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Abstract

Hydrogels were the first biomaterials designed for clinical use. Their discovery and applications as
soft contact lenses and implants are presented. This early hydrogel research served as a foundation
for the expansion of biomedical polymers research into new directions: design of stimuli sensitive
hydrogels that abruptly change their properties upon application of an external stimulus (pH,
temperature, solvent, electrical field, biorecognition) and hydrogels as carriers for the delivery of
drugs, peptides, and proteins. Finally, pathways to self-assembly of block and graft copolymers
into hydrogels of precise 3D structures are introduced.
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INTRODUCTION

Hydrogels are water-swollen polymeric materials that maintain a distinct three-dimensional
structure. Their classificationl may be based on the source: natural, synthetic, or hybrid
hydrogels (composed of synthetic and natural molecules); nature of the crosslinking:
covalent or physical gels; nature of the network: homopolymer, copolymer, interpenetrating,
or double networks; physical structure: homogeneous (optically transparent), microporous,
and macroporous hydrogels, and on their fate in the organism: degradable and non-
degradable hydrogels.

Due to their high water content, most hydrogel structures possess excellent biocompatibility.
The amount of water in the equilibrium-swollen state is a balance between the
thermodynamic force of mixing (hydration) and the retractive force of the three-dimensional
network. The mixing force depends mainly on the hydrophilicity of the polymer backbone
(characterized by the interaction parameter, x, polymer-solvent), the retractive force on the
number of crosslinks connecting polymer chains into a three-dimensional network.2
Consequently, there is a wide variety of design options for the preparation of hydrogels of
different structures and properties. The traditional methods of hydrogel synthesis were
limited in the control of their detailed structure, but novel approaches based on genetic
engineering and hybrid hydrogels, have considerably enhanced this research. These
techniques permit the insertion of biorecognition moieties into the structure of
macromolecules that influence the self-assembly into precisely defined three-dimensional
structures. As a result, the application potential of hydrogels, in addition to traditional areas
such as biomaterials and drug delivery systems, has expanded to other fields, such as
microfluidics and nanotechnology.
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The review is focused mainly on hydrogel discovery and early developments along with my
views on the future of hydrogel research. A vast amount of work could not be covered, but it
has been discussed in other, numerous reviews.1:3713 | apologize that, due to space
limitations, it was not possible to mention contributions of all scientists to the field in the
last 50 years.

DISCOVERY

In the early 1950s Otto Wichterle and Drahoslav Lim from the Prague Institute of Chemical
Technology (both soon moved to the Institute of Macromolecular Chemistry (IMC),
Czechoslovak Academy of Sciences, Prague) initiated a research program to design
polymers for medical use. Some commaodity polymers had been applied in humans
previously, but this was the first attempt to design polymers for human use with properties
to fulfill criteria of biocompatibility. The target was the design of new biomaterials for
applications in ophthalmology. The main features of their design were (included in their
grant proposal in 1952) were: a) shape stability and softness similar to that of the soft
surrounding tissue; b) chemical and biochemical stability; ¢) absence of extractables; and d)
high permeability for water-soluble nutrients and metabolites across the biomaterial tissue-
interface. It is amazing that these hypotheses are still valid for soft contact lenses. Only
when hydrogels are used as implants is hypothesis d) not operative; it is known that implants
are encapsulated with a fibrous collagen capsule; the latter is the rate controlling diffusion
barrier across the interface.

Based on this rationale, Lim started efforts to synthesize new hydrogels. First, he considered
polymerization of N-vinylpyrrolidone.14 However, it was not available, so Lim’s first
experiments focused on partially methacryloylated polyvinylalcohol optionally containing —
CO-NH5 groups and on partially methacryolylated mannit.15 Polyvinylalcohol was chosen
due to its previous use in human implants (Ivalon16). Methacryloyl esters were chosen
because the structure of the polymer reflects a pivalic (trimethylacetic) acid structure. The
latter was known to be stable to pure hydrolysis and no similar structure in the nature was
known, making enzymatically catalyzed hydrolysis less probable. The polyvinylalcohol
route produced optically clear hydrogels containing 80-90% water15 but these hydrogels
did not show mechanical properties necessary for use in contact lenses.

One year later, Lim was studying polymers of triethyleneglycol dimethacrylate for
applications in fiberglass laminates, when he serendipitously identified a novel hydrogel
material. He was synthesizing the triethyleneglycol dimethacrylate monomer by acid
catalyzed transesterification of methyl methacrylate with triethylene glycol. At the end of
the reaction, the work-up comprised neutralization of the acid, dilution with water to isolate
the water-insoluble triethyleneglycol dimethacrylate, washing the organic layer with water,
drying and isolating the pure product by distillation. One day Lim had to catch the train to
his home, so he stopped the reaction early, but managed to add water to separate the layers
before leaving. In the morning, he noticed that the water layer turned into a clear hydrogel
overnight. Obviously, it was a copolymer of triethyleneglycol monomethacrylate with
triethyleneglycol dimethacrylate.14 Detailed evaluation and comparison of crosslinked
methacrylate esters of triethyleneglycol, diethyleneglycol, and ethyleneglycol led to the final
selection of a hydrogel for soft contact lenses - copolymer of 2-hydroxyethyl methacrylate
(HEMA = ethyleneglycol monomethacrylate) with ethylene dimethacrylate (EDMA =
ethyleneglycol dimethacrylate). These polymers were described in a seminal paper
published in Nature in 1960.17 Crosslinked HEMA was a fortunate choice for two reasons:
first, it showed proper hydrophilic/hydrophobic balance and produced hydrogels with
suitable mechanical properties for soft contact lens applications; second, its optical
properties changed only slightly with changes in the concentration of crosslinking agent. At
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that time, the preparations of HEMA contained varying (small) amounts of crosslinker,
EDMA. Due to the relatively high y parameter of the system polyHEMA — water,18 the
equilibrium swelling degree of HEMA hydrogels (about 40% of water in the equilibrium
swollen state) changed only marginally with minor changes of the concentration of the
crosslinking agent in the polymerization feed. This allowed for production of soft contact
lenses with reproducible properties even if the quality of the monomers varied to a certain
extent.

Wichterle and Lim initiated biocompatibility studies of hydrogels; these first results were
published in 195919 and 1960.20:21 Wichterle then collaborated with local companies
(Dental, later Dioptra) to produce soft contact lenses. These experiments resulted in soft
(hydrogel-based) lenses possessing excellent optical properties in the central part of lenses
but with irregular edges. The collaboration with Dr. M. Cerny from the Dioptra Company
resulted in 1958 in soft contact lenses with acceptable edges, which minimally irritated the
eye.22 These were the first samples that were administered by Dr. M. Dreifus in 1959 to
patients at the Second Ophthalmologic Clinic in Prague. The tests have proven the ability of
soft contact lenses to correct eyesight and be well tolerated by the patients.22 Finally,
Wichterle prepared in 1961 the soft (hydrogel-based) contact lenses by the spin casting
process23+24 using a constructor set of his grandson (Fig. 1). The use of centrifugal
monomeric casting in rotating open molds produced soft contact lenses of amazing quality.
2526 In 1963 Wichterle developed another way of producing of soft contact lenses which
utilized lathing machines. The glass transition temperature of polyHEMA is above 100 °C.
27 Consequently, crosslinked HEMA polymerized in bulk (“xerogel”) is a hard material that
can be cut into blocks and worked up on a lathing machine similarly to the production of
“hard” contact lenses from poly(methyl methacrylate). After the final shape is produced, the
xerogel is placed into an aqueous environment and a soft contact lens with predetermined
optical properties is formed. In 1964 a small US company, National Patent Development
Corporation (NPDC), expressed interest in the new technology and organized a lecture tour
in the USA for Wichterle and Dreifus.22 Soon after, NPDC bought the license covering soft
contact lenses from the Czechoslovak Academy of Sciences and in 1966 sub-licensed it to
Bausch & Lomb. This initiated the soft contact lens industry in the USA. Further evolution
of soft contact lens polymers has been reviewed elsewhere.28:29

EARLY DEVELOPMENTS IN HYDROGEL RESEARCH

Research on the design of hydrogels suitable for numerous medical applications was
initiated at the same time as the soft contact lens work. In ophthalmology, glaucoma
microcapillary drains,30 fillings for the restoration of detached retina,31 and fillings after
enucleation21 were studied. Hydrogels have also been designed for augmenting vocal cords,
32 preventing scar formation after surgery, and as coverings for perforated ear drums.33
These applications were the driving force behind a detailed study of the relationship between
the physical and chemical structure of crosslinked hydrophilic polymers and their
biocompatibility (tissue reaction, calcification).34739 These results were translated into
clinical applications: one successful example was the use of HEMA-based hydrogels in
rhinoplasty (Fig. 2), which produced long-term biocompatibility and excellent cosmetic
results.40

On the scientific side, persistent research activities of several IMC laboratories on different
aspects of hydrogel synthesis, structure, and properties provided the foundation of the
science of three-dimensional systems in general and hydrogels in particular. Initial studies
concentrated on hydrophilic (glycol, diglycol, and triglycol) esters of methacrylic acid; the
kinetics of linear and crosslinking polymerizations of these monomers were evaluated.
18:41743 The mechanism of the crosslinking copolymerization revealed the importance of
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the structure of the crosslinking agent on the ratio of crosslinking, cyclization, and formation
of pendent vinyl groups.41 The mechanical and swelling properties of hydrogels,44~48
diffusion in hydrogels,49 and optical properties of hydrogels50 were assessed in detail.

While hydrophilic esters of methacrylic acid18:36738:41743 produced crosslinked polymers
(hydrogels) with excellent characteristics from the application point of view, the N-
substituted amides of (meth)acrylic acid represented a group of polymers whose properties
could be easily manipulated by choosing the proper substituent on the amide nitrogen.
34:35:39:51753 Moreover, a crystalline monomer, N-(2-hydroxypropyl)methacrylamide
(HPMA), was synthesized51:54:55 which ensured a reproducible synthesis of water-soluble
polymeric carriers of drugs.56 Esters of (meth)acrylic acid of similar hydrophilicity always
contained a small (variable) amount of diester as an impurity. This was a minor problem for
the synthesis of hydrogels, but prevented the synthesis of water-soluble polymers with
reproducible molecular weight distribution. Structures of early hydrogels are shown in
Figure 3.

Research in the IMC Prague stimulated many researchers worldwide to work on the subject.
An important event, which motivated numerous young scientists worldwide to get involved
in hydrogel research was the ACS symposium organized by J. Andrade in 1975.4 Ratner and
Hoffman published an excellent overview of chemical structures and biomedical
applications of hydrogels up to 1975 as one of the chapters in the Proceedings.5

BIOCOMPATIBILITY OF HYDROGELS

Biological processes that follow implantation66~68 depend on the chemical structure,
physical structure (porosity), and surface microarchitecture of hydrogels. A systematic study
of the biocompatibility of hydrogels34~39 revealed no significant differences in the healing-
in of hydrogels of different chemical compositions based on esters and/or N-substituted
amides of (meth)acrylic acid. However, major differences have been observed for hydrogels
with different morphology.37:38

Hydrogels prepared by crosslinking copolymerization of HEMA with EGDMA are an
excellent model for the study of the relationship between porosity and biocompatibility. Due
to the fact, that the interaction parameter () polymer-water for this system is 0.7-0.8
(depending on crosslinking density),18 phase separation may occur during
copolymerization, which depends on the amount of water in the feed. Manipulating the
water to monomer ratio in the feed permits the formation of homogeneous (transparent)
hydrogels (<50% water in the feed), microporous hydrogels (50-70% water in the feed), and
macroporous spongy hydrogels with interconnecting channels (>70% water in the feed).38
Thus, the biocompatibility of hydrogels with identical chemical structure, but differing in
porosity could be compared.37:38 The implantation of both homogeneous and
heterogeneous hydrogels resulted in fibrous capsule formation. However, following
implantation of porous hydrogels, in contrast to homogeneous hydrogels, newly formed
blood capillaries and an eosinophilically stained exudate, penetrated into the implant. The
intensity and the area of penetration were greater with higher hydrogel porosity. An
investigation of calcium deposits using von Kdssa staining revealed the dependence of the
extent and localization of calcium deposits on porosity. There was only sporadic
calcification in the margin of the implant following implantation of homogeneous or
microporous hydrogels; however, with an increase in porosity, calcification occurred. The
site of the deposition moved from the margin of the implant toward its center with
increasing porosity.38 Early studies on the biocompatibility of hydrogels have been
summarized in ref.39
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These results were corroborated in clinical settings. Implantation of homogeneous HEMA-
based hydrogels to treat nasal malformation resulted in minor calcification at the margin of
the implant (about 50% of patients evaluated after 3-10 years). Apparently, with scalpel
damaged surface (due to surgeons modifying the size of the hydrogel implants in the
operation room) connective tissue accumulated and initiated calcium deposition. Minor
calcium deposition did not affect the biocompatibility or the final cosmetic effect.40

STIMULI-SENSITIVE HYDROGELS

Inspired by early works of Kuhn, Katchalsky et al. on crosslinked polyelectrolytes and the
possibility of transferring chemical energy into mechanical work,69:70 the research focus
shifted to the design of stimuli-sensitive hydrogels. These materials show varying degrees of
response (continuous or discontinuous changes in swelling) to minor changes in
environmental conditions, such as pH, temperature, ionic strength, quality of solvent, or
biorecognition.71

Dusek and Patterson72 theoretically predicted in 1968 that changes in external conditions
might result in abrupt changes in the hydrogel degree of swelling (phase transition). Indeed,
ten years later Tanaka et al.73 and others59:74 verified the theory by experimental
observations.

The first manipulation of hydrogel structure to produce pH-sensitive hydrogels was
published by Kopecek’s laboratory in 1971.75 Introduction of ionogenic groups into HEMA
hydrogels (crosslinked with EDMA) permitted control of their permeability75 and specific
resistance57 as a function of pH. Hydrogel membranes containing methacrylic acid (MA)
units possessed higher permeability of NaCl in alkaline conditions, whereas membranes
containing N,N-dimethylaminoethyl methacrylate (DMAEMA) units showed increased
permeability under acidic conditions. Permeability of ampholytic membranes, containing
both MA and DMAEMA units passed through a minimum at the isoelectric point, and
increased as the pH deviated from the isoelectric point in either direction (Fig. 4). The
results for the relationship between the structure of hydrogel membranes and specific
resistance revealed similar trends.57

Temperature-sensitive hydrogels are usually based on polymers exhibiting lower critical
solution temperature (LCST), i.e., the gels collapse as temperature increases. Apparently,
below the LCST, water molecules form hydrogen bonds with polar groups on the polymer
backbone and organize around hydrophobic groups as iceberg water. Above the LCST,
bound water molecules are released to the bulk with a large gain in entropy resulting in
collapse of the polymer network. Allan Hoffman76 and Sung Wan Kim77 initiated the
studies of poly(N-isopropylacrylamide) (PNIPAAm) and NIPAAm copolymers for
developing drug delivery matrices.76~78 Poly(N,N-diethylacrylamide)59:78 and its
copolymers with N-tert-butylacrylamide demonstrated similar behavior. The sensitivity of
NIPAAm-based hydrogels to other stimuli, e.g., electric current,79 light,74:80 salt,81 and
chemical stimuli,82 has also been demonstrated and studied in detail. One successful
strategy to increase the response dynamics of stimuli-sensitive hydrogels was the
introduction of short grafts. Okano’s comb-type grafted NIPAAm hydrogels demonstrated
rapid de-swelling responses to temperature changes.83

HYDROGELS IN DRUG DELIVERY

Hydrogels were studied as antibiotics and anticancer drug delivery depots soon after their
discovery.8487 Initial studies concentrated on polyHEMA, with later studies focused on
hydrogels based on HEMA copolymers,88 polyacrylamide,89 N-vinylpyrrolidone
copolymers,90 and polyvinylalcohol.91 HEMA hydrogels were studied as matrices for
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protein delivery.92 Different chemical structures have been tailor-made to match the
physiological need. For example, HPMA copolymer based hydrogels were synthesized with
entrapped anticancer drugs93-94 or containing degradable oligopeptide crosslinks and the
drug (DOX) bound via an degradable oligopeptide spacer.95 Various natural
polysaccharides were used for drug delivery;96:97 polyalginate hydrogels were designed to
permit combination delivery of anticancer drugs with different release profiles.98

Crosslinking hydrogels with compounds that contain an aromatic azobond endows them
with colon-specific degradability. Due to a low proteolytic activity in the colon, these
hydrogels are being developed for protein delivery. For example, copolymers of N,N-
dimethylacrylamide with acrylic acid (to introduce pH-sensitivity), N-tert.-butylacrylamide
(to improve mechanical properties), and a crosslinking agent such as 4,4'-
di(methacryloylamino)azobenzene are suitable for colon delivery of proteins.65:997103
Following oral administration, the hydrogel delivery system reaches first the stomach; at the
low pH, the hydrogels have a low equilibrium degree of swelling and thus may protect the
peptide or protein drug against digestion by proteolytic enzymes. As the gels pass down the
Gl tract, swelling increases due to ionization of carboxylic acid groups in response to pH
increase. Finally, in the colon, the aromatic azobonds are reduced, the hydrogel disintegrates
and the protein is released into an environment of low proteolytic activity. Dextran
hydrogels are also suitable as colon-specific drug delivery systems, due to microbial
dextranase activity in the colon.104

An example of a combination of stimuli-sensitivity and drug delivery are hydrogel-based
mimics of secretory granules containing the anticancer drug doxorubicin (DOX).105 A
microgel prepared by copolymerization of methacrylic acid with methylene-bis-acrylamide
was loaded with DOX and then coated with a phospholipid bilayer. The hydrogel
microspheres exhibited pH- and ion-dependent volume phase transitions and were suitable
for triggered DOX release.

Extensive studies are underway to understand the effect of hydrogel structure on controlling
the osteogenic or chondrogenic differentiation of human mesenchymal or embryonic stem
cells.1067109 Hydrogels that mimic the natural extracellular matrix are another important
aspect of bioresponsive hydrogels design. These hydrogels are degradable by cell-excreted
matrix metalloproteases (MMP); the aim is to design hydrogels that can control cellular
invasion and movement.110:111 The use of PEG-based hydrogels in these applications has
been described in an excellent review.112

HYDROGELS WITH ENHANCED MECHANICAL PROPERTIES

Major use of hydrogels has occurred in applications where mechanical properties are not
decisive, such as soft contact lenses,29 electrophoresis,113 implants in soft tissue,40 and
tissue engineering.114 Numerous strategies have been employed to improve mechanical
properties of hydrogels by copolymerization,1157117 optimizing crosslinking density,118
or using composite hydrogel materials.1197120 Reasonable improvements have been
achieved. However, three approaches resulted in dramatic improvements in mechanical
properties of hydrogels:

Double network hydrogels

Gong and Osada designed double network (DN) hydrogels,121:122 a subset of
interpenetrating networks composed of two hydrogel structures, one a highly crosslinked
polyelectrolyte, the other a loosely crosslinked or uncrosslinked neutral hydrogel. For
example, a DN composed of two mechanically weak hydrophilic networks, poly(2-
acrylamido-2-methylpropanesulfonic acid) and polyacrylamide, results in a DN with
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outstanding mechanical properties. Hydrogels containing about 90% water possessed an
elastic modulus of 0.3 MPa and fracture stress of ~10 MPa, demonstrating both hardness
and toughness. This was explained by effective relaxation of locally applied stress and
dissipation of crack energy through a combination of the two networks with different
structure and densities.1217123

Hydrogels containing sliding crosslinking agents

Okumura and Ito chemically crosslinked two cyclodextrin molecules, each threaded on a
different PEG chain (end-capped with a bulky group, such as adamantan), and produced a
sliding double ring crosslinking agent.124 Crosslinked gels (Fig. 5) possess freely movable
(sliding mode) crosslinks,125:126 which resulted in outstanding mechanical properties — a
high degree of swelling in water and a high stretching ratio without fracture. The sliding
double ring crosslinks in these topological gels apparently equalized the tension along the
polymer chains (“pulley effect”).123:124

Nanocomposite hydrogels

Haraguchi et al. designed novel clay-containing hydrogels based on N-isopropylacrylamide
(NIPAAm) using hectorite, [Mgs 34L 19 66Sig020(0OH)4]Nag g6, as a multifunctional
crosslinker.127 Compared to traditional chemically crosslinked NIPAAm hydrogels, the
mechanical properties of these unique organic-inorganic hydrogels were considerably
enhanced.128 The tensile moduli and tensile strength were found to be proportional to clay
content.129 Similar hydrogels were prepared from N,N-dimethylacrylamide and clay. Up to
1500% elongation-at-break values were obtained.130 It is interesting to note that
mechanically robust hydrogels could only be prepared by radical polymerization of
NIPAAmM in the presence of clay. Mixing of polyNIPAAm with clay did not produce
homogeneous hydrogels with robust mechanical properties.131

LIMITATIONS OF TRADITIONAL HYDROGELS

Numerous monomers and crosslinking agents have been used for the synthesis of hydrogels
with a wide range of chemical compositions (Fig. 3).

Traditional methods of hydrogel synthesis (Fig. 6), i.e. crosslinking copolymerization of
monovinylic and multivinylic compounds,18:41743:51:57:65:99:132:133 crosslinking of
polymer precursors,100:134 polymer-polymer reaction,101:102 or combination of two
processes103 provided limited control of their three-dimensional structure. As a
demonstration, we consider the copolymerization of a vinylic and a divinylic compound,
such as diethyleneglycol monomethacrylate with diethyleneglycol dimethacrylate.41 The
following events contribute to the limited control and to the extent of the reactions of the
pendent vinyl group (crosslinking, cyclization, unreacted pendent vinyl groups):

a. Structure of the crosslinking agent. The distance between vinyl groups influences
the amount of cyclization. Using crosslinking (divinylic) agents with different
distances between two vinyl groups the efficiency of crosslinking varied according
to the probability to form cycles. Assuming that the second vinyl of the
crosslinking agent attaches to the growing polymer chain immediately after the first
one (alternating intermolecular-intramolecular chain propagation), ethyleneglycol
dimethacrylate (EGDMA) forms a 9-membered ring, diethyleneglycol
dimethacrylate (DEGDMA) a 12-membered ring, and triethyleneglycol
dimethacrylate (TEGDMA) a 15-membered ring. Indeed, EGDMA was two times
more effective crosslinking agent than DEGDMA and TEGDMA in agreement
with the low probability of 9-membered ring formation (Fig. 7). This is not
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surprising when considering that divinylic compounds capable of forming 5- or 6-
membered rings cyclopolymerize into soluble products.135

b. Difference in hydrophilicity of monomer and crosslinking agent. When
copolymerizing a hydrophilic monomer (e.g. HEMA) with a hydrophobic
crosslinking agent (e.g. EGDMA), the formation of first crosslinks creates
hydrophaobic centers. Partitioning of crosslinking agent into these domains results
in hydrogels with inhomogeneous distribution of crosslinks (see, e.g. ref.136).

c. Diffusion control of termination, crosslinking, and eventually propagation. The
increase in viscosity with conversion results in the diffusion control of termination
once the movement of macromolecule becomes hindered. This results in an
imbalance between the rate of termination and rate of initiation with continuous
increase in the concentration of active species (radicals) and concomitant increase
of the rate of polymerization (Trommsdorff effect).41 Diffusion control of
crosslinking and propagation may take place at higher conversions. These effects
amplify with increasing concentration of crosslinking agent in the feed.

d. Glass transition temperature. When copolymerizing in bulk (or low amount of
solvent) glass transition temperature (Tg) may be reached during the
polymerization. The reaction will stop at the conversion where the mixture of the
produced polymer and remaining monomer has a Tg equal to the polymerization
temperature.137

e. Amount and character of solvent. The amount of solvent (concentration of
monomers in the feed) has an impact on the efficiency of cyclization described
above. The lower the concentration of monomers, the higher the probability of
cycle formation. The character of solvent has an impact on chain conformation
during the crosslinking copolymerization. In addition, phase separation may occur
during crosslinking copolymerization resulting in formation of porous hydrogels. A
typical example is the copolymerization of HEMA with EGDMA in water at feed
monomer concentrations < 45%.1:38

f.  Conversion. There is an exponential relationship between the concentration of
crosslinks and conversion in a vinyl-divinyl copolymerization. To ensure batch-to-
batch reproducibility, polymerization conditions need to be selected to ensure that
the polymerization proceeds to full conversion.

NOVEL DIRECTIONS IN HYDROGEL RESEARCH

Controlled chemistry

There were numerous attempts to control the polymerization process for hydrogel synthesis.
Early studies from Andrade’s group focused on the synthesis of stereoregular HEMA-based
hydrogels.138 It was shown that the swelling degree in water depended on the
stereoregularity. With the advancement of living radical polymerization (LRP) techniques,
atom transfer radical polymerization139 and reverse addition-fragmentation chain transfer
(RAFT) polymerization140 the control of the molecular weight distribution of primary
chains in the hydrogel was achieved. The application of (copper catalyzed) Huisgen
cycloaddition of azides and terminal alkynes (“click” chemistry)141:142 (Fig. 8) and of
peptide ligation reactions143 in the synthesis of hydrogels further contributed to the design
of well-defined materials. Anseth and coworkers have shown that by combination of
photopolymerization with click chemistry it is possible to spatially pattern biomolecules
within PEG hydrogels.144 Introduction of photodegradable bonds into hydrogels permits
post-gelation manipulation of gel properties in situ.145 The wide applications of these
modern approaches will further improve the control of hydrogel synthesis and 3D structure.
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Self-assembled hydrogels

Hydrogels may self-assemble from block and graft copolymers driven by hydrophobic
interactions between the blocks.146 Triblock copolymers, PEG-PLGA-PEG form in-situ
hydrogels suitable for drug delivery.147:148 An interesting approach for hydrogel self-
assembly which involves a higher degree of biorecognition, is crosslinking by
stereocomplex formation. Hennink et al. grafted dextran with either L- or D-lactic acid
oligomers.149 Mixing of two graft copolymers results in hydrogel formation. These gels are
suitable for protein delivery and are fully degradable in vivo.150 Finally, the design of
copolymers, whose self-assembly into hydrogels is mediated by recognition motifs found in
nature, such as coiled-coils or B-sheets, enhances the potential for the formation of precisely
defined three-dimensional structures.

The highest degree of biorecognition might be achieved by employing natural motifs. Self-
assembly of natural polymeric building blocks often results in supramolecular biological
structures, which have several characteristic features. First, the assembly process is highly
specific and mediated by molecular recognition. Second, it is stimuli-responsive; external
signals, such as temperature and pH, can trigger or terminate assembly.151:152 Finally, the
assembly and disassembly processes are typically reversible, allowing precise and dynamic
control of the structures and their properties.

These approaches were used in hydrogel design. Theoretically, this method provides
spontaneous formation of precise 3D structures with predetermined properties. Examples of
genetically engineered polymers as well as hybrid systems containing such systems are
shown below to demonstrate the potential of this new design paradigm.

Biorecognition motifs—Both peptide/protein and DNA motifs have been used in
hydrogel design. However, we shall focus on systems in which the coiled-coil153 and f-
sheet forming peptides or enzyme mutants were combined with synthetic macromolecules to
produce responsive hydrogels.

Coiled-coils: The coiled-coil, a supercoil formed by two or more strands of a-helices, will
be used as an example to demonstrate the potential for the design of well-organized
hydrogel structures. The primary sequence of a typical coiled-coil is composed of 7-residue
repeats, designated as heptads. The amino acid residues in a heptad are conventionally
denoted as “a, b, ¢, d, e, f, g”. Hydrophobic residues at positions “a” and “d” form an inter-
helical hydrophobic core, providing a stabilizing interface between the helices. Charged
residues at positions “e” and “g” form electrostatic interactions, which contribute to coiled-
coil stability and mediate specific association among helices (Fig. 9). The versatility of this
motif, especially the possibility to manipulate its stability and specificity by modifying the
primary structure (up to 10715 M stabilities may be achieved154), bodes well for the
successful design of a new class of hydrogel biomaterials.

Beta-sheet forming peptides: Beta-sheets are important structural elements in proteins
(Fig. 9). pB-Strands are aligned adjacent to each other and are stabilized by hydrogen bonds
between the carbonyl oxygen of an amino acid in one strand and the backbone nitrogen of a
second amino acid in another strand. The strands (at least two, but frequently more) can
arrange in parallel or antiparallel fashion to form the p-sheets.

Self-assembly of genetically engineered triblock copolymers—Tirrell’s
pioneering work demonstrated that ABA block copolymers, where block A is a coiled-coil
forming peptide and block B a random coil, self-assemble into hydrogels.155 The self-
assembly occurs as a balance between the oligomerization of the helical ends and swelling
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of the central water-soluble polyelectrolyte segment. Temperature and/or pH-responsiveness
may be achieved by manipulating the amino acid sequence of the coiled-coil domains.
Minor modifications in their structure have a strong impact on the stimuli-sensitivity of self-
assembled hydrogels. For example, the thermal stability of the coiled-coil containing
proteins can be manipulated in a predictable way by substituting amino acids in the coiled-
coil domain (Fig. 10). An important observation was that these structures were reversible
after denaturation.156:157 Changes in environmental conditions (temperature, pH, removal
of denaturing agent by dialysis) result in refolding of the a-helical structure. Experimental
data clearly indicate that manipulation of the structure of the coiled-coil sequence in triblock
copolymers, composed of two coiled-coil blocks flanking a random coil, permits rational
design of reversible, stimuli-sensitive hydrogels.156 Similar behavior of triblock
copolymers was observed during 2D self-assembly on a solid subtrate.158

Hybrid hydrogels

Hydrogel systems that possess components from at least two distinct classes of molecules,
for example, synthetic polymers and biological macromolecules, are usually referred to as
hybrid hydrogels. Conjugation of peptide domains and synthetic polymers may lead to novel
materials with properties superior to those of individual components. Compared to synthetic
polymers, proteins and protein modules have well-defined and homogeneous structures,
consistent mechanical properties, and cooperative folding/unfolding transitions. The peptide
domain may impose a level of control over the structure formation at the nanometer level,
the synthetic part may contribute to the biocompatibility of the hybrid material. The
synergistic combination of two types of structures may produce new materials that possess
novel properties and unprecedented levels of structural organization.1597161 In principle,
the responsiveness of hydrogels may be directly related to the defined structure of the
protein crosslinks. By optimizing the amino acid sequence, responsive hybrid hydrogels
tailor-made for a specific application may be designed.

Crosslinking of polymer precursors with genetically engineered protein
domains—A new strategy of hybrid hydrogel synthesis entails the non-covalent
attachment of genetically engineered coiled-coil protein motifs to hydrophilic synthetic
HPMA copolymer backbone. The physical crosslinking was established by self-assembly of
the coiled-coil domains.151:162 A temperature-induced hydrogel collapse was observed that
corresponded to the structural transition of the coiled-coil domains from an elongated helix
to an unfolded state. Hydrogels formed by crosslinking of HPMA copolymer precursors
with coiled-coil modules underwent dramatic volume transitions (de-swelling up to 10-fold)
at the melting temperature of the coiled-coil modules.151 This is a new temperature
response mechanism for hydrogels that can be tuned over a wide temperature range by
assembling gels with coiled-coils that have different melting temperatures.

Hydrogels self-assembled from graft copolymers via formation of coiled-coil
antiparallel heterodimers—Recently, self-assembly of graft copolymers into hybrid
hydrogels was demonstrated.163:164 A novel hybrid hydrogel system based on HPMA
copolymers consisting of a hydrophilic polymer backbone and a pair of oppositely charged
peptide grafts was characterized.163 Two distinct pentaheptad peptides (CCE and CCK)
were designed to create a dimerization motif and serve as physical crosslinkers.
Consequently, the graft copolymers, CCE-P (P is the HPMA copolymer backbone) and
CCK-P, self-assembled into hybrid hydrogels; the process was modulated by the formation
of antiparallel heterodimeric coiled-coils. The use of graft copolymers provides the
advantage of decreased steric hindrance of the polymer backbone due to the “in-register”
alignment of the peptide grafts. Equimolar mixtures of the graft copolymers, CCE-P/CCK-P,
have been observed to self-assemble into hydrogels in PBS (phosphate buffer) solution at
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neutral pH at concentrations as low as 0.1 wt.% (Fig. 11). The kinetics of self-assembly can
be followed by dynamic light scattering.164 The formation of these hybrid hydrogels was
reversible.163

Hydrogels self-assembled from HPMA copolymers containing B-sheet forming
peptide blocks—The self-assembly of HPMA hybrid diblock165 and graft166
copolymers into hydrogels mediated by B-sheet peptide blocks was recently evaluated.
Circular dichroism and Congo Red binding studies showed that the peptide block imposed
its B-sheet structural arrangement on the structure of diblock copolymers.165 A new hybrid
hydrogel based on polyHPMA grafted with a B-sheet peptide, Betall, was designed. CD
spectroscopy indicated that folding ability of B-sheet peptide was retained in the hybrid
system, whereas the sensitivity of the peptide towards temperature and pH variations was
hindered. The morphology of the hydrogels was characterized by long-range order with
minimal lateral aggregation.166

Hybrid hydrogels containing proteins—Whole proteins and/or their mutants have
been used in hybrid hydrogel design. Park developed hybrid hydrogels containing
concanavalin A capable of sensing glucose levels.167:168 Free glucose competes for the
concanavalin A (ConA) binding sites in poly(acrylamide-co-allyl glucose) physically
crosslinked by Con A, leading to disruption of the physical crosslinks with a concomitant
increase in swelling.

Miyata et al. designed antigen-responsive hydrogels169 as a semi-interpenetrating network
(IPN) composed of a soluble poly[acrylamide-co-acryloyl rabbit 1gG (antibody)] embedded
in a hydrogel prepared by copolymerization of acrylamide, methylene-bis-acrylamide and
acryloyl-goat-anti rabbit 1gG (antigen). The resulting semi-IPN was sensitive to the presence
of free antigen. Binding of free antigen resulted in the decrease of crosslinking density with
a concomitant increase in the equilibrium degree of swelling.169 Lu et al. synthesized
antigen-sensitive hydrogels by copolymerization of N-isopropylacrylamide, polymerizable
antibody Fab“ fragment from monoclonal anti-fluorescein BDC1 antibody, and N,N*-
methylene-bis-acrylamide.170 When the hydrogel was alternatively exposed to fluorescein
and polyamidoamine dendrimer-fluorescein, significant reversible volume changes were
observed.

Enzymatic activity of a protein, creatinine kinase, within a hydrogel exhibits an autonomous
self-beating motion in an ATP solution. This is a result of a periodical change in Ca++
concentration with concomitant changes in crosslinking density.171

Volume changes in hybrid hydrogels triggered by conformational changes in proteins:
Calmodulin was incorporated into acrylamide-based172 or poly(ethylene glycol)-
based173:174 hybrid hydrogels. Upon binding its ligand (Ca**, phenothiazine), calmodulin
changes conformation resulting in alterations in hydrogel’s degree of swelling. Murphy et al.
174 modified calmodulin (T34C, T110C) double mutant with PEG diacrylate to produce a
protein with two polymerizable groups. The latter was photocrosslinked into a
trifluoperazine-sensitive hydrogel.

Yuan et al. designed dynamic hybrid hydrogels capable of translating enzyme-substrate
recognition into mechanical motion.175 The design principle was based on incorporating
controlled motion of macromolecules into three-dimensional materials. Synthetic HPMA
copolymers with pendant maleimide groups were chosen as the backbone. To create two
attachment points, a triple mutant of adenylate kinase, AKtm (C77S, A55C, V169C), was
designed and engineered. The distance between C*-atoms of the residues 55 and 169
decreases from 29.5 A in the apo-enzyme to 12.4 A when forming the enzyme-substrate
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(ATP) complex. The AKtm was incorporated into hydrogels through maleimide-thiol
reaction. When the hydrogel was exposed to substrate (ATP) a volume change occurred. The
degree of deswelling increased with increasing concentration of the substrate. The volume
changes were reversible. Similar results were obtained when 4-arm PEG with maleimide
groups at chain termini was crosslinked with AKtm.175 The uniqueness of the design is the
combination of biorecognition with a catalyzed chemical reaction — the transfer of a
phosphate group. There are numerous enzymes that undergo conformational changes
following the binding of a substrate in the active site. Thus, this is a new paradigm for
hybrid hydrogel design (Fig. 12), where a variety of chemical reactions can be combined
with biorecognition and to transform nano-scale conformational changes into macroscopic
motion.

CONCLUSIONS AND FUTURE PROSPECTS

Hydrogels were the first biomaterials designed for clinical use. Numerous applications of
traditional hydrogels have proven their biocompatibility and functional properties. New
approaches to improve mechanical properties of hydrogels have contributed to a better
understanding of structural factors important for hydrogel properties and expanded their
application potential.

Future research in hydrogels will concentrate on the design of 3D structures with
programmed biofunctionality. There is a critical need to study major factors involved in self-
assembly of hybrid hydrogels and to establish structural and physicochemical criteria for the
formation of reproducible, reversible 3D hydrogel networks with precisely defined
structures and properties.

All scientific evidence seems to indicate that basic and translational research in hydrogels
has great potential.176+177 Numerous new designs, e.g. involving protein domains
containing non-canonical amino acids,178 successful attempts to control the morphology of
self-assembling peptide fibers,179 artificial glycoproteins for controlling cell responses,180
hydrogels as matrices for stem cell renewal,181 hydrogels as the building material for
microchemotaxis devices,182 sensors,183 valves in microfluidic devices,172:184:185
enhanced use of DNA recognition motifs,186188 and improved synthetic methods189
demonstrate the versatility of the hybrid/smart hydrogel approach.

Acknowledgments

The research on hydrogels in the author’s laboratory was supported in part by the Czechoslovak Academy of
Sciences, the National Institutes of Health (recently NIH grants EB00251 and EB005288), and by the University of
Utah Research Foundation. | am indebted to my coworkers for their contributions to the research as reflected in the
references, Dr. Jiyuan Yang for valuable discussions and the artwork, and Michael Jacobsen for carefully revising
the manuscript and the design of the cover illustration.

REFERENCES AND NOTES

1. Kopecek J, Yang J. Polymer Int. 2007; 56:1078-1098.
2. Dusek K, Prins W. Adv Polym Sci. 1969; 6:1-102.

3. Wichterle, O. Encyclopedia of Polymer Science and Technology. In: Mark, HF.; Gaylord, NG;
Bikales, N., editors. Interscience. VVol. 15. New York, NY: 1971. p. 273-291.

4. Andrade, JD., editor. Hydrogels for Medical and Related Applications. ACS Symposium Series.
Vol. 31. Washington D.C: 1976.

5. Ratner, BD.; Hoffman, A. Hydrogels for Medical and Related Applications. In: Andrade, JD.,
editor. ACS Symposium Series. Vol. 31. Washington D.C: 1976. p. 1-36.

J Polym Sci A Polym Chem. Author manuscript; available in PMC 2010 November 15.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

KOPECEK

12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.

24.
25.
26.

217.
28.

29.
30.
31.
32.
33.

34.
35.

36.
37.
38.
39.
40.

41.
42.
43.

Page 13

. Kudela, V. Encyclopedia of Polymer Science and Engineering. Mark, HF.; Kroschwitz, J., editors.

Wiley; New York, NY: 1987. p. 783-807.

. Peppas, NA., editor. Hydrogels in Medicine and Pharmacy. Vol. I-I1l. CRC Press; Boca Ratyon,
FL: 1987.
. Brandsted, H.; Kopecek, J. Polyelectrolyte Gels. In: Harland, RS.; Prud’homme, RK., editors. ACS

Symposium Series. Vol. 480. Washington D.C: 1992. p. 285-304.

. Kamath KR, Park K. Adv Drug Delivery Rev. 1993; 11:59-83.
10.
11.

Osada Y, Gong J. Prog Polym Sci. 1993; 18:187-226.

Peppas NA, Bures P, Leobandung W, Ichikawa H. Eur J Pharmaceutics Biopharm. 2000; 50:27-
46.

Hoffman AS. Adv Drug Delivery Rev. 2002; 54:3-12.

Nayak S, Lyon LA. Angew Chem Int Ed. 2005; 44:7686—7708.

Lim, D., Personal communication, 2001.

Lim, D. RNDr Thesis. Technical University Prague; 1953.

Grindlay JH, Clagett OT. Proc Staff Meet Mayo Clin. 1949; 24:538.

Wichterle O, Lim D. Nature. 1960; 185:117-118.

Kopedek J, Lim DJ. Polym Sci Part A-1. 1971; 9:147-154.

Dreifus M, Klenka L. Ceskoslovenska oftalmologie (in Czech). 1959; 15:95-101.
Dreifus M, Wichterle O, Lim D. Ceskoslovenska oftalmologie (in Czech). 1960; 16:154-159.
Dreifus M, Herben T, Lim D, Wichterle O. Sh Lék (In Czech). 1960; 62:212-218.
Wichterle, O. Original Czech version (“Vzpominky”) in 1992. 1994. Recollections.

Wichterle, O. Czechoslovak Academy of Sciences. U.S. Patents. 3,660,545; 3,408,429; 3,496,254;
3,499,862.

Wichterle, O. Soft Contact Lenses. Ruben, M., editor. Wiley; New York: 1978. p. 3-5.
Wichterle, O. Czechoslovak Academy of Sciences. U.S. Patents. 3,361,858; 3,497,577; 3,542,907.

It was an interesting time to be a graduate student in the early 60s at IMC Prague. In addition to
being exposed to an exciting new research field, it was possible to witness soccer and movie stars
visiting Prof. Wichterle and trying to get a free sample of soft contact lenses that were not
commercially available at that time.

Kolaiik J, Migliaresi CJ. Biomed Mater Res. 1983; 17:757-767.

Tighe, BJ. Hydrogels in Medicine and Pharmacy. Peppas, NA., editor. VVol. lll. CRC Press; Boca
Raton, Florida: 1987. p. 53-82.

Nicolson PC, Vogt J. Biomaterials. 2001; 22:3273-3283. [PubMed: 11700799]

Krejéi L, Harrison R, Wichterle O. Arch Ophthal. 1970; 84:76-80. [PubMed: 5423612]
Kristek A, Konig B, Wichterle O. Klin Abl Augenheilk (in German). 1966; 149:219-227.
Kresa Z, Rems J, Wichterle O. Arch Otholaryngol. 1973; 17:360-365.

Hubacek J, Wichterle O, Kliment K, Hubéagek Jar, Dusek J. Ceskoslovenska otolaryngologie (in
Czech). 1968; 17:211-215.

Sprincl L, Vacik J, Kopecek J, Lim D. J Biomed Mater Res. 1971; 5:197-205. [PubMed: 5560996]

Kopecek J, Sprincl L, Bazilova H, Vacik J. J Biomed Mater Res. 1973; 7:111-121. [PubMed:
4691154]

Sprincl L, Vacik J, Kopegek J. J Biomed Mater Res. 1973; 7:123-136. [PubMed: 4691155]
Sprincl L, Kopedek J, Lim D. J Biomed Mater Res. 1971; 5:447-458. [PubMed: 5120385]
Sprincl L, Kopegek J, Lim D. Calc Tissue Res. 1973; 13:63-72.

Kopedek J, Sprincl L. Polim Med. 1974; 4:109-117. [PubMed: 4468387]

Voldtich Z, Tomanek Z, Vacik J, Kopecek J. J Biomed Mater Res. 1975; 9:675-685. [PubMed:
1184613]

Kopecek J, Jokl J, Lim D. J Polym Sci Part C (in German). 1968; 16:3877-3889.
Kopecek J, Lim D. Collection Czechoslovak Chem Commun. 1971; 36:2703-2707.
Kopedek J, Lim D. Collection Czechoslovak Chem Commun. 1971; 36:3394-3398.

J Polym Sci A Polym Chem. Author manuscript; available in PMC 2010 November 15.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

KOPECEK

44,
45.
46.
47.
48.
49.
50.
51.
52.
53.
54.
55.
56.
57.
58.
59.
60.

61.
62.
63.
64.
65.
66.
67.
68.
69.
70.
71.

72.
73.
74.
75.
76.
77.
78.
79.
80.
81.
82.
83.

84.

85.

86.
87.

Page 14

Janacek J, Kolatik J. Collection Czechoslov Chem Commun. 1964; 29:492-499.
llavsky M, Janacek J. Collection Czechoslov Chem Commun. 1965; 30:833-842.
Wichterle O, Chromecek R. J Polym Sci Part C. 1968; 16:4677-4686.

llavsky M, Hasa J. Collection Czechoslov Chem Commun. 1969; 34:2199-2207.
Dusek K, Sedlacek B. Collection Czechoslov Chem Commun. 1969; 34:136-157.
Kubin M, Spagek P. Collection Czechoslov Chem Commun. 1965; 30:3294-3302.
Sedlacek B. Collection Czechoslov Chem Commun. 1967; 32:1398-1426. 1599-1604.
Kopedek J, Bazilova H. Eur Polym J. 1974; 10:465-470.

Ulbrich K, Kopecek J. Eur Polym J. 1976; 12:183-187.

Ulbrich K, Kopecek J. Collection Czechoslovak Chem Commun. 1976; 41:61-66.
Kopecek J, BaZilova H. Eur Polym J. 1973; 9:7-14.

Bohdanecky M, Bazilova H, Kopecek J. Eur Polym J. 1974; 10:405-410.
Kopecek J. Polim Med. 1977; 7:191-221. [PubMed: 593972]

Vacik J, Kopeéek J. J Appl Polym Sci. 1975; 19:3029-3044.

Ulbrich K, Ilavsky M, Dusek K, Kopecek J. Eur Polym J. 1977; 13:579-585.
Hrouz J, llavsky M, Ulbrich K, Kopecek J. Eur Polym J. 1981; 17:361-366.

Lim, D.; Kopecek, J.; BaZilova, H.; Vacik, J. Czechoslovak Academy of Sciences. US Patent.
3,876,594.

Ulbrich K, Ilavsky M, Obereigner B, Kopedek J. Angew Makromol Chem. 1978; 67:137-149.
Ulbrich K, Sprincl L, Kopeéek J. J Biomed Mater Res. 1974; 8:155-161. [PubMed: 4133414]
Davis BK. Proc Natl Acad Sci USA. 1974; 71:3120-3123. [PubMed: 4528511]

llavsky M, Dusek K, Vacik J, Kopec¢ek J. J Appl Polym Sci. 1979; 23:2073-2082.

Br@ndsted H, Kopecek J. Biomaterials. 1991; 12:584-592. [PubMed: 1772957]

Coleman DL, King RN, Andrade JD. J Biomed Mater Res. 1974; 8:199-211. [PubMed: 4609985]
Anderson JM. Annu Rev Mater Res. 2001; 31:81-110.

Ratner BD, Bryant SJ. Annu Rev Biomed Eng. 2004; 6:41-75. [PubMed: 15255762]

Kuhn W, Hargitay B, Katchalsky A, Eisenberg H. Nature. 1950; 165:514-516.

Steinberg I, Oplatka A, Katchalsky A. Nature. 1966; 210:568-571.

Tanaka, T. Polyelectrolyte Gels: Properties, Preparation, and Applications. In: Harland, RS.;
Prud’homme, RK., editors. American Chemical Society Symposium Series. VVol. 480. Washington
D.C: 1992. p. 1-21.

Dusek K, Patterson D. J Polym Sci Part A-2. 1968; 6:1209-1216.

Tanaka T. Phys Rev Lett. 1978; 40:820-823.

Suzuki A, Tanaka T. Nature. 1990; 346:345-347.

Kopecek J, Vacik J, Lim D. J Polym Sci A-1. 1971; 9:2801-2815.

Hoffman AS, Affrassiabi A, Dong LC. J Controlled Release. 1986; 4:213-222.

Bae YH, Okano T, Hsu R, Kim SW. Makromol Chem Rapid Commun. 1987; 8:481-485.
Bae YH, Okano T, Kim SW. J Polymer Sci Part B Polym Phys. 1990; 28:923-936.
Kwon IC, Bae YH, Kim SW. Nature. 1991; 354:291-293. [PubMed: 1956379]

Mamada A, Tanaka T, Kungwatchakun D, Irie M. Macromolecules. 1990; 23:1517-1519.
Ohmine I, Tanaka T. J Chem Phys. 1982; 77:5725-5729.

Osada Y, Okuzaki H, Hori H. Nature. 1992; 355:242-244.

Yoshida R, Uchida K, Kaneko Y, Sakai K, Kikuchi A, Sakurai Y, Okano T. Nature. 1995;
374:240-242.

Zathurecky L, Raskova H, Rochova M, Krupa V, Wichterle O, Chromecek R, Gavrilova I.
Arzneim Forsch (in German). 1969; 19:951-954. [PubMed: 5820040]

Majkus V, Horakové Z, Vymola F, Stol M. J Biomed Mater Res. 1969; 3:443-454. [PubMed:
5350516]

Praus R, Brettschneider I, Krej¢i L, Kalvodova D. Ophtalmologica (Basel). 1972; 165:62-70.
Drobnik J, Spaéek P, Wichterle O. J Biomed Mater Res. 1974; 10:405-410.

J Polym Sci A Polym Chem. Author manuscript; available in PMC 2010 November 15.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

KOPECEK

88.

89.
90.
91.

92.

93.

94.

95.
96.
97.
98.
99.
100
101
102

103.

104.
105.
106.
107.
108.

109.

110.

111.
112.
113.
114.
115.
116.
117.
118.
119.
120.
121.
122.

123.

124.
125.

Page 15

Zentner GM, Cardinal JR, Kim SW. J Pharm Sci. 1978; 67:1347-1351. 1352-1355. [PubMed:
702276]

Davis BK. Experientia. 1972; 28:348. [PubMed: 5026460]
Hosaka S, Ozawa H, Tanzawa H. J Appl Polym Sci. 1979; 23:2089-2098.

Yamauchi A, Matsuzawa Y, Hara Y, Saishin M, Nishioka K, Nakao S, Kamiya S. Am Chem Soc
Polym Prepr. 1979; 20(1):575.

Antonsen KP, Bohnert JL, Nabeshima Y, Sheu MS, Wu XS, Hoffman AS. Biomater Artif Cells
Immobilization Biotechnol. 1993; 21:1-22. [PubMed: 8461434]

Stastny M, Plocova D, Etrych T, Kovér M, Ulbrich K, Rihova BJ. Controlled Release. 2002;
81:101-111.

Stastny M, Plocova D, Etrych T, Ulbrich K, Rihova B. Eur J Cancer. 2002; 38:602-608. [PubMed:
11872356]

Subr V, Duncan R, Kopecek J. J Biomater Sci Polymer Edn. 1990; 1:261-278.

Coviello T, Matricardi P, Marianecci C, Alhaique F. J Controlled Release. 2007; 119:5-24.

Luo Y, Kirker KR, Prestwich GD. J Controlled Release. 2000; 69:169-184.

Bouhadir KH, Alsberg E, Mooney DJ. Biomaterials. 2001; 22:2625-2633. [PubMed: 11519782]
Akala EO, Kopeckova P, Kopecek J. Biomaterials. 1998; 18:1037-1047. [PubMed: 9692802]

. Yeh PY, Kopec¢kova P, Kopecek J. J Polym Sci Part A: Polym Chem. 1994; 32:1627-1637.

. Ghandehari H, Kopeckova P, Yeh PJ, Kopecek J. Macromol Chem Phys. 1996; 197:965-980.

. Wang D, Dusek K, Kopeckova P, Smrékova-Duskova M, Kopecek J. Macromolecules. 2002;
35:7791-7803.

Chivukula P, Dudek K, Wang D, Smr¢kova-Duskova M, Kopeckova P, Kopecek J. Biomaterials.
2006; 27:1140-1151. [PubMed: 16098577]

Brgndsted H, Hovgaard L, Simonsen L. Eur J Pharm Biopharm. 1995; 41:341-345.
Kiser PF, Wilson G, Needham D. Nature. 1998; 394:459-462. [PubMed: 9697768]
Benoit DSW, Schwartz MP, Durney AR, Anseth KS. Nature Materials. 2008; 7:816-823.
Salinas NC, Anseth KS. Biomaterials. 2008; 29:2370-2377. [PubMed: 18295878]

Varghese S, Hwang NS, Canver AC, Theprungsirikul P, Lin DW, Elisseeff J. Matrix Biology.
2008; 27:12-21. [PubMed: 17689060]

Hwang NS, Kim MS, Sampattavanich S, Back JH, Zhang ZJ, Elisseeff J. Stem Cells. 2006;
24:284-291. [PubMed: 16109760]

Pratt AB, Weber FE, Schmoekel HG, Muller R, Hubbell JA. Biotechnol Bioeng. 2004; 86:27-36.
[PubMed: 15007838]

Raeber GP, Lutolf MP, Hubbell JA. Biophys J. 2005; 89:1374-1388. [PubMed: 15923238]
Lin CC, Anseth KS. Pharmaceutical Res. 2008; 26:631-643.

Righetti PG, Gelfi C. J Chromatogr B Biomed Sci Appl. 1997; 699:63-75. [PubMed: 9392368]
Strehin 1A, Elisseeff JH. Methods Mol Biol. 2009; 522:349-362. [PubMed: 19247606]
Kolaiik J, Kopecek J, Vacik J, Janagek J. Intern J Polym Mater. 1976; 5:89-97.

Janacek J, Kolaiik J, Vacik J, Kopecek J. Intern J Polym Mater. 1976; 5:59-70.

Ulbrich K, Kopecek J. J Polym Sci Polym Symp. 1979; 66:209-219.

Vallés E, Durando D, Katime I, Mendizabal E, Puig E. Polymer Bulletin. 2000; 44:109-114.
Ham MJ, Kim YH. Polym Eng Sci. 2008; 48:2439-2445.

Percec V, Bera TK, Butera RJ. Biomacromolecules. 2002; 3:272-279. [PubMed: 11888311]
Gong JP, Katsuyama Y, Kurokawa T, Osada Y. Adv Mater. 2003; 15:1155-1158.

Tsukeshiba H, Huang M, Na YH, Kurokawa T, Kuwabara R, Tanaka Y, Furukawa H, Osada Y,
Gong JP. J Phys Chem B. 2005; 109:16304-16309. [PubMed: 16853073]

Tominaga T, Tirumala VR, Lin EK, Gong JP, Furukawa H, Osada Y, Wu WL. Polymer. 2007;
48:7449-7454,

Okumura Y, Ito K. Adv Mater. 2001; 13:485-487.

Zhao C, Domon Y, Okumura Y, Okabe S, Shibayama M, Ito K. J Phys Condens Matter. 2005;
17:52841.

J Polym Sci A Polym Chem. Author manuscript; available in PMC 2010 November 15.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

KOPECEK

126.
127.
128.
129.
130.
131
132.
133.
134.
135.
136.
137.
138.
139.
140.

141.

142.
143.
144.

145.

146.
147.
148.

149.

150.

151.
152.
153.
154.
155.

156.
157.
158.

159.
160.
161.
162.
163.

164.

Page 16

Karino T, Okumura Y, Ito K, Shibayama M. Macromolecules. 2004; 37:6177-6182.
Haraguchi K, Takehisa T. Adv Mater. 2002; 14:1120-1124.

Haraguchi K, Li HJ. Angew Chem Int Ed. 2005; 44:6500-6504.

Haraguchi K, Takehisa T, Fan S. Macromolecules. 2002; 35:10162-10171.

Haraguchi K, Farnworth R, Ohbayashi A, Takehisa T. Macromolecules. 2003; 36:5732-5741.
Haraguchi K, Li HJ, Matsuda K, Takehisa T, Elliott E. Macromolecules. 2005; 38:3482-3490.
Kudela V, Vacik J, Kopeéek J. Europ Polym J. 1977; 13:811-813.

llavsky M, Dusek K, Vacik J, Kopedgek J. J Appl Polym Sci. 1979; 23:2073-2082.

Ulbrich K, Strohalm J, Kopecek J. Biomaterials. 1982; 3:150-154. [PubMed: 7115858]
Butler GB. Acc Chem Res. 1982; 15:370-378.

Gallacher L, Bettelheim FA. J Polym Sci. 1962; 58:697-714.

Schulz GV. Z Phys Chem Neue Folge (in German). 1956; 8:290.

Gregonis DE, Russell GA, Andrade JD, deVisser AC. Polymer. 1978; 19:1278-1284.

Wang JS, Matyjaszewski K. Macromolecules. 1995; 28:7901-7910.

Scale CW, Vasilieva YA, Convertine AJ, Lowe AB, McCormick CL. Biomacromolecules. 2005;
6:1846-1850. [PubMed: 16004419]

Malkoch M, Vestberg R, Gupta N, Mespouille L, Dubois P, Mason AF, Hedrick JL, Liao Q,
Frank CW, Kingsbury K, Hawker CJ. Chem Commun. 2006:2774-2776.

Ossipov DA, Hilborn J. Macromolecules. 2006; 39:1709-1718.
Wathier M, Johnson CS, Kim T, Grinstaff MW. Bioconjugate Chem. 2006; 17:873-876.

Polizzotti BD, Fairbanks BD, Anseth KS. Biomacromolecules. 2008; 9:1084-1087. [PubMed:
18351741]

Kloxin AM, Kasko AM, Salinas CN, Anseth KS. Science. 2009; 324:59-63. [PubMed:
19342581]

Tae G, Kornfeld JA, Hubbell JA. Biomaterials. 2005; 26:5259-5266. [PubMed: 15792553]
Jeong B, Bae YH, Kim SW. J Biomed Mater Res. 2000; 50:171-177. [PubMed: 10679681]

Zentner GM, Rathi R, Shih C, McRea JC, Seo MH, Oh H, Rhee BG, Mestecky J, Moldoveanu Z,
Morgan M, Weitman S. J Controlled Release. 2001; 72:203-215.

De Jong SJ, De Smedt SC, Wahls MWC, Demeester J, Kettenes-van den Bosch JJ, Hennink WE.
Macromolecules. 2000; 33:3680-3686.

Hiemstra C, Zhong ZY, Van Tomme SR, Hennink WE, Dijkstra PJ, Feijen J. J Controlled
Release. 2006; 116:e19-e21.

Wang C, Stewart RJ, Kopecek J. Nature. 1999; 397:417-420. [PubMed: 9989405]

Kopecek J. Nature. 2002; 417:388-391. [PubMed: 12024197]

Moutevelis E, Woolfson DN. J Mol Biol. 2009; 385:726—732. [PubMed: 19059267]

Moll JR, Ruvinov SB, Pastan I, Vinson C. Protein Sci. 2001; 10:649-655. [PubMed: 11344333]

Petka WA, Harden JL, McGrath KP, Wirtz D, Tirrell DA. Science. 1998; 281:389-392.
[PubMed: 9665877]

Xu C, Breedveld V, Kopecek J. Biomacromolecules. 2005; 6:1739-1749. [PubMed: 15877401]
Xu C, Kopecek J. Pharmaceutical Res. 2008; 25:674-682.

Sheparovych R, Roiter Y, Yang J, Kopecek J, Minko S. Biomacromolecules. 200910.1021/
bm900368c

Kopecek J, Yang J. Acta Biomaterialia. 2009; 5:805-816. [PubMed: 18952513]

Pechar M, Kopeckova P, Joss L, Kopeéek J. Macromol Biosci. 2002; 2:199-206.
Vandermeulen GWM, Klok HA. Macromol Biosci. 2004; 4:383-398. [PubMed: 15468229]
Wang C, Kopegek J, Stewart RJ. Biomacromolecules. 2001; 2:912-920. [PubMed: 11710049]
Yang J, Xu C, Wang C, Kopecek J. Biomacromolecules. 2006; 7:1187-1195. [PubMed:
16602737]

Yang J, Wu K, Konék C, Kopegek J. Biomacromolecules. 2008; 9:510-517. [PubMed:
18208316]

J Polym Sci A Polym Chem. Author manuscript; available in PMC 2010 November 15.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

KOPECEK

Biography

Page 17

165. Radu LC, Yang J, Kopecek J. Macromol Biosci. 2009; 9:36—44. [PubMed: 18855948]

166. Radu-Wu LC, Yang J, Wu K, Kopecek J. Biomacromolecules. submitted.

167. Obaidat AA, Park K. Biomaterials. 1997; 18:801-806. [PubMed: 9177859]

168. Obaidat AA, Park K. Pharmaceutical Res. 1996; 13:989-995.

169. Miyata T, Asami N, Uragami T. Nature. 1999; 399:766—769. [PubMed: 10391240]

170. Lu ZR, Kopeckova P, Kopecek J. Macromol Biosci. 2003; 3:296-300.

171. Yoshida R, Uesusuki Y. Biomacromolecules. 2005; 6:2923-2926. [PubMed: 16283708]

172. Ehrick JD, Deo SK, Browning TW, Bachas LG, Madou MJ, Daunert S. Nature Mater. 2005;
4:298-302. [PubMed: 15765106]

173. Murphy WL, Dillmore WS, Modica J, Mrksich M. Angew Chem Int Ed. 2007; 46:3066—30609.

174. Sui Z, King WJ, Murphy WL. Adv Mater. 2007; 19:3377-3380.

175. Yuan W, Yang J, Kopeckova P, Kopedgek J. J Am Chem Soc. 2008; 130:15760-15761. [PubMed:
18980321]

176. Peppas NA, Hilt JZ, Khademhosseini A, Langer R. Adv Mater. 2006; 18:1345-1360.

177. Langer R, Tirrell DA. Nature. 2004; 428:487-492. [PubMed: 15057821]

178. Link JA, Mock ML, Tirrell DA. Curr Opin Chem Biol. 2003; 14:603-6009.

179. Ryadnov MG, Woolfson DN. Nature Mater. 2003; 2:329-332. [PubMed: 12704382]

180. Yamaguchi N, Zhang L, Chae BS, Pala CS, Furst EM, Kiick KJ. Am Chem Soc. 2007; 129:3040-
3041.

181. Li YJ, Chung EH, Rodriguez RT, Firpo MT, Healy KE. J Biomed Mater Res A. 2006; 79:1-5.
[PubMed: 16741988]

182. Cheng SY, Heilman S, Wasserman M, Archer S, Shuler ML, Wu M. Lab on a Chip. 2007; 7:763—
769. [PubMed: 17538719]

183. Lei M, Baldi A, Nuxoll E, Siegel RA, Ziaie B. Diabetes Techniol Ther. 2008; 8:112-122.

184. Lei M, Ziaie B, Nuxoll E, Ivan K, Noszticzius Z, Siegel RA. J Nanosci Nanotechnol. 2007;
7:780-789. [PubMed: 17450833]

185. Eddington DT, Beebe DJ. Adv Drug Delivery Rev. 2004; 56:199-210.

186. Seeman NC, Belcher AM. Proc Natl Acad Sci USA. 2002; 99(Suppl 2):6451-6455. [PubMed:
11880609]

187. Condon A. Nature Rev Genetics. 2006; 7:565-575. [PubMed: 16770339]

188. Bromley EHC, Kuwada NJ, Zuchermann MJ, Donadini R, Samii L, Blab GA, Gemmen GJ,
Lopez BJ, Curmi PMG, Forde NR, Woolfson DN, Linke H. HFSP Journal.
200910.2976/1.3111282

189. Ayres L, Adams PH, Lowik DW, van Hest JCM. Biomacromolecules. 2005; 6:825-831.
[PubMed: 15762647]

Jindrich (Henry) Kopeéek, received his Ph.D. in Macromolecular Chemistry from the
Institute of Macromolecular Chemistry (IMC) and D.Sc. in Chemistry from the
Czechoslovak Academy of Sciences, Prague, Czech Republic. His postdoctoral studies were
done at the National Research Council of Canada. Before joining the University of Utah in
1986, he was Head of the Laboratory of Biodegradable Polymers at the IMC. He is currently
Distinguished Professor of Pharmaceutical Chemistry and Distinguished Professor of
Bioengineering at the University of Utah. He served as President of the Controlled Release
Society (1995-1996), Chairman of the Department of Pharmaceutics and Pharmaceutical
Chemistry (1999-2004), and Chair of the Biomaterials and Interfaces Study Section at the
National Institutes of Health (2003—-2006). His awards include the Millennial
Pharmaceutical Scientist Award (2000), Paul Dawson Biotechnology Award (2001),
Heyrovsky Medal of the Academy of Sciences of the Czech Republic (2003), Distinguished
International Scientist Award of the Japanese Biomaterials Society (2006), and Honorary
Professorship, Sichuan University, China (2007). Kopecek’s research interests are focused

J Polym Sci A Polym Chem. Author manuscript; available in PMC 2010 November 15.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

KOPECEK

Page 18

on biorecognition of macromolecules, bioconjugate chemistry, drug delivery systems, and
self-assembled biomaterials. Hydrogels from his laboratory have been in clinical use and
HPMA copolymer - anticancer drug conjugates in clinical trials. His publications have been
cited over 10,000 times.

J Polym Sci A Polym Chem. Author manuscript; available in PMC 2010 November 15.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

KOPECEK

Figure 1.

A) First polymerization apparatus for spin casting of soft contact lenses built from a
construction set of O. Wichterle’s grandson
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(www.21stoleti.cz/view.php?cisloclanku=2005021823); B) contact lens

(www.soft-contacts.biz); C) Structure of hydrogels used in early soft contact lenses —
copolymer of HEMA with EDMA.
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(b)

Figure 2.
Hydrogel implants. Clinical use of hydrogels (copolymers of HEMA with EDMA) in
rhinoplasty. (a) patient before surgery; (b) patient after surgery.40
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Early Hydrogel Structures
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Figure 3.
Structures of early hydrogels.
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Figure 4.

Stimuli sensitive hydrogels. First detailed study of the relationship between the structure of
hydrogels and their pH-dependent properties. pH sensitivity of 2-hydroxyethyl methacrylate
copolymer-based hydrogels was achieved by introducing ionogenic groups into the hydrogel
structure. The permeability of NaCl through a hydrogel membrane containing basic units of
N,N-dimethylaminoethylmethacrylate (1) increased in the acidic region, whereas the
permeability of membranes containing methacrylic acid units (2) increased in the alkaline
region. Permeability through an ampholytic membrane (3), containing approximately the
same quantities of methacrylic acid and N,N-dimethylaminoethylmethacrylate, passed
through a minimum in the isoelectric point and increased as the pH diverged from the
isoelectric point in either direction. Adapted from reference 75.
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Figure 5.

Mechanically improved hydrogels. Schematic structure of a topological sliding hydrogel. a-
Cyclodextrin moieties threaded on PEG chains (end-capped with a bulky group) were
crosslinked by trichlorotriazine producing double (and probably triple) ring crosslinks freely
movable along the PEG chains. The sliding of crosslinks results in a decrease of
inhomogeneities of the network and in regulation of the tension with concomitant
enhancement of mechanical properties. Adapted from references 1247126.
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Traditional hydrogel synthesis. A) Crosslinking copolymerization;18 B) Crosslinking of

polymer precursors with a low-molecular-weight crosslinking agent;100 C) Polymer-

polymer reaction of two polymer precursors.102
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Figure 7.

The impact of the distance between the vinyl groups of a crosslinking agent on the
crosslinking efficacy is related to the probability of ring formation by alternating
intermolecular-intramolecular chain propagation.41
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Figure 8.
Hydrogel synthesis based on click chemistry and PEG-based building blocks.141
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Figure 9.

Peptide motifs used in the design of hybrid hydrogels: Left panel: Coiled-coils; Right
panel:B-sheets.
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Figure 10.

Self-assembly of genetically engineered ABA and CBC triblock copolymers into hybrid
hydrogels. Minor manipulation of the primary structure of coiled-coil forming blocks
provides a tool to modify temperature responsiveness of the 3D construct. Four amino acid
residues of block A were replaced with lysine to produce block C.156
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Figure 11.

Self-assembly of graft copolymers into hybrid hydrogels mediated by antiparallel
heterodimer coiled-coil formation. Two distinct pentaheptad peptides (CCE and CCK) were
designed to create a dimerization motif and serve as physical crosslinkers. Equimolar
mixtures of the graft copolymers, CCE-P/CCK-P (P is the HPMA copolymer backbone),
self-assemble into hydrogels in PBS (phosphate buffer) solution at neutral pH at low
concentrations. A) Structure of copolymers and schematic of hydrogel formation through
antiparallel heterodimeric coiled-coil association;163 B) CD spectra (in PBS; 100 uM of
peptide) of CCE-P, CCK-P, and their equimolar mixture CCE-P/CCK-P;163 C) Comparison
of gelation behavior among individual HPMA copolymer conjugates, CCE-P and CCK-P,
and their equimolar mixture by microrheology;163 D) Normalized intensity autocorrelation
functions for solutions of equimolar mixture of CCE-P and CCK-P (10 mg/mL) at time
intervals indicated.164
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Figure 12.

Hydrogels containing a triple mutant of adenylate kinase, AKtm (C77S, A55C, V169C), as a
crosslinker are able to translate the enzyme conformation change upon binding a substrate
into mechanical motion.175 A) Ribbon diagram of the structure of adenylate kinase (AKe)
in two conformational states: open state (a); and closed state (b). B) HPMA-based hydrogels
crosslinked with AKtm and dithiothreitol (DTT) and the macroscopic motion of hydrogels
triggered by substrate recognition. The deswelling ratios of gel containing variable amounts
of AKtm as crosslinker (0-100%). C) Three cycles of deswelling of hydrogel crosslinked
with 100% of AKtm. Adapted from reference 175.
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