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Abstract

Glycosaminoglycans (GAGS) govern important functional characteristics of the extracellular
matrix (ECM) in living tissues. Incorporation of GAGs into biomaterials opens up new routes for
the presentation of signaling molecules, providing control over development, homeostasis,
inflammation and tumor formation and progression. This review discusses recent approaches to
GAG-based materials, highlighting the formation of modular, tunable biohybrid hydrogels by
covalent and non-covalent conjugation schemes, including both theory-driven design concepts and
advanced processing technologies. Examples of the application of the resulting materials in
biomedical studies are provided. For perspective, we highlight solid-phase and chemoenzymatic
oligosaccharide synthesis methods for GAG-derived motifs, rational and high-throughput design
strategies for GAG-based materials and the utilization of the factor-scavenging characteristics of
GAGs.
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1. Introduction

Glycosaminoglycans (GAGS) are unbranched, high-molecular-weight polysaccharides that
occur either covalently linked to protein cores—forming proteoglycans—or free within the
extracellular matrix (ECM) of higher organisms. GAGs consist of repeating disaccharide
units consisting of a uronic acid and an amino sugar that display carboxylic acid and various
sulfate moieties (N-sulfate; 2-O-, 3-O-, 4-O-, and 6-O-sulfate).[X] Important types of GAGs
that differ in chemical composition, structure and function include the non-sulfated
hyaluronan (HA), the sulfated heparan sulfate (HS) and the closely related heparin (HEP),
the sulfated chondroitin sulfate (CS) and the related dermatan sulfate (DS), and keratan
sulfate (KS). The molecular weights and sulfation patterns of GAGs vary over a broad range,
depending on the organism, tissue type, age and health conditions. The physical properties
of GAGs, i.e., viscosity and conformation, and interactions with soluble signaling molecules
are both strongly influenced by the GAG molecular weight.[?]

GAGs form the structural basis of many important functional characteristics of ECMs. In
addition to the hydrogelic properties of tissues (e.g., their compressive resistance),[31 GAGs
mediate the localized presentation of multiple soluble signaling molecules,[l including the
formation of morphogen gradients.[®l HS-GAGs, for instance, have been shown to modulate
morphogen gradient formation in vivo,[®! thus governing the adaptive formation of tissues
and organs in multicellular organisms.[”] Accordingly, GAGs have been demonstrated to be
involved in key events in embryogenesis and development,[1:8] homeostasis, [8°]
inflammation,[®] and tumor formation and progression.[1% In light of the multifaceted cell-
instructive roles of GAGs in living tissues, GAG-based materials are currently attracting
greatly increased attention in the field of biomaterials sciencel!l (see Figure 1). This review
covers recent related developments, highlighting the formation of modular, tunable
biohybrid hydrogels using covalent and non-covalent conjugation schemes, including the
cytocompatible in situ gelation of GAG-containing polymer networks in biofluids or living
tissues (see section 2). In these approaches, GAGs were either conjugated to native structural
polymers, such as collagen,[12] or were combined with functionalized synthetic polymers,
such as poly(ethylene glycol) (PEG). In particular, the combination of GAGs with PEG has
been demonstrated to allow extensive modulation of both the mechanical and biomolecular
characteristics of the resulting biohybrid materials (see sections 2 and 5.2).

A variety of related systems has recently been reported and analytically studied with respect
to both intrinsic material properties and biological signaling characteristics. The
combination of GAGs and functional peptides in biohybrid matrices was demonstrated to
provide unprecedented levels of control over crosslinking, cell adhesion and enzymatic
cleavage ‘on demand’ (see section 2). Dedicated processing technologies have allowed the
adjustment of matrix characteristics across scales (see section 3 and Figure 1), and further
customization of the materials was achieved through the non-covalent conjugation of
multiple GAG-binding growth factors (see section 4 and Figure 1). Furthermore, selective
desulfation approaches have expanded the options for adjusting GAG properties, enabling
the unambiguous correlation of molecular structure and cell-instructive matrix
characteristics (see section 4.2). Based on their biofunctional versatility, GAG-based
materials have been shown to be instrumental for /n vivotissue engineering, the culture and
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expansion of therapeutically relevant cells, drug delivery applications, and advanced ex vivo
tissue engineering models (see sections 2-4).

Exciting new features of GAG-based biohybrid materials are now coming into reach because
solid-phase oligosaccharide synthesis, in combination with chemical and chemoenzymatic
protocols and the recombinant expression of proteoglycans, facilitates the precise design of
GAG-derived motifs (see section 5.1). With examples of theory-driven and combinatorial
materials design (see section 5.2), approaches to the therapeutically relevant scavenging of
GAG-binding cytokines (see section 5.3) and the implementation of autoregulative
adaptation schemes (see section 4.4), GAG-based biohybrid materials represent a highly
promising new class of bioinspired materials that are capable of addressing the needs of
emerging fields such as regenerative medicine and beyond.

2. GAG Hydrogels with Adjusted Stiffness, Cell Adhesiveness and

Degradation

GAG-based hydrogel materials can provide cell-instructive molecular signals and allow cell-
responsive remodeling. This section discusses approaches for the functionalization of GAG
hydrogels with short peptides to trigger cell adhesion and enzymatic cleavage,
cytocompatible crosslinking chemistries for embedding living cells and customized
degradation schemes to adjust the release of bioactive moieties and the structure of gel
materials.

2.1 Multifunctional GAG-Peptide-PEG Hydrogels

2.1.1 Cell-(Responsive) Hydrogel Materials—Cell-fate decisions are controlled by a
subtle balance of exogenous cues; 23! thus, ECM-mimicking polymer matrices must be
adjusted with respect to mechanical properties and structural heterogeneity, the provision of
cell adhesion ligands, susceptibility to cell-responsive remodeling and the delivery of soluble
signaling molecules(4] (see Figure 1). In particular, because matrix remodeling is required
for the migration and proliferation of embedded cells,[*! cell-responsive degradability is
indispensable for cell-instructive matrices in tissue engineering.[24P] Peptide sequences
incorporated into GAG-based hydrogels can provide specific adhesion receptor-binding sites
and enable cell-responsive remodeling. Accordingly, multifunctional biohybrid hydrogels
made of star-shaped PEG (starPEG) and HEP, utilizing 1-Ethyl-3-(3-dimethylaminopropyl)-
carbodiimide/N-hydroxysulfoxuccinimide (EDC/sNHS)-activated carboxylic acid moieties
of HEP for covalent crosslinking with the amine moieties of the starPEG,[26] were
functionalized by incorporation of matrix metalloproteinase-sensitive peptides and specific
cell adhesion sites. To allow matrix remodeling, the peptide sequence GPQG-IWGQ, which
is sensitive to several matrix metalloproteinases (MMPs), including MMPs 1, 2, 3, 7, 8 and
9,1171 was conjugated to all the arms of a starPEG via a Michael-type addition reaction.[18]
The N-terminus of the peptide was subsequently used for oriented coupling to the EDC/
sNHS-activated carboxylic acid groups of HEP to form defined biohybrid matrices. In
addition, the fibronectin (FN)-derived integrin ligand RGD was incorporated into a
bifunctional crosslinking peptide together with the GPQG-IWGQ-sequence.[29] The
resulting biohybrid hydrogels, which displayed adhesion sites and enzymatic degradability
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within peptide crosslinks pre-functionalized with vascular endothelial growth factor
(VEGF), were demonstrated to promote the ingrowth of HUVECs.[19]

The fine-tuning of degradability to adjust the migratory activity of cells can be crucial for
the rapid integration of tissue engineering constructs by promoting vascularization and graft
integration.[20] Enzymatic degradation was delayed due to the size-dependent exclusion of
MMPs from the hydrogel bulk volume but was accelerated by non-specific hydrolytic
cleavage, as demonstrated for MMP-sensitive peptides combined with linkers of differing
hydrolytic sensitivity in starPEG-HEP hydrogels:[2X] MMP-sensitive peptides were linked
through either a slowly degrading ester bond or a more stable amide bond to all the arms of
the starPEG, which was subsequently converted by HEP-containing covalently conjugated
cell-adhesive RGD peptides and complexed with pro-angiogenic VEGF. The ester-linked
hydrogel accelerated the enzymatic degradation, the release of VEGF and the ingrowth and
in vivo vascularization of HUVECs (CAM assay). The hydrogel system allowed variation of
the degradation rate for intrinsically invariant material properties (swelling and stiffness) and
biomolecular characteristics (RGD concentration and VEGF loading)[?1] because only the
release of VEGF was directly correlated to the degradation (see section 4.3).

The combination of multiple cell-instructive signals, e.g., the implementation of different
adhesion sites, defines an important challenge in attempts to mimic the complexity of the
ECM. Additionally, many functional peptides (e.g., IKVAV) contain lysine in their active
sequence and thus cannot be linked to GAGs by EDC/sNHS chemistry. Orthogonal
conjugation techniques are therefore required for the incorporation of bioactive moieties into
gel matrices. Accordingly, a fraction of the carboxylic acid groups of the HEP building
block were pre-functionalized with maleimide groups to allow the chemoselective coupling
of peptides containing cysteine as a bioinert linker group together with adhesion
sequences.[22] This concept allows the subsequent oriented coupling of lysine-containing
sequences and was, for example, used to orthogonally couple different RGD peptides
(cycloRGDYC, GCWGGRGDSP, and GRGDGWGCG) in a Michael-type addition reaction
with the maleimide and the SH group of the peptide's cysteine. It was shown that endothelial
cell adhesion (cell density after 7 days) was enhanced in the order cycloRGD > looped
RGDSP > linear RGD, which is consistent with earlier findings on the activity of
structurally different RGD peptides.[23]

2.1.2 In Situ Gelling Hydrogels for 3D Embedding of Cells—The spatial
distribution of matrix cues has been reported to be crucial for the subsequent cellular
response.[148.241 Accordingly, there is increasing interest in materials suitable for the
spatiotemporally defined 3D adjustment of biomolecular and physical signals to enable more
realistic cell culture experiments /7 vitrd?®] and more effective tissue engineering
applications /n vivo. For that purpose, the viscoelastic characteristics, provision of adhesion
signals, incorporation of cell-responsive cleavage sites and administration of morphogens
must be included in well-defined multicomponent hydrogel matrices (see also section 5.2) to
allow the embedding of cells by cell- and tissue-compatible crosslinking schemes. Michael-
type addition, copper-mediated azide-alkyne cycloaddition, enzymatic crosslinking, and
photo-induced polymerization techniques have been widely explored to embed living cells
within 3D polymer matrices.[26] The Michael-type addition reaction is a particular focus
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because it provides a fast reaction under physiological conditions, does not require a catalyst
or produce side products; therefore, it has been used extensively for the formation of cell-
instructive PEG-based hydrogel matrices.[27] This crosslinking reaction was selected to
produce well-defined, self-assembling starPEG-peptide-HEP hydrogels.[28] StarPEG-peptide
conjugates suitable for self-assembly were produced through a regioselective amino acid
protection strategy (see Figure 2) in which the protection of the N-terminal cysteine residue
with a S-tert-butylthio (StBu) side chain within the applied Fmoc peptide synthesis was
followed by purification, PEGylation and deprotection with tris(2-carboxyethyl)phosphine
(TCEP).

As such, the procedure described above was used to couple peptides that enabled the binding
of cell adhesion receptors (e.g., RGDSP or IKVAV) or cell-responsive remodeling (the
MMP-sensitive sequence GPQG-IWGQ); see section 3.1.1) to every arm of a 4-arm PEG.
This design prevents defect formation arising from PEG-intramolecular crosslinks and
allows the incorporation of water-insoluble, hydrophobic peptides, such as the laminin-1-
derived IKVAV. HEP was pre-functionalized through EDC/sNHS-activated carboxylic acid
moieties to react with up to eight N-(2-aminoethyl)maleimide molecules. Covalent network
formation was spontaneously initiated upon mixing of the starPEG-peptide conjugate with
HEP-maleimide, optionally pre-mixed with cells and/or growth factors. Network formation
occurred within 30-60 s, and varying the molar ratio of the starPEG-peptide conjugates to
HEP () from 0.63 to 1.5 altered the crosslinking degree and therefore caused the storage
modulus to vary from 0.2 kPa to 6 kPa. Hydrogels functionalized with GCWGRGDSP or
SIKVAVGWCG promoted elongated HUVEC morphology or neurite outgrowth of the
dorsal root ganglia. The administration of soluble signaling molecules, such as pro-
angiogenic VEGF, SDF-1a or FGF-2, for advanced organoid models is discussed in section
4.3.

HA-based hydrogels crosslinked with dual-cysteine-containing MMP-sensitive peptides
utilizing a Michael-type addition were developed by Park and co-workers.[2%] Here,
acrylated HA of 10 or 50 kDa was crosslinked with GCRDGPQGIWGQDRCG or non-
MMP-sensitive GCRDGDQGIAGFDRCG peptides and was additionally functionalized
with cell adhesion-mediating RGD peptides with Young's moduli of 0.2-0.4 kPa for the 10
kDa HA and 1.3-1.4 kPa for the 50 kPa HA.. The cell spreading of embedded human
mesenchymal stem cells (MSCs) required MMP-responsive linkers and was further
promoted by the presence of RGD peptides, highlighting the importance of cell-responsive
linkers and adhesion cues in controlling cell-fate decisions in GAG-based hydrogel
materials.

Multifunctional HEP-containing hydrogels for 3D cellular encapsulation that display tunable
mechanical properties and a customized presentation of RGD adhesion peptides or FN were
developed by Kiick and co-workers to control the morphology of human aortic adventitial
fibroblasts (AoAF).[30] Maleimide-terminated starPEG (4 arms, 10 kDa), thiol-terminated
starPEG (4 arms, 10 kDa), maleimide-di-functionalized HEP (f = 2, 3 kDa), cysteine-
containing AcCGCGYRGDSPG adhesion peptides, and FN were used to form hydrogels in
situ via Michael-type addition reaction. The hydrogel design made it possible to
systematically study the impact of the presence of the GAG and the RGD adhesion motif:
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pure PEG gels modified with RGD (PEG(RGD)), PEG gels modified with low-molecular-
weight HEP (LMWHEP) pre-conjugated to RGD (PEG-LMWHEP(RGD)), PEG gels with
LMWHEP in which RGD was pre-conjugated to PEG (PEG(RGD)-LMWHEP) and PEG
gels modified with LMWHEP in which FN was pre-conjugated to PEG before gelation
(PEG(FN)-LMWHEP). The PEG(FN)-LMWHEP gels were prepared with a constant FN
concentration but exhibited different mechanical properties (storage moduli of 0.4 and 2.8
kPa). These experiments indicated that hydrogels with higher moduli promoted AoAF
adhesion, and improved cellular responses were observed when the RGD motif was
chemically attached through linkage to PEG rather than to LMWHEP. Although the
synthetic RGD peptide was in 1000-fold excess compared to the native RGD domains of FN
in the FN-modified gels, the native environment of FN promoted the best performance in
terms of AoAF adhesion and spreading.

Anseth and co-workers developed an adhesion peptide (RGDS)-modified PEG-HEP
hydrogel(31] for the 3D encapsulation of human MSCs. PEG dimethacrylate (PEGDM)
(optionally pre-functionalized with RGDS peptides) and methacrylated HEP were
photocrosslinked using 2-hydroxy-1-[4-(hydroxyethoxy)phenyl]-2-methyl-1-propanone as
the photoinitiator. The presence of HEP supported the viability of the embedded human
MSCs and promoted their osteogenic differentiation. In an extension of this work, a
multifunctional fluvastatin-releasing PEG hydrogel, additionally functionalized with RGDS
and HEP, was developed to further promote the osteogenic differentiation of encapsulated
human MSCs.[32] Here, the small-molecule drug fluvastatin, which is known for its
osteogenic potential, was covalently attached via hydrolytically labile ester bonds made of
lactic acid grafted from PEG monomethacrylate. PEG-based hydrogels functionalized with
these fluvastatin grafts were formed by photocrosslinking. Optionally, methacrylated HEP
and RGD-PEG conjugates were also copolymerized. The fluvastatin-releasing hydrogels
were shown to promote the dose-dependent secretion of ALP and BMP-2 by embedded
human MSCs. Osteogenic differentiation could be further enhanced by the incorporation of
HEP into the multifunctional matrix, which sequestered and therefore localized BMP-2 to
the direct cell microenvironment. Altogether, this work is an interesting example of how
ECM-mimicking materials provide bidirectional signaling cues: the small-molecule-induced
promotion of morphogen secretion by embedded cells is augmented via GAG conjugation
and then is further boosted by the osteogenic differentiation of the embedded cells.

Capitalizing on the unique charge pattern of HEP and the fact that most HEP-interacting
proteins are conjugated to this GAG via electrostatic interactions, [48] a similar principle may
be utilized to form well-defined physically crosslinked networks. Therefore, a minimal
peptide motif for strong interactions with HEP has been developed based on (KA)x or (RA)x
repeating units.[33] If the peptides (x = 5) were conjugated to all four arms of a starPEG, and
HEP at a concentration of =5 mM is mixed with the starPEG-peptide conjugate at a
concentration of = 4 mM, hydrogel networks were formed based on physical interactions
between the positively charged peptides and the negatively charged HEP. Interestingly,
successful hydrogel formation occurred only if the HEP induced a-helix formation in the
(KA)x or (RA)x peptides. The gelation time and the stiffness of the hydrogels could be
tuned by altering the molar ratio, the total solid content (concentration of the building
blocks) and the type of peptide. For instance, hydrogels formed with 5 mM (KA)s and 5 mM
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HEP displayed a storage modulus of ~1.1 kPa, whereas 5 mM (KA)7 and 5 mM HEP formed
hydrogels with a storage modulus of ~10 kPa, one magnitude higher. Stability tests of the
hydrogels in cell culture medium at 37°C showed an initial burst release of HEP of
approximately 20% within the first 9 h, followed by a slow continuous release over 9 days.
The encapsulation of human neonatal dermal fibroblasts showed a survival rate of >98%.

This non-covalent crosslinking principle was further utilized to prepare monodisperse
starPEG-peptide-GAG microparticles for cell or protein delivery applications.[34 A
microfluidic device using a Y-connecter to mix a 3 mM (KA)-starPEG-peptide conjugate
solution and a 5 kDa dextran sulfate solution before 90° injection into a non-miscible oil
flow was utilized to produce monodisperse beads with a diameter of 755 + 28 pm and
tunable mechanical properties, such as a storage modulus of ~35 kPa for 20 mM dextran
sulfate or ~75 kPa for 7.1 mM dextran sulfate. Optionally, RGD peptides mediating cell
adhesion were incorporated within (KA)7-RGDSP-starPEG conjugates. Using these
conjugates, the encapsulation of human neonatal dermal fibroblasts with survival rates >98%
after 7 days culture was possible; after shock-freezing in liquid nitrogen followed by 6
weeks of storage and re-cultivation, a survival rate of ~86% could be maintained. Thus,
these hydrogel beads may be used as delivery vehicles for cell-based therapies.

A similar approach was used to form a multicomponent material via non-covalent
interactions between starPEG pre-functionalized with a HEP-binding peptide
(CRPKAKAKAKAKDQTK) and HEP-modified HA.[35] The hydrogel material displayed a
nanofibrous network structure and was utilized for the proliferation and differentiation of
adipose-derived stem cells.

2.2 Advanced Degradation Chemistries

Spurred by recent progress in materials science and polymer chemistry, a wide variety of
chemically labile bonds have been exploited to form hydrogels with degradable backbones,
crosslinks, and pendant groups.[3¢] Through selective hydrogel degradation, spatiotemporal
changes in matrix properties can be easily achieved, better mimicking the physical and
biochemical characteristics of the native ECM and providing tunability of the mass transport
and diffusivity of nutrients and encapsulated bioactive molecules.[371 In tissue engineering
and 3D cell culture applications, hydrogel degradation plays an important role in inducing
cell differentiation, promoting cell secretory properties and controlling the distribution of
ECM molecules, which is essential for mimicking the dynamic complexity of the native
cellular environment and understanding /7 vivo cell behaviors. In controlled drug and gene
delivery applications, hydrogel degradation permits systematic variations in the permeability
of the network via engineering of degradation rates and modes, offering excellent
opportunities for the on-demand/targeted release of bioactive cargos. Although the field of
stimuli-responsive GAG-based hydrogels is still in the early stages, several strategies based
on hydrolytic, reduction-sensitive, and light-mediated degradation mechanisms have been
developed, as detailed below.

2.2.1 Hydrolytic Degradation—As noted above, the chemical modification of GAGs is
usually required to enable subsequent crosslinking for hydrogel formation. Most GAGs are
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typically modified at the carboxylic acid groups of their uronic acid residues and the
hydroxyl groups of their amino sugar moieties, which usually generates ester linkages that
are susceptible to hydrolysis.[38] Despite the non-specific degradation mechanism, the
hydrolytic cleavage of ester linkages throughout GAG hydrogels provides a simple approach
to introduce temporal changes in network crosslink ing density, which can influence
properties such as diffusivity, swelling and mechanics.[371 In addition to HEP, HA is an
important building block for the preparation of GAG-based hydrogels owing to its
ubiquitous presence in the ECM and its essential roles in a variety of biological processes
(e.g., cellular signaling, wound repair, morphogenesis, and matrix organization).[382:3% |to
and co-workers prepared injectable HA hydrogels via a copper-free click reaction of azide-
and cyclooctyne-modified HA.[40] The ester linkages between the HA backbone and the
clickable groups allowed the slow degradation of the hydrogels via hydrolysis. Degradation
of the hydrogels in PBS was observed in approximately two weeks (i.e., 13-16 days), with a
faster degradation rate for hydrogels prepared with lower polymer concentrations. Patterson
and co-workers developed degradable HA hydrogels via the photocrosslinking of a glycidyl
methacrylate-modified HA (HA-GMA\).[41] The degradable properties of the hydrogels were
controlled by varying the ratio of high-molecular-weight HA-GMA (220 kDa, fast
degradation) to low-molecular-weight HA-GMA (110 kDa, slow degradation) to manipulate
the release profiles of BMP-2 and thus enhance bone regeneration in a rat calvarial bone
critical size defect model.

However, in many cases, the ester linkages between the HA backbone and the reactive
groups are relatively stable due to steric hindrance or a locally hydrophobic environment,
resulting in the slow and only partial degradation of the matrix over several weeks.[42] This
delay might hinder the diffusion of growth factors, migration of cells, and distribution of
ECM proteins. To more systematically control the hydrolytic degradation properties of
hydrogels, additional ester linkages can be introduced into GAGs via the incorporation of
lactic acid or caprolactone repeats. Burdick and co-workers developed hydrolytically
degradable HA hydrogels with different degradation profiles, via the free radical photo-
polymerization of various methacrylated HA derivatives, for neocartilage formation.[43]
Mixtures of methacrylated HA (MeHA), methacrylated lactic acid HA (MeLAHA) and
methacrylated caprolactone HA (MeCLHA) were employed to formulate hydrogels with
tunable degradation by varying the proportion of each component. A mixture of MeHA with
increasing amounts of hydrolytically degradable MeLAHA was shown to effectively
enhance the distribution of ECM molecules released by encapsulated MSCs.[44] In a follow-
up study, the temporal properties of the HA hydrogels were modulated by varying the ratio
of the components and the overall wt% in the mixture of MeHA and MeCLHA (the more
rapidly degrading component). As a result, improved mechanical properties and biochemical
content compared to the 1:1 MeHA:MeCLHA hydrogel (overall 2 wt%) were observed over
time.[45]

2.2.2 Reduction-Sensitive Degradation—Increased levels of glutathione (GSH), a
thiol-containing tripeptide localized to intracellular compartments, are found in both normal
and malignant cells and in tumor microenvironments, most likely associated with the cellular
proliferative response and cell cycle progression.[4¢l The incorporation of reduction-

Adv Mater. Author manuscript; available in PMC 2017 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Freudenberg et al.

Page 9

sensitive linkages in hydrogels is thus of significant interest in drug delivery and tissue
engineering because hydrogel degradation can be selectively triggered in the presence of
reducing species such as GSH, as mentioned above, allowing the targeted release and
stimulus-triggered delivery of therapeutic molecules relevant to cancer and wound healing
applications. In most cases, reduction-sensitive linkages are incorporated into hydrogels
through disulfide bonds, which can undergo rapid cleavage reactions upon exposure to thiol-
containing reducing stimuli, leading to matrix degradation.[”] The disulfide-crosslinked
GAG hydrogels that are typically generated by the oxidation of free thiols usually lack
precisely controlled reaction progress and require a prolonged reaction time (on the scale of
hours).[48] Alternatively, Prestwich and co-workers prepared reduction-sensitive, ECM-
mimicking hydrogels using disulfide-containing PEG diacrylate crosslinkers and thiol-
modified HA and gelatin macromers; these gels were formed in 3 min.[4%] These hydrogels
degraded rapidly in the presence of N-acetyl-cysteine or GSH, and the encapsulated cells
were recovered at both high yields and high viability. Wang and co-workers developed novel
disulfide-crosslinked HA hydrogels based on the thiol-disulfide exchange reaction between
HA pyridy! disulfide and PEG dithiol.[50] These hydrogels, with tunable mechanical and
swelling properties, can be rapidly formed within 4-5 min under physiologically relevant
conditions by varying the proportion of the macro-crosslinker PEG dithiol. The disulfide-
crosslinked hydrogels exhibited matrix degradation in the presence of GSH via a bulk
degradation mechanism, as demonstrated by the measurement of hydrogel mass over time in
GSH solutions. Similar disulfide-crosslinked HA hydrogels formed by thiol-modified HA
and pyridy! disulfide-modified HA were reported by Ossipov et al., demonstrating complete
network degradation within 30 min in the presence of DTT.[51]

Although disulfide-crosslinked hydrogels hold great promise for controlling the release of
drugs in GSH-abundant physiological and pathological states, the rapid cleavage kinetics of
disulfide bonds (half-lives ranging from 8 to 45 min) could limit the therapeutic effects of
the biomolecules encapsulated in these materials. In parallel to the development of disulfide-
crosslinked HA hydrogels, Kiick and co-workers recently explored the reversibility of thiol-
maleimide Michael-type reactions in the presence of GSH and engineering of the
degradation rate of PEG-HEP hydrogels over prolonged time scales (Figure 3).52] Selected
thiol-maleimide adducts synthesized from the Michael-type addition were shown to undergo
retro and exchange reactions in the presence of GSH, with half-lives ranging from 20 to 80 h
(Figure 3A).[53] The rate of the exchange reaction was dependent on the pKa of the Michael
donors (thiols), with a lower thiol pKa correlating to an increased rate, which could be used
to manipulate hydrogel degradation for the long-term delivery of drugs in reducing
environments. PEG-HEP hydrogels with different levels of degradation sensitivity to
reducing agents were synthesized by a Michael-type reaction between maleimide-modified
HEP and various thiol-functionalized 4-arm PEG polymers (Figure 3B). Tunable
degradation of these hydrogels in the presence of GSH was achieved by varying the choice
of arylthiol derivatives used to functionalize the PEG polymers. Rheological monitoring of
hydrogel degradation revealed rate constants of degradation that were approximately an
order of magnitude slower than for hydrogels crosslinked via disulfide linkages. These
results suggest the potential of arylthiolether succinimide-containing hydrogels prepared
from thiol-maleimide Michael-type reactions to provide alternative options for reduction-
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mediated drug delivery over longer time scales than can be afforded by disulfide-linked
hydrogels.

Furthermore, the GSH sensitivity of the thiol-maleimide adducts explored in these hydrogels
could also be potentially applied to nanogel systems (discussed in section 3.2),[54]
permitting the targeted and intracellular delivery of therapeutics with increased blood
circulation stability.

2.2.3 Photodegradation—Photocleavable degradation based on photolabile o-
nitrobenzyl derivatives was pioneered by Anseth[®] and others[®6] to engineer
photoresponsive hydrogels, which allow real-time manipulation of the physical or chemical
properties of materials with precise spatiotemporal control. The photocleavable degradation
of hydrogels not only provides excellent opportunities for the photocontrolled, on-demand
release of proteins but also offers effective strategies for the temporal and spatial regulation
of 3D matrix structures to dictate desired cell functions.[57] In combination with the intrinsic
biological activities of GAG molecules, photodegradable GAG-based hydrogels are
advantageous in applications ranging from controlled drug delivery to tissue regeneration.
Werner et al. recently developed photodegradable hydrogels consisting of HEP- and PEG-
peptide conjugates to direct the fate of neural precursor cells (Figure 4).[58] By
incorporating a photocleavable, o-nitrobenzyl amino acid residue in the peptide linker units,
the hydrogel matrix can be readily degraded after 2 h of UV irradiation, permitting the facile
3D structuring of a matrix with unique biochemical and mechanical properties.
Photopatterning was performed on a multilayer ‘sandwich’ composed of a top
photocleavable hydrogel layer, an underlying adhesive RGD peptide layer and a bottom
polymer substrate. By utilizing the Micro Lens Array patterning technology, defined channel
and well architecture was created within the hydrogel matrix, resulting in the exposure of a
surface containing the cell-adhesive RGD peptide within these channels and wells. Neural
precursor cells seeded onto these patterned matrices with different spatial confinements (i.e.,
channel: 1D confinement; well: 2D confinement) demonstrated enhanced cell proliferation
compared to cells seeded onto a planar RGD-maodified glass surface (0D confinement).
Additionally, FGF-2 delivery from the patterned hydrogel matrix exhibited a significant
increase in cell attachment and spreading. The work of Werner et al. introduced a novel
strategy for combining customized biomolecular functionalization (e.g., the provision of
adhesion ligands and growth factors) with spatially defined matrix architecture for the
microenvironmental control of stem cells /in vitro.

More recently, Revzin and co-workers developed photodegradable HEP-based hydrogels for
the cultivation and retrieval of embryonic stem cells (ESCs).[5% These hydrogels were
formed based on a chemically initiated free radical thiol-ene coupling reaction between
thiolated HEP and PEG molecules with bifunctional acryl-terminated photolabile ¢
nitrobenzyl moieties. These HEP-based hydrogels released growth factors in a controlled
manner and degraded upon exposure to 365 nm UV light. ESCs cultured on HEP hydrogels
incorporating Activin A and FGF-2 exhibited effective differentiation and endodermal gene
expression enhanced five- to six-fold compared to control ESCs cultured on glass. Owing to
the precise spatiotemporal control of the photodegradation technique, specific stem cell
colonies could be selectively retrieved from the same culture dish at different time points to
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enable in-dish analysis of stem cell differentiation. Using UV light illumination through a
microscope objective, ESC colonies residing on the hydrogels were successfully collected
from proximal and distant locations on the same culture dish from day 3 to day 6 for
biomarker analysis without disturbing the neighboring cells. These bioactive,
photodegradable HEP hydrogels offer a facile and inexpensive approach to characterize the
in-dish heterogeneity of the stem cell phenotype without sacrificing hundreds of thousands
of cells or losing the microenvironmental context.

3. Microstructured GAG Gels, Nanoparticle-Containing GAG Gels, and GAG

Nanogels

GAG-based hydrogel materials can be processed for specific applications, creating structural
features at the micrometer and submicrometer scales to maximize interactions with cells. In
this section, we describe approaches to the generation of microporous gel materials for
enhanced cellular infiltration, nanoparticle-containing gel materials with additional
functionality and nanosized gel particles (nanogels) for the intracellular administration of
bioactives.

3.1 Macroporous Hydrogels

Physical and structural cues from the ECM are important triggers in controlling cell-fate
decisions.[X3] Accordingly, GAG-based hybrid materials that incorporate well-defined
synthetic polymers to tune the physical properties over a broad range have been
reported,[16.601 and the network architecture of these materials could be systematically
varied utilizing different molar ratios (e.g., varying crosslinking degree) or different
molecular weights of the starPEG and HEP precursorsl®1] (see Figure 5 and sections 2 and
5.2). Furthermore, a well-defined macroporous architecture consisting of a complex
meshwork of fibrous protein strands might be beneficial to mimic the structural diversity of
the ECM, as reviewed in 31. Creating an interconnecting macroporous network structure can
improve cell attachment and migration as well as nutrient, oxygen and metabolite
transport.[2] Macroporous hydrogel materials are synthesized utilizing different techniques,
such as particle leaching, freeze-drying, gas foaming and electrospinning. Cryogelation (a
freeze-drying-based technique) of the biohybrid starPEG-HEP hydrogels allowed the
creation of interconnected porosity within these materials[®3] (see Figure 5C and D). Here,
ice crystals formed by the treatment of an aqueous gel-forming reaction mixture at subzero
temperatures acted as a porogen that was subsequently lyophilized, leading to a
homogeneous interconnected pore structure with an average diameter of 30-50 um (see
Figure 5D). Cryogels with adhesive RGD peptides promote the attachment, spreading and
growth of human umbilical vein endothelial cells (HUVECS).

Nano-indention methods were utilized to characterize the network structure and mechanical
properties of cryogels that were found to display unique properties.[64] Due to cryo-
concentration effects (freezing of pure ice and therefore concentration of hydrogel
precursors), the mesh size of the cryogel struts was much smaller (and the Young's modulus
much higher) than in comparable conventional (non-cryo-treated) hydrogels. For example,
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Young's moduli for a starPEG-to-HEP molar ratio of 3 were in the range of 1000 kPa (struts)
vs. ~6 kPa (bulk), compared to ~30 kPa for conventional hydrogels.

The difference in stiffness range is important for the application of cryogels: the bulk
Young's modulus determines the overall physical support of the construct and the
surrounding tissue, whereas the microscale Young's modulus of the struts is directly
experienced by the cells. Stiff struts provide locally strong guidance signals for cells,
comparable to collagen fibrils that exceed the traction forces of steel if normalized to its
mass, whereas collagen hydrogels overall display a Young's modulus in the 50-100 Pa
range.[5] Accordingly, the macroporous hydrogel provides heterogeneous physical structure
signals to the cells, a cue with a tremendous impact on cell growth (e.g., void filling)
independent of the initial pore size.[6]

Furthermore, the unique properties of strong local stiffness but bulk compliance lead to high
compressibility of cryogel materials: cryogels can be compressed without a significant
increase in modulus until the strain is equal to the porosity of the materials (approximately
90%); see [83]. Capitalizing on this unique feature allows applications as a shape-memory
material. Therefore, the cryogelation technique was combined with an emulsion
polymerization technique to create micrometer-scale cryogel particles that allowed cell
growth in the interconnected pores while protecting the cells during injection through a
narrow syringe needle for minimally invasive implantation, with the subsequent recovery of
the initial size and shape.[57] Cryogel beads were prepared using a water-in-oil emulsion
followed by rapid cooling of the mixture to —20°C to allow ice crystal formation and
gelation. Subsequent lyophilization led to micropore formation. The cryogel microcarriers
were found to be spherical particles with an average diameter of 300 pm and an average pore
size of 70 pm (see Figure 6 A and B). Owing to their high porosity and compressibility, the
microcarriers could be injected through a 27G needle (inner diameter of 220 um) with full
recovery of their original shape. Moreover, the microcarriers could be further functionalized
with HEP-binding growth factors: glial cell-derived neurotrophic growth factor (GDNF) and
nerve growth factor (NGF) could be bound and sustainably released from the matrices (see
Figure 6C and D). The functionalized cryogel microcarriers were found to be beneficial for
PC12 or MSC pre-cultivation (see Figure 6A) and underwent injection through the 27G
syringe with unchanged cell viability, thus demonstrating their applicability as a shape-
memory cell transplantation carrier for applications in neurodegenerative diseases.[68]

Another material concept utilizes freeze-drying to produce a macroporous blend of
poly(vinyl alcohol) (PVA) and hyaluronic acid (HA) with an average pore diameter of 10-50
um.[69] Moreover, several approaches use electrospinning to form nanofiber hydrogel
meshworks for medicinal applications.[7% HA nanofibers (mean diameter = 200 nm) have
been produced from DMF/water mixtures by blowing-assisted electrospinning,l”2] and HA
blends with gelatin have also been used for electrospinning.[72]

Prestwich and co-workers used thiolated HA derivatives supplemented with poly(ethylene
oxide) (PEO) as a leachable diluent to form 3D nanofibrous scaffolds by electrospinning for
the cultivation of fibroblasts.[”3] In a similar approach, thiolated HA and PEG diacrylate
were used in a dual-syringe mixing technique to form electrospun HA scaffolds with an
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average fiber diameter of 110 nm.[74] Fibroblasts cultivated within such nanofibrous
networks exhibited a dendritic morphology.

Other approaches have used HEP for the functionalization of nanofibrous scaffolds.
Degradable cellulose-HEP composite fibers were produced by Linhardt and co-workers
utilizing electrospinning techniques.[”>] Furthermore, electrospun polycaprolactone fibers
have been blended with HEP for controlled GAG release.[8] The scaffolds showed a
sustained release of HEP over a period of more than 14 days and could be successfully
applied to prevent the proliferation of vascular smooth muscle cells. Accordingly, they might
be beneficially applied to prevent stenosis in artificial blood vessels. Moreover, aligned
poly(L-lactide) nanofibers functionalized with HEP, FGF-2 and laminin were shown to be
beneficial in promoting neurite outgrowth.[77]

3.2 Nanoparticle-Containing GAG Gels

The incorporation of nanoparticles in polymer hydrogel networks provides valuable
opportunities for developing nanocomposites with tailored physical properties and custom-
made functionalities.[78] Such hybrid systems not only allow for introducing structural
diversity, but also offer additional handles for engineering multifunctional properties that
improve function, including improved mechanical strength, controlled release profiles, and
stimuli-responsiveness.[”®] Nanoparticle-containing hydrogels integrate two distinct material
platforms into one robust hybrid system with unique physical and chemical properties that
are absent in the individual building blocks. Motivated by these advantages, a number of
recent studies was dedicated to the incorporation of nanoparticles, especially metallic
nanoparticles, into GAG-based hydrogels to afford antimicrobial protection, enable imaging/
targeting, provide mechanical reinforcement, and self-healing.

The need for GAG-based materials with antimicrobial properties is motivated by the fact that
bacterial infection is among the most serious problems for implant materials in contact with
blood.[8% Accordingly, thrombin-cleavable starPEG-HEP coatings with incorporated silver
nanoparticles(®L] were established on top of a thermoplastic polyurethane material
commonly used for the fabrication of cardiovascular catheters. The first layer of starPEG-
HEP gels contained embedded silver nanoparticles stabilized by interactions with the
negatively charged sulfate groups of HEP. This layer was subsequently covered with a non-
silver-loaded starPEG-HEP hydrogel to slow the release of the silver nanoparticles and
improve blood compatibility. This multilayered hydrogel exhibited long-term antiseptic
efficacy against Escherichia coli and Staphylococcus epidermidis strains in vitro and
superior performance in the human whole-blood assay with respect to hemolysis, platelet
activation and plasma coagulation. Similarly, iron oxide nanoparticles have been
incorporated into HA hydrogels as magnetic resonance imaging (MRI) contrast agents.
Ossipov and co-workers[®2] have developed multifunctional HA hydrogels composed of iron
oxide nanoparticle hybridized HA nanogels utilizing a chemoselective hydrazone coupling
reaction. Upon the enzymatic degradation of hydrogels by hyaluronidase, the release of
nanogels led to a decrease in the concentration of iron oxide nanoparticles within the matrix,
which allows the real-time monitoring of hydrogel degradation via MRI. Additionally, the
rate of network degradation also provides insight on the pharmacokinetics of the
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encapsulated drugs within the nanogels. These iron oxide nanoparticle-containing HA
hydrogels thus provide a promising theranostic tool for the monitoring of hyaluronidase-
mediated delivery of therapeutic molecules as well as the imaging and recognition of the
hydrogel degradation after implantation.

In addition to the physical incorporation of nanoparticles in GAG matrices, metallic
nanoparticles have also been employed as multifunctional crosslinkers to formulate GAG
hydrogel nanocomposite. Gabilondo and co-workers[83] have covalently immobilized
maleimide-functionalized silver and gold nanoparticles into hydrogels based on gelatin and
CS via the maleimide-furan Diels-Alder cycloaddition. The resulting nanoparticle-
crosslinked hydrogels exhibited increased mechanical strength, with storage modulus values
(~18-20kPa) that are nearly three times higher than those of the control hydrogels lacking
nanoparticles (~6-7kPa), indicating the formation of a more robust crosslinked network via
nanoparticle-crosslinking strategies. On the other hand, Prestwich and co-workers[®4] have
developed dynamically crosslinked gold nanoparticle-HA hydrogels based on the well-
known interaction of gold surfaces with thiolated biomacromonomers including HA and
gelatin (Figure 7). The soft nature of the hydrogels (~200Pa) and the reversible and dynamic
gold nanoparticle-thiol crosslinking allows the development of extrudable bioprinting
materials that can form and reform during and after the printing process. The gold
nanoparticle-HA hydrogels were then used to print tubular tissue constructs using an
automated bioprinting system. The fibroblast-containing constructs were cultured for 4
weeks, after which matrix remodeling and secretion of an endogenous collagen-rich ECM
were observed. This study presents a novel strategy in bioprinting with the use of gold
nanoparticles as multivalent crosslinkers, offering additional opportunities for building
complex tissues in tissue engineering.

3.3 Nanogels

Owing to the increasing impact of nanotechnology on the development of nanoscale delivery
vehicles and devices over the past several decades, a wide variety of polymeric nanoparticles
have been developed, including polymer-drug conjugates, 8] block copolymer micelles,[86]
and polymer nanogels.[87] These polymeric nanostructures (10-150 nm) not only can
penetrate vessels and accumulate in specific tissues (e.g., tumors) but also can be
functionalized with specific ligands for targeting effects, thus providing a promising
platform for nanoparticle therapeutics.[88] In particular, crosslinked polymer nanogels have
attracted significant attention in recent years. Composed of crosslinked hydrophilic polymer
chains, nanogels maintain high structural integrity even under dilute conditions, with an
excellent capacity for the encapsulation of bioactive molecules, suggesting significant
potential for the delivery of a wide variety of therapeutic molecules, including
chemotherapeutics, (89 proteins,[472.90] and siDNA.[91]

With the growing appreciation and exploitation of the unique biological and
physicochemical properties of GAGs, various GAG-based nanogels have attracted increased
interest because of the advantages arising from their nanoscale dimensions and biological
activities.[92] For example, the high-affinity binding of HEP to many angiogenic growth
factors has been advantageous in preventing burst release from these nanocarriers.[%3] In
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addition, HA can target the cluster determinant 44 (CD44) receptor, a cellular receptor that
is often overexpressed in many types of cancer cells.[3%] CS also shows strong binding
affinity to CD44 receptors and demonstrates prolonged circulation in the body.[®4 To
construct GAG-based nanoplatforms for drug delivery, chemical modifications of the
hydrophilic GAGs are necessary to allow either the supramolecular or covalent crosslinking
of the molecules. Interested readers are also directed to other recent reviews on more
specific applications of various GAG nanogels.[92.93.95]

3.2.1 Physically Crosslinked GAG Nanogels—Nanogels formed by physical
crosslinking generally involve the assembly and/or aggregation of macromolecules based on
various physical interactions, including hydrogen bonding, electrostatic attraction, and
hydrophobic interactions.[9] Physical crosslinking strategies avoid the addition of any
chemical crosslinking reagents that might cause undesired interactions with or chemical
modification of the encapsulated therapeutic molecules. Moreover, the physical crosslinking
of nanogels is performed in mild and mostly aqueous preparation conditions, avoiding the
adverse effects that may occur with the use of organic solvents. Among various physical
crosslinking mechanisms of GAG-based nanogel formation, hydrophobic interactions have
been commonly employed, which involve the chemical modification of the hydrophilic
GAGs with hydrophobic moieties and polymers. The inherent amphiphilicity of the
hydrophobically modified GAGs provides a driving force for the assembly of these
macromolecules into percolated nanogels. A wide variety of studies have generated such
nanogels, and the most recent work is summarized below.

HEP-Pluronic® nanogels (~90 nm in diameter) were previously developed for the delivery
of chemotherapeutics (e.g., RNase A, DNase and paclitaxel) by covalently conjugating
pluronic® F127 to a HEP backbone via EDC/NHS coupling chemistry.[97] Ribonuclease A
(RNase A) was incorporated into the HEP—Pluronic® nanogels during nanogel formation
via electrostatic interactions. These nanogels exhibited a high loading efficiency of RNase A
(>78%) and were efficiently internalized into HeLa cells, where they were localized to the
cytosol and the nucleus. Subsequently, these HEP-Pluronic® nanogels were used as
multidrug nanocarriers via the simultaneous encapsulation of deoxyribonuclease (DNase)
and paclitaxel for combination chemotherapy.[9€] The evaluation of the nanogel-treated
HelLa cells via the MTT assay demonstrated that the combined delivery of DNase and
paclitaxel by the nanogels exhibited a dose-dependent synergistic cytotoxicity compared to
the effects of single-drug and free-drug treatments.

More recently, these HEP-Pluronic® nanogels have also been exploited as carriers for both
protein and gene delivery to promote neovascularization in tissue engineering
applications.[%99] By taking advantage of HEP-protein interactions, HEP-Pluronic® nanogels
allowed the binding and encapsulation of basic fibroblast growth factor (FGF-2). FGF-2 was
released from the nanogels in a slow and sustained manner, with only ~20% release in 2
days, confirming that the majority of the growth factor remained in the nanogels when they
were delivered to the cells. The negatively charged nanogel surface was then coated with
cationic polyethylenimine (PEI), allowing subsequent complexation with plasmid DNA
(pDNA) encoding vascular endothelial growth factor (VEGF). The measured transfection
efficiency of the VEGF gene from the nanogels in human endothelial progenitor cells
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(EPCs) was 35% in 2 days, with significantly higher expression of VEGF protein in EPCs
than from the control nanogel with not VEGF gene complexation. Supramolecular nanogels
encapsulating FGF-2 and complexed with the VEGF gene were shown to effectively induce
the differentiation of human EPCs into endothelial cells and promote vascular formation in
both Matrigel and a mouse model of limb ischemia.

Likewise, HA has also been modified to mediate its assembly into nanogels in aqueous
solutions. Akiyoshi and co-workers developed HA-based anionic nanogels (20-70 nm in
radius) based on the assembly of cholesteryl groups bearing HA for protein delivery.[100]
The resulting HA nanogels demonstrated efficient binding to various types of proteins
without denaturation, such as recombinant human growth hormone (rhGH), erythropoietin,
exendin-4, and lysozyme. Using the NaCl-induced association of HA nanogels, an injectable
hydrogel was formed and employed for the sustained release of rhGH in rats for over a
week. Similarly, cholesterol-modified HA nanogels have been covalently conjugated to
various small-molecule drugs (etoposide, salinomycin and curcumin) and enzymes (bovine
serum amine oxidase) to improve the therapeutic efficacy of chemotherapies.[101] In addition
to cholesterol, thermoresponsive polymers have been used as triggerable hydrophobic
modifications of GAGs. Auzély-Velty and co-workers modified HA with a thermosensitive
copolymer prepared from diethyleneglycolmethacrylate (DEGMA) and
oligoethyleneglycolmethacrylate (OEGMA\) (Figure 8).[102] The thermosensitive HA
derivatives were shown to assemble into spherical gel particles above the lower critical
solution temperature of the polymer (LCST, 34-35°C), allowing the facile encapsulation of
therapeutic molecules. These thermoresponsive HA nanogels were employed as carriers for
paclitaxel (cancer drug) and distyrylbenzene derivatives (hydrophobic dyes). The nanogels
showed enhanced potency and selectivity in the eradication of CD44-positive human ovarian
cancer cells and achieved successful delivery of the dye to macrophages /n vitro and to
macrophages of hepatic and splenic tissues in mice. These systems may thus have significant
potential for targeted chemotherapies and the treatment of liver and spleen macrophage-
associated diseases.

In a similar approach, CS was hydrophobically modified with acetic anhydride[®4b.103] and
methacrylamide[104] to form self-assembled CS nanogels in aqueous solutions, which
demonstrated efficient internalization in HeLa cells via CD44-based targeting in cancer
therapy and the sustained release of transforming growth factor-B (TGF-p) via electrostatic
interactions in tissue engineering.

3.2.2 Chemically Crosslinked GAG Nanogels—Although physically crosslinked
nanogels offer mild preparation conditions without the use of crosslinking agents, they
usually suffer from a lack of long-term stability when circulating in the bloodstream.[%] In
contrast, nanogels formed via chemical crosslinking can maintain colloidal stability under
dilute /n vivo conditions, preventing the premature leakage of encapsulated molecules via
the unwanted dissociation of the hydrogel network.[195] Many covalent crosslinking
strategies, including radical polymerization, step-growth polymerization, photo-
polymerization, and thiol-disulfide exchange, have been widely exploited in nanogel
synthesis.[9¢]
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The incorporation of chemically labile linkages allows the covalently crosslinked structure
of these nanogels to undergo degradation in response to certain stimuli,[198] enabling the on-
demand or targeted release of therapeutic molecules and clearance of the carriers from the
body upon completion of the delivery.

Typically, chemically crosslinked GAG-based nanogels have been synthesized under dilute
conditions based on the crosslinking reactions of water-soluble GAG molecules modified
with reactive functional groups, such as vinyl and thiol groups.[1971 Jiang and co-workers
prepared HA nanogels (ca. 70 nm in diameter) based on the radical copolymerization of
methacrylated HA and di(ethylene glycol) diacrylate in complete aqueous solutions.[108]
These HA nanogels demonstrated great tumor-penetrating capacity and improved antitumor
efficacy in both two-dimensional (2D) cultivated cells and three-dimensional (3D)
multicellular spheroids /n vitroand in a subcutaneous hepatic H22 tumor-bearing mouse
model. GAG nanogels with well-controlled nanostructures can be obtained by inverse
emulsion polymerization methods in which the polymerizable precursors are confined within
water-in-oil nanoemulsion droplets as nanoreactors, permitting the isolated crosslinking of
each droplet and the facile incorporation of bioactive molecules.[99.199] Jia and co-workers
synthesized HEP-decorated, HA-based hydrogel particles (1.1 um and 70 nm in diameter)
crosslinked by divinyl sulfone using an inverse emulsion polymerization technique.[110]
Taking advantage of the growth factor-binding affinity of HEP, these hydrogel particles
demonstrated a high loading capacity (173-186 ng/mg particles) for bone morphogenetic
protein-2 (BMP-2) and released the BMP-2 protein in a controlled manner, with 5-76%
release over 13 days, depending on the HEP content of the hydrogel particles. Similarly,
McDevitt and co-workers developed HEP microparticles (~5.6 pm in diameter) using a
water-in-oil emulsion system and demonstrated the sustained release of bioactive BMP-2
from these carriers for over 28 days.[111] Additionally, Xi and co-workers reported the facile
preparation of CS nanogels based on the free radical polymerization of maleoyl-acylated CS
in a hexane/water inverse emulsion system.[112] The hydrodynamic diameter (145-340 nm)
and release characteristics of these CS nanogels could be systematically controlled by tuning
the degree of maleoyl substitution. In a more recent study, Ravaine and co-workers
synthesized well-defined HA nanogels comprising methacrylate-modified HA using free
radical photopolymerization in inverse nanoemulsions.[*13] The crosslinking densities of
these nanogels could be controlled not only by the photopolymerization conditions (i.e., the
duration and intensity of UV irradiation) but also by the degree of methacrylation of HA.
These HA nanogels exhibited good compatibility when incubated with murine 3T3
fibroblasts and demonstrated high stability during one month of storage at 4°C.

Although the facile incorporation of bioactive molecules into nanogels can be easily
achieved by inverse emulsion polymerization methods, the required use of organic solvents
in the formation of the emulsions can be detrimental to the therapeutic cargo. Alternatively,
nanogels have been prepared using nanotemplates (e.g., liposomes) as nanoscale reaction
vessels,[54.114] which largely avoided the use of organic solvents during synthesis and
generally permitted better control over the size of the resulting nanogels. Auzély-Velty and
co-workers developed HA nanogels based on the thiol-ene reaction between pentenoate-
modified HA and PEG-bis-thiol using liposome templates (Figure 9).[115] The HA and PEG

Adv Mater. Author manuscript; available in PMC 2017 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Freudenberg et al.

Page 18

precursors were encapsulated in the aqueous lumen of the liposome, and unencapsulated
precursors were removed by centrifugation. These precursor-containing liposome
suspensions were then exposed to UV light to trigger the crosslinking reaction. HA nanogels
(~344 nm in diameter) were obtained upon the removal of the lipid template using sodium
cholate, an ionic detergent commonly used for lipid membrane solubilization. The
monodisperse distribution and spherical structures of these nanogels were confirmed via
TEM and SEM. This work presented a facile approach for the formation of GAG nanogels
with uniform networks and tunable swelling properties under mild physiological conditions,
offering an excellent platform for the development of nanoparticle therapeutics.

Although the stability of crosslinked nanogels in the bloodstream is essential, the selective
disassociation of the nanogel crosslinks at the disease site is highly desirable to achieve the
targeted delivery of the encapsulated therapeutic molecules upon degradation, which
enhances therapeutic efficacy and reduces toxic side effects. A variety of strategies based on
cleavable covalent linkages have been used to achieve the triggered release of therapeutic
agents from nanogels in response to environmental stimuli, including pH, light, redox
potential, and enzyme activity.[%6]

Among these stimuli-responsive strategies, reduction-sensitive linkages based on disulfide
crosslinks have been employed in the synthesis of stimuli-responsive GAG nanogels.
Disulfide bonds are known to undergo rapid cleavage in the presence of GSH, a thiol-
containing tripeptide localized to cellular compartments or overproduced in tumor
microenvironments.[116] Given the greatly increased concentration of GSH in intracellular
compartments or tumor tissues (ca. 0.5-10 mM in cells/tumors vs. 10 UM in
circulation),[117] these disulfide-crosslinked nanogels remain stable during circulation in the
blood and undergo rapid degradation once they are internalized in cells or localized in
tumors, thus enabling the site-specific delivery of anti-tumor drugs. In the earliest studies of
disulfide-crosslinked GAG nanogels, Park and co-workers developed disulfide-crosslinked
HA nanogels and HEP nanogels for the intracellular delivery of green fluorescent protein
(GFP) siRNA and the GSH-triggered release of free HEP to induce apoptotic cell death,
respectively.l118] Similarly, Park and co-workers prepared reduction-sensitive HEP-
Pluronic® nanogels via the disulfide crosslinking of thiolated HEP-Pluronic®
copolymers.[119] These nanogels exhibited a high loading efficiency of positively charged
RNase A (~80%) with GSH-mediated release profiles of the protein /n vitro. Gama and co-
workers synthesized disulfide-crosslinked HA nanogels via a thiol-disulfide exchange
reaction between thiolated HA and a bifunctional pyridyl disulfide crosslinker,
demonstrating increased stability upon dilution compared to noncrosslinked assembled
nanostructures and rapid disintegration upon treatment with DTT.[220] More recently, Jiang
and co-workers reported the facile synthesis of reduction-sensitive HEP nanogels (80-200
nm in diameter, depending on crosslinking density and reaction time) via the radical
copolymerization of methacrylated HEP and disulfide-containing cystamine bisacrylamide
in an aqueous medium.[221] The HEP nanogels exhibited strong reduction-sensitive release
behavior of DOX in vitro and showed remarkable accumulation in tumors of hepatic H22
tumor-bearing mice, suggesting the significant potential of these nanogels as tumor-targeted
delivery vehicles for cancer therapeutics and diagnostics.
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4. GAG Hydrogels as Tunable Release Systems

Similar to other gel materials, GAG-based gels can entrap therapeutically relevant molecules
for localized delivery. Furthermore, the affinity of GAGs for many potent bioactives can be
exploited in the design of gel systems that enable localized long-term bioactive
administration. GAG hydrogels that use both principles for sustained release applications are
described below.

4.1 Entrapment

Because of their excellent compatibility, non-immunogenic nature and unique biological
functions, HA hydrogels have been extensively employed as carriers for molecule delivery
applications. Because HA is the only non-sulfated member of the GAG family, most
therapeutic molecules are sterically entrapped in HA hydrogels without specific binding
affinity. A wide variety of molecules, including small-molecule drugs, proteins, and
nucleotides, have been entrapped in HA hydrogels to promote tissue repair, cell migration,
morphogenesis and matrix remodeling.

4.1.1 Physically Crosslinked HA Hydrogels—Physically crosslinked hydrogels
formed by supramolecular interactions exhibit viscous flow under shear stress and rapid
recovery when the applied stress is relaxed. This advantageous shear-thinning property
permits the facile injection of hydrogels and the local delivery of therapeutic molecules. In a
recent example, Burdick and co-workers designed injectable HA hydrogels based on the
guest-host interactions of adamantine-modified HA (Ad-HA) and p-cyclodextrin-modified
HA (CD-HA) (Figure 10).[12228] The tunable release of bovine serum albumin (BSA) from
these self-assembling HA hydrogels for up to 60 days was achieved by varying the
macromer concentration and the extent of adamantine modification.[115a] |n addition to
tuning the diffusive release kinetics of biomolecules through variations in crosslinking
density, the controlled release of therapeutics (especially small molecules) can be achieved
via inclusion effects with the CD moieties in these hydrogels. In a follow-up study, the
affinity of CD-HA for small molecules was leveraged to tune the release of tryptophan-
modified peptide (model drug), doxorubicin (chemotherapeutic) and doxycycline (MMP
inhibitor) from the assembled hydrogels.[1220] Sustained release of these small molecules
was observed for up to 21 days, with tunable release profiles that were dependent on CD
concentration and drug-CD affinity. These systems provide a minimally invasive injectable
platform for the tunable and controlled release of both biomolecules and small-molecule
drugs.

4.1.2 Chemically Crosslinked HA Hydrogels—Chemically crosslinked hydrogels
formed by covalent bonds not only provide a more stable network structure with increased
mechanical strength but also offer great versatility in controlling network degradation and
introducing/releasing biological cues (e.g., cell adhesion peptides and growth factors).
Chemically crosslinked HA hydrogels are usually formed via the covalent crosslinking of
HA derivatives modified with reactive groups, such as thiols, acrylates, aldehydes,
hydrazides, and tyramine. These HA hydrogels have been widely used as delivery vehicles
for the steric entrapment and controlled release of various bioactive factors, such as
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dexamethasone to treat rheumatoid arthritis,[123] BMP-2 to promote bone regeneration,[124]
VEGF and FGF-2 to stimulate localized microvessel growth,[125] and DNA to guide cellular
processes involved in tissue regeneration and repair.[126]

To minimize the initial burst effect and further prolong the release process, especially for
growth factors (considering their high cost), hierarchically structured HA hydrogels
containing drug/protein-loaded particles were developed. Burdick and co-workers
demonstrated the controlled local delivery of TGF-p with release times extending up to 6
days from alginate microspheres within HA hydrogels, resulting in enhanced MSC
chondrogenesis.[1271 Jia and co-workers covalently integrated BMP-2-loaded HA microgels
into macroscopic HA networks via photocrosslinking, providing zero-order release of the
growth factor over 13 days.[128]

Subsequently, dexamethasone-loaded micelles were also covalently integrated into these HA
hydrogels as drug depots, offering sustained release over an extended period and
mechanically triggered release characteristics.[129] Other strategies, including the
incorporation of HEP/HEP mimetics!130] and synthetically sulfated HA polymers[13! into
the HA hydrogels, have been developed to sequester growth factors and prolong their
release. These tunable release systems based on electrostatic interactions will be discussed in
detail below.

4.2 Electrostatic Conjugation/Release

GAGs are linear molecules that—with the exception of the non-sulfated HA—display a
characteristic pattern of strongly acidic sulfate groups along the carbohydrate backbone.[4P]
Geometrically matching the electrostatic interactions between these sulfate (and
carboxylate) moieties and the positively charged amino acid residues of proteins can govern
transport, information transfer, and metabolism and therefore direct cell-fate decisions and
tissue development.[88] Accordingly, engineered matrices containing sulfated GAGs can
capitalize on the electrostatic binding and redistribution of a wide variety of functional
proteins.[11.93.131b.132] Related approaches are summarized below.

4.2.1 Multifunctional Hydrogels for Sustained Factor Release—The GAG HEP is
the biomolecule with the highest charge density known in nature and therefore has a high
affinity for a variety of proteins.[2] Based on this property, we developed a biohybrid
hydrogel utilizing HEP as a major building block together with star-shaped PEG to form
cell-instructive hydrogel matrices.[16] The high HEP concentration of the hydrogel allows
the efficient administration of HEP-affine growth factors, such as FGF-2,[16] VEGF,[133]
BMP-2,[134] SDF-1a,[135] GDNF,[136] NGF,[67] and TGF-B,[137] as well as the less-affine
EGF.[138] Due to the high HEP concentration (i.e., the high number of protein-binding sites)
in HEP-based hydrogels, multiple factors can be independently administered, as was shown
for the parallel release of FGF-2 and VEGF[139] as well as FGF-2 and GDNF.[136]
Accordingly, hydrogels can be used as an adaptable release system for different target
tissues. Related applications will be discussed below, including new treatments for
neurodegenerative disorders, the stimulation of angiogenesis, the treatment of kidney
diseases and the improvement of dermal wound healing. Furthermore, similar applications
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of HEP-functionalized hydrogel matrices will be discussed (see also section 4.3 and Figure
11)

StarPEG-HEP hydrogels were introduced to explore new options for the treatment of
neurodegenerative disorders, such as Parkinson's disease, a disorder characterized by the
degenerative loss of dopaminergic neurons.[*40] Accordingly, hydrogels were designed to
create an optimal niche for this particular cell type to promote cell replacement therapies. (68l
As such, starPEG-HEP hydrogels functionalized with RGD peptides and FGF-2 were used
to promote the differentiation and survival of dopaminergic neurons.[16] This concept was
further developed using RGD-modified starPEG-HEP hydrogels that released a combination
of FGF-2 and GDNF to trigger the differentiation and axodendritic outgrowth of
dopaminergic neurons derived from primary murine midbrain cells.[!36] Shape-memory
microscale macroporous hydrogels that released GDNF and NGF, allowing minimally
invasive injection through a narrow 27-gauge needle, were successfully utilized to cultivate
human MSCs and neuronal PC12 cells, showing their potential as survival-boosting cell-
transplantation carriers for Parkinson's diseasel®7] (see also section 3). Overall, this
biohybrid material seems to be an adaptable platform suitable for applications in
neurodegenerative disorders.[68]

Because of limited diffusive oxygen transport in mammalian organisms, angiogenesis (the
growth of blood vessels from pre-existing vessels) is essential for organ development,
growth, and regeneration and thus for every tissue engineering construct transplanted into
the body.[241] Accordingly, angiogenesis-supporting materials have been a focus of tissue
engineering and biomaterial research in recent years. Although key players such as the pro-
angiogenic growth factors VEGF and FGF-2 have been successfully applied to promote
angiogenesis in animal models, no clinical breakthrough has yet occurred, which is partially
attributed to inefficient growth factor delivery.l141] StarPEG-HEP hydrogels were optimized
for the sustained delivery of FGF-2 and VEGF for more than one week through variation of
the mechanical properties of the gels,[133] allowing the decoupling of biophysical and
biomolecular signaling characteristics according to the rational design principle of this type
of hydrogel (see section 5.1). The release of both factors was further independently tuned by
variation of the initial loading concentration, which relied on the high density of binding
sites within the HEP-based matrices.[13%] The simultaneous release of both FGF-2 and
VEGF from starPEG-HEP hydrogel matrices was demonstrated to be beneficial in
promoting the pro-angiogenic response of HUVECs and vascularization at the
chorioallantoic membrane of fertilized chicken eggs (CAM assay).

As outlined above (see section 4.1), HA-based hydrogels have been used extensively for the
entrapment of growth factors. Extending this concept, Prestwich and co-workers developed
an HA-gelatin-PEG hydrogel that was systematically doped with 0.03%, 0.3% and 3% of a
15 kDa HEP to incorporate this highly sulfated GAG as an affinity center for specific
interactions with the pro-angiogenic factors FGF-2 and VEGF.[242] All the building blocks
(HA, gelatin and HEP) were thiolated and then crosslinked with PEG diacrylate via a
Michael-type addition, and FGF-2 and VEGF were premixed before crosslinking. The
presence of HEP within the multifunctional hydrogels caused a stepwise decrease in the
released amount of VEGF, clearly showing the tremendous effect of specific interactions
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with highly sulfated HEP. Similar effects were shown for FGF-2, but compared to pure HA
gels (without HEP), the release was significantly higher—a result explained by the
stabilizing effect of HEP, which prevents the thiol moieties of FGF-2 from reacting with
PEG diacrylate. However, the investigated hydrogels with variable growth factor
functionalization were only partially effective in the stimulation of angiogenesis /n vivo.

Wang and co-workers recently developed an injectable hydrogel based on two types of
physical bonds: host-guest chemistry and electrostatic interactions to form non-covalent
bonds between mono-carboxylic acid terminated PEG grafted with poly(ethylene
argininylaspartate diglyceride), a-cyclodextrin and heparin.[243] The shear thinning hydrogel
was used to incorporate FGF-2 via electrostatic interactions to heparin and interestingly an
almost linear release kinetics going parallel with hydrogel degradation was found over a
time period of 16 days. Acute toxicity of the material could be excluded performing toxicity
assays with primary baboon arterial smooth muscle cells. Altogether, the material might be
used as injectable drug release system for heparin affine signal molecules.

Morphogen gradients are ubiquitous in development and regeneration but are often observed
to be insufficient under pathologic conditions.[’8l The GAG-mediated release of
chemoattractant molecules over prolonged time periods can help to overcome the resulting
limitations by forming stable gradients to redirect cell migration and enforce the recruitment
of pro-regenerative cells. As a striking example, recovery after myocardial infarction is
limited by the insufficient regeneration potential of cardiomyocytes.[144] However, potent
chemoattractants, such as SDF-1a, have been shown to direct pro-regenerative stem and
progenitor cells, such as early EPCs, to ischemic sites.[245] StarPEG-HEP hydrogels were
accordingly used to generate SDF-1a gradients to attract circulating pro-angiogenic
cells.[!35] The release of SDF-1a was found to be adjustable through the choice of loading
concentration (see Figure 11B) and by MMP-mediated hydrogel cleavage. /n vitro studies
confirmed that the migration of EPCs toward concentration gradients of hydrogel-delivered
SDF-1a was significantly enhanced. The feasibility of this concept was confirmed /n vivo:
subcutaneously transplanted SDF-1a-releasing hydrogels caused a massive infiltration of
EPCs (see Figure 11C) and improved vascularization. In the next step, the guiding properties
of the hydrogels were further improved by functionalization using an engineered SDF-1a
variant that was activated upon contact with the inflammation-associated protease dipeptidyl
peptidase-4 (DPP-4).1146] The enzymatic activation of this chemoattractant resulted in a
significant increase in EPC migration.

Multifunctional starPEG-HEP hydrogels were further applied for the sustained delivery of
growth factors to treat acute kidney injury (AKI).[247] Hydrogel-delivered FGF-2 and EGF
were shown to promote tubular proliferation in experimental AKI in mice.[38] In this
system, the strongly HEP-binding FGF-2 displayed sustained release from starPEG-HEP
hydrogels (~6% of the loaded amount after 96 h), whereas EGF, which lacks specific
binding sites and undergoes unspecific electrostatic interactions with strongly negatively
charged hydrogels only,[48] was found to exhibit approximately 10-fold higher release rates
(~60% of the loaded amount after 96 h). Nonetheless, the release of both factors had a
positive effect in AKI mice.[138] FGF-2-releasing hydrogels induced significantly higher
proliferation of tubular epithelial cells in the kidney, and EGF-releasing gels induced a
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significant effect on proliferation at a rather low (50 ng) dose compared to previous studies
that required a 20 pg dose of EGF.[149]

Wound healing is a dynamic process that can be divided into three phases—inflammation,
tissue formation, and tissue remodeling—which are controlled by a complex interplay of
soluble mediators, blood and parenchymal cells as well as exogenous cues from the
ECM.I150] Accordingly, there are several therapeutic concepts for treating wound healing
disorders through the localized delivery of soluble growth factors, such as PDGF, FGF-2 or
VEGF. To overcome the rapid inactivation or clearing of soluble mediators from the wound
site, the localized and sustained release of such factors would be beneficial. Prestwich and
co-workers utilized hydrogel films formed of co-crosslinked thiolated derivatives of
chondroitin 6-sulfate (CS) and HEP with PEGDA for the controlled release of FGF-2 to full-
thickness wounds in genetically modified diabetic (db/db) mice.[*51] Hydrogels consisting of
CS-PEGDA and CS-HEP-PEGDAP with different loadings of FGF-2 were compared, and a
stepwise increase in wound closure from CS-PEGDA to CS-HEP-PEGDA and increasing
amounts of loaded FGF-2 was observed. Thus, incorporation of HEP into hydrogel matrices
was concluded to be beneficial for the sustained release of active growth factors, such as
FGF-2. In another approach to improved dermal wound healing, the previously mentioned
starPEG-HEP hydrogels were successfully utilized for the sustained release of TGF-f to
induce myofibroblast differentiation.[137]

4.2.2 Tuning of GAG Sulfation Patterns to Modulate Morphogen Release—The
sulfation pattern of GAGs determines their affinity for proteins and therefore the stability of
GAG-protein complexes, which in turn influences the transport processes and activity of
these signaling molecules within the ECM.[4P] The anticoagulant activity of HEP, for
instance, is dependent on a well-defined pentasaccharide sequence involving the relatively
rare 30-sulfate.[152] Accordingly, the selective removal of this particular sulfate moiety can
effectively dampen the anticoagulant activity of HEP, for example, to prevent the
hemorrhagic side effects of HEP matrices.

Capitalizing on previously established protocols for the regioselective removal of sulfate
groups from sulfated carbohydrates such as HEP,[153] the starPEG-HEP hydrogel platform
was extended to systematically adjust the affinity of the gels for soluble signaling molecules
via the removal of N-sulfate, 60-sulfate or 20-sulfate groups from HEP.[154] All reaction
schemes for hydrogel crosslinking involve the carboxylic acid groups of HEP; therefore,
desulfation not only influences the uptake and release of signaling molecules but directly
influences the reactivity of the carboxylic acid group and therefore the network formation.
Accordingly, the rational design concept was extended to adjust the mechanical properties of
hydrogels made of differently desulfated HEPs (for details, see section 5.1), ultimately
enabling the formation of hydrogels with similar mechanical properties but entirely different
sulfation patterns. These hydrogels exhibited an average of ~3 (standard HEP, SH), ~2 (N-
desulfated HEP, N-DSH), ~1 (60- and N-desulfated HEP, 60+N-DSH) and ~0.3
(completely desulfated HEP, cDSH) sulfate groups per disaccharide unit, which altered the
release of FGF-2 after 96 h.[154]

Adv Mater. Author manuscript; available in PMC 2017 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Freudenberg et al.

Page 24

Next, the influence of the specific sulfate position on the subsequent binding and release of
growth factors was investigated. For this purpose, the hydrogel platform was extended to
include SH, N-DSH, 60-DSH, 20-DSH, 60+N-DSH and cDSH (see Figure 12).[15%]
VEGEF release was unaffected by 20-DSH HEP, whereas the removal of the other sulfate
groups caused a stepwise increase in VEGF release. Hydrogels formed from cDSH exhibited
~90% VEGF release but anticoagulant activity of less than 1%. These results were
independent of the type of desulfation method (Figure 12). Thus, all the applied desulfation
protocols blocked HEP anticoagulant activity, i.e., effectively prevented bleeding. /n7 vitro
studies showed a pronounced pro-angiogenic response of HUVECS, as indicated by
enhanced cell migration and tube formation, which was dependent on the VEGF amounts
released from hydrogels containing selectively desulfated HEP (Figure 12).

Desulfated HEP hydrogels with low anticoagulant activity were transplanted into db/db mice
to investigate the effects of modulating VEGF release from the matrices. Hydrogels with low
sulfate content (11% of the initial HEP) were found to be superior in terms of efficacy of
VEGF administration, low anticoagulant activity and promaotion of angiogenesis /in vivo
(Figure 12).

In an independent approach, Temenoff and co-workers used a thiolated N-DSH crosslinked
with PEGDA to form hydrogels for the sustained release of SDF-1a..[156] The SDF-1a-
releasing matrices stimulated the migration of bone marrow cells /n vitro and the spatially
localized recruitment of anti-inflammatory monocytes in a dorsal skinfold window chamber
in mice.

4.3 Cell-Responsive Release

Interactive materials that are capable of responding to varying environmental conditions
through varied characteristics are instrumental for customized exogenous cell-fate control in
tissue engineering and offer exciting new options in drug delivery. The enzymatic cleavage
of hydrogel materials for the localized modulation of growth factor release and the growth
factor-dependent degradation of hydrogels both represent well-elaborated examples of
related approaches. Furthermore, a recently introduced material demonstrates how the
release of bioactives can be adjusted in a feedback loop, enabling the homeostatic control of
complex biochemical reactions in living tissues, such as blood coagulation activation.

4.3.1 MMP-Degradable GAG Hydrogels—L.ike the PEG-based MMP-degradable
hydrogels pioneered by Lutolf and Hubbell,[257] GAG-containing hydrogels can be made
susceptible to degradation by cell-secreted proteases through the incorporation of matrix
metalloprotease (MMP)-cleavable peptide crosslinkers. MMP peptide motifs are typically
incorporated into GAG-based hydrogels via a Michael-type addition between thiols from
cysteine residues of the peptides and reactive end groups (e.g., acrylates and maleimides)
from the macromers, allowing the embedding of cells and molecules during gelation. The
cell-mediated degradation of GAG-based hydrogels permits the tunable release of the
encapsulated bioactive factors via cellular cues and supports cellular morphogenesis into a
variety of tissue structures, resulting in matrix remodeling and tissue regeneration.
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A cell-responsive PEG-HEP hydrogel including an MMP-cleavable peptide (see section
3.1.1)[18.19] was successfully used for the delivery of chemokines such as VEGF and
SDF-1a, and the release of growth factors was significantly accelerated in the presence of
collagenase V. The cell-mediated release of growth factors from these hydrogels resulted in
a strong pro-angiogenic response both /n vitroand in vivo, demonstrating the potential of
these materials to support cardiovascular tissue engineering.[21:135]

More recently, the in situ formation of MMP-degradable PEG-HEP hydrogels based on a
Michael-type addition between maleimide-functionalized HEP and thiol-containing PEG-
MMP peptide conjugates was reported (Figure 13).[28:158] The rapid gelation of these
materials allowed the facile in situ encapsulation of soluble growth factors and cells. The
cell-mediated degradation and subsequent VEGF delivery exhibited a significant effect on
cell spreading and endothelial cell morphogenesis.[28] These bioresponsive hydrogels were
subsequently used for the sustained release of multiple pro-angiogenic growth factors
(VEGF, FGF-2 and SDF-1a.) to enhance the formation of endothelial capillary networks and
to construct 3D tumor vascularization models, providing significant insights into the
development of therapeutic strategies against angiogenesis-dependent tumors.[158] The
underlying concept was based on a well-adjusted co-culture system of MSCs and HUVECs
within a triple-factor (VEGF, FGF-2 and SDF-1a)-functionalized, RGD-modified, MMP-
degradable, soft (~200 Pa) starPEG-HEP hydrogel matrix. This system was able to maintain
a mature capillary network for more than four weeks /n vitro, thus opening new possibilities
for advanced /n vitro organoid models.

In an extension of that work, triple cultures of HUVECs, MSCs and various breast (MCF-7
and MDA-MB-231) and prostate cancer cell types (LNCaP and PC3) were cultivated to
establish relevant vascularized 3D cancer models in vitro.[159 This systematic study using
different chemotherapeutic drugs and angiogenic inhibitors compared conventional 2D, 3D
tumor-only and triple-culture models. Interestingly, it was found that the dose required to
stop the proliferation of cancer cells was much higher in 3D than in artificial 2D culture - a
finding that is consistent with similar findings /n vivo and thus demonstrates the relevance of
the concept established here. Accordingly, multifunctional, multifactorial starPEG-HEP
hydrogels appear to be highly promising candidates for advanced organ culture models and
thus may be utilized to minimize expensive and ethically problematic animal
experiments.[160]

Likewise, Segura and co-workers developed a series of proteolytically degradable HA
hydrogels based on the Michael-type addition of acrylamide-functionalized HA and bis-
cysteine-containing MMP peptide crosslinkers.[161] These MMP-degradable HA hydrogels
were exploited to guide stem cell differentiation /n vitro and to promote tissue repair in
diabetic wounds and in the brain after stroke through the delivery of stem cells or
nanoparticles containing bioactive signals. Integrin-binding peptide concentration and
presentation were exploited to modulate neuroprogenitor stem cell (iPS-NPC) and MSC
differentiation. The relative concentrations of IKVAV, YIGSR, and RGD were optimized
through the multifactorial design of experiments (DOE) to arrive at concentrations that
enhanced stem cell survival and improved differentiation toward neurons.[62] |n a separate
study, RGD presentation was modulated from homogeneous to clustered and was shown to
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modulate integrin and stem cell marker expression.[163] The same hydrogel materials have
been used /n vivo as a dual scaffold and transplantation vehicle for iPS-NPCs or as a
scaffold and bioactive signal delivery vehicle to promote tissue repair. The transplantation of
iPS-NPCs from MMP-HA hydrogels resulted in enhanced differentiation of the transplanted
cells.[164]

The incorporation of growth factors into hydrogel scaffolds is a general approach to guiding
the fate of encapsulated or infiltrating cells. However, the direct encapsulation of growth
factors during Michael-type addition hydrogel formation suffers from reduced growth factor
activity through disulfide exchange reactions (in the case of thiol-containing crosslinkers)
and limited control over the release kinetics of the growth factors. The Segura laboratory has
pioneered the use of protein core nanocapsules to deliver growth factors.[165.166]
Nanocapsules are formed through the in situ radical polymerization of acrylate- and
acrylamide-containing monomers and peptide crosslinkers around a protein core. The result
is a protein surrounded by a protease-degradable hydrated polymeric shell. By changing the
enantiomer of the amino acids in the peptide crosslinker from L to D, the kinetics of
enzymatic cleavage were modulated to generate the sustained or sequential delivery of one
or several growth factors. Compared to direct growth factor encapsulation, the encapsulation
of growth factor nanocapsules within HA-MMP hydrogels resulted in decreased disulfide
exchange reactions, which increased the activity of the encapsulated protein[166] and the
controlled release of the growth factor Jn vitroand in vivo.[*65] Upon the implantation of
VEGF nanocapsule-loaded hydrogels, enhanced vascularization of the brain after stroke (see
Figure 14)[165] and enhanced skin wound healing were observed.[167] The Segura laboratory
has also made considerable efforts to deliver plasmid DNA from MMP-degradable HA
hydrogels.[168] Utilizing a cage nanoparticle encapsulation approach to prevent DNA/PEI
polyplex aggregation during hydrogel gelation,[1691 they were able to deliver DNA plasmids
encoding human VEGF165 (pro-angiogenic factor) and mammalian GFP-firefly luciferase
(reporter) to enhance the angiogenic response and diabetic wound healing.

Burdick and co-workers developed injectable and MMP-sensitive HA-based hydrogels that
locally release a recombinant tissue inhibitor of MMPs (rTIMP-3) in response to MMP
activity (Figure 15).11701 The hydrogels were formed rapidly by a condensation reaction
between aldehyde (ALD) and hydrazine (HYD) groups in a three-macromer system that
included HA-ALD, dextran sulfate-ALD and HA-peptide-HYD. The incorporation of
dextran sulfate and an MMP-cleavable peptide into the hydrogels allowed the sequestration
of rTIMP-3 and on-demand MMP inhibition via MMP-mediated degradation. The targeted
delivery of the hydrogel/rTIMP-3 construct to regions of MMP overexpression following
myocardial infarction significantly reduced MMP activity and attenuated adverse left
ventricular remodeling in a porcine model of myocardial infarction. This strategy provides a
vivid example of the design of bioresponsive hydrogels whose properties can change in
response to a specific set of biological stimuli.

In addition to MMP-sensitive GAG hydrogels, Kiick and co-workers developed cell surface
receptor-responsive HEP hydrogels directly using growth factors as crosslinks (Figure
16).[171] These non-covalently associated hydrogel networks were produced via an
interaction between low-molecular-weight HEP-modified star polymers (PEG-LMWHEP)
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and the dimeric, HEP-binding growth factor VEGF. Taking advantage of the receptor-
mediated targeting of VEGF to VEGFR-2 receptors, the hydrogels demonstrated receptor-
mediated gel erosion and the VEGFR-2-responsive sustained release of VEGF.[171a] The
selective erosion and cell-responsive release of VEGF from these hydrogels was further
studied using VEGFR-2-overexpressing PAE/KDR cells (porcine aortic endothelial cells
equipped with the transcript for the kinase insert domain receptor).[1710] The receptor-
responsiveness of the hydrogel and the cell-mediated release of VEGF were evidenced by
the observation that the 100% release of VEGF and complete hydrogel erosion occurred
exclusively in the presence of PAE/KDR as well as by the increased proliferation of
VEGFR-2-expressing cells. These novel studies demonstrate a robust approach for the
targeted delivery of receptor-binding bioactive molecules in numerous therapeutic
applications.

4.4 Autoregulative Release

Extending the above-discussed concept of bioresponsive polymer architectures can allow the
feedback-controlled regulation of the release of bioactives, a principle that even more
closely resembles the homeostatic adaptation of living tissues. Using the anticoagulant
activity of the GAG HEP, the regulation of blood coagulation through the interplay of
enzyme-mediated activation and inhibition processes was examined as an example of this
approach to a new type of interactive material. HEP inactivates thrombin, the key enzyme in
the blood coagulation cascade,[272] and is commonly used in the application of medical
devices to inhibit the activation of blood coagulation. Hydrogels made of starPEG and HEP
crosslinked by a thrombin-sensitive peptide linker were used to establish a thrombin-
responsive, adaptive HEP release system.[173] In this system, if blood coagulation is
activated, (A) thrombin is formed from prothrombin and initiates the self-amplifying blood
coagulation cascade while simultaneously (B) cleaving the hydrogel, resulting in the release
of HEP followed by (C) the HEP-catalyzed formation of the thrombin-antithrombin
complex, which in turn inactivates thrombin and (D) terminates the degradation of the
hydrogel (see Figure 17).

Thrombin-cleavable HEP hydrogels were experimentally shown to release HEP in a manner
that was dependent on the thrombin concentration and the degree of crosslinking, i.e., the
HEP release was strictly correlated with the trigger concentration and was further tunable
through the network characteristics. The performance of the HEP-releasing hydrogels was
tested in a human whole-blood incubation assay. As expected, the anticoagulant effect was
directly correlated with the released HEP and the crosslinking degree of the hydrogels,
whereas a hydrogel crosslinked with a scrambled peptide sequence showed significantly
lower anticoagulant activity. In an extended feasibility test without the addition of any
soluble anticoagulant, using ePTFE and HEP-end-grafted ePTFE as clinically applied
reference materials, non-cleavable and thrombin-cleavable hydrogels were compared in a
repeated (1 h + 1 h) incubation cycle. Blood in contact with the thrombin-responsive
hydrogel did not show any clotting effects, whereas all the compared materials resulted in
massive coagulation. This system is clearly a promising means of coating medical devices to
avoid systemic overdosage of HEP and provide long-term protection against coagulation.
The exemplified concept for interactive materials can be considered a new paradigm for the
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feedback-controlled administration of drugs and bioactives along various therapeutic
avenues and may even pave the way for autonomous functional compartments in synthetic
biology.

5. Perspective

A number of current developments can be expected to further extend the options involving
GAG-hased functional materials in the future. Namely, the availability of tailor-made,
widely tunable GAG motifs and advanced methodologies for the design and experimental
screening of GAG-based functional materials will create exciting new opportunities. Relying
on a key feature of GAGs, their capability to complex a broad variety of cytokines, a new
field of applications for cytokine-scavenging biomaterials is envisioned on the horizon.

5.1 Synthetic and Recombinant GAGs

All clinically applied GAGs, such as the widely used anticoagulant HEP, are currently
isolated from animal sources. The resulting batch-to-batch variations and even serious
quality issues—including the contamination of HEP with oversulfated CS, which caused
approximately 100 deaths in the US in 2008[174] —[imit the applications of GAGs in
medicine, biotechnology and tissue engineering. Accordingly, the development of synthetic
routes to create well-defined GAG building blocks for biomedical applications has attracted
increasing interest during recent years.

Pioneered by Seeberger and co-workers, automated solid-phase oligosaccharide synthesis
has become available, addressing the need for functional disaccharide precursors to form
oligosaccharides with well-defined structure and conformation.[173] The ongoing efforts of
the Seeberger group are directed toward the automated solid-phase synthesis of larger
building blocks, such as CS-GAGs[178] or DS oligosaccharides,[277] which will become
scalable.[178] Progress in carbohydrate sequencing and high-throughput screening based on
carbohydrate arrays can be expected to pave the way for novel combinatorial
approaches!17%8] to GAG-based material development, enabling advanced diagnostics and
therapeutic applications.

As an alternative, the preparation of sulfated, GAG-mimicking polymers via the backbone
modification of polysaccharides does not require sophisticated and complex solid-phase
methods starting from disaccharide building blocks. Several well-established protocols for
the chemical sulfation of chitosan, cellulose, starch, alginate and HA, as reviewed in,[179]
extend the range of customized GAG-analogous polymers. Langer and co-workers designed
a selectively C6-OH-sulfated HA that could be used for the separation/selective binding of
the angiogenic and anti-angiogenic isoforms of VEGF165 for applications in anti-
angiogenic therapies.[18 In a similar approach, Hofbauer and co-workers utilized
selectively sulfated HA and modified CS to analyze the impact of GAG sulfation on Wnt
signaling and bone homeostasis.[181] However, GAG-mimicking polymers based on other
biopolymers cannot overcome the disadvantages mentioned above, i.e., product
heterogeneity and possible immunogenic effects persist.[179]
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In addition to backbone modification, chemical and chemoenzymatic protocols have been
developed to utilize enzymes for the synthesis or modification of GAGs.[182] Different
routes either start from GAG backbone polymers extracted from any organism followed by
subsequent /n vitro modification, the cleaving of GAG chains with degradation enzymes and
subsequent modifications /n vitro, or the classical bottom-up formation of GAG chains with
synthases/GTases from uridine diphosphate sugars 77 vitro.l2l The latter concept is
advantageous because it produces well-defined GAG structures, but it is restricted by the
currently limited availability of uridine diphosphate sugars.[179] Linhardt and co-workers
established the synthesis of ultra-low-molecular-weight HEP starting from a simple
disaccharide unit that shows excellent anticoagulant activity and good pharmacokinetic
properties and is scalable for use as a building block for biomaterials.[183] Based on this
synthetic route, well-defined HS block copolymers were synthesized and utilized to study
FGF-2 signaling in murine immortalized bone marrow (BaF3) cells in a microtiter array.[184]

Well-defined GAG building blocks can also be obtained by dedicated expression techniques.
In nature, GAGs are synthesized in the Golgi apparatus of most animal cells on the surface
of a protein core (with the exception of the non-sulfated HA, which is synthesized without
protein conjugation), forming proteoglycans, a major component of the ECM. HS/HEP
proteoglycans, including perlecan, agrin, syndecans and glypicans, have been recombinantly
expressed in mammalian cells, such as Chinese hamster ovary (CHO) and human embryonic
kidney cells (HEK-293 and HEK-293T).[179] Further optimization is needed to precisely
control the GAG chain length and the specific sulfation pattern, as the differences currently
found in the structure and length of the expressed GAGs may be attributed to different
residence times of the protein core in the Golgi or to missing post-translational
modifications.[18%] The metabolic engineering of Golgi-lacking cells, such as £. coli, is
considered even more difficult but is being targeted by dedicated ongoing studies. For a
recent review of the expression techniques currently used for the formation of GAGs, the
reader is referred to Suflita et al.[186]

Of note, control of the size and charge pattern in well-defined synthetic GAGs extends the
possibilities of regulating the conformation and hydration of GAG building blocks,
generating materials with tailored physical characteristics and adjustable transport and
binding properties for soluble signaling molecules.

5.2 Rational and Combinatorial Material Design

Adjustment of the physical network properties and biomolecular functionalization of GAG-
based materials—as required to systematically unravel the roles of exogenous cues in cell-
fate control—was successfully implemented using a rational design strategy for defined
polymer networks with varying mechanical properties but constant biomolecular
composition.[134] A mean field approach was applied to identify conditions in which the
balance of elastic, electrostatic/osmotic, and excluded volume forces resulted in a constant
HEP volume density within starPEG-HEP hydrogels with gradually varied network
properties (see Figure 18A and B). Using this approach, the mechanical properties (storage
moduli) of the biohybrid hydrogel could be varied over a broad range, from ~1 kPa to ~15
kPa, at an invariant HEP concentration (see Figure 18B). As discussed in sections 2 and 4,
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secondary functionalization schemes with cell-adhesive peptides (e.g., RGD) and HEP-
affine soluble signaling molecules (e.g., VEGF) by covalent and non-covalent conjugation to
HEP also allow the decoupling of related signaling characteristics from the mechanical
network properties. The mean field approach was recently extended to explore the swelling
and storage moduli of hydrogels formed from selectively desulfated HEP derivatives[*54 to
customize the release of growth factors from similarly defined hydrogel networks. It is
envisioned that the established theory-driven design of biohybrid polymer networks can
offer a powerful, general option for tailoring multifunctional GAG-based materials to
become instrumental in biotechnology, medicine and further fields.

Regarding the recent progress in combinatorial approaches to bioactive PEG-based materials
achieved in the pioneering studies of Lutolf et al.,[187] high-throughput approaches for the
identification of effective combinations of multiple matrix-associated, cell-instructive signals
can be adapted for use with GAG-PEG matrix platforms. For example, PEG-GAG hydrogel
arrays may offer a simple and highly effective means of screening non-covalently conjugated
cytokines. Furthermore, the defined microfluidic administration of multiple soluble cues
through hydrogel matrices can be enhanced through the implementation of factor-binding
GAG components that act as sources or sinks for growth factors, delaying and directing
diffusive transport across the matrices.

The biomolecular and mechanical signals presented by the ECM are spatially and
temporally resolved, although existing macroscale methodologies to produce cell-instructive
biomaterial matrices remain limited with respect to the modulation of important biological
processes such as tissue regeneration or tumor metastasis.[1392.1881 The development of
materials with spatiotemporally customized biomolecular and physical cell signaling
characteristics defines an obvious but heretofore unmet need for a new generation of
biomaterials.[5:187d] Hydrogel-based approaches employing GAGs will have continued
importance in this regard, particularly for growth factor delivery, as the complex processes
of cell migration, differentiation and proliferation typically require the presence of multiple
growth factors and their spatiotemporal distribution at distinct stages.[189] Although GAG-
based hydrogels have been employed for the parallel release of multiple growth factors,
studies have shown that the sequential delivery of multiple growth factors would better
mimic the temporal profile of the natural healing process.[290] Motivated by recent advances
in hierarchically structured, multicomponent hydrogels and orthogonal degradation
chemistries, GAG-based hydrogels with sequential release characteristics could be designed
by incorporating a secondary nanoparticle domain (e.g., liposomes or PLGA
nanoparticles)[191] into a GAG-based network and introducing multiple degradable linkages
(e.g., wavelength-selective photocleavable units)[192] into the precursors. Combined with the
inherent biological activities of GAGs, such GAG-based materials could provide
physiologically relevant release profiles and spatial gradients of multiple growth factors,
with the potential to improve tissue regeneration.

In addition to opportunities to chemically control the degradation and delivery profiles of
bulk GAG-based hydrogel matrices, novel manufacturing approaches that combine the
nanoplotting of GAG-based hydrogels and microfluidic techniques to enable the fabrication
of miniaturized hydrogel-based 3D culture arrays would also afford exciting opportunities
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for precise control over local growth factor concentrations and orthogonally graded
mechanical properties (see Figure 19). Utilizing such hydrogel arrays should enable
simultaneous high-throughput exploration of the influences of mechanical and morphogen
gradients on cells embedded in 3D arrays.

5.3 Cytokine-Scavenging Materials

The unique capability of sulfated GAGs to form complexes with proteins (see section 4.2)
suggests that matrices with a high content of sulfated GAGs may provide an effective means
for the localized scavenging of cytokines /7 vivo. This possibility offers promising new
biomaterial features, e.g., the scavenging and effective removal of pro-inflammatory
cytokines in biomaterial-aided wound healing. Referring to the recent review by Murphy et
al.[193] of parameters that govern the natural mechanisms of growth factor sequestering by
ECMs and of bioengineering approaches that use similar principles to modulate cell
function, we hypothesize that GAG-PEG matrices incorporating GAGs with tailored
structure, size, sulfation pattern and distribution can complement the currently applied
principles for growth factor administration both in cell culture and /n vivo. Along these lines,
the application of unloaded GAG-based hydrogels may be used to redirect the growth factor
gradients that govern tissue formation and regeneration /n vivo.
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physical properties (viscoelastic properties, black) with structural heterogeneity (grey),
allows cell-responsive remodeling (blue), displays adhesion ligands/attachment sites (red)
and modulates morphogen signaling (light red). Bottom: GAG-based biomaterials can be
instrumental in recapitulating these fundamental ECM features through the molecular design
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and processing of polymer networks to tune the administration of soluble factors, the
network structure, the adhesiveness, the shape and the degradability of the matrices
respectively.
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Figure 2.

Synthetic scheme for the in situ formation of multifunctional starPEG-HEP-peptide
hydrogels. Reaction partners/reactive moieties are highlighted in red, cell adhesion receptor-
binding proteins are highlighted in green, and MMP-responsive crosslinking peptides are
highlighted in blue. Reproduced with permission from Ref. [28] copyright (2013) Wiley.
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Figure 3.

Reduction-sensitive degradation of PEG-low-molecular-weight HEP (LMWHEP) hydrogels
via a reversible thiol-maleimide Michael-type addition. A) Conversion of retro-Michael
adducts formed with Michael donors of different reactivity. B) Schematic representation of
the formation and degradation of GSH-responsive PEG-LMWH(EP) hydrogels. Reproduced
with permission from Ref.[331 (A), copyright (2011) American Chemical Society and
adapted with permission from Ref.[52] (B), copyright (2013) The Royal Society of
Chemistry.
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Figure 4.
Photopatterning of PEG-HEP hydrogels to direct adult neural precursor cells. A) Schematic

view of the formation of the multilayer coating on glass. B) Schematic view of the hydrogel
structure using the Micro Lens array and 355 nm laser light. C) Light microscopy images of
the hydrogel well and channel patterns in the dry and swollen states (scale bar = 200 pm).
Reproduced with permission from Ref.[58] copyright (2015) John Wiley & Sons.
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and the reversible biomimetic conjugation of morphogens. B) Variation of the mechanical
properties of the hydrogels by altering the molar ratio of the building blocks (H) and the
molecular weight of the starPEG building block, reproduced from[8] with permission from
MDPI, Basel, Switzerland. C) Cryogelation of similar starPEG-HEP hydrogels using ice
crystal formation as a porogen, followed by a lyophilization step to create interconnected
micropores. D) Left: Confocal laser scanning micrograph of Alexa® 488 (green)-labeled
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cryogels swollen in phosphate-buffered saline. Right: Scanning electron micrograph of a dry
cryogel, reproduced with permission from[®3], copyright ACS Publications 2012.

Adv Mater. Author manuscript; available in PMC 2017 October 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Freudenberg et al.

A

Page 47
35 7 — GDNF loaded at
P-4 500 ng/mL
3 30 GDNF loaded at
8 100 ng/mL
D25 e GDNF loaded at 50
= ng/mL /
L 20
5 I
19 q
o
S
8 1
c
[}
g
(5]
o

Time
(Days)
— NGF loaded at

500 ng/mL
NGF loaded at ~ /I

100 ng/mL

""""" NGF loaded at”
50 ng/mL,

Figure®6.
Shape-memory cryogel microcarriers formed from starPEG-HEP hydrogels with

interconnected porosity. A) Left: Confocal laser scanning micrograph of Alexa® 647 (red)-
labeled cryogels swollen in phosphate-buffered saline. Right: GFP-positive mesenchymal
stem cell (green) grown on cryogel particles (red). B) Scanning electron micrograph of a dry
cryogel microparticle showing the pore structure and high magnification insert, scale bar: 20
pum C) GDNF and D) NGF release into the medium from the microcarriers is tunable by
altering the initial loading concentration. Reproduced with permission from Ref.[67],
copyright (2013) Wiley.
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Figure 7.

Multivalent gold nanoparticle (AuNP) crosslinkers form bonds with thiols depicted on thiol-
modified HA (CMHA-S) and thiol-modified gelatin (Gtn-DTPH), creating a network. In
(A), AUNP-CMHA-S gels lack cell attachment factors, while in (B), AUNP-CMHA-S-Gtn-
DTPH gels support cell attachment (not to scale). Reproduced with permission from Ref.

[84], copyright (2010) Wiley.
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Figure 8.
Formation of thermoresponsive HA nanogels. HA was modified with the thermoresponsive

copolymers poly(DEGMA-co-OEGMA) via thiol-ene chemistry, allowing temperature-
triggered assembly into nanogels and the facile encapsulation of hydrophobic molecules.
Reproduced with permission from Ref.[1020] copyright (2014) Elsevier.
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Figure.
Synthesis of chemically crosslinked HA nanogels via the use of liposome templates in

aqueous solutions. Liposomes encapsulating HA-pentenoate, PEG-(SH), and Irgacure 2959
were exposed to UV light to trigger the crosslinking of HA by thiol-ene chemistry. HA
nanogels were obtained after the subsequent removal of the lipid bilayers. Reproduced with
permission from Ref.[115], copyright (2014) Elsevier.
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Figure 10.

Tunable release of various small molecules from supramolecular HA hydrogels prepared
using Ad-HA and CD-HA macromers. Macromers were dissolved in solutions containing
various drugs (green = high affinity for CD, red = low affinity for CD) and combined in
varying ratios (Ad : CD) to produce bulk hydrogels. Release kinetics were tuned by varying
the CD content available for drug binding or by altering the affinity of the loaded drug for
CD. Reproduced with permission from Ref.[122b] copyright (2015) The Royal Society of

Chemistry.
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Administration of growth factors from GAG-based hydrogels utilizing electrostatic
interactions. A) Schematic drawing of the interplay between growth factors displaying
positively charged amino acid residues and the sulfate groups of GAGs, allowing multifactor
applications and long-lasting morphogen concentration gradients. B) The cumulative release
and gradient formation of SDF-1a from starPEG-HEP matrices is tunable by varying the
initial loading concentration. C) The subcutaneous implantation of SDF-1a-loaded starPEG-
HEP hydrogels increased the number of EPCs homing to the tissue. The number of EPCs
present in the hydrogel after 48 h of implantation was quantified. The data are presented as
the means + standard error of the mean from n = 4-5 (*indicates p<0.05 versus control
without SDF-1a.; ANOVA). Adapted with permission from Ref.[135] copyright (2012)

Elsevier.
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StarPEG-HEP hydrogels with variable sulfation patterns. Left: Selectively desulfated HEP
was used as a building block for biohybrid starPEG-HEP hydrogels. Middle - modulation
(top): Cumulative VEGF release from HEP (SH) and completely desulfated HEP (cDSH)
hydrogels, expressed as percent immobilization; (bottom): Anticoagulant activity of
desulfated HEP derivatives compared to standard HEP. Right - application (top):
Quantification of the tube length of HUVECs on a collagen I/starPEG-HEP gel sandwich
after 3 days of culture; (bottom) StarPEG-HEP hydrogels promoted wound angiogenesis in
diabetic mice. Morphometric quantification of granulation tissue was performed after 10
days. Adapted with permission from Ref.[155] copyright (2015) Elsevier.
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Figure 13.
MMP-degradable starPEG-HEP hydrogels as an extracellular milieu to study heterotypic

cell-cell interactions during angiogenic events. A) Hydrogels prepared using MMP-cleavable
peptide linkers via a Michael-type addition allow the in situ encapsulation of growth factors
and cells as well as cell-responsive degradation. B) The MMP-degradable mechanism of the
matrix creates a cell-responsive environment for EC capillary formation, enabling the
exploration of vascular capillary stabilization by mural cells and tumor vascularization.
Reproduced with permission from Ref.[1%8] copyright (2014) Nature Publishing Group.
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Figure 14.
Protease-degradable growth factor nanocapsules protect growth factors during hydrogel

formation and control the release of growth factors /n vitroand in vivo. Growth factor
nanocapsules are formed through the in situ radical polymerization of acrylate and
acrylamide-containing monomers and peptide crosslinkers to generate a hydrated
nanohydrogel shell around a single protein. The result is a single protein nanocapsule that is
protease degradable through the incorporated peptide crosslinkers. The speed of degradation
is modulated by introducing D peptide sequences that are degraded more slowly by the
proteases. Reproduced with permission from Ref.[165] copyright (2015) Wiley.
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Figure 15.
Injectable and cell-responsive HA hydrogels for on-demand matrix metalloproteinase

inhibition. A) Hydrogel crosslinking was designed through hydrazone bond formation
between complementary aldehyde (ALD) and hydrazine (HYD) groups to form hydrogels
under physiologic conditions. Dextran sulfate (DS) was incorporated into the network to act
as an HEP mimetic to immobilize encapsulated HEP-binding rTIMP-3. B) In this hydrogel
system, MMPs degrade the hydrogel crosslinks (1), liberating polysaccharide-bound
rTIMP-3, which then inhibits local MMP activity (2) and attenuates further hydrogel
degradation (3). Reproduced with permission from Ref.[170] copyright (2014) Nature
Publishing Group.
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Figure 16.

Cell-mediated delivery and targeted erosion of growth factor-crosslinked hydrogels. Non-
covalently assembled hydrogels were formed by the crosslinking of polysaccharide-
derivatized star copolymers by dimeric HEP-binding growth factors. The receptor-mediated
erosion of the hydrogels enabled the cell-responsive targeted delivery of VEGF. Reproduced
with permission from Ref.[1710] copyright (2010) John Wiley & Sons.
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Figure 17.
Autoregulation of HEP release from thrombin-sensitive starPEG-HEP hydrogels. A)

Activated thrombin, originating from various activation pathways linked to the exposure of
blood to foreign materials, carries the risk of subsequent thrombus formation. B) The
thrombin selectively cleaves the peptide of the linker unit in the starPEG-HEP and releases
HEP with kinetics that depend on the degree of crosslinking. C) The released HEP catalyzes
the complexation of thrombin with its plasma-based inhibitor antithrombin, resulting in the
inactivation of thrombin and D) cessation of further hydrogel degradation. Reproduced with
permission from Ref.[173], copyright (2013) Nature Publishing Group.
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Figure 18.
A) Rationally designed starPEG-HEP hybrid networks. The interplay among elastic forces

(TTg)) (~crosslinking degree), excluded volume (Ilg,), and electrostatic/osmotic effects (ITgy,)
was evaluated while maintaining the swelling and HEP concentration of the swollen
matrices (I1g = Il + ITgp). B) Constant HEP concentration and variable storage moduli
(experimental) in swollen networks, as predicted by the mean field approach. C) HUVECs
form a network of tube-like structures (arrows indicate cells with a high aspect ratio) in
hydrogels with independently tunable VEGF and RGD functionalization and storage moduli.
Immunofluorescence images of CD31 (green; endothelial cell marker), actin (red), and
DAPI (blue) in HUVECs plated for 20-24 h are representative of the results from 3
independent experiments. Reproduced with permission from Ref.[134], copyright (2012)
Wiley.
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Combinatorial approach involving nanoplotting technology, microfluidics and customized
GAG synthesis to design orthogonally graded exogenous cues for high-throughput screening
of cellular response patterns.
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