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Abstract

Polymeric hydrogels have demonstrated significant promise in biomedical applications such as drug
delivery and tissue engineering. A continued direction in hydrogel development includes the
engineering of the biological responsiveness of these materials, via the inclusion of cell-binding
domains and enzyme-sensitive domains. Ligand—receptor interactions offer additional opportunities
in the design of responsive hydrogels, and strategies employing protein— polysaccharide interactions
as a target may have unique relevance to materials intended to mimic the extracellular matrix (ECM).
Accordingly, we have developed approaches for producing hydrogels via noncovalent interactions
between heparin and heparin-binding peptides/proteins, and have demonstrated that such matrices
are capable of both passive and receptor-mediated growth factor delivery. Further modification of
these materials via the integration of these noncovalent strategies with chemical crosslinking methods
will expand the range of their potential use and is under exploration. The combination of these
approaches offers broad opportunities for the production of responsive matrices for biomedical
applications.

Introduction

Polymeric hydrogels have been investigated in a wide range of technologies — including tissue
regeneration, drug delivery, actuation, and sensors — because of the facile synthesis of
crosslinked, hydrophilic polymer networks of many compositions and the responsiveness of
many of these hydrogels to various stimuli.1"11 The high water content, biocompatibility, non-
fouling properties, and mechanically robust nature of many of these hydrogels has also
continued to motivate their investigation. Synthetic polymers such as poly(ethylene glycol)
(PEG), poly(vinyl alcohol), poly(N-isoproprylacrylamide), poly(lactic-co-glycolic acid)
(PLGA), and copolymers of these and other polymers have provided many useful systems for
application in biomedical areas, but are often hindered by their lack of biological activity.
Natural polymers such as gelatin, collagen, alginate, and hyaluronic acid have been widely
explored owing to their biological activity, although the range of mechanical properties
accessible via the use of the natural polymers can be limited.

The ability to integrate synthetic versatility, desirable bulk mechanical properties, controlled
degradation, and controlled drug release in hydrogel materials has stimulated continued
research. Both covalent and noncovalent approaches to crosslinking have been employed, with
noncovalent methods of particular research interest owing to the potential to produce
responsive gels with reversible gelation on the basis of changes in shear rate, pH, temperature,
salt concentration, and ligand concentration. Protein—protein interactions have been employed
in such assembly, with the use of molecular recognition processes such as those involved in
coiled-coil formation2-18 and antibody-antigen recognition,1® and many of these gels show
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useful stimuli-responsive changes in mechanical properties on the basis of these interactions.
Similarly, supramolecular hydrogel systems employing B-sheet-forming and a-helical
peptides,29-22 plock copolypeptides and peptide-polymer conjugates,3°-36 and peptide
amphiphiles37-43 have also gained prominence, owing to the synthetic ease of making the
building blocks, and the range of responsive behaviors afforded in these materials. Protein—
saccharide interactions have also been used to produce non-covalently assembled materials
that are responsive to stimuli and have been of interest in sensor development,*4-46 with
assembly via glucose—ConA (concanavalin A) interactions representing a widely employed
strategy. The use of cells as crosslinks in materials has also been introduced.#’8 An area of
research that remains of interest for all of these types of hydrogels is their functionalization
with integrin-binding domains, MMP (matrix metalloproteinase)-degradation domains, and
heparin-binding domains, in order to manipulate cell adhesion, cell-mediated matrix
degradation, and protein-binding functions and to set a desired biological outcome.8:9:49-52

Of hydrogels with targeted applications in affinity-based protein delivery, polysaccharide-
derivatized materials have been widely investigated.?:7+23-55 Heparin-functionalized
hydrogels, in particular, have been increasingly used, owing to the importance of interactions
between highly anionic, sulfated glycosaminoglycans (GAGSs) and proteins in the extracellular
matrix (ECM). The highly anionic charge and heterogeneous sulfation patterns of heparin
mediates its important role as a binding partner for many proteins,®:57 such as antithrombin
I11 (to mediate blood clotting) and various growth factors (to protect against degradation and
potentiate receptor binding). This GAG has been widely employed in covalent hydrogels,
surfaces, and fibrous materials to generate antithrombogenic materials, growth factor delivery
vehicles, and materials to modulate stem cell differentiation.?8-68 In addition, our group and
others have been exploring the noncovalent assembly of heparinized materials as a route to
responsive, reversible, and injectable drug delivery systems that may provide controlled protein
delivery profiles and that may serve as models for the extracellular matrix.59-74 In initial work
of this kind, Panitch and co-workers employed poly(ethylene glycol) star polymers
functionalized with heparin-binding peptides (HBPs) for the formation of viscoelastic solutions
that showed tunable properties upon interaction with heparin.”! These materials show
frequency-responsive rheological behavior and are able to bind to and release heparin-binding
molecules over several days with rates that depend on heparin affinity. The combined use of
covalent and noncovalent crosslinking strategies’? yielded materials with more complicated
and also tunable rheological behavior that may better mimic the mechanical properties of the
ECM. The covalent crosslinks exhibit the expected frequency- and temperature-independent
behavior, while the presence of the noncovalent crosslinks in these systems increases the rate
of gelation and imparts frequency-and temperature-responsive rheological behavior.

Our investigations, described below, have focused on the use of heparinized polymers for
protein- and peptide-mediated assembly; the materials have been shown to form hydrogels
via the interactions of various heparin-binding peptides and proteins (Fig. 1). The hydrogels
summarized below are composed of heparinized, four-arm star PEG-based polymers and star
PEGs functionalized with heparin-binding peptides, are shear thinning (injectable), and are
competent for the binding and controlled release of multiple growth factors that retain their
bioactivity. The use of the heparinized polymer as an assembly partner has also afforded
opportunities for the assembly of hydrogels via interactions with growth factors. The hydrogels
can selectively erode in the presence of growth factor receptors, and may therefore offer new
opportunities in targeted delivery and cell-mediated, selective erosion.

Heparin binding peptide-crosslinked, heparinized hydrogels

Our original investigations in this area focused on star PEGs functionalized with low molecular
weight heparin (LMWH). PEG-LMWH copolymers are desirable targets owing to their
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hydrophilicity, biocompatibility, low immunogenicity, and ability to bind growth factors and
other proteins and peptides. The PEG-LMWH conjugates have been produced by
functionalization of the LMWH (M, = 3000) with maleimide groups, followed by their reaction
with a commercially available, thiol-terminated, four-arm star PEG (Scheme 1). LMWHSs
modified via the reactions in Scheme 1 were illustrated, via surface plasmon resonance studies,
to be competent for binding to HBPs. NMR analysis of the purified PEG-LMWH products
suggested that approximately 75% of the PEG termini (3 out of 4) were modified with LMWH,
indicating their suitability in the formation of noncovalently crosslinked networks (i.e., the
number of crosslink-active termini (f) is >2). The use of LMWH ensured production of a soluble
macromolecule, rather than a chemically crosslinked network, as the LMWH on average carries
only one maleimide group per chain after functionalization.”® In addition, previous
investigations indicated that heparin conjugated to PEG retains its ability to simultaneously
bind antithrombin 11 (ATIIT) and thrombin, which suggested that the PEG-LMWH conjugates
would remain competent for binding to heparin-binding peptides and proteins. Furthermore,
the binding of LMWH to growth factors, including bFGF (basic fibroblast growth factor),
VEGF (vascular endothelial growth factor), and HGF (hepatocyte growth factor), has been
reported,’®76 which is consistent with the fact that the bFGF and VEGF binding sequences in
heparin have been indicated to be pentaor hexasaccharide sequences.”’"7°

Polymers modified with heparin-binding peptides (HBPs) were the macromolecular species
initially exploited for the noncovalent assembly of networks upon association with PEG—
LMWH. There are a myriad of HBPs available, which offers multiple strategies for producing
hydrogels of various mechanical properties. Star PEG-HBPs are readily produced by reaction
of cysteine-terminated HBPs with vinyl sulfone-modified star PEG (Scheme 2); this useful
bioconjugation strategy’2:80:81 yielded PEG-HBPs with degrees of substitution ranging from
approximately 70 to nearly 100%. Three different PEG—HBPs have been employed to date;
those derived from antithrombin 11 (ATIII), from the heparin interacting protein (HIP), and
from human platelet factor 4 (PF4zp), although a variety of other PEG-HBPs should be
similarly useful in the assembly of hydrogels.

Self-supporting hydrogels are easily and immediately formed from these soluble
macromolecular species upon mixing of viscous solutions of PEG-LMWH with PEG-HBP,
even at reasonably low polymer concentration (2.5 wt%). Vortexing of the solutions prior to
and directly upon addition is employed to improve hydrogel homogeneity. In contrast, mixing
of PEG-HBPs with LMWH does not result in hydrogel formation, and preformed hydrogels
can be readily liquefied upon addition of soluble LWMH or HBP. Representative oscillatory
rheological data for one of the hydrogels (PEG-LMWH/PEG-HIP) is shown in Fig. 2; the
hydrogels exhibit a bulk storage modulus that exceeds the loss modulus at all frequencies
studied,”® indicating the formation of a crosslinked network, in contrast to the viscoelastic
solutions produced by the mixing of PEG-HBPs with high molecular weight heparin
(HMWH). The origin of these properties arises at least in part from the association of the
LMWH termini prior to addition of the HBP,82 as an initial elastic response is observed even
inthe absence of PEG-HBP. The increase in storage modulus upon addition of various amounts
of PEG-HBP correlates with the amount of HBP in the gel,” further confirming that the
crosslinking occurs through the interaction of the LMWH with the HBP. The moduli of the
PEG-HIP-based hydrogels ranged from approximately 80 Pa to 200 Pa; higher moduli were
possible with variations in HBP identity, HBP : LMWH ratios, and polymer concentration.
Plots of the normalized elastic modulus for the gels versus HBP concentration®:73 show a
linear increase in the elastic modulus as a function of increasing peptide concentration,
confirming the role of the LMWH-HBP interactions as crosslinks, although a distinct plateau
is observed at higher peptide concentrations in the case of HIP and PF4,p. Given the similarity
in the off-rates of the LMWH-HBP interactions (ca. 1 x 1073 s71),69:73 which should make
the lifetimes of the crosslinks and therefore resulting rheological behavior similar for a given
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crosslink density, the plateaus suggest variations in the numbers of HBP binding sites available
on the LMWH for a given HBP. Limitations in the number of crosslinking sites for a given
HBP may in certain cases limit the maximum possible elastic modulus for a given LMWH :
HBP pair; evaluation of specific target binding partners may therefore be required for hydrogel
design via these methods.

The mechanical properties of the PEG-LMWH : PEG-HBP hydrogels were consistent with
those expected on the basis of the kinetics of the LMWH-HBP binding event. Elastic moduli
of 100's Pa were reproducibly obtained from hydrogels produced from PEG-LMWH with any
of the three PEG-HBPs investigated; the similarity in the mechanical properties is consistent
with the measured similarity in the off-rates of the binding between LMWH and the HBPs
(mentioned above), as confirmed via SPR.69:73 Moduli of these values were observed at both
room temperature and 37 °C, which is also consistent with SPR data that show that the off-
rates do not change significantly over this temperature range.%° In addition, the moduli obtained
are consistent with those obtained from crosslinked polymer networks assembled via the
interactions of metal complexes that have similar off-rates (ca.1073 s71),83 as would be
anticipated if the measured LMWH-HBP interactions mediate assembly.

The noncovalent nature of the hydrogel assembly offers opportunities for the reversible
manipulation of the gels. Indeed, all of the hydrogels show shear-thinning behavior and are
injectable after formation. Bulk oscillatory rheology provided a more quantitative assessment
of this behavior, and illustrated the very rapid and essentially immediate recovery of the gels
after shear thinning.%° The recovery of hydrogel properties for the stronger gels is immediate,
and the recovery time for weaker gels is essentially complete within 30 min. The shear thinning
and recovery properties of these gels offers opportunities for the encapsulation of cells and the
administration and handling of these hydrogels via injection methods. All of the PEG-LMWH
hydrogels studied to date show this rheological behavior, indicating the general use of these
protocols in hydrogel assembly with various binding partners.

Matrix erosion-mediated growth factor delivery

The ability of the LMWH to bind to multiple partners has also been exploited for the binding
of growth factors (or other desired heparin-binding peptides or proteins) to the noncovalently
assembled matrices. For loading of growth factors (GF), a high LMWH : HBP ratio (at least
8 : 2) is generally employed in gel formation, so that a large excess of LMWH is free for GF
binding. Indeed, in the noncovalent gels employed to date, LMWH : GF ratios generally exceed
1 000 000 : 1, although such high ratios are likely not necessary for the sequestration of the
growth factor. The growth factors are incubated with the PEG-LMWH in PBS prior to the
addition of the PEG-HBP, in order to ensure more homogeneous incorporation of the growth
factor in the matrix; multiple types of growth factors should be readily immobilized in the
matrices in this fashion. The release of the growth factor under quiescent conditions is then
monitored via immunochemical assays; in these assays, small aliquots of supernatant (PBS)
are removed and replenished on a daily basis, and the growth factor concentration in the
supernatant is quantified immuno-chemically.”® As shown in Fig. 3, PEG-LMWH/PEG-HBP
matrices loaded with basic fibroblast growth factor (b0FGF) are able to passively release the
GF over a period of two weeks or longer, with an initial release of approximately 2-30%
followed by very slow delivery with a release of approximately 5-40% over a two-week period.
The initial release and release rates are reduced significantly via the production of hydrogels
of higher storage modulus (e.g., the lowest release rates in Fig. 3); the correlation of total GF
release at approximately one week, relative to the initial elastic modulus of the given gel
(ranging from ~200-1000 Pa), is shown in Fig. 4.
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The extremely high ratios of LMWH : GF employed in these hydrogels, coupled with previous
investigations showing essentially complete minimization of GF release at much lower
heparin : GF ratios (< 13 000 : 1),54:58,60,70,84 g ggested that the GF delivery from these
materials must result from the slow dissolution of the matrix as the molecules diffuse from the
matrix. Indeed, a plot of the percentage of growth factor released versus the percentage of
PEG-LMWH released (assessed via fluorimetry measurements of PEG-LMWH labeled with
Alexa Fluor 350 or via gravimetric analysis of released polymer) shows mainly a linear
relationship (Fig. 5), indicating that the release of the bFGF is a matrix-erosion-mediated
process (Fig. 6) and is not a result of overloading or heterogeneous loading of the bFGF. The
faster initial release observed in these hydrogels may indicate some heterogeneity in their
structure that results in two regions of different erosion profiles. Although the GF release is
not triggered by any specific cellular event or solution condition, the release can be altered by
varying the mechanical properties of the network (Fig. 3 and Fig. 4). Hydrogels that release
GF over these timescales would be potentially useful in the treatment of ischemic conditions
or in tissue engineering applications; indeed, other heparin-containing delivery systems with
similar GF release profiles have demonstrated utility for stimulation of endothelial cell growth
in vitro and neovascularization in vivo.61:85:86 These binding and release results, coupled with
the successful noncovalent assembly of hydrogels upon interaction of PEG-LMWH with
multiple PEG-HBPs, indicates that PEG-LMWH is capable of binding multiple types of
heparin-binding molecules, and suggests that the bioconjugate may be generally useful for
hydrogel assembly mediated by other heparin-binding peptides and proteins. The use of these
approaches in the noncovalent assembly of hydrogels offers multiple opportunities for the
production of fully erodible matrices with engineered erosion and delivery profiles.

Growth factor-crosslinked hydrogels

The utility of LMWH-peptide interactions for the noncovalent assembly of hydrogels
suggested additional opportunities for the generation of cell surface receptor-responsive
hydrogels via the crosslinking of PEG-LMWH with therapeutic proteins. Because LMWH
modified with star PEG is competent for growth factor binding, and since growth factors such
as bFGF, VEGF and HGF are thought to bind to short sequences in heparin, we reasoned that
the dimeric heparin-binding growth factors (f = 2) may therefore serve as functional crosslinks
upon interaction with PEG-LMWH (f > 2) as a new strategy for hydrogel formation.
Furthermore, these crosslinks may be sensitive to ligand-exchange interactions that would
promote their selective release from the hydrogels, and therefore the selective erosion of the
network, in the presence of GF receptors. Given that overexpression of growth factor receptors
plays a key role in both normal healing and pathological conditions,87-89 hydrogels assembled
via such strategies may provide unique opportunities for stimuli-responsive delivery and
erosion via biologically relevant, ligand-exchange mechanisms.

Our initial studies have focused on assembly of these hydrogels with the dimeric heparin-
binding growth factor VEGF (vascular endothelial growth factor). A schematic of the assembly
and erosion strategy is illustrated in the lower pathway in Fig. 1. The VEGF was expressed
from E. coli and purified via heparin-affinity chromatography as previously described.%0
Hydrogels were formed via the mixing of homogeneous, low-viscosity solutions of each
component in phosphate buffered saline (PBS) at a final polymer concentration of 4 wt%. As
observed for the hydrogels above, addition of a solution of VEGF to a solution of PEG-LMWH
immediately resulted in the formation of a self-supporting, viscoelastic hydrogel. These
hydrogel networks were characterized via optical tweezer microrheology, as shown in Fig.
7.74 The apparently low-viscosity PEG-LMWH solutions exhibit storage moduli, G(w) ~ 0.7
Pa, in excess of the loss moduli G(w) at low frequencies, indicating a weak viscoelastic
material, consistent with our previous observations of the PEG-LMWH by oscillatory rheology
(above). An increase in elastic modulus was observed upon the addition of VEGF, with no
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statistically significant increase observed upon the addition of a control protein, BSA (bovine
serum albumin) (Fig. 7(a) and (b)), clearly demonstrating the effective cross-linking by VEGF
in the VEGF-containing PEG-LMWH samples. That the crosslinking is mediated by VEGF-
LMWH interactions was also confirmed by the addition of free LMWH to the PEG-LMWH/
VEGF gels, which immediately liquefied the samples. Similarly, VEGF-containing samples
with polymer concentrations of 8 wt% resulted in elastic gels in which probe particles could
not be moved by the optical trap, indicating a G(w) > 10 Pa, whereas the modulus in the absence
of VEGF was G(w) ~ 1 Pa.

Receptor-mediated erosion of hydrogels for responsive growth factor

delivery

An important outcome of the production of hydrogel networks via these strategies is the
potential for receptor-mediated gel erosion; VEGF crosslinks may be selectively removed in
the presence of VEGF receptors that control proliferation and migration of vascular endothelial
cells.%2 Many contemporary drug delivery strategies have demonstrated the feasibility of
employing such receptor-mediated targeting, including targeting based on growth factor
receptor binding. For example, receptor-mediated targeting of VEGF-modified drug vehicles
to VEGFR-2-expressing cells has been previously demonstrated, %294 and a VEGFR-1 binding
peptide has been shown to target a chlorin-type photosensitizer to human endothelial cells.%°
VEGFR-2 plays a primary role in controlling cell proliferation and migration,1 so in our initial
investigations, we probed the ability of the hydrogels to release VEGF in a VEGFR-2-
responsive manner.”* In these studies, a PEG-LMWH/VEGF hydrogel was incubated in
buffer, and the cumulative amount of 125]-labeled VEGF released from the hydrogels at specific
timepoints was quantified via gamma counting.”4 Polystyrene particles (1 um, PS) were used
as receptor carriers and were incubated with the hydrogels to study the potential for targeted
erosion. In one case, the particles were passivated via covalent attachment of anti-1gG (negative
control), and in the second case, the anti-1gG nanoparticles were modified with a VEGFR-2-
IgG conjugate. Growth factor release was monitored in a similar format as described above.

As observed in the data in Fig. 7(c), the PEG-LMWH/VEGF hydrogels incubated in PBS
demonstrate a total cumulative release of approximately 30% over the 10-day time period,
while those incubated in the presence of PS/anti-IgG show a cumulative passive release of
40%. The slight increase in overall release may be a result of incomplete passivation of the PS
particles with the anti-1gG, which may result in residual sulfate groups on the PS particle
surface. In contrast, however, hydrogel samples incubated in the presence of PS/VEGFR-2
demonstrated increased rates of VEGF release and a total release of nearly 80%. Only hydrogels
incubated with PS/VEGFR-2 eroded visibly after day 4 (Fig. 7(c), asterisk). In all other cases,
the hydrogels remained intact over the course of the experiment. Although the precise extent
of erosion of the networks could not be quantified owing to the very small amounts of sample
employed, these results clearly illustrate the potential for receptor-mediated VEGF delivery
and erosion of these hydrogels, and suggest opportunities for targeted erosion in response to
other VEGF-binding receptors (e.g. VEGFR-1). It is likely that such erosion will require cell
contact with the matrix (as in the release experiments described here), as passive diffusion at
the interface of the gel and solution may otherwise dominate the response. This diffusion would
cause the release of a limited amount of VEGF, as indicated by the control release experiments
in Fig. 7(c), with the extent limited by the LMWH : VEGF ratio and the passive erosion of the
network.

The activity of the VEGF released from the erodible hydrogels was assessed in assays of the
proliferation of porcine aortic endothelial cells (PAE KDR) in the presence of gels over time
via cytometry methods. In these assays, the gels were incubated in a transwell insert that was
placed in wells in which the PAE KDR cells were cultured. The gels remain intact in the
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presence of the serum-containing media, suggesting their use under physiologically relevant
conditions. The results of the proliferation assays are shown in Fig. 8. A plot of the normalized
number of cells at each timepoint, is presented in Fig. 8(a) for the different hydrogels and
controls. As shown in Fig. 8(a), the PEG-LMWH alone does not cause any increase in cell
proliferation over the control (no polymer, no VEGF), while the PEG-LMWH/VEGF
hydrogels show a statistically significant increase in proliferation (noted by an asterisk, p
<0.05) over the PEG-LMWH samples by as early as day 1. Different amounts of VEGF were
included in the two gels in order to probe a range of proliferative responses, with dose-
dependent proliferation observed; the gel with the greater amount of VEGF shows decreased
proliferation, likely owing to the minimization of the VEGFR-2 dimerization that is necessary
for signaling. Confocal images illustrating the overlaid live/dead fluorescent staining of the
cells in the presence of PEG-LMWH and PEG-LMWH/VEGF are shown in Fig. 8(b) and (c).
The very low number of dead cells (red) observed via confocal microscopy confirms the lack
of cytotoxicity of these materials. The assessment of cell proliferation and gel erosion with
cells encapsulated directly in the gels was not possible given the nonadhesive character of these
PEG-based materials. While this lack of adhesivity would be advantageous in applications in
which fouling is undesired (e.g. targeted delivery from particles), the cell adhesivity of these
materials could be easily modulated by the inclusion of appropriate cell-binding peptides for
expansion of their use in other targeted applications. Erosion and proliferation assays with cell-
adhesive, GF-crosslinked hydrogels are underway.

These results clearly demonstrate that therapeutically relevant growth factors can serve as
elastic crosslinks in noncovalently assembled hydrogel networks, and that these networks can
be selectively eroded in the presence of the growth factor receptors upon the release of the
bioactive crosslinks. While the therapeutic potential for these VEGF-crosslinked hydrogels
has yet to be demonstrated directly, the therapeutic relevance of other dimeric heparin-binding
growth factors (e.g. PDGF, HGF), as well as opportunities for designing peptides with specific
affinities and therapeutic action, suggests broader opportunities for these strategies in the
production of responsive matrices for biomedical applications.

Conclusions and outlook

Our studies to date have demonstrated that a variety of PEG-HBP or heparin-binding proteins
can be utilized in the noncovalent assembly of heparinized hydrogels. The viscoelastic
properties of these materials can be varied by modulating the LMWH : HBP ratios and polymer
concentration, and the use of other glycosaminoglycans or heparin-mimics such as sulfated
peptides in such materials should also be useful in the immobilization of other therapeutic
proteins and would likely result in an expanded range of mechanical and biological properties.
The LMWH-functionalized hydrogels exhibit elastic moduli that would be useful for a range
of soft-tissue engineering applications, and it is likely that the moduli could be readily
manipulated via the use of other branched and multi-arm polymer architectures. They also
exhibit passive or receptor-mediated erosion that may have benefits in producing materials that
could be readily cleared from the body and would not produce chemical degradation products.
In addition, multiple growth factors can be bound and released from these materials at rates
that have been previously demonstrated to be useful in neovascularization applications.

Our desire to employ these materials in a broader range of formats (e.g., injectable gels,
particles, monolithic sheets, fibers) has prompted the engineering of their properties with the
addition of covalent crosslinks. As previously demonstrated in related heparinized gels,’2 the
combination of covalent and noncovalent crosslinks can be employed to increase modulus but
retain frequency- and temperature-responsive behavior. Indeed, in our recent investigations,
crosslinking of maleimide-functionalized heparin by thiol-terminated, linear PEGs of various
molecular weights and compositions, affords gels with moduli ranging from 100s Pa to greater
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than 10 kPa, of appropriate range for a variety of soft tissue engineering applications.84 These
crosslinked, heparinized materials can bind GF and release them in a controlled fashion. These
results suggest promising opportunities to combine these covalent strategies with the
noncovalent crosslinking by GF to produce hydrogels that are responsive to a variety of
biological stimuli, including proteolytic remodeling and ligand—receptor interactions. In
addition to their applications in growth factor delivery, multiple other applications for these
materials are also possible, including pro-coagulative materials that bind heparin, anticoagulant
therapeutics, and receptor-responsive matrices for the delivery of other peptide-or small-
molecule therapeutics.
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Fig. 1.
Schematic of described hydrogel assembly and erosion strategies. Assembly via two different
methods can be mediated by noncovalent interactions with four-arm star, poly(ethylene glycol)
polymers modified with low molecular weight heparin (PEG-LMWH). In one case, star PEGs
modified with heparin-binding peptides (PEG-HBP) can be used in the noncovalent assembly
of hydrogels via the interaction with PEG-LMWH. Heparin-binding growth factors (GF) can
be loaded into these materials and released as the hydrogel erodes. In the second case, the direct
interaction of dimeric GF with PEG-LMWH results in a viscoelastic hydrogel. Upon
interaction with GF receptors, the GF crosslinks are removed from the network, causing
receptor-responsive erosion of the material.
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Scheme 1.

Chemical strategies for synthesis of the PEG-LMWH conjugate. (a) Chemical reaction
conditions for modification of LMWH with SMCC (succinimidyl 4-(N-maleimidomethyl)
cyclohexane-1-carboxylate). A few drops of anhydrous triethylamine were used as the catalyst
and the reaction mixture in DMF (dimethylformamide) was stirred at 60 °C for 20 h. (b)
Reaction of SMCC-LMWH with four-arm star, thiolated PEG. The reaction mixture was
stirred in degassed aqueous buffer (PBS, pH 6.5) at room temperature for 2 h.
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Chemical strategies for synthesis of the PEG-HBP conjugate. (a) Chemical modification of
four-arm star PEG in order to prepare PEG-VS. The reaction mixture in DCM was stirred at
room temperature for 2 d. (b) Reaction of PEG-VS with Cys-HBP to yield PEG-HBP. The
reaction mixture was stirred in degassed aqueous buffer (PBS, pH 6.5) at room temperature

for 16 h.
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Fig. 2.

Storage moduli (closed symbols) and loss moduli (open symbols) of the PEG-LMWH/PEG-
HIP hydrogels for varying molar ratios of LMWH : HIP (squares, 6 : 4; circles, 8 : 2, triangles,
9:1). The response of 7.1 wt% of the PEG-LMWH (diamonds) is shown for comparison.
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Fig. 3.

bFGF delivery profiles for PEG-LMWH/PEG-PF4z,p and PEG-LMWH/PEG-HIP hydrogels
at LMWH to PF4zp or HIP ratios (m, LMWH : PF4,p=8:1,G' =70 Pa; ¢, LMWH : HIP
=8:2,G'=207Pa; A, LMWH : PF4zp=9:0.5; ¥V, LMWH : PF47p=3:2; ¢, LMWH :
PF4zp=3:1; 4, LMWH : PF4zp=8:1, G'= 1114 Pa).

Soft Matter. Author manuscript; available in PMC 2009 December 2.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Kiick

Cumulative release of bFGF (%)

Page 17

100 5

% bFGF released I
B % PEG-LMWH eroded 4

77771 Normalized elastic modulus

o0
o
|

o
o
|
|
w

L
T

B

o
_|

N

N
it
7

o
%
2

o

Fig. 4.

Comparison of the percentage of bFGF release after 8 days, the percentage of hydrogel erosion
after 8 days and the storage modulus, G’ (w = 0.1 rad s™1) (normalized by the storage modulus
of the PEG-LMWH) for various hydrogels. The errors are derived from the average of
duplicate measurements.
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Fig. 5.
The percentage of released bFGF s. the percentage of released PEG-LMWH for the PEG—

LMWH/PEG-PF4zp hydrogel (m, slope of 0.77) and the PEG-LMWH/PEG-HIP hydrogel
(e, slope of 0.81).
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‘ Hydrogel erosion and bFGF release

Fig. 6.

Schematic of co-release of bFGF with PEG-LMWH from hydrogels formed via the
crosslinking of polysaccharide-derivatized star copolymers by HBP-derivatized star
copolymers.
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Fig. 7.

(a, b) Optical tweezer microrheological characterization of the viscoelastic properties of
VEGF-crosslinked hydrogels. (c) Release of vascular endothelial growth factor from VEGF-
crosslinked hydrogels as a function of time in the absence and presence of the VEGFR-2
receptor. The average of duplicate measurements of separate samples is shown. Reprinted with
permission from ref. /4. Copyright 2007, American Chemical Society.
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Fig. 8.

(a) Proliferation of PAE KDR cells in the presence of PEG-LMWH or hydrogels crosslinked
with vascular endothelial growth factor. The asterisk denotes statistical differences between
cell numbers (p <0.05). (b) Confocal microscopy image of cells, incubated with PEG-LMWH,
in a live/dead assay. (c) Confocal microscopy image of cells, incubated with PEG-LMWH/
VEGF, in a live/dead assay. Reprinted with permission from ref. 74, Copyright 2007, American
Chemical Society.
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