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subunit composition.'* Importantly, cells detached from their ECM have been shown to
undergo apoptosis in an integrin-mediated pattern known as anoikis.'> As an illustration,
fibronectin or vitronectin binding via integrins osP; and o,f3; in hamster ovary cells
decreased the activity of apoptosis-inducing caspase-3 protein, and enhanced the
expression of B-cell lymphoma-2 (Bcl-2), a regulatory protein that inhibits apoptosis.'*®
In general, the functionalization of scaffolds with integrin-binding cell-adhesive peptides
is of interest in the field to promote long-term cell survival, retention and support pro-

regenerative cell functions.

Figure 1.1. Schematic representation of integrin structure. Integrins are heterodimeric receptors
consisting of non-covalently bound o and 8 subunits. Both o and  subunits have an extracellular
domain that binds to peptide ligands (e.g. RGD, IKVAYV, etc.), and a short cytoplasmic tail that
interacts with cytoskeletal elements. Integrin engagement facilitates downstream intracellular
signaling, influencing various transduction pathways and mediating multiple cell functions. Image
adapted from Millard et al."”’ FAK: focal adhesion kinase; PI3K: phosphoinositide 3-kinase; Akt:
protein kinase B; MAPK: mitogen-activated protein kinase; ERK: extracellular signal-regulated
kinase.
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1.5.1.3.1 Arginine-Glycine-Aspartic Acid (RGD) Motif

The tri-peptide arginine-glycine-aspartic acid motif, or RGD, is an integrin-binding

138 RGD is a well characterized adhesion

sequence derived from fibronectin and collagen.
motif that was originally shown to facilitate binding through the o;f; complex.'®
Currently, as many as 12 out of the 20 known integrins have been shown to recognize the
RGD sequence, including a,p; and asp;.”>® Since RGD is found in many cell adhesion
proteins, it has been used to promote cell attachment to various biomaterials and can be
recognized by many cell types, including MSCs."”” " For example, rat BM-MSCs
seeded within RGD-modified oligo[poly(ethylene glycol) fumarate] hydrogels have
demonstrated improved cell adhesion and spreading.'®> More recently, mouse BM-MSCs
encapsulated within HA hydrogels demonstrated enhanced cell attachment, spreading and
B integrin expression in a dose-dependent manner when presented with RGD motifs.'®
In a comparative study, RGD-modified poly(ethylene glycol) (PEG) hydrogels
demonstrated improved viability of seeded human BM-MSCs as compared to unmodified
controls over 7 days, while this effect was less pronounced in IKVAV-modified

hydrogels.'®*

1.5.1.3.2 Isoleucine-Lysine-Valine-Alanine-Valine (IKVAV) Motif

Laminin is a basement membrane glycoprotein with diverse biological roles.'® The
isoleucine-lysine-valine-alanine-valine motif, or IKVAV, derived from the laminin-al
chain has been suggested as the sequence that facilitates cell adhesion, spreading and
outgrowth.'® Interestingly, rat pre-adipocytes demonstrated enhanced o,B;-mediated
adherence on laminin-1 treated ECM substrates as compared to fibronectin and collagen

treated groups.'®

Immobilization of IKVAV motifs on collagen type I hydrogels has
also been shown to stimulate migration, adhesion, and capillary network formation in
vascular endothelial cells.'®” Further, human neural stem cells encapsulated within silk
fibroin-based hydrogels covalently modified with IKVAV peptides enhanced cell

168
In

viability and differentiation capacity relative to non-peptide modified controls.
addition, supplementation of IKVAV peptide in cell culture media has been shown to
induce proliferation of human BM-MSCs in a dose-dependent manner, mediated through

the activation of the extracellular signal-regulated kinase 1/2 (ERK1/2) and protein
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kinase B (Akt) signaling pathways, and through augmented cell cycle progression into S

phase.'®’

Taken together, the pro-survival effects of the integrin-binding RGD and
IKVAV peptide ligands have been well documented, providing a rationale for

incorporating these motifs within cell-delivery scaffolds.

1.5.2  Polymers for Hydrogel Scaffold
1.5.2.1 Chitosan

Chitosan is the deacetylated form of the linear polysaccharide chitin—a component of
crustacean exoskeletons—and consists of random (1-4)-linked [-D-glucosamine and N-
acetyl-D-glucosamine monomers (Figure 1.2A).* Chitosan is an attractive material for
cell-delivery applications due to its cytocompatible, biodegradable, hemostatic,
antimicrobial and wound healing properties.'”"'”* Chitosan has also been suggested to
induce neovascularization in ischemic tissues due to its innate pro-angiogenic nature.'”'”*
The electrostatic interactions of chitosan with glycosaminoglycans (GAGs),
proteoglycans and other negatively charged species in the body have the potential benefit
of sequestering pro-regenerative growth factors and facilitating scaffold integration with
the native tissues.'” Chitosan can undergo degradation in vivo through the action of
lysozymes via hydrolysis, generating biocompatible oligosaccharides and
glucosamines.'”"'” In addition, components of chitosan have been shown to improve cell
viability by protecting the cells from reactive oxygen species (ROS), such as H,O,,
generated in the ischemic tissues.”” In addition, chitosan-based hydrogels have been
previously explored to promote cell retention in vivo. For example, a temperature-
sensitive chitosan hydrogel was used to encapsulate and deliver rat ASCs in a rat MI
model.'* The findings indicated that a higher retention of transplanted cells was noted

with hydrogel-based cell delivery as compared to PBS controls over 28 days.
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Figure 1.2. Chemical structure of chitosan and its derivatives. (A) Chitosan, composed of
(1-4)-linked B-D-glucosamine and N-acetyl-D-glucosamine monomers, (B) glycol chitosan, and (C)
N-methacrylate glycol chitosan. Images adapted form Russo et al.*

Although chitosan demonstrates limited solubility in aqueous environments at
physiological pH, its glycosylated form known as glycol chitosan (GC) (Figure 1.2B) is
soluble between pH 2-12."7 Furthermore, GC can be functionalized with methacrylate
groups via a ring opening reaction with glycidyl methacrylate (GMA) to form N-
methacrylate glycol chitosan (MGC) (Figure 1.2C).'*" To initiate cell encapsulation, the
MGC pre-polymer and cell suspension can be mixed with APS and TEMED at room
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temperature. Although the formation of radical species begins immediately, the slow rate
of this reaction at room temperature allows for easy handling of the material. Upon
injection or incubation at 37°C, the elevated temperature increases the rate of the initiator
decomposition and free-radical formation. The increased molecular kinetics at higher
temperatures also enhances the mobility of the polymer chains, resulting in cross-linking
of the methacrylate groups and rapid gelation of the MGC to facilitate cell
encapsulation.'”'**'” Therefore, the pro-regenerative and cytocompatible nature of
chitosan, combined with the practical advantages offered by the MGC polymer, lend

support for its use as a bioscaffold in cell-based delivery, as investigated in this thesis.

1.5.2.2 Alginate

Derived from brown seaweed and algae, alginate is a natural anionic polysaccharide
composed of (1-4)-linked P-D-mannuronic acid (M unit) and o-L-guluronic acid (G
unit).*> Addition of divalent cations such as Ca** and Ba** causes the G unit blocks on
adjacent chains to bind and form an ionic cross-linked network.* Silva et al.
demonstrated that the combination of VEGF and human umbilical cord blood-derived
EPCs pre-seeded on implantable peptide-modified alginate scaffolds was able to improve
vessel density, restore perfusion and salvage ischemic limbs in a murine model of
hindlimb ischemia.'” In addition, alginate has been studied as an injectable cell delivery
vehicle in pre-clinical models of MI, where the increased post-MI concentration of
calcium ions facilitates the physical cross-linking process.™'®" As such, the gelation and
degradation of alginate hydrogels is dependent on the local cation concentration in
ischemic tissues and ion efflux into the surrounding tissues, respectively. This leads to an
uncontrolled cross-linking approach, with degradation products being eliminated by the

kidneys if below the excretion limit of 48 kg/mol."*

Furthermore, the hydrophilic nature
of alginate necessitates grafting of cell-adhesive peptide ligands to promote encapsulated
cell viability, as the unmodified scaffold limits protein adsorption and cellular

attachment.'®
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1.5.2.3 Collagen

Being a key component in the ECM, type I collagen derived from bovine or porcine
tissues has been studied as a natural scaffold.” It is also commercially-available and can

be prepared as an injectable hydrogel by acid-solubilization."®*

Collagen can undergo
entropy-driven self-assembly through fibriollogenesis to form a physically cross-linked
hydrogel capable of encapsulating cells upon in vivo injection at neutral pH and
37°C."*'® Although collagen-based hydrogels support cell encapsulation and attachment,
the solubilization process causes the hydrogel to lack elements of structural integrity and
organization, including stiffness and elasticity."*® Furthermore, the cross-linking process
is sensitive to in situ variations of pH and salt concentration, resulting in poor control
over gelation and degradation of the scaffold.”™ Delivery of radio-labeled MSCs via
collagen hydrogels in a pre-clinical rat model of MI demonstrated that the hydrogel
transiently improved MSC retention as compared to saline-delivered cells at 4 weeks."
However, the scaffold attenuated long-term survival of encapsulated MSCs by impairing

oxygen and nutrient exchange.

1.5.2.4  Fibrin

Fibrin is a fibrous, non-globular protein that is involved in the coagulation cascades, and
thus contains intrinsic sites for cell binding.”’ Fibrin hydrogels are formed when
fibrinogen is cleaved by thrombin, resulting in the rapid aggregation of the insoluble
fibrin peptides that creates a fibril network capable of encapsulating cells."™ Due to the
cross-linking nature of fibrin, the physical properties of the hydrogels, including gelation
kinetics, stiffness and elastic moduli, can be tailored by altering the concentrations of

thrombin and fibrinogen.'”’

Enzymatic degradation of fibrin produces non-
immmunogenic amino acid products that may also contribute towards angiogenesis.'”
Fibrin has been previously used as a delivery vehicle for MSCs or growth factors in pre-
clinical models of ischemia, and has been shown to promote functional repair in rat MI
models over PBS controls."”! However, fibrin hydrogels have demonstrated poor

mechanical properties in situ.'”>'”> Furthermore, commercially-available fibrin glues have

failed to show improvement in long-term cell retention and function after injection."*
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1.5.2.5 Hyaluronic Acid

Hyaluronic acid, or HA, is a linear glycosaminoglycan composed of repeating
disaccharide units of (1-4)-linked (3-D-glucuronic acid and (1-3)-linked 3-N-acetyl-D-
glucosamine.”’ As a widely distributed component of the ECM in mammalian tissues, HA
is involved in cellular proliferation and differentiation, and has been shown to have pro-
angiogenic effects.'” In a pre-clinical model of murine hindlimb ischemia, delivery of
human umbilical vein endothelial cells (HUVECs) in combination with injectable HA
resulted in prolonged cell retention, survival and cellular engraftment into the
endothelium."”® HA can also be modified to produce a cross-linkable methacrylated HA
(MeHA) that can undergo free-radical mediated polymerization to form a hydrogel.'”
Cell-free delivery of MeHA hydrogels has demonstrated potential in promoting the

remodeling of ischemic tissues in a pre-clinical ovine MI model."”

However, the long-
term potential of HA as a cell-delivery scaffold is hindered by its rapid enzymatic
degradation in vivo, with unmodified HA degrading into glucuronic acid and N-

acetylglucosamine at a rate of 5 g/day."”’

1.5.2.6 Matrigel™

Generated by murine tumor cells, Matrigel™ is a commercially-available material
composed of laminin, entactin, collagen IV and other ECM components.* Previous pre-
clinical research with a rat MI model demonstrated that the delivery of human embryonic
stem cells (ESC)-derived cardiomyocytes in a Matrigel™ scaffold at ischemic sites

resulted in poor cell viability and retention.'”®

When the study was repeated with a
combination of cells and pro-survival growth factors delivered via the Matrigel™
scaffold, the comprehensive approach led to augmented cell survival and cell retention at
the targeted ischemic site at 4 weeks."”® Despite these promising results, the xenogenic
and tumorogenic origins of Matrigel™ prohibits its widespread translation in clinical

applications."”

1.6 Summary

The rising incidence and limited treatment options for PAD motivate the need for new

minimally-invasive treatment approaches to help stimulate new blood vessel formation
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