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Preparation of smart soft materials using molecular

complexes

Takashi Miyatab>3

This article provides a short overview of our research regarding the preparation of smart soft materials using molecular
complexes that reversibly associate and dissociate in response to environmental changes. Stimuli-responsive hydrogels that
show swelling/shrinking in response to pH and temperature were prepared by copolymerization of a monomer bearing a
phosphate group and other various monomers. Hydrogels with phosphate groups were useful tools for the construction of
self-regulated drug delivery systems. Furthermore, we proposed a strategy for the preparation of biomolecule-responsive
hydrogels that use reversible crosslinks in the networks of biomolecular complexes. Based on this strategy, we have prepared
two types of biomolecule-responsive hydrogel that undergo changes in volume in response to target biomolecules. This was
accomplished using biomolecular complexes such as antigen-antibody complexes and saccharide-lectin complexes and

both a biomolecule-crosslinked hydrogel and a biomolecule-imprinted hydrogel have been synthesized with this approach.
Biomolecule-crosslinked hydrogels, such as glucose- and antigen-responsive hydrogels, swelled in the presence of a

target biomolecule due to the dissociation of biomolecular complexes that act as reversible crosslinks. On the other hand,
biomolecule-imprinted hydrogels, such as tumor marker glycoprotein-responsive hydrogels, shrank in response to a

target biomolecule due to the formation of a complex between ligands (lectin and antibody) and the target biomolecule. Thus,
biomolecule-responsive hydrogels have many potential applications as smart biomaterials in biomedical fields. Although most
smart soft materials prepared using molecular complexes still require further research, they are likely to become important

materials in the future.
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INTRODUCTION
Hydrogels are soft materials consisting of physically or chemically
crosslinked polymer networks in aqueous solutions. Hydrogels show
fascinating properties such as swelling, mechanical, permeation,
optical and biocompatible properties that enable their use as adsor-
bents, chromatography columns, contact lenses, foods, industrial
materials, etc.! In addition, some hydrogels exhibit the unique
property of undergoing an abrupt change in volume in response to
environmental changes including pH and temperature.*” These
unique hydrogels, called stimuli-responsive hydrogels, have attracted
much attention as smart soft materials for mimicking natural feedback
systems because they can sense a stimulus and induce a change in
volume. Stimuli-responsive hydrogels have future applications in
smart systems such as switches, sensors, actuators, bioreactors, drug
delivery systems, cell culture systems and so on.

A variety of stimuli-responsive hydrogels that show reversible
swelling/shrinking in response to environmental changes such as
pH,&9 tempera’[ure,lo‘14 electric field!>!® and light”’18 have been

prepared for the fabrication of self-regulated and controllable systems.
For example, many researchers have focused on pH and temperature-
responsive hydrogels that can be prepared from poly(acrylic acid)
(PAAc) and poly(N-isopropylacrylamide) (PNIPAAm), respectively,
for applications in self-regulated drug delivery, because temperature
and pH are the most widely used triggers for the monitoring of
physiological changes by modulated smart systems.!*7 In addition,
organs correspond to the presence of specific molecules as well as
physicochemical changes such as pH and temperature. The natural
feedback systems associated with biosystems to maintain life perceive
specific ions or biological molecules such as hormones and elicit
biological functions. To fabricate self-regulated systems by mimicking
natural feedback systems, stimuli-responsive hydrogels that undergo
structural changes in response to a specific biomolecule, that is,
biomolecule-responsive hydrogels, are required.?#3° For example,
glycoproteins have been used as tumor-specific markers for the
monitoring of biological conditions of humans and biomolecule-
responsive hydrogels that can respond to glycoproteins are promising
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smart biomaterials for the construction of molecular diagnostic
systems and self-regulated drug delivery systems. A few researchers
have reported glucose-responsive hydrogels for self-regulated insulin
delivery systems in which a specific amount of insulin is administered
in response to the concentration of glucose.’’™#0 In spite of their
potential applications in biomedical fields, no studies on biomolecule-
responsive hydrogels responding to a specific biomolecule other than
glucose have been undertaken. This is due to the difficulties in
combining the ability to recognize a target biomolecule with the
ability to cause a structural change in a hydrogel network.

We have proposed a novel strategy for the preparation of biomo-
lecule-responsive hydrogels in which biomolecular complexes are used
as reversible crosslinks in hydrogel networks. Based on our strategy, a
variety of biomolecule-responsive hydrogels that undergo a change in
volume in response to target biomolecules, such as monosaccharides
and proteins, have been designed as smart soft materials. Furthermore,
stimuli-responsive hydrogels responding to both pH and temperature
were prepared by copolymerization of a monomer bearing a phos-
phate group and other various functional monomers. Thus, stimuli-
responsive release of a protein drug from the hydrogels was achieved
using complex formation between the phosphate group and the drug.
The present paper provides an overview of our studies on a variety of
smart soft materials using molecular complexes, including biomole-
cule-responsive hydrogels and other stimuli-responsive hydrogels. Our
strategy for the design of various smart soft materials is described and
focuses on the presence of functional groups and reversible crosslinks
in hydrogel networks.

STRATEGY FOR PREPARING SMART SOFT MATERIALS
Biomolecules such as antibodies and lectins can recognize a target
biomolecule and form a unique complex. Formation and dissociation
of biomolecular complexes can be controlled by environmental
changes. For example, lectins are carbohydrate-binding proteins that
form complexes with specific saccharides and dissociate due to the
presence of another saccharide. The saccharide acts as an inhibitor and
the dissociation of the complex is based on the complex exchange
mechanism. Thus, biomolecular complexes are sensitive to the pre-
sence and absence of a specific biomolecule. Owing to these proper-
ties, we have focused on a variety of biomolecular complexes for
creating smart soft materials that respond to a target biomolecule and
for fabricating smart drug delivery systems.

Drugs or probes that are positively or negatively charged interact
with oppositely charged polymer networks. The resultant complexes
dissociate and associate due to environmental changes such as pH and
ionic strength. Therefore, the pH-triggered release of a charged drug
from an oppositely charged polymer network can be achieved using
stimuli-responsive complex formation. Furthermore, the network
structure of soft materials can be characterized by detecting fluores-
cence resonance energy transfer (FRET) caused by complex formation
between the fluorescence donor and networks bearing the acceptor
moiety.

We also proposed a strategy for the preparation of smart soft
materials that recognize a target biomolecule and induce structural
change. Our strategy for preparing such biomolecule-responsive
hydrogels was to use biomolecular complexes as reversible crosslinks
that dissociate and associate in the presence and absence of a target
biomolecule, respectively. Based on this strategy, we have developed
two types of biomolecule-responsive hydrogels that undergo a change
in volume in response to an antigen and a glycoprotein that serves as a
tumor marker. We constructed one system composed of a biomole-
cule-crosslinked hydrogel and another composed of a biomolecule-
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Figure 1 Schematic of swelling/shrinking behavior of biomolecule-responsive
hydrogels: (a) biomolecule-crosslinked hydrogel; (b) biomolecule-imprinted
hydrogel.

imprinted hydrogel (Figure 1). The biomolecule-crosslinked hydrogel
swells in the presence of a target biomolecule because of a decrease in
crosslinking density resulting from complex exchange. The biomole-
cule-imprinted hydrogel shrinks in response to a target biomolecule
because the crosslinking density increases due to the formation of
sandwich-like complexes that act as crosslinks. Thus, we have devel-
oped smart soft materials using molecular complexes that are sensitive
to stimuli such as pH and the presence of biomolecules. The following
sections will provide a short overview of our research into the
synthesis of smart soft materials and the fabrication of smart systems.

PREPARATION OF HYDROGELS RESPONDING TO BOTH

PH AND TEMPERATURE

Temperature and pH-responsive hydrogels have attracted much atten-
tion as smart soft materials because temperature and pH are the most
usual and controllable stimuli. Temperature-responsive hydrogels can
be prepared from polymers that have a low critical solution tempera-
ture, such as PNIPAAm. The introduction of functional groups
bearing electrolytes, such as carboxyl or sulfonic groups, into the
polymer chain enables the resultant hydrogels to undergo abrupt
volume changes in response to pH. We focused on the divalent
phosphate group as an electrolyte for the introduction of unique
pH-responsiveness into a hydrogel.*! A monomer with a phosphate
group (phosmer) was used for the synthesis of pH-responsive hydro-
gels that undergo volume changes at two different pHs. Stimuli-
responsive behavior of various hydrogels bearing phosphate groups
was investigated with various functional comonomers. Furthermore,
positively charged lysozyme, a model protein drug, was loaded within
the pH-responsive hydrogel by complex formation with the phosphate
groups and the release of the lysozyme from the hydrogel was
investigated as a function of pH.*>*3
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Figure 2 Temperature dependence of the swelling ratio for phosmer-HEMA
hydrogels with a phosphate group content of 1, 6, 9 and 13 mol% in water.

First of all, phosmer was copolymerized with various monomers
including 2-hydroxyethyl methacrylate (HEMA), acrylic acid (AAc)
and N, N’-dimethyl acrylamide for the preparation of pH-responsive
hydrogels bearing a variety of functional groups. The swelling ratio of
the resultant copolymer hydrogels bearing phosphate groups was
strongly dependent upon the hydrophobicity of the comonomer.
Copolymer hydrogels bearing phosphate groups underwent volume
changes at pH 5 and 10 because the phosphate group was negatively
charged when at these pHs. In addition, phosmer-HEMA copolymer
hydrogels showed unique swelling/shrinking behavior in response to
temperature.*! The phosmer-HEMA hydrogels with a phosphate
group content of 6 mol % swelled stepwise with increasing pH and
shrank gradually with a rise in temperature (Figure 2). Thus, the
phosmer-HEMA hydrogels were sensitive to both pH and tempera-
ture. The phosmer-HEMA hydrogels showed temperature-responsive
swelling/shrinking behavior even though they were not composed of
temperature-responsive polymer chains such as PNIPAAm. To clarify
the mechanism of temperature-responsive behavior of phosmer-
HEMA hydrogels, a change in the polymer-solvent interaction para-
meter (y) between hydrogel networks and water was examined as a
function of temperature. An increase in ¥, with increasing temperature
suggested that the temperature-responsive shrinking of the phosmer-
HEMA hydrogels was attributed to temperature dependent affinity of
the phosmer-HEMA polymer chains with water. Therefore, the
temperature-responsive behavior of the phosmer-HEMA hydrogels
was directly influenced by the composition of the copolymer.

Positively charged drugs can be loaded within hydrogels that
contain negatively charged groups by complex formation based on
electrostatic interactions.***> We prepared temperature- and pH-
responsive hydrogels by copolymerization of phosmer with NIPAAm,
and loaded lysozyme, a positively charged protein, into the hydrogel
by complex formation.*>** The amount of lysozyme loaded into
phosmer-NIPAAm hydrogels was compared with phosmer-AAc
hydrogels that had carboxyl groups. Lysozyme was more effectively
loaded into phosmer-NIPAAm hydrogels than into phosmer-AAc
hydrogels. This indicates that the phosphate group is more effective
in complexing positively charged drugs than the carboxyl group.

Lysozyme release experiments from the phosmer-NIPAAm hydro-
gels were carried out as a function of pH because complex formation
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Figure 3 Amount of lysozyme released from the phosmer-NIPAAm hydrogel
at different pH values.

between negatively and positively charged groups is strongly influ-
enced by the pH. Lysozyme was abruptly released from the phosmer-
NIPAAm hydrogel into the external solution at pH 7.4 but was not
released at pH 1.4 (Figure 3). The lysozyme release profile matched the
swelling behavior of hydrogels and was associated with osmotic
expansion of the ionic network. As a result, a pH-responsive ON-
OFF release of lysozyme was achieved by complex formation and the
dissociation of phosphate groups and lysozyme. This pH-responsive
ON-OFF drug release revealed that the phosmer-NIPAAm hydrogel is
a promising smart biomaterial for intestine-targeted protein delivery.
This can be achieved by oral administration of the protein drug and
retention within the hydrogel under the acidic conditions of the
stomach. Rapid release occurs upon contact with the less acidic
intestinal environment.

GLUCOSE-RESPONSIVE HYDROGELS

Insulin is a hormone that controls glucose metabolism and is secreted
from the Wrangell Hans Island of the pancreas. The inability of the
pancreas to control blood glucose concentration causes diabetes.
Therefore, in the treatment of diabetes, blood glucose levels are
monitored and a specific amount of insulin is administered. Glu-
cose-responsive hydrogels are smart soft materials that can act as an
artificial pancreas to administer a necessary amount of insulin in
response to blood glucose concentration. A few glucose-responsive
hydrogels have been prepared for the development of self-regulated
insulin release systems. The most general method for the development
of self-regulated insulin release systems that respond to blood glucose
concentration is the combination of glucose oxidase with polyelec-
trolyte hydrogels that display pH-responsive swelling/shrinking beha-
vior.3173¢ Glucose-responsive hydrogels that regulate insulin release
have been prepared by loading glucose oxidase into pH-responsive
networks. In addition, totally synthetic hydrogels showing glucose-
responsive volume changes were prepared by the combination of
temperature-responsive PNIPAAm with phenylboronic acids that
form a complex with glucose.>”*? Temperature-responsive hydrogels
with phenylboronic acids underwent abrupt volume changes in
response to the concentration of glucose due to the formation of a
complex between phenylboronic acid and glucose, which induced an
low critical solution temperature shift of the hydrogel networks. Based
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on our strategy for preparing biomolecule-responsive hydrogels, we
have prepared glucose-responsive hydrogels using biomolecular com-
plexes as reversible crosslinks of the polymer network, which is distinct
from previous methods.

Lectins are carbohydrate-binding proteins that form complexes
with the carbohydrate chains of glycoproteins and glycolipids on the
cell surface. Lectins have been used for fabricating sensing systems due
to their unique properties of carbohydrate recognition*®>! and have
been employed in the design of glucose-responsive systems that
recognize glucose. For example, saccharide-responsive hydrogels
were prepared by combining the carbohydrate-binding properties of
concanavalin A (Con.A), which is a lectin that recognizes glucose and
mannose, with the temperature-responsive property of PNIPAAm.>
We synthesized a variety of carbohydrate polymers by copolymerizing
a monomer with pendant glucose (2-glucosyloxyethyl methacrylate:
GEMA) and hydrophilic or hydrophobic monomers and examined
their unique surface properties under various conditions.”>>® Further-
more, complex formation between Con.A and polymers with pendant
glucose (PGEMA) was investigated to design a glucose-responsive
polymer.”® When Con.A was added to a buffer solution containing
PGEMA, the solution became turbid due to multiple associations
between PGEMA and Con.A. The turbid solution containing
PGEMA-Con.A complexes became transparent again by the addition
of free glucose and mannose, but the addition of galactose did not
make the solution transparent. These results indicate that Con.A
preferentially forms a complex with free glucose or mannose rather
than with pendant glucose of PGEMA and does not form a complex
with galactose. We concluded that the complex of PGEMA and Con.A
shows glucose- or mannose-responsive behavior. The monosaccha-
ride-responsive behavior of the PGEMA-Con.A complex is useful in
creating glucose-responsive hydrogels.

We developed glucose-responsive hydrogels that underwent volume
changes in response to glucose concentration using complexes of
PGEMA and Con.A as reversible crosslinks in hydrogel networks.%6!
The bioconjugated hydrogel in which Con.A was entrapped consisted
of a PGEMA network (Con.A-entrapped PGEMA hydrogel) prepared
by the copolymerization of GEMA and N, N'-methylenebisacrylamide
(MBAA) after the formation of the PGEMA-Con.A complex that
acted as a reversible crosslink of the resultant network.’® When the
resulting Con.A-entrapped PGEMA hydrogel and PGEMA hydrogel
without Con.A were immersed into a buffer solution containing free
glucose, the former swelled immediately but the volume of the latter
did not change. Compressive modulus measurements revealed that the
crosslinking density of the Con.A-entrapped PGEMA hydrogel
decreased with increasing glucose concentration. Furthermore, the
swelling ratio of Con.A-entrapped PGEMA hydrogel increased remark-
ably in the presence of mannose compared with glucose but did not
change in the presence of galactose (Figure 4). The glucose- or
mannose-responsive swelling behavior of Con.A-entrapped PGEMA
hydrogels was attributed to the dissociation of PGEMA-Con.A com-
plexes that provided reversible crosslinks (Figure 5). Con.A has a
stronger affinity for mannose than glucose and has no affinity for
galactose. Therefore, free mannose and glucose induced the dissocia-
tion of the PGEMA-Con.A complex by competitive complex exchange
but free galactose did not. As a result, the Con.A-entrapped PGEMA
hydrogels swelled in response to mannose and glucose due to decreas-
ing crosslinking density but no change was observed in the presence of
galactose. Thus, the Con.A-entrapped PGEMA hydrogels can recognize
a specific monosaccharide and a structural change is induced.

To obtain glucose-responsive hydrogels that reversibly swell in the
presence of free glucose and shrink in its absence, Con.A was
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Figure 4 Change in the swelling ratio of Con.A-entrapped PGEMA hydrogels
as a function of time when the hydrogel was immersed in 0.1 M Tris-HCI
buffer (pH 7.5) containing 1 wt % monosaccharide: O, glucose; M,
mannose; ®, galactose. The concentration of Con.A entrapped in the
hydrogel is 18.8 wt %.

covalently immobilized within the hydrogel. This soft material was
synthesized by the copolymerization of GEMA with chemically
modified Con.A bearing polymerizable groups.’! The Con.A-copoly-
merized PGEMA hydrogels showed reversible swelling/shrinking in
response to stepwise changes in glucose concentration but the Con.A-
entrapped hydrogel did not. Con.A leaks out of the Con.A-entrapped
hydrogel during swelling in the presence of free glucose so the
hydrogel cannot shrink in the absence of glucose. The Con.A-copo-
lymerized hydrogel can undergo reversible volume change in response
to glucose because Con.A was covalently immobilized within the
hydrogel network and does not leak out of the hydrogel. Thus,
covalent immobilization of Con.A within the PGEMA network enables
the hydrogel to show reversible glucose-responsive swelling/shrinking
behavior. The unique glucose-responsiveness of Con.A-copolymerized
PGEMA hydrogels indicate that they are promising candidates as
smart biomaterials for the fabrication of self-regulated insulin release
systems, in which insulin can be administered in response to blood
glucose concentration.

ANTIGEN-RESPONSIVE HYDROGELS

Because smart soft materials monitor physiological changes or guide
drugs to a specific site, some researchers have developed protein-
responsive hydrogels that undergo structural changes triggered by
selective enzyme catalysis.®””7! However, the structural changes of
protein-responsive hydrogels in the literature were based on the
degradation of polymer networks caused by an enzymatic reaction.
Studies on protein-responsive hydrogels that undergo reversible swel-
ling/shrinking in response to a target protein have not been under-
taken in spite of their potential applications as smart biomaterials.
This is due to the inherent difficulty in combining a mechanism for
protein recognition with a mechanism for reversible swelling/shrink-
ing of a hydrogel network.

An antibody recognizes a specific antigen and forms antigen—
antibody binding through multiple noncovalent bonds, including
electrostatic interactions, hydrogen bonds and hydrophobic interac-
tions. The specificity and versatility of antibodies provide useful tools
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Figure 5 Schematic of glucose-responsive swelling behavior of Con.A-entrapped PGEMA hydrogels.

for the development of immunological assays and for the detection of
signal biomolecules showing physiological changes.”? Using the anti-
gen-binding properties of antibodies, we have developed antigen-
responsive hydrogels that recognize a target antigen and induce a
change in volume.”>”7> Our approach for the preparation of antigen-
responsive hydrogels was to use antigen—antibody bindings as rever-
sible cross-links that form and dissociate in response to a target
antigen. In our studies, rabbit IgG was used as an antigen and goat
anti-rabbit IgG (GAR IgG) was used as an antibody. The aforemen-
tioned antibody and antigen formed an antigen—antibody binding that
acted as a reversible cross-link of the hydrogel network. Antigen-
antibody entrapment hydrogels, in which an antibody acted as a cross-
linker and formed an antigen—antibody binding with two antigens,
were prepared by the copolymerization of rabbit IgG bearing poly-
merizable groups with acrylamide (AAm) and N, N’-methylenebis-
acrylamide (MBAA) in the presence of GAR IgG. This polymerization
was conducted after rabbit IgG bearing polymerizable groups formed
an antigen—antibody binding with GAR IgG.”* The antigen—antibody
entrapment hydrogels swelled gradually in a buffer solution containing
rabbit IgG and the swelling ratio was strongly dependent upon the
concentration of antigen in the buffer solution. These results
indicate that antigen—antibody entrapment hydrogels are sensitive to
a target antigen.

In general, potential applications of stimuli-responsive hydrogels
require a reversible change in volume in response to changes in
environmental stimuli. By forming a semi-interpenetrating polymer
network (semi-IPN) composed of linear poly(acrylamide) (PAAm)
with grafted antibodies (GAR IgG) and PAAm networks with grafted
antigen (rabbit IgG), we designed a reversible antigen-responsive
hydrogel that underwent reversible swelling/shrinking in response to
a target antigen, in which complexes between grafted antibodies and
grafted antigens acted as reversible crosslinks (Figure 6).”> The
antigen—antibody semi-IPN hydrogels showed a gradual increase in
the swelling ratio in the presence of rabbit IgG. However, the swelling
ratio of hydrogel did not change in the presence of other IgGs
(Figure 7). When the antigen—antibody semi-IPN hydrogel was

alternately immersed into a buffer solution with and without rabbit
IgG, it swelled immediately in the presence of rabbit IgG and shrank in
its absence (Figure 8). However, the antigen—antibody entrapment
hydrogel did not show reversible swelling/shrinking in response to
stepwise changes in the concentration of antigen. These results
indicate that an antigen-responsive hydrogel showing a reversible
volume change can be prepared by the introduction of a semi-IPN
structure. The reversible antigen-responsive volume change observed
in the antigen—antibody semi-IPN hydrogels is attributed to reversible
changes in cross-linking density, which results from the formation
and dissociation of the bond between grafted antigen and
grafted antibody in the absence and presence of a target antigen,
respectively (Figure 6b). These results suggest that antigen—antibody
semi-IPN hydrogels can recognize only rabbit IgG and induce rever-
sible volume changes. Thus, these hydrogels are reversible antigen-
responsive hydrogels.

We also investigated the effect of preparation conditions on anti-
gen-responsive swelling of antigen—antibody entrapment hydrogels.”
To prepare antigen—antibody entrapment hydrogels showing signifi-
cant antigen-responsive swelling behavior, modified antigens bearing
only a vinyl group as a comonomer were used and found to be more
effective than antigens possessing multiple vinyl groups. The number
of vinyl groups in the modified antigen affected antigen-responsive
swelling behavior of the resultant antigen-antibody entrapment hydro-
gels. The antigen bearing more than two vinyl groups acted as an
irreversible covalent crosslink rather than a reversible crosslink.
Furthermore, antigen—antibody entrapment hydrogels with a larger
number of antigen—antibody bonds showed improved antigen-respon-
sive swelling behavior. Thus, antigen-responsive hydrogels must be
designed by controlling the preparation conditions and resultant
network structures.

Biomolecule-responsive hydrogels are useful tools for the construc-
tion of self-regulated drug delivery systems where drugs are adminis-
tered in response to physiological changes. To investigate the use of
reversible antigen-responsive hydrogels as smart devices for self-
regulated drug delivery, drug permeation experiments were conducted
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schema for the swelling of an antigen-antibody semi-IPN hydrogel in
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using antigen—antibody semi-IPN and entrapment hydrogels. As a
result, a drug permeated through the antigen—antibody semi-IPN
hydrogel in the presence of a target antigen but not in its absence
(Figure 8).”3 The antigen—antibody semi-IPN hydrogels can control
drug permeation in response to stepwise changes in the concentration
of target antigen. On the other hand, ON-OFF drug release in
response to antigen concentration was not achieved using the anti-
gen—antibody entrapment hydrogel because the hydrogel showed an
irreversible change in volume. Thus, antigen—antibody semi-IPN
hydrogels showing reversible antigen-responsive swelling/shrinking
are promising candidates for the fabrication of smart devices that
modulate drug release in response to an antigen that shows physio-
logical changes.

BIOMOLECULE-IMPRINTED HYDROGELS

Proteins such as enzymes, lectin and antibodies can recognize specific
proteins and saccharides based on the fit of the guest molecule into
their molecular cavities. Molecular imprinting has attracted much
attention as a convenient technique for the creation of biomimetic
polymers displaying molecular cavities for molecular recognition.”682
In molecular imprinting, after functional monomers are prearranged
around a print molecule by noncovalent interactions, the monomers
are copolymerized with crosslinkers to form networks. The print
molecule is then removed from the resultant polymer network to
create a molecular cavity which is used as a molecular recognition site.
A molecularly imprinted polymer possessing a molecular cavity can



recognize the guest molecule (print molecule) on the basis of a
combination of reversible binding and shape recognition. Most
molecular imprinting requires a large amount of crosslinker for
fixation of functional groups in the molecular recognition site.
Recently, a few researchers have focused on molecular imprinting
for the introduction of molecular recognition sites into temperature-
responsive hydrogels.3>3* Their studies revealed that molecular
imprinting enables polymer networks to memorize a target molecule.

In general, functional monomers used in molecular imprinting are
low molecular weight monomers bearing a functional group that acts
as a ligand for a print molecule. However, we proposed a novel
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biomolecular imprinting technique in which biomolecules such as
lectins and antibodies are used as ligands for a print biomolecule
(Figure 9).8° Molecularly imprinted hydrogels can be prepared using a
minute amount of crosslinker and the networks can memorize a target
by using a biomolecule with molecular recognition functions as
ligands. In addition, a hydrogel network with a minute amount of
crosslinker can undergo a change in volume due to an increase in
crosslinking density upon complex formation between ligand biomo-
lecules and target biomolecules. Our strategy for the preparation of
biomolecule-responsive hydrogels that shrink in response to a target
biomolecule included biomolecules such as lectin and antibody, which
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Figure 9 Strategy for the preparation of tumor-marker-responsive hydrogels by biomolecular imprinting: (a) Synthesis of the tumor marker-imprinted hydrogel
using lectins and antibodies as ligands for template glycoprotein molecules (tumor-specific marker AFP). (b) A schematic representation of glycoprotein-

responsive behavior of tumor marker-imprinted and non-imprinted hydrogels.

Polymer Journal



Preparation of smart soft materials
T Miyata

are used as ligands for a print biomolecule. Using minute amounts of
crosslinker in molecular imprinting enables the resultant hydrogels to
undergo a change in volume in response to a target biomolecule.
Based on this strategy, we prepared biomolecule-responsive hydrogels
that induce structural changes in response to a target glycoprotein,
using biomolecular imprinting.

a-Fetoprotein (AFP) is a tumor-specific marker glycoprotein widely
used for the diagnosis of primary hepatoma from serum.% To prepare
tumor marker-responsive hydrogels, we imprinted AFP in the hydro-
gel network by a biomolecular imprinting technique, in which lectins
and antibodies were used as ligands for saccharide and peptide chains
of AFP, respectively (Figure 9a).%5 After PAAm-grafted lectins and
acryloyl antibodies were synthesized, AAm was copolymerized with
acryloyl-antibody and MBAA as a chemical crosslinker in the presence
of AFP as a print molecule and PAAm-grafted lectins to form lectin-
AFP-antibody complexes. AFP-imprinted hydrogels were prepared by
the removal of the print AFP from the resultant network, which was
composed of lectin-AFP-antibody complexes. It is important to use a
minute amount of crosslinker so that complex formation between
ligand biomolecules and target AFP can induce structural changes in
the hydrogel networks.

To investigate the effect of biomolecular imprinting on tumor
marker-responsive behavior, the swelling ratio of AFP-imprinted
hydrogels in the presence of AFP was compared with non-imprinted
hydrogels prepared without AFP as a print. When the hydrogels were
immersed in a phosphate buffer solution containing AFP, the AFP-
imprinted hydrogel began to shrink. However, non-imprinted hydro-
gel experienced only slight swelling. In addition, the swelling ratio of
AFP-imprinted hydrogel depended on the concentration of AFP in the
buffer solution. These results indicate that the AFP-imprinted hydro-
gel was tumor marker-responsive. Compressive modulus measure-
ments showed that the crosslinking density of AFP-imprinted
hydrogels increased gradually with increasing AFP concentration in
the buffer solution, but the crosslinking density of the non-imprinted
hydrogel did not change. Biomolecular imprinting enabled lectins and
antibodies to be arranged at optimal positions for the simultaneous
recognition of saccharide and peptide chains of AFP. Therefore, AFP-
responsive shrinking of the AFP-imprinted hydrogel is due to the
formation of sandwich-like lectin-AFP-antibody complexes that acted
as reversible crosslinks.

nonimprinted hydrogel
1.05

Glycoprotein AFP

o
£ Y Ovalbumin
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We also investigated the glycoprotein recognition behavior of AFP-
imprinted and non-imprinted hydrogels by measuring the change in
the swelling ratio in response to AFP or ovalbumin (Figure 10).
Ovalbumin possesses a saccharide chain similar to AFP but has a
different peptide chain. Lectin used for the preparation of AFP-
imprinted and non-imprinted hydrogels can recognize the saccharide
chain of ovalbumin but the antibody cannot recognize the peptide
chain. Both AFP-imprinted and non-imprinted hydrogels swelled
slightly in the presence of ovalbumin, which was similar to the
behavior of non-imprinted hydrogels in the presence of AFP. Only
AFP-imprinted hydrogels recognized AFP precisely and shrank in its
presence. These results reveal that only AFP-imprinted hydrogels
shrink gradually when both lectin and antibody ligands in the
hydrogel simultaneously recognize saccharide and peptide chains of
the target glycoprotein (Figure 9b). As a result, the swelling or
shrinking behavior of AFP-imprinted hydrogels in the presence of
glycoproteins enables the accurate detection and recognition of
glycoproteins. Thus, biomolecular imprinting is a useful method for
the preparation of biomolecule-responsive hydrogels with accurate
detection and recognition of a target biomolecule, such as a tumor-
specific marker. The fascinating responsive properties of biomolecule-
imprinted hydrogels provide promising tools for the construction of
novel sensor systems and molecular diagnostics with a wide variety of
biomedical uses.

STRUCTURAL EVALUATION OF HYDROGELS BY FRET
Fluorescence resonance energy transfer (FRET) involves the transfer of
excitation energy from a donor molecule to an acceptor molecule and
takes place when the fluorescence emission band of the donor overlaps
an excitation band of the acceptor.” FRET has been used as a
‘spectroscopic ruler’ for measuring the distance between donor and
acceptor molecules, which depend on the efficiency of FRET. For
example, conformational changes of biomolecules, such as proteins
and DNA labeled with a donor and an acceptor can be detected by
measuring the fluorescence of the donor or acceptor molecule.88-2°
The structure of cross-linked networks of hydrogels must be
characterized because the structure directly affects the properties
and function of the hydrogel. We proposed a method for the
characterization of hydrogels using FRET, where an acceptor
(quencher) was adsorbed on the polymer network bearing a fluores-
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Figure 10 Changes in the swelling ratio of (a) non-imprinted and (b) AFP-imprinted hydrogels following the addition of AFP (O) and ovalbumin (®) after
swelling reached equilibrium in phosphate buffer solution at 25 °C. The glycoprotein concentration in the phosphate buffer solution was 40 pgmli~!. Because
ovalbumin possesses a saccharide chain similar to AFP and a peptide chain dissimilar to AFP, ovalbumin can be recognized by the lectin (ConA) but cannot

be recognized by the antibody (antiAFP) in the hydrogels.
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cence donor (fluorophore) moiety.®! Furthermore, the measurement
of fluorescence intensity changes induced by FRET revealed adsorption
phenomena related to solutes in the polymer network on a nano-scale
level. Acrylate monomer containing 5-(2’-aminoethyl)aminonaphtha-
lene-1-sulfonic acid (EDANS), a common fluorophore, was synthesized
by the coupling of EDANS with N-succinimidylacrylate and the
resultant monomer was copolymerized with AAc and MBAA as a
crosslinker. A fluorescence microscope image of the resultant PAAc—
EDANS hydrogel showed fluorescent emission from the EDANS moiety.

Changes in the fluorescence of PAAc—-EDANS hydrogels by FRET
were investigated using aminated 4-(4’-dimethylaminophenyl azo)-
benzoic acid (amino-DABCYL) as a cationic quencher, which was
synthesized by coupling DABCYL with ethylenediamine and adsorbed
on the anionic polymer network. Because the absorption spectrum of
DABCYL overlaps the fluorescence emission spectrum of EDANS,?
FRET from EDANS to DABCYL occurred when the former was
in the vicinity of the latter. The amino-DABCYL was adsorbed onto
the PAAc-EDANS hydrogel by complex formation of negatively
charged carboxyl or sulfonic acid groups in the PAAc-EDANS net-
work with positively charged amino groups of amino-DABCYL. The
fluorescence intensity of PAAc—-EDANS hydrogels decreased markedly
with an increase in the amount of amino-DABCYL adsorbed into
the hydrogel.

The fluorescence intensity changes of PAAc-EDANS hydrogels were
discussed according to the adsorption of amino-DABCYL using Stern-
Volmer’s equation (1), which represents the relationship between the
concentration of the quencher and the fluorescence intensity when
excitation is transferred from a fluorophore to a quencher by FRET.”

%: 1+Ksv[Q] = 1+k;70[Q) @

where Fy and F are fluorescence intensities of a fluorophore in the
absence and presence of a quencher, respectively, and Kgy is the
Stern-Volmer’s constant. The Stern-Volmer’s plot showed that an
approximately linear relationship existed between the amount of
adsorbed amino-DABCYL and the relative fluorescence intensity of
the PAAc—EDANS hydrogel (Figure 11). Therefore, we concluded that
FRET occurred from EDANS to DABCYL in the PAAc-EDANS
hydrogel.

Furthermore, using femtosecond laser spectroscopy, a useful tool
for measuring fluorescence life time, we investigated fluorescence
decay of EDANS in the PAAc—EDANS hydrogel by adsorption of
amino-DABCYL. When EDANS in the PAAc-EDANS hydrogel was
excited with UV light at 387.5nm, fluorescence emission was mon-
itored at 480 nm. Fluorescence from EDANS in the PAAc-EDANS
hydrogel showed a more significant decay after the adsorption of
amino-DABCYL when compared with the decay of fluorescence in the
absence of amino-DABCYL. Furthermore, the fluorescence decay
sharpened with increasing amounts of adsorbed amino-DABCYL.
We determined the fluorescence lifetime of EDANS by fitting the
curve of fluorescence decay using an exponential equation (2) con-
sisting of two components. An equation consisting of one exponential
component did not fit the fluorescence decay of the PAAc—-EDANS
hydrogel.

i*ae “Diaep( - L (2)
Iy 1exp T 2XP T

where a; and a, are pre-exponential constants and T; and T, are two
types of fluorescence lifetimes, respectively. The fitting of the curve
revealed that the PAAc-EDANS hydrogel and the hydrogel with
adsorbed amino-DABCYL had two types of lifetimes for fluorescence
decay. The mobility of EDANS in the PAAc-EDANS hydrogel showed
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Figure 11 (a) Effect of the aqueous amino-DABCYL concentration on the
amount of amino-DABCYL adsorbed into PAAc-EDANS hydrogels and (b)
Stern-Volmer plot of PAAc-EDANS hydrogels with adsorbed amino-DABCYL.
Inset: fluorescence spectrum of amino-DABCYL adsorbed PAAc-EDANS
hydrogel. Aex=340nm.

two modes. EDANS displayed high mobility when positioned far from
crosslinks and low mobility in the vicinity of crosslinks (Figure 12).
The fluorescence lifetimes of EDANS in the PAAc—EDANS hydrogel
decreased upon adsorption of amino-DABCYL, suggesting that FRET
occurred from EDANS to DABCYL, where EDANS acted as a
fluorescence donor and DABCYL acted as an acceptor. In PAAc—
EDANS gels with a large amount of amino-DABCYL adsorbed,
EDANS had a high probability of being in the vicinity of DABCYL
and was able to quench its fluorescence. A short fluorescence life time
was based on the high mobility of EDANS and decreased more
strongly by the adsorption of amino-DABCYL than fluorescence
with a long life time based on low mobility. Because FRET from
high mobility EDANS to amino-DABCYL occurred more efficiently
than from low mobility EDANS, the adsorption of amino-DABCYL
caused a decrease in fluorescence with a short life time when
compared with fluorescence with a long life time. The Forster radius
(Rg) for FRET from EDANS to DABCYL is 3.3nm.** Thus, the
distance between EDANS in the PAAc—-EDANS hydrogel and adsorbed
amino-DABCYL is less than 3.3nm. The network structure of the
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EDANS with a long relaxation time (1,)

EDANS with a short relaxation time (T;)

Fluorescence

Figure 12 lllustration of FRET in PAAc-EDANS hydrogels.

hydrogel and the solute adsorption behavior evaluated by FRET was a
result of complex formation between a negatively charged fluorophore
and a positively charged acceptor.

NETWORK DESIGN OF HYDROGELS

The fascinating properties of stimuli-responsive hydrogels lead to
many opportunities in the design of self-regulated drug delivery
systems, actuators and so on. A rapid response is required for the
use of stimuli-responsive hydrogels as smart materials. Based on
Tanaka’s theory, which suggests that the relaxation time for the
swelling of a spherical hydrogel is proportional to the square of its
radius and the inverse of the diffusion constant,®>7 the preparation
of hydrogels that respond rapidly involves the control of physical
structures including the size and shape of the hydrogel.’®*° On the
other hand, the design of the chemical structure is another method for
the creation of rapidly responsive hydrogels. For example, comb-type
grafted hydrogels, in which the polymer chain has grafted side chains,
can shrink rapidly in response to environmental changes.'%-192 The
rapid response of comb-type grafted hydrogels is caused by the
inherent mobility of grafted chains bearing free ends.

To propose a new concept for the design of smart hydrogels that
show responsive behavior, we focused on a semi-interpenetrating
polymer network (semi-IPN) in which linear polymer chains with
high mobility are entangled within cross-linked polymer networks.!%
After linear PAAm was synthesized by polymerization of AAm, a
PAAm hydrogel with semi-IPN structure was prepared by copolymer-
ization of AAm and MBAA as a crosslinker in the presence of linear
PAAm. The shrinkage response of the PAAm semi-IPN hydrogel
in acetone/water mixtures was compared with a PAAm hydrogel
consisting of only a cross-linked network without linear polymers
(Figure 13). In spite of the same effect of acetone concentration on the
equilibrium swelling ratio, a difference in shrinkage behavior between
standard and semi-IPN hydrogels was observed. The standard hydro-
gel took more than 2h to achieve equilibrium and the semi-IPN
hydrogel shrank rapidly within 15min. This suggests that the intro-
duction of a semi-IPN structure increases the shrinkage rate of a
hydrogel.

The relaxation time for the shrinkage of standard and semi-IPN
hydrogels was determined by curve fitting with equation (3). The
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Figure 13 Changes in the swelling ratio of standard PAAm hydrogels (O)
and PAAm semi-IPN hydrogels (®) as a function of time after the hydrogels
were pre-equilibrated in water and immersed into an acetone/water mixture
with an acetone concentration of 10 vol % at 25°C.

relaxation time is an indicator of the responsiveness of hydrogels
governed by diffusion-limited transport of polymer chains.

t t
Swelling ratio = Ayg+A, exp (f —> +A; exp (7 7) (3)
71 T2

where Ag, A and A, are constants, and T, and T, are two types of
relaxation for shrinkage. The relaxation time determined by the fitting
of the curve revealed that the shrinkage of the hydrogels has two
modes including short (t;) and long (1) relaxation times. These
relaxation times are assigned to the rapid shrinkage of free polymer
chains distant from crosslinks and to the slow shrinkage of tied
polymer chains close to crosslinks. The relaxation time of the semi-
IPN hydrogel during shrinking in an acetone/water mixture was much
shorter than the standard hydrogel. A shorter relaxation time indi-
cated that the semi-IPN hydrogel shrank faster than the standard
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Figure 14 Tentative illustration of shrinkage of standard PAAm hydrogels
(a) and PAAm semi-IPN hydrogels (b) in an acetone/water mixture.

hydrogel. As shown in Figure 14, the inherent mobility of linear
polymer chains in the semi-IPN hydrogel can accelerate shrinkage of
the cross-linked networks. Consequently, the design of network
architecture by the introduction of a semi-IPN structure is of great
importance for the enhancement of responsive behavior of a hydrogel.

CONCLUSION

This review describes our recent studies on the development of smart
soft materials using molecular complexes. The use of molecular
complexes derived from electrostatic interactions between a polymer
network and a drug leads to the efficient loading of a charged drug
within an oppositely charged hydrogel. The release of the drug was
regulated in response to environmental changes. Using biomolecular
complexes as reversible crosslinks in hydrogel networks enabled us to
create biomolecule-responsive hydrogels that undergo a change in
volume in response to a target biomolecule. In particular, we designed
two kinds of biomolecule-responsive hydrogels including a biomole-
cule-crosslinked hydrogel that swelled in the presence of a target
biomolecule and a biomolecule-imprinted hydrogel that shrank in the
presence of the target. We also focused on network structures of smart
hydrogels to improve stimuli-responsiveness. This review describes a
method for characterizing network structure and adsorption behavior
in smart hydrogels. FRET provides a useful tool for the characteriza-
tion of network structure and solute adsorption behavior because the
fluorescence intensity of hydrogels bearing fluorophores changes
dramatically by the adsorption of a quencher. In addition, the
introduction of a semi-IPN structure led to the rapid response of
stimuli-responsive hydrogels due to the high mobility of linear
polymer chains entangled in cross-linked polymer networks. The
design of smart hydrogels using molecular complexes requires a
detailed understanding of the structural factors that control perfor-
mance and function. Knowledge gained from successful designs not
only provides a basis for the development of smart soft materials with
a wide variety of uses but also permits more insight into the
fundamentals regarding the relationship between structure and func-
tion. In particular, the use of molecular complexes as crosslinks is a
fascinating idea for the creation of stimuli-responsive hydrogels with
molecular recognition functions. Despite the fact that most smart soft
materials using molecular complexes still require further research into
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potential applications, they are likely to become important materials
for the future.
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