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Biocompatible hydrogels composed of covalently crosslinked, chemically
modified hyaluronan (HA), gelatin (Gtn), and heparin (Hp) were synthesized for
controlled release of human vascular endothelial growth factor (VEGF) or basic
fibroblast growth factor (bFGF). We hypothesized that inclusion of small quantities of
heparin in these gels would result in regulated growth factor release over an extended
period, while still maintaining the in vivo bioactivity of released GFs. To test this
hypothesis, HA (200 kDa), Gtn (50 kDa) and heparin (15 kDa) were modified with
pendant thiol groups using hydrazide-EDC chemistry. The thiolated biopolymers
were then co-crosslinked with poly (ethylene glycol) diacrylate (PEGDA, 3400 Da) to
form hydrogels composed of HA or HA and Gtn (50:50 w/w) with 0-3% heparin (w/w
relative to total HA or HA-Gtn content). Either VEGF or bFGF was incorporated into
the hydrogels before crosslinking with PEGDA. Release of these growth factors in
vitro could be sustained over 42 days by less than 1% heparin content, and was found
to decrease monotonically with increasing heparin concentration. As little as 0.03%
Hp in the gels reduced the released VEGF fraction from 30% to 21%, while 3%
heparin reduced it to 19%. Since the minimum heparin concentration capable of
effective controlled growth factor release in vitro was found to be 0.3% (w/w), this
concentration was selected for subsequent in vivo experiments. To evaluate the
bioactivity of released growth factors in vivo, gel samples were implanted into the ear
pinnas of Balb/c mice and the resulting neovascularization response measured at 7, 14,

and 28 days post-implantation. In the presence of heparin, vascularization was
sustained over 28 days. Growth factor release was more rapid in vitro from gels
containing gelatin than from gels lacking gelatin, though unexpectedly, the in vivo
neovascularization response to gelatin-containing gels was decreased. Nevertheless
significant numbers of neovessels were generated. The ability to stimulate localized
microvessel growth at controlled rates for extended times through the release of
growth factors from covalently-linked, heparin-supplemented hydrogels will
ultimately provide a powerful therapeutic tool.

©Copyright by Daniel B. Pike
December 12, 2006
All Rights Reserved

Heparin-regulated Release of Growth Factors in vitro and Angiogenic Response in
vivo to Implanted Hyaluronan Hydrogels Containing VEGF and bFGF
by
Daniel B. Pike

A THESIS
submitted to
Oregon State University

in partial fulfillment of
the requirements for the
degree of
Master of Science

Presented December 12, 2006
Commencement June 2007

Master of Science thesis of Daniel B. Pike presented on December 12, 2006.
APPROVED:

_____________________________________________________________________
Major Professor, representing Chemical Engineering

_____________________________________________________________________
Chair of the Department of Chemical Engineering

_____________________________________________________________________
Dean of the Graduate School

I understand that my thesis will become part of the permanent collection of Oregon
State University libraries. My signature below authorizes release of my thesis to any
reader upon request.

_____________________________________________________________________
Daniel B. Pike, Author

ACKNOWLEDGEMENTS
I would like to thank my major professor, Dr. Robert A. Peattie for the
opportunity to pursue this research, as well as the financial support to complete it. His
assistance with developing and analyzing the experiment have been invaluable.
I would like to thank Kelley Murphy (University of Utah) for assistance with
sample preparation and histopathologic staining procedures, and Novozymes for the
gift of HA. I would also like to thank Dr. Matthew A. Firpo for assistance with in vivo
experiments, including surgery, harvests, and various experimental procedures.
Lastly, I would like to thank Kyle Pomraning for assistance with surgery, harvests,
sample preparation, and various other lab tasks.
Financial support for this project was provided by an NIH award (EB004514),
and by Oregon State University, and in part by a Centers of Excellence award from the
state of Utah.

TABLE OF CONTENTS
Page
1

1.

INTRODUCTION……................................................................................

2.

BACKGROUND……….………………………………………………….

4

2.1

Hydrogel components……………………………………………...

4

2.1.1
2.1.2
2.1.3
2.1.4

Hyaluronan………………………………………………...
Heparin…………………………………………………….
Growth factors……………………………………………..
Hydrogel structure and mechanism of GF release………...

4
5
5
7

Blood vessel physiology…………………………………….……..

8

2.2

2.2.1
2.2.2
2.2.3
2.3

Angiogenesis………………………………………………………

16

2.4

Previous research………………………………………………….

19

2.4.1
2.4.2
2.4.3
3.

Arterial and venous structure…….………………….…….. 8
Capillary structure………………………………………… 11
Capillary function…………………………………………. 15

Mechanisms of angiogenesis……………………………… 19
Controlled angiogenesis…………………………………... 20
Prestwich and Peattie studies……………………………... 21

MATERIALS AND METHODS………………………………………….

23

3.1

Materials…………………………………………………………... 23

3.2

Chemical syntheses………………………………………………..

3.3

Hydrogel preparation for in vitro experiments……………………. 24

3.4

In vitro release kinetics of growth factors…………………………

3.5
3.6

Hydrogel preparation for in vivo experiments…………………….. 25
In vivo surgical and experimental procedures………………...…… 26
3.6.1
3.6.2
3.6.3
3.6.4

Ear harvest technique……………………………………...
Tissue processing………………………………………….
Tissue embedding…………………………………………
Tissue sectioning………………………………………….

23

24

27
27
29
29

TABLE OF CONTENTS (Continued)
3.6.5
3.7
4.

In vivo data analysis…………………………………………….…

IN VIVO DNA MICROARRAYS…………..……………………………

Page
30
32
33

4.1

Background………………………………………………………... 33

4.2

Experimental design……………………………………………….. 34

4.3

Materials and chemical syntheses…………………………………. 35

4.4

Hydrogel preparation for in vivo microarray experiments………… 35

4.5

In vivo surgical and experimental procedures……………………... 35
4.5.1

5.6
5.

Hematoxylin and eosin staining………………………..…

Ear harvest technique……………………………………… 36

Completion of experiment………………………………………… 37

RESULTS……………………………………………………………...….

38

5.1

In vitro growth factor release………………………………...……

38

5.2

In vivo angiogenic response………………………………...……..

42

6.

DISCUSSION……………………………………………………..……...

48

7.

CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK. 54
6.1 Conclusions……………………………………………………..…….

54

6.2 Recommendations for future work…………………………..……….

54

BIBLIOGRAPHY……………………………………………………….……….

56

APPENDIX A – SUMMARY OF NI RESULTS..……………………….……...

62

APPENDIX B – STATISTICAL COMPARISONS.……………………….…...

64

APPENDIX C – RAW VESSEL COUNTS (SAMPLE)………………….……..

66

APPENDIX D - SAMPLE SLIDES………………………………………….….

68

LIST OF FIGURES
Figure
Page
2.1
Chemical structure of crosslinked HA-DTPH…………………….…..…..
5
2.2

Structure of non-heparinized HA:Gtn hydrogel…………………………..

8

2.3

Structure of heparinized HA:Gtn hydrogel………………………………..

8

2.4

A medium-sized artery, showing the 3 wall layers: (a) tunica intima,
consisting of endothelium lining the lumen, and a small elastin layer,
(b) tunica media consisting of smooth muscle (blue) and some elastic
fibers (black), (c) tunica adventitia consisting of dense irregular c.t.
(pink collagenic fibers, black elastic fibers) [29]……………………...….

9

A medium artery showing (a) tunica intima, (b) tunica media, and
(c) tunica adventitia. The bar in the lower right represents 100µm [30]…

10

Endothelial cells ringing the interior of a blood vessel. Here endothelial
nuclei are seen ringing a venule, as only a thin coating of connective
tissue lies outside the endothelium, and little smooth muscle is seen [29].

10

Medium artery (a) and vein (b). Compare the thick muscular wall of
the artery to the vein. Note that the lumen of the vein is slightly larger
and commonly holds more blood. The bar in the lower right indicates
250 µm [30]…………………………………………………………….....

11

EM of a cross-cut capillary lying between skeletal muscle cells. Note
a peripheral muscle nucleus at the top of the micrograph. A thin basal
lamina surrounds the endothelium as well as the muscle cells.
(CL) capillary lumen, (CJ) cell junction, (G) glycogen particles, (M)
mitochondria, (N) nucleus of endothelial cell, (PV) pinocytotic
vesicles [28]…………………………………………………………..….

12

This capillary running through embryonic mesenchyme has a wall
consisting solely of a single layer of endothelium. Notice that the
lumen of the vessel is only slightly larger than the diameter of the
r.b.c.'s within [28]…………………………………………………….….

15

A cDNA Microarray Experiment. RNA is extracted from two
different samples and converted into complementary DNA (cDNA),
during which the DNA is labeled with florescent compounds.
The two samples are then mixed together for comparison and
hybridized to the array. Differences in gene expression are revealed
by fluorescent patterns on the array [58]………………………………...

34

2.5
2.6

2.7

2.8

2.9

4.1

LIST OF FIGURES (CONTINUED)
Figure
Page
5.1
Cumulative in vitro VEGF release from (a) HA and (b) HA-Gtn
hydrogels over a 42 day time period. The legend applies to both
figures…………………………………………………………………....
39
5.2

5.3

5.4

6.1

Cumulative in vitro bFGF release from (a) HA and (b) HA-Gtn
hydrogels over a 42 day time period. The legend applies to both
figures………………………………………………………………….....

41

Representative images of ear tissue sections, hematoxylin and
eosin staining, 400×. (a) Contralateral ear, day 28 post-surgery,
(b) VEGF-preloaded HA implant, day 28 post-surgery, and
(c) VEGF-preloaded HA-Hp implant, day 28 post-surgery.
Ca – capillary, Ch – chondrocyte, E – erythrocyte, H – hair follicle,
L – polymorphonuclear leukocyte. Note the proliferating vasculature
with a large amount of extravasated red cells in the HA-VEGF
ear (b), as compared to the well-defined endothelial borders
developed in response to inclusion of Hp in the implant (c)…………..…

44

Microvessel density at (a) day 7, (b) day 14, and (c) day 28
post-implantation. Results are shown for the control cases
HA:Hp, HA:Gtn, HA:Gtn:Hp, HA-VEGF and HA-bFGF,
and the experimental cases HA:Hp-VEGF, HA:Hp-bFGF,
HA:Gtn:Hp-VEGF and HA:Gtn:Hp-bFGF; mean ± s.d., n = 6……….…

46

Neovascularization Index at days 7, 14 and 28 post-surgery.
Results are shown for the treatment cases (a) HA-VEGF,
HA:Hp-VEGF, HA-bFGF and HA:Hp-bFGF at each time point,
and (b) HA:Hp-VEGF, HA:Gtn:Hp-VEGF, HA:Hp-bFGF and
HA:Gtn:Hp-bFGF at days 14 and 28; mean ± s.d., n = 6.
NI is defined in the text, Eq. (1). In (a), the treatment case
HA:Hp-VEGF at day 28, *, produced a significantly larger
vascularization response than all other cases (p < 0.001 for all
pairwise comparisons). In addition, the case HA:Hp-bFGF
produced a statistically significantly larger response at day 28,
**, than at other time points (p = 0.001). In (b), the treatment
case HA:Gtn:Hp-VEGF, *, produced significantly less vascularization
at day 28 than the corresponding non-gelatinized case, HA:Hp-VEGF,
(p < 0.002); similarly, the treatment case HA:Gtn:Hp-bFGF, **,
produced significantly less vascularization at day 28 than the case
HA:Hp-bFGF (p < 0.002)……………………………………………..….

50

LIST OF TABLES
Table
Page
2.1
Functions of endothelial cells in the human body………………………..
13
3.1

Stations of Leica TP 1020 with corresponding solution……………..….

28

3.2

Tissue processing program used for all experimental cases………..…...

29

3.3

Hematoxylin and eosin staining materials……………………………….

30

3.4

Hematoxylin and eosin staining methods…………………………...…..

31

5.1

Percent VEGF and bFGF released from 0.25 ml crosslinked
HA and HA:Gtn hydrogels supplemented with different quantities
of covalently crosslinked heparin…………………………………..…...

40

HEPARIN-REGULATED RELEASE OF GROWTH FACTORS IN
VITRO AND ANGIOGENIC RESPONSE IN VIVO TO IMPLANTED
HYALURONAN HYDROGELS CONTAINING VEGF AND BFGF

1. INTRODUCTION

One of the chief concerns in implant technology is proper vascularization of
the implant site. This is especially true in implants involving living cells, as natural
invasion of an implant is often not rapid enough to support a large volume of cells. A
solution to the problem is to develop an implant delivery system that encourages
neovascularization, regardless of the delivered material. Based on previous research,
hyaluronan-based hydrogels have been effective as an implant system, being both
biocompatible and angiogenic. In the following study, the ability of heparin-growth
factor-loaded hyaluronan-based hydrogels to elicit neovascularization in a mouse ear
pinna model is explored.
Materials research into biocompatible substances tends to separate into two
categories: synthetic materials with little immune response (polyethylene, PTFE, etc.)
or naturally occurring substances, especially those of the extracellular matrix (ECM).
Of the various ECM proteins and glycosaminoglycans (GAGs), hyaluronan (HA) is
especially interesting for both its biocompatibility and its novel physico-chemical
properties. Chemically-modified forms of HA can be created that allow for intra- and
intermolecular crosslinking, resulting in a hydrogel that is over 96% water. Hydrogels
in general have physical characteristics similar to those of living tissue, making them
optimal vehicles for drug delivery, cell implantation, and regrowth of new tissue. In
the swollen state, hydrogels are highly permeable, allowing diffusion of nutrients,
respiratory gases, and therapeutic agents. Over the past three decades, considerable
work has been directed towards the development of hydrogel implants based on
chemically-modified HA and other GAGs [1-2]. A more recent discovery is that HA
has an angiogenic effect on surrounding tissues, which can be used in conjunction
with growth factors to provide an effective implant system. Crosslinked native HA is
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structurally weak, making it a poor material for implantation. The addition of side
chains, such as the thiol-based modifications developed in the laboratory of Professor
Glenn Prestwich (University of Utah) [3] tends to increase the tensile strength of the
hydrogel. This increased strength makes modified HAs appropriate for implantation,
without compromising the angiogenic activity. Studies using the modified HA
included the previously mentioned angiogenic effect of HA alone, single and dual
growth factor neovascularization, and viability of fibroblasts within a modified HAGelatin hydrogel [4-10]. As previously mentioned, the addition of heparin is the main
thrust of the research presented herein.
The present work encompasses three main areas of experimentation: an in vitro
study of GF release from HA hydrogels, an in vivo study of the neovascularization
response to the same HA hydrogels, and an in vivo study of the gene expression in
balb/c mice in response to the same HA hydrogels using DNA microarrays (currently
in progress). The in vitro study was performed by Shenshen Cai at the University of
Utah, while all other experiments were performed by the author. Previous
experiments in the laboratory of Professor Robert Peattie (Oregon State University)
have focused on single-GF release from modified HA hydrogels [5]. This experiment
differs in the addition of Hp, which is known to sequester GFs within the ECM. As a
result of this repository function, we propose that the addition of Hp to an HA
hydrogel containing VEGF or bFGF can prolong the release of the GF over a larger
span of time. Further, we also propose that such a sustained release of GF from a
heparinized gel will provide a greater angiogenic response at the same total delivered
dosage than is elicited by non-heparinized gels. Previous work [8] has shown that
subcutaneous implantation of HA-based hydrogels containing crosslinked Hp and
bFGF results in marked increases in vascularization in vivo.
This thesis is organized as follows. Chapter 2 provides background on the
materials used, capillary physiology, angiogenesis, and previous research relevant to
the study. Chapter 3 details the materials and methods used for both the in vitro and in
vivo experiments. Chapter 4 details the materials, methods, and preliminary results of
the in vivo DNA microarray study. Chapter 5 details the results of both experiments: a
preliminary in vitro release study of both VEGF and bFGF from HA and HA:Gelatin
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(Gtn) hydrogels at various Hp concentrations from 0-3% w/w, and building on the
results of that study, measurements of the in vivo angiogenic response to VEGF- and
bFGF-loaded HA:Gtn:Hp hydrogels in a Balb/c mouse model. Chapter 6 is discussion
of the results, drawing together previous research, background knowledge, and
interpretation of the experiments performed. Chapter 7 presents a summary of the
conclusions, as well as recommendations for future work in HA implants.
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2. BACKGROUND
Although controlled release of therapeutic agents from implanted gels over time
has been successfully demonstrated [10], other major goals of biomaterials implant
research have not yet been met. One major obstacle to viable delivery of living cells,
as well as tissue growth, repair and regeneration efforts, is ensuring an adequate blood
supply to the implant. A natural approach to circumventing this difficulty would be to
design implants capable of encouraging a localized angiogenic response, inducing new
capillary networks to sprout from existing microvessels at the implant site. In that
way, a blood supply able to sustain the implanted cells or tissues could be elicited.

2.1 Hydrogel components
2.1.1 Hyaluronan
Hyaluronan (HA) is a glycosaminoglycan (GAG) that is a main component of
the extracellular matrix (ECM) in the human body. As a glycosaminoglycan, it is
highly hydrophilic due to the large amount of hydroxyl groups in its structure. In the
body, it is a primary component of synovial fluid, which surrounds the knee joint. HA,
as a component of the body, does not provoke as excessive of an immune response as
entirely foreign material, making it an effective implant material. However, the
mechanical properties of native HA are not conducive to implantation, as it is highly
soluble in the ECM and viscoelastic in nature. In order to obtain mechanical
properties that allow for implantation of devices, modification of the HA must be
carried out. Previous research has focused on chemical modifications that allowed
crosslinking between strands of HA polymer. The disadvantage to these previous
treatments is that they are primarily performed by relatively cytotoxic small molecules,
requiring extensive washing to remove excess traces from the matrix. In previously
described research, Prestwich et al modified HA with dithiobis (propanoic
dihydrazide) (DTP) to produce a sulfated HA (HA-DTPH), shown in Figure 2.1.
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Figure 2.1: Chemical structure of crosslinked HA-DTPH.
This formulation proved cytocompatible in initial studies, providing an advantage over
the previously described treatments. Crosslinking using polylethylene glycol
diacrylate (PEGDA) forms a hydrogel that has desirable mechanical properties while
retaining the inherent cytocompatibility.

2.1.2 Heparin
Heparin is a highly sulfated glycosaminoglycan that is found in the body,
primarily in red blood cells (RBCs), secreted by mast cells, and in the ECM. In the
body, it is primarily an anticoagulant, preventing clot formation, but not breaking
down pre-existing clots. It arrests the clotting cycle by binding to antithrombin III.
Heparin also has a high affinity for basic growth factors, and this is important in
sequestering those GFs in the ECM. Interactions occur in part by shape recognition,
but primarily as electrostatic attractions between N- and O-sulfated residues of heparin
and the lysine and arginine residues of the GF [11-12]. Presumably, heparin in the
ECM plays a storage role for GFs, slowing their release while retaining their
bioactivity [13-15]. Heparin binding is also thought to stabilize GFs against thermal
denaturation as well as degradation by ECM proteinases [12].

2.1.3 Growth factors
Although the complete process of angiogenic vessel growth is not fully
understood, a variety of growth factors are known to stimulate, affect or control its
extent [16-20]. Two of the most important are vascular endothelial growth factor
(VEGF) and basic fibroblast growth factor (bFGF). VEGF is a strong promoter of
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angiogenesis, but large doses tend to produce highly fenestrated capillary vessels
similar to capillary vessels in tumors [21-22]. As mentioned before, the full reaction
pathway for neovessel formation is not understood, but VEGF is generally thought to
be a significant rate-limiting step. In vivo, VEGF is found in four different splice
variants with different molecular weights: VEGF121, VEGF165, VEGF189, and VEGF206.
Currently, the activities of each splice variant are not fully understood, but VEGF165
approximates the native VEGF complement most closely. As mentioned above,
VEGF tends to induce vascular leakage, and other growth factors are responsible for
late stage, mature vessel growth. VEGF binds to several cellular receptors, including
VEGFR-1, VEGFR-2, and several neurophilin receptors. Binding to each induces a
slightly different response, and each splice variant has a different affinity for each.
VEGFR-1 has been studied most extensively, and tends to have conflicting effects
depending on where it is activated. For instance, in early development, VEGFR-1 is a
negative regulator of VEGF. In adults, it triggers both hematopoesis and recruitment
of endothelial progenitors. Other studies have indicated that VEGFR-1 in endothelial
beds can trigger tissue-specific growth factors. By contrast, VEGFR-2 has been much
less studied. In early development, VEGFR-2 is an agonist of angiogenesis and
hematopoesis, unlike VEGFR-1. It also tends to encourage endothelial cell mitosis
and vascular permeability to a greater extent than VEGFR-1 [19].
Although bFGF is not as strong an angiogenic promoter as VEGF,
administration of bFGF tends to produce more mature vessels [18,21-27]. BFGF is
produced by several types of cells, including mesodermal- and neuroectodermalderived cells. After production, it is sequestered in the ECM bound to heparan sulfate,
as is VEGF, and is thought to be released following cell damage or necrosis. Some
studies suggest that mast cells play a large part in releasing bFGF during angiogenesis.
During degranulation, mast cells are known to release proteinases, heparinases etc. to
break down the ECM in preparation for neovessel growth. This study shows a distinct
correlation between mast cell expression and angiogenic activity. In the body,
complex arrays of GFs are present and likely work in combination to generate mature
vessels. Accordingly, one of the critical hypotheses underlying our studies is that
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implantation of devices that release appropriate growth factors in situ can promote
angiogenic responses and thereby elicit lasting, mature blood vessel networks.

2.1.4 Hydrogel structure and mechanism of GF release
All components of the hydrogel, except growth factors, were modified with –
DTPH side chains. When PEGDA was added, the main crosslinking was between
these side chains, but there was also the potential for the formation of disulfide bridges.
In the presence of oxygen, disulfide bond formation is quite rapid. For this reason, gel
preparation was performed with as little oxygen exposure as possible. HA hydrogels
crosslinked by PEGDA tend to crosslink within approximately 20 minutes. This rapid
crosslinking prevents disulfide bonds and other crosslinks from forming, as competing
reactions on hydroxyl, carboxylate, phosphate, and amine groups were shown to be
several orders of magnitude slower in an aqueous environment and pH 7.4 [6,28-30].
In the absence of Hp, neither VEGF nor bFGF have attractions to the other
hydrogel components (HA or Gtn). Both GFs are distributed throughout the hydrogel
in a homogeneous fashion. In these non-heparinized cases, the release rate of GFs is
determined by the crosslinking percentage of the hydrogel, rate of gel degradation, and
the corresponding pure diffusion out of the gel (Figure 2.2). In the heparinized cases,
both VEGF and bFGF have a heparin binding region [8,19]. Covalent bonds are
formed between Hp-VEGF and Hp-bFGF, with corresponding partition fractions
between the bound and free GF within the hydrogel (Figure 2.3). It is hypothesized
that as the free GF diffuses out of the hydrogel structure, the equilibrium shifts,
liberating the bound GF from the heparin. However, its rate of release has been
slowed considerably, possibly providing an extended release rate.
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Figure 2.2: Structure of non-heparinized HA:Gtn hydrogel.
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Figure 2.3: Structure of heparinized HA:Gtn hydrogel.

2.2 Blood vessel physiology
2.2.1 Arterial and venous structure
Blood vessels form the closed network permitting blood to flow from the heart
to all bodily tissues. The largest of blood vessels on the oxygenated side of the
circulation are known as arteries, while on the deoxygenated side they are known as
veins. Arteries, and the smaller arterioles, have significant differences from the
smallest blood vessels, capillaries. The walls of arteries are composed of three distinct
layers: the tunica externa, also known as the adventitia, the tunica media, and the
tunica interna, shown in Figures 2.4 and 2.5. The tunica externa is the outer layer, and
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is composed of loose connective tissue, including collagen and some elastin. The
tunica media is the middle layer, and is composed of primarily smooth muscle cells,
alternating with elastin fibers. Finally, the innermost layer is the tunica interna, which
is composed of elastin and epithelium. The very innermost layer of endothelium is
composed of endothelial cells, and is known as the endothelium. Endothelial cells
(ECs) are specialized cells that line all blood vessels within the body, as well as the
lining of the heart (Figure 2.6). One of the primary functions of ECs are to provide a
non-clotting surface for blood flow throughout the body [31].

(a)

(b)

(c)

Figure 2.4: A medium-sized artery, showing the 3 wall layers: (a) tunica intima,
consisting of endothelium lining the lumen, and a small elastin layer, (b) tunica media
consisting of smooth muscle (blue) and some elastic fibers (black), (c) tunica
adventitia consisting of dense irregular c.t. (pink collagenic fibers, black elastic fibers)
[32].
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(a)
(b)
(c)

Figure 2.5: A medium artery showing (a) tunica intima, (b) tunica media, and (c)
tunica adventitia. The bar in the lower right represents 100µm [33].

Figure 2.6: Endothelial cells ringing the interior of a blood vessel. Here endothelial
nuclei are seen ringing a venule, as only a thin coating of connective tissue lies outside
the endothelium, and little smooth muscle is seen [32].
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Large veins have a similar structure to arteries, with a few key differences.
Since arteries receive the highest pressure blood directly from the heart, they tend to
have more muscle than comparably sized veins. Veins also are more flexible, with
greater elastin composition than veins, as the flow of blood is much more irregular.
Since the pressure is lower on the venous side of circulation, many large veins contain
valves to stop the backflow of blood, which are not found in arteries (Figure 2.7) [31].

Figure 2.7: Medium artery (a) and vein (b). Compare the thick muscular wall of the
artery to the vein. Note that the lumen of the vein is slightly larger and commonly
holds more blood. The bar in the lower right indicates 250 µm [33].

2.2.2 Capillary structure
Capillary structure can vary greatly within the body depending on location, but
the average capillary can be described as follows. The defining characteristic of
capillary cells is that they are formed from an interior layer of endothelial cells,
surrounded by a basement membrane of proteins such as collagen IV, laminin,
collagen I, and elastin, with no smooth muscle or elastic tissue within the capillary
itself. In capillaries, ECs are the only cells present in their structure (Figure 2.8),
while other blood vessels have a layered structure containing ECs, smooth muscle
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cells, and extracellular proteins. Endothelial cells in the capillary have an extended
cytoplasm that forms the tubular capillary. One side bulges out around the nucleus,
but is otherwise very thin. The nuclei of neighboring ECs alternate by 90° around the
circumference of the capillary [34].

Figure 2.8: EM of a cross-cut capillary lying between skeletal muscle cells. Note a
peripheral muscle nucleus at the top of the micrograph. A thin basal lamina surrounds
the endothelium as well as the muscle cells. (CL) capillary lumen, (CJ) cell junction,
(G) glycogen particles, (M) mitochondria, (N) nucleus of endothelial cell, (PV)
pinocytotic vesicles [31].
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Table 2.1: Functions of endothelial cells in the human body [34].
Functions of Endothelial Cells
1

Serve as a physical lining of heart and blood vessels to which blood
cells do not normally adhere.

2

Serve as a permeability barrier for the exchange of nutrients, metabolic
end products, and fluid between plasma and interstitial fluid; regulate
transport of macromolecule and other substances.

3

Secrete paracrine agents that act on adjacent vascular smooth muscle
cells; these include vasodilators and vasoconstrictors

4

Mediate angiogenesis

5

Play a central role in vascular remodeling by detecting signals and
releasing paracrine agents that act on adjacent cells in the blood vessel
wall

6

Contribute to the formation and maintenance of extracellular matrix

7

Produce growth factors in response to damage

8

Secrete substances that regulate platelet clumping, clotting, and
anticlotting

9

Synthesize active hormones from inactive precursors

10

Extract of degrade hormones and other mediators

11

Secrete cytokines during immune responses

12

Influence vascular smooth-muscle proliferation in the disease
atherosclerosis
Along with the previously mentioned anti-clotting function, ECs have many

other functions, which are summarized in Table 2.1. One of the most important
functions is providing a lining for all blood vessels (including the heart) that does not
form clots. This makes blood flow possible, as well as starting the clotting cascade
when the EC lining is ruptured. The next most obvious function is as a permeability
barrier for nutrients, fluid, and metabolic end products between the blood and local
ECM. Since the ECs are attached by water-filled clefts, all products must move
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through the ECs either by diffusion (gases), or by passive and active transport across
the EC membrane. This imparts a great deal of control and stops waste products from
building up in the tissues. Finally, endothelial cells are filled with vesicles containing
various hormones and growth factors, as mentioned in Table 2.1. As shown, these can
influence many functions within the body, including vascular remodeling, immune
response, clotting and anticlotting, ECM maintenance, and smooth muscle
maintenance.
In some organs, capillaries have a second set of cells surrounding the basement
membrane that influence the ability of substances to diffuse through the capillary wall.
Endothelial cells that make up the capillary are not connected tightly, but actually are
spaced by small spaces known as intercellular clefts. These clefts are water-filled, and
are sometimes bridged by fused-vesicle channels between endothelial cells. Blood
flow through capillaries is not continuous, as the average diameter of capillaries is
approximately the same as a RBC (~8μm). RBCs alternate with blood plasma in an
intermittent fashion (Figure 2.9). Since there are no muscle cells surrounding
capillaries, blood flow is controlled by a ring of muscle surrounding the capillary bud
from an arteriole, known as the precapillary sphincter. Control of this sphincter allows
blood flow distribution at the capillary level [34].
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Figure 2.9: This capillary running through embryonic mesenchyme has a wall
consisting solely of a single layer of endothelium. Notice that the lumen of the vessel
is only slightly larger than the diameter of the r.b.c.'s within [31].

2.2.3 Capillary function
The main function of capillaries is to control the exchange of nutrients and
respiratory gases between the bloodstream and tissues. This exchange takes place by
three different mechanisms: bulk flow, diffusion, and vesicle transport. Bulk flow
refers to the movement of protein-free water from the capillary lumen to the interstitial
fluid, and vice-versa. Since there is a pressure gradient between the lumen and
interstitial fluid, plasma flows through ultrafiltration channels, leaving the interstitial
fluid with identical concentrations of dissolved solutes as the plasma, except for
proteins. This pressure gradient is variable, but is generally larger in the capillary
lumen, causing protein-free plasma to filter through the ultrafiltration channels.
Diffusion is the main transport mechanism for the bulk of nutrient and respiratory gas
movement between the bloodstream and extracellular fluid. Lipid-soluble molecules
diffuse easily through the phospolipid layer of the capillary wall, and are governed
essentially by the concentration gradient. Water-soluble molecules, ions, and polar
molecules mainly diffuse through the water-filled ultrafiltration channels mentioned in
the bulk flow discussion. Lastly, vesicle transport is the transport of molecules
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through the plasma membrane by transport vesicles. Endocytosis is the process by
which external vesicles are absorbed into the membrane; exocytosis is the reverse
process. Vesicles are effective for larger molecules where diffusion would be too
slow for effective transport [34].
The rates of transport across capillaries can be determined by the net filtration
pressure (NFP). This pressure depends on the sum of four subsidiary terms: capillary
hydrostatic pressure (PC), interstitial hydrostatic pressure (PIF), the osmotic force due
to plasma protein concentration (πp), and the osmotic force due to interstitial fluid
protein concentration (πIF).

NFP = PC − PIF − π P + π IF

(2.1)

Hydrostatic pressure is determined by the pressure drop through the blood vessel, and
it continuously decreases as flow moves further away from the heart. Osmotic
pressure depends on the concentration of plasma proteins. Using this calculation, the
NFP can be determined, and the direction of flow shown. At the arterial end of the
capillary, PC is high, and filtration is favored. As PC decreases along the capillary
length, the other forces in NFP remain the same. This makes absorption favored at the
venous end of the capillary [34].

2.3 Angiogenesis
Angiogenesis occurs naturally during growth and injury. In the past,
angiogenesis was thought to occur by different processes during growth and injury. In
fetal development, blood vessels form from endothelial progenitor cells (EPCs), and
other fetal stem cells, as well as sprouting from early blood vessels. It was thought
that angiogenesis in mature adults did not include cells from EPCs, but this has shown
to occur in newer research. Specifically, capillary neogenesis can be divided into
three processes, of which any or all may occur simultaneously: angiogenesis, collateral
growth, and vasculogenesis. Angiogenesis, as mentioned before, is the formation of
new blood vessels by sprouting from existing vessels. These sprouts are stabilized by
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mural cells in larger vessels. Collateral growth is the sprouting of blood vessels
between branches of existing vessels (primarily capillaries). Lastly, vasculogenesis is
the formation of new blood vessels from EPCs. During injury-induced neogenesis,
formation of capillaries is primarily through angiogenesis, though some
vasculogenesis does occur. Control of angiogenesis could help with many diseases
and disorders that involve improper vascularization, such as cancer, arthritis, and
psoriasis [34].
The initial impetus for neovessel formation is either internal, as during growth,
or external (from injuries). One of the most potent triggers for angiogensis is hypoxia,
a lack of oxygen in the surrounding tissue. When oxygen levels fall, angiogenesis is
triggered by hypoxia-inducible transcription factors (HIFs) upregulating production of
angiogenic growth factors. VEGF is upregulated up to 30-fold within minutes,
indicating that hypoxia is an extremely powerful angiogenic trigger. After the initial
trigger, endothelial cells respond by sprouting and dividing, providing the new vessels
needed. Three molecules in the ECs are particularly responsible for the sprouting:
vascular endothelial cadherin in adherens junctions and claudins, as well as occludin
and JAM-1 in tight junctions. In the normal state, these molecules provide mechanical
strength and a permeability barrier between adjacent ECs, as well as facilitating the
inter-EC signaling crucial to capillary function. When the EC receives the angiogenic
signal, these molecules act as “mechanical zippers”, and are dissolved. When the
sprouts reform into contiguous capillaries, these junctions are reconnected [34].
The ECM in steady-state capillaries provides contacts between endothelial cells
and surrounding tissues, as well as mechanical support. As mentioned previously, the
ECM is proteolytically broken down during angiogenesis, allowing room for new
capillary sprouts. Also, a provisional matrix of fibronectin, fibrin, and integrin
proteins provides a scaffold for growth and signaling to attract and guide ECs. ECM
remodeling begins with the emergence of proteinase enzymes that degrade the ECM,
including plasminogen activators, matrix metalloproteinase enzymes (MMPs) and
tissue inhibitors of MMPs (TIMPs), heparinase, chymase and tryptase. Proteinase
activity releases additional ECM-bound GFs [16-17], and at the same time leads to
breakdown of the parent capillary basement membrane as previously mentioned.
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Proliferating endothelial cells then can form capillary sprouts in the matrix space.
These sprouts grow by continuing endothelial propagation, gradually forming a lumen
as they organize into tubules. After the vessels become contiguous, the final step is
maturation. The full process of maturation is not understood, but many signaling steps
are known. One of the most important maturation signals is the combination of VEGF
and platelet-derived growth factor BB (PDGF-BB). PDGF-BB has a crucial role in
recruiting mesynchmal progenitors, which stabilize blood vessel sprouts. If VEGF is
present but PDGF-BB is lacking, vessels are highly fenestrated, resulting in
extracellular bleeding, lack of proper nutrient exchange, and other problems
symptomatic of tumor vasculature. New microvessels become mature when
contiguous tubules anastomose with each other and a new basement membrane is
formed [16,18].
Another important biological effect is the induction or inhibition of angiogenesis
by HA itself. HA is an important signal molecule in the body, and its promotion or
inhibition of angiogenesis depends on molecular weight [35-37]. Specifically, high
molecular weight HA, known as native HA (n-HA) tends to inhibit angiogenesis [38],
while low molecular weight HA fragments promote angiogenesis, endothelial cell
proliferation, and endothelial cell migration [39-41]. Oligosaccharide HA fragments
have been shown to promote angiogenesis in a number of animal models, such as rat
skin, chick chorioallantois, and in skin grafts [41-43].
In the hydrogel system used in the following experiments, HA of MW = 750
kDa was used. As mentioned above, this high molecular weight HA (essentially nHA) inhibits angiogenesis. However, previous research has shown implanted high
molecular weight HA provides an overall promotion of angiogenesis in vivo [5]. The
reason for this apparent discrepancy is due to the in vivo breakdown of implanted nHA by resident hyaluronidases. As the hydrogel breaks down, low molecular weight
fragments were released, providing an overall promotion of angiogenesis. Hyaluronan
hydrogels using the –DTPH modification tend to break down fully in vivo after 14
days post-implantation. Immediately after implantation, a large amount of low
molecular weight HA fragments were released, overwhelming the inhibition provided
by n-HA. Also, most of the n-HA in the implant was on the interior of the implant,
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inaccessible to the ECM. As the gel breaks down, the surface area of low molecular
weight HA fragments accessible to the ECM is much larger than n-HA, providing
another reason for the overall promotion of angiogenesis in implanted HA hydrogels.

2.4 Previous research
2.4.1 Mechanisms of angiogenesis
The study of angiogeneis involves a myriad of protein growth factors,
progenitor cells, and complex signaling typical of bodily functions in general. One
line of research has tended to focus on the cell signaling pathways, including
progenitor cells, growth factors, and cell receptors. Alternatively, investigators have
focused on using known growth factors in materials research, investigating the in vivo
effects of implants, and combining these results with parallel signaling investigations.
Using both the mechanistic understanding of the pathways and the practical effects of
implantation will allow a full understanding of the process of angiogenesis. The goal
is angiogenesis that can be controlled to beneficial effect, either encouraging or
discouraging vessel growth, depending on the application desired.
Early theories suggested that embryonic angiogenesis developed from
endothelial progenitor cells, while adult angiogenesis was only the result of division
from differentiated endothelial cells. While this is true for embryonic vessel growth,
recent research has shown that adult vessel growth also contains some amount of
growth from endothelial progenitors. Studies have demonstrated that EPCs circulating
in the peripheral circulation contribute to vessel formation in ischemic hindlimbs,
injured corneas, ischemic myocardium, and tumor vasculature [44-47]. EPCs are
produced in the blood marrow, and share a strong association with hematopoetic stem
cells within the marrow. Current research suggests that this association may
contribute to EPC proliferation across the marrow/blood barrier. Since stem cells
secrete angiogenic growth factors such as VEGF, the upregulatory cycle also recruits
EPCs, and contributes to its increased permeability through the bone marrow/blood
barrier [48]. It is not conclusively known which external signals are responsible for
EPC mobilization and recruitment, but there are early hints. Ischemia or vascular

20
trauma has been shown to increase EPC recruitment in corneal angiogenesis,
indicating a possible causal link [44]. These studies indicate that for proper controlled
angiogenesis, recruitment of EPCs may be an important factor.

2.4.2 Controlled angiogenesis
Crosslinked HA hydrogels (Figure 2.1) possess many useful properties that
make them ideal for use in implants. First, HA is highly biocompatible, as it is a
naturally occurring component of the ECM. Also, it is degradable within the body.
This is useful in applications such as drug delivery, where transient implants are more
favorable. Prestwich et al. described the development of disulfate crosslinked HA
hydrogels by air oxidation [3]. The use of air oxidation in this modified HA provides
an easy method of developing implant-friendly hydrogels for use in surgery soon after
crosslinking. HA modified in the fashion of this study has mechanical properties that
are much more effective than native HA, such as improved stiffness and mechanical
strength [3]. As previously mentioned, many different growth factors have been
identified that possess angiogenic properties. Two of the most studied are vascular
endothelial growth factor (VEGF) and basic fibroblast growth factor (bFGF), which
are described in many of the studies referenced herein.
Research into controlled drug release from HA hydrogels has been ongoing
from many other research groups as well. One study reported anti-inflammatory drug
release in a modified HA hydrogel system [49]. For the experiment, divinyl sulfone(DVS) modified HA, crosslinked with poly(ethylene glycol)-divinyl sulfone (PEGDVS) was used as the hydrogel system. From this system, an in vitro study of the
release of vitamin E succinate (VES) and bovine serum albumin (BSA) was performed,
demonstrating that DVS-modified HA (HA-VS-PEG-VS-HA) had a lower rate of
VES and BSA release than unmodified HA (HA-VS-VS-HA). In a follow-up cell
adhesion experiment, cell density was lowest in the presence of VES. This indicates
that the slow release from DVS-modified HA may be the most effective treatment for
anti-inflammatory purposes.
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Other hydrogel or polymeric systems have been used for growth factor release,
such as gelatin, collagen, and heparin itself. Gelatin is a popular implant material due
to its biocompatibility and ability to sustain implanted cells. This study used a
glutaraldehyde crosslinked gelatin to investigate the release rate of bFGF, VEGF,
transforming growth factor-β1 (TGF-β1), and bone morphogenetic protein-2 (BMP-2)
[50]. After sorbtion in vitro, the retention of each of the growth factors was measured
in vivo in a subcutaneous implant in the backs of mice. BMP-2 and VEGF had large
initial desorption, indicating a lack of attachment to the hydrogel. However, bFGF
and TGF-β1 had a retention rate that was consistent with the hydrogel itself, indicating
that these growth factors are likely attached by ionic interactions.
Another method used is to create microspheres impregnated with a growth
factor, allowing control of release rate by varying growth factor concentration and
microsphere diameter. An example of this type of study is a study of VEGF release
from calcium alginate microspheres in vitro, and angiogenesis in vivo in a rat groin
fascia model [51]. In vitro, VEGF was released at a constant zero-order rate
proportional to the microsphere diameter, after a 4 day period of uncontrolled release
rates. In vivo, a statistically significant increase in vascularization was observed in
surgical mice versus the controls. The most extensive neovascularization was
observed at three weeks; this level of vascularization was similar at 8 weeks. Also,
immunostaining for VEGF demonstrated a strong relationship between release of
VEGF from the microspheres and neovascularization.

2.4.3 Previous studies of the Peattie group
One of the first studies undertaken with the modified HA was a fibroblast
proliferation study involving a hydrogel containing both modified HA and gelatin [52].
Gelatin was used as a growth medium for fibroblasts, and as a medium to increase cell
adhesion. HA-only hydrogels have been shown to have poor cell adhesion [3], so
gelatin, a modified form of collagen, was added to increase adhesion. This study
involved fibroblast-seeded hydrogels containing HA only, gelatin only, and an HAgelatin mixture. The rapid degradation of the gelatin-only gels was unfavorable for
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most applications of implantable hydrogels, while the poor cell adhesion of the HAonly gels made that formulation unfavorable as well. The mixture of the two was
more effective, providing a reasonable degradation rate, as well as allowing
proliferation of fibroblasts, indicating increased cell adhesion.
Research continued in a study on the angiogenic effect of implanted HA
hydrogels containing various cytokine growth factors in a mouse ear pinna setting.
The implant neovascularization was compared to neovascularization due to aqueous
injections of growth factors, as well as sham surgeries to examine the systemic effects
of surgery. Two important results were obtained: first, the effect of aqueous growth
factors was greater than a hydrogel implant of HA alone, while the hydrogels
containing growth factors had the greatest effect on neovascularization. Second, the
vessel growth in the GF-containing hydrogels was larger than the sum of aqueous GF
and HA-only hydrogel cases, demonstrating a synergistic effect of HA and growth
factors [5].
After investigating single growth factor gels, the next line of research was into
dual-growth factor hydrogels. The previous studies only measured gross vessel
density, with no regard for the vessel maturity. Examination of the histology of the
ear pinnas in previous experiments demonstrated that vessels tended to be highly
fenestrated in cases containing VEGF, dovetailing with scientific consensus that
VEGF is a highly active angiogeneic promoter, but is not as effective at creating
mature, well-developed vessels. For these reasons, a similar experiment was
performed to the previously mentioned study, but incorporating a case involving codelivery of VEGF and keratinocyte growth factor (KGF) from a modified HA
hydrogel. Results of this experiment yielded several important conclusions. First, the
co-delivered VEGF and KGF case had the highest vessel density of any case at day 14.
Visually, this case also contained blood vessels with well-defined endothelial borders,
indicating a mature vessel growth pattern that was not present in previous singlegrowth factor cases [10].
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3. MATERIALS AND METHODS
3.1 Materials
Fermentation-derived HA (sodium salt, MW = 750 kDa) was a gift from
Novozymes (Cophagen, Denmark). Polyethylene glycol (PEG) (MW = 3400), 1-ethyl3-[3-(dimethylamino)propyl]carbodiimide (EDCI), 3,3’-dithiobis(propanoic acid)
(DTP) and hydrazine hydrate were from Aldrich Chemical Co. (Milwaukee, WI).
Dithiothreitol (DTT) was from Diagnostic Chemicals Limited (Oxford, CT). Gelatin
(bovine skin, type B, gel strength approximately 225 Bloom) (Gtn), Dulbecco’s
phosphate-buffered saline (DPBS), bovine serum albumin (BSA), heparin (sodium salt
from porcine mucosa, unfractionated, MW = 15 kDa), streptavidin-horseradish
peroxidase and 3,3’,5,5’-tetramethylbenzidine (TMB) were purchased from Sigma
Chemical Co. (St. Louis, MO). Vascular endothelial growth factor (human
recombinant, 165 amino acid, MW = 46 kDa) and basic fibroblast growth factor
(human recombinant, 154 amino acid, MW = 17.2 kDa) were from Peprotech, Inc.
(Rocky Hill, NJ), and mouse anti-bFGF and anti-VEGF, both biotinylated and
nonbiotinylated, were from R&D Systems, Inc. (Minneapolis, MN).

3.2 Chemical syntheses
All procedures in this section were performed by Dr. Xiao Zheng Shu in the
Center for Therapeutic Biomaterials, Department of Medicinal Chemistry, University
of Utah. Thiol-modified HA, gelatin and heparin (HA-DTPH, Gtn-DTPH and HPDTPH) were prepared by EDCI-mediated condensation with DTP (3,3’-dithiolbis
(propanoic hydrazide)) followed by DTT reduction and dialysis as previously
described [3-4,53-54], and their structures confirmed by 1H-NMR. The thiol
substitution percentages of HA-DTPH, Gtn-DTPH and Gtn-DTPH were determined
using a modified DTNB method [55]. The free thiol contents of HA-DTPH and HpDTPH were 42 and 56 thiols per 100 disaccharide units, respectively. The free thiol
content of Gtn-DTPH was 0.45 mmol/g, indicating that approximately 37% of the
carboxylate groups in Gtn were modified. PEG-diacrylate (PEGDA) was synthesized
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from PEG, also by previously described procedures [6,56]. Subsequently, all
materials were lyophilized for storage purposes.

3.3 Hydrogel preparation for in vitro experiments
Two different sets of hydrogels were prepared. For HA gels, 1.25% (w/v) HADTPH and 1.25% (w/v) Hp-DTPH in DPBS solution (pH 7.4) were pre-mixed in
ratios of 100:0, 99.97:0.03, 99.7:0.3 and 97:3 (v/v). These HA:Hp solutions were then
crosslinked by mixing with 4.5% (w/v) PEGDA in DPBS in a volume ratio of 4:1,
maintaining solution pH at 7.4 by dropwise addition of Na2HPO4 / NaH2PO4 as
needed, to produce the final 1% (w/v) HA gels. Growth factors were incorporated
non-covalently in the gels when desired by pre-mixing 250 ng VEGF or bFGF in 25 μl
DPBS with the modified GAG solution prior to crosslinking. For HA:Gtn gels, half of
HA-DTPH was replaced with Gtn-DTPH, while the Hp-DTPH proportion remained
unchanged (0%, 0.03%, 0.3% and 3% in HA:Gtn:Hp mixtures).
Although gelation proceeded rapidly and hydrogels formed within 20 minutes, to
ensure fully crosslinked, homogeneous, uniform gels, the solutions were maintained
under continuous gentle agitation on an orbital rotator at 4°C for 24 hours. The
resulting gels were then dehydrated to a film state in an incubator for 48 hours at 37ºC
and sealed until needed.

3.4 In vitro release kinetics of growth factors
Growth factors were allowed to release from these gels at 37°C into a DPBS
buffer solution supplemented with 1% BSA, 1 mM EDTA and 10μg/ml heparin, under
continuous agitation. At days 1, 2, 3, 7, 14, 21, 28, 38, and 42, the release medium
was withdrawn, and an equal volume of fresh release medium was added back to
maintain the total volume. Samples were then immediately frozen at –80 °C until
measurement. Each release condition was performed in quadruplicate.
Released amounts of bFGF and VEGF were quantified with sandwich enzymelinked immunosorbent assay (ELISA), using an assay modified from a commercially
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available kit (R&D VEGF and bFGF ELISA kits, models DVE00 and DFB50).
Briefly, 100 μl/well of 1 μg/ml anti-VEGF or 2 μg/ml anti-bFGF as capture antibody
was immobilized on a 96-well high binding polystyrene plate (E&K Scientific, model
EK-25161) by incubation at room temperature overnight. The plate wells were then
blocked with 200 μl/well DPBS including 1% BSA, 5% sucrose and 0.05% NaN3 for
1 hour. VEGF or bFGF solutions in release media were thawed, and 100 μl/well
added to the plate and incubated for 1 hour, also at room temperature. At the same
time, a dilution series of known concentrations of human VEGF or bFGF in release
medium were prepared on each plate as standards. 100 μl/well of biotin-anti-VEGF
(50 ng/ml) or biotin-anti-bFGF (0.5 μg/ml) as detection antibody was then added and
incubated for another hour. The plate wells were then emptied and washed three times
with 200 μl/well wash buffer (DPBS with 0.05% Tween-20, pH 7.4), followed by
addition of 100 μl/well of a 1:1000 dilution of streptavidin-horseradish peroxidase.
After a 1 hour incubation at room temperature, each well was loaded with 100 μl TMB,
and a blue color gradually appeared. The plate wells were then washed again, and the
color-forming reaction stopped by addition of 100 μl/well 1M H2SO4. The plate was
then read at 450 nm to determine the bFGF or VEGF level released. Total
accumulated released bFGF or VEGF was calculated by integration of the individual
measurements over the cumulative time of the experiment.

3.5 Hydrogel preparation for in vivo experiments
Hydrogel preparation for in vivo experiments proceeded as for the in vitro
measurements, save that in each case with heparin the gel consisted of 0.3% (w/w) Hp.
As with the in vitro measurements, in each case with gelatin, the ratio of HA:Gtn was
1:1. To fabricate the gels, lyophilized HA-DTPH, Gtn-DTPH, and Hp-DTPH were
separately dissolved in DPBS in 15 mg/ml solutions and adjusted to pH 7.4. A stock
solution of PEGDA was prepared at 50.5 mg/ml in DPBS. Simultaneously, the
lyophilized VEGF and bFGF were reconstituted according to vendor instructions, and
then diluted to 1 mg/ml in DPBS.
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These solutions were mixed in small polystyrene dishes at room temperature by
gentle swirling, adding PEGDA last to achieve a 1:2 ratio of acrylate to thiol
functionalities. In the non-heparinized gels, enough GF solution was added to achieve
a 25 ng dose in the 4 mm disc for implantation. In the heparinized gels, a 100 ng dose
was prepared, based on the release profiles from the in vitro study. The resulting
mixture was maintained under continuous gentle agitation on an orbital rotator at 37°C
for 24 hours as gelation proceeded, then the gels were dehydrated for 48 hours,
producing films of approximately 1 mm thickness. Round disks of 4 mm diameter
were punched from these films at the time of surgery for implantation.

3.6 In vivo surgical and experimental procedures
The angiogenic response to the various crosslinked hydrogels was evaluated in a
mouse model [57]. All experiments and procedures were performed with the approval
of both the University of Utah and Oregon State University Institutional Animal Care
and Use Committees. Male Balb/c mice aged 6-8 weeks were anesthetized with 2.5%
isoflurane using an inhalation anesthesia system (VetEquip Inc., Pleasanton, CA).
After a deep general anesthetic plane had been achieved, a shallow 4-5 mm incision
was made through the skin of the right ear pinna posterior surface. A blunt probe was
inserted into the pinna through this incision and a pocket large enough to
accommodate a 4 mm disk opened immediately subcutaneously [6,58]. A
glycosaminoglycan film disk was positioned within the pocket and the incision was
closed without sutures. Mice recovered from this brief procedure within minutes, and
the incision normally healed without complications in approximately 5-7 days.
At days 7, 14, or 28 post-surgery, the mice were anesthetized by isoflurane
overdose (5%) and immediately sacrificed by cervical dislocation. Both the surgical
and contralateral ears were harvested and fixed in formalin, then stored overnight.
Each ear was then embedded in paraffin and allowed to set up overnight. At this point,
samples were stable indefinitely, allowing them to be stored until needed. Later, ears
were sectioned paralled to the plane of the ear pinna, then mounted two consecutive
sections to a slide, and three slides per ear using a water bath. This allowed a large
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number of counting regions to be available for later study. After drying overnight, the
slides were stained with hematoxylin and eosin (H&E). The H&E staining procedure
was the standard dehydration with graded alcohols, staining with both stains, then
rehydration. After drying, the slides were then fixed with cover slips, allowing
indefinite storage. Microvessels were counted under a light microscope at 400×
magnification, first re-labeling the slides with encoded numbers so that while counting,
the observer would be unaware of the treatment group to which the sample belonged.
Vessels were counted in a 250×250 μm region, and 10 random regions representative
of the vessel density of the ear were counted per sample. The following procedures
were used for the tasks described in this paragraph:

3.6.1 Ear harvest technique
At each harvest date, a standard harvest technique was performed, as detailed in
this section. First, an induction chamber was prepared with a continuous flow of a gas
mixture consisting of 95% oxygen and 5% isoflurane. After the chamber reached
equilibrium (approximately 5 minutes), all mice scheduled for harvest were placed
inside, and then observed until they were demonstrably dead. The mice were then
removed from the chamber and placed on a sterile lab bench. Using surgical scissors,
both ears were removed and the remaining hair trimmed away. Each ear was then
placed in a tissue preparation cassette, enclosed by standard foam inserts. Each
cassette was labeled with the surgical case, ear (surgical or contralateral), and date of
harvest. The complete cassette was then placed in a beaker containing 10% formalin
solution overnight.

3.6.2 Tissue processing
Tissue processing for each harvested sample was performed in Leica TP 1020
automated tissue processor. After samples had been prepared in 10% formalin
solution as described in the previous section, the cassettes were ready for tissue
processing to prepare the ears for embedding in paraffin. The tissue processor consists
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of several stations containing solvents and paraffin and a basket that submerges the
cassettes into those stations for intervals determined by a program. The contents of
those stations are shown in Table 3.1. The program used for tissue preparation is
shown in Table 3.2. This table indicates that the samples are submerged in the station
in the first column for an amount of time shown in the third column of the table. After
this has elapsed, the samples are moved automatically to the station shown in the
following row. After all stations have been cycled through, the samples are prepared
for tissue embedding in paraffin.

Table 3.1: Stations of Leica TP 1020 with corresponding solution.
Station

Solution

1

35% EtOH

2

50% EtOH

3

70% EtOH

4

85% EtOH

5

95% EtOH

6

95% EtOH

7

100% EtOH

8

100% EtOH

9

Xylenes

10

Xylenes

11

Paraplast XTRA (paraffin)

12

Paraplast XTRA (paraffin)
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Table 3.2: Tissue processing program used for all experimental cases.
Station
3

Solution
70% EtOH

Time
15’

Temperature
Off

Vacuum
On

4

85% EtOH

15’

Off

On

5

95% EtOH

15’

Off

On

7

100% EtOH

15’

Off

On

8

100% EtOH

15’

Off

On

9

Xylenes

15’

Off

On

10

Xylenes

15’

Off

On

11

Paraplast

30’

56° C

On

30’

56° C

On

XTRA
(paraffin)
12

Paraplast
XTRA
(paraffin)

3.6.3 Tissue embedding
After the end of the tissue preparation program, samples were removed from
the tissue preparer, then blotted dry with lab wipes. All samples were then placed in
liquid paraffin in the body of Leica EG1160 embedder. Samples were removed
individually from the liquid paraffin, and then the lid was removed. Next, a base mold
was placed under the paraffin spot and a small amount of paraffin was injected. The
sample was then placed in the center, and then chilled for a few seconds on the cold
plate to fix the sample in place. Next, the cassette base was placed on the mold and
filled to approximately ½ or the cassette depth with paraffin. Following this, the mold
was placed on the cold plate for 30 minutes to allow the paraffin to harden. Last, the
samples were left at room temperature overnight to ensure the paraffin has fully
hardened. Tissue blocks are stable indefinitely, and were then stored until ready to
section.
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3.6.4 Tissue sectioning
Tissue blocks were sectioned using a Leica RM2255 microtome, sectioning at
5 mm thickness. Sections were selected to show microvessel density immediately
surrounding the surgical site. At least 4 consecutive sections were obtained per block,
mounted 2 or 3 to a slide using a water bath. After mounting, slides were dried
overnight on a heat block at approximately 32° C. Slides were then ready for H&E
staining.

3.6.5 Hematoxylin and eosin staining
H&E staining of tissue samples was performed using the materials and
methods detailed in the following sections. Slides that were dry after sectioning were
placed into a slide carrier. Liquids were in plastic containers into which the slide
carrier was immersed sequentially, first dehydrating the samples, then staining with
H&E, and finally rehydrating and fixing. The procedure is detailed in Tables 3.3 and
3.4.

Table 3.3: Hematoxylin and eosin staining materials.

Materials
Xylenes
Graded Alcohols (30, 50, 70, 95, and 100% ROH)
ddH2O (deionized water)
Gill’s Hematoylin
Acid rinse (2 mL glacial acetic acid per 98 mL ddH2O)
Bluing solution (1.5 mL NH4OH per 98.5 mL 70% ROH)
Eosin Y
Tap H2O
Cytoseal XYL or other permanent mounting solution
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Table 3.4: Hematoxylin and eosin staining methods.
Staining Procedure
Deparaffinize tissue sections
Xylenes
100% ROH
95% ROH
70% ROH
50% ROH
30% ROH
ddH2O
Stain with hematoxylin

Time
2x5’
2x3’
2x3’
3’
3’
3’
2x3’
1-2’

Rinse in running tap water until it runs clear
Dip 10 times in Acid Rinse
Dip 10 times in tap water
1’
Immerse in Bluing solution
Stain with eosin

1-2’

Rinse in running tap water until it runs clear
Rehydrate tissue sections
ddH2O

2x1’

30% ROH
50% ROH

1’
1’

70% ROH
95% ROH
100% ROH
Xylenes
Attach cover slide with Cytoseal XYL
Dry overnight

1’
2x1’
2x1’
2x1’
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3.7 In vivo data analysis
Six mice were evaluated at each time point (n = 6) for all treatment cases.
Microvessel density data are presented as mean ± standard deviation for each
treatment group. Although all the vessel counts presented in this paper were
performed by a single observer, due to the number of observers in our laboratory a
protocol has been developed to minimize the effects of intra-observer variability. For
that purpose, a set of 22 slides from 11 treatment cases were set aside and vessels in
them counted by each member of the laboratory. Group averages were then calculated,
and a correction factor determined for each individual observer to equate that
individual’s counts to the group means. This correction procedure has been applied to
all the data presented here.
To account for both variations in vessel density before surgery and non-specific
vessel growth not related to the implant, a nondimensional neovascularization index
(NI) was defined as the following:

NI =

(treatment − CL) − ( sham − CL)
mean CL

(3.1)

where (treatment − CL) refers to the vessel count from the implanted ear of a

particular animal minus that of its contralateral ear, averaged over all the animals in a
particular treatment group, ( sham − CL) represents the same quantity for a sham
surgery control case that underwent pocket formation but received no implant [10],
and mean CL is the average count from all contralateral ears over all treatment groups.
Thus defined, NI represents the number of additional vessels present post-implant in a
treatment group, minus the additional number due to the surgical procedure alone,
normalized by the mean contralateral count [6,58]. (Mathematically, NI can be
expected to be a Gaussian random variable, since both (treatment – CL) and (sham –
CL) are themselves random variables. Calculation of its mean and standard deviation
therefore requires appropriately linearly combining the properties of the constituent
terms.) Statistical significance was determined using two-way ANOVA and post-hoc
Fisher’s PLSD analysis (StatView 5.0, SAS Institute Inc., Cary, NC), with significance
taken at the level p ≤ 0.05.
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4. IN VIVO DNA MICROARRAYS
Gene expression can provide a wealth of data about the operation of cellular
processes. In conjunction with other forms of data, such as vessel counts, genetic
markers can be associated with physical processes occurring during angiogenesis. The
main method for analyzing gene expression on a large scale is the DNA microarray.
In this chapter, the background, materials and methods, and progress of the in vitro
DNA microarray study is detailed.

4.1 Background
Until the mid-1990’s, gene expression was studied on a single basis; one gene
either upregulated or downregulated. This had a severe limitation on understanding
the full spread of gene expression. Developments in automation and computer
analysis over the last 10 years have allowed simultaneous analysis of nearly all
expressed genes at once via the DNA microarry [59]. DNA microarrays are
essentially an evolution of Southern blotting, using fragments of DNA (probes) to
attach to the expressed DNA or RNA in the sample. Two main types of microarrays
are in use: oligonucleotide arrays and cDNA arrays. Oligonucleotide arrays use small
25 base pair gene fragments designed to match a specific gene sequence. These arrays
use two separate microarrays, and so give a value for an absolute amount of genes
expressed. By contrast, cDNA arrays are typically hybridized with the control sample,
allowing the relative increase or decrease in gene expression to be determined on one
microarray. However, the absolute values of gene expression cannot be determined by
this method.
A cDNA experiment requires two samples, a control sample and an
experimental sample [60]. The mRNA is extracted from the sample as usual, but then
the two samples are labeled with different colored dyes when reverse transcribed into
cDNA. Since the samples are now differentiated, then can be combined into the same
microarray, allowing a differential comparison to be performed (Figure 4.1). This
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provides a value for “upregulation” or “downregulation” versus the control, but no
true absolute value for the amount of DNA [61].

Figure 4.1: A cDNA Microarray Experiment. RNA is extracted from two different
samples and converted into complementary DNA (cDNA), during which the DNA is
labeled with florescent compounds. The two samples are then mixed together for
comparison and hybridized to the array. Differences in gene expression are revealed
by fluorescent patterns on the array [61].

4.2 Experimental design
The in vivo gene expression produced by implantation of VEGF-containing
gels was evaluated in a mouse ear setting for a series of control and experimental
treatment cases, including (i) HA:Gtn, (ii) HA:Gtn-Hp, (iii) HA:Gtn-VEGF, and (iv)
HA:Gtn:Hp-VEGF. Each case had four replicates per time point (n = 4), at day 1, 4, 7,
and 14.
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4.3 Materials and chemical syntheses
The materials and chemical syntheses used for this study were identical to
those in sections 3.1 and 3.2, as the study is complementary to the in vitro
neovascularization study. Comparisons of the gene expression in identical treatments
to the neovascularization will allow better results than an unrelated study of gene
expression.

4.4 Hydrogel preparation for in vivo microarray experiments
Hydrogel preparation for in vivo microarray experiments proceeded as for the in
vivo neovascularization measurements in section 3.5. In each case the ratio of HA:Gtn
was 1:1. To fabricate the gels, lyophilized HA-DTPH, Gtn-DTPH, and Hp-DTPH
were separately dissolved in DPBS in 15 mg/ml solutions and adjusted to pH 7.4. A
stock solution of PEGDA was prepared at 50.5 mg/ml in DPBS. Simultaneously, the
lyophilized VEGF was reconstituted according to vendor instructions, and then diluted
to 1 mg/ml in DPBS.
These solutions were mixed in small polystyrene dishes at room temperature by
gentle swirling, adding PEGDA last to achieve a 1:2 ratio of acrylate to thiol
functionalities. In the non-heparinized gels, enough GF solution was added to achieve
a 25 ng dose in the 4 mm disc for implantation. In the heparinized gels, a 100 ng dose
was prepared, based on the release profiles from the in vitro study. The resulting
mixture was maintained under continuous gentle agitation on an orbital rotator at 37°C
for 24 hours as gelation proceeded, then the gels were dehydrated for 48 hours,
producing films of approximately 1 mm thickness. Round disks of 4 mm diameter
were punched from these films at the time of surgery for implantation.

4.5 In vivo surgical and experimental procedures
The angiogenic response to the various crosslinked hydrogels was evaluated in a
mouse model [57]. All experiments and procedures were performed with the approval
of both the University of Utah and Oregon State University Institutional Animal Care
and Use Committees. Male Balb/c mice aged 6-8 weeks were anesthetized with 2.5%
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isoflurane using an inhalation anesthesia system (VetEquip Inc., Pleasanton, CA).
After a deep general anesthetic plane had been achieved, a shallow 4-5 mm incision
was made through the skin of the right ear pinna posterior surface. A blunt probe was
inserted into the pinna through this incision and a pocket large enough to
accommodate a 4 mm disk opened immediately subcutaneously [6,58]. A
glycosaminoglycan film disk was positioned within the pocket and the incision was
closed without sutures. Mice recovered from this brief procedure within minutes, and
the incision normally healed without complications in approximately 5-7 days.
At days 7, 14, or 28 post-surgery, the mice were anesthetized by isoflurane
overdose (5%) and immediately sacrificed by cervical dislocation. Both the surgical
and contralateral ears were harvested, and an 8mm surgical punch used to remove the
center section of the ear. Each 8mm punch was then sliced with a razor into ~1mm
square sections and placed in RNAlater solution. Vials containing each sample in
RNAlater were labeled and placed into storage at -80°C. At this point, samples were
stable indefinitely, allowing them to be stored until needed. The following procedures
were used for the tasks described in this paragraph:

4.5.1 Ear harvest technique
At each harvest date, a standard harvest technique was performed, as detailed in
this section. First, an induction chamber was prepared with a continuous flow of a gas
mixture consisting of 95% oxygen and 5% isoflurane. After the chamber reached
equilibrium (approximately 5 minutes), all mice scheduled for harvest were placed
inside, and then observed until they were demonstrably dead. The mice were then
removed from the chamber and placed on a sterile lab bench. Using surgical scissors,
both ears were removed and the remaining hair trimmed away. The implant site was
then removed with an 8mm surgical punch and the remainder disposed in medical
waste. Each punched section was then sliced into approximately 1mm square sections
and placed into vials containing RNAlater. Each vial was labeled with the surgical
case, ear (surgical or contralateral), and date of harvest. The vials were left at room
temperature for 1 hour, then placed into a freezer at -80°C for indefinite storage.
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4.6 Completion of experiment
Whenever the experiment is continued, the next step is to obtain total RNA from
each of the samples. For these samples, a Quiagen RNeasy Fibrous Tissue Kit will be
used to isolate the total RNA, with a few changes. In the RNeasy kit, a digestion stage
is present with protienase K; this step is omitted in the procedure to ensure no
degradation of the RNA occurs, and to increase final RNA yield.
With the total RNA samples from the extraction step, the next step is to prepare
the microarrays. As previously mentioned, a cDNA array for mice will be used to
gauge the expression of genes in response to the HA implants. An analysis of the gene
expression, coupled with the knowledge from the NI experiments will assist in the
development of mechanisms for angiogenesis
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5. RESULTS
Hydrogel films for this study were prepared with thiolated derivatives of GAGs
and gelatin. Michael addition between these thiolated derivatives and diacrylate PEG
at neutral to slightly basic pH (Figure 2.1) has proved an advantageous crosslinking
method for several reasons [3]. Hydrogel formation occurs within 20-30 minutes,
yielding disulfide-crosslinked gels that are stable and highly bio- and cytocompatible
both in vitro and in vivo [3,6,9]. These gels have robust biomechanical properties, and
can be dehydrated to a flexible, dry, durable film state which swells with no
degradation when reversibly rehydrated in aqueous solution [6]. These HA-based
systems also can be applied as injectable biomaterials during the gelation period,
without the surgery required for implantation [6-7]. Heparin covalently co-crosslinked
into the gels using this method retains its binding affinity for growth factor ligands,
and maintains their bioactivity. The efficacy of this approach has been demonstrated
in previous studies involving as low as 1% heparin [8].

4.1 In vitro growth factor release
To evaluate the effect of heparin on controlled release, dispersion of VEGF or
bFGF from gels containing four different concentrations of covalently crosslinked
heparin (0, 0.03%, 0.3% and 3%, w/w to HA or HA:Gtn) was measured in vitro.
Figures 2 and 3 present the time course of total cumulative release for VEGF and
bFGF, respectively. Covalently crosslinked heparin retarded VEGF release
significantly in both the absence (Figure 5.1a) and presence (Figure 5.1b) of gelatin in
the HA-based gels. HA-only gels lacking heparin released a total of 30% of their
stored VEGF over the 42 days of the experiment. The total released percentage
declined monotonically with heparin concentration at all time points, so that as little as
0.03% Hp in the gels reduced the released VEGF fraction from 30% to 21%, while 3%
heparin reduced it to 19% (Figure 5.1a, Table 5.1).
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Figure 5.1: Cumulative in vitro VEGF release from (a) HA and (b) HA-Gtn
hydrogels over a 42 day time period. The legend applies to both figures.
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Table 5.1: Percent VEGF and bFGF released from 0.25 ml crosslinked HA and
HA:Gtn hydrogels supplemented with different quantities of covalently crosslinked
heparin.

HP-DTPH%
(w/w)
3
0.3
0.03
0

VEGF released over 42 days
HA gels
HA:Gtn gels
19%
20%
20%
29%
21%
35%
30%
48%

bFGF released over 42 days
HA gels
HA:Gtn gels
32%
88%
37%
90%
43%
96%
26%
65%

The heparin dose-dependence was even clearer for VEGF released from HA:Gtn
gels (Figure 5.1b, Table 5.1). With HA:Gtn gels, the total amount of VEGF released
over 42 days in the absence of heparin increased to 48%. That released fraction
declined to 20% at 3% Hp. Released quantities of both VEGF and bFGF from gels
with different compositions are compared in Table 1.
Similarly, more bFGF was released from HA:Gtn gels than HA gels over 42
days (Figure 5.2), and release of bFGF was also heparin dose-dependent. In the
absence of heparin, 65% of bFGF was released during the experiment from HA:Gtn
gels (Figure 5.2b, Table 5.1), but only 26% from HA gels. However, in contrast to
VEGF, with bFGF monotonic heparin dose dependence was only observed when
heparin was present in gels. For example, in HA-only gels, 43% of bFGF was
released from 0.03% Hp gels, whereas 37% was released from gels with 0.3% Hp and
32% was released in the presence of 3% Hp (Figure 5.2a, Table 5.1). All of those
values are substantially larger than the 26% found when heparin was absent. That
pattern was maintained in HA:Gtn gels, for which the bFGF release percentage was
greater than 95% with 0.03% Hp, and still 88% for 3% Hp (Figure 5.2b, Table 5.1),
much greater than the 65% released in the absence of heparin.

41

100
90

HA
HA+0.03% Hp
HA+0.3% Hp
HA+3% Hp

80
70
% Released

60
50
40
30
20
10
0
0

(a)

10

20

30

40

50

Time (Days)

100
90
80

% Released

70
60
50
40
HA:Gtn
HA:Gtn+0.03% Hp
HA:Gtn+0.3% Hp
HA:Gtn+3% Hp

30
20
10
0

(b)

0

10

20

30

40

50

Time (Days)

Figure 5.2: Cumulative in vitro bFGF release from (a) HA and (b) HA-Gtn hydrogels
over a 42 day time period. The legend applies to both figures.
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An important difference between VEGF and bFGF release was that VEGF
release appeared to occur in a two-phase pattern. For all heparin concentrations, in
both the presence and absence of gelatin, cumulative VEGF released increased at a
rapid rate over the first week of measurements (Figure 5.1a and 5.1b). Then after
week 1, the rate of release decreased abruptly and non-differentially to a lower slope
that was maintained approximately constantly over the subsequent 5 weeks of the
experiment. In contrast, no such abrupt change was observed with bFGF. Release of
bFGF in week 1 occurred at a lower rate for all gels. In the absence of gelatin (Figure
5.2a), the release rate appeared to decline gradually throughout the 6 week period of
the experiment. In the presence of gelatin, however, the bFGF release rate increased
from week 1 to week 2, but then decreased slowly at later times (Figure 5.2b).

5.2 In vivo angiogenic response
The in vivo angiogenic effect of these GF-containing gels was evaluated in a
mouse ear setting for a series of control and experimental treatment cases, including
(i) HA-VEGF, (ii) HA-bFGF, (iii) HA:Gtn, (iv) HA:Hp, (v) HA:Gtn:Hp, (vi) HA:HpVEGF, (vii) HA:Gtn:Hp-VEGF, (viii) HA:Hp-bFGF and (ix) HA:Gtn:Hp-bFGF.
Results for other control cases, including creation of a pocket with no implant placed
and delivery of a liquid aliquot of VEGF alone, were retained from our previous
experiments [10]. The control experiments (i – v) provided quantitative evaluation of
vessel formation resulting from delivery of HA-based films containing either a growth
factor but not heparin, or heparin but not a growth factor. They therefore permitted
direct evaluation of the effects attributable to implanted films preloaded with both a
growth factor and heparin (vi - ix).
Representative photographic images of tissue microvascularization show notable
differences that characterized the tissue response to each implant (Figure 5.3).
Contralateral ear sections (Figure 5.3a) had a similar appearance for all animals. No
evidence of any systemic response to the implant was observable at any time point for
any of the treatment cases. Chondrocytes were widely distributed in this tissue, along
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with numerous hair follicles and sebaceous and other glands. Few capillaries were
evident, but the endothelial borders of those that were present appeared intact. Red
cells were confined within defined capillary walls.
Ears implanted with HA-VEGF disks (Figure 5.3b) continued to show the
chondrocytes, hair follicles and glands typical of ear pinnas, but showed distinct
histological differences from the contralateral controls. In addition,
polymorphonuclear leukocyte inflammatory cells were also identifiable in these
sections. Such leukocytes were recognizable by their multilobed nuclei. Although
many apparently partially formed new microvessels could be recognized in these ears
through their associated chains of red cells, the endothelial borders of these vessels
were poorly defined and incomplete. Accordingly, large numbers of extravasated
erythrocytes could be found distributed among the identifiable vessels.
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Figure 5.3: Representative images of ear tissue sections, hematoxylin and eosin
staining, 400×. (a) Contralateral ear, day 28 post-surgery, (b) VEGF-preloaded HA
implant, day 28 post-surgery, and (c) VEGF-preloaded HA-Hp implant, day 28 postsurgery. Ca – capillary, Ch – chondrocyte, E – erythrocyte, H – hair follicle, L –
polymorphonuclear leukocyte. Note the proliferating vasculature with a large amount
of extravasated red cells in the HA-VEGF ear (b), as compared to the well-defined
endothelial borders developed in response to inclusion of Hp in the implant (c).
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The greatest density of microvessels was found for the case HA:Hp-VEGF, at
day 28 (Figure 5.3c). These vessels were also the most fully developed of any
treatment group. Most of the tissue in these ears appeared undisturbed, with
apparently normal distributions of non-inflammatory cells, though tissue regions with
polymorphonuclear inflammatory cells could also be found. In contrast to the highly
permeable, incomplete vessels resulting from VEGF-containing implants lacking
heparin, gels incorporating heparin produced few extravasated erythrocytes. Instead,
long chains of erythrocytes were present. These chains appeared to be confined within
microvessels showing well developed borders and obvious endothelial cell nuclei.
This ultrastructural organization suggests that the presence of heparin in the gel
preparation led to a more fully formed level of vascular maturity than implants lacking
heparin.
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Figure 5.4: Microvessel density at (a) day 7, (b) day 14, and (c) day 28 postimplantation. Results are shown for the control cases HA:Hp, HA:Gtn, HA:Gtn:Hp,
HA-VEGF and HA-bFGF, and the experimental cases HA:Hp-VEGF, HA:Hp-bFGF,
HA:Gtn:Hp-VEGF and HA:Gtn:Hp-bFGF; mean ± s.d., n = 6.
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Neovessel density in the implanted ears was significantly greater than that of the
contralateral ears, regardless of the implant contents. Vessel density of the
contralateral ears was in the range of 120 – 240 vessels/mm2, with no evidence of any
statistically significant differences between treatment groups, indicating that the tissue
response was localized to the region of the implant. Quantitative counts of
microvessel density for the implanted ears of each treatment group are shown in
Figure 5.4. The largest number of vessels found for any case and/or time was the case
of HA:Hp-bFGF at day 14, which produced 428 microvessels/mm2. That value was
greater than the number of vessels produced by co-delivery of HA:Hp-VEGF at day
14 (362 microvessels/mm2; p = 0.001). However, the greatest sustained response over
28 days was developed for the HA:Hp-VEGF and HA:Gtn:Hp implants (377 and 386
microvessels/mm2 respectively; p = 0.5668 for the comparison between these two
groups).
With one exception, significant increases in vessel density were produced by
GF-containing HA:Hp gels as compared to HA:Hp implants lacking a growth factor,
at both days 14 and 28 (Figure 5.4b and c; p < 0.002 for all pairwise comparisons,
except HA:Hp-bFGF vs. HA:Hp at day 28, for which p = 0.9082). VEGF-containing
HA:Hp gels showed a statistically significant increase in vessel density from day 7 to
day 14 (Figure 5.3a and b; 336 and 362 microvessels/mm2 respectively; p < 0.0001).
Vessel density then continued to increase to its highest value at day 28, but not by a
statistically significant further change (Figure 5.4c; 377 microvessels/mm2; p = 0.17
for comparison to day 14). In contrast, bFGF-containing HA:Hp gels produced an
increase in vessel density from day 7 to day 14 (Figure 5.4a and b; 333 and
428 microvessels/mm2; p < 0.0001), but then a decrease from day 14 to day 28 (Figure
5.4c; 304 microvessels/mm2; p < 0.0001). Most importantly, HA:Hp-GF gels showed
significantly higher vessel density values than the corresponding HA-GF gels at day
28 (Figure 5.4c; p < 0.015). Cases including gelatin delivery (HA:Gtn:Hp-GF) were
not significantly different from HA:Hp-GF cases at day 7 (Figure 5.4a; p > 0.15).
However, at days 14 and 28 HA:Hp-GF cases had greater vessel density values than
their respective HA:Gtn:Hp-GF counterparts (Figure 5.4b and c; p < 0.001).
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6. DISCUSSION
Hydrogel implants fabricated from chemically modified hyaluronic acid are
robust, highly cyto- and biocompatible, and can be adapted to produce a variety of
desirable biologic effects. Co-delivery of HA and growth factors from these gels
has been shown to lead to a strong angiogenic response, even when the growth
factors are delivered in very low, nanogram doses [5]. Delivery of two growth
factors selected to stimulate different stages of microvessel growth leads to the
formation of vessel beds capable of supporting perfusion without inappropriate
permeability or extravasation of red cells [10]. Furthermore, incorporation of
small amounts of heparin in the gels results in a prolonged, regulated rate of
growth factor release in vitro. This experiment demonstrates that in vivo delivery
of growth factors from heparin-containing gels maintains the biologic activity of
the growth factors while extending the resulting angiogenic response over a period
of weeks by providing sustained, localized growth factor delivery.
In vitro measurements (Figures 4.1 and 4.2) showed that release of each growth
factor could be sustained for over 42 days. This is a dramatic increase in time of
availability compared to the short half-life of free VEGF and bFGF in vivo, which are
degraded by proteolysis within 10-20 minutes after a bolus injection [19,21-22,62].
This prolonged release could be controlled with less than 1% heparin content. The
rate of growth factor release declined montonically with increasing heparin content
once heparin was introduced into the gel, for both VEGF and bFGF. In the absence of
heparin, bFGF was released very slowly. The most likely explanation of this is that
bFGF has cysteine residues that may allow covalent attachment of a fraction of bFGF
molecules during the crosslinking process [63-65]. As a result, its release was
partially inhibited in the absence of heparin. The addition of heparin effectively
protects bFGF from this non-specific interaction. In contrast, VEGF presents no such
surface cysteine exposure [6,55], and is accordingly released most rapidly in the
absence of heparin.
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Although inclusion of crosslinked modified heparin in the gels permits
regulation of growth factor release, high levels of crosslinked heparin present three
potential adverse attributes. First, the ionic character of the gel increases, altering
buffer exchange and protein diffusion non-specifically. Second, increased heparin
levels slow the rate of crosslinking and decrease the stability of the resulting hydrogel.
Third and most important, high levels of heparin significantly increase the gel avidity
for growth factors, ultimately slowing release to the point that a significant fraction of
GF may not be released. For these reasons, it is important to minimize the gel heparin
content. During the first 14-day period of in vitro release, there was little difference in
the rate of VEGF release from Gtn+ gels between 0 and 0.03% heparin (Figure 4.1b).
However, the rate of release from any of these gels was significantly regulated by
0.3% heparin, which produced essentially the same release rates as 3% Hp. Therefore
0.3% heparin was selected for use in all in vivo experiments. This choice was
intended to ensure that the bioactivity of released GFs from these gels would be
effectively maintained, and that their ability to elicit an initial angiogenic response
would be unaltered.
To distinguish the tissue response to different implants from the response to
surgical intervention, vessel growth was re-expressed through the Neovascularization
Index (Figure 5.1). Significant increases in vessel density were produced by GFcontaining HA:Hp gels as compared to HA:Hp implants lacking a growth factor, at
both days 14 and 28 (HA:Hp data not shown for brevity, Figure 5.1a otherwise;
p < 0.001 for all pairwise comparisons). VEGF-containing HA:Hp gels showed an
statistically significant continuing increase in NI from day 7 to day 28 (Figure 5.1a; NI
= 0.62, 0.73 and 1.16 for days 7, 14 and 28 respectively; p < 0.01 for all pairwise
comparisons). In contrast, bFGF-containing HA:Hp gels produced a small decrease in
vessel density from day 7 to day 14 that was not statistically significant (Figure 5.1a;
NI = 0.52 and 0.50 respectively; p = 0.382), but then a statistically significant increase
from day 14 to day 28 (Figure 5.1a; NI = 0.75; p = 0.001). With one exception, cases
including gelatin delivery (HA:Gtn:Hp-GF) had greater NI values than their respective
HA:Hp-GF counterparts at days 14 and 28 (Figure 5.1b; p < 0.002, except for
HA:Gtn:Hp-bFGF vs. HA:Hp-bFGF at day 14, for which p = 0.288).
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Figure 6.1: Neovascularization Index at days 7, 14 and 28 post-surgery. Results are
shown for the treatment cases (a) HA-VEGF, HA:Hp-VEGF, HA-bFGF and HA:HpbFGF at each time point, and (b) HA:Hp-VEGF, HA:Gtn:Hp-VEGF, HA:Hp-bFGF
and HA:Gtn:Hp-bFGF at days 14 and 28; mean ± s.d., n = 6. NI is defined in the text,
Eq. (1). In (a), the treatment case HA:Hp-VEGF at day 28, *, produced a significantly
larger vascularization response than all other cases (p < 0.001 for all pairwise
comparisons). In addition, the case HA:Hp-bFGF produced a statistically significantly
larger response at day 28, **, than at other time points (p = 0.001). In (b), the
treatment case HA:Gtn:Hp-VEGF, *, produced significantly less vascularization at
day 28 than the corresponding non-gelatinized case, HA:Hp-VEGF, (p < 0.002);
similarly, the treatment case HA:Gtn:Hp-bFGF, **, produced significantly less
vascularization at day 28 than the case HA:Hp-bFGF (p < 0.002).
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These data indicate clearly that inclusion of as little as 0.3% heparin in HAbased film implants results in prolonged neovessel growth over a 28 day period. In
contrast, microvessel proliferation did not continue after day 14 in the absence of
heparin (Figure 6.1a). Although the values of NI observed were less than those in our
previous studies using gels that did not contain heparin [5,10], the trends between
groups were consistent with our previous observations. For example, HA:Hp-VEGF
gels led ultimately to greater microvessel growth than any other treatment group,
including gels delivering bFGF. This was also the case for non-heparin-containing
gels [5].
Heparin is a highly sulfated linear polysaccharide released by mast cells that has
well-documented anticoagulant activity, mediated through its ability to bind antiprothrombin III [66]. Growth factors such as VEGF and bFGF present heparin
binding regions through their surface lysine and arginine content [11-12] with separate
affinities specific to each peptide. Thus, each growth factor develops unique,
characteristic interactions with heparin, and is thereby sequestered in the extracellular
matrix [66]. Specifically, sequestration in our synthetic ECM increases the residence
time and prolongs the angiogenic activity of implanted growth factors. Heparin
binding to VEGF/bFGF also protects the growth factors from degradation by
inhibiting interaction with proteins such as α2-macroglobulin and platelet factor 4,
which are proteins integral to VEGF/bFGF breakdown [67-68].
Neovascularization Index measurements (Figure 6.1) show that co-delivery of
HA and VEGF from HA:Hp gels led to a significantly stronger angiogenic response
than did delivery of bFGF from these gels. This difference was also found for release
from non-heparinized gels. In other studies, VEGF has been shown to be an
extremely strong promoter of angiogenesis, leading to large increases in
vascularization [21-22]. By comparison, bFGF is thought to be an effective, but less
active angiogenic promoter than VEGF [18,21-27]. Previous experiments by our lab
using non-heparinized gels have been consistent with that expectation, and have
demonstrated a statistically significant increase in NI produced by HA-VEGF
hydrogels vs. that produced by HA-bFGF hydrogels at day 14 in vivo [5]. Taken
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together, these results are consistent with the expectation that each GF has a unique
affinity for heparin, and therefore a unique rate of release and consequent biologic
effect.
HA-based hydrogels are essentially fully broken down in vivo after 14 days by
the action of resident hyaluronidase. Accordingly, it may be surprising that
vascularization continued beyond that time. Our hypothesis is that Hp-GF complexes
are likely to remain in the local ECM at the implant site after the hydrogel is fully
broken down, allowing continued GF release and a concomitant continuation of vessel
growth.
The synthetic ECM created by co-crosslinking thiol-modified GAGs with thiolmodified gelatin produces mechanically robust, bioresorbable scaffolds that can be
implanted to achieve tissue growth in vivo [70-72]. A 50% HA-DTPH, 50% gelatin
mixture provides an optimum mixture for seeding with fibroblasts, chondrocytes, and
even bone marrow cells to grow healthy tissue in vivo [7,73]. In addition, crosslinked
HA-gelatin synthetic ECMs have been found to be highly effective in accelerating
bone repair in critical-sized defects in rat femurs [73]. Because of these prior
successes in stimulating tissue development with implanted gelatin-containing
synthetic ECMs, release was also evaluated in vitro using gels incorporating gelatin,
and the corresponding angiogenic response tested in vivo.
The addition of gelatin facilitates both VEGF and bFGF release in vitro (Figures
4.1b and 4.2b). VEGF release over the initial 14 days was independent of gelatin
content in the gel, but was more rapid at all subsequent times in the presence of gelatin,
while bFGF release was more rapid at all time points for gelatin-containing gels than
for gels lacking gelatin. These patterns can be explained on the basis that gelatin
molecules are smaller in size than long HA chains. As a result, gelatin-containing gels
would be expected to present less steric interference to growth factor release than nongelatin-containing gels.
In general, however, the presence of gelatin was associated with a reduced
vascularization response in vivo. As shown in Figure 6.1b, HA:Gtn:Hp-bFGF had a
significantly lower NI value than HA:Hp-bFGF at day 28, while HA:Gtn-Hp-VEGF
had significantly lower NI values compared to HA:Hp-VEGF at days 14 and 28.
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Furthermore, the Neovascularization Index of HA:Gtn:Hp-bFGF decreased from day
14 to 28, though NI for HA:Gtn:Hp-VEGF remained constant over that time.
Compared to the increased NI generated by non-gelatin films at day 28, this indicates
that however much growth factor was released in the presence of gelatin, the biologic
effect of the gels was reduced. HA delivery from these films has been shown to lead
to a significant angiogenic response by itself [5,10], whereas gelatin is not known to
have angiogenic effects. Accordingly, it seems likely that the reduction of
microvessel growth is related to the lower dose of HA delivered in gelatin-containing
gels. It is unclear whether gelatin interacts directly with the growth factors.
Nevertheless, even this reduced vascularization response still generated substantial
numbers of new microvessels.
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7. CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE
WORK
7.1 Conclusions
The release characteristics and angiogenic capacity of heparin-containing,
growth factor-loaded hyaluronic acid hydrogel films have been investigated both in
vitro and in vivo, using chemically modified HA crosslinked after prior addition of
growth factors. These hydrogels are capable of both storing and providing sustained,
localized in vivo release of the growth factors, without loss of their biologic
effectiveness. In vitro measurements showed that release of either VEGF or bFGF
from these gels decreased monotonically with increasing heparin concentration, and
could be regulated and sustained over several weeks by less than 1% heparin content.
The minimal heparin concentration capable of effective control of release was found
to be 0.3% (w/w). Released growth factors retained their in vivo bioactivity in the
presence of heparin, generating neovascularization responses of similar magnitude to
those found in previous experiments without gel heparin. Importantly, delivery of
growth factors from heparin-containing gels resulted in neovessel growth that
persisted over 28 days. Growth factor release was more rapid in vitro in the presence
of gelatin, but the consequent in vivo angiogenic response was decreased.
Nevertheless, growth factor delivery from gelatin-containing gels still produced
significant vessel growth. The ability to stimulate localized microvessel growth at
controlled rates for extended times through regulated growth factor delivery from
heparinized GAG carrier films will provide a powerful tool for a variety of therapeutic
purposes.

7.2 Recommendations for future work
As explored in this thesis, single growth factor-impregnated hyaluronan gels
induce a strong angiogenic effect in the presence of heparin. The next logical step is
to introduce heparin to the dual growth factor gels mentioned in previous research by
Peattie, Rieke, et al. An in vivo experiment similar to this thesis could be performed to
optimize the neovascularization response in a hyaluronan implant. One option is to
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introduce immunohistochemical (IHC) staining to increase the resolution of ear
sections, using CD-31 or other markers for endothelial cells. If the same effects hold
in the dual growth factor gels as in the single growth factor gels, a highly effective
delivery system can be created.
One area for future research should be an investigation of the mechanism for
HA hydrogel breakdown. As mentioned in the thesis, evidence from direct inspection
of harvested ears revealed full hydrogel breakdown after 14 days, but no quantitative
rates or mechanisms have been proposed for crosslinked HA-DTPH. Knowledge of
the degradation rate and mechanism would allow a fuller understanding of the process
of GF release from the hydrogel.
Another line of research that is currently being pursued by the Peattie group is
investigating the vessel maturity in the area surrounding the surgical ears. The
research described herein deals with only raw vessel density without regard to the
maturity of the newly-formed vessels. One method of evaluating vessel maturity is to
create a vascularization index similar to the NI, but using genes expressed. Several
genes are known to be associated with mature capillaries, and a comparison of these
genes to the genes expressed throughout the full neovascularization process. Also,
IHC techniques that stain for endothelial cells or possibly smooth muscle cells could
be an effective complementary technique for qualitative evaluation of vessel maturity.
Finally, a complementary microarray study of DNA expression in the same
balb/c mouse model as the thesis experiment is currently in progress with Dr. Firpo at
the University of Utah. Single growth factor gels (HA:Gtn, HA:Gtn:Hp, HA:GtnVEGF, HA:Gtn:Hp-VEGF) were implanted in the ear pinnas of balb/c mice, then
harvested at 1, 3, 7, and 14 days. Samples are harvested, then preserved in RNAlater
until needed at -80° C. The intention is to perform DNA microarrays on the surgical
ears. The gene expression, along with the previous NI data, could provide significant
insight into the mechanism of angiogenesis.
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APPENDIX A – SUMMARY OF NI RESULTS
Day 7 Data
(treatment − CL )
(vessel
2
density/mm )

Std. Dev. of
(treatment − CL)

NI

NI Std. Dev.

(vessel
density/mm2)

Sham

65.24595042

5.96834872

---

---

HA-bFGF

142.5775975

59.05866065

0.468175926

0.359370006

HA-VEGF

188.2435506

46.59615877

0.711791668

0.271856695

HA-Gtn

148.7612002

88.27493228

0.500620327

0.530359628

HA-Gtn-Hp

126.4284359

43.36222766

0.440513896

0.315151491

HA-Gtn-Hp-bFGF

183.6461454

59.14080732

0.631467706

0.317019734

HA-Gtn-Hp-VEGF

157.4719106

70.64864702

0.497567016

0.382513238

HA-Hp

128.0372863

86.09362025

0.414780166

0.57007277

HA-Hp-VEGF

168.276765

63.61727377

0.615402199

0.381654011

HA-Hp-bFGF

157.1016532

95.10936561

0.52120021

0.540723398

Day 14 Data
(treatment − CL )
(vessel
density/mm2)

Std. Dev. of
(treatment − CL)

NI

NI Std. Dev.

(vessel
density/mm2)

Sham

65.24595

5.96834872

HA-bFGF

123.6079

44.4390101

0.407555

---

0.400410843

---

HA-VEGF

139.3841

38.20697486

0.529784

0.345332434

HA-Gtn

127.4485

43.3385894

0.416993

0.39067354

HA-Gtn-Hp

123.5847

26.26022427

0.296973

0.240488654

HA-Gtn-Hp-bFGF

147.5012

58.5974269

0.549352

0.525992062

HA-Gtn-Hp-VEGF

135.9323

60.31864113

0.496078

0.541285917

HA-Hp

89.86939

-41.4330386

0.177994

0.373822969

HA-Hp-VEGF

190.248

67.46018116

0.726756

0.604783738

HA-Hp-bFGF

186.5182

80.22455842

0.501954

0.718398476
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Day 28 Data
(treatment − CL )
(vessel
density/mm2)

Std. Dev. of
(treatment − CL)

NI

NI Std. Dev.

---

---

(vessel
2
density/mm )

65.24595

5.968349

HA-bFGF

115.156

41.36328

0.374114

0.373206

HA-VEGF

124.2422

57.03276

0.443635

0.512093

HA-Gtn

150.8756

51.38692

0.476477

0.461979

HA-Gtn-Hp

211.6167

67.84201

0.83809

0.60818

HA-Gtn-Hp-bFGF

120.6284

34.29874

0.34328

0.310896

HA-Gtn-Hp-VEGF

126.6446

69.30732

0.428362

0.621217

133.666

62.27002

0.406724

0.55863

HA-Hp-VEGF

232.4447

75.35104

1.15748

0.675005

HA-Hp-bFGF

168.0596

80.51119

0.754054

0.720951

Sham

HA-Hp
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APPENDIX B – STATISTICAL COMPARISONS
HA:Hp-VEGF vs HA:Hp
Day 14
0.177994159
Pop Mean
0.373822969
Pop SD
0.044055459
SE
12.45616642
z
<0.001
p

HA:Hp-VEGF vs HA:Hp
Day 28
0.406724101
Pop Mean
0.558630014
Pop SD
0.065835178
SE
11.40356131
z
<0.001
p

HA:Hp-VEGF
Day 7 -14
0.615402199
0.381654011
0.044978357
2.475726161
0.007

HA:Hp-VEGF
Day 14-28
0.726756293
Pop Mean
0.604783738
Pop SD
0.071274447
SE
6.043165812
z
<0.001
p

Pop Mean
Pop SD
SE
z
p

HA:Hp-bFGF vs HA:Hp

HA:Hp-bFGF vs HA:Hp

Day 14

Day 28

Pop Mean
Pop SD
SE
z
p

0.177994159
0.373822969
0.044055459
7.353466183
<0.001

Pop Mean
Pop SD
SE
z
p

HA:Hp-bFGF
Day 7 -14
0.52120021
0.540723398
0.063724864
-0.302012738
0.382

0.406724101
0.558630014
0.065835178
5.275753628
<0.001

Pop Mean
Pop SD
SE
z
p

HA:Hp-bFGF
Day 14-28
Day 7 - 28
0.50195449
0.52120021
0.718398476
0.540723398
0.084664072
0.063724864
2.977647844
3.654053676
0.001
<0.001

HA:Hp-VEGF vs HA:Gtn-Hp-VEGF

HA:Hp-VEGF vs HA:Gtn-Hp-VEGF

Day 7

Day 14

Pop Mean
Pop SD
SE
z
p

0.615402199
0.381654011
0.044978357
-2.61981966
0.004

Pop Mean
Pop SD
SE
z
p

0.726756293
0.604783738
0.072807406
-3.168341767
0.001
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HA:Hp-VEGF vs HA:Gtn-Hp-VEGF
Day 28
1.157479594
0.675004789
0.079550077
-9.165510916
<0.001

Pop Mean
Pop SD
SE
z
p

HA:Hp-bFGF vs HA:Gtn-Hp-bFGF

HA:Hp-bFGF vs HA:Gtn-Hp-bFGF

Day 7

Day 14
0.52120021
0.540723398
0.06243736
1.766049946
0.038

Pop Mean
Pop SD
SE
z
p

HA:Hp-bFGF vs HA:Gtn-Hp-bFGF
Day 28
Pop Mean
Pop SD
SE
z
p

0.754054282
0.720951122
0.084964905
-4.834636722
<0.001

Pop Mean
Pop SD
SE
z
p

0.50195449
0.718398476
0.084664072
0.559834596
0.288
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APPENDIX C – RAW VESSEL COUNTS (SAMPLE)
The vessel counts shown below are blinded, showing only the number, which was then
converted to the experimental case after counting was performed.
Slide
Number
1
1
1
2
2
2
3
3
3
4
4
4
5
5
5
6
6
6
7
7
7
8
8
8
9
9
9
10
10
10
11
11
11
12
12
12
13
13
13
14
14

Counting
Region
1
2
3
1
2
3
1
2
3
1
2
3
1
2
3
1
2
3
1
2
3
1
2
3
1
2
3
1
2
3
1
2
3
1
2
3
1
2
3
1
2

Vessel
Count

7
6
9
12
6
8
3
5
7
8
5
7
7
7
5
6
7
5
9
7
8
6
6
4
4
7
7
4
4
4

10
6
8
5
10
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14
15
15
15
16
16
16
17
17
17
18
18
18
19
19
19
20
20
20
21
21
21
22
22
22
23
23
23
24
24
24
25
25
25
26
26
26
27
27
27
28
28
28
29
29
29

3
1
2
3
1
2
3
1
2
3
1
2
3
1
2
3
1
2
3
1
2
3
1
2
3
1
2
3
1
2
3
1
2
3
1
2
3
1
2
3
1
2
3
1
2
3

7
6
6
5
7
5
7
7
6
5
4
3
7

5
9
6
4
3
6

4
5
8
5
4
7
4
4
7
8
9
7
8
6
7
6
5
8
7
7
6
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APPENDIX D – SAMPLE SLIDES

HA-VEGF Day 7 - Contralateral

HA-VEGF Day 7 - Surgical

70

HA-VEGF Day 14 - Contralateral

HA-VEGF Day 14 – Surgical

71

HA-VEGF Day 28 - Contralateral

HA-VEGF Day 28 – Surgical

72

HA-bFGF Day 7 - Contralateral

HA-bFGF Day 7 – Surgical

73

HA-bFGF Day 14 - Contralateral

HA-bFGF Day 14 – Surgical

74

HA-bFGF Day 28 - Contralateral

HA-bFGF Day 28 – Surgical

75

HA:Gtn Day 7 - Contralateral

HA:Gtn Day 7 – Surgical

76

HA:Gtn Day 14 - Contralateral

HA:Gtn Day 14 – Surgical

77

HA:Gtn Day 28 - Contralateral

HA:Gtn Day 28 – Surgical

78

HA:Hp Day 7 - Contralateral

HA:Hp Day 7 – Surgical

79

HA:Hp Day 14 - Contralateral

HA:Hp Day 14 – Surgical

80

HA:Hp Day 28 - Contralateral

HA:Hp Day 28 – Surgical

81

HA:Gtn:Hp Day 7 - Contralateral

HA:Gtn:Hp Day 7 – Surgical

82

HA:Gtn:Hp Day 14 - Contralateral

HA:Gtn:Hp Day 14 – Surgical

83

HA:Gtn:Hp Day 28 - Contralateral

HA:Gtn:Hp Day 28 – Surgical

84

HA:Hp-VEGF Day 7 - Contralateral

HA:Hp-VEGF Day 7 – Surgical

85

HA:Hp-VEGF Day 14 - Contralateral

HA:Hp-VEGF Day 14 – Surgical

86

HA:Hp-VEGF Day 28 - Contralateral

HA:Hp-VEGF Day 28 – Surgical

87

HA:Gtn:Hp-VEGF Day 7 - Contralateral

HA:Gtn:Hp-VEGF Day 7 – Surgical

88

HA:Gtn:Hp-VEGF Day 14 - Contralateral

HA:Gtn:Hp-VEGF Day 14 – Surgical

89

HA:Gtn:Hp-VEGF Day 28 - Contralateral

HA:Gtn:Hp-VEGF Day 28 – Surgical

90

HA:Hp-bFGF Day 7 - Contralateral

HA:Hp-bFGF Day 7 – Surgical

91

HA:Hp-bFGF Day 14 - Contralateral

HA:Hp-bFGF Day 14 – Surgical

92

HA:Hp-bFGF Day 28 - Contralateral

HA:Hp-bFGF Day 28 – Surgical

93

HA:Gtn:Hp-bFGF Day 7 - Contralateral

HA:Gtn:Hp-bFGF Day 7 – Surgical

94

HA:Gtn:Hp-bFGF Day 14 - Contralateral

HA:Gtn:Hp-bFGF Day 14 – Surgical

95

HA:Gtn:Hp-bFGF Day 28 - Contralateral

HA:Gtn:Hp-bFGF Day 28 - Surgical

