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Abstract

Hyaluronic acid (HA) is one of nature's most versatile and fascinating macromolecules. Being an
essential component of the natural extracellular matrix (ECM), HA plays an important role in a
variety of biological processes. Inherently biocompatible, biodegradable and non-immunogenic,
HA is an attractive starting material for the construction of hydrogels with desired morphology,
stiffness and bioactivity. While the interconnected network extends to the macroscopic level in
HA bulk gels, HA hydrogel particles (HGPs, microgels or nanogels) confine the network to
microscopic dimensions. Taking advantage of various scaffold fabrication techniques, HA
hydrogels with complex architecture, unique anisotropy, tunable viscoelasticity and desired
biologic outcomes have been synthesized and characterized. Physical entrapment and covalent
integration of hydrogel particles in a secondary HA network give rise to hybrid networks that are
hierarchically structured and mechanically robust, capable of mediating cellular activities through
the spatial and temporal presentation of biological cues. This review highlights recent efforts in
converting a naturally occurring polysaccharide to drug releasing hydrogel particles, and finally,
complex and instructive macroscopic networks. HA-based hydrogels are promising materials for
tissue repair and regeneration.
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1. Introduction

Hyaluronic acid (HA) is a non-sulphated glycosaminoglycan (GAG) in the extracellular
matrix (ECM) of many soft connective tissues, composed of alternating units of D-
glucuronic acid and N-acetyl-D-glucosamine, linked together via alternating p-1,4 and p-1,3
glycosidic bonds 1 (Figure 1A). It is synthesized at the inner wall of the plasma membrane
by HA synthase, and is extruded to the ECM space without any further modifications. 2 In
the ECM of most tissues, the high molecular weight HA (up to several million Daltons),
along with other structural macromolecules, contributes to the mechanical integrity of the
network. 3 HA regulates many cellular processes through its binding with cell surface
receptors such as CD44 and RHAMM (Figure 1B). 4 ® HA can be rapidly degraded in the
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body by hyaluronidase and reactive oxygen species, with tissue half-lives ranging from
minutes in the blood to hours or days in skin and joints. ©

HA is an attractive building block for the fabrication of artificial matrices for tissue
engineering because it is biocompatible, biodegradable, bioactive, non-immunogenic and
non-thrombogenic.” In physiological solutions, HA assumes an expanded random coil
structure that occupies a very large domain that facilitates solute diffusion. Although high
molecular weight HA at high concentrations in solution (e.g. 5 MDa at >0.1 mg/mL) can
form entangled molecular networks that are viscoelastic, solutions of HA do not have long
lasting mechanical integrity.8 ° To afford HA-based hydrogels with tailored mechanical
properties and degradation rates, while at the same time maintaining their native biological
functions, controlled chemical modification and covalent crosslinking are often necessary.
By varying the molecular weight of HA, the degree of modification and the concentration of
the reactive HA precursors, hydrogels with varying stiffness, pore size and degradation rate
can be readily produced. Additional biological functionality can be incorporated into HA
gels via the coupling of different biological moieties, cytokines and therapeutic drugs.
Efficient, biocompatible and chemo-selective crosslinking chemistries have enabled the
encapsulation of cells during gelation, giving rise to three dimensional (3D) cell/gel
constructs with intimate cell-matrix interactions. 10

Traditional HA-based hydrogels are macroscopic networks (or bulk gels) consisting of
randomly interconnected HA chains, lacking the structural complexity and functional
diversity seen in the natural ECM. Drug molecules encapsulated in the network without any
covalent linkage or other specific interactions are released rapidly due to the relatively large
pore size. If the crosslinking reaction takes place in a microscopic reaction vessel, HA
hydrogel particles (HGPs, microgels or nanogels) can be produced. HA HGPs exhibit
tunable size, large surface area, abundant interior space and addressable functional groups.!!
When properly designed, HA HGPs can sequester therapeutically active compounds,
mediate their release and potentiate their biological functions. Combining well-defined
crosslinking chemistries with established fabrication techniques, researchers have
successfully introduced nanoscale and microscopic features to the existing HA bulk gels.
Nanofibrous HA hydrogels with anisotropic properties have been engineered to foster cell-
matrix interactions. Hybrid, multicomponent HA hydrogels containing chemically,
morphologically and functionally different building blocks interconnected via chemical or
physical means have been engineered.

Over the past few decades, researchers have accumulated significant knowledge on HA as a
unique biomacromolecule that is involved in various cell signaling processes, 1216 and at
the same time, have created a range of HA-based hydrogel materials with increasing
complexity and diverse functions. 17 In this article, an overview of the important biological
properties of HA is followed by a summary of chemical approaches for the fabrication of
HA-based bulk gels. Methods for producing HA HGPs are then presented, and finally
emerging types of HA gels with complex structures and diverse functions are discussed.
When rationally designed and properly processed, HA hydrogels have the potential to
provide cells with a biologically relevant microenvironment that fosters cell proliferation,
migration and ECM production, ultimately leading to the growth of functional tissues. The
central theme of this review is materials development. Readers are referred to a recent
review by Burdick and Prestwich 17 for relevant biomedical applications of various HA-
based hydrogels.
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2. The Biology of HA

HA differs from other synthetic polymers (such as poly(ethylene glycol), PEG) in that it is
biologically active. HA is primarily found in the connective tissue matrix and it is produced
by cells of mesenchymal origin to organize the tissue ECM.3 18 HA is synthesized by three
types of HA synthase (HAS1, HAS2 and HAS3) that are located in the cell membrane 1°
and is immediately extruded out of the cell into the ECM space where it interacts with
constituents of the ECM to provide mechanical support. 2 The in vivo half life of HA varies
from hours to 2-3 days, depending on the types of tissues. 16 HA is partially disintegrated in
the ECM by reactive oxygen species or hyaluronidase. The degraded species are either
immediately internalized by cells and degraded in lysosomes or first transferred to the
circulation, from where they are cleared by the drainage systems (liver, lymph nodes or
kidneys). 6

Due to its abundant negative charges, HA can absorb large amounts of water and expand up
to 1000 times in volume, forming a loose hydrated network.2 Therefore, HA acts as a space
filler, lubricant, and osmotic buffer in the native ECM. The hydrated HA network functions
as a sieve, controlling the transport of water and restricting the movement of pathogens,
plasma proteins, and proteases.® The hydrated HA also helps maintain the viscoelasticity of
connective tissues such as the vitreous humor,2° cartilage?! and vocal folds. 22 HA interacts
with its cell surface receptors (CD44 or RHAMM) to activate various signaling pathways,
such as c-Src, Ras and mitogen-activated protein (MAP) kinases as shown in Figure 1B.
These signaling pathways direct various cell functions, including cell adhesion, cytoskeletal
rearrangement, cell migration, cell proliferation and differentiation. > 23 24 The ability of
HA to react with oxygen-derived free radicals imparts HA with antioxidant effects. Finally,
HA is a strong inflammation mediator because of its ability to inhibit macrophage migration
and aggregation, as well as to prevent the immune complex from adhering to
polymorphonuclear cells.3

The presence of HA in the ECM of the injured tissues underscores its relevance in wound
healing. HA content usually increases very quickly at scarless fetal wounds due to the
reduced expression of proinflammatory cytokines (such as IL-1 and TNF-alpha) that are
responsible for the down regulation of HA synthesis. HA expedites the delivery of solutes
and nutrients to the wounded tissue because of its high water absorption capacity and its
ability to stimulate inflammatory signals for wound healing. A HA-rich wound matrix may
also facilitate cell motility and proliferation that are essential for wound repair.13: 25. 26
While the intact HA maintains the tissue in a hydrated state, the degraded HA released into
the wound promotes cell proliferation, cell migration 27 28 and angiogenesis,2? facilitating
the scarless wound healing processes. The essential roles of HA in would healing justifies its
utility in tissue repair and regeneration. 10

In cartilage, HA binds aggrecan to form large aggregates of the order of 108 Daltons within
the collagenous framework, providing compressive resistance to the tissue. Cellular
interactions between chondrocytes and HA help organize the cartilage ECM and retain the
proteoglycans within the cartilage. 39 HA also stimulates the chondrogenic differentiation of
mesenchymal stem cells (MSCs) and the proteoglycan production via its interaction with the
chondrocytes.31 32 Various HA and HA-containing scaffolds have been used to stimulate
chondrocytes to produce essential cartilage ECM components.33-35

HA is also present in the ECM of the vocal fold lamina propria, and is differentially
enriched in the intermediate layer of the lamina propria.3® In addition to providing shock
absorbing properties, HA is a major modulator of the tissue viscosity.22: 37 The presence of
HA in human vocal folds is evolutionarily beneficial due to the constant trauma they are
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subjected to during phonation.38 It has been implied that if there are lower amounts of HA in
the most superficial area of the lamina propria, that there is less protection from vibratory
trauma and overuse.3? Moreover, the shear-thinning properties of HA create optimum
conditions for phonation by decreasing the tissue stiffness while vibrating.22 Finally, the
newborn vocal fold is composed of a loose ground substance rich in HA, suggesting the
critical role HA plays in vocal fold development and maturation.4? These studies suggest
that ECM analogs based on HA may provide useful tissue engineering strategies for the
repair and regeneration of functional vocal fold tissues.41: 42

In recent years, tissue engineering principles have been applied to the fabrication of 3D
tumor tissues that can be utilized as in vitro models to gain improved understanding of
tumor biology and to aid drug discovery.43 HA is highly expressed in tumors and is a
requisite component of the microenvironment of cancer cells.*4-*’ The amount of HA on the
cell surface also directs the metastasis of tumor cells.#8: 4% HA alters the biological activity
of cancer cells by triggering the transforming growth factor g (TGF-B), Rho GTPase, and
FAK pathways via the interaction with its cell surface receptors.3%-52 In tumor tissues, HA
facilitates migration of invasive tumors through the expansion upon hydration and
interaction of HA through certain cell surface receptors.>3 HA oligomers encourage
angiogenesis and induce inflammatory cytokine production, which activates various
signaling mechanisms for cancer progression.** Hence, tumor progression and angiogenesis
depend on HA and hyaluronidase levels, as well as the degradation profile of HA.15: 53.54
High concentrations of HA are sometimes observed at tumor invasion sites, and the HA
coating around tumor cells effectively protects these cells against immune surveillance.*6

Traditionally, HA is extracted from rooster comb, shark skin, bovine eyeballs or human
umbilical cords.20: 5556 Such HA products suffer from batch-to-batch variations, lack of
control over the molecular weight and molecular weight distribution, and the presence of
protein impurities®’: 58 that can be potentially immunogenic.56: 59 Modern technology has
enabled the production of high molecular weight (usually > 1.0 MDa), well-defined HA in
large quantities with high purity by bacterial fermentation.5% Currently, microbially
produced HA has been approved for wide applications in various clinical treatments and
cosmetic applications.?® Low molecular weight HA can be readily generated by y irradiation
or enzymatic degradation.81- 62 Precise control over molecular size distribution of HA is
achieved via chemoenzymatic processes.53: 64

3. HA Bulk Gels

While HA participates in diverse biological events and processes, native HA is not a useful
biomaterial due to its susceptibility to degradation and inferior mechanical properties.
Covalent crosslinking is necessary to impart stability and to improve functions. HA can be
directly crosslinked without any chemical modifications. For example, HA has been
crosslinked by bisepoxide®® 66 or divinyl sulfone derivatives®’ under alkaline conditions.
HA can also be crosslinked by glutaraldehyde,58 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide hydrochloride (EDC)®8, biscarbodiimide® and multifunctional

hydrazides’? 71 under acidic conditions. Compared to the native HA, the crosslinked
hydrogels exhibit more robust mechanical properties and are less susceptible to enzymatic
degradation.

Covalent crosslinking of native HA requires toxic reagents and harsh conditions that are not
suitable for cell and protein encapsulation. For tissue engineering applications, chemistries
adopted for the synthesis of HA hydrogels should be chemo-selective, and can occur under
physiological conditions without generating any toxic by-products or causing severe HA
degradation. The gelation kinetic should be fast enough to allow for in situ cell

Soft Matter. Author manuscript; available in PMC 2012 March 12.



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

1duasnuey Joyiny vd-HIN

Xu et al.

Page 5

encapsulation for the fabrication of 3D cell/gel constructs or in vivo hydrogel formation in a
minimally invasive injectable manner. A variety of chemistries have been adapted to the
synthesis of HA-based hydrogels using distinct functional groups on HA as the reactive
handles (Figure 2).70. 72-74

3.1. Crosslinking using hydrazide-functionalized HA

Hydrazide functionalized HA has been successfully synthesized by reacting HA with a large
excess of adipic acid dihydrazide (ADH) in the presence of EDC and 1-
hydroxybenzotriazole (HOBt) at pH 6.87° or EDC alone at pH 4.75.78 Adipic acid
dihydrazide-derivitized HA (HAADH) has been crosslinked using active ester- (Figure 2A)
or aldehyde-mediated reactions (Figure 2B).”> 77: 78 Aldehyde-functionalized HA
(HAALD) has been synthesized by periodate oxidation of HA, this reaction inevitably leads
to HA degradation.’” Using a hetero-bifunctional reagent containing a protected aldehyde in
the form of an acetal and an acyl hydrazide, HAALD has been prepared by EDC/HOBt-
mediated coupling reaction, followed by a mild acid treatment.”® Simple mixing of HAADH
with HAALD resulted in elastic gels, with water being the only by-product.

Ossipov et al.”® recently developed a new approach for the introduction of unique reactive
handles into HA. Amidation of HA with homobifunctional reagents containing a divalent
disulfide-based protecting group, followed by dithiothreitol (DTT) treatment that eliminated
the generated 2-thioethoxycarbonyl moiety, afforded free amine-type functionality, such as
hydrazide, aminooxy, and carbazate. The same methodology was used to graft serine
residues to the HA backbone, which were subsequently oxidized into aldehyde groups
without causing severe HA chain scission. A series of new hydrogel materials was prepared
by mixing the new HA aldehyde derivative with different HA-nucleophile counterparts.

Hydrazide-derivatized HA facilitates the preparation of hydrogel materials containing
biologically active factors such as drugs, growth factors and cytokines. Hydrogels prepared
from HAADH and PEG bis(succinimidyl propionate) showed excellent cell infiltration and
chondroosseous differentiation when loaded with bone morphogenetic protein-2 (BMP-2).
The synergistic action of insulin-like growth factor-1 (IGF-1) with BMP-2 promoted
cartilage formation, while the addition of TGF-p and BMP-2 led to rapid replacement of the
matrix by bone.”® When loaded with bupivacaine, HAADH/HAALD gels were found to
prolong the sciatic nerve blockade in a rat model without a statistically significant increase
in myotoxicity.”” When covalently conjugated with dexamethasone, the same hydrogels
were effective in preventing postoperative peritoneal adhesions.8°

The role of HA in cancer metastasis motivated us to test the efficacy of HA gels in
establishing a 3D prostate cancer tumor model that can be used to test the efficacy of anti-
cancer drugs. Bone metastatic prostate cancer cells (C4-2B cells) were successfully
encapsulated in HA gels with minimal cell death by mixing the cell pellets with HAADH
and HAALD. This hydrogel culture system maintains cell growth and viability; cancer cells
within the HA hydrogel form distinct aggregated structures (Figure 3A) reminiscent of real
tumors. The HA hydrogel system was used to test the efficacy of several anti-cancer drugs
(camptothecin, docetaxel and rapamycin) in terms of specificity, dose and time responses,
alone and in combination. We discovered that cells in 3D are more susceptible to the drug
treatment than those in 2D, possibly due to the enhanced cell-cell communication in HA
hydrogels.81

The orthogonal nature of the hydrazone chemistry, combined with the rapid gelation
kinetics, permits the facile incorporation of structural proteins in the HAADH/HAALD gels.
A composite hydrogel containing self-assembled collagen fibrils interpenetrated in an
amorphous, covalently cross-linked HA matrix was synthesized using HAADH, HAALD
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and acid-solublized collagen. Primary porcine vocal fold fibroblasts (PVFFs) encapsulated
in the matrix adopted a fibroblastic morphology (Figure 3B), proliferated readily and
expressed genes related to important ECM proteins. Applying the torsional wave analysis,
we found that the elastic modulus of the cell/gel constructs increased moderately over time,
reaching a value close to that of pig vocal fold lamina propria at day 28. It is postulated that
PVFFs residing in gels alter the matrix organization, chemical compositions and
viscoelasticity through cell-mediated remodeling processes.82

3.2. Crosslinking using thiolated HA

Using dihydrazide reagents containing a disulfide bond in the middle, Prestwich and
colleagues successfully introduced thiol groups to HA.83: 84 Alternatively, thiolated HA can
be prepared by reacting hydrazide-derivatized HA with Traut's reagent.8®> A biocompatible
gelation method was developed by crosslinking thiolated HA with multifunctional
electrophiles, such as PEG diacrylate (PEGDA), through the Michael-type addition reaction
(Figure 2C).17: 74 Although the Michael addition reaction is kinetically much faster than the
disulfide bond formation, stress sweep tests on short-term cured hydrogels revealed the
simultaneous, but gradual, formation of disulfide crosslinks in the hydrogels.8¢ The EDC-
mediated coupling reaction can be readily applied to gelatin and heparin (HP) to afford the
respective thiolated precursors. Synthetic ECM (SECM) was prepared by mixing thiol-
functionalized HA, thiol-functionalized gelatin and PEGDA under physiological conditions.
The elastic moduli of the resultant gels can span three orders of magnitude, from 11 to 3500
Pa by varying the: (1) molecular weight of starting HA employed; (2) percentage of thiol
modification on HA; (3) concentration of thiol-modified HA in the hydrogel; (4) molecular
weight of PEGDA; and (5) ratio of thiols to acrylates.8” By incorporating disulfide bonds in
the backbone of the PEGDA crosslinker,88 cells trapped in these synthetic ECM were
released by incubating the cell/gel constructs with N—acetylcysteine or glutathione.

Co-crosslinking thiolated HA with thiolated heparin creates an immobilized heparin that acts
as a mimic of heparan sulphate proteoglycan for growth factor sequestration and release.
Hydrogels composed of crosslinked, chemically modified HA, gelatin and heparin were
preloaded with vascular endothelial growth factor (VEGF), angiopoietin-1 (Ang-1),
keratinocyte growth factor (KGF) or platelet derived growth factor (PDGF) either
individually or in combination with VEGF and implanted into the Balb/c mouse ear pinna. It
was found that the introduction of dual cytokines, one to initiate angiogenesis and the other
to induce maturation, produced microvessel networks that were more mature than those
produced by administration of either cytokine independently. Further, the inclusion of
heparin had a cytokine-specific effect, promoting microvascular maturity for co-delivery of
VEGF + KGF, but inhibiting maturity for delivery of VEGF + Ang-1 (Figure 4). The ability
to elicit microvasculature with sustained levels of maturity is an important pre-requisite for
effective application of the gelation technique towards regenerative therapeutic strategies.8?

Additional information regarding the applications of this particular SECM system in cell
therapy, growth factor delivery and the regeneration of healthy bladder, bone, cartilage,
sinus, spinal cord and vocal fold tissues and the creation of disease models can be found in a
recent review article.1 In addition to PEGDA, thiolated HA has been crosslinked by
haloacetate,®® aminoethyl methacrylated HA,% (meth)acrylate bearing, physically
associated triblock copolymer gels® and gold nanoparticles.?3

3.3. Crosslinking using (meth)acrylated HA

(Meth)acrylate groups have been introduced to HA by reacting HA with a large excess of
glycidyl methacrylate (GMA),%* 95 or methacrylic anhydride in aqueous media.l” The
resultant HA derivatives (macromers) were converted into elastic hydrogels by radical
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polymerization using a redox initiator pair or a photoinitiator in the presence of light.
(Figure 2)% Photoinitiated radical crosslinking permits temporal and spatial control over
hydrogel geometry and properties by light-triggered polymerization. The properties of the
resultant networks can be tailored by modification of the HA molecular weight, the degree
of methacrylation, and the concentration of the macromer.%” The hydrogel properties can be
further modulated by grafting a synthetic polymer to HA prior to the methacrylation
reaction.? Cells and protein molecules can be mixed with the macromer solution and be
encapsulated in situ upon UV irradiation in the presence of a biocompatible initiator.
Mechanically robust and cell adhesive interpenetrating networks have been produced by
incorporating collagen in a radically crosslinked HA network.%8 Photocrosslinkable
fibronectin has been covalently integrated into HAGAM gels to enhance cell adhesion.%°
(Meth)acrylated HA has been extensively investigated for use in device fabrication, drug
delivery and tissue engineering.17 9

In addition to the crosslinking density, the specific chemistry employed for (meth)acrylation
determines the degradation kinetics of radically crosslinked HA hydrogels.190 For example,
the conjugation of GMA to HA can be achieved either through the transesterification
reaction at low pH (transfer of only the methacrylate group) or through the ring opening
reaction of epoxide at high pH (leading to the presence of an additional glyceryl spacer).
Because the ester bond is susceptible to hydrolysis while the ether bond is not, different
reaction conditions led to hydrogels with varying stability in aqueous condition.100. 101
When hydrolytically degradable lactic acid or caprolactone repeats were purposefully
introduced between the HA backbone and the methacrylate group,192 the mesh size of the
resultant hydrogels evolve over time due to crosslink degradation. Compared to the static
HA scaffolds, the new hydrogels are more conducive to neotissue formation.103

In addition to radical polymerization, (meth)acrylated HA can participate in Michael-type
addition reactions. Acrylated HA synthesized by reacting HAADH with N-
acryloxysuccinimide has been crosslinked with a matrix metalloproteinase (MMP)
degradable peptide crosslinker. Mouse MSCs encapsulated in the gels spread when both cell
adhesive RGD peptide and MMP degradation sites were present in the hydrogel.
Unfortunately, such gels degrade rapidly within a week.194 Acrylated HA crosslinked by
tetrathiolated PEG was used as a scaffold for BMP-2 and MSCs for rat calvarial defect
regeneration.10°

3.4. Other crosslinking methods

HA hydrogels were prepared using pyridyl disulfide derived HA and a, ®-thiolated PEG via
the thiol-disulfide exchange reaction at pH 7.4, releasing pyridine-2-thione as the by-
product. The chemistry allows for in situ cell and growth factor encapsulation.196 A
photoresponsive drug delivery system was developed using HA conjugated with PEG-bound
anthracene. The ability of anthracene to dimerize at A>300 nm and dissociate at A<300 nm
permits the facile adjustment of gel properties and the release profiles of the encapsulated
drugs.107 Furan-modified HA derivatives were synthesized and crosslinked by PEG
dimaleimide via the Diels Alder reaction.198 These HA crosslinked hydrogels were shown to
be cytocompatible and may represent a promising material for soft tissue engineering.
Enzymatically crosslinkable HA has been synthesized by coupling tyramine to HA,
directly109. 110 or via the grafted dextran.111 Crosslinking was initiated by the addition of
hydrogen peroxide and horseradish peroxidase (HRP). Although interesting from the
materials chemistry perspective, the translational aspects of these new hydrogels have not
been addressed.
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4. HA-based hydrogel particles (HGPs, microgels or nanogels)

The HA hydrogels discussed above are bulk gels in which the individual polyanionic chains
are interconnected up to the macroscopic level. If the crosslinked network is reduced to the
microscopic scale, microgels and nanogels (or hydrogel particles, HGPs) are obtained.
These hydrophilic colloidal particles are ideal drug delivery vehicles due to their tunable
sizes, colloidal stability, low cytotoxicity, large surface area and protection from enzymatic
degradation. The nanosized, water-filled interior space not only prevents severe aggregation
of the drug payload but also is suitable for the physical association and covalent conjugation
of therapeutic agents.}! Various processing techniques have been adopted for the production
of HA HGPs.

4.1. HA HGPs by inverse emulsion crosslinking

The majority of reported HA HGPs were prepared by a water-in-oil (w/0) emulsion
crosslinking process, where the reaction occurs within the aqueous droplets of HA or its
derivatives that are stably dispersed in a continuous organic phase with the aid of oil-soluble
surfactants.112 The chemical reaction rate affects both the nucleation and growth process,
thus also affecting the particle size and size distribution.113: 114 Control over the particle size
and size distribution can be achieved by establishing uniform micellar dispersion and
efficient cross-linking, at the same time avoiding immature micelle collision and ripening.

Microgels of HA/chitosan glutamate with an average diameter of 29 um were prepared in an
inverse emulsion of water/mineral oil/Span 80 at 40 °C, possibly through charge
complexation. Owing to the rapid dissolution of the particles, over 60% of a model drug,
gentamicin sulphate, loaded into the particles was released in less than an hour.11® To
improve the particle stability, a two-step crosslinking process was developed.116 In the first
step, HA was crosslinked by ADH in the presence of EDC within Span 80-stablized water
droplets dispersed in mineral oil. In the second step, the collected particles were subjected to
the same reaction in organic media. The resultant HGPs (5-20 pm) were capable of
sustained release of physically incorporated plasmid-DNA. Separately,
polyaspartylhydrazide (PAHy) was employed in place of ADH as a crosslinker for the
production of HA submicrometer HGPs (Figure 5A and 5B). The inverse emulsion system is
composed of an aqueous solution of HA and PAHYy at pH 7.5 dispersed in an oil phase of
propylene carbonate, ethyl acetate, and Span 85. Upon addition of EDC and N-
hydroxysulfosuccinimide sodium salt (in that order), stably crosslinked, enzymatically
degradable HA particles were produced. A model drug, 5-fluorouracil, entrapped in the HA
microgels was released from the particles via a Fickian diffusion.1’

Chemically modified HA provides a more efficient means for the production of HA HGPs.
For example, radical polymerization of HAGMA in an inverse emulsion of water in hexanes
containing Span 80 and Tween resulted in nanogels of ~30 nm in size with an estimated
swelling ratio of ~10.118 Disulfide crosslinked HA HGPs (200-500 nm) were prepared by
ultrasonically dispersing the aqueous solution of thiolated HA in hexanes containing a
surfactant mixture (Span 65, Span 80, and Tween 80). The HA hydrogel particles loaded
with siRNA were selectively endocytosed by cells expressing HA-specific CD44 receptors
on the surface. The release of siRNA was triggered by an intracellular reducing agent and
the released siRNA was effective in silencing the target genes.119

Our group has developed techniques for the production of HA-based, covalently crosslinked
HGPs of micron to submicron dimensions. HA HGPs with an average diameter of 10 um
(HGP10, Figure 5C) were prepared by crosslinking HA derivatives carrying hydrazide
(HAADH) and aldehyde (HAALD) groups within the inverse emulsion droplets of water/
mineral oil/Span 80.120 HA HGPs with an average diameter of ~0.9 um (HGP0.9, Figure
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5D) and a narrow particle size distribution were synthesized via the chemical crosslinking of
HA with DVS using a sodium bis(2-ethylhexyl)sulfosuccinate) (AOT)/isooctane reverse
micelle system in the presence of 1-heptanol.121 While HGP10 exhibit residual functional
groups (aldehyde and hydrazide) after the synthesis, sodium periodate oxidation was used to
introudce aldehyde groups to the HGPO0.9, at the same time, reducing the particle diameter to
~0.5 um (oxHGPO.5). Alternatively, photocrosslinkable, HA HGPs were synthesized by
chemical modification of HA HGP0.9 with GMA (HGP0.9-GMA) without changing the
average particle size or porosity.122 These functional groups can be used as reactive handles
for covalent conjugation of therapeutic molecules. These HA particles are highly porous and
enzymatically more stable compared to their macroscopic counterparts. HGP0.9 and
HGPO0.9-GMA have an average mesh size of approximately 5.5-7.0 nm while HGP10
contains pores greater than 12 nm. These particles are non-toxic to the cultured primary
fibroblasts, chondrocytes and MSCs.

The HA-based HGPs are intended not just as passive fillers; rather they are engineered to
exhibit defined biological functions. The presence of nanoscale pores within the HA HGPs
makes them ideal candidates as release depots for protein-based, biomacromolecular drugs,
such as growth factors. To improve the bioactivity of HA HGPs, perlecan domain | (PInDlI),
with heparan sulphate chains for binding of heparin binding growth factors, was conjugated
to the particles (HGP-P4) through the core protein via a flexible PEG linker using reducative
amination reaction. Compared to HGPs without PInDI immobilization, HGP-P1 exhibited a
higher BMP-2 binding capacity and a better control over BMP-2 release (Figure 6). More
importantly, the released BMP-2 effectively induced the chondrogenic differentiation of
MSCs, as evidenced by the strong alcian blue staining and the positive
immunohistochemical staining for collagen Il and aggrecan (Figure 6). Similarly, a
sustained release of biologically active BMP-2 was achieved using HA HGPs with
covalently integrated heparin. By varying the amount of heparin incorporated in HGPs,
BMP-2 release kinetics are readily tuned.124 Ultimately, these HGPs could be used as
injectable materials for cartilage repair.

4.2. HA HGPs by spray drying

Spray drying is a convenient technique for the preparation of pharmaceutical microparticles.
In this process, solutions or suspensions of drugs, polymers, and/or particles are atomized to
fine droplets, and the solvent is evaporated from the droplets by the stream of hot air. The
dry solid is usually collected in a drum or cyclone.12® Spray drying can be combined with
colloidal templating to produce highly porous HA particles. Specifically, HA and
polystyrene latex (PSL) particles were mixed in an aqueous solution and spray-dried using a
two-fluid nozzle system. The composite particles were collected and washed with an organic
solvent to dissolve the PSL templating agent. The porosity and pore size of the resulting
particles were easily controlled by changing the initial mass ratio of precursor to templating
agent and by altering the size of the PSL template particles.126 Because HA was not
crosslinked in the particles, exposure to aqueous media can lead to the rapid dissolution of
the particles. In fact, when preparing the particles via spray drying, HA is frequently mixed
with other polymers (PEG!27 or Eudragit128), lipid or surfactant molecules to stablize the
particles and to modulate the drug release. Relatively well defined HA HGPs were prepared
by reactive spray drying of a dilute HA-SH precursor solution containing sodium
tetrathionate. The mean particle size was to 2.3 um and the water content after spray drying
was ~14%. Erythropoietin (EPO) was encapsulated in the microgels without degradation.
Elevated plasma concentration of EPO was maintained up to 7 days in vivo using this HA
formulation.8%
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4.3. Other particle fabrication techniques

Hydrophobically modified HA can self-assemble in water to form nanogels owing to its
amphiphilic nature.12 These particles have been used to deliver small molecule drugs or
proteins that are chemically or physically bound to HA.130: 131 The systems are considered
in terms of intracellular delivery to different cultured cells that express HA-specific
receptors differently.132133. 134 Thjs topic is beyond the scope of this review and the readers
are referred to recent opinion papers35: 136 for more information. Alternatively, a
micromolding approach was employed for the preparation of shape-controlled, harvestable
HA HGPs. In the process, a hydrogel precursor solution of methacrylated HA and a
photoinitiator in water was deposited onto plasma-cleaned hydrophilic PDMS patterns and
then photocrosslinked via the exposure to the UV light. The resulting microgels were
removed, hydrated, and then harvested. When cells are included in the precursor liquid, cell-
laden microgels are prepared. Disk-shaped HA particles over 200 x 200 um? were prepared
by this method.137

5. HA Hydrogels with complex structure and improved functions

It is well known that the structural characteristics of hydrogels, such as the mesh size and the
matrix morphology, have profound effects on cellular functions including cell migration,
proliferation, phenotype and metabolism.138: 139 Traditional HA-based hydrogels are
macroscopic gels consisting of nanoscale pores defined by the soluble polymer precursors
that are randomly interconnected, lacking the structural complexity and functional diversity
seen in the natural ECM.140 These materials exhibit homogeneous bulk properties and are
unable to induce cells to regenerate architecturally complex healthy tissue. On the other
hand, the natural ECM has to be able to accommodate cells that are typically ~10 um in size,
yet exhibit features at all length scales from the macro- down to the molecular to allow cells
to respond, maintain and remodel their environment as they go through various cell cycles
and different stages of development.13? Thus, there is a need for methods that can create
structural complexity within HA hydrogel scaffolds to guide tissue regeneration.141 142

5.1. Complex HA gels by templating or patterning

Photocrosslinking is a versatile technique well suited for the fabrication of 3D hydrogels
with complex geometry and structures with spatial resolution. The macromer liquid can fill
the space around a template, and light-induced polymerization will fix the gel structure.
Light can be blocked by a mask so that the light triggered gelation only occurs in the
exposed areas. Schmidt and colleagues developed HA hydrogels with anisotropic swelling
via the combination of chemical crosslinks and patterned photocrosslinks. In this method, an
unswollen chemically crosslinked hydrogel substrate was spatially patterned with
photocrosslinks that restricted swelling at selected sites. The resulting dual-crosslinked
hydrogel swelled anisotropically because of differential crosslink densities between the
photopatterned and non-photopatterned regions. Anisotropic swelling permitted the hydrogel
to contort and evolve a shape different from that of the unswollen hydrogel 143

Using a simple and inexpensive “crystal templating” technique, Zawko et al. fabricated HA
scaffolds with space-filling dendritic pore networks and fibrillar microtopography.
Specifically, dendritic urea crystals with fibrillar microstructure were grown in solution cast
films of HAGMA that was subsequently photocrosslinked around the crystal network to
lock in the dendritic configuration. After the crystals were dissolved, porous fibrillar HA
scaffolds were obtained (Figure 7, A-D). These nanostructure hydrogels may be applicable
as regenerative patches for skin and other tissues.144

Photocroslinking chemistry has been combined with Michael addition reaction to form 3D
patterns to regionally control cell behavior. A primary addition reaction was applied to
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introduce protease degradable peptide crosslinks. Subsequently, a radical reaction was
introduced for spatial control via the formation of non-degradable kinetic chains. These
differential network structures either permitted (primary crosslinking only) or inhibited
(sequential crosslinking) cellular remodeling. In addition, network structures were found to
dictate MSC fate decisions, with spatial control, by controlling the spreading of the
encapsulated MSCs,145. 146

5.2. Nanofibrous HA hydrogels by electrospinning and templating

Over the past decade, electrospinningl4’ has emerged as a highly promising process for
producing tissue engineering constructs since the resulting scaffolds possess many of the
desired properties, such as a high surface-to-volume ratio, high porosity and an
interconnected 3D porous network.148 149 A wide range of natural or synthetic materials
have been electrospun into fibrous scaffolds with desirable morphology and tissue-like
mechanical properties.150 Electrospinning of HA, however, can be challenging because of
the hydrophilic nature of HA, the high viscosity and the high surface tension of an aqueous
HA solution.151. 152 HA fibrous meshes could be produced by blowing-assisted
electrospinning or using a mixed solvent system.193: 154 To prevent complete dissolution,
covalent crosslinking, during or after the spinning process, is necessary.1°! Reactive
electrospinning has been applied to the fabrication of hydrogel nanofibers using thiolated
HA and PEGDA.155 The cross-linking reaction occurs simultaneously during the
electrospinning process using a dual-syringe mixing technique. Poly(ethylene oxide) (PEO)
is added into the spinning solution as a viscosity modifier to facilitate the fiber formation
and is selectively removed with water after the electrospinning process. The nanfibrous HA
hydrogels have a 3D fibrous structure with a fiber diameter of 110 nm (Figure 7E, F). When
adsorbed with fibronectin, the 3D scaffolds facilitate the migration of NIH 3T3 fibroblasts
into the scaffolds.

A common problem in the design of tissue engineered scaffolds using electrospun scaffolds
is the poor cellular infiltration into the structure. To tackle this issue, electrospun fibrous
meshes with defined gradients throughout the thickness of the scaffolds were fabricated
using methacrylated HA. Specifically, mechanical and adhesive gradients were created
using methacrylated HA and RGD-conjugated HA by mixing two solutions (one ramping
up, one ramping down) prior to electrospinning and fiber collection. UV irradiation of the
scaffolds led to inter- and intrafiber crosslinking, giving rise to a fibrous hydrogel scaffold
with enhanced cell infiltration.1®6 An alternative approach to enhance cell infiltration and
attachment is to introduce macropores to the nanofibrous scaffolds.1>” A 3D macroporous
and nanofibrous HA scaffold was fabricated by an electrospinning process combined with a
salt leaching technique. By the simultaneous deposition of salt particulates as a porogen
during electrospinning and subsequent chemical crosslinking and salt leaching, a water-
swellable HA-based scaffold retaining a macroporous and nanofibrous geometry was
produced. Chondrocytes were found to attach and proliferate readily in this matrix,
maintaining the chondrocytic morphology.

5.3. HA hydrogels containing embedded HGPs

As the field of materials science continues to evolve, sophisticated hydrogel scaffolds with
hybrid composition, defined bioactivities, and tunable viscoelasticity are being developed.
Artificial scaffolds were employed not only to create a 3D structure that mimics the
architecture and function of tissue, but also provide a delivery vehicle for cells or to
manipulate the environment of cells in vitro.141 158 Porous hydrogel matrices embedded
with HGPs of micro- to nano- dimensions provide tailored viscoelasticity and structural
integrity that are suitable for use as tissue engineering scaffolds. The HGPs, irrespective of
their chemical nature, shape or sizes, can be engineered as means for physical anchorage and
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structural reinforcement. In addition, they can be designed as controlled release depots for
spatio-temporal presentation of biologically active compounds that ultimately elicit desired
cellular activities. To accomplish these goals, the particles have been physically trapped,
covalently bound or co-assembled in the matrices.149 When both the particles and the
secondary network are covalently crosslinked, the hybrid gels are referred to as doubly
crosslinked networks (Figure 8).

Hirakura et al. reported a9 hybrid HA hydrogel encapsulating nanogels assembled from
cholesteryl group-bearing pullulan (CHP). HA modified with 2-aminoethyl methacrylate
was cross-linked via Michael addition reaction in the presence of CHP nanogels.
Therapeutic peptides and proteins, such as glucagon-like peptide-1, insulin and
erythropoietin, were spontaneously trapped in the CHP nanogels in the HA gel just by
immersing hybrid hydrogels into the drug solutions. CHP/protein complex nanogels were
released from the hybrid hydrogels in a sustained manner both in vitro and in vivo. The
release was controlled by the cross-linking density and the degradability of the HA gel,
modulated by the initial gelation condition. The synergy between the CHP nanogel as a drug
reservoir and the HA gel as a nanogel-releasing matrix of the hybrid hydrogel system
simultaneously achieved both simple drug loading and controlled release with no
denaturation of the protein drugs.

Our group has created a new type of HA-based, cell-adhesive hydrogels that direct the initial
attachment and the subsequent differentiation of human MSCs into pre-osteoblasts without
osteogenic supplements. Doubly crosslinked networks (DXNSs) were engineered by
embedding gelatin conjugated HA HGPs (gHGPS) in a secondary network established by
HAGMA (Figure 8A). MSCs readily attached to the resultant DXNSs, adopting a stellated
cell morphology with extended filopodia by day 7 (Figure 9A). Moreover, cells had
migrated deep into the matrix, forming a three dimensional, branched and interconnected
cell community. After 28 days of culture, Type | collagen production and mineral deposition
were detected in the absence of osteogenic supplements, suggesting induction of osteogenic
differentiation.160 Using the same matrix, but replacing gelatin with a collagen-like peptide
(HA-clpHGP), we observed integrin-mediated cellular responses including adhesion,
spreading and proliferation (Figure 9B) on the composite DXNs61 Overall, this HA
composite matrix has great promise for directing the osteogenic differentiation of MSCs by
providing an adaptable environment through the spatial presentation of cell adhesive
modules.

Our discussion so far on HA-based DXNs has been limited to composite hydrogel systems
containing physically entrapped HGPs. The absence of specific linkages between the
particles and the surrounding matrix gives rise to a depleted interphase that can result in
inferior mechanical properties and limit the tunability of the overall drug release profile of
the composite gels.140 Using HA-based HGPs as the constituent building blocks and the
microscopic crosslinkers, we have engineered HA-based hydrogels containing covalently
integrated HA particles. This type of HA DXNs (Figure 8A) contains highly crosslinked HA
HGPs in a loosely crosslinked secondary HA network, both of which are nanoporous. For
example, simply mixing HGPs containing reactive aldheyde (HGP10 or oxHGPO0.9) with a
soluble HA derivative carrying complementary functional gorups (HAADH) results in a
hierachically structured, elastic hydrogel within 5 mins.114: 120 A close inspection of the
cryoSEM image (Figure 8D) for DXNs indicates a diffuse interphase between individual
0oxHGPs and the matrix, which proves that the secondary network originates from the
particle surface. As a result, the secondary network can exert mechanical constraints on the
HGPs, leading to the deformation of HGP through the covalent hydrazone linkage between
the secondary network and the HGP surface. The viscoelastic properties of the matrix can be
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readily modulated by varying the particle size, surface functional group, inter-particle and
intra-particle crosslinking.

Separately, macroscopic HA hydrogels containing covalently integrated hydrogel particles
(HA-c-HGP) were prepared by radical polymerization of HAGMA in the presence of
crosslinkable methacrylated HGPs (HGP0.9-GMA).122 Again, the covalent linkages
between the hydrogel particles and the secondary HA matrix resulted in the formation of a
diffuse, fibrilar interface around the particles. The composite network exhibited superior
mechanical properties than the traditional bulk gels derived from HAGMA, and is conducive
to the maintenance of the chondrocytic phenotype. In addition, BMP-2 loaded into the
immobilized HGPs was released from the HA-c-HGP gels in a controlled manner with
reduced initial burst over prolonged periods of time. We believe that the HA-based DXN
systems, with the built-in topological features, temporal/spatial release of growth factors and
tunable viscoelasticity, recapture the essential structural, morphological and functional
characteristics of the natural ECM. Cells residing in the matrix will receive specific
biological cues based on the particle chemistry and the local gradient of the morphogenic
factors. These HA-based DXNs are attractive candidates for the repair and regeneration of
soft tissues.

Covalent integration of well-defined poly(oligo (ethylene oxide) monomethyl ether
methacrylate) nanogels (110-120 nm) into a 3D, photocrosslinked HA (HAGMA) matrix
resulted in a nanostructured HA matrix.162 The nanogels with pendant hydroxyl groups were
prepared by activators generated electron transfer atom transfer radical polymerization
(AGET ATRP) in cyclohexane inverse miniemulsion. Hydroxyl-containing nanogels were
functionalized with methacrylated groups to generate photoreactive nanospheres. The
introduction of disulfide moieties into the polymerizable groups resulted in a controlled
release of nanogels from cross-linked HAGMA hydrogels under a reducing environment. It
is shown that swelling and nanogel content are independent of scaffold mechanics. In vitro
assays showed the nanostructured hybrid hydrogels were cytocompatible and the GRGDS
contained in the nanogel structure promoted cell-substrate interactions within 4 days of
incubation. These nanostructured hydrogels have potential as an artificial ECM impermeable
to low molecular weight biomolecules and with controlled pharmaceutical release capability.
Moreover, the nanogels can control drug or biomolecule delivery, while HA-based
hydrogels can act as a macroscopic scaffold for tissue regeneration and regulator for nanogel
release.

6. Conclusion and Outlook

Over the past few decades, HA has evolved from a simple, ubiquitous polysaccharide to a
macromolecule with complex biological functions ranging from matrix organization, cell
adhesion and migration, angiogenesis and morphologensis, wound healing and inflammatory
responses to cancer metastasis. Meanwhile, new crosslinking methods, combined with novel
processing and fabrication techniques, have enabled the development of HA hydrogels with
tunable structural, mechanical and biological properties. HA-based hydrogel biomaterials
have been transformed from passive supporting scaffolds with simple and random structures
to instructive matrices with hierarchical organization, anisortropic properties and improved
viscoelasticity. While traditional HA-based hydrogels are composed of the polysaccharide
chains randomly interconnected at the crosslinking points established by covalent bonds,
HA-based hybrid hydrogels consisting of chemically, morphologically and functionally
distinct modules interconnected via chemical or physical means have been engineered.
Incorporation of microgel or nanogels into existing hydrogels may improve their mechanical
properties as well as their biological functions. The embedded particles not only provide
physical anchorage and structural reinforcement but also allow for spatio-temporal release of
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biologically active compounds capable of stimulating desired cell functions locally within
the hybrid hydrogel matrix. The nanogels can also serve as chaperones to protect the
encapsulated protein. When designing HA-based materials, researchers have started to
embrace the unique roles HA plays in signal transduction, and to incorporate its biological
functions into biomaterial products. As insight continues to be gleaned from developmental
biology and other biology disciplines, more intelligent and complex hydrogel materials will
likely emerge as conducive matrices.
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D-glucuronic acid N-acetyl-D-glucosamine

Actin cytoskeleton

Figure 1.

Bgsic chemical structure (A) and signaling mechanism (B, Reproduced with permission,163
Copyright 2008, Oxford University Press) of HA. HA is consisted of disaccharide repeats of
o-glucoronic acid and N-acetyl-o-glucosamine. HA interacts with cell surface receptors and
activates intracellular signaling to direct cell functions.
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Figure 2.

Common crosslinking schemes for the synthesis of HA hydrogels. XX represents PEG, HA

or other multifunctional crosslinkers.
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100pm

Figure 3.

Confocal images of C4-2B cells cultured in HAALD/HAADH hydrogel for 2 days (A,
Reproduced with permission,81 Copyright 2009, Elsevier) and PVFFs cultured in HAALD/
HAADH/collagen gels for 14 days (B, Reproduced with permission,82 Copyright 2010,
Mary Ann Liebert). The F-actin was stained green with phalloidin and the cell nucleus was
stained blue with Dragb.
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Figure 4.

Representative images of microvasculature stained for smooth muscle a-actin (a-SMA,
brown) and von Willebrand factor (vWF, red) at 7 days post-surgery. The contralateral ear
(A) exhibited mature vasculature (microvessels indicated by long arrows). HA:HP-VEGF
treated tissue exhibited the least mature vasculature at 7 days post-surgery (B, hyperfused
vessels indicated by short arrows). HA:HP-VEGF+KGF treated tissue (C) exhibited the
most mature vasculature of all 7 day experimental cases (vessels indicated by long arrows).
Magnification: 400x. Reproduced with permission,8? Copyright 2008, Elsevier.
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Figure 5.

Top: transmission electron micrographs of HA-PAHy nanoparticles at a calibrated
magnification of (A) 36000x and (B) 30000x. Reproduced with permission,117” Copyright
2008, American Chemical Society. Bottom: scanning electron micrographs of HA HGP10
(C, Reproduced with permission,120 Copyright 2006, American Chemical Society) and
HGP0.9 (D, Reproduced with permission,114 Copyright 2009, American Chemical Society).
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Figure 6.

Cumulative release of BMP-2 from PInDI conjugated HGPs and the control HGPs. Inserts
show the immunostaining for aggrecan and collagen 11 and Alcian blue staining for GAG
expressed by C3H10T1/2 cells cultured in the presence of various particles. HGP: HA
hydrogel particles without PInDI conjugation; HGP-B,: BMP-2 loaded HGPs; HGP-Py:
PInDI conjugated HGPs; HGP-P1-B,: HGP-Pq loaded with BMP-2. Reproduced with
permission,123 Copyright 2009, Elsevier.
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Cross-section

Figure 7.

Fi%rillar HA hydrogels. Top: (A) Comparison of a fibrillar GMHA hydrogel (left) with a
plain GMHA hydrogel (right); (B) Scanning electron micrograph depicting the surface of a
urea-templated HA hydrogel that resembles the fibrillar microstructure of the basement
membrane. (C) The surface of the fibrillar hydrogel reveals pores among the fibers. (D) A
cross-section perpendicular to the direction of fiber length that shows that the fibrillar
microstructure is present throughout the thickness of the hydrogel. Scale bars: 20 um.
Reproduced with permission,144 Copyright 2010, Elsevier. Bottom: Scanning electron
micrographs of HA-DTPH/PEOQ blend scaffolds before PEO (E) and after PEO (F)
extraction. Reproduced with permission,15° Copyright 2006, Wiley.
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Figure 8.

Synthetic procedures for the fabrication of HA HGPs and DXNs (A) and cryogenic scanning
electron micrographs of HA bulk gel (B) and DXN (C). Reproduced with permission,114
Copyright 2009, American Chemical Society.
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Figure 9.

Confocal fluorescence images of MSCs cultured on HA-gHGP (A) and HA-clpHGP (B, day
7). Cells were fixed and stained for actin stress fibers (TRITC-phalloidin; red), nuclei
(Drag5; blue) and vinculin (FITC-anti-vinculin; green). Reproduced with permission,160. 161
Copyright 2011, Elsevier.
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