic gelation sim-
lation technique utilizing an off-lattice approach tracked the
osition and interaction of all atoms during imprinted polymer for-
ation (Henthorn and Peppas, 2007). This type of work will lead to
uch insight into the mechanism of imprinted polymer formation.
Conventional free-radical polymerization is highly non-ideal

nd differences in theory and experimental data indicate hetero-
eneity within the network structure (Monti et al., 2006). Research

ork on non-imprinted structures has involved the examination

f major variables that control crosslinking polymerization rate,
onversions, and final cross-link density. While a lower concen-
ration of crosslinking monomer and lower final conversion will
roduce less densely crosslinked networks, other factors, such as
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he pendant double bond reactivity which is based upon monomer
ize, monomer stiffness, comonomer ratio, and solvent concentra-
ion (Elliott and Bowman, 2001), significantly affect the structure
nd heterogeneity of the resulting polymeric network. Three types
f cycles can form in a polymer network when a pendant double
ond reacts with a free radical. Typically, a pendant double bond is
ormed when one end of a crosslinking agent reacts in a polymer
hain leaving the other reactive end dangling from the polymer
hain and free to react. Primary cyclization or loops (where a radi-
al reacts with the radical on its own propagating chain) will reduce
he crosslinking density. Primary and secondary cycles or loops
where a radical reacts with the radical on secondary chain) do
ot contribute as crosslinks to the overall structure of the poly-
er (Fig. 4D). These lead to more heterogeneously crosslinked

mprinted networks, which may negatively impact binding effec-
iveness, decrease the overall material strength, and alter template
ransport.

Reaction conditions such as the type of free-radical initia-
ion mechanism and the polymerization temperature have been
xplored, but more analysis is needed. Reactions that have con-
rolled temperature have been demonstrated to lead to better
mprinted structures and free-radical, UV-initiated imprinted poly-

erizations have been demonstrated to lead to better binding
arameters compared to thermally initiated polymerizations due
o lower temperatures of polymerization (Spivak et al., 1997; Lin
t al., 1997; Rampey et al., 2004; Piletsky et al., 2002; Spivak and
hea, 2001). However, the benefits of reduced temperatures gained
n the stability of the monomer-template complex (O’Shannessy et
l., 1989) can negatively influence the structure of the network since
educed temperatures will decrease reaction rates and monomer
onversion.

Imprinted polymer reaction analysis and living/controlled
mprinted polymerization are other areas that have not received

uch attention. Recently, our group was the first to demon-
trate that reaction analysis of a typical highly crosslinked
oly(methacrylic acid-co-ethylene glycol dimethacrylate) molec-
larly imprinted network revealed low double bond conversion
35 ± 2.3% at 0 ◦C to 54 ± 1.9% at 50 ◦C) which was due to severely
onstrained network formation (Vaughan et al., 2007). This work
ighlighted that the final composition of imprinted polymers
oes not represent the initial formulation when using signifi-
ant amounts of short bifunctional crosslinking monomer. Also,
iving/controlled polymerization with a reversible termination
eaction can provide much more control over the network struc-
ure. It increased the potential for the growing polymer network
nd template binding complexes to reach a global energy mini-
um and led to further memorization of the chain conformation.

ompared to conventional techniques, controlled/living polymer-
zation resulted in a 63% increase in the number of binding sites
t approximately equivalent average binding affinity while retain-
ng selectivity for the template. This was hypothesized to be
ttributed to a decrease in kinetic chain length and/or a more nar-
ow dispersity of kinetic chains which leads to increased structural
omogeneity with more stability and integrity of more appropri-
tely sized binding sites.

. Characterization of imprinted hydrogel structures

Analysis of template binding and structural parameters of

mprinted hydrogels is crucial to properly characterize and under-
tand macromolecular recognition. In order to assess structural
nd recognition/transport property relationships, additional study
s needed. The sections below provide a basis for characterizing
mprinted hydrogel structures.
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.1. Determination of imprinted gel binding parameters

Imprinting effectiveness can be determined by assessment of
he binding parameters of template binding affinity (i.e., the equi-
ibrium association or dissociation constant between the ligand

olecule and the network), capacity of loading (i.e., the maxi-
um ligand bound per mass or volume of polymer), and selectivity

i.e., the ability to differentiate between the ligand and other
olecules). Compared to highly crosslinked imprinted networks,
eakly crosslinked gels can remove most of the template before

ebinding experiments. Proper template washing procedures and
erification of template removal is very important in the analysis
f binding parameters. Binding characterization can be incorrect if
ost-polymerization washing of template is not verified.

Binding affinity is a measure of how well the template molecule
s attracted to the macromolecular binding site or how well a lig-
nd is held to the receptor site formed between the macromolecule
hains. The equilibrium dissociation constant, Kd, or equilibrium
ssociation constant, Ka, provide a quantitative measure of this level
f attraction. Ligands with low Kd or high Ka values bind tightly to
he receptor and have high affinity. Conversely, high Kd and low Ka

alues are indicative of weak template binding.
Template affinity and loading capacity can be estimated from

quilibrium binding isotherms analyzing template bound versus
he equilibrium template concentration. At a particular bind-
ng concentration, the amount of template bound or template
artition/distribution coefficients have been used. It is common
nowledge that imprinting leads to a distribution of binding sites
f varying affinity. The distribution has been demonstrated in a
umber of systems to be bi-modal, but affinity distribution models
ave been successfully applied (Rampey et al., 2004; Umpleby et al.,
000) and better approximate the heterogeneity of binding cavities
ithin imprinted networks. Analysis has been conducted in a num-

er of ways using theoretical or empirical based binding isotherms.
are must be taken when applying the best isotherm based on the
t of the data but also on the inherent assumptions in the underly-

ng equations, especially if a theoretical equation is used. Imprinted
etworks have been analyzed via limiting slope Scatchard analysis
Lubke et al., 2000), Langmuir isotherms (Kimhi and Bianco-Peled,
007; Xia et al., 2005; Espinosa-Garcia et al., 2007; Hiratani and
lvarez-Lorenzo, 2004), Freundlich isotherms (Xia et al., 2005;
spinosa-Garcia et al., 2007; Umpleby et al., 2001), bi- (Chen et al.,
001b; Li and Husson, 2006) and tri- (Kim et al., 2005) Langmuir

sotherms, and Langmuir–Freundlich isotherms (Li and Husson,
006). Recently, isothermal titration calorimetry has thermody-
amically verified differences in the binding enthalpy of template
ithin imprinted and non-imprinted gels (Kimhi and Bianco-Peled,

007). Using this microcalorimetric method, the binding mecha-
ism can be elucidated with quantification of the enthalpic and
ntropic contributions during the binding event (Chen et al., 2001c).
his technique has also been used to determine the optimum
onomer template ratio (Alvarez-Lorenzo et al., 2006a). We direct

he reader to the following review which classifies typical disso-
iation constants of molecularly imprinted polymers and those of
ommon classes of receptor–ligand interactions (Hilt and Byrne,
004).

Selectivity, ˛, can be determined by a ratio of the equilibrium
ssociation or dissociation constants between two molecules (one
hich differs from the template in chemical functionality, orienta-

ion of chemical functionality, or physical size).
= Ka, template molecule

Ka, other molecule
(1)

In the last 6 years, there has been a substantial increase in
he number imprinted hydrogels displaying template selectivity.
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able 1 highlights a number of selective hydrogels imprinted for
large variety of templates of varying sizes (i.e., drug molecules,
roteins, viruses, DNA) and associated composition and selectivity
alues. In most hydrogel imprinted networks, selectivity has been
ost commonly evaluated as the ratio of the loading capacities or

artition/distribution coefficients of the template to the template
nalog in the gel. Also, most papers in the field, whether highly or
eakly crosslinked imprinted structures, do not provide a compet-

tive challenge of various molecules including the template.
Demirel et al. (2005) describe a hydrogel with N-tert-

utylacrylamide and maleic acid as functional monomers interact-
ng with bovine serum albumin as template. Acrylamide was used
o form the backbone while N,N′-methylene-bis-acrylamide served
s the crosslinking monomer. The selectivity of the gels increased as
he template percentage in the formulation increase. A maximum
electivity of 4.2 was reached at 8.63 weight% of template whereas
he non-imprinted gel was unselective (with a value of 0.9).

Similarly selectivities were demonstrated by Hawkins et al.
2005), Liu et al. (2004a) and others (Wang et al., 2008; Gong et
l., 2006). Liu and co-workers determined selectivity on the dis-
ribution coefficients of the template (l-pyroglutamic acid) and
nalog molecules in separate binding experiments. Three template
nalogues were used (2-pyrrolidone, l-proline, pyrrolidone), and
mprinted gels exhibited selectivities of 2.5, 3.0, and 5.1, respec-
ively. The poly(AM-co-MBA) prepared by Hawkins and co-workers
ound more than 90% of the template (Bovine Hemoglobin) while
ejecting nearly 80% of the template analogs (cytochrome c and
yoglobin).

Larger molecules such as viruses (Bolisay et al., 2006; Bolisay
t al., 2007) and DNA (Ogiso et al., 2006) have been imprinted
nd these networks have demonstrated selectivity. For example,
ragments of DNA were imprinted and electrophoresis experiments
ith a cocktail of fragments revealed decreased migration of tem-
late within the imprinted gel. Also, most analogues, that only
iffered by a few base pair substitutions, did not demonstrate
ecreased migration.

Notably, Fazal and Hansen (2007) have shown that the differ-
ng binding capacities of poly(allylamine hydrochloride) imprinted
etworks crosslinked with epichlorohydrin are correlated with the
ctanol/water partition coefficients. Their gels were prepared in
manner similar to the original papers that highlighted selec-

ive recognition (Parmpi and Kofinas, 2004; Wizeman and Kofinas,
001), but multiple templates were used (d-glucose-6-phosphate
onobarium salt, d-glucose, l-glucose, barium hydrogen phos-

hate and d-gluconamide) to prepare five different imprinted gels.
ll gels showed preferential binding for glucose and the selectivities
ere reasonably similar irrespective of the template used.

These results illustrate that better analysis must be conducted
hen performing selectivity studies. It is recommended that

reverse selectivity” experiments be carried out where the selectiv-
ty of analog imprinted polymers toward the template is measured.
his emphasizes selective imprinting and eliminates the effect
f preferential binding of the template to the networks via non-
pecific interactions. Some other important steps that may affect
he results include the selection of the template analog and the
erifying of template removal post-polymerization. Insufficient
ashing results in the reported binding values being lower than the

ctual values due to residual template present before the rebind-
ng step. Also, it is also recommended that template octanol/water
artition coefficients be calculated, which are not presented for the

ajority of systems in the literature.
However, some groups do carry out additional experiments

n the form of competitive challenge (Kimhi and Bianco-Peled,
007; Xia et al., 2005; Wang et al., 2008; Ogiso et al., 2006) and
everse selectivity (Kublickas et al., 2007; Chen et al., 2008; Fazal
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Table 1
Imprinted gels displaying selectivity.

Functional Monomers/Oligomers (Crosslinker) Crosslinking Amount (%), Template,
Solvent

Selectivity Assessment (Template
Analogues)

Reference(s)

MAA/DEAEM/AM (MBA) Low (0.9%), Lysozyme, Tris–HCl
buffer(pH 7)

Competitive binding at conc. ratios of
CyC/template of less than one, IP
bound 3.5× more than NIP, for conc.
ratios >1 IP bound ∼12× more
template. Analogue imprinted gel
demonstrated more analogue binding
than lysozyme. (cytochrome c)

Kimhi and Bianco-Peled (2007)

MAA/AM (MBA) Low (1.4%), Lysozyme, Tris–HCl buffer
(pH 7)

Competitive binding with Lys-IP
preferentially bound Lys over CyC
(∼5×), myoglobin (∼2.5x). The other
proteins, unlike the template in
size/structure, show very little binding
to Lys-IP and NIP. (CyC, myoglobin, BSA,
horseradish peroxidase, trypsin
inhibitor, Hb)

Chen et al. (2008)

TBA/AM/Maleic Acid (MBA) Low (<1%), Bovine Serum Albumin,
Methanol/Water (1:1)

Template/analogue bound ratio
increases with template percentage in
monomer mix (0.9 for NIP to 4.2 for IP
made with 8.63 wt% template) (casein)

Demirel et al. (2005)

Semi-IPN Chitosan/AM (MBA) Low (2.4%), Bovine Hemoglobin,
Buffered water

Competitive binding distribution
coefficient (DC) of IP for template was
83 and too little to be detected for
analogue. NIP DC for template was 1.9
and 2.9 for analogue. (bovine serum
albumin)

Xia et al. (2005)

VDAT/AM (MBA) Low (2.3%), dsDNA (564 base pair
fragment) and verotoxin DNA, Buffered
water

Electrophoresis detection experiments
with mixed DNA samples, template
had decreased migration distance due
to hindrance binding in gel. 2 of 3 base
pair substitutions with Verotoxin DNA
IP did not show decreased migration

Ogiso et al. (2006)

DEAEM/MAA/AM (MBA) Low (4.3%), Human growth hormone
(22 kDa) and dimer (44 kDa), PBS
buffer (pH 6.2)

IP for dimer binds monomeric hGH
∼2× less than dimeric template. IP for
dimer binds trimer ∼3× less as dimeric
template. Other proteins demonstrate
very low binding (0.4–1.5%) (Human
growth hormone dimers (44 kDa),
trimers (66 kDa), BSA(66 kDa), HSA
(66 kDa), lysozyme)

Kublickas et al. (2007)

PAA-HCl (MW 15,000) (epichlorohydrin) Low, Tobacco Mosaic Virus, Water IP bound 8.8 mg TMV/g IP, NIP bound
4.2 mg TMV/g NIP. Ratio of binding
capacity of TMV/TNV is ∼2 for IP and
identical for NIP. TMV is rod shape
(300 nm length, 18 nm diameter) and
TNV is icosahedral shape (24 nm
diameter). (TNV)

Bolisay et al. (2006)

PAA-HCl (MW 15,000) (ethylene glycol
diglycidyl ether)

Low, Tobacco Mosaic Virus, Water IP bound 2.7 mg TMV/g IP, NIP bound
1.18 mg TMV/g NIP. Ratio of binding
capacity of TMV/TNV is ∼7.8 for IP and
∼1.8 for NIP (TNV)

Bolisay et al. (2007)

AM (MBA) Low (10%), Bovine Hemoglobin, Water For IP, 90% of template in solution
bound as opposed to 20% of analogues
(CyC, myoglobin)

Hawkins et al. (2005)

Star PEG polymers/MAA (PEG600DMA) Low (11% v/v), d-Glucose; Water Selectivity of ∼3.1 is shown for glucose
over fructose by the 31 arm polymer
(5970 g/mol per arm; 450,000 Mn

(g/mol)) while the 75 arm polymer
(20,000 g/mol per arm; 624,000 Mn

(g/mol)) showed no selectivity.
(d-fructose)

Oral and Peppas (2004)

MAA (EGDMA) Low (12.5%), l-Pyroglutamic Acid
Methanol

IP distribution coefficient (DC) for
template ∼5, 3, 2.5× larger than that
for corresponding analogues. DCs in
NIP similar for all analytes and ∼4×
less than IP for template. (pyrrolidine,
l-proline, 2-pyrrolidine)

Liu et al. (2004a)

Semi-IPN-PVA (MW 70,000–80,000)/AA
(trihydroxymethyl propane glycidol ether)

Moderate (33%), MMTCA, DMSO/Water
(∼1:1)

Competitive binding capacity for
MMTCA/riboflavin was ∼2.6 and
MMTCA/aspirin was ∼10. Note: aspirin
is smaller and riboflavin has a different
molecular geometry. (aspirin,
riboflavin)

Wang et al. (2008)
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Table 1 (Continued )

Functional Monomers/Oligomers (Crosslinker) Crosslinking Amount (%), Template,
Solvent

Selectivity Assessment (Template
Analogues)

Reference(s)

MAPASA (Various MBA sizes) High (83%), Paracetamol, DMF/Water As crosslinker increased in length,
template binding affinity decreased
and capacity increased. Analogues
show ∼10% or less binding compared
to 45% for the template. (phenacetin,
antifebrin)

Gong et al. (2008)

Note: Binding takes place in aqueous solution unless specified. When appropriate, crosslinking % was calculated and is equivalent to (100% × (mole crosslinking monomer/(mole
crosslinking monomer and all other monomers))). Abbreviations: AA: Acrylic Acid; AM: Acrylamide; BSA: Bovine serum albumin; CyC: Cytochrome c; DBT: Dibenzothiophene;
DBTS: Dibenzothiophene Sulfone; DEAEM: 2-(dimethylamino)ethyl methacrylate; DMF: Dimethylformamide; EGDMA: Ethylene Glycol Dimethacrylate; Hb: Hemoglobin;
HSA: Human serum albumin; IP: Imprinted Polymer; IPN: Interpenetrating Network; Lys: Lysozyme; MAA: Methacrylic acid; MAPASA: 4-[(4-methacrylolyoxy)phenylazo]
benzenesulfonic acid; MBA: N,N–methylene-bis-acrylamide; MMTCA: 1-(4-methoxyphenyl)-5-methyl-1,2,3-triazol-4-carboxylic acid; NIP: Non-Imprinted Polymer; NIPA:
N glyco
T thylol
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-isopropylacrylamide; PAA-HCl: Poly(allylamine hydrochloride); PEG: Polyethylene
BA: N-tert-butylacrylamide; TFMAA: 2-(trifluoromethyl)acrylic acid; TRIM: Trime
ecrosis Virus; TMV: Tobacco Mosaic Virus; VDAT: 2-vinyl-4,6-diamino-1,3,5-triazi

nd Hansen, 2007). For example, Chen et al. (2008) have shown
xcellent results for lysozyme recognition in hydrogels. Not only
re seven different template analogs used to perform competitive
electivity studies, but lysozyme and cytochrome c are used to cre-
te two separate imprinted gels in addition to the non-imprinted
ydrogels. Both imprinted gels selectively bound the template with

ysozyme imprinted gels exhibiting selectivities of 2.5 and 5. Xia et
l. (2005) have also demonstrated competitive selectivity exper-
ments of hemoglobin imprinted semi-interpenetrating hydrogel
etworks. Kimhi and Bianco-Peled (2007) also carried out reverse
electivity and competitive binding experiments between the
ysozyme and cytochrome c, demonstrating selectivity of lysozyme
mprinted gels.

.2. Imprinted gel structural characterization

There have been many excellent reviews characterizing hydro-
el structures. We direct the reader to the following references
Peppas, 1987a; Peppas et al., 2000). Structural assessment of
mprinted hydrogels can be achieved by analysis of the following
elated parameters: the polymer volume fraction in the swollen
tate (i.e., the amount of water absorbed by the gel), the average
olecular weight between two adjacent crosslinking or junction

oints, and the average correlation distance between two adjacent
rosslinking or junction points (i.e., the average mesh size or free
pace between the macromolecular chains available for transport).

Factors such as the extent or degree of crosslinking in the net-
ork, the size and flexibility of the crosslinking monomer, and

he type of chemical groups that comprise the polymer chains,
oth functional that non-covalently interact with the template and
hose that do not, primarily affect the swelling and mesh struc-
ure of imprinted hydrogel structures. Typically, higher crosslinked
mprinted gels have a tighter mesh structure and swell to a lesser
xtent than weakly crosslinked gels. Imprinted gels containing
ore hydrophilic moieties tend to swell more than gels contain-

ng hydrophobic groups, which will minimize their chain exposure
o aqueous solvent.

Equilibrium swelling and rubber elasticity theories have been
sed to characterize the structural parameters of polymer gels.
lory–Rehner theory states that a crosslinked polymer gel in equi-
ibrium is subject to two opposing forces, the thermodynamic force
f mixing and the elastic, retractive force of the polymer chains

Flory and Rehner, 1943a; Flory, 1953). At equilibrium, the total
ibbs free energy is zero and these two forces are equal as Eq. (2)
enotes.

Gtotal = �Gelastic + �Gmixing (2)

a
(

l; PEG600DMA: Poly(ethylene glycol)600 dimethacrylate; PVA: Poly(vinyl alcohol);
propane Trimethacrylate; DMDBT: 4,6-dimethyl dibenzothiophene; TNV: Tobacco
D: 4-vinylpyridine.

Differentiating Eq. (2) with respect to the number of solvent
olecules, while keeping the temperature and pressure constant,
ill yield an equivalent equation in terms of chemical potential.
t equilibrium, the chemical potential of the solvent outside and

nside the gel must be equal. The change in chemical potential due
o elastic retractive forces of the polymer chains can be determined
rom the theory of rubber elasticity (Flory, 1953), and the change in
hemical potential due to mixing can be expressed using the heat
nd entropy of mixing. Essentially, this measures the interaction
nd compatibility of the polymer chains with the solvent molecules.
y equating these two contributions, an expression can be writ-
en for the determination of the molecular weight between two
djacent crosslinks of a neutral, non-ionized, imprinted hydrogel
repared without solvent,

1

Mc
= 2

Mn
−

(�̄/V1)[ln(1 − �2,s) + �2,s + �1�2
2,s]

[(�2,s)1/3 − (�2,s/2)]
(3)

where Mc is the average molecular weight between crosslinks,
n is the average molecular weight of the polymer chains prepared

nder identical conditions in the absence of crosslinking agent, V1
s the molar volume of solvent (e.g., V1 for water is 18.1 cm3/mol),

is the specific volume of the polymer (i.e., the reciprocal of den-
ity), �1 is the Flory polymer–solvent interaction parameter, and
2,s is the polymer volume fraction in the swollen state. The poly-
er volume fraction in the swollen state is related to the volume

welling ratio, Q, which can calculated from equilibrium swelling
xperiments as follows:

= 1
�2,s

= V2,s

V2,d
(4)

here V2,s is the swollen gel volume at equilibrium, V2,d is the vol-
me of the dry polymer, and �2,s is the polymer volume fraction

n the swollen state. The relaxed polymer volume fraction is the
olume of the dry polymer divided by the relaxed polymer volume.
he volume of the gel in the swollen, relaxed, or dry state can be
btained by using Archimedes buoyancy principle (Peppas, 1987a).

If the imprinted network is prepared in the presence of sol-
ent, the Peppas and Merrill (1977) equation must be used (Eq.
5)). It is a modification of the Flory–Rehner theory to include the
resence of solvent, which modifies the chemical potential due to
lastic forces. The molecular weight between adjacent crosslinks in

neutral, imprinted gel prepared in solvent is determined by Eq.

5),

1

Mc
= 2

Mn
−

(�̄/V1)[ln(1 − �2,s) + �2,s + �1�2
2,s]

�2,r[(�2,s/�2,r)
1/3 − (�2,s/2�2,r)]

(5)
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here �2,r represents the polymer volume fraction in the relaxed
tate. It is defined as a physical property of the polymer immediately
fter crosslinking before swelling or collapse of the network.

If the imprinted network contains a number of ionic moieties, an
onic contribution is added to the expression of chemical potential,

1 − �1,0 = ��elastic + ��mixing + ��ionic (6)

here �1 is the chemical potential of the solvent in the polymer gel,
1,0 is the chemical potential of pure solvent, and �ionic is the ionic

ontribution term. Equations have been derived for both anionic
nd cationic gels prepared in the presence of solvent (Ricka and
anaka, 1984; Brannon and Peppas, 1991). For anionic, imprinted
els, Eq. (7) can be used,

V1

4I

(
�2

2,s

�̄

)(
Ka

10−pH − Ka

)2

= [ln(1 − �2,s) + �2,s + �1�2
2,s]

+
(

V1

�̄M̄c

)(
1 − 2M̄c

M̄n

)
�2,r

[(
�2,s

�2,r

)1/3

−
(

�2,s

2�2,r

)]
(7)

here ionic strength is I and Ka is the equilibrium constant for the
cid. For basic, imprinted gels, the term containing the acid equilib-
ium constant Ka is replaced by Kb in the numerator and 10pH-14-Ka

n the denumerator. In networks containing weakly acidic or basic
endent groups, water uptake can result in ionization of pen-
ent groups depending on the solution pH and ionic composition.
he gels then act as semi-permeable membranes to the counte-
ions influencing the osmotic balance between the hydrogel and
he external solution. For ionic gels containing weakly acidic pen-
ent groups, the equilibrium degree of swelling increases as the
H of the external solution increases. For gels containing weakly
asic pendent groups, the equilibrium degree of swelling increases
s the pH decreases. In an ampholyte gel, containing both acidic
nd basic groups, the isoelectric pH determines the transitional
H of swelling of the gel. An increase in the ionic content of the
el increases the hydrophilicity leading to faster swelling and a
igher equilibrium degree of swelling. Numerous physicochemical
arameters contribute to the swelling of ionic hydrogels, including
he ionic content, ionization equilibrium considerations, nature of
ounterions, and nature of the polymer (Peppas and Khare, 1993;
nglish et al., 1996, 1998).

In cases where the swelling of the gel can be influenced by the
omplexation of multiple chains via multiple non-covalent interac-
ions with the template, we believe that another free energy term

ust be added to reflect the complexation contribution of multiple
olymer chains due to imprinting. While the numerical significance
nd weight of this contribution has yet to be realized, in the-
ry, multiple, strong, non-covalent interactions, such as those with
ighly functionalized templates interacting with multiple chains,
an lead to less expansion of imprinted networks compared to non-
mprinted networks. For imprinted hydrogels that demonstrate
emplate associated swelling differences, the free energy associ-
ted with template-chain complexation may need to be included
s a term in Eq. (2), presented below as Eq. (8). Thus, there is now
pportunity and need to develop this theoretical framework.

Gtotal = �Gelastic + �Gmixing + �GImprinting complexation (8)
The average molecular weight between crosslinks, M̄c of
mprinted hydrogels can be determined from the theory of rubber
lasticity (Flory and Rehner, 1943a,b; Flory, 1953). For an isotropic,
wollen, imprinted hydrogel synthesized without solvent, with a
onstant deformation volume, Eq. (9) is valid for short elongation

n
1

�
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atios of up to 2:

=
(

RT�1/3
2,s

v̄M̄c

)(
1 − 2M̄c

M̄n

)(
˛ − 1

˛2

)
(9)

here � is the stress, ˛ is the elongation ratio in any direction (final
ength/initial length), R is the universal gas constant, and T is the
bsolute temperature.

If, M̄c � M̄n,
(

1 − 2M̄c
M̄n

)
→ 1, and Eq. (9) becomes,

=
(

RT�1/3
2,s

v̄M̄c

)(
˛ − 1

˛2

)
(10)

Stress–strain data are typically obtained by performing tensile
tudies on a dynamic mechanical analyzer. Polymer gels can be
ut into thin sheets, clamped between the two parallel arms of
he dynamic mechanical analyzer and subjected to a linear load
ntil breaking point. Strain values are converted into the elongation
unction (˛ − 1/˛2) and the slope can be used to calculate M̄c.

If the imprinted gel is prepared in the presence of solvent, Eq.
11) is used.

=
(

RT

v̄M̄c

)(
1 − 2M̄c

M̄n

)(
˛ − 1

˛2

)(
�2,s

�2,r

)1/3

(11)

The space available for diffusion, occurring through the space
vailable between macromolecular chains is regarded as the pore
r mesh size. A structural parameter that is often used in describing
he size of pores is the correlation length, �, which is defined as the
inear distance between two adjacent crosslinks (Peppas, 1987a;
anal and Peppas, 1989). It can be calculated by the following equa-
ion,

= ˛
(

r̄2
o

)1/2 = �−1/3
2,s

(
r̄2
o

)1/2
(12)

here ˛ is the elongation ratio, which for gels that swell isotropi-
ally can be related to the swollen polymer volume fraction, �2,s as
hown.

The unperturbed end-to-end distance of the polymer chain
etween two adjacent crosslinks can be calculated using the fol-

owing,

r̄2
o

)1/2 = l(CnN)1/2 (13)

here Cn is the Flory characteristic ratio or rigidity factor of the
olymer, l is the length of the bond along the polymer backbone
e.g., for vinyl polymers equals 1.54 Å), and N is the number of links
er chain between crosslinks that can be calculated from Eq. (14).

= 2M̄c

Mr
(14)

here Mr is the molecular weight of repeating units from which
he polymer chain is composed. For heteropolymers, this can be

weighted average of the monomers that make up the poly-
er chains assuming equal reactivity. If reactivity ratios differ

reatly, the polymer chains will not reflect the feed composition.
n light of recent results demonstrating enhanced network binding
roperties of multiple, different functional monomers interacting
on-covalently with the template (Venkatesh et al., 2007, 2008),
here is a need to explore differences in reactivity of monomers due
o complexation with the template pre-polymerization, which has

ot been adequately studied to date. Combining equations (Peppas,
987a; Canal and Peppas, 1989), yields:

= �−1/3
2,s

(
2CnM̄c

Mr

)1/2

l (15)
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The crosslinking density, �x, can be calculated from:

x = 1

�̄M̄c
(16)

These calculations along with one-dimensional transport stud-
es of template and template analogues can fully characterize
he structural architecture of imprinted gels. Nitrogen porosime-
ry experiments or positron annihilation lifetime spectroscopy
Bogershausen et al., 2006) can complement gravimetric analysis of
el swelling and can lead to pore size analysis. In template transport
pplications, such as membrane separation, drug delivery carriers,
tc., a proper analysis of structural parameters and their relation to
inding parameters and template transport is crucial to the design
nd understanding of such systems.

.3. Characterization of template transport within imprinted gels

Mass transfer of the template through the imprinted polymer
ill depend on a number of structural and physiochemical con-

iderations. For imprinted gels prepared in solvent (i.e., macro or
icroporous gels), the template diffusion coefficient will be pri-
arily related to the porosity and tortuosity within the polymer,

s in conventional hydrogels (Peppas, 1987a; Peppas et al., 2000).
or polymers with relatively small pores that approach the size
f the template and nanoporous polymers (i.e., polymers exhibit-
ng free volume mostly within the polymer chains or with the

esh), the template can experience delayed transport due to steric
indrance of the polymer chains or the ‘screening effect’ due to
he crosslinked structure and the mobility of the polymer chains
xcluding template. The chains can also increase the frictional drag
n the template (Amsden, 1998a). Delayed transport can also occur
ue to the imprinting effect and binding of the template in the
inding cavities between the chains (Venkatesh et al., 2008).

Table 2 highlights work in the field that has analyzed template
ransport within or from imprinted hydrogel structures. From this
able, it is clear that imprinting enhances loading capacity/affinity
ut the influence of imprinting on the transport of template is
uch more complex, with little attention of most studies to struc-

ural analysis or discussion of how much porosity/tortuosity are
ontrolling transport.

Recently, our group has exploited molecular imprinting meth-
ds to delay the transport of drug via interaction of the drug
ith numerous functional groups organized within the network

Venkatesh et al., 2008). The drug’s heightened interaction with the
emory pockets slowed its transport within the hydrogel despite

omparable free volume within the polymer chains for drug trans-
ort. One-dimensional permeation studies showed that the gel
ith maximum incorporated chemical functionality had the low-

st diffusion coefficient, which was at least an order of magnitude
ower than all other gels studied. All imprinted networks had signif-
cantly lower diffusion coefficients than non-imprinted networks,
n spite of comparable mesh sizes and equilibrium polymer volume
ractions in the swollen state. It is important to note that no solvent
as used in the formulation. Since permeation studies showed dif-

erent template permeation rates after lag/breakthrough times, we
roposed the “tumbling hypothesis”, wherein a molecule tumbling
hrough an imprinted network with multiple, organized func-
ionalities and an appropriate mesh size, experiences heightened,
ransient interactions with memory sites and shows delayed trans-
ort kinetics. This could also be partially due to bound template

emporarily obstructing free template transport. Thus, the struc-
ural plasticity of polymer chains, i.e., the organization of functional
roups into memory sites, may be responsible for enhanced load-
ng and extended release. Similar delayed template transport with
ependence on the M/T ratio have been demonstrated in hydrogels

2
f
H
(
e

f Pharmaceutics 364 (2008) 188–212

roduced without solvent with timolol as template and methacrylic
cid as functional monomer; however a structural analysis of the
esh size was not conducted (Hiratani et al., 2005). Table 2 high-

ights the papers that display the highest binding (Venkatesh et
l., 2007, 2008) and most delayed release (Hiratani et al., 2005;
enkatesh et al., 2008, 2007) of imprinted gels studied to date.

Template transport depends on the size and chemistry of
he template, the macromolecular structure and organization of
he network chains (i.e., mesh size or mesh free-volume), the

acro/micro porosity (which is reflected in the polymer vol-
me fraction of the gel), and tortuosity of the polymer. Without
areful consideration of structure and porosity, transport analy-
is and the effect of imprinting on template transport cannot be
orrectly ascertained. Recent work has demonstrated that net-
ork mesh structure as well as the micro- and macro-porosity of

he polymer can significantly impact the ability to extend drug
elease via enhanced affinity networks prepared by molecular
mprinting (Byrne et al., 2008). Essentially differences in polymer
orosity, which can even exist between imprinted and their corre-
ponding non-imprinted control structures due to the inclusion of
emplate or aggregation of template, can overshadow the contri-
utions of enhanced affinity for the template. It is clear that more
tudy is needed on the design, formation, and understanding of
tructure–property relationships of such systems.

Since recognition and loading take place between the polymer
hains, a smaller polymer volume fraction in the swollen state
ill decrease template loading capacity. Thus, imprinted hydro-

els prepared with solvent will have reduced template binding
apacities and demonstrate less ‘imprinted’ control over the release
rofile compared to a similar imprinted polymer prepared without
olvent. This can be distinctly seen in Table 2 comparing bind-
ng parameters and template transport of reference (Singh and
hauhan, 2008 includes solvent in the formulation and references
Hiratani et al., 2005; Venkatesh et al., 2007, 2008; Alvarez-Lorenzo
t al., 2006a), which do not include solvent.

We direct the reader to an excellent review of mechanisms
nd models of solute diffusion within hydrogels (Amsden, 1998a)
nd a number of references that discuss free-volume (Peppas,
987a; Lustig and Peppas, 1988), hydrodynamic (Peppas, 1987a;
ukier, 1984), and obstruction (Amsden, 1998b) theories and
odels as well as solute–polymer interactions (Amsden, 1998b;
alente et al., 2003; Cheng and Sun, 2005). These models can
e applied to imprinted hydrogels; however, depending on the
orosity, the binding of the template within the polymer chains
hould be considered and will decrease transport. Thus, consider-
ng most theories do not include solute–polymer interactions, there
s considerable opportunity to provide a theoretical framework for
emplate diffusion phenomena with imprinted hydrogels.

. Responsive intelligent imprinted hydrogels

Stimuli-sensitive hydrogels that respond to changes in the exter-
al environment have been the subject of much research and have
een demonstrated in a wide variety of hydrogel systems (Peppas et
l., 2006; Ulijn et al., 2007). To date, molecularly imprinted respon-
ive networks have been demonstrated with triggers such as pH
Wang et al., 2008; Demirel et al., 2005; Kanekiyo et al., 2002,
003), temperature (Chen et al., 2008; Demirel et al., 2005; Liu et
l., 2004a,b; Aburto and Le Borgne, 2004), light (Gong et al., 2008,

006-highly crosslinked), and salt concentration (Chen et al., 2008)
or templates such as ions (Alvarez-Lorenzo et al., 2000, 2001a,b;
iratani et al., 2001), low to moderate molecular weight molecules

Enoki et al., 2000; Watanabe et al., 1998, 2001), and proteins (Chen
t al., 2008) (Table 3). Of course, flexible polymer chains with con-
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Table 2
Imprinted hydrogel template release/transport.

Functional Monomers (Crosslinker) Crosslinking Amount (%), Template,
Solvent

Characterization of Binding Parameters Characterization of Template
Release/Transport

IP Structural/Swelling
Analysis

Reference

HEMA/MAA (EGDMA) Low (0.128%), Timolol, No solvent HEMA/MAA IPs bind 12 mg/g at pH 5.5,
NIPs bind 4 mg/g

90–100% release in 9 h Swelling Alvarez-Lorenzo et
al. (2002)

HEMA/MMA (EGDMA) HEMA/MMA IPs demonstrate poor
binding

MAA (EGDMA) Low, Timolol, No solvent IP demonstrated higher affinity than
NIP

Template diffusion coefficients were
calculated from template release
studies. The diffusion coefficient from
IP at certain M/T ratios (16/1, 32/1) 2
orders of magnitude lower than NIP.
Lowest IP diffusion coefficient
approaching 10−10 cm2/s)

Swelling Hiratani et al.
(2005)

HEMA/AA/AM/NVP (PEG200DMA) Low (5%), Ketotifen fumarate, No
solvent

Most biomimetic IP
(AA/AM/NVP/HEMA functional
monomers) bound 21.3 mg/g, with NIP
binding 3.4 mg/g (∼8× greater than
single functional monomer IP)

IP demonstrated delayed release
compared to NIP. Most biomimetic, or
more functionalized gels exhibited
more delayed release compared to less
functionalized gels. Most diverse
network released 65% of template in
3.5 days and 100% in 5 days

Swelling Venkatesh et al.
(2007)

HEMA/AA/AM/NVP (PEG200DMA) Low (5%), Ketotifen fumarate, No
solvent

Partitioning of template into IP gels
composed of multiple functional
monomer was ∼8× greater than less
diverse IPs. Each IP bound more
template than corresponding NIP

One-dimensional transport studies
show template diffusion coefficient 2
orders of magnitude lower
(7 × 10−10 cm2/s) in most diverse IP
with comparable gel mesh sizes and
equilibrium polymer volume fractions.
All IP gels had lower template diffusion
coefficients than corresponding NIP
with comparable mesh sizes

Swelling and Structural
Analysis

Venkatesh et al.
(2008)

AA or VPD (EGDMA) Low (1%), Norfloxacin, No solvent IP loaded more than NIP highest
loading at M/T of 3:1 and 4:1

IP polymer release extended compared
to NIP. IP at M/T 4/1 released 40%
template in 24 h

Swelling Alvarez-Lorenzo et
al. (2006a)

AM; (EGDMA; PEGnDMA) Variable (80, 67, 30%), Glucose, DMSO Binding of glucose analogue in water,
tighter mesh-sized IP networks
demonstrate increased affinity and
capacity

No differences between IP and
controls, different porosity and mesh
structure affected release in water

Swelling Byrne et al. (2008)

HEMA/AA (MBA) Low (∼2.5%) 5-fluorouracil, water IP bound 1.3 mg/g gel and NIP bound
0.7 mg/g gel

Gels were dried and release evaluated
under swelling when placed in water.
Template diffusion coefficients
calculated from release data indicate
2.3 × 10−7 cm2/s with no evidence of
imprinting delaying release

Swelling Singh and Chauhan
(2008)

Self-assembled silica and hybrid
organo-silica sol-gel

Persantin, Ethanol/water Drug included in formulation, but no
binding information presented

Hydrophobic interactions dominated
drug dissolution and release. Polar end
of drug interacts with hydrophilic SiOH
groups

Pore Size Paul et al. (2007),
Bogershausen et al.
(2006)

MAA (EGDMA) Moderate (57%), Sulfasalzine,
Acetonitrile/Toluene (77/23 vol%)

None reported IP particle release slower than NIPs.
NIPs release 100% and IPs release 80%
in 5 h. Average IP and NIP particle sizes
are different

No Puoci et al. (2004)

MAA (EGDMA) Moderate and High (44% and 77%),
cholesterol, THF; THF/DMSO;
THF/water; THF/water/salt

Higher crosslinked structures had
higher binding compared to NIP
(maximum at 77% was ∼13 times)

Transport of template into gel for up to
1500 min. IP had lag time in binding

Swelling and Structural
Analysis

Spizzirri and
Peppas (2005)
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iderable mobility such as those found in hydrogel networks can
xpand and collapse depending on the solvent and the interaction
etween the solvent and the polymer chains. Therefore, imprinted
ydrogels can also alter binding differences in response to changes

n the solvent (i.e., introducing a better or worse solvent which
ffect the solvation of polymer chains).

It is no surprise that molecular imprinting strategies have been
sed in the development of intelligent, recognitive, heteropoly-
er networks that contain stimuli sensitive moieties within the

olymer chains. The first paper from Watanabe et al. (1998) in
he field was classical molecular imprinting, but this type of work
rimarily began by using variations of the molecular imprinting
echnique (i.e., using templating of charged molecules (e.g., anionic
mall molecules and ions) with post-crosslinking (Enoki et al.,
000; Alvarez-Lorenzo et al., 2000, 2001b) and acrylated multiple-
unctionality inclusion complexes (Kanekiyo et al., 2003). Work has
ow progressed to include a much wider variety of molecules of

ncreasing functionality and molecular size exploiting more non-
ovalent interactions with comparable synthesis techniques that
atch traditional molecular imprinting strategies.
On-demand or triggered release, where a stimulus invokes a

eversible alteration of the template binding memory site leading
o a decrease in template affinity and subsequent template release,
as been demonstrated via two mechanisms (Fig. 5). Primarily,

t has been demonstrated to occur via changes in the chemistry
long the main polymer chains which leads to the movement of
he backbone chain and thereby, in a secondary way, disrupting
he orientation of the chemistry that makes up the binding cav-
ty. To a much lesser extent, template release has also involved only
he disruption of the chemistry that makes up the binding site. This
as been accomplished via alteration of the functional monomer(s)
harge within the binding site or charges on the template, such as
pH change (Demirel et al., 2005) or changing the conformation of

he functional monomer, such as using photoswitchable azoben-
ene chromophores (Gong et al., 2006), which undergo cis–trans
somerization. Of course, decrease in template affinity has also been
emonstrated in a variety of highly crosslinked imprinted poly-
ers by knocking out hydrogen bonding between the template and

inding site chemistry with increased temperatures or using a sol-
ent that competes or interferes with the binding site non-covalent
nteractions.

Modulatory mechanisms, or turning binding and release on and
ff through various cycles has been demonstrated in a number of
ystems with the successful reorientation of the binding site after
he removal of the stimulus. However, in most systems to date the
umber of cycles has been relatively low, approaching approxi-
ately 3–4 cycles, with the sustainability of the binding mechanism

ecreasing slightly.
Comparing to conventional, intelligent hydrogels without

mprinting mechanisms, Gong et al. (2008) are correct when they
ay “molecularly imprinted responsive materials are able to pro-
ide additional degrees of control over the transfer of targeted
ubstrates”. The rational design and engineering of intelligent
ydrogels using imprinting mechanisms will lead to greater con-
rol of the diffusional transport of template in these systems, and

ay solve some of the limitations of conventional systems, such as
rug release or leaking in the collapsed state.

Before 1998, there were no papers discussing the incorpora-
ion of stimuli responsive monomers in the design of molecularly
mprinted gels. The first paper in the field from Watanabe et al.

1998) demonstrated recognition of template during the shrunken
tate of a temperature-sensitive polymer with a volume change
n response to the template. Subsequent work began by eluci-
ating the memory of conformations in heteropolymer systems
xploiting previous work using statistical mechanics to understand
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Table 3
Responsive, intelligent imprinted hydrogels.

Stimuli Sensitivity/Trigger Functional Monomers/
Oligomers (Crosslinker)

Stimuli Sensitive
Monomer(s)

Crosslinking Amount
(%), Template, Solvent

Characterization of Binding
Parameters

Cycles Reference

pH Acryloylamylose inclusion
complex (MBA)

AA Low (<1%),
Bisphenol-A, Water

At higher degrees of substitution
of acryloyl-amylose, enhanced
binding was observed. As pH
increased template binding
decreased as network swelled. IP
bound 2.5× NIP

Yes-3 cycles. Reversibility
gradually decreased due to
hydrolysis of ester bonds of
inclusion complex

Kanekiyo et al. (2003)

Semi-IPN-PVA (MW
70,000-80,000)/AA
(trihydroxymethyl propane
glycidol ether)

AA Moderate (33%);
MMTCA; DMSO/water
(1:1)

At acidic conditions (pH 2 and 4),
hydrogen bonding predominate
to promote absorption while at
pH 7 and 9 stereo shape effect
becomes important

No Wang et al. (2008)

Temperature MAA (EGDMA) NIPA Low (8.7%);
4-aminopyridine; DMF

IP bound ∼2.2× NIP in shrunken
state

Yes-3 cycles, Nearly equal
amount bound after each cycle
with 85% release

Liu et al. (2004c)

MAA (EGDMA) NIPA Low (12.5%),
l-pyroglutamic acid,
Methanol

IP bound ∼2.5× NIP in shrunken
state

No Liu et al. (2004a)

MAA/AM (MBA; EGDMA) MBA High, Dopamine HCl,
Methanol/Water (4:1)

Imprinting factor increased as
temperature increased and gel
shrinks. It peaked at 35 ◦C after
which it decreased due to
increased non-specific binding

No Suedee et al. (2006)

pH/Temperature TBA, AM, Maleic Acid (MBA) TBA Low (<1%); BSA;
Methanol/Water (1:1)

Max binding at pH 5. Binding
increased with template increase
in formulation (at 8.63 weight %
binding nearly 5× that of NIP)

No Demirel et al. (2005)

As temperature increases, gel
shrinks and binds less template
(however still more than
corresponding NIP)

Light MAPASA (Various MBA sizes) MAPASA High (83%);
Paracetamol;
DMF/Water

Long crosslinker means high
photoisomerization and low
binding strength (2C∼5 times 8C)

Yes-3 Cycles Gong et al. (2008)

N,N′-hexylene-bis-acrylamide
(6C) is optimal crosslinker. NIP
not photoregulated

Decrease in release and uptake
(29.1% decrease by third cycle)
explained by deformation of
receptors

Template, Temperature, Salt
Concentration

MAA/AM (MBA) NIPA Low (1.4%), Lysozyme,
Tris–HCl Buffer (pH 7.0)

IP shrinks with Lys concentration.
Binding in IP increases with
temperature and salt
concentration which decreases
gel swelling (max at 20 mM NaCl
after which ionic interactions
dominate to reduce binding;
little binding at 100 mM)

No Chen et al. (2008)

Template AM/MAA/DMAEM (MBA) – Low, Lysozyme,
Tris–HCl Buffer (pH 7.0)

IP for native lysozyme promotes
folding of denatured lysozyme.
NIP does not promote folding

No Haruki et al. (2007)

Poly(AM-g-Con A)/AM (MBA) – Low, �-fetoprotein;
Phosphate buffer (pH
7.4)

�-Fetoprotein (AFP) provides a
recognition link between Con-A
and antibody on differing
polymer chains. When AFP is in
solution, Con-A and anti-AFP are
bound together by AFP which
leads to shrinking of the gel

No Miyata et al. (2006)
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acromolecular recognition. Tanaka and co-workers (Oya et al.,
999) demonstrated that a target molecule could be captured by
ultiple-point electrostatic adsorption of flexible polymer chains

nd have differing affinity for the target. By varying polymer confor-
ation and concentration, polymer gels demonstrated reversible

hermosensitive affinity for target molecules by two or three orders
f magnitude. Ionic recognition of Pyranine with 3 or 4 negative
harges was proven in high salt concentration thereby limiting a
echanism based on Donnan potential. It is important to note that

hese gels were not polymerized in the presence of the template
olecule as is the case with molecular imprinting. Nonetheless, this
ork outlined the strong possibilities of controlling and modulat-

ng target molecule affinity by the concentration and conformation
f chemical groups along the polymer chain. The proximity of these
roups and subsequent recognition was controlled by the reversible
hase transition of groups along the polymer chains. This involved
ne monomer with non-covalent interaction with the target and
nother monomer that would undergo a transition.

Shortly afterward, three papers by Tanaka and co-workers were
ublished that utilized molecular imprinting concepts in the cre-
tion of weakly crosslinked gels with reversible thermosensitive
ffinity (Enoki et al., 2000; Alvarez-Lorenzo et al., 2000, 2001b).
he first published paper utilized the same target, Pyranine tri-
nd tetrasulfonic sodium salt with 3 or 4 negative charges, and
nvolved a post-crosslinking thiol reaction in the presence of the
arget as template. This was the earliest attempt in these sys-
ems to fix the conformation of polymer chains in a global energy

inimum to impart memory within the flexible polymer network
hains. However, templating was accomplished after the network
as polymerized and was limited by not allowing a preferred, tem-
lated sequence of monomers. The other two papers included the
olecular imprinting concept using a template (lead and calcium

ons) in the polymerization reaction, which is more consistent with
onventional molecular imprinting techniques (Alvarez-Lorenzo et
l., 2000, 2001b). This is the first evidence of the use of molecular
mprinting beginning with functional monomeric units demon-
trating recognition responsiveness to capture template ions.

Later work by some of the authors included concurrent multi-
le point adsorption of two oppositely charged ions and a reversible
rosslinker to further ascertain an enhancement of the imprinting
echnique (Alvarez-Lorenzo et al., 2001a; Hiratani et al., 2001). A
hysical theory has been suggested for adsorption of templates
o random heteropolymer gels, which were modeled as a set
f adsorbing monomers connected by Gaussian chains to fixed
rosslinking points (Ito et al., 2003). Recently, Basavaraja et al.
2007) presented a self-oscillating imprinted hydrogel depending
n the oxidation state of a metal catalyst group contained in the
olymer chains. The oscillation is induced by redox change of the
ovalently bound catalyst, which alters the hydrophilicity of the
olymer chains leading to swelling and less effective recognition of

ons.
An article published in 2003 by Tao and co-workers, was one

f the first to demonstrate a pH-responsive molecularly imprinted
olymer for a relatively small molecule, bisphenol-A (Kanekiyo et
l., 2003). It involved a helical inclusion-complex between amy-
ose, a polymer of glucose which adopts a helical structure, and
isphenol-A. The paper keenly controlled the stability of the inclu-
ion complex by controlling the degree of substitution of the
mylose, which was substituted with acryloyl groups. The backbone
olymer was acrylic acid and the crosslinking monomer was N,N′-

ethylene-bisacrylamide. As the pH of solution increased, acrylic

cid groups along the main polymer chains ionized leading to net-
ork swelling and a disruption in the inclusion complex structure
hich decreased bisphenol-A binding. As the degree of substitu-

ion increased, higher template binding was demonstrated at every
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Fig. 5. Modulatory mechanisms within responsive imprinted hydrogel networks. Changes can occur in the chain/network conformation (left) and also in the binding site
functional groups (right) leading to template recognition or release. (A) Solvent-sensitive imprinted network. The gel can collapse or expand depending on the polymer–solvent
interaction. In a good solvent, the polymer chains will be solvated and the network will expand. In a poor solvent, the chains will prefer to be in close proximity to each
other and the network will collapse. (B) Temperature-sensitive imprinted network. Temperature sensitive groups along the polymer chains aggregate as they become more
hydrophobic with an increase in temperature, leading to collapse of the polymer network (Liu et al., 2004a,c; Suedee et al., 2006). (C) pH-sensitive imprinted network. As
groups along the polymer ionize (acrylic acid groups ionize at pH above ∼4.5), the chains become more hydrophilic and also exhibit charge repulsion, leading to swelling and
disrupting of the binding cavity. This has been demonstrated using a covalently attached amylose inclusion complex that is altered in conformation due to the movement
of the network chains (Wang et al., 2008). If the chain monomers are cationic, the gel expands as pH is decreased. (D) Light-sensitive imprinted network. Light affects the
conformation of functional monomers disrupting complexation (Gong et al., 2008) (E) Salt-sensitive imprinted network. As salt concentration is increased (Chen et al., 2008),
the NIPA-based network collapses due to a dehydration mechanism via to destabilization of water molecules clustered around the isopropyl group. (F) Template-sensitive
imprinted network. As template binds, the imprinted network shrinks to accommodate the template (Chen et al., 2008) and also has been demonstrated to depend on
concentration of template (Watanabe et al., 1998). Other methods have included imprinted gels that swell with binding of template (Lavine et al., 2007) and biomolecular
methods using lectin and antibody chains that complex as glycoprotein enters the network (Miyata et al., 2006). Imprinted networks have also assisted in the folding of
protein (Haruki et al., 2007). (G) Dual mechanisms or interpenetrating imprinted networks. Using networks with differing stimuli-sensitivities that are physically entagled,
template binding and recognition can be further controlled (Wang et al., 2008).
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Fig. 6. Future modulatory template release of imprinted hydrogels. (A) A grafted
chain that reversibly complexes with group on other chains can create imprinted
gels that turn recognition on and off. This grafted chain can also have functionality
that can non-covalently bind with the template. Disruption of the complex may
lead to disruption of the binding site. (B) The transport of long molecular weight
molecules can be also be controlled by imprinting mechanisms. While the size of the
macromolecule and its conformation as well as the polymer mesh size will influence
release, imprinting will lead to an additional level of control to delay release or
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H value. This work was also first to highlight a number of cycles
ndicating macromolecular memory could be switched on and off

ultiple times. The sustainability of the cycles depends on a num-
er of factors, and in this case it decreased slightly due to hydrolysis
f the ester bonds connecting the inclusion complex to the polymer
etwork.

Stimuli-responsive lysozyme imprinted polymers were demon-
trated to respond to temperature and salt concentration, but also
o the template proteins producing significant volume shrinking
Chen et al., 2008). The polymer gel decreased in volume and the
olume fraction in the swollen state increased as template protein
ncreased. At concentration of lysozyme greater than 1 mg/mL, the
olymer reached a limit of 85% of original volume. A small decrease
as apparent using the template as well as bovine serum albumin
ith the non-imprinted system.

Another interesting notion is the movement of flexible polymer
hains in the assisted assembly of template guided by multiple
omplexation points. Recently, exciting work has demonstrated
hat an imprinted polymer for native lysozyme promoted the fold-
ng of chemically denatured lysozyme (Haruki et al., 2007). At
rotein concentrations of 0.125 mg/mL with refolding yield mea-
ure by enzymatic activity, imprinted structures demonstrated
ubstantially higher refolding yields as compared to non-imprinted
olymers, which did not demonstrate template refolding. The
uthors also compared the refolding of lysozyme in a cytochrome c
mprinted polymer (i.e., a similarly sized protein), and found the
orrect pore size alone did not lead to folding. The mechanism
f molecularly imprinted assisted folding and the potential of an
induced fit mechanism” is convincing and plausible, but more
etails of the mechanism are needed. It is important to note that
he poly(acrylamide-co-2-(dimethylamino)ethyl methacrylate-co-

ethacrylic acid-co-N,N′-methylenebisacrylamide) hydrogel net-
ork had multiple complexation points with the template.

Temperature-sensitive imprinted polymers for larger molecules
ave also been demonstrated using N-isopropylacrylamide as tem-
erature sensitive monomer along with functional monomers that

nteract with the template. This has been shown for l-pyrogluamic
cid (Liu et al., 2004a) and 4-aminopyridine templates (Liu et al.,
004b) using methacrylic acid as functional monomer with ethy-

ene glycol dimethacrylate as crosslinking monomer. It is notable
hat reference (Liu et al., 2004a) demonstrates the reusability of
hese gels showing four loading/release cycles with similar tem-
late loading and release amounts.

Light responsiveness has also been demonstrated. The first
aper in the field demonstrating photoresponsive imprinting had
affeine as template (Gong et al., 2006). Recently, a molecularly
mprinted polymer has been synthesized with photoregulated
ffinity for paracetamol. Irradiation at 440 nm resulted in bind-
ng and irradiation at 353 nm resulted in release. The polymer
ontained 4-[(4-methacryloyloxy)phenylazo] benzenesulfonic acid
MAPASA) that undergoes trans–cis photoisomerization within a
olyacrylamide hydrogel. Non-imprinted gels did not demonstrate
hotoregulated release and two structural analogs had significantly

ess photoregulated uptake and release. Three uptake and release
ycles were demonstrated with a reduction in the template bound
nd released, hypothesized to be due to a gradual deformation of
he imprinted receptor sites (Gong et al., 2008).

Recently, interpenetrating polymers of poly(acrylic acid) and
oly(vinyl alcohol) were imprinted for 1-(4-methoxyphenyl)-
-methyl-1,2,3-triazol-4-carboxylic acid (MMTCA) (Wang et al.,

008). The imprinted interpenetrating network (IPN) exhibited
igher binding capacity than the non-imprinted IPN and networks
f either polymer alone. Work has also included the imprinting of
etal ions (Yamashita et al., 2003) and hemoglobin (Xia et al., 2005)

ia interpenetrating networks.

s
o
fi
d

urn release on and off (Ali and Byrne, 2008). (C) An imprinted polymer particle,
ovalently attached or bigger than network mesh, can be used as effective crosslinks
n a polymer gel that has pendent attached template to the polymer chains. When
ree template enters the gel, the gel will expand (Byrne et al., 2002a).

Exciting progress has been made in small molecule and protein-
ensitive gels, where the template either alters the water solvation
f polymer chains or results in effective crosslinks in the gel. These
apers are discussed in Section 5.2.

In the last few years, there has been a considerable increase
n the number of imprinted gels with responsive mechanisms. As

ith conventional intelligent hydrogels, the number of respon-
ive mechanisms will increase (e.g., there are no magnetic or
lectric field responsive imprinted gels to date) and the type of
etworks will expand to include more multiple-responsive mech-
nisms. Considerable effort will also be put forward to increase the
ynamics associated with the recognition/release cycle. This will
e obtained by carefully controlling network structure and the size
f the gel. Maintaining cycles without reduction in binding/affinity
s not a significant problem to overcome, but significant response
ifetimes have not been demonstrated. We highlight some of our
nvisioned intelligent imprinted systems of the future in Fig. 6.

. Emerging and future translational applications of
mprinted hydogels

Imprinted gels are currently being used to create functional
aterials in controlled and modulated drug delivery, sensors and

iagnostics, membrane separation, and solid phase extraction. In
hese fields, they are leading to significant solutions and the devel-
pment of new materials. Future applications of imprinted gels
nclude tissue engineering, fluidic valves and actuators, as well as
oatings for a number of drug delivery carriers and medical devices.

.1. Controlled and modulated therapeutic delivery and
ontrolled recognition/transport processes
Controlled drug release from hydrogels has been extensively
tudied for the past three decades. Molecular design and control
f the network architecture are driving new developments in the
eld. Only recently has molecular imprinting been applied to drug
elivery, which is highlighted in the following reviews (Byrne et
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l., 2002a; Hilt and Byrne, 2004; Alvarez-Lorenzo and Concheiro,
004; Sellergren and Allender, 2005; Allender et al., 2000; Cunliffe
t al., 2005).

In order to emphasize the significance imprinting may have on
rug delivery, it is best to highlight the past. Langer and co-workers
Bawa et al., 1985) studied the interconnected pore network struc-
ures formed when proteins were included within the creation of
ormally non-porous polymers. The study of the voids left behind
r the amount of protein trapped within the structure led to the
ational development of formulations to extend or delay the trans-
ort of the therapeutic protein from the polymer structure. These
arly studies indicated how the nature of embedded molecule and
he concentration and size of these molecules influenced the under-
ying porosity of the resulting polymer, and subsequent release.

Other than highlighting non-specific interactions between the
rug and polymer such as hydrophobicity affecting drug trans-
ort, the field has done very little to understand the influence
f the molecule on the organization of the chemical functional-
ty and orientation of polymer chains when it is included in the
olymerization process. To be clear, this is exactly where molec-
lar imprinting is gaining a new role in drug delivery. Imprinted
etwork formation, with a proper optimization of drug affinity
elating to number and strength of functional monomer interac-
ions, crosslinking structure, and mobility of polymer chains, has a
trong potential to influence a number of hydrogel carriers and add
o the variables one can alter to tune the release profile. Imprinting
an lead to delayed transport of therapeutic.

Two schemes are typically used to load therapeutics into hydro-
els – produce the gel in the presence of drug or synthesize the
el and then load drug into the gel via equilibrium partitioning.
t is common knowledge that preparation conditions of hydrogels
an lead to significant changes in the network structure and result-
ng properties. Surprisingly, no work has addressed the potential
mpact of the inclusion of drug and its affect on the organization
f polymer chains. Only recently has work addressed the potential
o extend or optimize controlled release by tailored drug–polymer
hain interactions, such as those produced by molecular imprint-
ng. Table 2 presents imprinted hydrogels with analysis of template
elease or transport. It is clear that there have not been many drug
elease studies conducted on weakly crosslinked imprinted struc-
ures or hydrogels. Recently, we have proven that imprinting leads
o delayed template transport and it is not due to differing mesh
tructures or porosity (Venkatesh et al., 2008).

To further clarify the role of imprinting in controlled release,
ne must first look at mechanisms of drug release from hydro-
el structures. We direct the reader to the following references
Peppas et al., 2000; Brazel and Peppas, 2000; Peppas, 1987b; Lin
nd Metters, 2006). Molecular imprinting can provide control of
he drug release profile in swollen networks, dynamically swelling
r swelling-controlled networks (i.e., drug-loaded networks going
rom a dry to a swollen state), and responsive-swollen networks
i.e., a swollen gel that undergoes a reversible volume transition
ased on a stimulus such as pH, temperature, ionic strength, etc.).
esponsive hydrogels can be engineered to change network struc-
ure in response to a stimulus due to the presence of specific
hemical/biological species along their backbone polymer chains.

For swelling-controlled release from hydrogels, if there is a
onstant rate of solvent front penetration which is much smaller
han the drug diffusion rate in the swollen gel, a constant drug
elease rate, or zero-order release, arises (Brazel and Peppas,

000). Imprinting may aid this process in swelling-controlled gels,
ecreasing the drug diffusion rate. If the polymer relaxation rate

s high and the drug diffusion is rate limiting, this results in the
rug release rate being proportional to the concentration gradi-
nt between the drug source and the surroundings (i.e., a Fickian

t
c
p

a
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rug release profile). In this situation, a number of strategies have
een attempted to achieve an extended zero-order release such
s bioerodible and biodegradable systems with solvent penetra-
ion fronts moving with similar velocities as the outer eroding
ront (Tahara et al., 1995), hydrogels with rate controlling-barriers
uch as higher crosslinked outer edges (Lee et al., 1980), and non-
niform drug distribution (Lee, 1984).

Molecular imprinting has led to the development of extended
rug releasing contact lenses, which cannot use conventional
trategies to delay drug transport from the equilibrium swollen
olymer network (Venkatesh et al., 2007, 2006; Alvarez-Lorenzo
t al., 2002, 2006a; Hiratani et al., 2005; Hiratani and Alvarez-
orenzo, 2004). Recently, dynamic, in vitro drug release studies
rom imprinted hydrogel contact lenses within a novel microfluidic
evice that simulated the volumetric flow rate, tear volume, and
omposition of the eye resulted in a constant, zero order release
Ali et al., 2007). Imprinting delays transport from the polymer
hains, and a tumbling hypothesis was recently proposed analyzing
ne-dimensional template transport (Venkatesh et al., 2008). We
irect the reader to the following articles discussing the impact of
uch systems in ocular drug delivery (Ali and Byrne, 2008; Alvarez-
orenzo et al., 2006b).

Recently, multi-nuclear heteroneuclear correlation solid state
MR spectroscopy has been used to provide evidence of
onomer–drug interactions leading to sustained release (Paul et

l., 2007), but it is important to note that hydrophobic effects domi-
ated the drug release profile of the imprinted porous gels prepared

n ethanol/water (Bogershausen et al., 2006). Hydrophobic interac-
ion with the drug retarded the drugs dissolution or release kinetics
nd the hydrophobicity of the gel reduced water diffusion in the
ores. However, studies such as these will lead to validation of

mprinting mechanisms delaying transport.
Further control of transport at decreasing thicknesses will be

aramount for the success of micro- and nanoscale drug deliv-
ry carriers. Imprinted drug delivery networks will be especially
mportant is situations where the carrier or film must be limited in
olume or extended release is needed from thin layers.

Work has also included transdermal drug delivery (Allender
t al., 2000; Bodhibukkana et al., 2006), solid-phase extraction
Suedee et al., 2006; Aburto et al., 2004), and membrane separation
Silvestri et al., 2005a,b; Aburto et al., 2004); however, most of these
etworks are not flexible gels. Recently, selective enrichment has
een demonstrated (Zhao et al., 2006), and dopamine-imprinted,
emperature-sensitive polymer gels have been used for selective
eparation (Suedee et al., 2006). Imprinted, temperature-sensitive
etworks have also been grafted on non-woven polypropylene
lms (Tokuyama et al., 2008), where separation of heavy metal

ons by temperature swing adsorption has been demonstrated
ith ion adsorption/desorption kinetics (Tokuyama et al., 2008,

005). Also, enantioselective-controlled delivery was investigated
y Suedee et al. (2000) (Bodhibukkana et al., 2006), where
hey applied imprinted networks as enantioselective excipients
nd transdermal systems. Composite membranes for transder-
al delivery of S-propranolol have been developed using pore

unctionalization via imprinting with selective transport of the
nantiomer (Bodhibukkana et al., 2006). Also, an enantioselective
embrane for l-phenyalanine (template) over d-phenylalanine
as prepared by sol–gel process (Jiang et al., 2006). Hybrid mem-
ranes of chitosan and �-glycidoxypropyltrimethoxysilane with
arying degrees of crosslinking demonstrated increase in enan-

iomeric selectivity factor as membrane swelling decreased or the
rosslinking content increased. The imprinted gels had higher tem-
late binding and decreased template permeation.

Combining imprinted poly(acrylamide-co-N,N′-methylene-bis-
crylamide) gels with electrophoresis has created an exciting,
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owerful analytical tool to selectively separate protein (Takatsy et
l., 2006a), virus (Semliki Forest Virus, diameter 70 nm) (Takatsy
t al., 2006b), and E. coli bacteria (rod shape, 1-2 �m in length,
.1–0.5 �m in diameter) (Bacskay et al., 2006). The artificial gels
an sense the difference between the template virus and a mutant
irus which only differs by three amino acids in one of the three
roteins on the surface of the virus particle (Takatsy et al., 2006b).
eutral imprinted gel particles migrated in the electric field when
omplexed with charged virus, protein (Takatsy et al., 2006a), or
ells (Bacskay et al., 2006).

Imprinted hydrogels have also performed catalysis with pH sen-
itivity decreasing the activity, as demonstrated by Karmalkar et
l. (1997). This work highlights the proximity of active functional
roups by imprinting and demonstrates on-off release of catalyzed
olecule. Coating silica beads with imprinted hydrogels have been

sed to bind and detect lysozyme (Hirayama et al., 2001), and
mprinted calcium alginate gel microspheres have been prepared

ith recognition for albumin (Zhao et al., 2008).

.2. Sensor substrates, diagnostics, and biomarker detection

Molecularly imprinted hydrogels are gaining popularity as
ecognition elements due to their ability to translate analyte
inding event into a mechanical or chemical signal. Imprinted poly-
ers are more robust than biological sensing elements and have

conomic advantage in terms of raw material price as well as manu-
acturability. Recently, Lotierzo et al. (2004) showed that imprinted
olymers outperformed monoclonal antibody natural receptors
ith a wide detection range and long stability. These studies are
rompting the transition of imprinted networks toward point-
f-care diagnostics, sensors that must work in areas outside the
ontrolled environment of the laboratory. The main problem asso-
iated with large molecules is decreased transport through gels,
hich increases response time. However, with the use of extremely

hin films satisfactory results can be achieved (Noss et al., 2008;
ilt et al., 2006b). We direct the reader to the following reviews of

mprinted sensors (Haupt and Mosbach, 2000; Henry et al., 2005).
selection of papers that utilize imprinted hydrogels is highlighted

n the following paragraphs.
Lavine et al. (2007) describe molecularly imprinted,

emperature-sensitive nanogel particles which selectively bind
heophylline template. The binding event increases the phase
ransition temperature of the gel, and the increased hydrophilicity
esults in volume swelling of the gel. The volume transition
ecreases the refractive index which is used to quantify the
mount of theophylline bound using surface plasmon resonance
pectroscopy. Theophylline concentration values as low as 10−6 M
ere detected using the sensor. In addition, caffeine, which is

imilar in structure to theophylline, does not cause a volume
ransition in the particles even at values as high as 10−2 M.

Another system where sensing is based on swelling of the
mprinted gel utilizes immobilized gold nanoparticles within a
emperature-sensitive, imprinted gel coated on a gold substrate
Matsui et al., 2005). As the template, dopamine, is bound, the gel
wells resulting in greater distance between the gold nanoparti-
les and the substrate. This change in the distance is reflected as a
hange in the contact angle in a surface plasmon resonance curve.

Results have also been very encouraging with large molecules
uch as proteins, viruses, and DNA. Miyata et al. (2006) used
mprinted hydrogels to recognize tumor marker glycoproteins by

ectin and antibody ligands. Lectin (Con-A) and antibodies (poly-
lonal anti-AFP) were first functionalized with vinyl groups using N-
uccinimidylacrylate and then a copolymer of Con A and acrylamide
as prepared. Then poly(acrylamide-g-Con-A) was copolymerized
ith acrylamide with N,N′-methylenebisacrylamide as crosslinker

e
O
M
g
f

f Pharmaceutics 364 (2008) 188–212

n the presence of the template, �-fetoprotein (AFP). AFP is a glyco-
rotein widely used for the serum diagnosis of primary hepatoma.
FP provides a recognition link between the Con-A and the anti-
ody, which are on different polymer chains. Thus, when free AFP

s present, Con-A and anti-AFP are bound together by AFP which
eads to shrinking of the gel. The work also demonstrates selectiv-
ty for AFP over ovalbumin, another glycoprotein with a saccharide
hain similar to AFP but with a different peptide chain. This work
romises an intensive application for cancer detection.

Slinchenko et al. (2004) have successfully imprinted dsDNA
olecules in a gel using an epitope approach. The functional
onomer, 2-vinyl-4,6-diamino-1,3,5-triazine, interacts with the

denine–thymine-base pair. This method is simple and inexpensive
o detect or separate specific dsDNA in gel electophoresis using the
mprinted gel (Ogiso et al., 2006).

Recently, a three-dimensional highly ordered macroporous
tructure was produced using silica colloidal crystal templating (Hu
t al., 2007). In this highly innovative work, an albumin imprinted
ydrogel was polymerized within the void spaces of a silica col-

oidal crystal array. When the silica and protein was removed, a
urface imprinted macroporous gel was produced. Selective pro-
ein binding and subsequent hydrogel swelling was determined
ptically via color change of the imprinted film without the use
f a transducer. This system was fast (i.e., on order of min-
tes) and very sensitive with a 1 ng/mL concentration of albumin
etected. Recently, this same technique was used to produce selec-
ive theophylline and ephedrine photonic-imprinted hydrogels (Hu
t al., 2008). Biosensing via optical detection of molecule-sensitive
ydrogels is very promising, demonstrated by using bioconjugated
ydrogels as microlenses (Ehrick et al., 2007). Upon recognition of
olecules and loss of effective crosslinks within the gel, swelling

ccurs and allows a pattern on the substrate to be visualized. It
s important to note that this work (Ehrick et al., 2007) did not
xploit imprinting strategies; however, it is evident that molecular
mprinting will be very beneficial in the transition of these devices
o market and the generalization of these systems.

Sol gel procedures exploiting molecular imprinting are increas-
ng. Imprinted sol–gels using silanes have demonstrated template
ecognition for nafcillin (Guardia et al., 2008) and have been used to
unctionalize tin oxide sensor surfaces for the template dopamine
Gao et al., 2007). They have also been used to functionalize the
urface of chitosan microspheres. Sol–gel processes for chitosan
pheres have included using siloxanes to imprint albumin (Li et al.,
008), grafting polyacrylamide to imprint hemoglobin (Guo et al.,
005; Fu et al., 2008) or albumin (Guoqi et al., 2007), or grafting poly
methacrylic acid-co diethylene glycol diacrylate) gel imprinted for
uercetin (Xia et al., 2006).

Recently, Brown and Puleo (2008) produced porous silica scaf-
olds using a sol–gel process imprinting protein using the epitope
pproach. Epitope imprinted gels demonstrated recognition for the
emplate protein over controls, but it did not demonstrate selec-
ivity under competitive binding experiments. Also, the epitope
mprinted gels demonstrated less differential binding compared to
ull protein imprinted gels. This was attributed to the short size of
he epitope peptide (approximately 12% of the protein).

.3. Future applications

Tissue engineering utilizes hydrogel scaffolds for bioactive
olecule delivery which allows for very specific localized deliv-
ry (Biondi et al., 2008; Malafaya et al., 2002; Saltzman and
lbricht, 2002). Hydrogel systems have been studied (Drury and
ooney, 2003) as a vehicle to deliver proteins such as the angio-

enesis promoting growth factor (VEGF), basic fibroblast growth
actor (bFGF) and osteogenesis promoting bone morphogenic pro-



rnal o

t
s
d
h
h
o
l
a
p
t
f
s
p
p
a
m
o
h
c
n
a

r
i
r
t
d
a
l
v
g
g
s
B
m
w
c
u
f

fi
t
i
o
u

6

t
e
i
fi
h
g
t
T
d
a
a
s
p

c

i
p
p
s
t
w
e
i

A

F
S
p
p
d

R

A

A

A

A

A

A

A

A

A

A

A

A

A

A

A

B

B

M.E. Byrne, V. Salian / International Jou

ein (BMP). Kiick and co-workers (Nie et al., 2007) describe the
ynthesis of heparin-functionalized hydrogels for the controlled
elivery of bFGF. The system consists of high molecular weight
eparin functionalized with maleimide crosslinked into PEG-based
ydrogels. These hydrogels bind to the growth factors on the basis
f noncovalent protein–glycosaminoglycan interactions. Molecu-
ar imprinting offers tissue engineers the ability to control binding
nd release of growth factors as well as a scaffold of controlled
orosity and pore-size uniformity to enhance cell-adhesion and
issue in-growth. Molecular imprinting can also provide a means
or increasing the interaction between the cells and the hydrogel
caffold by imprinting specific protein molecules or cells as well as
roviding modulatory events that aid in cellular organization and
rotection. These interactions may promote faster cell differenti-
tion and growth. For example, Shin et al. (2002) used hydrogels
odified with RGD peptide sequences to promote specific binding

f marrow stromal cells. Recently, a biodegradable nanotemplated
ydrogel network was produced using a self-assembling lyotropic
rystal crystalline mesophase as template. This led to a highly orga-
ized lamellar matrix geometry that enhanced mesenchymal cell
ttachment (Clapper et al., 2008).

In 2004, Eddington and Beebe (2004a) published an insightful
eview describing the potential for stimuli-responsive hydrogels
n controlling the flow of fluids through micro-channels. Stimuli
esponsive hydrogels are naturally suited to being used as flow con-
rol valves or actuators due to their ability to collapse or swell ‘on
emand’ (Liu et al., 2002; Eddington and Beebe, 2004b; Richter et
l., 2003; Lee et al., 2003). Combined with sharp responses at micro
ength scales and independence from external control, hydrogel
alves also offer the additional advantage of in-situ formation,
reatly reducing complexity of fabrication. Imprinted responsive
els, which have not been demonstrated within fluidic systems yet,
how tremendous potential as robust, template-sensitive valves.
inding of template can reduce or slow the transport of a detector
olecule or lead to a volume change in the polymer valve, which
ould then allow transport of template or detector molecule. Of

ourse responsive hydrogels, as discussed in Section 4, can also be
sed in micro-fluidic applications to capture or release templates
or use in micro-scale reactors, separators, etc.

In conclusion, it is easy to imagine imprinted hydrogel
lms/coatings on medical devices, polymer carriers, and drug par-
icles. Imprinted films would provide an additional level of control
n these decreased length scale applications where delayed release
f therapeutic is imperative and other mechanisms cannot be
sed.

. Conclusions, challenges, and future considerations

Recent progress in the field of imprinted hydrogels is leading
o exciting developments. The field of hydrogel imprinting did not
xist 10 years ago and has seen significant growth with the real-
zation of large molecule imprinting within flexible structures. The
eld has transitioned to protein and larger particle imprinting and
as begun to confirm selectivity of imprinted gels. Also, responsive
els have exploded in both the number of modulatory mechanisms
o bind or release template and in the control of such mechanisms.
he future is indeed bright, and the next few years will see unprece-
ented progress in the control and fabrication of such systems
nd the translational application of these intelligent structures at

ll length scales within pharmacy, medicine, tissue engineering,
ensors and diagnostics, micro and nanodevices, and separation
rocesses.

Challenges exist and substantial work will be necessary to
haracterize and direct template diffusional phenomena within

B

B

f Pharmaceutics 364 (2008) 188–212 209

mprinted gels, to relate the complexation contribution of multi-
le polymer chains and template to thermodynamic theories of
olymer network dynamics, to control and engineer the network
tructure, and to understand the templating polymerization reac-
ion and diverse functional monomer incorporation. This work
ill invariably lead to further understanding of designed het-

ropolymer recognition and potentially provide valuable insight
nto biohybrid conjugated structures and protein folding theories.
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