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Professor Tatiana Segura, Chair

The vital wound healing process is critically dependent on sequential and overlapping
stages that can be hindered by factors including diseases/conditions, systemic variables, or
aging. Thus, there exists a need to aid the body when it is unable to repair tissue on its own.
Currently, there is limited success in bioengineered matrices for tissue repair. Vascularization of
the scaffold remains the primary cause of construct and host-integration failure. Vascularization
ensures a route for nutrient, oxygen, and waste transport to facilitate cell survival deep within
the construct for new tissue formation. Thus, we proposed to develop a porous hyaluronic acid
(HA) hydrogel system to deliver non-viral genes to promote angiogenesis for improved wound
healing.

Our lab had previously shown that porous HA hydrogels facilitated more cellular
infiltration in vivo in murine subcutaneous implant and wound healing models when compared to

non-porous gels of the same composition. With newfound validation that porous hydrogel



architecture was necessary, new techniques were developed and reduced the microsphere
template processing time from 17-22 h to 1-2 h with introduction of liquid handling to minimize
human error and inconsistencies with comparable results. The investigation of natural scaffolds
in cutaneous wound healing further demonstrated that porous hydrogel architecture results in
more rapid wound closure with more stable, mural-covered blood vessels, even when compared
to fibrin—a scaffold commonly chosen due to its inherent role in natural wound healing.
Incorporation of non-viral DNA aimed to enhance the therapeutic capacity of the scaffolds and
was tested by loading DNA via caged nanoparticle encapsulation (CnE) and comparing it to
methods utilized in literature. DNA loading was paired with hyaluronidase (HAase) treatment of
the gel to loosen the polymer network for cell-mediated degradation and resultant transfection.
In vitro and in vivo transfection was significantly improved with CnE loaded gels and transgene
expression was a function of HAase concentration. HAase treatment was then applied to efforts
in developing a sequential gene delivery system. Two hydrogel systems (surface coated and
two phase) were tested in vitro that led to an in vivo application of a hybrid system.
Bioluminescence imaging showed that in vivo transgene expression profiles suggested dual
gene delivery rather than sequential. Investigation of the effect of spatio-temporal presentation
of pro-angiogenic plasmids showed that a homogenous presentation of pVEGF and pPDGF
polyplexes resulted in more rapid wound closure and mural-covered blood vessels than
hydrogels with spatially separated polyplexes by day 7.

With further optimization and modification, we believe the proposed hydrogel system(s)
are capable of controlled delivery of non-viral genes for cutaneous tissue repair. Although the
focus of this dissertation was focused on repairing skin wounds, a well developed hydrogel

system can deliver any type or combination of genes to yield numerous therapeutic effects.
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CHAPTER 1

OVERVIEW OF DISSERTATION AND SPECIFIC AIMS

1.1 Motivation and Objectives

Skin is the body’s largest organ, where the average adult human’s skin has a surface
area of approximately 20 square feet [1]. It protects our internal organs from microbes and
extreme elements, and functions to regulate body temperature in addition to facilitating
sensations such as heat/cold, pain, and touch. Thus, although the skin is a versatile organ, its
external nature makes it susceptible to numerous injuries over a lifetime. The repair process is a
well orchestrated process that is critically dependent on many factors that allows it to complete
the four sequential, overlapping stages of wound healing: hemostasis, inflammation,
proliferation, and remodeling [2]. However, this crucial tissue repair process can be affected by
many systemic variables (e.g. nutrition, age, sex, psychological stress, immobility, etc.),
diseases/conditions (e.g. diabetes, autoimmune diseases, predisposition to various scar types,
genetic skin diseases, obesity, etc.), and other factors such as wound-specific issues or
medication that can hinder healing at any one stage [3]. Furthermore, whether or not we
possess an underlying heath condition that hampers our ability to heal normally, delayed wound
healing occurs naturally as we age, where changes are seen in every healing phase (e.g.
increased platelet aggregation and secretion of inflammatory mediators, delayed or impaired

macrophage function, delayed angiogenesis, etc.) [4, 5]. Thus, it is paramount that wound



healing strategies are available to assist the body in cutaneous tissue repair to salvage or
recover the important functions of our largest organ.

Currently, there exists a large variety of treatments to assist the cutaneous wound
healing process when the body cannot naturally repair its tissue. Treatments include simply
maintaining a clean moist wound environment with occlusive dressings, mechanical support, or
electrical stimulation [6-8]. Skin grafts have also been used; its origins date back to 800 BC and
their success depends heavily on its tissue source, where autografts (recipient and donor are
the same) are surgically invasive but result in better tissue integration compared to allografts
(donor is different but same species as recipient) or xenografts (donor is different species from
recipient), where immunologic rejection is a major concern [3]. However, in this dissertation, we
will focus our attention on localized therapies that contain matrices and/or bioactive signals to
promote tissue repair. Composite bioengineered skin substitutes (Apligraf®, Orcel®) have been
developed for full thickness wounds that contain bilayer matrices composed of allogeneic skin
cells (epidermal keratinocytes and dermal fibroblasts) cultured on a type | bovine collagen
sponge [9]. Although these skin substitutes have improved treatment for chronic wounds,
disadvantages include high cost, short shelf life (5 days for Apligraf®, 9 months for Orcel®),
concern of patient allergy to animal products, and minimal vascularization [3, 10]. Growth
factors also have the potential to heal repaired tissue by guiding the repair through bioactive
cues however, to date, Regranex® (becaplermin) is the only FDA approved topical gel
containing recombinant platelet-derived growth factor BB (PDGF-BB) to heal diabetic foot
ulcers. Despite this, Regranex use has been limited since it has been reported to achieve
healing rates closer to controls (33% vs. 26%) in clinical practice and in 2008, the FDA placed a
cancer warning on becaplermin for increased cancer risk and cancer-related death for patients

who have used three or more tubes [3, 11].



Taken together, there still exists a need to improve current technologies to aid in tissue
repair. Classic tissue engineering approaches include some of the strategies described above
where any combination of the following factors is utilized to repair or restore tissue function: (i) a
scaffold, (ii) bioactive signals (e.g. proteins, drugs, DNA, etc.), and (iii) stem cells. As seen in the
composite skin substitutes, a scaffold is used in an attempt to recapitulate the layered structure
of skin and deliver extracellular matrix components. However, the incorporation of allogeneic
cells renders composite skin substitutes more of a temporary bioactive dressing since the
allogeneic fibroblasts and keratinocytes are rejected by the host and do not survive past a few
weeks post-treatment [12]. Moreover, use of stem cells in the clinical practice has been limited
due to concerns of immunogenicity, viable cell source, and ethical matters. Therefore, we
believe an alternative approach to aid in cutaneous wound healing is to develop a well designed
acellular scaffold loaded with bioactive cues to encourage endogenous healing activities within
the target site. However, the overarching challenge of scaffold implantation is achieving
vascularization of the construct, limiting the size and therapeutic benefit of the scaffold [13].
Most tissues, with the exception of cartilage, are highly vascularized, thus implantation of a
scaffold for tissue repair requires blood vessel ingrowth to supply newly formed tissue and cells
with routes for oxygen and nutrient transport for tissue survival. Moreover, formation of
functional vasculature requires the vessels to become mature and stable, otherwise vessels
regress if they are unable to become perfused [14], motivating the use of bioactive signals to
encourage this process (e.g. growth factors, DNA, etc.)

Thus, the overall focus of my research has been to develop bioactive scaffolds to
promote angiogenesis, cell infiltration, and rapid vascular ingrowth into the implanted scaffold

for cutaneous tissue repair.



1.2 Specific Aims

The objective of this research was to develop a porous hyaluronic acid hydrogel for
localized, controlled delivery of non-viral genes to promote angiogenesis in the skin. Hydrogels
are a specific type of scaffold that are generated by covalent or physical crosslinks between
polymers and highly absorbent (composed of > 90% water). Their tunable mechanical
properties can be modified to resemble soft tissue, and their high permeability allows for the
diffusion of molecules. Although several approaches have been reported (discussed in Chapters
2 — 3) to promote angiogenesis within implanted scaffolds, there are limited reports on the
strategic design of hydrogels, in particular, with or without the aid of bioactive signals to promote
angiogenesis in a clinically relevant timeframe or with practical considerations (in terms of cost,
resources, etc.). The research conducted and described in this dissertation attempts to engineer
a hydrogel to meet these criteria and gain knowledge to advance the field of regenerative
medicine for tissue repair. The following section describes the proposed specific aims, which
guided the experimental research described in Chapters 4 — 7. Following each aim, the specific

hypothesis will be stated.

1.2.1 Specific Aim 1 (Chapter 4)

This aim developed an improved technique with significantly reduced processing time to
generate porous HA hydrogels for enhanced cellular infiltration in vitro and in vivo. Following
rigorous in vitro characterization, a murine subcutaneous implant model was utilized to assess

its performance in vivo.

Hypothesis 1: Resuspension of porogens in volatile solution will allow for easier liquid
handling and reproducible sphere-templating to generate microporous HA hydrogels with greatly

reduced manufacturing time.



1.2.2 Specific Aim 2 (Chapter 5)

This aim investigated the implantation of various conductive and inductive scaffolds to
determine the effect of scaffold type on tissue repair in a murine splinted wound healing model
over 7 days. The scaffold types used in this study was: fibrin, porous HA hydrogel, a composite
of fibrin and porous HA, and an inductive composite gel with plasmin-degradable vascular

endothelial growth factor (VEGF) nanocapsules embedded within the composite gel.

Hypothesis 2. The porous architecture of the HA hydrogel will better preserve the

structure of skin for cellular infiltration when compared to fibrin.

Hypothesis 3: Incorporation of an inductive factor, plasmin-degradable nanocapsules

delivering VEGF will enhance vascularization of the newly formed tissue.

1.2.3 Specific Aim 3 (Chapter 6)

This aim tested an approach to treat DNA-loaded porous HA hydrogels with
hyaluronidase to enhance DNA release for improved transfection. Two different techniques
(traditional vs. previously described technique by our lab [CnE]) to load DNA/poly(ethylene
imine) polyplexes into the porous HA gels were discussed in this aim. Gene transfer and
angiogenesis was evaluated in vitro and in vivo in a splinted murine wound healing model at

days 5 and 10.

Hypothesis 4: Porous HA hydrogel mechanics and DNA release will be a function of

hyaluronidase concentration.



Hypothesis 5. The large concentration of DNA loaded via caged nanoparticle
encapsulation (CnE) will result in higher transgene expression as the polyplexes are released

from the hydrogel.

Hypothesis 6: The incorporation of plasmids encoding for VEGF, a proangiogenic factor,
into porous HA gels treated with hyaluronidase will enhance wound closure, angiogenesis, and

cellular infiltration when compared to untreated porous HA gels.

1.2.4 Specific Aim 4 (Chapter 7)

This aim utilized the hyaluronidase pre-treatment of DNA-loaded porous hydrogels
described in Aim 3 (Chapter 6) towards a strategy for sequential gene delivery. Two different
hydrogel designs were investigated in vitro before moving forward in vivo with one system. Full
thickness dermal wounds in mice were implanted with the engineered hydrogels and
transfection was monitored via optical imaging for 21 days. A splinted murine wound healing
model was used to assess transfection, angiogenesis, and wound healing as a function of
spatio-temporal presentations of polyplexes encoding for pro-angiogenic factors (VEGF and

PDGF).

Hypothesis 7: Porous hydrogels with encapsulated and surface coated polyplexes
(different plasmids for each presentation) will result in transfection from surface coated
polyplexes first since they are more immediately available and accessible to infiltrating cells

than encapsulated polyplexes.



Hypothesis 8: Cells will degrade non-porous gels slower thus a two phase hydrogel
system containing a central non-porous post surrounded by a porous HA gel with different

plasmids within each distinct phase will result in different transgene expression profiles.

Hypothesis 9: The spatio-temporal presentation of pro-angiogenic plasmids within the
hydrogel will affect the number and type of vascular cells present within the newly formed

tissue.

1.3 Dissertation Outline

Following this introduction, Chapters 2 — 3 will provide relevant background to the
dissertation topic. In Chapter 2, the important role of vascularization will be discussed, as well
as its implications in scaffold design and recent approaches to achieve construct
vascularization. In addition, key scaffold design parameters will be described to explain our
scaffold material and architecture choice. Next, in Chapter 3, matrix-based gene delivery will be
rigorously discussed with a major focus on non-viral gene delivery. Design parameters to
achieve transfection will be described and justification will be provided for the use of non-viral
DNA polyplexes in comparison to use of growth factors, other transfection agents, and viral
vectors. Following these introductory background chapters, the remainder of the dissertation will
detail the research conducted to design a hydrogel system to promote angiogenesis and
cutaneous tissue repair via rational considerations of scaffold material, structure, and controlled,
localized delivery of non-viral DNA. Figure 1.1 outlines the flow of the dissertation.

Chapter 4 will begin with an introduction to porous HA hydrogels. The technique
employed at the time to generate a sphere-template for porous hydrogel formation was very
time consuming and laborious. Thus, other proposed techniques to generate comparable

sphere-templated molds employed liquid handling to reduce processing time and operator



error/inconsistencies. Chemical sintering was developed as a technique that reduced
processing time from 17-22 h to 1-2 h and was applied to porous hydrogel formation in future
studies. Chapter 5 discusses a systematic approach in determining the effect of conductive and
inductive scaffolds on cutaneous wound healing. Interestingly, the presence of a porous
architecture in a hyaluronic acid hydrogel had a more significant impact on wound closure and
vessel maturation than fibrin, a highly regarded popular natural scaffold. With the support of
porous architecture validated in Chapter 5, transfection from non-viral DNA-loaded porous HA
gels were studied in Chapter 6. More specifically, two approaches in DNA loading was
employed in vitro and the effect of hyaluronidase treatment on DNA release and transfection via
each technique was studied. Chapter 6 validated a technique to load large amounts of DNA into
porous HA gels previously developed by the Segura lab, and showed that hyaluronidase
treatment facilitates significant transfection and vascularization in vivo with a murine splinted
wound healing model. With knowledge gained from Chapter 6, the main goal of Chapter 7 was
to develop a hydrogel system to achieve sequential non-viral gene delivery to not only promote
cell infiltration and angiogenesis, but encourage the maturation of blood vessels for more
functional healing in full thickness dermal wounds. Chapter 7 will describe two proposed
sequential non-viral gene delivery hydrogel systems in detail and elaborate on a hybrid system
that was applied in vivo to study transgene expression via bioluminescence. Moreover the
developed gene delivery system was applied in a splinted wound healing model to study the
effect of spatio-temporal presentation of plasmids encoding for two different pro-angiogenic
factors. Finally, Chapter 8 will provide conclusions and possible future directions to advance this
project and field of study for improved cutaneous wound healing with controlled, localized non-

viral gene delivery.
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CHAPTER 2

SCAFFOLDS FOR IMPROVED TISSUE REPAIR

2.1 Vascularization: critical role in wound healing

Blood vessels are an essential component in the circulatory system, supplying and
transporting blood throughout the body. The human microvasculature is comprised of a
hierarchy of vessel types that branch into smaller sizes, ranging from arteries (1 — 2 mm) and
meta-arterioles (80 — 100 ym) to capillaries (10 — 15 pym) [15]. In adults, with the exception to
skeletal muscle healing and the female menstrual cycle, microvascular remodeling occurs only
due to pathological situations (e.g. inflammation, wound healing, ischemia, hypoxia, etc) since it
is @ mechanistic process that responds to specific environmental stimuli [15, 16]. Thus, in the
common case of adult wound healing, angiogenesis (the growth of blood vessels from pre-
existing vessels) is an essential stage of tissue repair in response to injury. The formation of
new blood vessels is critical to sustain newly formed tissue during the wound healing cascade
since vessels provide routes for oxygen and nutrient diffusion, as well as waste product removal
[17, 18].

To this end, many systemic factors (e.g. diabetes mellitus, vessel disease, or genetic
predisposition) alone or in combination with local factors (e.g. prolonged inflammation, presence
of bacterial toxins and reactive oxygen species, or imbalance of proteases and biomolecules)
may disrupt any critical stage in tissue repair leading to impaired wound healing [19, 20].

Moreover, even in the absence of an underlying disease, it has been shown that aging results in

10



delayed wound repair response due to alterations in the inflammatory cell content and functional
response [4]. These factors may contribute to prolonged inflammation leading to inadequate
vascularization and tissue formation [19]. Thus, there exists a need for an external therapy to
assist the wound healing process when the body’s biological healing capacity is hindered,
however the primary cause of implant failure in vivo has been due to the lack of construct
vascularization [13, 21]. Without rapid scaffold vascularization, implanted cells or endogenous
cells surrounding the construct cannot infiltrate and survive deep within the scaffold for
subsequent tissue formation since the oxygen diffusion limit is approximately 200 um, a
distance that correlates with maximum distance between capillaries to sustain tissues in vivo
[21]. Consequently, the importance of promoting angiogenesis is twofold: successful
implantation of a construct aiding in tissue repair requires vascularization to sustain new tissue
growth and viability of the scaffold, as well as integration with the host tissue for overall
remodeling.

Prevascularization of scaffolds has been one approach to promote rapid anastomosis,
the connection between two vessels, with host tissue following implantation. In vitro
prevascularization was investigated by Tremblay et al., where an endothelialized reconstructed
skin was created by seeding a combination of human umbilical vein endothelial cells,
fibroblasts, and keratinocytes on a collagen/glycosaminoglycan/chitosan scaffold. Capillary-like
structures were spontaneously realized in vitro and upon implantation in nude mice, the
structures contained mouse blood in less than four days, suggesting successful anastomosis
[22]. Although this study demonstrated the potential of in vitro prevascularization of tissue
constructs, drawbacks of this approach include the long in vitro culture time (31 days) limiting
this approach to smaller implants, and the need for simultaneous extraction of keratinocytes,
fibroblasts, and endothelial cells from a patient biopsy which may be considered invasive. On

the other hand, in vivo prevascularization of constructs has also been studied as an approach
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by various groups [23, 24], where the host cells create a perfusable vascular network within the
initial acellular construct to be re-implanted in the ischemic wound site. Although these studies
have shown to improve vascularization of scaffolds, its main drawback is the need for three
invasive surgeries: namely the implantation of the acellular construct, explantation of the
vascularized construct, and re-implantation into the target site. Although advances in
prevascularized constructs have improved efforts to better aid in tissue repair, the clinical
application remains unclear due to culture times limiting construct size and cell sources for in
vitro prevascularization, and the invasive nature of in vivo prevascularized constructs. For these
reasons, we have focused our efforts on promoting angiogenesis in acellular scaffolds.

The promotion of vascular ingrowth into acellular scaffolds for a variety of therapies has
been investigated since the 1970s. Since then, many critical design parameters have been
realized that include scaffold material, architecture, and incorporation of bioactive cues (growth
factors, genes, etc). Herein, the importance and influence of scaffold material and architecture
on angiogenesis will be discussed. Localized delivery of bioactive cues will be expanded on in

Chapter 3.

2.2 Scaffold architecture: porosity and angiogenesis

Efforts to promote construct vascularization have focused on rationally designing
scaffold architecture. One of the approaches utilized herein by us and other researchers is the
incorporation of pores into the construct. A porous scaffold allows for better cellular infiltration,
migration, and proliferation, improving mass transport of oxygen and nutrients while the scaffold
provides structural integrity for tissue formation and vascular ingrowth [13]. Porous scaffolds
have been formed via various techniques that include gas foaming [25], salt leaching [26], heat

sintering [27], and lyophilization [28]. Even in the absence of plasmid DNA, it has been
12



demonstrated that hydrogels with pore sizes ranging from 30-150 um promote angiogenesis
and tissue formation in vivo with poly(N-isopropyl acrylamide) (poly-NIPAM) [27], poly(2-
hydroxyethyl methacrylate-co-methacrylic acid) (P HEMA-co-MAA) [29], and PEG hydrogels [30].
We have previously shown that hyaluronic acid hydrogels containing ~60 or 100 um pores allow
for enhanced cellular infiltration when compared to nonporous gels of the same composition
implanted subcutaneously in the backs of balb/c mice [31, 32]. By 21 days post-implantation,
cells were observed to participate in bulk degradation of the nonporous gels where infiltration
was limited to the periphery of the gel, therefore minimal blood vessels were observed when
compared to the porous gels [31, 32]. Moreover, we showed that nonporous gels failed to
degrade 14 days post-implantation and served as a mechanical barrier to wound closure when
compared to porous hyaluronic acid hydrogels in a humanized diabetic wound healing model in
db/db mice [33].

In all of these reports, porous architecture had significant influence on cellular migration
and infiltration, and angiogenesis in regards to rate, size, and maturity of vessels. For these
reasons, we have judiciously chosen to incorporate pores into our scaffolds to aid in tissue

repair.

2.3 Scaffolds: type and material choice

2.3.1 Hydrogels

Although criteria for three dimensional scaffolds vary depending on application, ours
include biocompatibility, degradability, porosity, and tunable mechanical properties. For these
reasons, hydrogels are an attractive alternative to other scaffolds. Hydrogels are water-soluble,
crosslinked polymeric networks that swell in the presence of water without dissolving [34]. Their
characteristics are determined by the extent of crosslinking and molecular structure [34].

Hydrogels are ideal scaffolds for tissue engineering since their tunable mechanical properties
13



can closely mimic those of soft tissue, and they can be used to load and protect bioactive cues
(e.g. proteins, DNA, siRNA) of varying efficiency. Naturally derived polymers such as fibrin,
collagen, gelatin, alginate, and hyaluronic acid possess advantages such as biocompatibility,
biodegradability, and intrinsic native cues that promote cell interactions while synthetic polymers
such as poly(ethylene glycol), poly(acrylic acid), poly(vinyl alcohol), polypeptides and
poly(ethylene oxide) offer a high level of reproducibility and tunability with endless variations of
chemical modifications [13, 21, 35, 36]. Despite synthetic polymers’ ability to be biochemically
inert and ability to serve as a “blank slate,” natural polymers possess natural sites for cell
interaction and signaling that is sometimes difficult to recapitulate in the lab. Therefore, this
dissertation will focus on the development a porous hydrogel for tissue repair based on natural

polymers. For the studies described henceforth, hyaluronic acid is almost exclusively used.

2.3.2 Hyaluronic acid (HA)

Hyaluronic acid is an anionic, nonsulfated glycosaminoglycan and major component in
the extracellular matrix (ECM), where its presence is highest in connective tissues such as the
skin [37, 38]. Its high biocompatibility and low immunogenicity make it an ideal biopolymer to
use in vivo. Moreover, HA’s hygroscopic nature is believed to be important in maintaining tissue
hydration, osmosis, and overall homeostasis [39, 40]. In its native state (>10° kDa), HA inhibits
endothelial cell migration and proliferation, but following injury, a significant portion of HA
depolymerizes to smaller fragments of HA (3 — 10 disaccharides) which bind to CD44 and
RHAMM (receptor for HA-mediated motility), stimulating endothelial cell proliferation, migration,
and tube formation demonstrating its importance in angiogenesis [41, 42]. The impact of HA
oligosaccharides (0-HA) has also been studied in vivo; o-HA fragments have been shown to
stimulate angiogenesis and neovascularization. Gao et al. reported that daily topical

applications o-HA (2 — 10 disaccharides), as opposed to high molecular weight HA, promoted

14



murine dermal wound healing and neovascularization similar to VEGF-treated wounds [43].
Utilizing mild chemistries, the HA backbone can be modified to contain functional groups, such
as thiols, acrylates or amines, which can be utilized as sites for crosslinking for hydrogel
formation [44-48]. In addition, acrylated HA hydrogels crosslinked with matrix metalloproteinase
(MMP)-sensitive peptides have been developed for culturing mouse and human mesenchymal
stem cells in three dimensions [49, 50]. This design allows for cell-mediated degradation, since
MMPs are upregulated in response to injury, tissue remodeling, and in diseased states [51],
making it an attractive approach for controlled, localized bioactive signal delivery systems aiding
in tissue repair. For the studies described henceforth, HA hydrogels with MMP sensitive

crosslinkers are almost exclusively used.
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CHAPTER 3

SCAFFOLD-MEDIATED NON-VIRAL GENE DELIVERY

3.1 Introduction

In the design of scaffolds for tissue repair, biochemical, biophysical, and cell-cell signals
must be intricately orchestrated to guide the formation of healthy tissue at sites of injury or
disease. Ideally, the manner in which these signals are incorporated allows for necessary
changes during tissue growth. For example, the biochemical signals that contribute to the start
of morphogenesis (tissue growth) are very often detrimental if they are present at the final
stages of growth which, in many cases, cause pathological conditions. Thus, the biochemical
signals (e.g. peptides, proteins, small molecules) must be introduced such that their activity can
be regulated. Proteins are the most common bioactive signal introduced into scaffolds for tissue
repair. Although delivery mechanisms have been designed to control release rates of one or
multiple proteins, protein stability and cost are still major limitations. For example, the biological
half-life of platelet-derived growth factor (PDGF), basic fibroblast growth factor (bFGF) and
vascular endothelial growth factor (VEGF) are less than 2 [52], 3 [53] , and 30 minutes [54],
respectively, when injected intravenously. Thus, to achieve therapeutic success, proteins often
require large doses and multiple injections [55-57]. Gene delivery has been used as an
alternative to protein and protein fragment delivery [58], and it holds the advantage that a
universal delivery strategy can be designed for any DNA sequence. A universal delivery

strategy is not possible for growth factor delivery since the tertiary and quaternary structures are
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different for each protein and immobilization or other processing conditions affect each protein
differently. Furthermore, the secretion of a protein by a transfected cell may be present for a
longer duration. This increased residence time eliminates the need for repeated injections [59]
and stimulates autocrine and paracrine signaling in tissue formation, which cannot be induced
by delivery of the protein to the bulk media [60]. One major limitation of gene delivery is that the
cargo is not immediately available as a bioactive signal, whereas proteins can begin their
biochemical activation of targeted cells and commence tissue repair immediately after
implantation. To this end, successful gene delivery and transfection depends on a series of
critical steps, which take several hours to days to commence in vivo, with transgene expression
peaking in the order of days after injection for naked plasmid, minicircles [61, 62], and
polyplexes [63]. Figure 3.1 details the steps that must occur for gene transfer to take place from
the point of view of scaffolds for tissue repair. Figure 3.2 summarizes the major design

characteristics for matrix based gene delivery for tissue repair.
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DESIGN CHARACTERISTIC

Cellular Internalization Controlled Release

Surface Associated

Cell-Matrix Interactions

Cell released protease ECM binding, e.g. RGD Cell

3.2 Vector Design

HYPOTHESIS

Hypothesis: controlled released nDNA is
internalized by infiltrating or nearby cells
resulting in sustained transduction/transfection.

Design: nDNA is loaded into the scaffold
during fabrication; scaffold degrades via
chemical means (e.g. hydrolysis). The method
used for nDNA incorporation (e.g. within
microspheres), scaffold modifications (e.g.
charged polymers, PEG), and the scaffold
hydrolysis rate modulates the in vitro nDNA
release rate.

Scaffolds: can be hydrophobic scaffolds such
as PLGA or PCL and hydrogels like alginate.

Hypothesis: cells internalize nDNA as they
infiltrate and migrate through the scaffold.

Design: nDNA is loaded into the scaffold
during fabrication; scaffold degrades through
cell released proteases (e.g. matrix metallopro-
teinases). The cellular migration/infiltration rate
within the scaffold and the scaffold degradation
rate modulates the transduction/transfection
efficiency.

Scaffolds: hydrogel scaffolds such as fibrin,
collagen, peptide crosslinked hyaluronic acid
and peptide crosslinked PEG.

Hypothesis: surface absorbed nDNA is
retained within the scaffold and achieve
transfection/transduction as cells infiltrate the
scaffold pores.

Design: a porous scaffold is fabricated and
nDNA is absorbed to the surface of the pores
through incubating a nDNA solution with the
scaffold. The surface of the nDNA can be
modified to increase the interactions between
the scaffold and the nDNA to increase reten-
tion or to control release rates.

Scaffolds: lyophilized hydrogels such as
collagen, hydrophobic scaffolds such as PLGA.

Hypothesis: the scaffold can be designed to
“prime” cells for transfection.

Design: use biochemical cues and their
presentation to influence proliferation, migra-
tion, internalization, intracellular trafficking, and
gene expression.

Biochemical Signals: ECM components (e.g.

fibronectin), growth factors (e.g. FGF), matrix
stiffness, peptides (e.g. RGD).

—= ° A

nDNA  Growth factor

Figure 3.2 The design of scaffolds
for tissue repair that use genes as a
bioactive signal goes beyond
incorporating the nDNA into the
scaffold.

The two main types of vectors used for gene transfer in the context of tissue repair are

plasmid DNA or modified viruses. The major design characteristics for vector design are the
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attenuation of the immune response, the promoters used to drive expression (Figure 3.3A), and
the therapeutic protein expressed.

Viral vectors have been widely used for gene delivery due to its high efficiency but have
been under scrutiny due to the toxicity, immunogenicity, oncogenicity by insertional
mutagenesis, and uncertain long-term effects in vivo, limiting their clinical effectiveness [64-66].
Conversely, naked plasmid or non-viral vectors elicit a milder immune response while having
lower in vivo transfection efficiency [67]. The lower transfection efficiency may be improved by
complexing the nucleic acids (negatively charged) with cationic polymers or lipids to protect
against degradation and condense larger amounts of DNA to promote internalization [64, 66].
Due to the potential adverse effects of viral vectors, we chose to focus our studies using
nonviral plasmid DNA (pDNA).

As mentioned before, a major concern with gene delivery is immunogenicity. There are
various methods to modulate the immune response by modifying the vector. The immune
response to plasmids is influenced by the methylation of CpG sequences on the plasmid
backbone that ultimately affects the duration of transgene expression [59, 68]. Although
bacterial DNA or pDNA is often used in gene delivery vehicles, it is significantly different from
mammalian DNA. The frequency of CpG dinucleotides in mammalian DNA is comparatively
suppressed and most of the CpG sequences are methylated [69, 70]. The absence of CpG
methylation in bacterial DNA induces immunostimulatory cytokines IL-6, IL-12, TNF-a and IFN-
y, that are both cell-mediated and humoral immune responses [71, 72]. These immune
responses have been shown to be acutely toxic, thereby eliminating expressing cells and result
in decreased duration of transgene expression [73]. The immune response may be decreased
by either eliminating the immunostimulatory CpG sequences or inhibiting certain CpG signaling

pathways [70].
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An alternative method to modulate the host immune response and transgene expression
is to incorporate minicircle DNA vectors. Minicircles are supercoiled DNA molecules that are
smaller in size, and lack a bacterial origin of replication and an antibiotic resistance gene, ideal
for nonviral gene delivery [61]. Since minicircles only carry short bacterial sequences, the
decreased number of CpG sequences offer better evasion from the immune system [61, 74].
Incorporation of minicircle DNA vectors has been shown to significantly increase transgene
expression in vitro and in vivo when compared to regular plasmid [61, 74, 75]. Although it is
desirable to minimize the immune response to achieve better transgene expression, it is
important to note that there exist other applications where an immunostimulatory effect is
beneficial, as in the case of vaccinations and cancer immunotherapy.

Selective promoter incorporation into vectors has also been shown to affect transgene
expression in vitro and in vivo. Viral promoters in plasmid vectors, such as the commonly used
cytomegalovirus (CMV) promoter, are able to achieve high levels of gene expression but are
often short-lived due to detection and silencing of viral transgene expression from eukaryotic
cells, in addition to induced hepatotoxicity and immune responses [76, 77]. It has been shown
that plasmids containing a mammalian ubiquitin C (UbC) promoter can achieve similar maximal
gene expression as the CMV promoter in vivo, but its expression is sustained for 21 days while
the CMV promoter results in an initial robust response followed by decrease in expression over
time most likely due to silencing [78]. To improve specificity and safety, plasmid design has
shifted to tissue-specific endogenous promoters. Despite its lower expression intensity, tissue-
specific promoters have been able to achieve longer transgene expression and evade
transcriptional silencing in vivo [76, 79]. In this dissertation, we moved from traditional CMV
promoters to employing an EF1a promoter from human origin in vivo in Chapters 6 and 7.

Table 1 details these major design characteristics for vector design.
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Figure 3.3 Novel approaches to investigate the effect of design parameters on transgene expression.
Different plasmid promoters (UbC vs. CMV) showed to have an effect on in vivo transgene expression (A),
while stiffness had an inverse correlation with in vitro transgene expression in hyaluronic acid hydrogels (B).
To decrease nDNA aggregation at higher nDNA concentrations, a caged nanoparticle encapsulation (CnE)
technique was developed and applied to porous hydrogels for in vivo transfection (arrows show transfected
cells, C).
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3.3 Delivery of the Vector

Although naked DNA has shown success in the delivery of genes in vivo for tissue
repair, the field has moved towards the use of packaged DNA (nDNA), either in synthetic
particles or viruses. Successful gene delivery and transfection depends on a series of critical
steps. Initially, the DNA must bind to the cell surface to be endocytosed and released for
nuclear transport [80, 81]. Once transported to the nucleus, the vector is unpacked for
translation [80, 81]. Although the direct injection of naked plasmid DNA is the simplest mode of
vector delivery, it has achieved limited success [80, 82]. The large and negatively charged
plasmid DNA does not allow for sufficient interaction with the negatively charged cell
membrane, therefore reducing the potential for internalization and ultimately, gene transfer [67].
Complexation of the plasmid DNA with cationized materials (e.g., lipids, polymers, peptides)
offers advantages such as a decrease in overall molecular size, protection of the DNA from
degradation due to nucleases and serum components, and improving cellular uptake and
transfection via the interaction between the positively charged complex and the cell membrane
[67, 68, 81].

Lipoplexes are produced by complexing cationic lipids (e.g. DOTAP, DOTMA, DC-Chol,
DOGS, DOSPA, DOPC) with plasmid DNA [81, 83]. Lipoplexes have been incorporated into
three-dimensional scaffolds such as hydrogels as gene delivery vehicles. Investigation of
transgene expression have been performed in vitro by seeding cells on top of the hydrogels
(2D) or embedding cells inside the hydrogel (3D) with encapsulated lipoplexes. Stable
transgene expression can be achieved for the initial days of culture in both conditions, however
there are mixed accounts of superior transgene expression when 2D and 3D culture are
compared [84-86]. Employment of 3D hydrogels with complexed therapeutic plasmid DNA
demonstrated that lipoplexes did not have a significant effect on the amount of released protein

from transfected cells, therefore successful studies of lipoplexes encapsulated in hydrogels
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have been limited in vivo [87]. Lipoplex performance is greatly dependent on its formulation. The
hydrophobic units of the lipid determine critical characteristics such as size, shape, and stability,
which ultimately affect the transfection efficiency of the formed lipoplexes [80, 81]. Since these
parameters are difficult to control, transfection efficiency is low and lipoplexes may become
unstable over time [80, 88]. An attractive alternative to condense DNA is through the self-
assembly of polyplexes; polyplexes lack interactions between polycations, allowing for more
control over its properties.

Polyplexes are formed by complexing cationic polymers with plasmid DNA into
nanoparticles [64]. Frequently used cationic polymers include poly(L-lysine) (PLL), chitosan,
dendrimers, and poly(ethylene-imine) (PEI). PLL is a biocompatible and biodegradable linear
polypeptide that has been shown to achieve low transfection efficiency when delivered alone or
without any modifications when complexed with DNA [64, 89, 90]. This weak transfection
efficiency may be due the lack of released PLL/DNA complexes from the endosomes necessary
for gene transfer [91]. To improve transfection efficiency, PLL is commonly modified with
histidine residues, oligomers and polymers such as chitosan and PEG, and lipids [81, 88].
Chitosan is a biodegradable linear polysaccharide that is highly biocompatible and commonly
used to complex DNA due to its high positive charge density [88, 92]. Chitosan alone has low
transfection efficiency but this may be attributed to its limited solubility and low buffering
capacity at physiological pH, therefore resulting in unfavorable conditions for endosomal escape
[93]. Chitosan molecular weight and chemical modifications can significantly affect
complexation, stability, and intracellular release and ultimate gene transfer [83]. It has been
shown that low molecular weight chitosan allows for better intracellular release and high gene
transfer, while high molecular weight chitosan provides better DNA complexation with enhanced
stability [94]. Dendrimers such as polyamidoamine (PAMAM) and polypropylenimine (PPI) have

been used as gene delivery vehicles due to their high transfection efficiency, but possess in vivo
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cytotoxicity concerns (determined by size, generation, dose, chemical structure, and surface
charge) that may translate poorly to clinical applications [95]. A popular and widely studied
polymer used to generate polyplexes for nucleic acid delivery is PEIl. PEI has a high charge
density that allows for DNA condensation and it acts as a proton sponge, which protects DNA
from degradation and aids endosomal disruption for DNA to escape into the cytoplasm [64, 81].
PEI can be used in linear or branched forms for gene delivery; linear PEI is often preferred
despite its lower transfection efficiency because it is less toxic than its branched counterparts
(less primary amines) [93]. Transfection efficiency involves a complex interplay among various
parameters that include molecular weight and the ratio of carrier protonated nitrogens to DNA
phosphates (N/P). Although lower molecular weight PEI is less toxic, it also achieves less
transfection [88]. While increasing the N/P ratio achieves a more condensed particle size [83]
and higher gene transfer efficiency, it has cytotoxic effects which cannot be overlooked [96-98].
In this dissertation, polyplexes were exclusively employed with L-PEl as the cationic
complexation agent to form stable nanoparticles with a balance between toxicity and

transfection at N/P = 7.

3.4 Design of the Matrix

Although the primary focus to enhance transgene expression in vivo has been the
design of the delivery vector, the matrix itself can provide alternative approaches to enhance
transfection efficiency as well as promote tissue formation. Gene transfer from a matrix offers a
three-dimensional distribution of complexes for more controlled, localized transfection as
compared to a bolus delivery that may result in an unfavorable systemic delivery or unintended
delivery to neighboring organs and tissues. In addition, delivery from a matrix can maintain the
level of the vector over time, providing repeated opportunities for transfection/transduction and

extending transgene expression as compared to bolus delivery. Incorporation of polyplexes into
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hydrogels scaffolds have shown sustained expression compared to soluble polyplexes (35 days

compared to 7 days) [63].

Table 3.1 Vector and carrier design characteristics
Details

Consideration
Immune
Response

Type
CpG Motifs

Minicircle DNA

Viral Capsid

Mammalian DNA has less CpG motifs and most motifs are
methylated whereas bacterial pPDNA has more CpG motifs that are
unmethylated

Unmethylated CpG motifs induces pro-inflammatory cytokines (e.g.
IL-6, IL-12, TNF-a, IFN-y)

Inverse correlation with number of CpG motifs and transfection
Minicircles are supercoiled DNA molecules.

Small in size, lack bacterial origin of replication and antibiotic
resistance gene

Decreased number of CpG sequences (better evasion of immune
system

Significantly increases transgene expression in vitro and in vivo
Directed evolution of adeno-associated virus (AAV) and impact on
transduction

Pro-inflammatory cytokine concentrations return to baseline by 4
weeks post-implantation of hydrogel with adenovirus

References
[70, 72, 79]

[61, 74, 75]

[99]

[100]

Promoters

Cytomegalovirus
(CMV)

Ubiquitin C
(UbC)
Tissue-Specific

Most widely used viral promoter.

Robust expression, but short-lived due to silencing in vivo
Mammalian promoter results in sustained in vivo transgene
expression

Lower expression intensity, but longer transgene expression in vivo

[77]
[78]

[76]

Bioactive
Signal

Growth Factors

Transcription
Factors

siRNA

Spinal cord/nerves: BDNF, NGF, NT-3, FGF

Bone: BMP-2

Skin: FGF, KGF, SDF1a

Cartilage: TGF-B1, TGF-83

Wound healing: PDGF, VEGF

HIF-1a lacking the oxygen-sensitive degradation domain (HIF-
1aAODD) upregulated expression of VEGF and resulted in mature
vessels in vivo

Induces gene silencing via mRNA degradation in cytosol

Higher cargo loading required for silencing as compared to gene
expression

[101]

[102]

(83]

Carriers

Polyplex

Lipoplex

Viral

Inorganic
Particles

Nucleic acids complexed with cationic polymers (e.g. linear
polyethylene imine (LPEI))

N/P ratio is crucial (High N/P results in higher transfection but is
toxic, low N/P results in lower transfection but less toxic)

Size range: 20-500nm

Nucleic acids complexed with cationic lipids (e.g. 1,2-Dioleoyl-3-
trimethylammonium-propane (DOTAP), 3B-[N-(N’,N’-
dimethylaminoethane)-carbamoyl]cholesterol (DC-Chol))
Hydrophobic units of lipid determine: size, shape, and stability
Size range:60-200nm

Lentiviruses, adenoviruses, and adeno-associated viruses can
infect non-dividing and dividing cells

Lentiviral insert size is 7-8kb, has long duration of gene expression
with risk of insertional mutagenesis

Adenoviral insert size is ~30kb, has short duration of expression
(does not integrate in host genome), and has risk of insertional
response

AAV insert size is 4.5kb, has long duration of expression with risk
of insertional mutagenesis

Nano-hydroxyapatite (<200nm) particles are used to adsorb viral
vectors/DNA

[83, 92, 96]

(81, 92]

[103, 104]

[105, 106]
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3.4.1 Controlled Release

Controlled release strategies are often described as an important design parameter for
matrix mediated gene transfer, with the belief that sustained release of the transfection vector
achieves prolonged transgene expression over burst-released vectors. The hypothesis is that
maintaining the level of the vector in the local microenvironment constant (since vector is
continuously released) provides repeated opportunities for transfection/transduction resulting in
sustained transgene expression. Prolonged transgene expression of a single protein is desired
in situation where the tissue takes time to mature. For example, the sustained release of VEGF
is necessary to promote the formation of mature vasculature [13]. To achieve controlled release,
the nucleic acid is encapsulated within the scaffold during scaffold fabrication, and the release
rate is controlled through modulating the degradation rate of the scaffold. In this approach,
typically the scaffold degradation rate is not dependent on cellular action but rather it is
chemically mediated through processes such as hydrolysis. Additionally, the scaffolds may be
highly porous to allow for cellular infiltration within the scaffold such that as the DNA is released,
it can reach the infiltrating cells. Poly(lactide-co-glycolide) (PLGA) scaffolds were some of the
first to be used for matrix mediated gene delivery [107] and can be designed to release plasmid
DNA in hours, weeks or months in vitro and have resulted in sustained transgene expression for
up to 105 days [25]. Although controlled release is often cited as a desired quality to ensure
long lasting expression, recent data suggest that release rate in vitro does not lead to
corresponding differences of transgene expression in vivo. The Shea lab designed PLGA
scaffolds with vastly different DNA release rates in vitro and showed they all achieved the same
level and duration of transgene expression in vivo [78]. This suggests that in vitro release
kinetics for nDNA do not correlate well with in vivo release or that sustained release of DNA is

not the reason sustained transgene expression is observed. Hydrogels have also been
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designed to achieve controlled release. Oxidized alginate hydrogels loaded with DNA/PEI nDNA
were shown to achieve sustained release in vifro and achieve enhanced revascularization in

vivo [108].

3.4.2 Controlling Cellular Infiltration

An alternative approach to controlled release is to design scaffolds that allow cell
mediated degradation and cellular infiltration within the bulk of the scaffold. These approaches
involve the use of hydrogels either naturally crosslinked (e.g. collagen [106], fibrin [109, 110],
gelatin [111]) or synthetically crosslinked with protease degradable peptides (e.g. PEG [112],
hyaluronic acid [31, 113]). The hypothesis in this case is that cells uptake the DNA as they
infiltrate the scaffold and thus the transgene expression can be sustained or increased with
time. This hypothesis has been proven to be true in vitro with cells embedded in DNA loaded
MMP-degradable PEG [85, 114] or hyaluronic acid [96] hydrogels, showing sustained transgene
expression when the hydrogels were designed to enhance the cellular migration rate. The
incorporation of NDNA into protease degradable scaffolds can result in aggregation either due to
the interaction of nDNA with the gel precursor solutions such as in the case with fibrin or
hyaluronic acid [113], or the interaction of nDNA particles with themselves as in the case for
high nDNA concentrations [114]. To prevent such aggregation, a caged nanoparticle
encapsulation (CnE) approach has been designed, where the nDNA are generated under dilute
conditions and lyophilized in the presence of sucrose and agarose (Figure 3.3C). The sucrose
is used as a cryo-protectant while the agarose functions as an inert polymer that prevents nDNA
from interacting with the gel precursor solution and itself. This approach has been shown to
result in active and non-aggregated polyplexes [113, 115], resulting in transgene expression in
vivo in a subcutaneous model (Figure 3.3C). Since synthetically crosslinked hydrogels have

been shown to result in poor cellular infiltration in vivo in areas of low protease expression [31],
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micron sized pores have been introduced into PEG [116] and HA [31] hydrogels to enhance
cellular infiltration and angiogenesis. Lentiviral vectors encoding for VEGF encapsulated in
porous PEG hydrogels demonstrated blood vessel formation and lectin-positive cells at 2 and 4
weeks, while significant collagen deposition was observed by 4 weeks when compared to
encapsulated lentivirus encoding for luciferase [116].

To achieve further control over transgene expression of encapsulated nDNA and prevent
premature release of the nDNA, nDNA has been covalently immobilized to the scaffold
backbone. In this case, the release rate and transfection efficiency are either related to the
degradation rate of the scaffold (to allow nDNA release and internalization by infiltrating cells
surrounding the implant [102]) or the degradation rate of the tether between the nDNA and the

scaffold (which can control release rate or target a particular cell population) [117, 118].

3.4.3 Surface Associated

A complementary or stand-alone approach to control both release and cellular infiltration
involves associating the DNA to the scaffold surface through nonspecific adsorption. The
hypothesis in this case is that the loosely associated DNA can achieve sufficient nDNA retention
to avoid premature release, allowing transgene expression to promote tissue repair soon after
implantation and the embedded DNA (if present) can prolong this expression or express a
different gene. Moreover, since nDNA are adsorbed following scaffold formation, it avoids the
harsh processing conditions that that may occur during scaffold synthesis and can avoid
polyplex aggregation [119]. In vitro, surface associated DNA polyplexes result in enhanced
transgene expression compared to embedded polyplexes [120]. Surface associated DNA has
been the most widely used approach to deliver DNA in vivo from scaffolds these recent years.
Effective gene transfer and tissue formation was demonstrated with collagen/gelatin meshes or

sponges [121-123], silk fibroin scaffolds [100], PLGA multichannel bridges [124], electrospun
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fibers [125] and collagen/chitosan scaffolds [126] [127].These studies achieved regeneration of
critical size defects in animal models and yielded similar results compared to the delivery of

recombinant protein. Surface association/coating will be revisited in Chapter 6.

3.4.4 Biochemical Cues

Since gene transfer efficiency is correlated with cellular process such as proliferation
rate, cellular infiltration rate into the scaffold, and actin/microtubule polymerization or de-
polymerization, the scaffold itself can be engineered to enhance transgene expression. Integrin
cell adhesion to the scaffold can be engineered to achieve enhanced cell migration and
proliferation. Alginate hydrogels conjugated with various RGD densities for siRNA-mediated
knockdown of eGFP demonstrated that increasing RGD density resulted in significantly higher
knockdown of the targeted protein [128]. Moreover, RGD gradients and presentation
(homogeneous vs. clustered) in different scaffolds have been used to influence transfection [96,
129]. Hydrogel stiffness can also be used to modulate migration and gene delivery rates; stiffer
gels result in slower release rates of encapsulated polyplexes and decreased cell populations,
spreading, and transfection [96] (Figure 3.3B). ECM proteins have also shown to have a
significant impact on gene transfer with different ECM molecules enhancing or inhibiting gene
transfer in vitro [130, 131]. Although the mechanism of the ECM mediated enhancement is not
completely understood, RhoGTPases have been shown to play a significant role [130]. The co-
delivery of proteins from the scaffold can be used to modulate the proliferative state of the
infiltrating cells. Delivery of plasmid encoding for BMP-2 with along with recombinant bFGF
encapsulated in PLG microspheres in vivo demonstrated significantly enhanced gene

expression and increased blood vessel density compared to pDNA alone [132].
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3.5 Summary

Current tissue engineering approaches to help guide wound healing and tissue repair
primarily focus on developing scaffolds to deliver bioactive signals to aid these events. In this
chapter, we aimed to elucidate the complexity of designing gene-loaded scaffolds for tissue
engineering. Moreover, studies on gene incorporation, scaffold material, architecture, and
presentation of biochemical cues highlight the importance of how cells experience the local
microenvironment and their effect on gene transfer. As a result, careful consideration of these
parameters must be taken to create a successful gene loaded scaffold for regenerative
medicine and tissue repair. In this dissertation, nonviral gene delivery will be employed with the
aid of L-PEI as the cationic condensing polymer. The importance of scaffold material and
architecture on cell infiltration and vascular ingrowth will be discussed in Chapters 4 and 5.
Knowledge gained from those chapters will be applied to nonviral gene delivery from porous
hydrogels in Chapter 6 where in vitro and in vivo gene transfer is studied. In Chapter 7, two
different gene delivery systems will study the effect of DNA presentation on gene transfer in
vitro and in vivo in a wound healing model. Finally, Chapter 8 will re-visit the main conclusions

of each chapter and potential interesting studies to conduct in the future.
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CHAPTER 4

OPTIMIZING POROUS HYALURONIC ACID HYDROGELS

GENERATION FOR CELLULAR INVASION AND VASCULARIZATION

4.1 Introduction

One of the overarching limitations of current approaches in developing scaffolds for
tissue repair is the inability to achieve scaffold vascularization [13, 21]. Without blood vessels,
the lack of oxygen and nutrient diffusion in and out of the scaffold does not allow for cells to
infiltrate and survive deep within the scaffold for subsequent repair and new tissue formation.
Therefore, much of current tissue engineering efforts have focused on developing scaffolds that
promote vascular ingrowth to improve scaffold efficacy and overall success in aiding tissue
repair.

Although implantation of a completely pre-vascularized tissue or scaffold may appear as
an attractive option, the time course of such an approach renders it impractical. For this reason,
popular strategies have been developed to more rapidly fabricate scaffolds that focus on the
promotion of host vascularization and integration. One approach to improve scaffold
vascularization is to rationally design the scaffold architecture to promote rapid cellular
infiltration and blood vessel invasion. This can be achieved by designing a scaffold with a
porous structure; pores allow for better cellular infiltration, migration, and proliferation, improving
mass transport of oxygen and nutrients, as compared to non-porous scaffolds of similar

composition, while the scaffold provides the necessary structural integrity for new tissue
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formation and vascular ingrowth [13]. Porous scaffolds have been formed via various
techniques that include gas foaming [25, 133], salt leaching [26, 30, 134, 135], heat sintering
[27, 29], and lyophilization [28, 136-138]. Even in the absence of pro-angiogenic factors, porous
hydrogels formed via the previously mentioned techniques with pore sizes ranging from 30-150
um have been shown to promote angiogenesis and tissue formation in vivo with poly(N-
isopropyl acrylamide) (poly-NIPAM) [27], poly(2-hydroxyethyl methacrylate-co-methacrylic acid)
(PHEMA-co-MAA) [29], and PEG hydrogels [30]. Although gas foaming, salt leaching, and
lyophilization are successful in achieving porous scaffolds, these techniques often lack
uniformity in interconnected pore structure and pore size which make it difficult to accurately
attribute the observed effects to these parameters. For this reason, heat sintering polymethyl
methacrylate (PMMA) microspheres has been an attractive alternative, where the hydrogel is
formed around a uniformly packed PMMA microsphere template.

Although heat sintering requires manual PMMA microsphere handling, the technique
produces a uniform network of slightly fused PMMA microspheres following sintering at 150 °C
for 17-22 h for subsequent hydrogel formation [27, 120, 139]. Due to this lengthy processing
time to produce a network of PMMA microspheres for porous hydrogel formation, we proposed
to develop a more efficient sintering technique. The objectives of this study were to: (i) decrease
the PMMA microsphere network processing time and (ii) create a technique that minimizes
manual handling and resultant error propagation. We proposed to utilize a suspension of dilute
acetone in ethanol to slightly mate the microsphere interfaces to generate a highly uniform
network more efficiently. We compared the proposed chemical sintering technique to the
commonly used heat sintering technique and another suspension method that utilizes only
ethanol by other research groups [140, 141] to determine the uniformity and efficacy in vitro
and in vivo. In our studies, we used PMMA microspheres ranging from 53-63 uym in diameter to

form our porous hydrogels since scaffolds with pore sizes outside 20-60 um result in avascular,
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fibrotic healing [142]. Moreover, we aimed to pair the advantages of a porous network with a
hyaluronic acid (HA) scaffold since HA is a biocompatible glycosaminoglycan and key
component in the extracellular matrix that has been shown to stimulate endothelial cell activity
and its oligosaccharides have been shown to promote angiogenesis in vivo [36, 37, 43, 45]. The
HA backbone was chemically modified to contain acrylates to provide sites for the inclusion of
cell adhesion peptides (RGD) and matrix-metalloproteinase (MMP) - degradable peptide
crosslinkers to promote cell infiltration and cell-mediated scaffold degradation, respectively.
MMPs are a family of proteinases that play critical roles in many physiological processes and
are upregulated during the wound healing cascade [51, 143], therefore can be utilized as an
initiator for scaffold degradation and a potential delivery mechanism of pro-angiogenic bioactive

signals contained within the scaffold to stimulate vascularization.

4.2 Materials and methods

4.2.1 Materials

Peptides Ac-GCRDGPQGIWGQDRCG-NH2 (HS-MMP-SH) and Ac-GCGYGRGDSPG-
NH2 (RGD) were purchased from Genscript (Piscataway, NJ). Sodium hyaluronan (HA) was a
gift from Genzyme Corporation (60 kDa, Cambridge, MA). All other chemicals were purchased

from Fisher Scientific (Pittsburgh, PA) unless otherwise noted.

4.2.2 Hyaluronic acid-acrylate modification

Sodium hyaluronan was modified to contain acrylate functionalities as previously
described [31]. Briefly, hyaluronic acid (2.0 g, 5.28 mmol, 60 kDa) was reacted with 18.0 g
(105.5 mmol) adipic acid dihydrazide (ADH) at pH 4.75 in the presence of 4.0 g (20 mmol) 1-

ethyl-3-[3-dimethylaminopropyl] carbodiimide hydrochloride (EDC) overnight and purified
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through dialysis (8000 MWCO) in deionized (DI) water for 2 days. The purified intermediate
(HA-ADH) was lyophilized and stored at -20 °C until used. Approximately 60% of the carboxyl
groups were modified with ADH, which was determined using 1H-NMR (D20) by taking the ratio
of peaks at 6 = 1.6 and 2.3 corresponding to the eight hydrogens of the methylene groups on
the ADH to the singlet peak of the acetyl methyl protons in HA (& = 1.88). HA-ADH (1.9 g) was
reacted with N-acryloxysuccinimide (NHS-Ac) (1.33 g, 4.4 mmol) in HEPES buffer (10 mM
HEPES, 150 mM NaCl, 10 mM EDTA, pH 7.2) overnight and purified through dialysis against a
100 mM to 0 mM salt gradient for 1 day, and then against DI water for 3-4 days before
lyophilization. The degree of acrylation was determined to be ~10% using 1H-NMR (D.O) by
taking the ratio of the multiplet peak at & = 6.2 corresponding to the cis and trans acrylate

hydrogens to the singlet peak of the acetyl methyl protons in HA (6 = 1.88).

4.2.3 Design template using PMMA microspheres

Heat sintered (HS) microsphere templates for porous hydrogels were prepared as
previously described [31]. Briefly, approximately 24 mg polymethyl methacrylate (PMMA)
microspheres (53—63 um, which will be referred to as 60 um hereafter, Cospheric, Santa
Barbara, CA) were added into glass-bottom silicon wells (6 mm x 1 mm, D x H). The
microspheres were then packed by slight tapping for 1-2 min and examined for homogenous
packing through phase microscopy. The filled glass-bottom silicon wells were then placed into
an oven and the microspheres were sintered for 17-22 h at 150 °C. Non-sintered and chemically
sintered microsphere templates were prepared by suspending PMMA microspheres in a
sintering solution at 0.4444 mg/ul. 55 ul of the PMMA suspension was added to flexiPERM
molds (Sigma-Aldrich, St. Louis, MO) adhered to sigmacoted glass slides and placed in an

incubator at 37 °C for 1-2 h to dry. The non-sintering (NS) suspension solution was optimized to
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be 70 % ethanol for the 60 ym PMMA microspheres. The “chemical sintering” (CS) solutions

were optimized to be 1 % acetone in 70 % ethanol for the 60 um PMMA microspheres.

B 5. Gel at 6. Dissolve beads
37°C,30min in acetone, 48h
1. Suspend beads 2. Add suspension 4. Add gel
in sintering into well precursor, spin

solution 3. Incubate at 37°C at 500g/5min

Figure 4.1 Schematic representation of steps taken to generate porous hyaluronic acid hydrogels
via chemical and non-sintering of PMMA microspheres. The appropriate sintering suspension solution
is described in 2.3. The resultant porous hydrogel is achieved after step 6, following PMMA dissolution via
acetone and serial hydration.

4.2.4 Hydrogel formation

Hydrogels were formed by Michael-type addition of acrylate functionalized HA (HA-Ac)
with bis-cysteine containing MMP peptide cross-linkers at pH 7.6-7.8. Prior to reaction, a
hydrogel precursor solution was made by mixing HA-Ac with a lyophilized aliquot of cell
adhesion peptide, RGD, for 30 min at 37 °C. After incubation, HA-RGD was mixed with the
remaining HA-Ac and 0.3M triethanolamine (TEOA), pH 8.8 for a final gel concentration of 3.5
w/v% HA and 500 yM RGD. Finally, lyophilized aliquots of the cross-linker (0.9 mg HS-MMP-
SH) were diluted in 18 pl of TEOA buffer pH 8.8 immediately before addition to the rest of the
mixture. For porous hydrogels, 20 ul of gel solution was then added directly on top of a PMMA
microsphere template and perfused into the template by centrifugation at 500 g for 5 min at 4
°C. The slide was then incubated at 37 °C for 30-45 min to induce polymerization. Once
complete, the gels were removed from the silicon wells and placed directly into 100% acetone

for 48 h to dissolve the PMMA microsphere template (Figure 4.1). The acetone solution was
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replaced 2-3 times during this incubation. The gels were then serially hydrated into sterile
phosphate buffered saline (PBS) and left in PBS until ready for use. For non-porous hydrogels,
the gel solution was sandwiched between two sigmacoted slides using 1 mm thick plastic
spacers and incubated at 37 °C for 30—45 min to induce polymerization. Once complete, the

gels were placed directly into sterile PBS and left in PBS until ready for use.

4.2.5 Hydrogel preparation for SEM imaging

Each hydrated hydrogel was cut in half with the vertical cross section facing up and
placed onto a dry carbon tape-covered holder. Samples were imaged under low vacuum at 50
Pa, 10 kV, and spot size of 3.0 using an FEI Nova Nano 230 SEM in the UCLA Molecular &

Nano Archaeology (MNA) facility.

4.2.6 Characterization of hydrogel structural and mechanical properties

The storage and loss moduli were measured using a plate-to-plate rheometer (Physica
MCR, Anton Paar, Ashland, VA) with an 8 mm (diameter) plate under a constant strain of 0.1 %
and angular frequency ranging from 0.1 to 10 s™. Hydrogels were generated as described
above and cut to 8 mm in diameter using an 8 mm biopsy punch. To prevent the hydrogel from
drying, a humidity hood was utilized and the stage was set to 37 °C. Hydrogel water content
was quantified by taking the ratio of equilibrated swollen hydrogel weight, subtracting the
lyophilized dry hydrogel weight to the swollen gel weight. Interconnected pore diameters were
manually measured using ImagedJ on SEM images taken at 500X magnification (2 images per
condition). NHS-Alexa488 (Invitrogen, Grand Island, NY) was used to stain the HA hydrogel by
binding to the free amines (following formation). Stained hydrogels were imaged with an
inverted Observer Z1 Zeiss fluorescent microscope; orthogonal projections and 3D rendering

was obtained using Zen software.

36



4.2.7 Cell culture

Mouse bone marrow-derived mesenchymal stem cells (mMSCs) (D1, CRL12424) were
purchased from ATCC (Manassas, VA) and cultured in Dulbecco’s modified Eagle medium
(DMEM) (Invitrogen, Grand Island, NY) supplemented with 10 % bovine growth serum (BGS,
Hyclone, Logan, UT) and 1 % penicillin/streptomycin (Invitrogen, Grand Island, NY) at 37 °C
and 5 % CO2. The cells were passaged using trypsin following standard cell culture protocols

every 2-3 days.

4.2.8 Cell seeding onto porous hydrogels

mMSCs were seeded onto 3.5 w/v%, 500 uM RGD porous hydrogels as previously
described [144]. Briefly, porous hydrogels were sterilized by 3 consecutive 10 min washes in
sterile PBS. Hydrogels were then placed into dry low-binding plates and cells were seeded onto
the hydrogels in two steps. First, 15,000 cells at a density of 15,000 cells/10 yl DMEM were
added directly on top of each hydrogel and centrifuged down for 3 min at 700 rpm. Then, an
additional 15,000 cells were seeded directly on top without further centrifugation. The hydrogels
were incubated at 37 °C for 15 min and then 180 pl of fresh media was added for a final volume

of 200 pl/well.

4.2.9 Cell viability and spreading

mMSC viability was studied with a LIVE/DEAD® viability/cytotoxicity kit (Molecular
Probes, Eugene, OR). Briefly, 1 pl of ethidium homodimer-1 and 0.25 pl of calcein AM from the
kit were diluted with 500 yl DMEM to make the staining solution. Each gel (2—-3 gels per

condition per time point) was stained with 150 pl of staining solution for 30 min at 37 °C in the
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dark before imaging. To better analyze cell spreading, gels (2-3 gels per condition per time
point) were fixed for 30 min at RT using 4 % paraformaldehyde (PFA), rinsed with PBS, treated
with 0.1 % triton-X for 10 min and stained for 90 min in the dark with YOYO-1 for cell nuclei
(1:250 dilution from 1 mM stock, Invitrogen, Grand Island, NY) and rhodamine-phalloidin (1:40
dilution, Invitrogen, Grand Island, NY)) in 1% bovine serum albumin solution. The samples were
then washed with 0.05 % tween-20. For both cell viability and cell spreading, an inverted
Observer Z1 Zeiss fluorescent microscope was used to visualize samples. To better visualize
the distribution throughout the hydrogel, multiple z-stacks 1.9-2.3 pm thick were taken for each
image, deconvolved to minimize background, and presented as orthogonal projections. Cell
viability was assessed by quantifying the ratio of live cells to the total number of cells as
manually counted from an orthogonal projection of z-stacks through 70 um of hydrogel acquired
from the LIVE/DEAD® assay. Cell spreading was quantified by manually measuring end-to-end
cell length using Zen Blue 2011 (Carl Zeiss, Jena, Germany) for three images (orthogonal

projections of z-stacks through 125 um of hydrogel) per condition per time point.

4.2.10 Cell proliferation

An alamarBlue® assay (AbD Serotec, Raleigh, NC) was used to quantify cell
proliferation rate. 20 ul alamarBlue reagent with 200 yl DMEM was added to each well
containing a hydrogel seeded with cells in a 96-well plate and incubated at 37 °C for 5 h. The
solutions were transferred to a new plate and absorbance was measured at 570 nm and 600 nm
using a standard plate reader. Three gels for each condition were analyzed at each time point

and proliferation rate was calculated following the manufacturer’s instructions.
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4.2.11 Subcutaneous implant model

All in vivo studies were conducted in compliance with the NIH Guide for Care and Use of
Laboratory Animals and UCLA ARC standards. 6 to 8-week old female Balb/c mice, each 20-30
g, were used to study cellular infiltration and blood vessel formation in HA hydrogels since this
strain and size has been previously used for wound healing and angiogenesis assays [145,
146]. Non-porous or porous hydrogels were made exactly as described above (3.5 w/v% HA,
100 yM RGD) and cut to 6 mm in diameter using a sterile biopsy punch, for final overall
dimensions of 6 mm x1 mm, D x H. All porous hydrogels were made using 60 um beads. In
fabricating the hydrogels, the starting reagents were sterilized through filtering with a 0.22 ym
filter. After scaffold fabrication, the hydrogels were washed with sterile PBS and kept in PBS
with 1 % P/S. Immediately prior to surgery, mice were anesthetized with 4 % isoflurane through
an induction chamber. After anesthesia induction, the isoflurane concentration was lowered to
1.5-2.5% for the remainder of the surgery. The back of the mouse was subsequently shaved
and washed with povidone-iodine (Betadine, Stamford, CT) and 70 % isopropyl alcohol. Two
lateral incisions appropriate to the size of the implant were made in the skin (one on each side
of the midline of the animal) using scissors. Two subcutaneous pockets were subsequently
created by blunt dissection using rounded-end scissors. The hydrogels were inserted into each
respective subcutaneous pocket and closed with a single wound clip. All animals were observed
daily for signs of inflammation and pain and also administered carprofen injections for the first
48 h post-survival surgery. After 2 weeks, mice (n=4) were sacrificed with isoflurane overdose.
Two 1 cm? pieces of tissue were collected from each mouse containing the implant and the
surrounding tissue and skin, fixed in 2 % PFA for 16 h at 4 °C, dehydrated in 70% EtOH, and
finally paraffin embedded. A total of 12 mice were used in this study, with four mice per hydrogel

condition.
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4.2.12 Immunohistochemistry and immunofluorescence

Paraffin embedded sections (5 um thick) were deparaffinized by incubation in multiple
xylene washes followed by serial hydration from 100 % ethanol to 100 % water. Cell
membranes were permeabilized with a 15 min incubation at 37 °C in 0.1 mg/ml proteinase K
solution. Sections were then washed with PBS and incubated in blocking buffer (1 % goat
serum (Jackson Immuno Research Labs, West Grove, PA) + 0.05 % Tween-20 in PBS) for 1 h
at RT before being incubated in primary antibody solution (1:100 dilution in blocking buffer of rat
anti-mouse CD31 (BD Pharmingen, San Diego, CA)) overnight at 4 °C. Sections were again
washed with PBS and incubated in blocking buffer for 10 min at RT before being incubated for 2
h at RT in secondary antibody solution (1:200 dilution in blocking buffer of goat anti-rat Alexa
568 (Invitrogen, Grand Islands, NY), which also contained a-smooth muscle actin-FITC (1:500
dilution, Sigma—Aldrich, St. Louis, MO) and DAPI nuclear stain (1:400 dilution, Invitrogen, Grand
Island, NY). Sections were then washed twice in PBS, mounted and imaged using an inverted
Zeiss fluorescence microscope. All hematoxylin and eosin staining of sections was conducted

by the Translational Pathology Core Laboratory (TPCL) at UCLA.

4.2.13 Quantification and characterization of cellular infiltration and blood vessels in vivo
Hydrogels were halved and embedded in paraffin with the vertical cross sections facing
up. Each paraffin embedded section contained 2 halves (vertical cross section) of the hydrogel.
Three separate sections at least 100 — 150 ym apart were analyzed for each sample. 5
randomly chosen areas were imaged on each half gel, with 10 images total in per section.
Cellular infiltration was quantified by using Fiji software by converting the image to an 8-bit file,
applying a threshold sensitivity, and using the watershed tool to separate joined cells to analyze
the cell number. Vessels were counted manually in each section, totaled from all 30 sections,

and finally normalized to the total imaged area. The bar graph in Figure 4.6D represents the

40



average vessels/mm2 from 4 different animals. The diameter of each vessel was manually
measured using Zen imaging and analysis software (Zeiss). Percentages were determined

using the entire vessel set.

4.2.14 Statistical analysis

Statistical analyses were performed using Prism (GraphPad, San Diego, CA).
Interconnected pore diameter, water content, rheology, cell viability, spreading, and proliferation
data were analyzed using a one-way analysis of variance (ANOVA) followed by a Tukey post-
hoc test. The results were represented as mean * SD. The in vivo cellular invasion and blood
vessel characterization data were analyzed using a Kruskal-Wallis one-way ANOVA followed by
a Dunn’s post-hoc test and represented as mean + SEM. Single, double, and triple asterisks
represent p < 0.05, p < 0.01, and p < 0.001, respectively. A p value < 0.05 was considered

statistically significant.
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4.3 Results

4.3.1 Effect of PMMA sintering technique on hydrogel formation

Prior to hydrogel formation, PMMA microsphere packing was investigated as a result of
each sintering technique. SEM images show similar microsphere organization (Figure 4.2A).
3.5 w/v% HA-MMP porous hydrogels were generated from heat sintering (HS), non-sintering
(NS), and chemically sintering (CS) 60 um PMMA microspheres to compare the differences in
hydrogel structure and architecture as a function of sintering technique (Figure 4.3). SEM
images taken at 255x, 500x, and 1000x magnification demonstrated that 60 um pore hydrogels
generated from chemical sintering had comparable uniform open pore structure and pore
interconnectivity as the currently used HS and NS techniques. SEM images of non-porous gels
are included as a comparison (Figure 4.7A). Moreover, phase and fluorescent microscopy was
used to investigate the hydrogel structure in its hydrated state. Porous hydrogels were stained
with NHS-Alexa488 and imaged under fluorescent microscopy. Application of orthogonal
projections and 3D rendering to multiple z-stack images showed apparent pores and high

interconnectivity in all hydrogels generated with each sintering technique.

SEM 255X _1000X  Phase NHS-Alexa488 3D Render

Figure 4.3 Porous hydrogels with 60 uym pores generated from HS, NS, and CS have apparent open pore
and interconnected pore structure in SEM, phase, and fluorescent orthogonal projections and 3D
renderings.
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Figure 4.4 (A) Quantification of interconnected pore diameters indicates similar interconnectivity between
hydrogels generated with HS, NS, and CS. (B) Water content was similar for hydrogels generated with the
various techniques. (C, D) Conversely, PMMA microsphere packing technique affects gel stiffness, where

gels generated via HS were comparable to CS but stiffer than NS-generated gels. (***) p < 0.001. Values
represent the mean and standard deviation.

4.3.2 Effect of PMMA sintering technique on structural and mechanical properties

Pore interconnectivity of SEM images was manually measured using ImageJ and
defined as the interfacial, longitudinal distance between adjacent pores. Porous hydrogels
generated via heat sintering, non-sintering, and chemical sintering had comparable
interconnected pore diameters of 20.75 + 8.93, 18.29 + 6.81, and 20.08 £ 8.92 um, respectively
(Figure 4.4A). In addition, the quantification of water content of hydrogels generated from each
technique revealed that the sintering technique did not significantly affect the water retention
capability, where the hydrogels were 98.38 + 0.36, 98.28 + 0.32, and 98.49 + 0.22 % water from
with  HS, NS, and CS techniques, respectively (Figure 4.4B). Conversely, the PMMA
microsphere sintering technique appeared to significantly affect the mechanical stiffness of the

resultant porous hydrogels (Figure 4.4C, D). Gels formed via heat sintering were comparable to
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those generated with chemical sintering, but significantly stiffer than when formed with non-

sintering where the storage moduli were 713 + 317.3, 597.2 + 140.5, and 488 + 129.6 Pa,

respectively.
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Figure 4.5 In vitro characterization and quantification of mMMSCs seeded onto hyaluronic acid
hydrogels following 7 days. (A) mMSC viability (green = live and red = dead cells) and (B) spreading (red
= f-actin and blue = nuclei) was assessed at day 2 and 7 by fluorescent microscopy. (C) Quantification of
day 2 viability and (D) cell growth at days 1, 4, and 7 showed no significant differences among groups. (E)
Quantification of cell spreading by measuring end-to-end cell length (F) at days 2 and 7 showed no
difference among the groups at each time point. (*) p < 0.05. Values represent the mean+SD.

4.3.3 Effect of PMMA sintering technique on cell behavior in vitro

To study the effect of sintering technique on cell morphology in vitro, mMSCs were

seeded on 3.5 w/v% HA-MMP hydrogels functionalized with 500 yM RGD. Cell-seeded
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hydrogels were stained at days 2 and 7 with live/dead® (Figure 4.5A) and rhodamine-
phalloidin/dapi (Figure 4.5B) to study cell viability and spreading, respectively. Quantification of
viability at day 2 showed no significant differences among sintering techniques with greater than
82% viability (Figure 4.5C). Morphological differences could not be observed in images
obtained from staining the cell-seeded gels for f-actin and nuclei. This result was confirmed by
quantifying cell spreading by manually measuring the end-to-end cell length (Figure 4.5F),
where cell spreading was comparable among the hydrogels generated from the different
techniques (Figure 4.5E). Cell proliferation was also monitored over time using an alamarBlue®
assay and days 1, 4, and 7 post-seeding (Figure4.5D). For any time point, there was no
difference among the hydrogels formed from the different sintering techniques. However, for

each condition, cell growth peaked at day 4, and plateaued through day 7.

4.3.4 Effect of PMMA sintering technique in vivo

Acellular 3.5 w/v% HA-MMP hydrogels functionalized with 100 uM RGD were implanted
subcutaneously in the backs of balb/c mice for 14 days to study cellular infiltration. Samples
were excised at day 14 for analysis. Hematoxylin and eosin (H&E) staining of the hydrogel cross
sections showed that the porous hydrogel structure was maintained through 14 days and high
cellular infiltration into the hydrogels was present (Figure 4.6A), while host cells remained on
the periphery of non-porous gels (Figure 4.7B). Quantification of cellular invasion was obtained
by counting nuclei normalized to gel area; this data supported H&E observations where the
number of cells infiltrating the hydrogels generated from chemical sintering (2424 + 292
nuclei/mm?) were comparable to hydrogels generated with heat or non-sintering (3037 + 206 or
2672 + 282 nuclei/mm?, respectively) (Figure 4.6C). Immunofluorescence staining for PECAM
positive endothelial cells revealed that blood vessels were present in hydrogels formed from all

three different sintering techniques (Figure 4.6B). Quantification of the number of blood vessels
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present normalized to gel area showed that the PMMA microsphere sintering and resultant
porous hydrogel did not significantly affect the vessel invasion (Figure 4.6D). Moreover,
characterization of the blood vessel diameters showed that approximately half of the vessels

present were no more than 6 uym in diameter (diameter of an erythrocyte) (Figure 4.6E).
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Figure 4.6 In vivo characterization and quantification of aceullar hyaluronic acid hydrogels (60 pm
pores) implanted subcutaneously in balb/c mice for 14 days. (A) H&E stained sections of porous
hydrogels generated from the different techniques showed similar levels of cellular infiltration. (B) Staining
for an endothelial cell marker showed PECAM positive cells within the hydrogels generated by all three
sintering techniques. (C) Quantification of cellular infiltration showed comparable invasion within gels
generated from all three techniques. (D) Vessels in 30 images over 3 sections separated by 100-150 ym
were quantified and normalized to the total image area. The bar graph represents the average of 4 separate
samples. (E) For those samples that contained vessels, vessel diameters were measured. Approximately
half of the vessels in all samples were less than 6 pm in diameter. Red = PECAM positive staining
(endothelial cells), yellow = erythrocytes, and blue = nuclei. Values represent the mean and standard error
of the mean.
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Figure 4.7 (A) Scanning electron micrographs of non-porous (n-pore) 3.5 w/v% hyaluronic acid hydrogels
confirm that no pores are present. (B) H&E staining of samples of n-pore hydrogels implanted
subcutaneously in balb/c mice demonstrate that host cells are only penetrate the hydrogel periphery at 14
days. The asterisk denotes the remaining n-pore hydrogel and (M) denotes muscle.

4.4 Discussion

Several current approaches in generating porous hydrogels possess limited control over
consistency, therefore using PMMA microspheres as a sphere template via heat sintering has
offered better uniformity in pore structure and interconnectivity. However, the main limitations
with heat sintering include the manual handling and long processing time (17-22 h) that carries
over to delayed experimental investigation. For this reason, we proposed to chemically sinter
the PMMA microspheres in a liquid suspension to (i) utilize a liquid handling technique to

minimize manual handling and resultant error and (ii) slightly fuse the microspheres at its
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interfacial boundary to generate a neatly packed microsphere network. Since acetone is a
known solvent for PMMA, it was used in a dilute concentration with the expectation that the
PMMA microspheres would slightly mate the microspheres at each adjacent interface.
Moreover, the dilute acetone was suspended in ethanol to pair the volatile state of these
solvents with an incubation step to expedite the drying rate of the PMMA microsphere network.
In this study, we compared our proposed chemically sintered PMMA microspheres to those
suspended in a 70 % ethanol solution (non-sintering) as used by Peyton et al. [140] and
Stachowiak et al. [141] and to the commonly used heat sintered technique in order to
investigate the resultant hydrogel pore structure and cell response in vitro and in vivo.

We report that similar uniform pore structure with the proposed chemical sintering
technique was achieved when compared to hydrogels generated via heat sintering and non-
sintering (Figure 4.3). However, the difference herein lies with the processing time, where non-
and chemically sintered hydrogels only required 1-2 h for incubation while heat sintering
requires more than ten times this. Unexpectedly, our studies demonstrate no quantifiable
difference among the three sintering techniques with regard to pore uniformity and
interconnectivity, despite the vastly dissimilar approaches (Figure 4.3, 4.4A). Further
investigation of PMMA microsphere packing via SEM microscopy showed similar resultant
microsphere networks generated with each technique (Figure 4.2A). This was confirmed via
quantification of PMMA microsphere diameter using ImagedJ following each respective sintering
solution where no marked difference among the techniques was present (Figure 4.2B). This
result indicates that the proposed chemical sintering suspension solution with dilute acetone
does not significantly cause surface dissolution or fusion of the PMMA microspheres as
previously hypothesized. This may be altered with slightly increasing the acetone concentration
between 1-5 %; optimization studies realized that acetone concentrations exceeding 5 %

acetone in ethanol resulted in complete PMMA dissolution (data not shown). Moreover, the
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interconnected pore diameter achieved from heat sintering at high temperatures was
comparable to chemical and non-sintering. This result is likely due to the intrinsic viscous nature
of hyaluronic acid; we believe that despite centrifugation of the hydrogel into the PMMA
microsphere templates, the viscous hydrogel does not penetrate the void spaces or interfacial
gaps as deeply as expected, rendering the porous hydrogel interconnectivity similar among all
sintering techniques.

Despite similar porous hydrogel structure and interconnectivity, the effect of sintering
technique on mechanical properties was apparent (Figure 4.4C). Although the storage moduli
of hydrogels formed via heat and non-sintering techniques were significantly different, it is
important to note that hydrogels formed via chemical sintering were comparable to those
generated by heat sintering. These data show that porous hydrogels can be generated via
chemical sintering to achieve mechanical properties similar to the commonly used heat sintering
technique with ten-fold less processing time. It was also observed that the storage moduli of the
porous hydrogels varied at angular frequencies nearing 10 rad/s (Figure 4.4D). This result may
due in part to the large pores we have introduced into the scaffold; the thin hydrogel walls
between pores that may be experiencing variable deformation with increased angular
frequencies.

Cell behavior in response to hydrogels generated from the three sintering techniques
was evaluated via viability and proliferation assays, as well as immunofluorescent staining for
cell morphology to confirm that porous hydrogels formed from the different techniques did not
significantly vary in presentation to cells in vitro. Cell viability, spreading, and proliferation was
not significantly different among the hydrogels generated from each sintering technique (Figure
4.5A-F), suggesting that the differences observed in mechanical properties did not largely affect
cell behavior in vitro. This result may be attributed to the scale of interaction between the cell

and scaffold, as well as the relative difference in moduli. Despite observing a statistically
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significant difference in storage moduli, the difference is not extreme; the hydrogel moduli
remain on the same order of magnitude. Since the cell-scaffold surface interaction more closely
mimics a 2D presentation of cues, we believe that the overall cell behavior in vitro may not be
significantly influenced by bulk mechanical stiffness with the small difference in modulus.
Mechanical properties have been shown to influence mesenchymal stem cell behavior in 2D
when moduli vary from 2 to 10 fold [147, 148]. The differences observed between our hydrogels
are much smaller than this, where the stiffest hydrogel was 713 Pa and the softest was 488 Pa.
Therefore, this small variation in moduli may not be sufficient to see differences in cellular
proliferation, spreading, and viability.

To further investigate the effect of sintering in vivo, acellular porous hydrogels generated
from heat, chemical, and non-sintering were implanted subcutaneously in the backs of balb/c
mice to assess cellular infiltration and implant integration with host tissue at 14 days. H&E
staining of hydrogel sections showed high cellular infiltration into the porous hydrogels
generated from each technique (Figure 4.6A). This observation was confirmed with
quantification of nuclei normalized to hydrogel area via Fiji software (Figure 4.6C),
demonstrating that the host cells were able to invade the pores generated from each technique
comparably. Moreover, staining for endothelial cells demonstrate that blood vessels were
present at 14 d in porous hydrogels generated from each PMMA sintering technique (Figure
4.6B). Characterization of the vessels present indicated that the density of blood vessels
present were comparable in hydrogels formed with each technique, and of the vessels present,
most were on the dimensional order of erythrocytes suggesting capillary formation.
Immunofluorescent staining confirmed this, as no PECAM+ vessels stained positive for a-SMA,
a smooth muscle cell marker that exists on larger, contractile vessels. These results highlight
the therapeutic potential of these porous hydrogels for tissue repair for several reasons. First,

the inclusion of pores by any of the described methods allow for rapid cellular infiltration when
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compared to a non-porous hydrogel of the same composition (Figure 4.7A, B). Secondly, even
without the inclusion of pro-angiogenic factors in the porous hydrogels, we observed blood
vessel invasion into the hydrogel at 14 days. Blood vessel formation and maturation could
potentially be encouraged further with the incorporation of pro-angiogenic growth factors or
therapeutic plasmids. More importantly, although hyaluronic acid possesses many attractive
qualities that include biocompatibility and biodegradability, it was strategically chosen for our
hydrogel system because its degraded fragments of HA stimulates angiogenesis in vivo [43].
Interestingly, it appears as though the degraded HA alone was not a strong enough pro-
angiogenic stimulus for the non-porous hydrogels to recruit blood vessel invasion. This
observation may indicate that for a HA-MMP degradable hydrogel system to promote vascular
ingrowth without the presence of pro-angiogenic growth factors or therapeutic plasmids, a

porous structure is necessary.

4.5 Conclusions

In this chapter, we report a chemical sintering method to generate porous hyaluronic
acid hydrogels comparable to currently used non- and heat sintering techniques. More
importantly, the proposed chemical sintering was able to achieve similar uniform pore structure
and interconnectivity when compared to non- and heat sintering techniques with equal or less
processing time at 1-2 h versus 1-2 h and 17-22 h, respectively. Chemical sintering was able to
achieve similar in vitro and in vivo responses as ascertained by studying cell viability, spreading,
proliferation, and cell and blood vessel invasion. These results indicate that porous hyaluronic
acid hydrogels can be generated via chemical sintering or non-sintering comparable to the
commonly used heat sintering technique with higher efficiency as these techniques minimize

manual PMMA microsphere handling and significantly reduce processing time.
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CHAPTER 5

SYSTEMATIC EVALUATION OF NATURAL SCAFFOLDS IN

CUTANEOUS WOUND HEALING

5.1 Introduction

Tissue engineering aims to repair damaged or injured tissue by generating biological
substitutes that will maintain, restore, or improve its function [149, 150]. This is generally
achieved with any combination of the following three components: cells, a scaffold, and/or
bioactive cues (growth factors, DNA, etc). While the ideal case would be to implant cell-laden
tissue constructs, limitations include extensive cell culture time (dependent on tissue type,
complexity, and size), high cost, and risk of immunological rejection if autologous cells are not
used [150, 151]. An attractive alternative approach is to judiciously choose a biomaterial or
scaffold to induce the host’s natural processes for repair. In this chapter, we focused on
systematically evaluating the role of scaffold type for cutaneous wound healing.

Hydrogels are ideal scaffolds because they are water-swollen polymer networks that can
possess mechanical properties similar to soft tissue and high permeability for the diffusion of
oxygen and nutrients, mimicking the native extracellular matrix (ECM). In this report, we focused
on natural polymers, namely fibrin and hyaluronic acid, due to their biocompatibility, inherent
biodegradability, and intrinsic biological functions in promoting angiogenesis for improved
wound healing. Vascular ingrowth into the site of injury allows for the transport of nutrients,

waste, and cells; it is critical for the survival of newly formed tissue.
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Fibrin was chosen since it is one of the most widely used scaffolds due to its
biodegradability, inherent capacity to promote cell adhesion [152], and its natural role in the
wound healing cascade as a matrix for new ECM formation [153]. A porous hyaluronic acid
hydrogel was utilized due to two motivations: scaffold architecture and natural material
properties. Scaffold porosity has been shown to promote cellular infiltration and vascular
ingrowth in a variety of materials including poly(N-isopropyl acrylamide) (poly-NIPAM) [27],
poly(2-hydroxyethyl methacrylate-co-methacrylic acid) (pHEMA-co-MAA) [29], PEG [26] and
hyaluronic acid (HA) hydrogels [31, 32, 154]. Moreover, along with its low immunogenicity, HA
has been shown to stimulate endothelial cell activity and its degraded fragments
(oligosaccharides) have demonstrated potential to promote neovascularization in vivo [36, 37,
43, 45, 155]. Lastly, HA scaffolds are completely resorbable into completely metabolizable
degradation products.

Although hydrogel implants have been previously utilized as delivery vehicles for
bioactive signals, the direct role of the scaffold and scaffold architecture in skin tissue healing
and vascularization has not been previously performed in a humanized wound disease model.
In this chapter, we show the tissue healing capacity for solely conductive scaffolds composed of
fibrin and/or hyaluronic acid and compared them to scaffolds that deliver a pro-angiogenic

protein signal.

5.2 Materials and methods

5.2.1 Materials

Peptides Ac-GCRDGPQGIWGQDRCG-NH2 (HS-MMP-SH) and Ac-GCGYGRGDSPG-
NH2 (RGD) were purchased from Genscript (Piscataway, NJ). Sodium hyaluronan (HA) was a
gift from Genzyme Corporation (60 kDa, Cambridge, MA). All other chemicals were purchased

from Fisher Scientific (Pittsburgh, PA) unless otherwise noted.
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5.2.2 Hyaluronic acid-acrylate modification

Sodium hyaluronan was modified to contain acrylate functionalities as previously
described [31]. Briefly, hyaluronic acid (2.0 g, 5.28 mmol, 60 kDa) was reacted with 18.0 g
(105.5 mmol) adipic acid dihydrazide (ADH) at pH 4.75 in the presence of 4.0 g (20 mmol) 1-
ethyl-3-[3-dimethylaminopropyl] carbodiimide hydrochloride (EDC) overnight and purified
through dialysis (8000 MWCO) in deionized (DI) water for two days. The purified intermediate
(HA-ADH) was lyophilized and stored at -20 °C until used. Approximately 60 % of the carboxyl
groups were modified with ADH, which was determined using 1H-NMR (D20) by taking the ratio
of peaks at & = 1.6 and 2.3 corresponding to the eight hydrogens of the methylene groups on
the ADH to the singlet peak of the acetyl methyl protons in HA (& = 1.88). HA-ADH (1.9 g) was
reacted with N-acryloxysuccinimide (NHS-Ac) (1.33 g, 4.4 mmol) in HEPES buffer (10 mM
HEPES, 150 mM NaCl, 10 mM EDTA, pH 7.2) overnight and purified through dialysis against a
100 mM to 0 mM salt gradient for 1 day, and then against DI water for 3-4 days before
lyophilization. The degree of acrylation was determined to be ~10 % using 1TH-NMR (D-O) by
taking the ratio of the multiplet peak at & = 6.2 corresponding to the cis and trans acrylate

hydrogens to the singlet peak of the acetyl methyl protons in HA (5 = 1.88).

5.2.3 Design template using PMMA microspheres

A PMMA microsphere template was used to generate porous hydrogels as previously
described[154]. Briefly, approximately 24 mg polymethyl methacrylate (PMMA) microspheres
(63—63 um, Cospheric, Santa Barbara, CA) were resuspended in a solution of 1 % acetone in
70 % acetone at 0.4444 mg/ul into each PDMS well (6 mm x 2 mm, D x H) adhered to a
sigmacoted glass slide. The templates were placed in an incubator at 37 °C for 1 h to create a

dry, uniformly packed mold.
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5.2.4 Hydrogel formation

5.2.4.1 Porous hyaluronic acid hydrogel (u)

Hydrogels were formed by Michael-type addition of acrylate functionalized HA (HA-Ac)
with bis-cysteine containing MMP peptide cross-linkers at pH 7.6-7.8. Prior to reaction, a
hydrogel precursor solution was made by mixing HA-Ac with a lyophilized aliquot of cell
adhesion peptide, RGD, for 30 min at 37 °C. After incubation, HA-RGD was mixed with the
remaining HA-Ac and 0.3 M triethanolamine (TEOA) at pH 8.8 for a final gel concentration of 3.5
w/v% HA and 100 uM RGD. Finally, lyophilized aliquots of the cross-linker (HS-MMP-SH) were
diluted in TEOA buffer pH 8.8 immediately before addition to the rest of the mixture. For porous
hydrogels, 20 ul of gel solution was then added directly on top of a PMMA microsphere template
and perfused into the template by centrifugation at 700 g for 12 min at 4 °C. The slide was then
incubated at 37 °C for 30—45 min to induce polymerization. Once complete, the gels were
removed from the PDMS wells and placed directly into 100 % acetone for 48 h to dissolve the
PMMA microsphere template. The acetone solution was replaced 2-3 times during this
incubation. The gels were then serially hydrated into sterile phosphate buffered saline (PBS)

and left in PBS + 1 % penicillin streptomycin (P/S) until ready for use.

5.2.4.2 Fibrin gel formation (F)
Fibrin gels were formed by mixing a solution of fibrinogen (10 mg/ml) with thrombin
(2U/ml, Sigma Aldrich, St. Louis, MO) with calcium chloride (5mM). A final volume of 30 pl was

gelled in situ.
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5.2.4.3 Composite hydrogel formation

Porous hydrogels were generated as described above in 5.2.4.1. The hydrated
hydrogels were dabbed with a sterile kimwipe to remove excess fluid and allowed to air dry for
an additional 10 min in a sterile hood. The hydrogels were then hydrated with fibrinogen (10
mg/ml) and submerged in a solution of thrombin (Tb, 2 U/ml) and CaCl., (5mM) to form a porous
HA/fibrin composite hydrogel (u/F). For p/F/nV composite gels, VEGF nanocapsules (100 %
degradable (L) at 50 ng, 25 % degradable (L) at 150 ng) were mixed within the fibrinogen

hydration solution prior to submersion into thrombin/CaCl..

5.2.5 VEGF nanocapsule synthesis

VEGF nanocapsules (V) were formed as previously described [156] by buffering
vascular endothelial growth factor-A (VEGF 165, Genentech, San Francisco, CA) with N-(3-
aminopropyl) methacrylamide (APM) and acrylamide (AAm), positively charged and neutral
monomers, respectively, and bisacrylated KNRVK peptide crosslinker to surround the protein
with the monomers and crosslinkers. A thin polymer layer was formed around the protein by in-
situ  free-radical polymerization initiated by ammonium persulfate (APS) and
tetramethylethyldiamine (TEMED). Protein nanocapsules were dialyzed against 10 mM
phosphate buffer pH 7.4 (MWCO 10,000, Thermo Scientific). Encapsulated VEGF concentration
was assayed via NanoOrange (Life Technologies, Grand Island, NY), a protein quantification kit

per manufacturer’s instructions.

5.2.6 Splinted wound healing model
All in vivo studies were conducted in compliance with the NIH Guide for Care and Use of
Laboratory Animals and UCLA ARC standards. 4 to 6-week old female balb/C mice each 14-20

grams were used. Porous or composite hydrogels were formed as described above and cut to 4
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mm in diameter using a sterile biopsy punch, for final overall dimensions of 4mm x 1 mm, D x H.
In fabricating the hydrogels, the starting reagents were sterilized through filtering with a 0.22 ym
filter. After scaffold fabrication, the hydrogels were washed with sterile PBS and kept in PBS
with 1 % P/S. Immediately prior to surgery, mice were anesthetized with 3-3.5 % isoflurane
through a nose cone inhaler. After anesthesia induction, the isoflurane concentration was
lowered to 1.5-2 % for the remainder of the surgery. The back of the mouse was subsequently
shaved and all remaining hair was removed with Nair (< 1 min total exposure time). The back of
the mouse was sterilized with povidone-iodine (Betadine, Stamford, CT) and 70 % alcohol in
three iterations. Two symmetric full-thickness wounds were generated using a through-and-
through punch with a 4 mm biopsy punch and the hydrogels were placed directly into the
wounds. Sterilized silicon rings (6 x 0.5 mm, DxH) sandwiched between two sterile pieces of
Tegaderm (i.e. splints with non-stick, clear windows) were fixed to the outside of the wound
using a combination of tissue adhesives, Mastisol and Vetbond. The splints were then lightly
pressed down to contact the hydrogel and adhere to the skin bordering the wound. Six to eight
interrupted sutures (5-0 Prolene, Ethicon, Somerville, NJ) were also utilized to hold the splint in
place. Finally, additional adhesive (Tegaderm, Baxter, Deerfield, IL) was placed around the
outer edges of the splints and the mice were wrapped in an elastic gauze (VetRap, 3M, St. Paul,
MN) to further prevent splint removal for the duration of the study. All animals were observed
daily for signs of pain and distress. In addition, buprenorphine injections (0.015 mg/ml) were
administered every 12 h for the first 48 h post survival surgery. At the end of the study (7 days),
animals (n=4) were sacrificed with isoflurane overdose and cervical dislocation. Pieces of tissue
(8 mm diameter) were collected from each mouse containing the implant and the surrounding

tissue and skin using a biopsy punch and preserved in OCT cryoblocks.
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5.2.7 In vivo quantification and analysis

5.2.7.1 Wound closure
Digital images of wounds at designated time points were used to assess wound closure.

A ruler and/or the known diameter of the splint was used as a reference.

5.2.7.2 Immunohistochemistry and immunofluorescence analysis

OCT embedded sections (14 um thick) were thawed and fixed with cold acetone for 10
min. Sections were then washed with PBS and incubated in blocking buffer (1 % goat serum
(Jackson Immuno Research Labs, West Grove, PA) + 0.05 % Tween-20 in PBS) for 1 h at RT
before being incubated in primary antibody solution (1:100 rat anti-mouse CD31 (BD
Pharmingen, San Diego, CA) and 1:200 rabbit anti-mouse NG-2 (Millipore, Billerica, MA))
overnight at 4 °C. Sections were again washed with PBS and incubated in blocking buffer for 10
min at RT before being incubated for 2 h at RT in secondary antibody solution (1:100 goat anti-
rat Alexa 568, and 1:100 goat anti-rabbit Alexa 488 (Invitrogen, Grand Island, NY), and DAPI
nuclear stain (1:400 dilution, Invitrogen, Grand Island, NY). Sections were then washed twice in
PBS, mounted and imaged using a Nikon C2 confocal microscope. CD31-, NG2-, and DAPI-
positive area fractions (%) reported were determined by normalizing the positively stained area
to overall image area using Imaged. All hematoxylin and eosin (H&E) staining of sections was
conducted by the Translational Pathology Core Laboratory (TPCL) at UCLA. For each condition

(n=4), five images were quantified over three different sections, each = 140 um apart.

5.2.7.3 Histology evaluation
Cryosections (14 um thick) were H&E stained and used to assess various aspects of

wound healing. Three to four different sections = 140 ym apart were used for histological
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analysis of each condition. Re-epithelialization, granulation tissue formation and vascularization,
collagen deposition and fibrosis/fibroplasia (early scar formation), and inflammation scores were
evaluated by a modified 12-point scoring system [157]. The scores and criteria are listed in

Tables 5.1-4.

Table 5.1 Scoring of epidermis/re-epithelialization

Score Criteria

0 No migration.

1 Minimal re-epithelialization (<10%).

2 Partial re-epithelialization (incomplete closure).

3 Complete re-epithelialization without keratin layer
formation.

4 Complete/thick re-epithelialization with keratin

layer formation.

Table 5.2 Scoring of granulation tissue/vascularization

Score Criteria

0 No granulation tissue.

1 Early granulation tissue, no vascularization.

2 Mature granulation tissue, early vascularization.
3 Mature granulation tissue with mature blood

vessel formation

Table 5.3 Scoring of collagen deposition/fibroplasia

Score  Criteria

0 No collagen deposition/fibroplasias.

1 Fibroblast proliferation/no collagen deposition.

2 Fibroblast proliferation with minimal collagen
deposition.

3 Fibroblast proliferation with extensive haphazard
collagen deposition.

4 Extensive organized collagen deposition or

complete replacement of dermis with fibrous
tissue (mature scar).

Table 5.4 Scoring of inflammation

Score  Criteria

0 No inflammatory cells.

1 1-50 leukocytes per high power field.

2 51-100 leukocytes per high power field.

3 101-250 leukocytes per high power field.

4 2250 leukocytes per high power field or
microabscesses or abscesses present.
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5.2.8 Statistical analysis
Statistical analyses were performed using Prism (GraphPad, San Diego, CA). All data
were analyzed using t-tests and represented as mean + SEM. Single asterisks represent

p<0.05. A p value<0.05 was considered statistically significant.
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Figure 5.1 Evaluation of solely conductive natural scaffolds in vivo. (A) Schematic representation of
untreated (U), fibrin (F), and microporous HA (u) filled wounds following initial wound creation. Digital
images of wounds were taken at regular time intervals for wound closure analysis (B, C).

5.3. Results and Discussion

5.3.1 Effect of conductive scaffolds on wound closure
Following creation of a full-thickness dermal wound, the splinted wound bed was either
left untreated (U) or treated with a fibrin gel formed in situ (F) or pre-cast porous HA gel ()

(Figure 5.1A). Digital images taken of each wound at regular time intervals demonstrated
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wounds treated with p gels close 1.3 fold more rapidly than U or F treated wounds by day 7
post-injury (Figure 5.1, C). Dramatic differences between y and F treated wounds were realized
as early as day 3 post-injury and carried on through day 7, where wound closure was
significantly improved with p treated wounds. Notably, F treated wounds closed more slowly
than untreated wounds. This indicates that despite fibrin’s intrinsic capacity to stimulate
angiogenesis and cellular migration, it is not robust enough to encourage rapid wound closure
as compared to a porous hydrogel structure (u). Although fibrin in general is considered porous
due to its fibril structure, we hypothesize that the reason for the decreased wound closure is that

at 10 mg/ml of fibrin, the scaffold is too dense and acts as a barrier to overall wound closure.

5.3.2 Pathological findings of conductive scaffolds

Sections of skin demonstrate the effect of scaffold architecture on granulation tissue
formation (Figure 5.2A). Under normal circumstances, complete healing from a full thickness
wound results in a depressed fibrotic scar, about 60 % the size of the original wound due to
wound contracture. As expected, 7 days after wounding, U wounds demonstrated early signs of
this type of scar-healing with the commencement of re-epithelialization, granulation tissue with a
modest inflammatory response and early angiogenesis/revascularization. As expected, wounds
treated with F demonstrate a similar, large depression, and a similar caliber of granulation tissue
formation with early angiogenesis. Healing in the U and F wounds was associated with
extensive fibroplasia/fibroblast proliferation, consistent with early scar formation, in the wounded
area. Histologically, the presence of u gels better preserved dermal volume/ tissue architecture
and minimizing depression formation. Gross images of U treated wounds depict the gradual
wound healing that mimics human healing by re-epithelialization and granulation tissue
formation rather than contraction. Wounds treated with F gels indicate similar structure to U

treated gels. Histological scoring of the tissues reveal similar re-epithelialization, granulation
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tissue, angiogenesis, and inflammatory response in the U, F, and y wounds, but demonstrated a
trend towards deceased fibroplasia and increased angiogenesis/more mature blood vessel
formation when compared to U wounds (Figure 5.2A). Although fibrin and HA are generally
regarded as biocompatible materials with little to no immunogenicity, evaluation of host-material

immune response was conducted in good practice.
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Figure 5.2 Evaluation of solely conductive natural scaffolds in vivo. H&E stained wounds depict
granulation tissue formation and were scored by a pathologist for re-epithelialization, granulation
tissue/vessel formation, fibroplasias, and inflammation (A). OCT embedded sections were stained for
vascular cell populations (B), where CD31+, NG2+, and nuclei imaged in red, green, and blue, respectively,
and quantified via imaged (C).
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5.3.3 Blood vessel characterization of conductive scaffolds

The effect of conductive scaffolds on vascular ingrowth was evaluated by
immunofluorescence (IFC) staining for CD31- and NG2-positive cells in the granulation tissue.
IFC staining revealed that blood vessels were present throughout each wound at day 7
regardless of treatment (Figure 5.2B). Quantification of CD31-positive endothelial cells show
that F and p treated wounds had an increased number of CD31+ cells (2.18 + 0.47 %, 2.17 *
0.50 %, respectively), although not statistically significant when compared to U treated wounds
(1.58 £ 0.71 %) (Figure 5.2C). Quantification of NG2-positive pericytes demonstrated that p
treated wounds had a marked and statistically significant increase of NG2+ cells when
compared to F and U treated wounds, with a 5- and 9-fold increase in NG2+ cells, respectively
(Figure 5.2C). NG2 is a proteoglycan found on mural cell surfaces of neovascular structures
and a marker for pericytes [158]. Its increased presence in y treated wounds may be attributed
to combination of factors that include inherent properties of HA and scaffold porous architecture.
Utilizing HA as a scaffold mimics a more native environment since one of the highest
concentrations of HA is naturally found in skin [159]. Moreover, HA is one of the most abundant
components of the ECM, facilitating cell proliferation and migration [38, 159]. This capacity
paired with a porous structure likely allowed for better cell infiltration, including pericyte
populations, for more mature vasculature. Quantification of DAPI+ area to assess cell quantity

in newly formed granulation tissue formation showed similar cell presence across groups.

5.3.4 Effect of composite gel on wound closure
The effect of scaffold porosity on enhancing wound closure from u gels was paired with
fibrin’s natural, protein matrix to investigate the effect of a composite p/F gel on wound closure

in vivo (Figure 5.3A). Digital images of the wounds demonstrated that the presence of pores in
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the composite gel allow for more rapid healing similar to p gels when compared to F treated gels
alone (Figure 5.3B, C). Interestingly, the effect on wound closure rate was not additive despite
fibrin’s inherent pro-angiogenic qualities being coupled with a porous gel structure to allow for

more rapid tissue invasion. This further supports the inclusion of pores as a critical component

of scaffold architecture for tissue repair.
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Figure 5.3 Evaluation of composite natural scaffolds in vivo. (A) Schematic representation of wound

treated with fibrin (F), microporous HA (u), or composite (u/F) hydrogels. Digital images of wounds were
taken at regular time intervals for wound closure analysis (B, C).

5.3.5 Pathological findings of composite gel

Histologically, sections of wounded skin demonstrate that the presence of pores in the
W/F gel also maintained the native skin structure for subsequent tissue ingrowth (Figure 5.4A).
Similar to y gels, y/F composite gels demonstrated a trend towards decreased fibroplasia and
increased mature angiogenesis within the granulation tissue, with no effects on re-
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epithelialization and no increased inflammatory response (Figure 5.4A). Fibrin was not
observed within the pores of the composite (u/F) gels at day 7. This suggests that despite being
encapsulated by the porous HA gel, components of the wound environment were able to

penetrate the pores and degrade the fibrin gel.
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Figure 5.4 Evaluation of composite natural scaffolds in vivo. H&E stained wounds depict granulation
tissue formation and were scored by a pathologist for re-epithelialization, granulation tissue/vessel
formation, fibroplasias, and inflammation (A). OCT embedded sections were stained for vascular cell
populations (B), where CD31+, NG2+, and nuclei imaged in red, green, and blue, respectively, and
quantified via imaged (C).
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5.3.6 Blood vessel characterization of composite gels

Immunofluorescence staining of CD31- and NG2-positive cells indicated that blood
vessels were present throughout each scaffold-treated wound with and without a porous
architecture (Figure 5.4B). This suggests that the pro-angiogenic effect of a degradable porous
HA hydrogel is comparable to fibrin’s natural protein matrix with regard to recruitment of CD31+
endothelial cells. Quantification of CD31+ endothelial cells confirmed that there was no
statistical difference among the groups (Figure 5.4C). Notably, quantification of NG2+ pericytes
demonstrate that the presence of pores in u and u/F gels resulted in a significant increase in
NG2+ cells, namely a 9- and 4-fold increase for y and p/F gels, respectively. Moreover,
quantification of DAPI+ area indicated a significant difference between F and p/F treated
wounds, where p/F gels experienced less cell number within the newly formed tissue,
suggesting that the conductive composite gel (u/F) achieved a higher vascular density, with

more mural cell covered vessels than fibrin alone.

5.3.7 Effect of inductive composite scaffold on wound closure

To increase the therapeutic potential of the implanted scaffold for wound healing,
plasmin-degradable nanocapsules encapsulating VEGF were utilized [160]. VEGF was bound to
a cocktail of charged and neutral monomers in addition to peptide crosslinkers via electrostatic
and hydrogen-bonding interactions to create nanocapsules, »V (Figure 5.5A). Variation of these
components allows tunable, controlled degradation of the nanocapsules. Since generation of
the u gel requires an organic solvent to dissolve the PMMA microspheres, incorporation of ,V
must occur following p gel formation. To this end, »V was incorporated in the fibrin phase of the

W/F gel to create an inductive composite gel, u/F/.V (Figure 5.5B).
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Figure 5.5 Evaluation of inductive scaffolds in vivo. (A) Schematic representation of »V synthesis. (B)

Schematic representation of wounds with various treatments. Digital images of wounds were taken at
regular time intervals for wound closure analysis (C, D).

Digital images of wounds treated with a conductive composite gel, y/F, was compared to
wounds treated with an inductive composite gel, p/F/,V, to evaluate the effect of the VEGF
nanocapsules on wound closure (Figure 5.5C). Analysis of wound closure demonstrated u/F/,V
gels resulted in the significant wound closure by day 7 at 56.75 + 5.43 % remaining wound,
compared to p/F and U gels at 74.86 + 4.56 % and 87.23 £ 2.48 %, respectively (Figure 5.5D).

This degree of wound closure is comparable to full-thickness dermal wounds in C57BL/6 mice
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treated with daily topical applications of 10 ug VEGF per wound six days post-injury [43], a total
dosage that is 300-fold higher than the amount incorporated in the implanted p/F/»V gels.
Wounds treated with py/F/V gels significantly decreased wound size at day 7 by 1.3- and 1.5-

fold when compared to p/F treated and untreated (U) wounds, respectively.

5.3.8 Pathological findings of inductive composite scaffolds

Sections of H&E-stained wounds show u/F/,V treated wounds were integrated similarly
to wounds treated with p/F gels (Figure 5.6A). Histological scores indicated partial re-
epithelialization, early signs of granulation tissue formation and vascularization, and fibroplasia
were similar across groups, although there was a trend towards decreased fibroplasia in the py/F
and p/F/,V gels, consistent with previous experiments. Although VEGF is regarded as a pro-
inflammatory cytokine through its role in increasing vascular permeability and promoting
monocyte migration and adhesion of leukocytes to endothelial cells [161], u/F/,V treated
wounds had a decreased inflammatory response when compared U wounds, and to its
conductive counterpart, p/F treated wounds. This diminished inflammatory response may be
attributed to the slow release of VEGF from the degradable nanocapsules, ,V, as compared to
the observed effects in response to bolus dosages reported in literature. Additionally, the slow
release of VEGF may result in a more rapid resolution of the inflammatory response due to the

continued presence of an inflammatory agent (i.e. immune tolerance mechanism [162]).

5.3.9 Blood vessel characterization of inductive composite scaffolds

Immunofluorescence staining of CD31- and NG2-positive cells demonstrated that blood
vessels were present throughout the wounds in all groups (Figure 5.6B). Quantification of
CD31+ endothelial cells confirmed that there was no statistical difference between U, p/F, and

W/FIwV treated wounds (Figure 5.6C). Quantification of NG2+ pericytes showed that wounds
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treated with u/F/,V had increased numbers of NG2+ cells when compared to U and u/F treated
wounds. Wounds treated with y/F/,V had a 2-fold increase in NG2+ cells compared to y/F
treated wounds while there was a significant difference compared to U treated wounds at a 5-
fold increase in NG2+ cells. Quantification of DAPI+ area demonstrated similar cell presence in

newly formed granulation tissue where wounds received U, u/F, and p/F/,V treatment.
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Figure 5.6 Evaluation of inductive scaffolds in vivo. H&E stained wounds depict granulation tissue
formation and were scored by a pathologist for re-epithelialization, granulation tissue/vessel formation,
fibroplasias, and inflammation (A). OCT embedded sections were stained for vascular cell populations (B),
where CD31+, NG2+, and nuclei imaged in red, green, and blue, respectively, and quantified via imaged (C).
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5.4. Conclusions

In this chapter, an in vivo splinted wound healing model was utilized to systematically
assess the effect of various scaffolds on tissue repair. It is widely accepted that material choice
significantly affects host-material interactions, therefore we investigated one of the most
commonly used scaffolds, fibrin, and compared it to another naturally found biopolymer,
hylauronic acid in the form of a porous hydrogel to evaluate its role in wound healing. Despite its
intrinsic pro-angiogenic activity and contribution to wound homeostasis, fibrin alone did not
accelerate wound closure. The natural effect of fibrin was enhanced with the addition of VEGF
nanocapsules to recapitulate what was observed with a basic empty porous HA scaffold.
Although similar vascularization among the various treatments was observed, only wounds
implanted with a porous scaffold resulted in increased wound closure and a tissue structure
more similar to native skin with significantly more mature vasculature (pericyte coverage) and a
trend towards a decreased fibrotic response. These observations were more pronounced with
the addition of plasmin-degradable VEGF nanocapsules to create an inductive composite

hydrogel.
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CHAPTER 6

ENHANCED TRANSFECTION FROM DNA-LOADED POROUS

HYALURONIC ACID HYDROGELS

6.1 Introduction

Gene delivery is an attractive therapeutic approach as it bypasses the complicated
process of recombinant protein expression, purification and refolding and can be used to
delivery any type of protein (e.g. extracellular, intracellular, membrane bound). Although gene
delivery was originally conceived to treat genetic disorders [163-165], it quickly expanded to the
treatment of cancer and tissue healing applications. For tissue healing applications, a scaffold is
often required in order to provide structural support to the growing tissue while the native tissue
regenerates as observed in Chapter 5. Thus, the combination of gene delivery and scaffolds is
an ideal approach to provide mechanical support and the bioactive signals needed for tissue
regeneration.

The development of materials for nonviral gene delivery has been driven by the promise
to provide a safer alternative than the use of viral gene delivery vectors [166]. These
approaches have focused on the development of novel nanocondensation or
nanoencapsulation strategies that can overcome delivery barriers associated with nonviral gene
delivery such as nanoparticle stability, targeted cellular internalization, endosomal escape,
nuclear entry and expression [64, 66, 67, 88]. Ultimately these approaches have led to the
development of more efficient gene transfer agents for the systemic delivery of genes. However,

these same approaches have not been successful in the delivery of genetic material from
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scaffolds for localized therapies. Recent scaffold-mediated nonviral gene delivery efforts have
primarily focused on surface adsorption of complexed DNA nanoparticles onto electrospun
polymer composites [167, 168] or collagen sponges [169, 170] for in vivo transfection, where
large amounts of DNA are needed (50 — 170 ug DNA per scaffold). Other groups, including
ours, have studied the encapsulation of these condensed DNA nanoparticles within a scaffold to
achieve more controlled transgene expression mediated by scaffold degradation in vivo. Huang
et al. demonstrated long-term (15 weeks) in vivo transfection from porous PLGA scaffolds
loaded with 200 ug condensed DNA with: (i) a reporter plasmid system and (ii) a therapeutic
plasmid in a rat cranial defect model [133, 171]. However, this large quantity of condensed DNA
did not achieve significant transfection over uncondensed DNA within a scaffold or a bolus
injection until 8 weeks post-implantation, suggesting that scaffold material choice dramatically
influences DNA availability for transfection. This was clearly illustrated by Meilander-Lin et al.
and Trentin et al., where agarose and fibrin gels loaded with only 25 and 10 ug condensed
pDNA, respectively, achieved transfection soon after implantation with healing effects when a
therapeutic plasmid was used [63, 102]. Moreover, we have recently shown that porous HA
hydrogels loaded with 20 ug reporter (pGFPluc) via caged nanoparticle encapsulation (CnE) are
able to transfect endogenous cells when implanted in a murine diabetic wound healing model
[33]. However at two weeks, the angiogenic response was not enhanced when a proangiogenic
plasmid was employed, suggesting that the polyplex availability and/or delivery can be
improved.

We hypothesized that gene delivery from our porous hyaluronic acid (HA) hydrogels
would be considerably enhanced by an approach that could initiate degradation of our scaffold
while retaining our DNA payload, allowing for improved infiltration of endogenous cell
populations to release the DNA for transfection via cell-mediated degradation of the matrix.

Here we show that pre-treating our DNA loaded porous HA gels with various concentrations of
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hyaluronidase (HAase) results in jumpstarting gel degradation without significant loss of DNA in
gels loaded via caged nanoparticle encapsulation. This HAase pre-treatment resulted in
significant in vitro transfection independent of resultant changes in bulk gel stiffness. Moreover,
these observations of enhanced transfection was confirmed in vivo with a murine wound healing
model with a reporter plasmid encoding for green fluorescent protein (pGFP). Enhanced
transgene expression motivated our application of this approach to deliver a therapeutic plasmid
encoding for vascular endothelial growth factor (pVEGF) in our wound healing model. This
substantial improvement in transfection translated to more rapid wound closure, cellular
infiltration, and vascularization, offering this approach as a useful tool for tissue repair, and a

promising approach for in vivo transfection, as a whole.

6.2 Materials and methods

6.2.1 Materials

Peptides Ac-GCRDGPQGIWGQDRCG-NH2 (HS-MMP-SH) and Ac-GCGYGRGDSPG-
NH2 (RGD) were purchased from Genscript (Piscataway, NJ). Sodium hyaluronan (HA) was a
gift from Genzyme Corporation (60 kDa, Cambridge, MA). All other chemicals were purchased

from Fisher Scientific (Pittsburgh, PA) unless otherwise noted.

6.2.2 Hyaluronic acid-acrylate modification

Sodium hyaluronan was modified to contain acrylate functionalities as previously
described [154]. Briefly, hyaluronic acid (2.0 g, 5.28 mmol, 60 kDa) was reacted with 18.0 g
(105.5 mmol) adipic acid dihydrazide (ADH) at pH 4.75 in the presence of 4.0 g (20 mmol) 1-
ethyl-3-[3-dimethylaminopropyl] carbodiimide hydrochloride (EDC) overnight and purified

through dialysis (8000 MWCO) in deionized (DI) water for two days. The purified intermediate
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(HA-ADH) was lyophilized and stored at -20 °C until used. Approximately 60 % of the carboxyl
groups were modified with ADH, which was determined using 1TH-NMR (D-0) by taking the ratio
of peaks at 6 = 1.6 and 2.3 corresponding to the eight hydrogens of the methylene groups on
the ADH to the singlet peak of the acetyl methyl protons in HA (6 = 1.88). HA-ADH (1.9 g) was
reacted with N-acryloxysuccinimide (NHS-Ac) (1.33 g, 4.4 mmol) in HEPES buffer (10 mM
HEPES, 150 mM NaCl, 10 mM EDTA, pH 7.2) overnight and purified through dialysis against a
100 mM to 0 mM salt gradient for 1 day, and then against DI water for 3-4 days before
lyophilization. The degree of acrylation was determined to be ~10% using 1H-NMR (D.O) by
taking the ratio of the multiplet peak at & = 6.2 corresponding to the cis and trans acrylate

hydrogens to the singlet peak of the acetyl methyl protons in HA (& = 1.88).

6.2.3 DNA/PEI polyplex formation

DNA and PEI (linear, 25 kDa) (N/P=7) were mixed to form nanoparticles through
vortexing for 15 s and incubating for 15 min at room temperature before hydrogel formation.
Polyplexes were found to be ~140 nm (z-average, diameter) with polydispersity indexes (PDI)

~0.09-0.1.

6.2.4 CnE, polyplex lyophilization

For caged nanoparticle encapsulation (CnE), plasmid DNA (100 ug) and L-PEI (91.3 ug)
[N/P=7] were mixed in 3.5 ml water in the presence of 35 mg (0.10 mmol) sucrose and
incubated at room temperature for 15 min. Following incubation, 1.5 ml low-melting point
agarose (0.67 mg/ml) was added prior to lyophilization. Each aliquot was intended for 100 pl

hydrogel with DNA at 1 pg/ul.
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6.2.5 PMMA microsphere template for porous hydrogel formation

Microsphere templates for porous hydrogels were prepared via chemical sintering as
previously described [154]. Briefly, commercially acquired PMMA microspheres (53-63 um dia.)
were re-suspended in 1 % acetone in 70 % ethanol at 0.4444 mg/ml. Microspheres (21 mg/well)
were pipetted into PDMS wells generated via punching out discs (6mm, dia.) in PDMS sheets
(5mm thick) and adhered onto sigmacoted glass slides. The microsphere suspension was
incubated at 37 °C for ~1 h to evaporate the acetone/ethanol to leave a neatly packed

microsphere template. For CnE, the molds were heat sintered briefly for 1-2 h at 150 °C.

6.2.6 Porous hydrogel formation

Hydrogels were formed by Michael-type addition of acrylate-functionalized hyaluronic
acid (HA-Ac) with bis-cysteine containing MMP peptide cross-linkers at pH 7.6-7.8. Prior to
reaction, a hydrogel precursor solution was generated by mixing HA-Ac with a lyophilized
aliquot of cell adhesion peptide, RGD, for 30 min at 37 °C. Following incubation, HA-Ac-RGD
was mixed with the remaining HA-Ac and TEOA (0.3 M, pH 8.8) for a final gel concentration of
3.5% w/v% HA. For in vitro and in vivo experiments, the final RGD/HA cluster ratio was 1.17,
with 100 uM RGD. Finally, lyophilized aliquots of the cross-linker were dissolved in TEOA (0.05
mg/ul) immediately before addition to a mixture of lyophilized (CnE) or fresh polyplexes and the
hydrogel precursor solution. For porous hydrogels, 20 pl of gel solution was then added directly
onto the PMMA microsphere template and perfused into the template via centrifugation at 750 g
for 10 min at 4 °C. The molds were then incubated at 37 °C for 30 min to induce polymerization.
Following polymerization, the gels were submerged in acetone for 48 h with periodic acetone
changes to dissolve out remaining PMMA microspheres. The porous hydrogels were hydrated

in PBS+1% penicillin-streptomycin (P/S) (pH=7.4) as needed.
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6.2.7 Polyplex visualization

To visualize the polyplex distribution, hydrated gels with encapsulated DNA via CnE
were stained with 1x SYBR Green (Life Technologies, Grand Island, NY) for 2 h. Following a
PBS wash, the porous hydrogels were imaged via confocal (Nikon C2) microscopy. The
hydrogels were then exposed to HA-ase (5000 U/ml) for 2 h and imaged at the initial exposure
settings to visualize the effect of hyaluronidase on DNA release. To better visualize the
distribution of the polyplexes throughout the hydrogel, multiple z-stacks were taken for each

image and presented as maximum intensity projections.

6.2.8 Radiolabeled DNA

6.2.8.1 Radiolabeling and purification

Plasmid DNA was radiolabeled with 32P-dCTP (250 pCi) using a Nick translation kit
(Roche, Indianapolis, IN) as per instructed by the manufacturer’s protocol. Briefly, an equimolar
mixture of dATP, dGTP, dTTP, and 32P-dCTP was prepared and added to the DNA (12.5 ug)
solution. Once the enzyme solution was added to the mixture, the final solution was gently
mixed by pipetting and incubated for 35 min at 15 °C. The reaction was stopped by addition of
12.5 yl 0.5 M EDTA (pH=8.0) and heating to 65 °C for 10 min. The DNA was purified using the
DNA Clean & Concentrator-5 kit (Zymo Research, Irvine, CA) following manufacturer

instructions. The hot DNA was diluted to contain 0.15 % radiolabeled DNA.

6.2.8.2 DNA loading and release
Radiolabeled DNA was used in place of naked pDNA to study the DNA loading and
release from porous hydrogels as a result of hyaluronidase exposure. The porous hydrogel

formation method was the same as previously described for direct encapsulation of fresh
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polyplexes (-A/S) and CnE (+A/S). For porous hydrogels with direct encapsulation of fresh
polyplexes, a final concentration of 0.12 pg/ul DNA was used per 20 pl hydrogel. For porous
hydrogels with CnE, a final concentration of 1 ug/ul DNA was used per 20ul hydrogel. Porous
hydrogels with CnE or direct encapsulation of fresh polyplexes (n = 3) were hydrated in PBS
and then exposed to 500 pl HA-ase (0, 100, or 5000 U/ml) for 2 h at 37 °C. The hydrogels were
then washed in 500 pl PBS for 10 min at RT to remove any residual HA-ase. Following the
wash, all hydrogels were exposed to 500 ul collagenase type | (Col I, 1 U/ml) at 37 °C. At each
step, 500 pl of the solution was collected for later analysis. At each indicated time point, 500 pl
of the solution was collected and replaced with 500 pl of fresh Col I. Following the final solution
collection time point, the hydrogels were collected to be read in order to complete the mass
balance. DNA amounts were measured using a scintillation counter at the UCLA Chemistry core
facility where each sample (100 ul) was added to 2 ml scintillation cocktail fluid. DNA loading
experiments were conducted on porous gels loaded with DNA -A/S or +A/S. Whole gels were
read following hydration (0 U/ml HA-ase) and following 2 h HA-se exposure at 100 and 5000

U/ml HA-ase. The readout was analyzed using a standard curve.

6.2.9 In vitro transfection

Plasmid encoding for Gaussia luciferase (pCMV-GLuc) was used to study the
transfection from porous hydrogels exposed to HAase. The porous hydrogel formation method
was the same as previously described for direct encapsulation of fresh polyplexes (-A/S) and
CnE (+A/S). The porous hydrogels were hydrated in PBS + 1 % P/S to maintain sterility then
exposed to 500 pl HAase (0, 100, or 5000 U/ml) for 2 h at 37 °C. The hydrogels were then
washed in 500 pl PBS for 10 min at RT to remove any residual HA-ase. Mouse MSCs were
seeded on the surface of the hydrogels by suspending cells (250 ul cells/gel, 1x106 cells/ml) in

a 1.5ml tube with 3-4 hydrated porous hydrogels. Surface coating was achieved by inverting
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and gently flicking the tube with cells and gels every 20 min for 3 h. Following 3 h, the gels were
washed with sterile PBS to remove non-adherent cells and then plated individually in a non-
tissue culture treated 48-well plate with fresh 500 ul cDMEM/well. The conditioned media was
collected daily and frozen immediately at -20°C for later analysis; each well was replaced with

fresh medium.

6.2.10 Gaussia luciferase assay

To quantify secreted Gaussia luciferase levels in the media, the collected samples were
thawed on ice and assayed using a Biolux Gaussia Luciferase Assay Kit (New England
BioLabs, Ipswich, MA) as instructed by the manufacturer’'s protocol. Briefly, 20 ul of each
sample was mixed with 50 pl 1x substrate solution, pipette/mixed for 2-3 s, and read for
luminescence with 5 sec integration. Values from the Gaussia luciferase assay were expressed

as relative light units (gRLU).

6.2.11 Mechanical Characterization

To study the effect of HA-ase pre-treatment on the mechanical stiffness on the gels,
porous hydrogels were formed as previously described for 32 pl hydrogels (40 mg
microspheres/ 8 mm dia. well). Once hydrated, the gels were exposed to 0, 100, 5000, or
10,000 U/ml HA-ase for 2 h at 37 °C. Following a PBS wash to remove residual HA-ase, the
storage and loss moduli were measured using a plate-to-plate rheometer (Physica MCR, Anton
Paar, Ashland, VA) with an 8 mm (dia.) plate under a constant strain of 0.1 % and angular
frequency ranging from 0.1 to 10 Hz. Hydrogels were generated as described above and cut to
8 mm in diameter using an 8 mm biopsy punch. To prevent the hydrogel from drying, a humidity

hood was utilized and the stage was set to 37 °C.

78



6.2.12 Engineering pEF1a-eGFP-2A-VEGF, biscistronic vector

Preparation of pEF1a-eGFP-2A-VEGF was performed using ligation-free overlap
extension PCR cloning with the Gibson assembly mix (New England BiolLabs, Ipswich, MA)
according to the manufacturer’s instructions, a technique adapted from Szymczak-Workman et
al [172]. The overlapping gene inserts and linearized backbone were amplified by PCR using
Phusion High-Fidelity polymerase (New England BioLabs, Ipswich, MA). Dpnl (New England
BioLabs, Ipswich, MA) was used to digest the template remaining in the PCR product. Primers
were designed to have 20-30 bp of overlap between the insert and the vector.
First, to enable bicistronic, stoichiometric expression of two genes with one promoter, a two-
gene insert was prepared with a short, self-cleaving 2A peptide sequence from porcine
teschovirus-1 incorporated between the two genes (5-
GGATCCGGAGCCACGAACTTCTCTCTGTTAAAGCAAGCAGGAGACGTGGAAGAAAACCCC
GGTCCT-3). This was done via overlap extension PCR; gene inserts were amplified with
overlapping primers containing part of the 2A sequence to produce a (gene A)-2A-(gene B)
insert with ends that overlap with the linearized vector. Insertion of this recombinant PCR
product into the linearized vector was performed with Gibson assembly. Confirmation of correct
vector construction was achieved by performing colony PCR and sequencing of the amplified

plasmids.

6.2.13 Splinted wound healing model

All in vivo studies were conducted in compliance with the NIH Guide for Care and Use of
Laboratory Animals and UCLA ARC standards. Female balb/C mice each aged 4-6 weeks and
weighing 16-20 grams were used. Porous hydrogels containing pEF1a-eGFP-2A-VEGF were
formed as described above and cut to 4 mm in diameter using a sterile biopsy punch, for final

overall dimensions of 4mm x 1 mm, D x H. In fabricating the hydrogels, the starting reagents
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were sterilized through filtering with a 0.22 pm filter. After scaffold fabrication, the hydrogels
were stored in acetone until surgery day. On the day of surgery, the hydrogels were hydrated
and exposed to various HA-ase treatments for 2 h, then washed with sterile PBS and kept in
PBS with 1 % P/S. Immediately prior to surgery, mice were anesthetized with 3-3.5 % isoflurane
through a nose cone inhaler. After anesthesia induction, the isoflurane concentration was
lowered to 1.5-2 % for the remainder of the surgery. The back of the mouse was subsequently
shaved with all remaining hair was removed with Nair (< 1 min), and finally sterilized with
povidone-iodine (Betadine, Stamford, CT) and 70 % ethanol. Two full-thickness wounds were
then generated using a 4 mm biopsy punch and the hydrogels were placed directly into the
wounds. Sterilized silicon rings (6 mm dia., 0.5 mm thick) sandwiched between two sterile
pieces of Tegaderm (i.e. splints with non-stick, clear windows) were fixed to the outside of the
wound using tissue adhesives, Mastisol and Vetbond. The splints were then lightly pressed
down to generate contact with the hydrogel and skin bordering the wound. Eight interrupted
sutures (5-0 Prolene, Ethicon, Somerville, NJ) were also utilized to hold the splint in place.
Finally, additional adhesive (Tegaderm, Baxter, Deerfield, IL) was placed around the outer
edges of the splints and the mice were wrapped in an elastic gauze (VetRap, 3M, Saint Paul,
MN) to further prevent the splint removal for the duration of the study. All animals were
observed daily for signs of inflammation and pain. Buprenorphine injections were administered
every 12 h for the first 48 h post survival surgery. At each time point (5 and 10 days, n=4-6),
animals were sacrificed with isoflurane overdose and cervical dislocation. 8 mm diameter pieces
of tissue were collected from each mouse containing the implant and the surrounding tissue and

skin using a biopsy punch and preserved in OCT cryoblocks.
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6.2.14 Wound closure
Digital images of wounds at designated time points were used to assess wound closure.

A ruler and/or the known diameter of the splint were used as a reference.

6.2.15 Immunofluorescence and Immunohistochemistry

OCT embedded sections (25 um thick) were thawed and fixed with cold acetone for 10
min. Sections were then washed with PBS and incubated in blocking buffer (5% normal goat
serum (Jackson Immuno Research Labs, West Grove, PA) + 0.05% Tween-20 in PBS) for 1 h
at RT before being incubated in primary antibody solution (1:100 rat anti-mouse CD31 (BD
Pharmingen, San Diego, CA), 1:200 rabbit anti-mouse NG-2 (Millipore), 1:100 rat anti-mouse
Ly6G, 1:100 mouse anti-mouse fibroblasts) overnight at 4 °C. Sections were again washed with
PBS and incubated in blocking buffer for 10 min at RT before being incubated for 2 h at RT in
secondary antibody solution (1:100 goat anti-rat Alexa 568, 1:100 goat ant-mouse Alexa 555,
and 1:100 goat anti-rabbit Alexa 488 (Invitrogen, Grand Islands, NY), and DAPI nuclear stain
(1:500 dilution, Invitrogen, Grand Island, NY). Sections were then washed twice in PBS,
mounted and imaged using a Nikon C2 confocal microscope. All hematoxylin and eosin (H&E)
staining of sections was conducted by the Translational Pathology Core Laboratory (TPCL) at

UCLA.

6.2.16 Quantification and characterization of transfection and immune response in vivo

Three separate sections (25 um thick) at least 150 ym apart were analyzed for each
sample to obtain representative data. Five areas (one at each wound edge, three along the
wound) were imaged on each vertical cross-section at 40X magnification with a water

immersion lens, with 15 images total per animal. GFP+ and Ly6G+ area was quantified by
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using ImagedJ software. A threshold was applied to capture positive signal based on

fluorescence intensity; positively stained areas were normalized to the total imaged area.

6.2.17 Quantification and characterization of cellular infiltration and blood vessels in vivo

Three separate sections (25 um thick) at least 150 ym apart were analyzed for each
sample to obtain representative data. For blood vessel characterization, three areas (one at
each wound edge, one in the center) were imaged on each vertical cross-section at 20X
magnification, with 9 images total per animal. CD31+, NG2+, and DAPI+ area was quantified
by using ImageJ software. A threshold was applied to capture positive signal based on

fluorescence intensity; positively stained areas were normalized to the total imaged area.
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Figure 6.1. Approach for releasing DNA/PEI polyplexes for enhanced transfection. (A) Schematic of
DNA loading, porous hyaluronic acid (HA) gel formation, and the effect of hyaluronidase (HAase) (B).
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6.3 Results and Discussion

6.3.1 Effect of HAase on DNA loading and release
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Figure 6.2 DNA/PEI polyplexes release as a function of HAase concentration. DNA loaded porous HA
gels via direct encapsulation (-A/S) were imaged via fluorescent microscopy to evaluate stained DNA
intensity before and after 5 kU/ml HAase treatment (A), and DNA retention (*p<0.05, t-test; B) and release
due to enzymatic degradation (C, D) was quantified with radiolabeled DNA as a result of various HAase
treatments. Similarly, DNA loaded porous HA gels via caged nanoparticle encapsulation (+A/S) were (E)
imaged via fluorescent microscopy to evaluate stained DNA intensity before and after 5 kU/ml HAase
treatment, and DNA retention (*p<0.05, t-test; F) and release due to enzymatic degradation (G, H) was
quantified with radiolabeled DNA. Data represent the meantSD. Scale bars, 50 um.

To validate our previously developed technique to achieve high DNA loading within our
porous HA gels, we generated DNA loaded hydrogels via two approaches in parallel and
studied DNA retention, enzyme-mediated release, and in vitro transfection as a result of
exposure to various concentrations of HAase, ranging from 0 to 5 kU/ml (Figure 6.1A, B). In the
first commonly used approach (-A/S), nonviral plasmid DNA was complexed to linear
polyethyleneimine (PEI) to form DNA/PEI polyplexes to be directly encapsulated within the gel
precursor to form a porous HA hydrogel. In the second approach (+A/S), caged nanoparticle
encapsulation (CnE) was employed where the DNA/PEI polyplexes were lyophilized in the

presence of agarose and sucrose prior to porous gel formation to achieve higher DNA loading

83



with minimal aggregation within the gel [31, 113, 173]. DNA retention was visually evaluated by
fluorescence imaging of DNA loaded gels stained for DNA before and after exposure to HAase
at 5 kU/ml (Figure 6.2A, E). The significant decrease in fluorescence intensity (stained DNA) in
gels loaded with direct DNA encapsulation (-A/S) was confirmed with radiolabeled DNA
retention studies where 18 % of DNA was lost due to the HAase treatment (Figure 6.2B).
Conversely, porous gels loaded via CnE (+A/S) maintained high fluorescence intensity and
experienced a moderate loss of DNA at 7.64 % due to HAase exposure (Figure 6.2F). Notably,
gels generated +A/S were able to achieve 18-fold higher DNA loading than its counterpart, -A/S,
making it an attractive delivery system for localized, sustained transfection.

We hypothesized that HAase would degrade fragments of hyaluronic acid to increase
the physical availability of our MMP-degradable peptide crosslinks for cell-mediated enzymatic
degradation and ultimate release of polyplexes for transfection. We tested radiolabeled
DNA/PEI polyplex release from DNA loaded porous gels. Following exposure to various HAase
concentrations for 2 h, the porous gels were submerged in collagenase | (1 U/ml) and DNA
release was monitored daily. In both DNA loaded systems, -A/S and +A/S, we observed that an
increased concentration of HAase pre-treatment resulted in more rapid DNA release and gel
degradation (Figure 6.2C, D -A/S; Figure 6.2G, H +A/S). More specifically, DNA loaded gels
pre-treated with 5k and 100 U/ml HAase degraded within 24 h and 5 d, respectively, following
exposure to collagenase |. This confirms that HAase does indeed initiate HA gel degradation
and the degree of degradation is dependent on HAase concentration and further enhanced

following exposure to matrix metalloproteinases (MMPs).

6.3.2 HAase pre-treatment enhances in vitro transfection
The effect of HAase pre-treatment on in vitro transfection was investigated by generating

porous gels loaded with a secreted reporter plasmid encoding for gaussia luciferase, via -A/S or
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+A/S. Following exposure to various concentrations of HAase (2 h) and sterile PBS rinses,
porous gels were thoroughly coated with mouse mesenchymal stem cells (mMSCs) and
assayed for transfection from daily collections of media (Figure 6.3A). Transfection was similar
in gels loaded with direct encapsulation of DNA (-A/S) regardless of HAase treatment (Figure
6.3B, C). Conversely, DNA loaded porous gels +A/S experienced significant differences in
transfection as a result of HAase pre-treatment concentration (Figure 6.3E, F). Exposure of
DNA loaded gels to moderate HAase (100 U/ml) resulted in 7- to 16-fold increase in transfection
when compared to gels with no HAase treatment (0 U/ml) (Figure 6.3E). This increase in
transfection was more striking when compared to DNA loaded gels pre-treated with a high
concentration of HAase (5k U/ml), where differences ranged from 30- to 59-fold (Figure 6.3E).
Notably, in vitro transfection is sustained over 7 d with porous gels loaded +A/S (Figure 6.3E)
as compared to gels loaded with direct encapsulation (-A/S, Figure 6.3B). This may be
attributed to the total amount of DNA loaded within the gels; gels loaded with direct
encapsulation (-A/S) have approximately 18-fold less DNA than +A/S gels. Cumulative
transfection from gels loaded with direct encapsulation (-A/S) with various HAase treatments
were low and similar to untreated gels +A/S (Figure 6.3C). HAase pre-treatment significantly
increased cumulative transfection in gels loaded +A/S by 1 and 2 orders of magnitude for gels
pre-treated with 100 and 5k U/ml HAase, respectively (Figure 6.3F). This demonstrates the
necessity of gels loaded with DNA to employ CnE (+A/S) to increase the DNA payload in a gel
for sustained transgene expression, and the significant impact of HAase pre-treatment in
enhancing transfection in vitro. Moreover, the level of transfection was 1-2 orders of magnitude
higher than previously achieved in our lab [31], demonstrating the effect of HAase on enhancing

in vitro transfection.
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Figure 6.3 HAase improves in vitro transfection with gels containing high DNA payload. (A)
Schematic of gaussia luciferase assay conducted to test in vitro transfection with fluorescent image of
mMSCs migrating within the porous hyaluronic acid hydrogel. Gel, green; phalloidin, red; nuclei, blue. DNA
loaded porous HA gels via direct encapsulation (-A/S) were assayed for gaussia luciferase and transfection
was represented in kinetic relative light units (RLU) (B), and cumulative RLU (C) DNA loaded porous HA
gels via caged nanoparticle encapsulation (+A/S) were evaluated for changes in mechanical properties due
to HAase treatment (****p<0.0001, t-test; **p<0.01, t-test; D) and similarly assayed for gaussia luciferase,
where transfection was represented in kinetic RLU (*p<0.05, t-test; p<0.01, t-test; E) and cumulative RLU
(*p<0.05, t-test; tp<0.01, t-test; F). To decouple the effect of stiffness from HAase treatment, softer gels
were generated and confirmed with rheology, where the asterisk by 441Pa denotes the gel with HAase
treatment (****p<0.0001, t-test; *p<0.05, t-test; G) and employed to test transfection of plasmid encoding for

gaussia luciferase (*p<0.05, t-test; H, *p<0.05, t-test; **p<0.01, t-test; I). Data represent the meanSD.
Scale bar, 50 um.

Since HAase degrades the porous HA hydrogel, it was important to study its effect on

gel mechanical properties. Rheological analyses of DNA loaded porous gels +A/S were
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performed following various HAase treatments for 2 h demonstrate that bulk gel stiffness
significantly decreased with increasing HAase treatment concentration (Figure 6.3D). To
decouple the effect of bulk gel stiffness from HAase treatment on transfection, we generated 2
% (w/v) HA porous gels with a lower initial storage modulus (365 Pa), where the gels were
significantly softer than 3.5 % (w/v) HA porous gels without (740 Pa), and with 5k U/ml HAase
treatment (441 Pa) (Figure 6.3G). Transfection from the 365 Pa gels without HAase treatment
was significantly lower than a 441 Pa gels with HAase treatment, and similar to gels with higher
moduli without HAase treatment (740 Pa) (Figure 6.3H, I). This demonstrates that enhanced
transfection can be attributed HAase treatment of the gels and not simply due to low bulk

mechanical stiffness.
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Figure 6.4 HAase pre-treatment enhances transfection in vivo in murine wound healing model. (A)
Representative staining of tissue cross sections for GFP (green), Ly6G (red), and nuclei (blue) of wounds 5
and 10 days post-implantation with DNA loaded porous HA gels following various HAase treatment.
Quantification of GFP+ and Ly6G+ area was evaluated at day 5 (***p<0.001, t-test; B, C) and day 10
(*p<0.05, t-test; **p<0.01, t-test; D, E) by measuring area from 5 random regions per tissue section across
three different sections at least 150 um apart (n=4-6). GFP transfection increased over time (***p<0.001, t-
test; ****p<0.0001, t-test; F) while the immune response became quiescent (**p<0.01, t-test; G). Data
represent the mean+SEM. Scale bars, 50 ym.

6.3.3 HAase pre-treatment enhances transfection in vivo

Due to the enhanced in vitro transfection from gels loaded with DNA +A/S as compared
to direct encapsulation (-A/S), we decided to employ DNA loaded gels +A/S as our delivery
system for our in vivo studies. We performed a human-relevant murine splinted wound healing
model where full-thickness dermal wounds were created in the backs of balb/c mice and
splinted open to allow for re-epithelialization and granulation, rather than skin contraction, as the

primary mode of healing.[174] Porous gels loaded with a plasmid encoding for a reporter
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protein, GFP, were treated with various HAase concentrations and implanted in the wounds to
study transfection 5 and 10 days post-injury. HAase pre-treatment concentrations were selected
to be 0 and 5 kU/ml to reflect our in vitro transfection observations. We also investigated DNA
loaded porous gels pre-treated with 10 kU/ml HAase to assess whether a higher HAase
concentration would result in even more enhanced transfection as compared to 5 kU/ml. Tissue
sections were stained for GFP+ and Ly6G+ cells, indicative of the presence of transfected cells
and neutrophils/immune cells, respectively (Figure 6.4A). At day 5, we observed a 4-fold
increase in transfection (GFP+ area) in wounds implanted with DNA loaded gels pre-treated
with HAase when compared to the control (0 kU/ml) suggesting that the HAase pre-treatment is
necessary for enhanced in vivo transfection (Figure 6.4B). Analysis of Ly6G+ area
demonstrates similar immune response to the scaffolds at day 5 (Figure 6.4C). Transfection
persisted through 10 days, where DNA loaded porous gels pre-treated with 5 kU/ml HAase
resulted in highest transfection when compared to 0 and 10 kU/ml HAase treated gels (Figure
6.4D). Again, similar immune response was observed across groups by day 10 (Figure 6.4E).
This study demonstrates that transfection from DNA loaded porous gels significantly increases
over time as endogenous cells infiltrate the gel, and the overall transfection is enhanced with
pre-treatment of the gel with HAase (Figure 6.4F). Moreover, since untreated (0 kU/ml) gels
resulted in eventual increased transfection, this investigation suggests that the degree of
transfection can be temporally shifted by tuning the concentration of the HAase pre-treatment
prior to implantation. Additionally, it is important to note that the immune response to these
implanted DNA loaded porous gels aligned with a response expected for an acute wound,
where neutrophil presence is high at the onset of the inflammatory phase in response to injury

and diminishes within several days for tissue remodeling to occur (Figure 6.4G) [175].
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Figure 6.5 HAase pre-treatment of porous HA gels loaded with therapeutic proangiogenic plasmid
leads to more rapid wound closure in a murine wound healing model. (A) Schematic of initial wound,
implantation with DNA loaded porous HA gel, and newly formed tissue over time. (B) Wound closure was
visually observed via digital photography over time and wound area was quantified to assess the effect of
HAase-mediated transfection with a therapeutic plasmid (n=10-11) (**p<0.01, t-test; ***p<0.001, t-test; C).
(D) Representative H&E stained wound cross sections show the degree of cellular infiltration from the edge
to the center at day 5 and 10 as a result of various HAase pre-treatments. Scale bars, 125 pm (D)

6.3.4 In vivo transfection with a therapeutic plasmid encoding for VEGF

To evaluate in vivo transfection with a therapeutic plasmid, we employed porous
hydrogels loaded with plasmid encoding for vascular endothelial growth factor (VEGF), a potent
regulator of angiogenesis, and assessed wound closure, cellular infiltration, and vascularization
within the newly formed granulation tissue. Digital images taken of wounds implanted with DNA
loaded porous gels treated with various HAase concentrations demonstrate substantial wound
closure with HAase pre-treatment by day 5 (Figure 6.5B). Differences in wound closure was
confirmed with quantification of wound area over time, where wound area was significantly
smaller with wounds implanted with gels pre-treated with 5 kU/ml HAase (53.64 + 7.12 %) and
10 kU/ml HAase (50.64 + 8.04 %) as compared to untreated gels (0 kU/ml, 85.97 + 3.23 %)
suggesting that wound healing was improved with enhanced transfection of the pro-angiogenic

plasmid (Figure 6.5C). Moreover, evaluation of histological staining of wound cross sections
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showed that gels with increasing HAase concentration pre-treatment resulted in a greater
degree of cellular infiltration from the edge of the implanted gel through the center (Figure
6.5D). This increased cellular infiltration may be attributed to a variety of reasons that include
bulk stiffness and transfection. Decreased bulk mechanical stiffness of the gels as a result of
HAase degrading the HA polymer chains increases the physical availability of infiltrating cells to
enzymatically degrade the MMP-sensitive crosslinkers. This in turn allows cells to more easily
migrate and degrade the surrounding gel, creating more routes for infiltration. Additionally,
successful transfection and resultant VEGF expression alone may also increase cellular
infiltration since VEGF induces endothelial cell migration and proliferation [176, 177].
Immunofluorescence staining for vascularization focused on CD31+ and NG2+ cell populations
within the newly formed granulation tissue, indicative of endothelial and mural cells, respectively
(Figure 6.6A). At day 5 post-injury, newly formed granulation tissue in wounds treated with DNA
loaded gels had a positive trend in CD31+ endothelial cells with increasing HAase pre-treatment
concentrations, where gels pre-treated with 5 and 10 kU/ml HAase had 24- and 55-fold
increase, respectively, in CD31+ area compared to its untreated counterpart (0 kU/ml) (Figure
6.5B). NG2+ staining demonstrated increased mural cell populations in wounds implanted with
gels pre-treated with 5 kU/ml HAase (Figure 6.5C). Quantification of DAPI+ area to evaluate
cell populations within the newly formed granulation tissue as a result of various HAase pre-
treatments in DNA loaded porous gels confirmed histological observations (Figure 6.5D), where
HAase pre-treated (5 and 10 kU/ml, respectively) gels had a marked and significant increase in
cell populations ranging from 2.73- and 4.16- fold greater than untreated gels at day 5 (Figure
6.6D). At day 10, CD31+ stained endothelial cell area was sustained where DNA loaded porous
gels pre-treated with 10 kU/ml HAase had the greatest population of endothelial cells (Figure
6.6E). Quantification of NG2+ and DAPI+ area was similar among the groups (Figure 6.6F, G).

This evaluation of wound vascularization demonstrates that transgene expression of a potent
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pro-angiogenic regulator can be enhanced with HAase pre-treatment and achieve sustained
CD31+ and NG2+ cell populations over the course of 10 d (Figure 6.6H, I, J). This is especially
significant since the proliferative stage of wound healing occurs 2-10 days post-injury [2, 178],
when angiogenesis peaks, thus validating our system for improved wound healing in a clinically

relevant time period.
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Figure 6.6 HAase pre-treatment of porous HA gels loaded with therapeutic proangiogenic plasmid
leads to more enhanced vascularization in a murine wound healing model. (A) Representative images
of granulation tissue stained for CD31 (red), NG2 (green), and nuclei (blue) show more vascularization as a
result of HAase pre-treatments. Quantification of CD31+, NG2+, and DAPI+ area was evaluated at day 5
(***p<0.001, t-test; B, **p<0.01, t-test; C, *p<0.05, t-test; **p<0.01, t-test; ****p<0.0001, t-test; D) and day 10
(*p<0.05, t-test; E, F, *p<0.05, t-test; G) by measuring area from 3 random regions per tissue section across
three different sections at least 150 ym apart (Figure 6.5A) (n=4-6). HAase pre-treated gels loaded with
plasmid encoding for VEGF achieved sustained vascularization and larger cell populations in the newly
formed granulation tissue, in general (H, I, **p<0.01, t-test; J). Data represent the meantSEM. Scale bars,
100 pm (A).
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6.4 Conclusions

Collectively, this chapter demonstrates an improved approach at achieving enhanced
and sustained in vivo transfection in a human-relevant wound healing model. We validated use
of caged nanoparticle encapsulation (CnE, +A/S) for high DNA loading into our porous HA
hydrogels, resulting in enhanced and sustained transfection following HAase pre-treatment
irrespective of mechanical stiffness. Furthermore, following confirmation of in vivo transfection
with a reporter plasmid, we applied our approach to a system delivering a therapeutic plasmid
encoding for VEGF and demonstrated substantial improvement on wound closure, cell
infiltration, and vascularization in a wound healing model. In this chapter, we primarily focused
on enhancing in vivo transfection and subsequently applied it to a model for tissue repair;
however we believe that this promising approach is highly tunable for the delivery of any

nonviral plasmid DNA to achieve successful, localized therapies.
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CHAPTER 7

DUAL GENE DELIVERY FROM TWO HYDROGEL SYSTEMS:

SURFACE COATED VS. TWO PHASE HYDROGELS

7.1 Introduction

In Chapter 6, we discussed a novel approach to achieve enhanced transfection from
porous HA hydrogels by employing hyaluronidase pre-treatment to better facilitate transfection
via cell-mediated gel degradation and DNA release. Moreover, we employed our porous
hydrogel system to deliver only one gene, namely plasmids encoding for GFP or VEGF, to
explore transfection as a whole, and a basic investigation of its therapeutic, pro-angiogenic
potential. However, angiogenesis is a complex process that is critically dependent on multiple
factors at each step [14]. Therefore, despite achieving rapid vascular ingrowth from pVEGF
delivery alone, the delivery of multiple factors from our porous hydrogels may be required to
improve the quality of vascularization for improved wound healing.

Vascular endothelial growth factor (VEGF) is an important pro-angiogenic bioactive cue
that induces endothelial cell migration and proliferation [179] for blood vessel formation, while
platelet derived growth factor (PDGF) assists in the recruitment and proliferation of smooth
muscle cells and perictyes, aiding in vessel maturation [180]. For this reason, there have been
several studies conducted on the dual delivery of VEGF and PDGF from alginate [181], PLG
[182, 183], PELCL [184], PEG [185], and polyurethane [186] scaffolds. However, in vitro
release studies often show a burst release of growth factors within the first 24 h which does not

simulate a normal physiological response to injury. Maximal VEGF activity occurs approximately
94



between 3-7 days following injury, within the proliferative stage of wound healing when new
tissue is formed [2, 178], and expression of avpf3, an integrin associated with VEGF activity,
disappears by day 7 as VEGF returns to baseline levels [179]. Moreover, the role of PDGF may
extend to the later stages of wound healing where PDGF can stimulate fibroblasts to produce
and secrete collagenase [187], an event in remodeling that occurs much later at 2-3 weeks
following injury [2]. Thus to combat the concerns of growth factor cost, storage, and burst
release from scaffolds, many groups have investigated dual or multiple gene delivery. The
advantages include bioactivity preservation for longer time periods and potential for prolonged
protein expression levels at therapeutically relevant values, as well as synergistic cell-mediated
protein expression for enhanced tissue repair. Dual gene delivery has been investigated in vivo
in collagen-nanohydroxyapatite and electrospun PELA fibrous scaffolds for bone regeneration
and subcutaneous vascularization, respectively, demonstrating the powerful and therapeutic
effect of combinatorial gene therapy [188, 189].

Herein, we discuss our efforts to simulate the physiological development of blood
vessels by considering the specific role of growth factors and its order of delivery to aid in tissue
repair. In this chapter, we describe an investigation of two different gene delivery systems for
sequential gene delivery (with HAase treatment as described in Chapter 6) in vitro: (i) a porous
hydrogel encapsulated and surface coated with two distinct genes, respectively, and (ii) a two
phase hydrogel system with two different genes within each respective phase. Knowledge
gained from our in vitro transfection studies with reporter plasmids led us to design a hybrid of
our initially proposed systems to deliver plasmids encoding for VEGF and PDGF in a humanized
splinted murine wound healing model to investigate its therapeutic and pro-angiogenic capacity

in vivo.
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7.2 Materials and methods

7.2.1 Materials

Peptides Ac-GCRDGPQGIWGQDRCG-NH2 (HS-MMP-SH) and Ac-GCGYGRGDSPG-
NH2 (RGD) were purchased from Genscript (Piscataway, NJ). Sodium hyaluronan (HA) was a
gift from Genzyme Corporation (60 kDa, Cambridge, MA). All other chemicals were purchased

from Fisher Scientific (Pittsburgh, PA) unless otherwise noted.

7.2.2 Hyaluronic acid-acrylate modification

Sodium hyaluronan was modified to contain acrylate functionalities as previously
described8b. Briefly, hyaluronic acid (2.0 g, 5.28 mmol, 60 kDa) was reacted with 18.0 g (105.5
mmol) adipic acid dihydrazide (ADH) at pH 4.75 in the presence of 4.0 g (20 mmol) 1-ethyl-3-[3-
dimethylaminopropyl] carbodiimide hydrochloride (EDC) overnight and purified through dialysis
(8000 MWCO) in deionized (DI) water for two days. The purified intermediate (HA-ADH) was
lyophilized and stored at -20 °C until used. Approximately 71 % of the carboxyl groups were
modified with ADH, which was determined using 1H-NMR (D20) by taking the ratio of peaks at &
= 1.6 and 2.3 corresponding to the eight hydrogens of the methylene groups on the ADH to the
singlet peak of the acetyl methyl protons in HA (& = 1.88). HA-ADH (1.9 g) was reacted with N-
acryloxysuccinimide (NHS-Ac) (1.33 g, 4.4 mmol) in HEPES buffer (10 mM HEPES, 150 mM
NaCl, 10 mM EDTA, pH 7.2) overnight and purified through dialysis against a 100 mM to 0 mM
salt gradient for 1 day, and then against DI water for 3-4 days before lyophilization. The degree
of acrylation was determined to be ~13% using 1H-NMR (D.O) by taking the ratio of the
multiplet peak at & = 6.2 corresponding to the cis and trans acrylate hydrogens to the singlet

peak of the acetyl methyl protons in HA (5 = 1.88).
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7.2.3 DNA/PEI polyplex formation and surface coating

DNA and L-PEI (N/P=7) were mixed to form nanoparticles through vortexing for 15 s and
incubating for 15 min at room temperature before hydrogel formation. To surface coat porous
hydrogels, gels placed in a 1.5 ml tube with a solution of polyplexes (0.2 ug/ul, 50 uL/gel) were
inverted and gently flicked every 20 min for 2 h at RT. Following the coating procedure, the gels

were rinsed with PBS three times to remove any unbound polyplexes.

7.2.4 CnE, polyplex lyophilization

For caged nanoparticle encapsulation (CnE), plasmid DNA (100 ug) and L-PEI (91.3 pg)
[N/P=7] were mixed in 3.5 ml water in the presence of 35 mg (0.10 mmol) sucrose and
incubated at room temperature for 15 min. Following incubation, 1.5 ml low-melting point
agarose (0.67 mg/ml) was added prior to lyophilization. Each aliquot was intended for 100 pl

hydrogel with DNA at 1 pg/ul.

7.2.5 PMMA microsphere template for surface-coated and two phase hydrogel formation
Microsphere templates for surface-coated porous hydrogels were prepared via chemical
sintering as previously described [154]. Briefly, commercially acquired PMMA microspheres (53-
63 um dia.) were re-suspended in 1 % acetone in 70 % ethanol at 0.4444 mg/ml [cite chemical
sintering]. Microspheres (21 mg/well) were pipetted into PDMS wells generated via punching out
discs (6mm, dia.) in PDMS sheets (5mm thick) and adhered onto sigmacoted glass slides. For
two phase hydrogels, each 6 mm diameter well contained an additional 2 mm diameter PDMS
post in the center and was filled with 15 mg PMMA microspheres (0.4444 mg/ml re-suspension).
The microsphere suspension was incubated at 37 °C for ~1 h to evaporate the acetone/ethanol
to leave a neatly packed microsphere template. For CnE, the molds were heat sintered briefly

for 1-2 h at 150 °C.
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7.2.6 Hydrogel formation

Hydrogels were formed by Michael-type addition of acrylate-functionalized hyaluronic
acid (HA-Ac) with bis-cysteine containing MMP peptide cross-linkers at pH 7.6-7.8. Prior to
reaction, a hydrogel precursor solution was generated by mixing HA-Ac with a lyophilized
aliquot of cell adhesion peptide, RGD, for 30 min at 37 °C. Following incubation, HA-Ac-RGD
was mixed with the remaining HA-Ac and TEOA (0.3 M, pH 8.8) for a final gel concentration of
3.5% w/v% HA. For in vitro and in vivo experiments, the final RGD/HA cluster ratio was 1.17,
with 100 uM RGD. Finally, lyophilized aliquots of the cross-linker were dissolved in TEOA (0.05
mg/ul) immediately before addition to a mixture of lyophilized polyplexes (CnE) and the hydrogel
precursor solution. For surface-coated porous hydrogels, 20 pl of gel solution was then added
directly onto the PMMA microsphere template and perfused into the template via centrifugation
at 750 g for 10 min at 4 °C. The molds were then incubated at 37 °C for 30 min to induce
polymerization. For two phase hydrogels, 15 ul of gel precursor was added onto the PMMA
microsphere template and centrifuged. Once polymerized, the 2 mm PDMS post was removed
and an additional 5 ul of another gel precursor was added to the central void volume. For gels
with a homogenous two phase composition, the PDMS post was removed immediately following
heat sintering and a total of 20 pl of gel precursor was added to the entire mold. Following
polymerization, the gels were submerged in acetone for 48 h with periodic acetone changes to
dissolve out remaining PMMA microspheres. The porous hydrogels were hydrated in PBS+1 %

penicillin-streptomycin (P/S) (pH=7.4) as needed.
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7.2.7 Hydrogel composition and mechanical characterization

7.2.7.1 Visual characterization via confocal microscopy and SEM

To visualize polyplex distribution in surface coated porous hydrogels, hydrated gels
before and after surface coating were stained with NHS-Alexa 350 (Invitrogen, Grand Island,
NY) and 1xSYBR green (Invitrogen, Grand Island, NY) for 1-2 h, when DNA was present.
Following PBS washes, the gels were imaged via confocal (Nikon C2) microscopy and
represented by maximum intensity projections of multiple z-stacks. Two phase gels formed with
two separate polymerizations (p-pore, then n-pore post) were visualized with scanning electron
microscopy (SEM) and fluorescent microscopy. SEM imaging was performed on hydrated two
phase hydrogels that were halved with the vertical cross section facing up and placed onto a dry
carbon tape-covered holder. Samples were imaged under low vacuum at 50 Pa, 10 kV, and
spot size of 3.0 using an FEI Nova Nano 230 SEM in the UCLA Molecular & Nano Archaeology
(MNA) facility. Confocal microscopy allowed visualization of two phase gels composed of gel
phases that were polymerized separately; the distinct gel phases were tagged with Alexa Fluor

555 C2 Maleimide and Alexa Fluor 350 Maleimide (Life Technologies, Grand Island, NY).

7.2.7.2 Mechanical characterization

To investigate the bulk mechanical properties of the two phase hydrogel, rheological
studies were conducted to compare the moduli of two phase gels to non-porous and porous
hydrogels. Nonporous gels were formed by similar methods as described as above, and instead
of perfusing it through a microsphere mold, 30 pl of the gel solution was sandwiched between
two sigmacoted slides using 1 mm thick plastic spacers and incubated at 37 °C for 30—45 min to
induce polymerization. Once complete, the gels were placed directly into sterile PBS and left in
PBS until ready for use. Porous and two phase hydrogels were formed as previously described.

Once hydrated and trimmed to 8 mm (diameter), the storage and loss moduli were measured
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using a plate-to-plate rheometer (Physica MCR, Anton Paar, Ashland, VA) with an 8 mm (dia.)
plate under a constant strain of 0.1% and angular frequency ranging from 0.1 to 10 Hz. To

prevent the hydrogel from drying, a humidity hood was utilized and the stage was set to 37 °C.

7.2.8 Radiolabeled DNA

7.2.8.1 Radiolabeling and purification

Plasmid DNA was radiolabeled with 32P-dCTP (250 pCi) using a Nick translation kit
(Roche, Indianapolis, IN) as per instructed by the manufacturer’s protocol. Briefly, an equimolar
mixture of dATP, dGTP, dTTP, and 32P-dCTP was prepared and added to the DNA (12.5 ug)
solution. Once the enzyme solution was added to the mixture, the final solution was gently
mixed by pipetting and incubated for 35 min at 15 °C. The reaction was stopped by addition of
12.5 yl 0.5M EDTA (pH=8.0) and heating to 65 °C for 10 min. The DNA was purified using the
DNA Clean & Concentrator-5 kit following manufacturer instructions. The hot DNA was diluted

to contain 0.15% radiolabeled DNA.

7.2.8.2 DNA release

Radiolabeled DNA was used in place of naked pDNA to study the DNA release from
surface coated and two phase hydrogels as potential sequential gene delivery systems. The
surface coated porous gel system would consist of encapsulated DNA and polyplexes adhered
to the surface of the pores as the two presentations of DNA. Since 32P was the only isotope
used to radiolabel the DNA, we deconstructed our system to two basic release studies: (i) 20 pl
porous hydrogels loaded with 1 ug/ul hot DNA via CnE (referred to as encapsulated) and (ii) 20
Ml porous hydrogels surface coated with polyplexes as described previously with hot DNA

(referred to as surface). Similarly, the two phase hydrogel system was deconstructed to reflect

100



the two different regions: (i) the first gel system contained 15 pl hot DNA loaded via CnE in the
porous region, with 5 ul normal gel in the center and (ii) the second system contained a normal
15 ul gel within the porous region with 5 ul hot DNA loaded via CnE at 1 pg/ul. Following
polymerization, PMMA microsphere dissolution was achieved as previously described. Once
hydrated, the hydrogels were exposed to 500 ul hyaluronidase (5,000 U/ml, HAase) for 2 h at 37
°C. The hydrogels were then washed in 500 ul PBS for 10 min at RT to remove any residual
HA-ase. Following the wash, all hydrogels were exposed to fresh PBS at 37 °C. At each step,
500 pl of the solution was collected for later analysis. All of the supernatant was collected daily
and refreshed with PBS for 10 d. Following the final solution collection time point, the hydrogels
were collected to be read in order to complete the mass balance. DNA amounts were measured
using a scintillation counter at the UCLA Chemistry core facility where each sample (100 ul) was
added to 2 ml scintillation cocktail fluid (Bio-safe Il, RPI Corp., Mount Prospect, IL).The readout

was analyzed using a standard curve.

7.2.9 In vitro transfection

Plasmids encoding for Gaussia luciferase (pCMV-GLuc) and secreted alkaline
phosphatase (pCMV-SEAP) were used to study the transfection from the different delivery
systems. The surface coated porous system consisted of a 20 ul porous gel loaded with 20 pg
pGLuc via CnE and surface coated with pSEAP polyplexes. The two phase hydrogel system
comprised of 15 ug pGLuc in the 15 pl porous region while the 5 pl nonporous center contained
5 ug pSEAP, all loaded via CnE. The porous hydrogels were hydrated in PBS + 1% P/S to
maintain sterility then exposed to 500 ul HA-ase (5000 U/ml) for 2 h at 37 °C. The hydrogels
were then washed in 500 ul PBS for 10 min at RT to remove any residual HAase. Mouse MSCs
were seeded on the surface of the hydrogels by suspending cells (250 ul cells/gel, 1x106

cells/ml) in a 1.5ml tube with 3-4 hydrated porous hydrogels. Surface coating was achieved by
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inverting and gently flicking the tube with cells and gels every 20 min for 3 h. Following 3 h, the
gels were washed with sterile PBS to remove non-adherent cells and then plated individually in
a non-tissue culture treated 48-well plate with 500 pl fresh cDMEM/well. Since pSEAP and
pGLuc inherently have different transgene expression profiles, it was necessary to obtain a
scaling factor. This was achieved by exposing seeded mSCs (25,000 cells/well) in a 48 well
plate to a bolus mixture of pSEAP and pGLuc polyplexes (0.4 ug each) for 4 h. Following 4h, the
media and any remaining polyplexes were collected and the wells were refreshed with fresh
media. The conditioned media was collected daily and frozen immediately at -20°C for later

analysis; each well was replaced with fresh medium.

7.2.10 Gaussia luciferase assay

To quantify secreted Gaussia luciferase levels in the media, the collected samples were
assayed using a Biolux Gaussia Luciferase assay kit (New England Biolabs, Ipswich, MA) as
instructed by the manufacturer’s protocol. Briefly, 20 pl of each sample was mixed with 50 ul 1x
substrate solution, pipette/mixed for 2-3 s, and read for luminescence with 5 s integration.

Values from the Gaussia luciferase assay were expressed as relative light units (gRLU).

7.2.11 SEAP assay

To quantify SEAP levels in the media, the collected samples were assayed using a
Phospha-Light SEAP assay kit (Life Technologies, Grand lIsland, NY) as instructed by the
manufacturer’s protocol. Briefly, 25 ul of each sample was added to 75 ul 1x dilution buffer and
heated for 30 min at 65 °C. Once the samples were cooled, 100 yl assay buffer was added and
incubated for 5 min at RT. Lastly, 100 ul of reaction buffer was added to each sample and
luminescence was read 20 min later with 1 s integration time. Values from the SEAP assay

were expressed as RLU.
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7.2.12 Cell proliferation

An alamarBlue® assay (AbD Serotec, Raleigh, NC) was used to quantify cell
proliferation rate. Surface coated and two phase hydrogels were constructed and seeded with
cells as previously described for in vitro transfection. 50 pl alamarBlue reagent with 500 pl
cDMEM was added to each well containing a hydrogel seeded with cells in a 48-well plate and
incubated at 37 °C for 4 h. The solutions were transferred to a new plate and absorbance was
measured at 570 nm and 600 nm using a standard plate reader. Four gels for each condition
were analyzed at each time point and proliferation rate was calculated following the

manufacturer’s instructions.

7.2.13 Splinted wound healing model

All in vivo studies were conducted in compliance with the NIH Guide for Care and Use of
Laboratory Animals and UCLA ARC standards. Female balb/C mice each aged 4-6 weeks and
weighing 15-20 grams were used. Hydrogels were formed as described above with final overall
dimensions of 6mm x 1 mm, D x H. In fabricating the hydrogels, the starting reagents were
sterilized through filtering with a 0.22 um filter. After scaffold fabrication, the hydrogels were
stored in acetone until surgery day. On the day of surgery, the hydrogels were hydrated and
exposed to 10 kU/ml HAase treatment for 2 h, then washed with sterile PBS and kept in PBS
with 1 % P/S. Immediately prior to surgery, mice were anesthetized with 3-3.5 % isoflurane
through a nose cone inhaler. After anesthesia induction, the isoflurane concentration was
lowered to 1.5-2 % for the remainder of the surgery. The back of the mouse was subsequently
shaved, all remaining hair was removed with Nair (< 1 min), and finally sterilized with povidone-

iodine (Betadine, Stamford, CT) and 70 % ethanol. Two full-thickness wounds were then
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generated using a 6 mm biopsy punch and the hydrogels were placed directly into the wounds.
Sterilized silicon rings (8 mm dia., 0.5 mm thick) sandwiched between two sterile pieces of
Tegaderm (i.e. splints with non-adhesive, clear windows) were fixed to the outside of the wound
using a tissue adhesive, Mastisol and Vetbond. The splints were then lightly pressed down to
generate contact with the hydrogel and skin bordering the wound. Eight interrupted sutures (5-0
Prolene, Ethicon, Somerville, NJ) were also utilized to hold the splint in place. Finally, additional
adhesive (Tegaderm, Baxter, Deerfield, IL) was placed around the outer edges of the splints
and the mice were wrapped in an elastic gauze (VetRap, 3M, St. Paul, MN) to further prevent
the splint removal for the duration of the study. For animals evaluated with bioluminescence
(n=6), four wounds were created in the mice backs and two Tegaderm bandages were
fabricated where a rectangular strip of Tegaderm (~10 x 20 mm) had its central region made
non-adhesive by applying another smaller strip of Tegaderm (~8 x 18 mm). Each Tegaderm
bandage was large enough to cover two wounds and still able to adhere to the skin.  All
animals were observed daily for signs of inflammation and pain. Buprenorphine injections were
administered every 12 h for the first 48 h post survival surgery. At day 7, animals (n=6) were
sacrificed with isoflurane overdose and cervical dislocation. 8 mm diameter pieces of tissue
were collected from each mouse containing the implant and the surrounding tissue and skin

using a biopsy punch and preserved in OCT cryoblocks.

7.2.14 Bioluminescence Imaging

To study in vivo transfection from our two phase gene delivery system, we again
deconstructed our system to three basic hydrogels containing plasmid encoding for firefly
luciferase (pCMV-GFP-FLuc) as previously described: (i) a two phase hydrogel with 15 ug DNA
in the porous phase only with surface coated polyplexes, (ii) a two phase hydrogel with 5 ug

DNA in the n-pore post only, and (iii) a two phase hydrogel with DNA in both p-pore and n-pore
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phase with a total of 20 ug DNA. All DNA loaded in the respective phases were incorporated via
CnE and the hydrogels were pre-treated with 10 kU/ml HAase for 2 h at 37 °C prior to
implantation. The animals were imaged on day 1 and every two days thereafter for 21 d. In vivo
luciferase expression was monitored using an IVIS imaging system (Xenogen Corp., Alameda,
CA). For imaging, the animals received 10 pl injections of D-luciferin (30 mg/ml, Gold
Biotechnology, St. Louis, MO) into each wound bed by inserting a 29 1/2G through the
Tegaderm bandage. The animals were placed in a ventilated, dark chamber and
bioluminescence images were acquired (every 5 min for a total of 20-25 min) until the peak light
emission was confirmed. With gray scale and bioluminescence images superimposed, a
constant size region of interest (ROI) was drawn over each wound site to measure total flux
(photons/s) using the Living Image software (Xenogen Corp., Alameda, CA). Reported data
represent the maximum total flux detected for each animal over the course of image acquisition.
Bioluminescence imaging data is represented as total flux normalized to background total fluxes
obtained by quantifying and averaging three random ROls within the superimposed image at

each time point.

7.2.15 Engineering biscistronic vectors

Preparation of pEF10-eGFP-2A-VEGF and pEF1a-mCherry-2A-PDGF was performed
using ligation-free overlap extension PCR cloning with the Gibson assembly mix (New England
BioLabs, Ipswich, MA) according to the manufacturer’s instructions, a technique adapted from
Szymczak-Workman et al [172]. The overlapping gene inserts and linearized backbone were
amplified by PCR using Phusion High-Fidelity polymerase (New England BioLabs). Dpnl (New
England BioLabs) was used to digest the template remaining in the PCR product. Primers were

designed to have 20-30 bp of overlap between the insert and the vector.
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First, to enable bicistronic, stoichiometric expression of two genes with one promoter, a
two-gene insert was prepared with a short, self-cleaving 2A peptide sequence from porcine
teschovirus-1 incorporated between the two genes (5-
GGATCCGGAGCCACGAACTTCTCTCTGTTAAAGCAAGCAGGAGACGTGGAAGAAAACCCC
GGTCCT-3’). This was done via overlap extension PCR; gene inserts were amplified with
overlapping primers containing part of the 2A sequence to produce a (gene A)-2A-(gene B)
insert with ends that overlap with the linearized vector. Insertion of this recombinant PCR
product into the linearized vector was performed with Gibson assembly. Confirmation of correct
vector construction was achieved by performing colony PCR and sequencing of the amplified

plasmids.

7.2.16 Wound closure

The two phase gene delivery system was utilized in the murine wound healing model
with biscistronic vectors encoding for pro-angiogenic proteins (VEGF and PDGF) in addition to
reporter proteins (GFP and mCherry). To study the effect of spatial plasmid presentation, we
employed two gene delivery systems: (i) a two phase hydrogel with 15 pg pEF1a-eGFP-2A-
VEGEF in the porous phase and 5 ug pEF1a-mCherry-2A-PDGF in the n-pore post with surface
coated polyplexes (pEF1a-eGFP-2A-VEGF, 0.2 ug/ul), and (ii) a two phase hydrogel with
homogenous distribution of pEF1a-eGFP-2A-VEGF and pEF1a-mCherry-2A-PDGF (10 g
each), and surface coated polyplexes (pEF1a-eGFP-2A-VEGF and pEF1a-mCherry-2A-PDGF,
equal volumes at 0.2 pg/ul). The first two phase gel system described will be referred to as
V—P hereafter, and the second, V/P; both two phase gene delivery systems were compared to
a control, splinted untreated wounds (U). Digital images of wounds at designated time points
were used to assess wound closure. A ruler and/or the known diameter of the splint was used

as a reference. Only images where wounds have a distinct border were used for analysis.
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7.2.17 Immunofluorescence and Immunohistochemistry

OCT embedded sections (20 um thick) were thawed and fixed with cold acetone for 10
min. Sections were then washed with PBS and incubated in blocking buffer (5 % normal goat
serum (Jackson Immuno Research Labs, West Grove, PA) + 0.05 % Tween-20 in PBS) for 1 h
at RT before being incubated in primary antibody solution (1:100 rat anti-mouse CD31 (BD
Pharmingen, San Diego, CA), 1:200 rabbit anti-mouse NG-2 (Millipore), 1:100 rat anti-mouse
Ly6G, 1:100 mouse anti-mouse fibroblasts) overnight at 4 °C. Sections were again washed with
PBS and incubated in blocking buffer for 10 min at RT before being incubated for 2 h at RT in
secondary antibody solution (1:100 goat anti-rat Alexa 568, 1:100 goat ant-mouse Alexa 555,
and 1:100 goat anti-rabbit Alexa 488 (Invitrogen, Grand Islands, NY), and DAPI nuclear stain
(1:500 dilution, Invitrogen, Grand Island, NY). Sections were then washed twice in PBS,
mounted and imaged using a Nikon C2 confocal microscope. All hematoxylin and eosin (H&E)
staining of sections was conducted by the Translational Pathology Core Laboratory (TPCL) at

UCLA.

7.2.18 Quantification and characterization of cellular infiltration and blood vessels in vivo

Three separate sections (20 uym thick) at least 150 ym apart were analyzed for each
sample to obtain representative data. For blood vessel characterization, three areas (one at
each wound edge, one in the center) were imaged on each vertical cross-section at 20X
magnification, with 9 images total in per animal. CD31+, NG2+, and DAPI+ area was quantified
by using Imaged software. A threshold was applied to capture positive signal based on

fluorescence intensity; positively stained areas were normalized to the total imaged area.
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Figure 7.1 Surface coated gene delivery system (A) Schematic representation of the surface coated
gene delivery system where condensed polyplexes are encapsulated and coated on the surface of the
pores. Porous hydrogels before (B) and after (C) surface coating with DNA polyplexes; HA gel = blue, DNA

= green. (D) Minimal DNA release was observed from surface coated or encapsulated polyplexes in this
delivery system.

7.3 Results and discussion

7.3.1 Characterization of surface coated vs. two phase gene delivery systems

In this report, we aimed to develop a sequential gene delivery system with the capacity
to achieve distinct transgene expression profiles in vitro and in vivo. Our investigation began
with two different approaches: (i) a porous HA hydrogel with DNA encapsulated and coated on
the surface of the pores (Figure 7.1A) and (ii) a two phase HA hydrogel system where a non-
porous (n-pore) hydrogel post is centered in a porous HA gel, with each phase capable of DNA
loading (Figure 7.2A). In the first approach, surface coating of porous HA hydrogels was
visualized and confirmed via confocal fluorescence microscopy where the gels following coating
had a uniform distribution of stained polyplexes along each pore surface (Figure 7.1B, C). DNA
release from the surface coated hydrogel system was evaluated by comparing release profiles

of radiolabeled DNA encapsulated in porous hydrogels via CnE to porous HA hydrogels with
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radiolabeled surface coated polyplexes following HAase treatment and passive diffusion (Figure
7.1D). Minimal DNA release was observed from either porous hydrogels encapsulated or
surface coated with DNA, suggesting that the electrostatic interactions are strong enough to

immobilize the polyplexes onto the HA hydrogel with high retention.
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Figure 7.2 Two phase gene delivery hydrogel system. (A) Schematic representation of the proposed two
phase hydrogel system for sequential gene delivery. (B) SEM and (C) fluorescent images demonstrate a
mated interface between gel phases following separate polymerization. (D) Mechanical characterization
shows that the two phase (TP) gel has a bulk modulus similar to porous HA gels. (E) DNA polyplex release
from each respective phase is minimal.

In the second approach, a two phase hydrogel gene delivery system was employed
where a homogenous two phase gel could be generated in a single gelation event or each gel
phase could be polymerized separately. Rheological studies demonstrate that a two phase
hydrogel possesses a bulk modulus more similar to porous HA hydrogels of the same
composition (Figure 7.2D). Scanning electron micrographs (SEM) and fluorescence microscopy

demonstrate that a single two phase hydrogel comprised of two distinct gel architectures can be
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formed from two gelation events resulting in a single complete hydrogel with a mated interface
between the phases (Figure 7.2 B, C). This suggests that this system is highly tunable to form
two phase gels with a variety of combinations of compositions and mechanical properties with
the capacity to deliver multiple bioactive agents in each gel phase. Similar radiolabeled DNA
release was observed for the two phase gel system, where minimal release was observed in

either two phase gels containing DNA encapsulated within the porous region or the n-pore post

(Figure 7.2E).
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Figure 7.2 in vitro evaluation of surface coated hydrogels as a gene delivery system. (A) mMSCs
exhibited spreading throughout the porous HA gels at day 5 and 14 of culture; HA gel = green, F-actin = red,
nuclei = blue. (B) Cell health monitored by an alamarBlue® assay demonstrated that the DNA loaded gels
were not cytotoxic. (C) Transfection from two secreted plasmids incorporated within each region

(encapsulated vs. surface coated) was monitored for 40 days and showed similar transgene expression
profiles.
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7.3.2 In vitro evaluation of surface coated vs. two phase gene delivery systems

Cell-matrix interactions were evaluated by seeding mMSCs on porous and two phase
HA gels to observe cell spreading and proliferation over time. Confocal fluorescence microscopy
confirmed successful cell seeding in both platforms with observed cell migration and spreading
at 5 and 14 d of culture throughout each hydrogel system (Figure 7.3A, Figure 7.4A). An
alamarBlue® assay utilized to monitor cell health and proliferation over 7 days demonstrated
that both gene delivery systems, surface coated and two phase, were not cytotoxic despite the
high DNA payload (~20 pg) (Figure 7.3B, Figure 7.4B). This suggests that the HA hydrogel
serves as a depot, slowly releasing complexed DNA at an acceptable level for cell survival that
is below the threshold for in vitro toxicity which has been observed to be approximately 0.2-0.3
Mg/well in a 48-well plate [190].

The in vitro transgene expression profiles were investigated over the course of 40 days
by generating both hydrogel gene delivery systems, surface coated and two phase, loaded with
two different secreted reporter plasmids. Surface coated hydrogels loaded with plasmids
encoding for gaussia luciferase (pGLuc) via CnE were treated with HAase, then coated with
polyplexes containing plasmids encoding for secreted alkaline phosphatase (pSEAP).
Encapsulated GLuc expression peaked at day 3, while peak surface coated SEAP expression
was seen at day 2 (Figure 7.3C). This agrees with our expectations that the immediately
available pSEAP polyplexes coated on the surface would facilitate more rapid transgene
expression. Moreover, the kinetic transgene expression profiles suggest a peak in transfection
at initial culture followed with sustained expression, suggesting that there is a burst release of
DNA available for immediate transfection. Despite the average 2.2-fold increase in pGLuc
transfection over pSEAP, the ftransgene expression profiles were similar between the
encapsulated and surface coated polyplexes, rendering this system more suitable for dual gene

delivery rather than sequential gene delivery. Two phase hydrogels had pSEAP loaded in the
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non-porous post and pGLuc encapsulated within the porous region via CnE. Gluc expression
was stable for 40 d of culture while pSEAP expression increased dramatically between days 6
and 18. This was clearly illustrated by the kinetic transgene expression profiles, where GLuc
expression was on average 218-fold higher than pSEAP at days 1-5, and dropped to 46-fold
greater between days 6-18, suggesting that the encapsulated pGLuc DNA was readily available
and accessible for uptake while the cells migrated through the pores until reaching the central n-

pore post containing pSEAP at a later time (Figure 7.4C).
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Figure 7.4 in vitro evaluation of two phase hydrogels as a gene delivery system. (A) mMSCs
exhibited spreading throughout the porous HA gels at day 5 and 14 of culture; HA gel = green, F-actin =
red, nuclei = blue. (B) Cell health monitored by an alamarBlue® assay demonstrated that the DNA loaded
gels were not cytotoxic. (C) Transfection from two secreted plasmids incorporated within each region (p-
pore vs. n-pore) was monitored for 40 days and showed distinct transgene expression profiles.
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Figure 7.5 Bioluminescence imaging of balb/c mice wounds implanted with two phase gels. (A)
Bioluminescence imaging was conducted regularly for 21 days to monitor transfection due to each region
(u-pore vs. n-pore) or in combination. (B, C) Quantification of total flux over time suggests that transgene

expression profiles are similar and the signal is not additive. The y-pore + n-pore condition was only imaged
until day 17; the animals had removed their wound dressings thereafter.

7.3.3 In vivo transfection

Since two distinct transgene expression profiles were observed with the two phase
hydrogels in vitro, we moved forward to employ this system in vivo as a potential approach for
sequential gene delivery. In addition, since SEAP transgene expression from surface coated
porous HA gels was on average equivalent to the GLuc expression from encapsulated
polyplexes within the two phase gels, we chose to adopt surface coating of polyplexes onto the
two phase gel system with the aim to enhance transfection with an additional source of
immediately available polyplexes. To evaluate transfection in vivo, two phase gels were loaded
with plasmid encoding for firefly luciferase (pFLuc) in three different presentations: (i) only in the

M-pore region with surface coated polyplexes, (ii) only in the n-pore post, and (iii) both u-pore
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and n-pore phases. We observed luciferin-induced light emission over 21 days via
bioluminescence imaging and quantified total flux as our metric for transfection. Transgene
expression increased with time and peaked around day 11 for all gels (Figure 7.5A, B), where
gels with encapsulated and surface coated DNA within the porous region had 1.1 to 2.9-fold
greater luciferase activity than gels with DNA only in the n-pore post with significant differences
at day 7 and 9 (Figure 7.5C). Interestingly, two phase gels loaded with DNA in both porous and
n-pore post regions resulted in luciferase activity similar to observed transfection in gels loaded
within the p-pore only, suggesting that there is an upper limit to transfection as a function of
DNA loading. This may be attributed to several reasons that may include: (i) the amount of DNA
polyplexes available at any given time via cell mediated release is similar when the amount
loaded exceeds an upper limit, or (ii) the number of transfection events is limited to the number
of endogenous cells present and available for polyplex uptake at a given time. Notably, despite
the distinct regional (u-pore vs. n-pore) transgene expression profiles observed in vitro, the in
vivo transgene expression kinetics were similar between the groups, thus demonstrating the

importance of in vivo investigations and oversimplification of in vitro transfection assays.
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Figure 7.6 Wound closure. (A) Digital images of wounds taken at regular time intervals. (B) Quantification
of wound area demonstrated that wounds treated with V/P and V—P gels closed more rapidly than
untreated wounds (U).
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Nevertheless, we subsequently investigated the delivery of pro-angiogenic plasmids
from the two phase hydrogels in a murine splinted wound healing model. Two distinct gel

systems were utilized to evaluate the effect of temporal and spatial presentation of pro-
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Figure 7.7 Delivery of pro-angiogenic plasmids from two phase gels. (A) H&E stained wound cross
sections demonstrate untreated wounds with very little dermal volume by day 7. (B) Staining for
endothelial and mural cell markers indicated significantly more positive staining in two phase gels when
compared to untreated wounds; CD31= red, NG2=green, nuclei = blue. Quantification of CD31+, NG2+,
and DAPI+ area (C, D, E) demonstrate that the two phase gels containing the pro-angiogenic plasmids
significantly increase vascular cell populations within the newly formed tissue.
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angiogenic plasmids on cutaneous wound healing: (i) a two phase gel comprised of pmCherry-
2A-PDGF loaded in the n-pore post, while pGFP-2A-VEGF was encapsulated and surface
coated in the p-pore region (V—P), and (ii)) a two phase gel with a homogenous equal
distribution of pmCherry-2A-PDGF and pGFP-2A-VEGF polyplexes encapsulated and surface
coated in the pores (V/P). VEGF and PDGF were selected due to their important roles in
angiogenesis, where VEGF is a potent mediator in endothelial cell migration and proliferation
while PDGF promotes vessel maturation. Digital images of wound closure taken at regular time
intervals demonstrated the dramatic effect of wounds implanted with a two phase gel with the
therapeutic plasmids as compared to untreated wounds (Figure 7.6A). By day 3, V—P and V/P
treated wound areas were 88.35 £ 1.91 % and 83.50 + 3.78 %, similar to the wound area
present for untreated wounds several days later, at day 7 (86.06 £ 2.22 %) (Figure 7.6B). Due
to rapid wound healing with the two phase gels containing pmCherry-2A-PDGF and pGFP-2A-
VEGF, wound edges were difficult to distinguish to quantify wound closure following day 3.
However, by day 3, wound closure was significantly improved with V/P gels when compared to
untreated wounds. H&E stained tissue sections demonstrate granulation tissue formation
following 7 days post-injury where untreated wounds exhibited very little dermal volume as
compared to wounds treated with the two phase gels (Figure 7.7A). Moreover, the effect of
spatio-temporal presentation of these pro-angiogenic plasmids was evaluated by
immunfluorescence (IF) staining of CD31+ and NG2+ cells within the granulation tissue. IF
staining confirmed histological observations where minimal cellular activity was observed in
untreated wounds and CD31+, NG2+, and DAPI+ area fractions were significantly higher in
wounds treated with the therapeutic two phase gels. It is worth noting that wound healing in an
untreated wound naturally occurs with vascularization from the wound edge, going inward
toward the center of the wound bed, as seen with the CD31+ area quantification plotted by

region. Thus, it was clearly demonstrated that the two phase gels loaded with plasmids
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encoding for pro-angiogenic factors, regardless of presentation, encouraged substantial blood
vessel infiltration into the wound bed and newly formed tissue (Figure 7.7B). An investigation of
the spatio-presentation of polyplexes demonstrates that the presence of pVEGF polyplexes
either presented alone in the porous region or combined with pPDGF resulted in more CD31+
area, indicative of elevated populations of vascular endothelial cells (Figure 7.7C). Moreover,
the presence of PDGF does not enhance CD31 activity, suggesting that the vascular endothelial
activity is primarily dependent on VEGF presence by day 7. Interestingly, implantation of the
V—P gels did not result in more NG2+ cells in the center of the wound (Figure 7.7D).
Conversely, V/P gels resulted in more NG2+ area, with significantly more NG2 activity in the
center when compared to V—P gels, indicative of more mature, mural cell-covered blood
vessels. This may suggest that the PDGF polyplexes encapsulated only in the n-pore post of
the V—P gels have not been released yet or the amount released was not high enough to yield

a therapeutic effect by day 7.

7.4 Conclusions

In this chapter, we explored a hydrogel system with the aim to achieve sequential gene
delivery. We designed two different hydrogel systems to study in vitro transfection where one
system comprised of a porous hydrogel with two different genes were encapsulated and surface
coated, respectively, and the other system was a two phase hydrogel with two different genes
encapsulated within each respective phase (porous vs. non-porous). The two phase hydrogel
system was able to achieve different transgene expression kinetics, thus it was selected to
move forward to in vivo studies. However, since in vitro transfection from surface coated
polyplexes achieved as high levels as encapsulated polyplexes within the two phase gels,
surface coated polyplexes were adopted as an additional feature to the two phase gels.

Bioluminescence imaging demonstrated that the two phase hydrogel system achieved similar

117



transgene expression profiles regardless of regional DNA loading, indicating that this system is
capable of dual, rather than sequential gene delivery. To study the delivery of plasmids
encoding for pro-angiogenic factors, the two phase hydrogel system was applied to a
humanized wound healing model where spatio-temporal presentations of VEGF and PDGF
polyplexes were investigated. Interestingly, homogenous distributions of VEGF and PDGF
polyplexes encapsulated and surface coated on the two phase gels resulted in more NG2
activity, indicative of more mature vasculature despite the other system’s localization of pPDGF
to the central non-porous post. This result agrees with observations seen with dual VEGF and
PDGF protein delivery in various models including subcutaneous implant, non-obese diabetic
hindlimb ischemia, and myocardial infarction models in rodents, where the presence of both
growth factors synergistically recruit more vessels overall, in addition to larger, more stable
vessels [181, 182]. Despite not achieving sequential delivery in this investigation, we still believe
that it can be made possible with modifications to several parameters. Since each gel phase
can be polymerized separately, we can tailor each phase’s mechanical properties or crosslink
density to achieve different DNA polyplex release kinetics. Additionally, the number or diameter
of the non-porous posts can be modified to elicit varied transgene expression as a result of
various DNA polyplex presentations. With so many tunable parameters, we believe that this two
phase gel system has great potential to achieve combinatorial gene delivery for a wide variety of

therapies, including tissue repair.
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CHAPTER 8

CONCLUSIONS AND FUTURE DIRECTIONS

8.1 Introduction

The goal of the research presented in this dissertation was to design a porous hyaluronic
acid hydrogel for localized, controlled non-viral gene delivery to promote angiogenesis, cellular
infiltration, and vascular ingrowth into the scaffold for improved cutaneous would healing.
Despite reported strategies to promote angiogenesis within implanted scaffolds, there are
limited reports on the strategic design of hydrogels, in particular, with or without the aid of
bioactive signals to promote angiogenesis in a clinically relevant timeframe or with practical
considerations. The following sections recall the proposed specific aims and hypotheses,

describe the major conclusions, and discuss possible future directions.

8.2 Specific Aim 1 (Chapter 4)

This aim developed an improved technique with significantly reduced processing time to
generate porous HA hydrogels for enhanced cellular infiltration in vitro and in vivo. Following
rigorous in vitro characterization, a murine subcutaneous implant model was utilized to assess

its performance in vivo.
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Hypothesis 1: Resuspension of porogens in volatile solution will allow for easier liquid
handling and reproducible sphere-templating to generate microporous HA hydrogels with greatly

reduced manufacturing time.

Resuspension of PMMA microspheres in ethanol or acetone solutions to create a sphere
template for porous hydrogel formation resulted in comparable hydrogel pore interconnectivity
and swelling, with no cytotoxic effects in vitro when compared to the commonly used heat
sintered PMMA microspheres. Moreover, following subcutaneous implantation in mice,
endogenous cell infiltration and vascular ingrowth was similar among the groups. Thus, the
process for sphere templating to generate porous HA hydrogels was optimized with
resuspending the porogens in volatile solutions to reduce manufacturing time from 17-22 h to
only 1-2 h. It is also important to note that n-pore gels implanted in vivo had minimal cellular
infiltration with most degradation occurring at the periphery of the gel, supporting our design
choice of scaffolds with porous structure. The chemical sintering technique developed in this
Aim was applied to experiments featured in the remainder of this dissertation when porous

hydrogels are discussed.

8.3 Specific Aim 2 (Chapter 5)

This aim investigated the implantation of various conductive and inductive scaffolds to
determine the effect of scaffold type on tissue repair in a murine splinted wound healing model
over 7 days. The scaffold types used in this study was: fibrin, porous HA hydrogel, a composite
of fibrin and porous HA, and an inductive composite gel with plasmin-degradable vascular

endothelial growth factor (VEGF) nanocapsules embedded within the composite gel.
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Hypothesis 2. The porous architecture of the HA hydrogel will better preserve the

structure of skin for cellular infiltration when compared to fibrin.

Hypothesis 3: Incorporation of an inductive factor, plasmin-degradable nanocapsules
delivering VEGF will enhance vascularization of the newly formed tissue.

Here, we demonstrate how scaffold choice significantly influences the effect of wound
healing in a humanized murine splinted wound healing model over 7 days. Interestingly, despite
fibrin’s popularity as a scaffold, fibrin treated wounds resulted in slow wound closure and thin
granulation tissue formation similar to untreated wounds. Since the density of the fibrin gel at 10
mg/ml may have been a physical barrier to wound closure, a future study may investigate
wound closure as a function of fibrin gel concentration. Conversely, the porous architecture of
the HA gel resulted in significantly rapid wound closure better preservation of the dermal volume
and more mural-covered blood vessels. The inclusion of plasmin-degradable nanocapules
delivering VEGF into composite gels resulted in more rapid wound closure, but not increased
vascularization. This may be due to several reasons that include: (i) the amount of VEGF
incorporated into the gels was not enough to result in an enhanced therapeutic response or (ii)
the nanocapules did not degrade enough to release the payload. Future studies can be done to
test both ideas; wound closure and vascularization can be studied as a function of VEGF
nanocapsule concentration and hydrogels loaded with nanocapsules containing fluorescent or
radiolabeled molecules are monitored for release in vivo to determine whether the harsh wound

environment indeed can degrade the capsules for release.

8.4 Specific Aim 3 (Chapter 6)
This aim tested an approach to treat DNA-loaded porous HA hydrogels with

hyaluronidase to enhance DNA release for improved transfection. Two different techniques
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(traditional vs. previously described technique by our lab [CnE]) to load DNA/poly(ethylene
imine) polyplexes into the porous HA gels were discussed in this aim. Gene transfer and
angiogenesis was evaluated in vitro and in vivo in a splinted murine wound healing model at

days 5 and 10.

Hypothesis 4. Porous HA hydrogel mechanics and DNA release will be a function of

hyaluronidase concentration.

Hypothesis 5: The large concentration of DNA loaded via caged nanoparticle
encapsulation (CnE) will result in higher transgene expression as the polyplexes are released

from the hydrogel.

Hypothesis 6: The incorporation of plasmids encoding for VEGF, a proangiogenic factor,
into porous HA gels treated with hyaluronidase will enhance wound closure, angiogenesis, and

cellular infiltration when compared to untreated porous HA gels.

Here we demonstrate that porous HA hydrogels degradation and mechanical properties
are a function of hyaluronidase concentration, although encapsulated DNA polyplexes are well
retained. We also validate the caged nanoparticle encapsulation (CnE) of the DNA polyplexes
as a technique to load large amounts of DNA within a porous HA hydrogel with minimal
aggregation. This technique paired with hyaluronidase treatment resulted in significantly higher
transfection in vitro when compared to the traditional DNA polyplex loading technique.
Moreover, the effect of mechanical properties was decoupled from HAase treatment to confirm
that HAase was indeed responsible for the enhanced transfection. Application of HAase treated

DNA-loaded porous HA gels agreed with in vitro studies where gels pre-treated with HAase
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resulted in significantly higher transfection and improved wound healing, cellular infiltration, and
vascular activity. Despite our confidence in HAase functioning to make MMP-degradable
crosslinks more accessible and available for cell-mediated degradation and DNA polyplex
release, a quantitative approach would provide stronger support. To do this, future studies can
investigate the percolation threshold of porous hydrogels as a function of hyaluronidase
concentration. Quantifying the shift where the crosslinked gel becomes more “liquid-like” due to
various HAase treatments would be valuable information for tunable delivery. Regardless, the
breakthrough in achieving transfection from our DNA loaded porous HA gels was very exciting,
and HAase treatment of DNA-loaded gels was instituted following the studies described in

Chapter 6.

8.5 Specific Aim 4 (Chapter 7)

This aim utilized the hyaluronidase pre-treatment of DNA-loaded porous hydrogels
described in Aim 3 (Chapter 6) towards a strategy for sequential gene delivery. Two different
hydrogel designs were investigated in vitro before moving forward in vivo with one system. Full
thickness dermal wounds in mice were implanted with the engineered hydrogels and
transfection was monitored via optical imaging for 21 days. A splinted murine wound healing
model was used to assess transfection, angiogenesis, and wound healing as a function of
spatio-temporal presentations of polyplexes encoding for pro-angiogenic factors (VEGF and

PDGF).

Hypothesis 7: Porous hydrogels with encapsulated and surface coated polyplexes
(different plasmids for each presentation) will result in transfection from surface coated
polyplexes first since they are more immediately available and accessible to infiltrating cells

than encapsulated polyplexes.
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Hypothesis 8: Cells will degrade non-porous gels slower thus a two phase hydrogel
system containing a central non-porous post surrounded by a porous HA gel with different

plasmids within each distinct phase will result in different transgene expression profiles.

Hypothesis 9: The spatio-temporal presentation of pro-angiogenic plasmids within the
hydrogel will affect the number and type of vascular cells present within the newly formed
tissue.

Here, we demonstrate an investigation of two hydrogel systems for sequential non-viral
gene delivery in vitro. The first system described in Chapter 7 was a porous hydrogel composed
of two different plasmids either encapsulated or electrostatically bound to the surface of the
pores via surface coating. Surprisingly, in vitro transfection showed that the encapsulated
polyplexes resulted in transgene expression similar to the surface coated polyplexes even at
day 1. We had hypothesized that since polyplexes bound on the surface of the pores are more
readily available for uptake, the surface coated polyplex transgene expression profile would be
much higher than the encapsulated polyplexes. The other system investigated was a two phase
hydrogel where a central non-porous post was surrounded by a second porous gel, with each
phase containing different plasmids. In this two phase system, in vitro transfection showed very
different transgene expression profiles as expected, where encapsulated polyplexes achieved
high transfection first while transgene expression of the n-pore post polyplexes took about 6
days to ramp up. Application of a hybrid two phase hydrogel with surface coated polyplexes in
vivo showed that transfection occurred during similar time frames, despite the distinctly different
expression profiles observed in vitro. This highlights the importance of in vitro vs. in vivo studies;
in vivo studies must be performed to investigate or validate in vitro findings that may have been

oversimplified. Despite not being able to achieve sequential gene delivery in Chapter 7, we still
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maintain that it is possible with this system if hydrogel properties were modified. For example,
crosslinking density of the porous or n-pore post can be modified to allow for faster cell-
mediated degradation and DNA polyplex release for transfection. Once different transgene
expression profiles have been achieved, transfection could be further controlled with delivering
vectors with inducible promoters to regulate and time protein expression.

Application of this two phase gene delivery system with pVEGF and pPDGF polyplexes
did not result in differences in vascularization with regard to regions within the granulation tissue
(edge vs. center). The observation that NG2+ area was not found to be higher in the wound
center, as expected, with implanted V—P gels may be attributed to the time point (day 7) or
perhaps the assumption that only VEGF should come first then PDGF is incorrect. It may be
that a simultaneous presentation of both as in the V/P gels is necessary for angiogenesis in a
wound healing model. That synergistic effect may explain the enhanced wound closure and
NG2+ area in wounds treated with V/P gels. Future studies can be conducted to investigate
vessel quality and function as a result of transfection with these pro-angiogenic plasmids.
Doppler flow studies can be used to monitor vessel function in real time as wounds heal.
Moreover perfusion of dye or fluorescent dyes would aid in determining vessel permeability and
maturity. Likewise, micro-CT would be a valuable tool to obtain a three-dimensional view of

wound vascularization.
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