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 Hyaluronic acid (HA), an immunoneutral polysaccharide that is ubiquitous 
in the human body, is crucial for many cellular and tissue functions and has 
been in clinical use for over thirty years. When chemically modifi ed, HA can 
be transformed into many physical forms—viscoelastic solutions, soft or stiff 
hydrogels, electrospun fi bers, non-woven meshes, macroporous and fi brillar 
sponges, fl exible sheets, and nanoparticulate fl uids—for use in a range of 
preclinical and clinical settings. Many of these forms are derived from the 
chemical crosslinking of pendant reactive groups by addition/condensation 
chemistry or by radical polymerization. Clinical products for cell therapy and 
regenerative medicine require crosslinking chemistry that is compatible with 
the encapsulation of cells and injection into tissues. Moreover, an injectable 
clinical biomaterial must meet marketing, regulatory, and fi nancial constraints 
to provide affordable products that can be approved, deployed to the clinic, 
and used by physicians. Many HA-derived hydrogels meet these criteria, and 
can deliver cells and therapeutic agents for tissue repair and regeneration. 
This progress report covers both basic concepts and recent advances in the 
development of HA-based hydrogels for biomedical applications. 
  1. Introduction 

 Hyaluronic acid (HA), or hyaluronan, is a linear polysaccharide 
that consists of alternating units of a repeating disaccharide, 
 β -1,4-  D -glucuronic acid– β -1,3- N -acetyl-  D -glucosamine. HA is a 
non-sulfated glycosaminoglycan, and is found throughout the 
body, from the vitreous of the eye to the extracellular matrix 
(ECM) of cartilage tissues. [  1  ]  HA, a highly hydrated polyanionic 
macromolecule, exists with molecular weights from 100 000 Da 
in serum to 8 000 000 Da in the vitreous. HA is an essential 
component of the ECM, in which its structural and biological 
properties mediate its activity in cellular signaling, wound 
repair, morphogenesis, and matrix organization. [  2  ,  3  ]  Addition-
ally, HA is rapidly turned over in the body by hyaluronidase, 
with tissue half-lives ranging from hours to days. [  4  ]  HA and its 
derivatives have been clinically used as medical products for 
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over three decades. [  5  ]  More recently, HA 
has become recognized as an important 
building block for the creation of new bio-
materials with utility in tissue engineering 
and regenerative medicine.  [  6–9  ]  

 HA can be modifi ed in many ways to 
alter the properties of the resulting mate-
rials, including modifi cations leading to 
hydrophobicity and biological activity. [  10  ]  
Chemical modifi cations of HA have been 
extensively reviewed, [  11  ]  and target three 
functional groups: the glucuronic acid car-
boxylic acid, the primary and secondary 
hydroxyl groups, and the  N -acetyl group 
(following deamidation). Most promi-
nently, carboxylates have been modifi ed by 
carbodiimide-mediated reactions, esterifi -
cation, and amidation; hydroxyls have been 
modifi ed by etherifi cation, divinylsulfone 
crosslinking, esterifi cation, and bis-epoxide 
crosslinking. 

 These HA derivatives fall into two 
primary categories: “monolithic” and 

hic HA derivatives are “terminally modifi ed” 
“living”. [  12  ]  Monolit
forms of HA that cannot form new chemical bonds in the pres-
ence of cells or tissues, and must be processed and fabricated 
into different forms. In contrast, living derivatives of HA can 
form new covalent bonds in the presence of cells, tissues, and 
therapeutic agents. In most cases, living HA derivatives are 
required for clinical and preclinical uses in 3D cell cultures 
and in vivo cell delivery. [  13  ]  Nonetheless, caution is required to 
ensure biological compatibility of the crosslinking chemistry, as 
well as to establish that the reagents and byproducts are benign 
in both short- and long-term applications. The past decade has 
seen the development of a growing number of living HA deriv-
atives with clinical potential, which will be the general focus of 
this progress report. 

   2. Clinical Biomaterials Derived from HA 

 Traditionally, tissue biology has inspired chemists, physicians, 
and engineers to develop innovative technologies that ever more 
closely approximate the architecture and biological complexity 
of a given target organ. This focus on elegant technology has 
not been entirely successful in the marketplace. [  14  ]  An alter-
native approach has been advocated recently, [  7  ,  13  ]  in which, from 
the outset, the chemical, mechanical, and biological criteria of 
clinical biomaterials are integrated with market research. That 
is, products should be simple for use by physicians under poten-
tially stressful situations. Research in the laboratory should, 
from the very beginning, be informed by downstream concerns 
wileyonlinelibrary.com H41
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of manufacturing, scalability, economics, regulatory approval
pathways, business and reimbursement models, product form
and usage, and most importantly by market  pull—the unmet
needs of physicians and their patients. 

 For many of these reasons, we have argued that successful
clinical biomaterial products should be simple and have
defi ned chemical compositions that can be easily used by
physicians. [  7  ]  Many commonly used synthetic materials meet
these criteria, yet most cause some degree of infl ammatory
response, lack an intrinsic biological interaction with deliv-
ered cells and host tissues, and are cleared by non-biological
degradation mechanisms. In contrast, biomaterials based on
chemically modifi ed biopolymers offer intrinsic biodegrada-
tion pathways and recognition by biological systems. Below,
we describe the progress in creating clinical biomaterials
based on living HA derivatives, fi rst by using addition and
condensation reactions, second by photochemically induced
radical polymerization, and subsequently by combinations of
these methods.   

 3. Formation of Hydrogels Using Addition 
and Condensation Reactions 

  3.1. Chemistry 

   Figure 1   shows a composite structure of an HA decasaccharide
containing selected chemical modifi cations of the carboxylic
acid of the glucuronic acid moiety or the C-6 hydroxyl group
of the  N -acetylglucosamine sugar. The modifi cations include
some monolithic modifi cations, such as the benzyl ester and
BDDE crosslink; the majority of the others represent living HA
derivatives that can be further modifi ed or crosslinked in the
presence of cells and tissues. At the far right, an unmodifi ed
disaccharide unit of HA is shown. This section will focus on
chemical modifi cations that spontaneously form gels without
the need for added initiators, most commonly through disulfi de,
addition, hydrazide, enzymatic, and click reactions.   

 3.1.1. Thiol-Modifi ed HA 

 To create modular, clinically versatile and readily manufactured
synthetic extracellular matrices (sECMs) for use in drug evalu-
ation and regenerative medicine, [  15  ,  16  ]  we developed a thiol-
introduction chemistry based upon the modifi cation of the
carboxylate groups of glycosaminoglycans (GAGs) and polypep-
tides using hydrazide reagents containing a disulfi de bond. [  17  ,  18  ]

Thiol-modifi ed macromonomers spontaneously, but slowly,
crosslink in air to form a hydrogel; this gel could be dried to
give a thin fi lm or lyophilized to produce a porous sponge. [  19  ]

Alternatively, crosslinking with difunctional electrophiles [  20  ]

could be accomplished in the presence or absence of cells, to
give injectable and biocompatible hydrogels (Figure  1 ). The
mechanical properties and rates of biodegradation can be altered
by several varying parameters: [  21  ]  i) the molecular weight of the
starting materials HA; ii) the percentage of thiol modifi cation;
iii) the concentrations of thiolated HA and thiolated gelatin;
iv) the molecular weight of the crosslinker poly(ethylene glycol)
diacrylate (PEGDA); and v) the ratio of thiols to acrylates. 
© 2011 WILEY-VCH Verlag Gwileyonlinelibrary.com
   3.1.2. Haloacetate-Modifi ed HA 

 HA bromoacetate (HABA) with a degree of substitution (SD) 
of 18% was synthesized in aqueous solution using excess bro-
moacetic anhydride. [  22  ]  This modifi cation is shown in Figure  1 . 
The reaction occurred almost exclusively on the more reactive 
primary 6-hydroxy groups of the  N -acetylglucosamine residues. 
Using HABA as a polyvalent electrophile, reaction of thiol-
modifi ed HA (with or without thiol-modifi ed gelatin) resulted 
in biocompatible crosslinker-free HA hydrogels. Cells failed to 
proliferate on hydrogels lacking gelatin, but showed attachment 
and viability on the gelatin-containing hydrogels similar to the 
sECM Extracel. 

   3.1.3. Dihydrazide-Modifi ed HA 

 The original hydrazide modifi cation employed adipic dihy-
drazide (ADH), [  23  ]  and later other mono- and polyhydrazides, [  24  ]  
to create living HA derivatives (Figure  1 ). HA-ADH has often 
been employed subsequently, as it is capable of forming hydra-
zone linkages with ketones and aldehydes, as well as acylhy-
drazides with acylating agents, thereby allowing crosslinking, 
mbH & Co. KGaA, Weinheim Adv. Mater. 2011, 23, H41–H56
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    Figure  1 .     Chemical modifi cations of HA. A) A hypothetical composite structure illustrats selected primary modifi cations discussed herein: adipic 
dihydrazide for use in further crosslinking via acrylamide or hydrazone linkages; butane-1,4-diol diglycidyl ether, a prototypical monolithic crosslinker 
for HA; tyramide for peroxidase crosslinking; dialdehyde obtained by periodate oxidation; methacrylate on primary 6-hydroxyl group; benzyl ester; gly-
cidyl methacrylate; thiopropionyl hydrazide from DTPH modifi cation; bromoacetate; an unmodifi ed disaccharide unit for comparison. B) A thioether 
crosslinked semi-synthetic ECM formed by crosslinking thiol-modifi ed carboxymethyl HA (CMHA-S) with thiol-modifi ed gelatin using the bifunctional 
crosslinker, PEGDA.   
addition of hydrophobic groups, and attachment of drugs or 
polypeptides.   

 3.1.4. Aldehyde-Modifi ed HA 

 Doubly crosslinked networks composed of HA microgels and 
crosslinked hydrogels with tunable viscoelasticity in the rele-
vant frequency range have been proposed for vocal fold healing. 
These partially monolithic and partially living materials feature 
divinylsulfone-crosslinked HA particles that have been oxidized 
with periodate to produce surface aldehyde functionalities 
(Figure  1 ). Addition of a solution of HA-ADH effectively formed 
© 2011 WILEY-VCH Verlag GAdv. Mater. 2011, 23, H41–H56
a double-crosslinked network (DXN), entrapping the stiffer 
HA-DVS particles in a compliant and stable elastic gel. These 
DXNs become stiffer at higher frequencies, and the DXNs have 
a structural hierarchy and mechanical properties suitable for 
soft tissue repair. [  25  ,  26  ]  A representative micrograph of the DXN 
gels is shown in  Figure  2  .    

 3.1.5. Tyramine-Modifi ed HA 

 A living hydrogel utilizing enzymatic in situ crosslinking was 
recently described, in which coupling of tyramine to a small 
percentage of the HA carboxylates produced an HA-tyramide 
mbH & Co. KGaA, Weinheim wileyonlinelibrary.com H43
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    Figure  3 .     Repair of stroke infarct by HA hydrogel-encapsulated NPCs. 
HyStem-HP gel signifi cantly increased survival and proliferation of 
murine GFP-tagged embryonic cortex-derived neural progenitor cells 
(NPCs) injected into the infarct cavity after a photochemically-induced 
stroke in mouse brain. [  33  ]  Of 100,000 injected NPCs, 4000 survived in 
buffer while 8000 survived in HyStem-HP ( p   =  0.035). This fi gure was 
kindly provided by Dr. J. Zhong and Dr. S. T. Carmichael.   

    Figure  2 .     Double-crosslinked HA hydrogels. Hydrogels formed from the 
crosslinking of particles in a secondary network leading to hierarchical 
networks with unique microstructures. Reproduced with permission. [  26  ]  
Copyright 2009, American Chemical Society.   
(Figure  1 ). [  27  ]  Crosslinking was induced by addition of hydrogen 
peroxide to solutions of HA-tyramide to which horseradish perox-
idase (HRP) was added, either in the presence or absence of cells. 
The resulting peroxidase reaction formed phenolate radicals 
that isomerized and dimerized to form C–C bonded and fl uo-
rescent dityramine adducts as robust hydrogel crosslinks. How-
ever, both the use of HRP and peroxide may be problematic 
from a regulatory point of view for development of a clinical 
product for cell delivery.   

 3.1.6. Huisgen Cycloaddition (Click Chemistry) 

 The Huisgen cycloaddition reaction of azides with alkynes to 
produce triazoles, or “click chemistry,” was used to produce HA 
hydrogels and to encapsulate yeast cells during crosslinking. [  28  ]  
The HA carboxylates were modifi ed using carbodiimide chem-
istry either as propargyl amides or as 11-azido-triethyleneglycol 
amides. The hydrogel was formed at room temperature with 
0.01% CuCl as a catalyst. This fi rst “clicked” HA hydrogel is 
clinically impractical because of the complexity of the chem-
istry and toxicity of preparation. However, direct encapsulation 
of cells in a clicked PEG-peptide hydrogel was achieved using 
macromolecular alkyne and azide precursors in combination 
with a copper-free difl uorocyclooctyne click chemistry. [  29  ]  This 
new result suggests a potential alternative approach for pre-
paring clickable, biocompatible, and functionally more complex 
HA hydrogels.    

 3.2. Applications 

  3.2.1. Cell Delivery 

 In the fi rst preclinical use of the sECM formed from PEGDA-
crosslinked thiolated HA and gelatin for cell therapy, mesen-
chymal stem cells were delivered to full-thickness defects in 
the patellar groove of rabbit femoral articular cartilage. After 
12 weeks, defects were completely repaired and the sECM 
remodeled, showing trabecular bone in the osteal portion of 
© 2011 WILEY-VCH Verlag Gwileyonlinelibrary.com
the defect, and integrated, translucent zonated cartilage in the 
chondral region of the defect. [  30  ]  The primary role of the sECM 
appeared to be cell retention, thereby enhancing the natural 
biological repair processes mediated by endogenous cells. In 
a more recent study, chondrogenic cells derived from human 
embryonic stem cells (H9 hESCs) encapsulated in the commer-
cial sECM Extracel gave functional repair of an osteochondral 
defect in a rat model. Orderly spatial and temporal remodeling 
took place over 12 weeks, affording characteristic architecture 
features including hyaline-like neocartilage integrated with 
existing cartilage and regenerated subchondral bone. [  31  ]  

 Design criteria have been established for bioartifi cial stem 
cell niches intended to provide microenvironments for expan-
sion of stem cells and maintenance of their undifferentiated 
phenotype. [  9  ]  Embryonic endothelial progenitor cells (eEPC, 
murine) were encapsulated into HA-hydrogels (HyStem-C/
Extracel) to create a bioartifi cal stem cell niche. [  32  ]  Thus, implan-
tation of the eEPC-hydrogel into mice with drug-induced neph-
ropathy or renal ischemia allowed eEPC mobilization to injured 
kidneys and improved renal function relative to cells delivered 
in buffer. HA hydrogels protected eEPC against adriamycin 
cytotoxicity and implantation of eEPC in the sECM supported 
renal regeneration in ischemic and cytotoxic nephropathy, and 
promoted neovascularization of an ischemic hindlimb. [  32  ]  

 The sECM hydrogel composed of crosslinked thiol-modifi ed 
heparin, gelatin, and HA (HyStem-HP) signifi cantly promoted 
the survival of two neural progenitor cell (NPC) lines in vitro 
under conditions of stress, and in vivo delivery into the cavity 
of a stroke-infarcted brain ( Figure  3  ). [  33  ]  Cell survival was 
mbH & Co. KGaA, Weinheim Adv. Mater. 2011, 23, H41–H56



P
R
O

G
R
ES

S
 R

EP
O

R
T

www.advmat.de
www.MaterialsViews.com

    Figure  4 .     Delivery of therapeutic antibody-releasing MSCs reduces tumors. Co-encapsulation 
of wild-type MSCs and HCT-116 colon cancer cells in Extracel-X resulted in robust tumor growth 
(top). In contrast, use of diabody-releasing MSCs with HCT-116 dramatically suppressed tumor 
growth. Reproduced with permission. [  34  ]   

    Figure  5 .     Mechanical sensitivity of cells to HA hydrogels. Endothelial progenitor cells were 
cultured at three levels of stiffness and two concentrations of VEGF. Capillary-like structures 
only formed on gels at the higher VEGF concentration and the morphology (e.g., tube length, 
area, and thickness) was dependent on the mechanical properties of the gel. Reproduced with 
permission. [  39  ]      
improved, glial scar formation was reduced, 
and local infl ammation was minimized for 
hydrogel-delivered cells in comparison to 
NPCs delivered in buffer only. Thus, stem cell 
transplantation into the infarct cavity within 
a prosurvival hydrogel matrix may provide a 
translational therapy for stroke recovery. [  33  ]   

 In another example, human MSCs expressing 
a therapeutic diabody were seeded into the 
sECM hydrogel Extracel-X and injected subcuta-
neously into nude mice. The human MSCs had 
been genetically engineered for the production 
of a bispecifi c diabody, and the locally produced 
therapeutic antibody showed systemic anti-
tumor effects on HCT-116 tumors ( Figure  4  ). In 
addition, tumors in which wild-type MSCs were 
co-cultured with HCT-116 colon cancer cells 
produced 2.5 ×  larger tumors after 40 days than 
HCT-116 cells in Extracel-X alone. [  34  ]     

 3.2.2. Molecule Delivery 

 The most common use of sECM hydrogels is 
for spatiotemporal control over growth-factor 
© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, WeinAdv. Mater. 2011, 23, H41–H56
release. Growth factors are expensive, diffuse 
away from sites of administration, and are 
very rapidly degraded by proteolysis in vitro 
and in vivo. Moreover, a suite of growth fac-
tors is often required to recapitulate a desired 
biologic outcome. To this end, sECMs were 
developed by co-crosslinking thiolated HA 
with thiol-modifi ed heparin, creating an 
immobilized heparin that acted as a mimic 
of a heparan sulfate proteoglycan. [  35  ]  Cell 
growth and rates of neovascularization were 
increased in this sECM, which had a half-
life for basic fi broblast growth factor (bFGF) 
release of over one month in vitro .  [  35  ]  By 
varying the thiolated GAG composition, and 
by adding thiolated gelatin, different release 
rates were realized for a variety of growth 
factors. [  36  ]  VEGF, bFGF, angiopoietin-1, 
and keratinocyte growth factor (KGF) each 
increased microvessel density and matu-
rity and in many cases exhibited synergistic 
effects when incorporated into Extracel-HP, 
a product that combines covalently modi-
fi ed heparin into the HA-gelatin sECM. [  37  ,  38  ]  
Optimal vascularization and vascular matu-
ration using fi lms implanted in mouse ear 
pinnae in vivo was accomplished by dual 
release of VEGF and KGF. [  37  ,  38  ]  

 In addition to growth factors, the mechan-
ical environment of the ECM is crucial for 
vasculogenesis. For example, VEGF and sub-
strate mechanics co-regulated tubulogenesis 
by endothelial progenitor cells (EPCs) 
encapsulated in Extracel-HP ( Figure  5  ). 
Higher VEGF and softer gels promoted EPC 
heim wileyonlinelibrary.com H45
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migration, increased cellular elongation, and increased lumeni-
zation by EPCs in vitro. [  39  ]   

 An alternative to cell delivery per se is to attract endogenous 
stem cells and precursor cells to the defect site for de novo 
tissue regeneration. Hepatocyte growth factor (HGF) induces 
migration of MSCs in vitro but is rapidly degraded in vivo. 
Extended, localized delivery of HGF was achieved using sECM 
hydrogels containing Heprasil, and an sECM composition for 
controlled release of HGF resulted in recruitment of human 
bone marrow MSCs into a scaffold in vitro. [  40  ]  

 Hydrogels alone lack the robustness required for many appli-
cations in tissue engineering. Recently, a hybrid biomaterial 
was created by electrospinning of poly( ε -caprolactone)/collagen 
(PCL/Col) microfi bers with concomitant electrospraying of the 
thiolated HA-heparin product Heprasil. [  41  ]  VEGF 165  and PDGF-
BB were released in biologically active form over a period of fi ve 
weeks in vitro .  These hybrid meshes allowed co-cultured human 
umbilical vein endothelial cells and lung fi broblasts to attach 
and infi ltrate into the mesh, thereby recapitulating a primitive 
vascular network within the architecture of the scaffold. [  41  ]  

 Nanoporous HA-hydrogel microparticles (10 mm) prepared 
by crosslinking of HA-aldehyde with HA-ADH, were grafted 
with a perlecan domain with HS chains. [  42  ]  The perlecan-
domain-conjugated HA hydrogel particles provided a release 
system for bone morphogenetic protein 2 (BMP-2), and stimu-
lated robust cartilage-specifi c ECM production.   

 3.2.3. Cell Expansion and Recovery 

 It is desirable to recover cells for analysis or subsequent culture 
following encapsulation and expansion. With the sECMs based 
on thiolated HA, we enabled rapid recovery of cells expanded 
in 3D by incorporating disulfi de groups within the PEGDA 
crosslinkers. [  43  ]  The triblock PEGSSDA contained a single disu-
fl ide-containing block, and cells were released from PEGSSDA 
crosslinked sECMs by incubating with 25 m M   N -acetyl-
cysteine (NAcCys) or glutathione for one hour to induce a 
thiol–disulfi de reaction. The sECM simply dissolves, permit-
ting cell recovery under non-enzymatic conditions. NIH 3T3 
fi broblasts, HepG2 C3A hepatocytes, bone marrow-derived 
mesenchymal stem cells (MSCs), and human umbilical vein 
endothelial cells (HUVECs) all showed excellent viability and 
growth during 3D expansion and the following cell recovery by 
gentle centrifugation. 

 An alternative to 3D encapsulation is to grow cells on 
hydrogel-coated microparticles, a technique often called 3D 
on top. Porous microcarrier beads were infused with a solu-
tion of thiolated sECM components, which then crosslinked 
by disulfi de-bond formation. Following 3D cell proliferation 
in a rotating wall vessel (RWV) bioreactor designed to mimic 
the low fl uid-shear-stress environments in the body, human 
intestinal epithelial cells (Int 407) formed multilayered 
cell aggregates on the sECM beads. Cell clusters were har-
vested using  N -acetyl cysteine to dissolve the gel and were 
further expanded in a scaffold-free state in the RWV biore-
actor to produce spheroidal microtissues that have utility for 
studying host–pathogen interactions, evaluating new thera-
peutic agents, and creating clusters for bioprinting and cell 
therapy. [  44  ]  
© 2011 WILEY-VCH Verlag Gmwileyonlinelibrary.com
 Human hepatoblasts (hHBs) and human hepatic stem cells 
(hHpSCs) were maintained on plastic versus thiol-modifi ed 
HA hydrogels mixed with specifi c combinations of extracel-
lular matrix components (e.g., type I collagen and laminin). 
NMR spectroscopy was used to defi ne metabolomic profi les 
for each substratum tested. Both hHpSCs and hHBs survived 
and expanded in all soft disulfi de-bonded glycosil (thiolated 
HA) hydrogel-matrix combinations tested for more than four 
weeks. The metabolomic profi les indicated that hHpSCs 
on plastic remained as stem cells, while those in hydrogels 
were primarily hHBs, expressing AFP, albumin, and urea. 
Variations in hyaluronan-matrix chemistry resulted in dis-
tinct profi les correlating with growth or with differentiative 
responses. [  45  ]  In a related study, human fetal liver cells were 
embedded in the same HA-based sECM, disulfi de-crosslinked 
Glycosil, with the hydrogel contained within the capillary 
system of a 3D perfusion bioreactor. The culture model incor-
porating three-dimensionality, constant perfusion, and inte-
gral oxygenation in combination with a thiolated HA-based 
hydrogel provided the best conditions for liver cell survival 
and differentiation. [  46  ]  Earlier we had found that primary 
rat hepatocytes cultured in thiol-modifi ed HA and gelatin 
retained cytochrome P-450 activity, a key metabolic function 
for drug-testing models. [  15  ]  

 Finally, hESCs grown on a soft hydrogel (Extracel-HP) sub-
strate showed reduced vimentin levels compared to ESCs cul-
tured on Matrigel or on murine embryonic fi broblast layers. 
The soft HA-rich hydrogels also maintained other proteomic 
and morphological indicators characteristic of the 3D cul-
ture and superior to those of feeder layers. The expression of 
vimentin exemplifi es a stress-induced response by hESCs to 
growth on stiff substrates. [  47  ]  Combining these observations 
with the techniques for cell expansion and recovery suggests 
that soft HA-rich matrices have the potential for clinical-grade 
stem cell expansion, differentiation, and implantation in regen-
erative medicine. This potential also extends to photochemically 
crosslinked HA hydrogels, as will be demonstrated below.   

 3.2.4. Drug Evaluation and Tumor Models 

 Using in situ crosslinkable sECM hydrogels, cancer cells were 
encapsulated and injected in vivo, introducing a “tumor engi-
neering” strategy for creation of orthotopic xenografts. [  48  ]  These 
orthotopic tumor models in immune-compromised mice have 
utility for drug development, cancer research, and potential 
applications in personalized medicine. Engineered tumors 
showed improved “take” for various cell lines, a more con-
sistent tumor size, better tissue integration and vascularization 
(with reduced necrosis), better control of tumor location, and 
generally improved animal health compared with cell injec-
tion in serum free medium. [  48  ]  Tumor growth and metastasis 
were also enhanced in a pancreatic adenocarcinoma model. [  49  ]  
To date, human cancer lines have been injected in CMHA-S 
with gelatin: colon (HCT-116, Caco-2), breast (MCF-7, Sk-Br-3, 
MDA-MB-231, MDA-MB-468), ovarian (OVCAR-3, SK-OV-3, 
pancreatic (MiaPaCa-2), and lung (A-549). In addition, mice 
implanted with tumors in which wild-type human MSCs 
were co-injected with HCT-116 colon cancer cells in Extracel-
X produced 2.5 ×  larger tumors after 40 days, when compared 
bH & Co. KGaA, Weinheim Adv. Mater. 2011, 23, H41–H56
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Figure 6. Centrifugal casting of cells in hollow hydrogel cylinders. Top) 
The inner walls of a capillary tube or dacron vascular prosthesis are pre-
coated with the Extracel sECM by axial rotation at 2000 rpm (11.2 × g) 
for 10 min to effect uniform coating during crosslinking and gelation. 
Then, cells are entrapped between two sECM layers by repeating the 
process with a cell suspension, giving a concentric sandwich construct. 
Panel (b) shows a gel-coated dacron vascular graft, and (c) shows GFP-
labeled QCE-6 quail vascular progenitor cells. Panel C reproduced with 
permission.[57] Copyright 2005, Elsevier. 
to mice injected with HCT-116 cells in Extracel-X alone (see 
Figure  4 ). [  34  ]  

 Novel cell types and cell aggregates have been generated 
using HA-rich hydrogel matrices. In one study, tumor-like 
stem cells, derived from human keloid (keloid precursor cells, 
KPCs), were suspended in Extracel-HP containing IL-6 or IL-17 
and implanted subcutaneously in immune compromised mice. 
This infl ammatory niche contributed to a benign tumor-like 
stem cell phenotype of the KPCs characterized by uncontrolled 
self-renewal and increased proliferation. Modifi cation of this 
pathological stem-cell niche with anti-cytokine antibodies had 
an anti-tumor effect. [  50  ]  In another study, Extracel was used 
to create a Matrigel-free 3D environment for the production 
of tumor spheroids in a microgravity environment in a high-
aspect-ratio vessel bioreactor. The co-culture of keratinocytes 
and melanoma cells in an HA-rich sECM demonstrated the 
potential for reducing the use of laboratory animals in anti-
tumor drug evaluation. [  51  ]  

 Finally, engineered tumors can be used to examine responses 
to newly developed signal transduction modifi ers that modu-
late the lysolipid signaling pathway. [  52  ]  First, we showed that 
BrP-LPA, a novel dual-function LPA antagonist/ATX inhibitor 
(LPAa/ATXi), inhibited growth and angiogenesis in MB-231 
breast tumors grown in Extracel. [  53  ]  Second, we showed that 
the engineering of tumors from non-small-cell lung-cancer 
(NSCLC) cells, required re-formulation to use Extracel-HP with 
added growth factors. Reproducibly sized subcutaneous lung 
tumors were formed, and growth and vascularization were 
inhibited by the LPAa/ATXi. We also used Extracel to deliver 
HCT-116 colon cancer cells directly in the liver of a nude mouse, 
mimicking a colon cancer metastasis site. The LPAa/ATXi 
agent also signifi cantly reduced tumor growth and angiognesis 
in this model. Taken together, these improved, more realistic 
xenografts show considerable utility for evaluating the potential 
of novel anti-metastatic, anti-proliferative, and anti-angiogenic 
compounds that modify signal transduction through the LPA 
signaling pathway.   

 3.2.5 Effects of Matrix Elasticity 

 Using a physiologically relevant ECM mimic composed of 
crosslinked thiolated HA and fi bronectin domains, adult 
human dermal fi broblasts modifi ed their mechanical response 
in order to match substrate stiffness. That is, cells on stiffer 
substrates had higher modulus and a more stretched and 
organized actin cytoskeleton, which translated into larger trac-
tion forces exerted on the substrate. [  54  ]  Similarly, migration of 
human dermal fi broblasts (HDFs) was examined with the same 
HA-fi bronectin hydrogels. Traction stresses were observed to be 
a sensitive indicator of the modulus of the hydrogel substrate, 
as determined by crosslinking density within the hydrogel. 
Moreover, the traction stresses caused by cell migration led to 
nuclear distortion. [  55  ]  

 Experimental control of both composition and gel stiffness 
is possible with thiolated HA and gelatin crosslinked with 
PEGDA, and mechanical properties of the sECM largely deter-
mine the resulting cell phenotype. The rheology of Extracel 
sECM hydrogels spanning three orders of magnitude of storage 
shear modulus, from 11 Pa to 3.5 kPa, was examined, since this 
© 2011 WILEY-VCH Verlag GmAdv. Mater. 2011, 23, H41–H56
is the critical range for soft-tissue engineering. The concentra-
tion of the chemically modifi ed HA and the crosslinking density 
were the main determinants of gel stiffness. Increasing the 
ratio of thiol-modifi ed gelatin reduced the stiffness of the gel by 
diluting the effective concentration of the HA component. [  21  ]  

 Finally, human bone-marrow-derived multipotent MSCs 
were cultured on crosslinked sECM hydrogels (Extracel) with 
compliance values that matched the elasticity of muscle or 
brain tissue. Over 90 MSC-secreted cytokines and growth fac-
tors were measured, and many exhibited elasticity-dependent 
expression. For example, IL-8 was 90-fold upregulated on hard 
surfaces relative to soft surfaces. [  56  ]     

 3.3. Processing  

 3.3.1. Centrifugal Casting 

 Centrifugal casting of sECM encapsulated endothelial cells 
was fi rst employed to create a variety of tubular constructs, 
allowing crosslinking of the living thiolated macromolecules to 
occur during axial spinning of a tube containing a suspension 
of endothelial cells ( Figure  6  ). [  57  ]  Subsequently, example 5 mm 
vessels with highly viable cell densities were created from small 
intestine submucosa tubular scaffolds with laser-machined 
micropores. [  58  ]  Indeed, the abundance of tubular tissues in 
the human body—from capillaries to bones, GI tract, kidney 
tubules, genitourinary structures—suggests that centrifugal 
casting could have an important impact on tissue engineering 
with living sECMs. [  59  ]    
bH & Co. KGaA, Weinheim wileyonlinelibrary.com H47
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    Figure  7 .      Dynamic crosslinking of macromolecular thiols with gold nanoparticles . A) Au-NPs act as multivalent crosslinkers for thiol-modifi ed HA. 
B) Bioprinting consists of deposition of acellular AuNP-CMHA-S gels (blue) and cell-containing AuNP-CMHA-S/Gelatin-DTPH gels to produce a cylindrical 
structure. C) A tubular cellularized construct printed without the central core outer annulus of the acellular gel. Reproduced with permission. [  66  ]    
 3.3.2. Electrospinning and Electrospraying 

 Thiolated HA has been electrospun into 3D nanofi brous scaf-
folds with PEO as a leachable diluent, and the fi bers were 
crosslinked with PEDGA prior to removal of PEO. The fi brous 
scaffold was coated with fi bronectin and seeded with fi brob-
lasts, which attached and spread to a dendritic morphology. [  60  ]  

 A common drawback of electrospun scaffolds is the poor cel-
lular infi ltration into the structure. To address this, micrometer-
sized electrospun fi bers were combined with the co-deposited 
thiolated HA-heparin product Heprasil. The resulting  μ PCL/Col 
fi bers co-electrosprayed with Heprasil showed optimal penetra-
tion of fetal osteoblasts. [  61  ]  Additional examples of electrospun 
photoactivatable HA-derived materials are described below.   

 3.3.3. Bioprinting 

 Bioprinting is an approach to tissue engineering that employs 
layer-by-layer robotic biofabrication of 3D constructs to create 
functional living macrotissues, [  62  ]  depositing “bioink” (cell aggre-
gates or spheroids) and “biopaper” (scaffold materials) into pre-
designed 3D organizations. [  59  ,  63  ,  64  ]  The success of bioprinting so 
far has been limited by a paucity of biomaterials that are compat-
ible with printing devices, having the optimal balance of robust-
ness, extrudability, cytocompatibility, and biodegradability. 

 A four-armed polyethylene glycol 3400 tetracrylate, 
TetraPAc13, was recently used to co-crosslink thiolated HA and 
gelatin derivatives into biocompatible, extrudable sECM hydro-
gels. [  65  ]  A high-density suspension of NIH3T3 cells in a 2% (w/v) 
TetraPAc13-crosslinked sECM hydrogel (9% cell mass/hydrogel 
volume, 25 million cells mL  − 1 ) afforded an extrudable hydrogel 
that could be printed from microcapillaries into macrofi la-
ments that held their shape during and after bioprinting. Cel-
lularized tubular constructs akin to simplifi ed blood-vessel-like 
structures were fabricated with a rapid prototyping device, and 
these structures maintained their viability in culture for up to 
four weeks. [  65  ]  Functional blood vessel structures and branched 
vascular networks should be accessible using this bioprinting 
strategy. 

 Most recently, gold nanoparticles (AuNP) were employed 
as multifunctional crosslinkers for the thiol-modifi ed macro-
monomers comprising the sECM hydrogels described above 
© 2011 WILEY-VCH Verlag Gwileyonlinelibrary.com
( Figure  7  ). These AuNP-crosslinked HA-gelatin sECM hydrogels 
exhibited a new and unusual property that was called “dynamic 
crosslinking.” [  66  ]  The initially formed hydrogel macrofi laments 
extruded from a syringe were held together by intra-gel 
crosslinks. Within hours, the extruded gel fi laments formed inter-
gel crosslinks, leading to fusion of the macrofi laments. When 
cellularized AuNP-crosslinked sECM hydrogels were bioprinted, 
the dynamic crosslinking facilitated cell growth and maturation 
within the printed constructs. After maturation of the construct, 
the addition of NAcCys effectively dissolved the hydrogel and 
only cell-secreted ECM remained. Additional bioprintable photo-
activatable HA-gelatin-based hydrogels are described below.      

 4. Photopolymerization and Electropolymerization 
Reactions to Form HA Hydrogels 

 Another area that has found widespread use is the application of 
radical polymerization for the formation of HA-based hydrogels. 
Radical polymerizations are used currently in clinical settings for 
the in situ formation of biomaterials, such as bone cements and 
fi llings of caries in dental applications. [  67  ]  Radical polymerizations 
involve the formation of a radical through some initiation source 
(e.g., light, temperature, redox reaction) that reacts with a reactive 
group on the HA macromer to form kinetic chains. As long as 
there is more than one reactive group on the HA macromer, a 
gel forms. As reviewed elsewhere, [  68  ]  radical polymerizations has 
numerous advantages, including the controllability of the reac-
tions and the ability to react in the presence of aqueous solutions. 

 Photoinitiated polymerizations are the most common exam-
ples of radical polymerizations that are applied to the formation 
of HA hydrogels. Photopolymerization is advantageous due to 
the temporal and spatial control that is achieved by using light 
as the initiation trigger. [  68  ]  For example, control of light with 
lasers and masks can be used to spatially control crosslinking of 
hydrogels, leading to advanced hydrogel systems and complex 
biomaterials. Direct cellular encapsulation is also possible as 
long as the initiation conditions are mild enough, so that radical 
concentrations or light intensities are not detrimental to the via-
bility of cells. [  69  ,  70  ]  This section will specifi cally focus on the rad-
ical polymerization of HA hydrogels, in contrast to the previous 
section that focused on condensation and addition reactions.  
mbH & Co. KGaA, Weinheim Adv. Mater. 2011, 23, H41–H56



P
R
O

G
R
ES

S
 R

EP
O

R
T

www.advmat.de
www.MaterialsViews.com

    Figure  8 .     Structures of a range of photopolymerizable HA macromers. HA macromers can be synthesized to include reactive methacrylate groups 
either directly (MeHA) or with a hydrolytically degradable spacer of lactic acid (MeLAHA) or caprolactone (MeCLHA). When photocrosslinked, these 
macromers form hydrogels with varied degradation behavior (measured with release of uronic acid), with degradation rates of MeLAHA  >  MeCLHA 
 >  MeHA.   
 4.1. Chemistry 

  4.1.1 Reaction with Methacrylic Anhydride 

 Acrylates and methacrylates are the most common reactive 
groups used in radical polymerizations, since they react rap-
idly with radicals. Fortunately, the HA backbone presents sev-
eral groups for modifi cations, including carboxyls and acids. 
One of the simplest and most widely used reactions for HA 
modifi cation is the simple reaction of HA with methacrylic 
anhydride under basic conditions to form a methacrylated HA 
(MeHA). [  71  ,  72  ]  The structure of MeHA is illustrated in Figure  1 , 
and additional derivatives are shown in  Figure  8  . This reaction 
was fi rst used by Grinstaff and co-workers [  71  ,  72  ]  to modify both 
HA and alginate, and although the reaction is not effi cient, it is 
simple and effective. One application that was initially pursued 
with this group of materials was the sealing of corneal lacera-
tions, which was very successful. [  73  ]  As will be discussed later, 
this MeHA system has been applied to many other applications 
from scaffolds for tissue regeneration to microdevices.  

 One benefi t to hydrogels formed from the MeHA macromer 
is that the properties of the formed networks can be tailored 
by modifi cation of the HA molecular weight, the number of 
reactive groups, and the concentration of the macromer. [  74  ]  
For instance, HA hydrogels that range in volumetric swelling 
ratios from  ≈ 42 to 8, compressive moduli from  ≈ 2 to over 
100 kPa, and degradation times from less than one day to 
almost 38 days in the presence of hyaluronidase can be fabri-
cated using these modifi cations. [  74  ]  Generally, these hydrogels 
are fairly stable and degrade in short periods only with the pres-
ence of hyaluronidases. [  74  ,  75  ]  Interpenetrating networks (IPNs), 
where the HA network is polymerized around an alternate net-
work, can also be obtained using this MeHA system. In one 
example, IPNs of collagen within an HA hydrogel were pro-
duced that permitted advantages of both the HA networks with 
respect to mechanical stability and the collagen with respect to 
cellular adhesion. [  76  ]  This approach opens up many possibilities 
for tailoring HA hydrogels for a range of applications. There 
are other examples where this MeHA macromer has been 
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copolymerized with poly(amino acids) [  77  ]  and processed into 
hydrogel beads [  78  ]  to further harness their tunable properties 
and application potential.   

 4.1.2. Reaction with Glycidyl Methacrylate 

 An alternate method for the functionalization of HA is the 
reaction of glycidyl methacrylate with HA to form GMHA con-
jugates. [  79  ]  Schmidt and co-workers crosslinked the GMHA 
macromers into hydrogels and illustrated a range of degradation 
rates, as well as material properties. [  79  ]  A wide range of GMA 
modifi cations have been explored, with methacrylation up to 
90% occurring with long reaction times at room temperature. [  80  ]  
Photocrosslinking of highly modifi ed GMA-HA affords densely 
crosslinked, robust gels. Moreover, a range of complex fl uids 
can be fabricated with GMA-HA. Lightly crosslinked near-gels 
and emulsion-crosslinked microspheres are strongly viscoe-
lastic, while centrifuged microspheres form elastic microgels. [  81  ]  
The implanted hydrogels also showed good biocompatibility 
with minimal infl ammation. These macromers have also been 
investigated for cytocompatibility and showed a relatively favo-
rable response when directly exposed to cells. [  82  ]  

 Hydrogels were also formed from the GMHA macromer in 
combination with acrylated versions of poly(ethylene glycol) 
(PEG) and PEG–peptide macromers. [  83  ]  In this case, stable 
hydrogels were formed from these macromer combinations 
at high peptide conjugations. Likewise, GMHA was combined 
with hydroxyethyl acrylate in a range of combinations to pro-
duce hydrogels with variable properties. [  84  ]  IPNs of the GMHA 
and  N -dimethylacrylamide have also been fabricated to produce 
networks with high moduli. [  85  ]  These gels were not cytotoxic to 
cells cultured on their surface, but encapsulation in these high-
modulus gels has not been performed previously. 

 HA has also been modifi ed with other derivatives of gly-
cidyl methacrylate, including oxidizing the HA prior to cou-
pling and grafting HA with poly(2-hydroxyethyl methacrylate) 
and then coupling to HA. [  25  ]  These alterations in the meth-
acrylate conjugation led to photopolymerized hydrogels with 
a wide range of properties, depending on the chemistry that 
bH & Co. KGaA, Weinheim wileyonlinelibrary.com H49
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was used. These gels showed minimal cytotoxicity in indirect 
and direct toxicity assays. Photocrosslinkable HA has also been 
synthesized by coupling cinnamic acid through the carboxyl 
groups of HA using a 3-aminopropanol spacer. [  86  ]  Hydrogels 
are formed from this HA through a direct photodimerization, 
rather than the typical chain polymerization and generation 
of kinetic chains. Unfortunately, the photochemical energy 
required for photodimerization precludes cell encapsulation 
during irradiation, and this would not be considered a living 
HA derivative. Protein adsorption on unmodifi ed HA hydro-
gels is minimal, leading to relatively low cell adhesion; how-
ever, this can be overcome by sulfate derivatives [  87  ]  or through 
peptide modifi cation. [  88  ]    

 4.1.3. Hydrolytically Degradable HA 

 Although these previously described HA modifi cations 
permit the fabrication of stable and enzymatically degradable 
hydrogels, there are instances where further control over the 
degradation behavior of the HA gels is desirable. Specifi cally, 
nondegrading or slowly degrading hydrogels may limit cel-
lular migration and cell–cell contacts or be inhibitory where 
enzymes are not present, whereas a system with controlled 
degradation could be used for the delivery of biological 
molecules or for tailored temporal properties. To meet these 
criteria, HA macromers were synthesized that form hydro-
gels that are both hydrolytically (via ester group hydrolysis) 
and enzymatically degradable. [  75  ]  This was accomplished by 
introducing hydrolytically degrading esters (e.g., lactic acid 
or caprolactone) between the HA backbone and the photo-
reactive groups and the structures are shown in Figure  8 . The 
kinetics of hydrogel degradation and molecule release were 
controlled through the hydrogel crosslinking density (i.e., 
macromer concentration), the type of degradable unit (i.e., 
caprolactone versus lactic acid) and copolymerization with 
purely enzymatically degradable macromers. The distribu-
tion of produced matrix by encapsulated mesenchymal stem 
cells (MSCs) was controlled by the copolymer concentration 
(i.e., degradation behavior). Specifi cally, the distribution of 
released extracellular matrix molecules (e.g., chondroitin 
sulfate (CS)) was improved with increasing amounts of 
the hydrolytically degradable component. Overall, these 
macromers allow for enhanced control over the structural 
evolution of the HA hydrogels towards applications as 
biomaterials.   

 4.1.4. Electropolymerizable Pyrrole-HA 

 Reaction of  N -(1-aminoprop-3-yl) pyrrole with HA using car-
bodiimide-NHS chemistry afforded a 5–15% PyHA conjugate. 
PyHA was then electrochemically polymerized to give a stable, 
biocompatible 20–40 nm HA coating on conducting polymer 
substrates such as platinum, indium tin oxide, and polystyrene 
sulfonate-doped polypyrrole surfaces. [  89  ]  The poly(PyHA)-coated 
electrode surfaces were hydrophilic and resistant to fi broblast 
and astrocyte adhesion, and the immobilized HA fi lms were 
stable under physiological conditions for three months. Impor-
tantly, the poly(PyHA) surfaces retained the electrical properties 
of the underlying electrodes.    
© 2011 WILEY-VCH Verlag Gmwileyonlinelibrary.com
 4.2. Applications 

  4.2.1. Cartilage Tissue Engineering 

 As with PEGDA-crosslinked thiol-HA hydrogels, mentioned 
above, the encapsulation of cells for cartilage regeneration has 
been extensively investigated in photopolymerizable HA hydro-
gels. Elisseeff and co-workers fi rst pioneered the use of a photo-
polymerization process for the encapsulation of chondrocytes 
in hydrogel networks for treating damaged cartilage tissue, 
mainly due to the benefi ts of this approach for injectable con-
structs and for the fi lling of irregular defects. [  90–92  ]  Auricular 
(ear) chondrocytes have been directly encapsulated in MeHA 
hydrogels with a range of variations in molecular weight (50 
to 1100 kDa) and macromer concentration (2 to 20 wt%) to 
investigate the infl uence of gel properties on neocartilage for-
mation. [  93  ]  After 12 weeks of subcutaneous implantation, neo-
cartilage production varied depending on the gel formulation, 
including being 81 to 93% water, containing between 0.1  ×  
10 6  and 0.6  ×  10 6  chondrocytes per sample, and consisting of 
0 to 0.049  μ g CS per  μ g wet weight (GAG content) and 0.002 
to 0.060  μ g collagen per  μ g wet weight. Hydrogels fabricated 
from 2 wt% of the 50 kDa HA macromer most resembled the 
properties of native cartilage and showed the greatest promise 
for continued development for cartilage regeneration. 

 The crosslinking of HA hydrogels also infl uences the diffusion 
through hydrogels and the overall tissue production by encapsu-
lated MSCs. [  94  ]  Furthermore, the expansion of chondrocytes prior to 
encapsulation played a role in the extent of neocartilage formation 
in these HA hydrogels, with extended passaging leading to inferior 
neocartilage properties. [  93  ]  Likewise, the type of chondrocyte (auric-
ular versus articular) infl uenced neocartilage tissue properties, with 
auricular chondrocytes forming better tissue, potentially due to 
their increased ability to remodel the hydrogels. [  95  ]  However, some 
enhanced gene expression was observed in articular chondrocyte 
constructs when they were mechanically loaded in compression, 
mimicking features of the native tissue environment. Chondro-
cytes have also been photoencapsulated in HA hydrogels and inves-
tigated in an in vivo model of cartilage repair in swine. [  96  ]  The con-
structs appeared to integrate well with the native tissue, and showed 
enhanced matrix synthesis and cellularity after implantation. 

 The above-mentioned hydrolytically degradable HA macro-
mers have also been used to infl uence tissue formation by 
encapsulated MSCs. [  97  ]  MSCs were photoencapsulated in com-
binations of hydrolytically and enzymatically degradable HA 
hydrogels to investigate the tunability of these hydrogels and 
the infl uence of network evolution on neocartilage formation. 
Specifi cally, the mechanical properties increased when deg-
radation complemented extracellular matrix deposition and 
decreased when degradation was too rapid. Evolving hydrogels 
also showed an increase in tissue distribution and an increase 
in GAG content over static hydrogels. The infl uence of hydrogel 
type has also been investigated towards their ability to support 
cartilage formation, with HA hydrogels being compared to those 
of Puramatrix and agarose. [  98  ]  Interestingly, the performance of 
chondrocytes in agarose was superior to either HA hydrogels 
or Puramatrix, yet MSCs performed similarly throughout the 
different hydrogels. This may be related to specifi c MSC inter-
actions with HA hydrogels, which will be reviewed below. [  99  ]    
bH & Co. KGaA, Weinheim Adv. Mater. 2011, 23, H41–H56
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 4.2.2. Cardiac Repair 

 A recent study investigated the utility of redox-initiated HA hydro-
gels in cardiac repair. [  100  ]  After myocardial infarction, the increase 
in infl ammatory molecules and alterations in local enzymatic 
activity, in combination with the pumping of fl uid through the 
heart, leads to an expansion of the left ventricle and thinning of 
the heart wall. This process can have detrimental effects on car-
diac function and ultimately lead to the onset of congestive heart 
failure. One approach to overcome this and to reduce stresses 
in the heart wall is the injection of an acellular biomaterial. HA 
hydrogels that had uniform gelation and degradation behavior but 
different mechanical properties were injected into the heart, and 
it was found that the gel with a higher modulus enhanced func-
tional outcomes better than the gel with a lower modulus. [  100  ]  This 
gel system provided a means to probe the optimal design criteria 
for such as system, and this information will be useful in future 
design considerations of hydrogels to affect cardiac outcomes.   

 4.2.3. Molecule Delivery 

 Due to their excellent biocompatibility, non-toxic nature, and tun-
ability of properties and degradation, HA hydrogels are potentially 
useful for molecule delivery applications. Additionally, photo-
polymerization provides a simple technique for the encapsulation 
of molecules for delivery applications. [  92  ,  101  ]  The delivery of pro-
teins from GMHA derivatives of HA, alone and combined with 
poly(ethylene glycol), was investigated with a range of hydrogel 
formulations. [  102  ]  Bovine serum albumin was used as a model 
protein and release could either be very rapid ( < 6 h) or very slow 
(several weeks), depending on the extent of crosslinking and the 
incorporation of microspheres. These hydrogel and composite 
systems can be used for a wide range of applications, including 
regenerative medicine, where the timing of protein delivery is 
crucial to tissue formation. Others have characterized the degra-
dation of degradable microsphere and HA hydrogel composites 
using techniques such as optical coherence tomography. [  103  ]  

 Modifi ed HA macromers have been combined with other 
reactive systems as encapsulation and release systems for DNA 
delivery. [  104  ]  Gene therapy approaches are becoming useful 
in regenerative medicine to alter the gene expression of cells 
towards directed tissue repair, thus the local and controlled 
delivery of DNA is important. In this work, the release profi les 
were dependent on the extent of crosslinking and amount of HA 
incorporated, and the activity of the released DNA was dependent 
on the encapsulation conditions and material formulations. 
Likewise, Shea and co-workers investigated vector delivery from 
hydrogels with acrylated HA and 4-arm poly(ethylene glycol) 
precursors and assessed delivery profi les based on material 
compositions. [  105  ]  This provides a non-viral approach for the 
local delivery of DNA and illustrates the importance of release 
on hydrogel properties and the specifi c vector used.   

 4.2.4. Valvular Engineering 

 The engineering of heart valves is important due to diseases and 
damage that infl ict natural heart valves, and tissue engineered 
approaches are particularly interesting as a biological substitute 
for damaged valves. Photocrosslinked HA hydrogels are being 
explored for this application due to the presence of HA within the 
structure of the native valve. [  106  ]  Interestingly, valvular interstitial 
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cells (VICs) have been diffi cult to culture in a range of common 
culture environments, including peptide- and protein-modifi ed 
surfaces; however, these cells adhered to and proliferated on 
HA-based hydrogels. [  106  ]  Additionally, the degradation products 
of these HA gels increased VIC proliferation in culture, with a 
dependence on molecular weight. [  107  ]  The VICs were able to inter-
nalize the HA and activate signaling to infl uence the biological 
responses. When encapsulated, the VICs remained viable and 
produced important matrix molecules found in the native tissue. 
When the HA gels were combined with poly(ethylene glycol)-
based crosslinkers, further tunability of the gel was possible to 
better organize the timing and structure of produced matrix. [  108  ]    

 4.2.5. Control of Stem Cell Behavior 

 HA hydrogels have been extensively used to control the dif-
ferentiation of entrapped stem cells, as described in detail for 
a variety of crosslinked thiolated HA gels. Similarly, photo-
crosslinked HA hydrogels are promising for use in 3D stem 
cell encapsulation. In one study, [  99  ]  MSC differentiation towards 
chondrocytes was investigated in photopolymerized HA hydro-
gels using the MeHA system; since HA is a native component 
of cartilage and MSCs may interact with HA via surface recep-
tors. MSCs are multipotent progenitor cells whose plasticity 
and self-renewal capacity have generated signifi cant interest 
for applications in tissue engineering. [  109  ,  110  ]  Notably, both in 
vitro and in vivo cultures permitted chondrogenic differentia-
tion, measured by the early gene expression (up-regulation of 
type II collagen, aggrecan, sox9) and production of cartilage 
specifi c matrix proteins (type II collagen and CS). [  99  ]  To assess 
the importance of hydrogel chemistry on MSC chondrogenesis, 
HA hydrogels were compared to relatively inert PEG hydrogels 
in the presence of chondrogenic factors (e.g., TGF- β 3). MSCs 
in HA hydrogels showed greatly enhanced expression of carti-
lage specifi c markers compared to the PEG hydrogels in vitro 
and in vivo. This work indicates that hydrogel chemistry alone 
can play a role in MSC differentiation and particularly that HA 
can enhance chondrogenesis. 

 However, this effect on stem cell differentiation was specifi c 
to the type of stem cell. HA hydrogels were also investigated as 
a 3D environment for controlling the self-renewal and differen-
tiation of human embryonic stem cells (hESCs). [  111  ]  It is known 
that levels of HA are very high during embryogenesis, and that 
differentiation is only observed when these levels decrease. [  2  ,  3  ]  
When encapsulated in 3D HA hydrogels (but not within other 
hydrogels, such as those based on Dextran, or in monolayer 
cultures on HA), hESCs increased in number, maintained their 
undifferentiated state, and maintained their full differentiation 
capacity. Additionally, differentiation could be induced within 
the gel by simply altering soluble factors. Thus, this system pro-
vides a culture system for hESC expansion that does not involve 
culture on mouse or human cell feeder layers. This work pro-
vides evidence that the developmental relevance of HA can be 
utilized in material design for advanced culture systems.   

 4.2.6. Microdevices 

 Beyond direct tissue engineering and cell culture, photopoly-
merized HA hydrogels have also been used in the development 
bH & Co. KGaA, Weinheim wileyonlinelibrary.com H51
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    Figure  9 .     Examples of photocrosslinked HA scaffold structures. Photopolymerizable HA macromers can be processed into a range of structures based on: 
crystal templating (left, scale bars  =  10  μ m), electrospinning fi brous structures (middle, non-aligned on top, aligned on bottom, scale bar  =  10  μ m) and macro-
porous scaffolds from sphere templating (right, scale bar  =  250  μ m). For crystal templating, confocal images (A: reconstruction, B-C: scan) of hydrogels con-
taining urea crystals before (A, B) and after (C: swollen, D: dry) crystal removal are shown. Panel A reproduced with permission. [  128  ]  Copyright 2010, Elsevier.   
of microdevice systems. [  112  ]  Micropatterning of hydrogels is 
potentially useful for a variety of applications, including tissue 
engineering, fundamental biological studies, diagnostics, and high-
throughput screening. [  113  ]  This process takes advantage of the spa-
tial control of the photopolymerization of the MeHA macromers 
to form microwells or microgels that cells can either be cultured 
within or encapsulated in, respectively. [  112  ]  Cells within the micro-
wells remained viable, could generate spheroids, and could be 
retrieved using mechanical disruption. When encapsulated, arrays 
of viable embryonic stem (ES) cells or fi broblasts were obtained and 
could later be recovered using enzymatic digestion of the micro-
structures. Using a similar approach, the liquid MeHA macromer 
can be micromolded using a hydrophilic polydimethylsiloxane 
stamp and crosslinked with light to fabricate cell-containing micro-
scale hydrogels out of HA. [  114  ]  These microgels can potentially be 
assembled into tissue structures or used in cell-based assays. 

 HA hydrogels have also been processed into microbioreactor 
systems that allow for the 3D cultivation of hESCs in hydrogels 
with controlled perfusion of culture media. [  115  ]  The device used 
common lithography techniques, was fabricated in polydimeth-
ylsiloxane and glass, and consisted of a microfl uidic layer 
placed over an array of wells (which contain the hESCs encap-
sulated in the HA hydrogels) adhered to a standard microscopy 
slide. Dynamic fl ow conditions improved the hESC viability in 
the microreactor and enhanced the vascular differentiation of 
hESCs after the administration of growth factors.    

 4.3. Processing 

  4.3.1. Macroporous Hydrogels 

 Radically polymerized materials can be fabricated into func-
tional materials using a number of routes. Due to the nature 
of the polymerization, hydrogels can be injected directly into 
tissues or into void spaces (e.g., dual barrel syringe for redox 
systems, macromer injection and light exposure for photoiniti-
ated systems). [  116  ]  Using these same techniques, injection into 
molds is also possible to fabricate hydrogels with endless varia-
tions in shape and size. For example, a microsphere templating 
© 2011 WILEY-VCH Verlag Gwileyonlinelibrary.com
process can be used to fabricate a macroporous scaffold, where 
the macromer is crosslinked around beads (either sintered or 
packed together) and then the beads can be dissolved.  [  117  ,  118  ]  A 
representative example of a scaffold fabricated with this proce-
dure with HA hydrogels is shown in  Figure  9  . These macroporous 
HA scaffolds possess many of the advantages of a hydrated 
HA system, yet provide porosity for cell and tissue invasion.    

 4.3.2. Electrospinning 

 As discussed above, electrospinning is fi nding increased utility 
in creating scaffolds for tissue engineering from chemically and 
photochemically crosslinkable HA derivatives. A charge is applied 
to a polymer solution for fi ber formation, and collection can occur 
either in a random or aligned (e.g., via a rotating mandrel) orienta-
tion. [  119  ,  120  ]  These structures are important in that they can mimic 
the size-scale of the natural extracellular matrix for enhanced bio-
logical interactions and that the alignment can be used to direct 
cell orientation and tissue formation for the engineering of aniso-
tropic tissues (e.g., meniscus and cardiac tissues). [  121  ,  122  ]  There are 
numerous examples of where HA has been electrospun into scaf-
folds, including as a photopolymerizable version. [  60  ,  123  ,  124  ]  The HA 
macromer is electrospun into a scaffold and then exposed to light 
for crosslinking within and between fi bers. Electron microscopy 
images of HA fi bers in both aligned and non-aligned confi gura-
tions are shown in Figure  9 . An added advantage to this process 
is that the light exposure can be performed with spatial control to 
pattern porosity into the fi brous scaffolds, which can be used to 
enhance cellular infi ltration and vascularization. [  125  ]    

 4.3.3. Patterning HA Hydrogels 

 The 3D patterning of HA hydrogels is also possible based on 
spatially controlled light exposure. In one example, Schmidt 
and co-workers developed IPN and semi-IPNs of collagen and 
photocrosslinked HA. [  126  ]  The HA infl uences the properties of 
these gels, compared to collagen alone, and HA IPNs can be 
patterned throughout the collagen gels to spatially manipulate 
the properties. Protein microstructures can also be patterned 
within 3D HA hydrogels using multiphoton excitation, even 
with sub-micrometer resolution. [  127  ]  This patterning method 
mbH & Co. KGaA, Weinheim Adv. Mater. 2011, 23, H41–H56
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enhances the complexity of scaffolds for use in regenerative 
medicine, including for neural applications. 

 A completely different form of patterning was employed to 
create dendritic pore networks. In a clever and simple approach, 
dendritic crystals of urea were grown within solution-cast fi lms 
of GMHA that were supersatured with urea. [  128  ]  Following induc-
tion of crystal growth, the GMHA was photocrosslinked to pre-
serve the dendritic network, and the urea was dissolved, leaving 
a resulting porous, fi brillar HA network. Representative confocal 
images of the gels before and after crystal removal are shown in 
Figure  9 . The technique is general for natural and synthetic poly-
mers capable of forming viscous concentrated solutions.   

 4.3.4. Bioprinting 

 In a new application, a methacrylated ethanolamide derivative of 
gelatin (GE-MA) was combined with methacrylated HA (HA-MA) 
and partially crosslinked to give an extrudable gel-like fl uid. [  44  ]  
Gels were printed through a syringe needle into robust struc-
tures, followed by a second photocrosslinking step to create a 
bioprinted tubular construct. The viscoelasticity of methacrylated 
HA gels can be varied by adjusting the degree of methacrylation 
and by post-processing. The new HA-MA:GE-MA hydrogels were 
biocompatible, supporting cell attachment and proliferation of 
HepG2 3CA, Int-407, and NIH3T3 cells. Moreover, a computer-
driven prototyping device was used to print a cellularized tubular 
construct with an acellular core and acellular support halo. Cells in 
the printed construct were viable in culture, and gradually remod-
eling the synthetic matrix to create an endogenous ECM. [  129  ]      

 5. Combining Addition and Photoinitiated 
Polymerizations 

 Beyond the approaches discussed in the previous sections 
related to the formation of HA hydrogels with either addition/
© 2011 WILEY-VCH Verlag GmAdv. Mater. 2011, 23, H41–H56

    Figure  10 .     Spatially controlled behavior of stem cells in 3D hydrogels. Hu
aspect ratios on right) were encapsulated in HA hydrogels using MMP-cleav
of light introduces kinetic chains in a spatially controlled manner (illustrate
spatially controlled cell spreading. Reproduced with permission. [  134  ]  Copyrig
condensation reactions or radical polymerizations alone, it may 
also be advantageous to combine these techniques to utilize the 
advantages of both systems. For instance, the crosslinking of a 
hydrogel can be used to control cellular interactions; particularly 
their spreading and migration behavior. Generally, cells remain 
rounded in a directly photopolymerized system, since the cells 
are unable to remodel the kinetic chains that are formed during 
the polymerization reaction. However, this may be overcome 
with very low macromer concentrations, [  130  ]  by using modifi ed 
natural polymers (e.g., gelatin or collagen), or through the incor-
poration of matrix metalloprotease (MMP) cleavable peptides into 
the crosslinks. [  88  ,  131  ]  Likewise, the behavior of cells in addition-
crosslinked HA hydrogels depends on the related crosslinker 
chemistry, and systems are again available that allow cells to 
remodel with the use of enzymes, such as MMPs. [  88  ,  131–133  ]  

 In one study, addition and radical polymerizations were 
utilized in series, in a mechanism termed “sequential poly-
merization”. [  88  ]  First, acrylated HA was crosslinked with thiol-
terminated peptide crosslinkers that were also MMP cleavable 
to form a network. However, only a fraction of the acrylates was 
consumed during this reaction, leaving remaining acrylates that 
are accessible to undergo a radical polymerization. With the 
addition of light and a photoinitiator, the remaining acrylates 
reacted into non-degradable kinetic chains. As long as an adhe-
sive peptide (e.g., RGD) was incorporated on the HA, cells were 
able to remodel the hydrogels after the fi rst crosslinking step; 
however, the radical polymerization prevented hydrogel remod-
elling and cellular spreading after the second step. Importantly, 
the second step can be implemented with spatial control due to 
the light, giving rise to spatially controlled hydrogel remodeling 
by cells. This was completed in a follow-up study [  134  ]  and precise 
control over cellular spreading was observed in patterned gels, 
as illustrated in  Figure  10  . Interesting, the spread behavior of 
the cells led to differences in stem cell differentiation in both 
uniform and patterned gels, where spread cells underwent a pri-
marily osteogenic differentiation and rounded cells underwent a 
bH & Co. KGaA, Weinheim wileyonlinelibrary.com H53

man mesenchymal stem cells (confocal images on left, quantifi cation of 
able crosslinkers using a sequential crosslinking process. The introduction 
d in red) that alters the ability of a cell to remodel the hydrogel, leading to 
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primarily adipogenic differentiation, likely dependent on tension 
generated within the cells due to differences in spreading. [  134  ]  
This may be interesting for applications in multi cellular tissues 
or for vascularization of tissue-engineered constructs.  

 HA hydrogels have also been developed in a similar fashion 
to spatially control the mechanical properties in the gels. [  135  ]  In 
this case, signifi cant differences in the extent of crosslinking 
during the primary and secondary steps were used to produce 
gels with moduli of  ≈ 3 kPa after the addition reaction and 
 ≈ 80 kPa after the radical polymerization. These mechanics are 
within the regime of mechanosensitivity by a range of cells and 
can infl uence cellular behaviour such as spreading and differ-
entiation. [  136  ]  In this case, the spatial control led to MSCs that 
were round and did not proliferate on the softer regions and 
spread and proliferated on the stiffer regions. [  135  ]  

 In another study, spatial patterning of photocrosslinks in 
a chemically crosslinked HA hydrogel was used to produce 
hydrogels with anisotropic swelling behavior, based on differ-
ences in crosslink density within the hydrogel. [  137  ]  This con-
trolled swelling provides excellent control over hydrogel shape 
changes, leading to more advanced hydrogel systems. 

   6. Conclusion and Outlook 

 This progress report illustrates the wide range of materials based 
on HA that have been developed in recent years. The versatility 
in HA macromer synthesis and processing of the materials has 
transitioned into materials with a range of properties useful in 
applications such as tissue engineering and drug delivery. Thus, 
unique design criteria can be met using tunable material devel-
opment. Additionally, HA-based hydrogels may impart biological 
activity to cells, as evident by changes in cellular behaviour, 
including stem cell differentiation, when interaction with bio-
materials based on HA compared to other polymers. One area that 
is clear is the potential utility of HA-based materials in transla-
tional applications, particularly due to the processing capabilities, 
biocompatibility, and effi cacy of these materials. It is likely that 
the coming years will see an expansion in this area through new 
material development with unique and interesting properties.  
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