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Abstract

Regenerative Matrices for Oriented Bone Growth in Craniofacial and
Dental Repair

Jennifer Patterson

Chair of the Supervisory Committee:
Professor Patrick S. Stayton
Bioengineering

Non-healing fractures can result from trauma, disease, or age-related bone loss. While
many treatments focus on restoring bone volume, few try to recapitulate bone organi-
zation. However, the native architecture of bone is optimized to provide its mechanical
properties. Hyaluronic acid (HA) hydrogel scaffold systems with tunable degradation
properties were developed for the controlled delivery of osteoinductive and angiogenic
growth factors, thus affecting the quantity and quality of regenerated tissue. First,
scaffolds delivering bone morphogenetic protein-2 (BMP-2) were evaluated in a rat
calvarial bone critical size defect model. BMP-2 delivery from the HA hydrogels had
a clear osteoinductive effect in vivo. The temporal progression of this effect could
be modulated by altering the degradation rate of the scaffold. Interestingly, all three
degradation rates tested resulted in similar amounts of bone formation at the latest
(six week) time point examined. However, the fastest and slowest degrading scaffolds
seemed to result in more organized bone than the intermediate degrading scaffold,
which was designed to degrade in 6-8 weeks to match the healing time. Second,
this defect model was modified to allow non-invasive imaging using optical coherence
tomography (OCT) to temporally characterize tissue regeneration in living animals.

The temporal progression of healing could be observed by imaging the migration of



the bone/defect interface over time, particularly for animals receiving HA hydrogels
loaded with BMP-2. Additionally, structures consistent with the neovascularization
of the implant could clearly be observed at later time points for animals receiving HA
hydrogels loaded with vascular endothelial growth factor (VEGF). These structures
correlated with the location of blood vessels seen in histological sections and showed

interconnectivity and branching in three dimensions.
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Chapter 1
INTRODUCTION

1.1 Significance

In 2002, an expert panel convened by the The National Institute of Dental and Cran-
iofacial Research (NIDCR) identified the “optimization of the non-biological scaffold-
tissue response” [1] as well as the elucidation of “the role of angiogenesis on repair
and restoration of oral, dental, and craniofacial tissues” [1] as priority research chal-
lenges and areas of opportunity for the period of 2004-2009. While these goals are
quite broad, this dissertation seeks to address these areas of research by developing
and evaluating materials for improved bone regeneration in craniofacial and dental
applications. Specifically, the goals of this dissertation are to develop scaffolds with
tunable degradation and protein release properties, to utilize these scaffolds to deliver
osteoinductive and angiogenic factors in a bone defect site, and to evaluate the tissue
response of the scaffolds in an animal model that incorporates noninvasive imaging
in addition to standard metrics of bone formation.

Craniofacial bone loss or defect can occur as a result of trauma, genetic disor-
ders, disease, tumor resection, or the process of aging. Over 1.3 million craniofacial
bone procedures and 230,000 dental bone grafts are performed in the United States
each year [2]. One in every 2,000-5,000 births suffers from a congenital craniofacial
defect, such as cleft palate [3]. In addition to pathologies of the craniofacial skele-
ton, improved strategies for bone repair éould benefit patients in orthopaedic, sports
medicine, or other bone repair arenas. Osteoporosis, a decrease in bone density often

associated with age, leads to fractures in the weakened bones, affecting approximately



1 million Americans each year at a cost of over $14 billion [4]. Osteonecrosis, also
called avascular necrosis, results from ischemia that occurs within bone tissue through
several mechanisms, including disruption of the vascular network. It is estimated that
50,000 joint replacements in the United States each year (10% of the total) are per-
formed just to treat osteonecrotic complications [4].

The gold standard for bone repair is autograft, bone tissue harvested from an-
other site within the patient. However, the graft size is limited, harvest requires a
second surgery, and there can be problems of donor site morbidity. Bone tissue from
nonautologous sources, allograft, provides an alternative graft material, but a major
disincentive of its use is the potential for an immune reaction. Various synthetic
materials have been developed that can provide either permanent or resorbable bone
substitutes. While these approaches restore lost bone volume and (in most cases)
bulk mechanical support, less attention has been paid to the microarchitecture of
the regenerated bone. Degradable, regenerative matrices that direct the formation
of mature bone that is ultimately indistinguishable from native, healthy bone would

provide an ideal solution.
1.2 Hypothesis

The ability to regenerate spatially organized bone tissue with defined orientations
relative to native bone platforms could find wide impact, particularly in dental and
craniofacial bone repair. Ultrastructural analysis of cancellous regions of the cranio-
facial skeleton indicates that trabecular orientation is highly controlled and relates to
key mechanical properties of bone [5]. More generally, organization of the collagen in
bone into lamellae helps provide its strong anisotropic mechanical strength, which is
optimized to withstand directional loading forces. This dissertation seeks to develop
matrices for regenerating bone that would result in a well-organized lamellar archi-
tecture and that would optimize the temporal progression of healing. These scaffolds

should improve healing of bone defects, result in complete tissue regeneration with no



residual scaffold, and, most importantly, improve the quality of the regenerated bone
at the micro-structural level.

To achieve oriented bone growth, a strategy that incorporates osteoinductive and
angiogenic factors in degradable hydrogel matrices is utilized. This approach seeks to
regulate the growth of new tissue by the controlled temporal presentation of regener-
ative signals. It further looks to attack a fundamental challenge in the field of tissue
engineering — developing the necessary vascular network within a regenerating tissue.
The main hypothesis governing this research is that controlled delfvery
of osteoinductive and/or angiogenic signals from degradable scaffolds may
promote the formation and maturation of bone during regeneration. Addi-
tionally, since a degradable scaffold will be used, a secondary hypothesis is that
the proper scaffold degradation rate is essential to optimize the temporal
progression of healing. An additional focus of this dissertation is to demonstrate
the potential of in situ imaging to monitor the healing response in living animals.
Optical coherence tomography (OCT), a non-invasive imaging modality, is used to
follow repair and remodeling processes over time as well as to provide information

about the performance of the scaffolds in situ.
1.3 Specific Aims

These hypotheses were tested in the following specific aims. The first three specific
aims addressed the major goals of this dissertation while the fourth specific aim
developed methods for the fabrication of more complex scaffolds with features that

may further enhance the formation of spatially oriented bone.

1.8.1 Specific Aim 1

Design and characterize hyaluronic acid hydrogel scaffolds with controlled degradation

properties for the temporal control of protein release.



1.8.2 Specific Aim 2

Test the effects of controlled release of osteoinductive and angiogenic growth factors
from these hydrogel scaffolds in a critical size bone defect model and determine a
scaffold degradation rate and growth factor dosage to optimize the quantity and

quality of bone formed.

1.3.8 Specific Aim 3

Develop an animal model for in situ monitoring of healing using non-invasive imaging

and evaluate angiogenesis during bone regeneration in the living animals.

1.8.4 Specific Aim 4

Develop methods for the spatial localization of growth factors within the hyaluronic

acid hydrogel scaffolds.
1.4 Approach

Overall, this dissertation research developed scaffolds for bone regeneration based on
hyaluronic acid (HA) hydrogel scaffolds with increasing complexity to their design.
The scaffolds were tested in a bone defect model and were evaluated by standard and

novel techniques to assess their effectiveness.

1.4.1 Specific Aim 1

Regenerative scaffolds were designed to control release of bio-active molecules over a
period of weeks. These scaffolds consisted of a degradable hydrogel matrix directly
loaded with protein. HA was selected as the matrix material because it is a naturally
occurring polymer that can be enzymatically degraded and cleared in vivo. Further

control of degradation can be engineered into the scaffolds through the addition of



hydrolytically sensitive crosslinks. The negatively charged HA should provide con-
trolled release of cationic proteins due to electrostatic interactions. Additionally, as
a hydrophilic material, HA should not be very osteoconductive on its own, which
may encourage a vascular network to be established before osteoblasts migrate into
the degrading scaffold. During the process of hydrogel formation, different chemical
reaction strategies were used to result in hydrogels with different physical properties
as well as with different degradation rates. Temporal control of protein release was
evaluated for osteoinductive and angiogenic molecules, including bone morphogenetic
protein (BMP)-2, vascular endothelial growth factor (VEGF), and osteoprotegerin
(OPG). Additionally, biodegradable poly(lactide-co-glycolide) (PLGA) microspheres
were formulated to provide additional controlled release components that could be

added to the hydrogels to form composite scaffolds.

1.4.2  Specific Aim 2

Since the scaffolds designed in Aim 1 utilized novel combinations of materials and
growth factors, it was necessary to demonstrate that the scaffolds could support
bone growth in vivo as well as to examine the effect of VEGF and OPG delivery on
angiogenesis and bone regeneration. The osteoinductive molecule BMP-2 was used
to directly promote bone ingrowth and mineralization while the angiogenic molecule
VEGF was used to promote an angiogenic response, which was hypothesized to be
followed by bone growth and mineralization. Additionally, OPG, a bone protective
factor with pro-angiogenic activity, and leucine-rich amelogenin peptide (LRAP), a
peptide potentially involved in enamel mineralization, were evaluated in the critical
size bone defect model. The degradation rate of the scaffold matrix and the dosage
of growth factor used were varied to optimize the healing response. In addition to
using bone volume and mineral content as measures of successful bone healing, the

organization of the bone matrix was examined using histology.



1.4.8 Specific Aim 3

A novel “window chamber” modification to a traditional rat calvarial critical size
defect model was developed by incorporating a viewing chamber for monitoring of
angiogenesis and bone ingrowth at multiple time points during the healing process.
OCT was utilized to provide high-resolution three-dimensional (3-D) images of the
regenerating tissue. Further, time series of images were used to obtain temporal
information about healing in the same animal. The ability of OCT to non-invasively
image tissue and scaffold architecture was demonstrated and correlated with standard

measurement techniques, including histology and immunohistochemistry (IHC).

1.4.4 Specific Aim 4

Spatial localization of inductive signals within the scaffold is believed to affect and
possibly orient the migration of cells invading the scaffold/defect. By controlling
spatial as well as temporal presentation of growth factors, an enhanced regenerative
effect may be obtained. While the demonstration of this spatial effect is beyond the
scope of this dissertation, methods were developed to spatially localize protein growth

factors within the HA hydrogel matrix.
1.5 Outline of Thesis Contents

Chapter 2 provides background information on bone and angiogenesis as well as puts
the scaffold design in the context of current tissue engineering strategies for bone
regeneration. Chapter 3, addressing Aim 1, describes the design and fabrication of
the HA hydrogel scaffolds. Chapters 4 and 5 examine the in vivo response of HA
hydrogel scaffolds delivering osteoinductive and angiogenic factors, respectively, and
address the goals of Aim 2. Chapter 6 describes a pilot study to test the osteoinductive
effects of LRAP as well as introduces the fabrication of PLGA microspheres. These

microspheres are applicable to all aims as an additional controlled release component



that can be incorporated in the scaffold design. Chapter 7 introduces the ability of
OCT to perform in situ imaging by examining changes in scaffold morphology in an
in vitro imaging study. Chapter 8 specifically addresses Aim 3 by describing results
from a study utilizing OCT to follow the temporal progression of healing induced
by HA scaffolds delivering osteoinductive or angiogenic molecules. Finally, Chapter
9 presents the overall conclusions of this dissertation research and suggests possible
future research directions, including the development of methods to spatially localize

proteins within the HA scaffolds, which is the focus of Aim 4.



Chapter 2
BACKGROUND

2.1 Introduction

Tissue engineering represents a burgeoning area of research that has been eloquently
defined by Langer and Vacanti as “an interdisciplinary field that applies the principles
of engineering and the life sciences toward the development of biological substitutes
that restore, maintain, or improve tissue function” [6]. They describe this approach
as utilizing three strategies for the development of new tissues: isolated cells, tissue-
inducing substances, and cells in a matrix [6]. Tissue engineering further builds on
the fundamentals of biomaterials science to develop matrices that can impart regen-
erative cues and controlled degradation in addition to simple structural support. The
implementation of these strategies has provided the basis for the engineering of many
tissues of the body. In this dissertation, a tissue engineering approach particularly
focused on the use of tissue-inducing substances delivered from a matrix is utilized
to generate scaffolds for the regeneration of bone tissue with application to the cran-
iofacial skeleton. This Chapter first introduces the tissues, biological processes, and
tissue-inducing substances of relevance. Then, the motivation for the particular scaf-
fold design selected is described in the context of the current state of the art for bone
tissue engineering treatments. Finally, the basic principles behind key methodologies
used in this dissertation, particularly optical coherence tomography (OCT) and the

rat calvarial critical size defect model, are reviewed.



2.2 Bone Composition and Architecture

The 206 bones of the adult human are composed of approximately 35% organic mate-
rial, including cells and proteins, and 65% inorganic material, primarily the mineral
hydroxyapatite [4]. Most bones are comprised of two types of tissue: cortical or
compact bone, which forms a dense outer shell (10% porosity), and trabecular or can-
cellous bone, which is located in the more porous core (50-90% porosity) [7]. The ratio
of cortical to trabecular bone is dependent on the anatomical location and function of
a given bone. The bones of the craniofacial skeleton, which are of particular interest
given the proposed application of this research, primarily have the characteristic of a
thin cortical layer surrounding trabecular bone (8].

The major protein found in bone, type I collagen, is responsible for the spatial
organization of bone. Figure 2.1 shows differences in bone morphology — woven bone
and lamellar bone — that result from two different patterns of collagen orientation.
Newly formed bone, called woven bone, is most commonly found in the embryonic
skeleton and fracture callus [7], i.e., sites of bone formation or regeneration. Charac-
terized by collagen deposited in a random manner, woven bone has the advantages
of rapid formation and isotropic mechanical properties. Mineralization within wo-
ven bone is irregular, varying in mineral deposit size and orientation relative to the
collagen fibrils [7].

As bone matures, the collagen fibrils are oriented into parallel layers four to twelve
micrometers thick called lamellae, which impart directionality to the mechanical prop-
erties of the bone [7]. Lamellar bone is stronger than woven bone; however, lamellar
bone behaves anisotropically [7]. The collagen component itself, through fibril organi-
zation and integrity, affects to the mechanical properties of bone [9]. Specifically, the
collagen matrix organization affects the toughness of bone whereas the mineral com-
ponent of bone contributes to its stiffness [10]. The collagen fibril organization also

results in more uniform distribution of mineral deposits {7]. Hydroxyapatite crystals
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Figure 2.1: Woven versus lamellar bone. Hematoxylin and eosin (H&E) stained
section showing newly formed woven bone (top) above pre-existing lamellar bone
(bottom).
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are oriented to so that the plate-shaped apatite crystals run in parallel arrays across
the collagen fibrils, as has been observed in both embryonic chick bone [11] and in
mineralized turkey tendon, which models portions of newly formed bone [12].

Three types of lamellar bone are found in the cortex — circumferential, concentric,
and interstitial — while the fourth is found in the trabeculae, oriented parallel to the
long axis of the trabeculum [4]. The orientation of the lamellae is functionally impor-
tant in both cortical and trabecular tissue types. As early as the seventeenth century,
a relationship between bone architecture and mechanical properties was postulated
when Galileo observed a correlation between bone size and body weight and activity
[13]. In the 1870s, Hermann von Meyer used human cadaver thigh bones to study the
orientation of the trabeculae, which follow tensile and compressive force lines [14].
Orientation of the trabeculae has also been found in the craniofacial skeleton, where
loads are generated during mastication. Stereological analysis of the pig zygomatic
arch showed that trabeculae are anisotropic and oriented orthogonal to the occlusal
plane [5]. In humans, the trabeculae of the mandibular condyle are also anisotropic
[15] and optimized for mechanical loading [16]. Restoration of the native architec-
ture when regenerating bone in the craniofacial skeleton may be critical to restoring

complete function.
2.3 Bone Formation and Modeling

During development, a key step in bone formation is cell migration. Epithelial-
mesenchymal interactions lead to cellular condensation and differentation of the cells
into chondrocytes and osteoblasts [17]. The process of osteoblast differentiation is
characterized by gene expression patterns, as described in subsequent sections. Fur-
ther, several signaling pathways, such as Wnt signaling, influence both cell differen-
tiation and developmental patterning [17].

Generally, bone is formed through one of three processes. Most bones, including

those in the axial and appendicular skeleton, form through enchondral ossification,
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which proceeds through a cartilage intermediate [17]. During enchondral ossification,
a cartilage model is initially formed from the mesenchyme [17]. Chondrocytes in the
epiphyseal growth plate then differentiate, hypertrophy, and die to be replaced by
bone [18]. After the chondrocytes enlarge, vascular buds and osteoprogenitor cells
invade the cartilage region to initiate the bone formation [13]. Other bones, includ-
ing the cranium, form through intramembranous ossification, where osteoprogenitor
cells directly differentiate and mineralize within the organic matrix. Bone formation
during the process of distraction osteogenesis also occurs via intramembranous ossifi-
cation [13]. Finally, new bone can be deposited on existing bone in a process called
appositional bone formation, which primarily occurs during bone enlargement and
modeling (changing a bone’s shape) [13]. Appositional bone formation can also occur

during bone remodeling, which is described in the following section.
2.4 Bone Remodeling

Bone is in a constant state of remodeling with approximately 10% replaced each
year [17]. Bone remodeling helps to repair damaged areas of bone and to maintain
calcium homeostasis. Changes in the loading pattern of a bone can also lead to bone
remodeling. This adaptive response is known as Wolff’s law [13]. Additionally, bone
located surrounding implants often undergoes remodeling [13]. |

During physiologic remodeling, the principal cell types of bone are balanced be-
tween bone-forming cells (osteoprogenitor cells, osteoblasts, and osteocytes) and bone-
resorbing cells (osteoclasts). The organization of bone is preserved by the spatial
relationship and temporal cues of bone-resorbing and bone-forming cells. In an ar-
rangement called the basic multicellular unit (BMU), these cells are organized with
a leading edge of osteoclasts, a trailing edge of osteoblasts, a vascular capillary, and
connective tissue [19]. The trajectory of the BMU, with the path of the BMU differ-
ing between cortical bone (forming a tunnel) and cancellous bone (forming a trench)

[19, 20], results in the remodeling of bone tissue to maintain its proper architecture.
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Controlling cellular migration and differentiation during the process of bone regener-
ation may recapitulate the processes of bone formation and/or bone remodeling and

may result in a more organized regenerated bone tissue.
2.5 Factors Affecting Osteoblast Function and Mineralization

The interplay between different bone cell types is controlled by the action of various
growth factors and cytokines as well as cell-cell and cell-matrix interactions. These
signals act during the physiologic processes of bone formation and remodeling and can
be utilized to stimulate bone regeneration. Based on the in vitro culture of osteoblasts,
three stages of osteoblast development have been proposed: proliferation, extracellular
matrix production, and mineralization [21]. Although additional characterization of
marker expression has resulted in the ability to distinguish between a greater number
of stages [21], these three steps are also essential for the growth of bone in vivo. In
this section and the following section on osteoclastogenesis, the basic steps of bone
development are reviewed with particular emphasis on stimulatory factors that are
relevant to the research in this dissertation as well as the markers that are used
to characterize the formation of bone. More extensive reviews of osteoblast and

osteoclast differentiation and function can be found in references [20, 21, 17, 22].

2.5.1 Osteoprogenitor Proliferation and Differentiation

Committed osteoblast progenitors, arising from mesenchymal stem cells, can be in-
duced to replicate, migrate, and further differentiate through the action of several
growth factors, including the bone morphogenetic proteins (BMPs), transforming
growth factor 8 (TGFp), platelet-derived growth factor (PDGF), the insulin-like
growth factors (IGFs), and some members of the fibroblast growth factor (FGF)
family [20]. BMPs have the added ability to induce uncommitted progenitors to dif-
ferentiate into osteoblasts [20] and are further described in the following subsection.

TGFg, PDGF, the IGFs, and the FGF's also act on a number of other cell types and
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may enhance bone formation through their pro-mitogenic effects [23].

Differentiation down the osteoblast lineage is characterized by the expression of
the transcription factor, core binding factor alpha 1 (Cbfal), which is also known
as Runx2, the mammalian homolog of the Drosophila gene runt. Cbfal/Runx2 pro-
motes the expression of bone-related proteins including osteocalcin (OCN), osteopon-
tin (OPN), bone sialoprotein (BSP), and type I collagen [24]. Cbfal/Runx2 may also
be involved in shaping the cartilage region during enchondral bone formation through
regulation of chondrocyte hypertrophy and expression of collagenase-3, which both
precede vascular invasion [17]. Homozygous mutation of the Cbfal/Runx2 gene re-
sults in lethality without either intramembranous or enchondral ossification due to
a lack of mature osteoblasts [25]. Additionally, there is no invasion of cartilagenous
regions by either blood vessels or mesenchymal cells [25]. Interestingly, overexpres-
sion of Cbfal/Runx2 results in osteopenia or impaired bone formation, likely due to
incomplete osteoblast differentiation [26]. A second transcription factor downstream
of Cbfal/Runx2, Osterix (Osx), is needed for the differentiation of osteoblasts into a
fully mature phenotype [27].

Phenotypically, type I collagen and alkaline phosphatase (ALP) production are
considered early markers of osteoblast differentiation while OCN expression and min-
eralization characterize the later stages [28, 17]. OCN is the most abundant non-col-
lagenous extracellular matrix (ECM) protein forming up to 20% of the non-collagenous
protein content, and it is the only bone marker specific to osteoblasts [29]. In studies
using knockout mice, OCN was found to be critical to limit bone formation without
specific effects on bone resorption or mineralization [30]. Another early osteoblast
marker and ECM protein, BSP, is highly expressed during embryonic bone forma-
tion, and its expression was found to be most intense at the surfaces of the newly
forming bone [31]. BSP expression precedes mineralization, and BSP is believed to
play a role in initiating this process [31]. Additionally, BSP vbinds to collagen and
thus may mediate cell attachment to the ECM [32]. In addition to their expression
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during skeletal development, these marker proteins also characterize the processes of
natural and induced bone regeneration. The temporal progression of bone marker
expression was studied in the rat calvarial critical size defect model in response to
treatment with DBM [33]. ALP activity peaked at day 7 [33]. BSP and OPN were
first expressed at day 2 with rapid accumulation over three weeks, particularly for
BSP [33]. These markers present a means of evaluating unmineralized regenerating

tissue to determine if it is early in the process of forming bone.

2.5.2 Bone Morphogenetic Proteins

The morphogenetic activity of proteins found in decalcified bone matrix was first
shown by Urist in 1965 [34]. The most potent of these proteins [35], BMP-2 (a 32
kDa homodimeric protein), was purified and sequenced by Wozney et al. in 1988 [36].
BMP-2 can induce cartilage and bone formation in vivo and is an important regulator
of skeletal development [37]. At least 14 additional BMP genes have been identified
thus far [38]. Most BMPs, except BMP-1, are members of the TGF superfamily [39)
and are classically characterized by the ability to form ectopic bone [40]. However,
in direct comparison of 15 BMPs, BMP-2, BMP-6, BMP-7, and BMP-9 were found
to be most active in their ability to induce ectopic bone whereas BMP-3 actually
inhibited bone formation [38].

The ectopic bone formation assay has shown that BMP induces bone formation
in vivo in a process analogous to enchondral ossification with progenitor migration
and differentiation into a cartilage intermediate, vascular invasion, calcification of the
cartilage region, and bone mineralization and remodeling [41, 42]. In vitro studies
have also shown that exposure to BMPs can lead to differentiation of osteoprogen-
itors, suggesting that BMPs can also directly stimulate osteoblast differentiation in
a manner similar to intramembranous ossification. For example, BMP-7 induces the
expression of Cbfal/Runx2 in C3H10T1/2 cells [24], and BMP-2, BMP-4, and BMP-6

induce the expression of late stage bone markers (OCN expression and mineral nodule
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formation) in vitro [43, 44].

BMPs act through type I and type II transmembrane serine/threonine kinase
receptors, which is typical for members of the TGF( superfamily [22]. The type
II receptor transphosphorylates the type I receptor, and the activated BMP type I
receptor then phosphorylates the transcription factors: Smadl, Smad5, and Smad8
[22]. Smads are related to the Smas (three related Caenorhabditis elegans genes)
and Drosophila Mad (mothers against decapentaplegic) [45]. Phosphorylated Smads
associate with additional proteins, and the large complex translocates to the nucleus
to regulate target gene transcription [22].

The important role of BMP-induced bone formation during skeletal development
has been shown in knockout and/or mutant animal models for BMP-5 [46], BMP-
7 [47], and BMP-11 [48]. Mice with a short-ear phenotype have additional defects
during the earliest condensation stage of skeletal development and were found to have
mutations or deletions in the BMP-5 coding region [46]. BMP-7 deficient mice have
defects of variable penetrance in skeletal patterning, particularly in the rib cage, skull,
and hindlimbs (polydactyly), as well as impaired development of the kidney and eye
[47, 49]. BMP-11 plays a role in skeletal patterning as deletion of this gene results in
skeletal abnormalities that include anterior transformations of vertebral segments as
well as posterior displacement of the hindlimb during development [48]. Some BMPs
may be less critical than others as loss of BMP-6 results in only a mild phenotypic
abnormality in the developing sternum [50]. Loss of BMP-6 may be compensated
for by other BMPs, such as BMP-2, which is coexpressed in hypertrophic cartilage
regions in wild-type animals [50]. The results of some of these studies, particularly
the effects of BMP-7 on the development of the kidney and eye, indicate that the
function of BMP is not limited to bone tissue and that it might have a broader role
in development. In fact, BMPs have a range of effects including cell proliferation,

apoptosis, differentiation, cell-fate determination, and morphogenesis [51].
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2.5.3 Extracellular Matriz Production and Intemctz’on

Cell-matrix interactions also play a role in osteoblast development and migration,
particularly through the binding of membrane receptor proteins (integrins) on the
cell surface to the amino acid sequence arginine-glycine-aspartic acid (RGD), which
is found in several bone matrix proteins, including type I collagen, OPN, and BSP, as
well as in fibronectin, thrombospondin, and vitronectin [20, 52, 53]. In vitro studies
of osteoblast adhesion to RGD-containing proteins as well as synthetic RGD peptides
have been used to look at the expression and interaction of integrins (reviewed in [52]).
While beyond the scope of this dissertation, the inclusion of cell-adhesive signals such
as RGD can add increasing sophistication to regenerative matrices. For example,
RGD-modified alginate hydrogels were used to deliver chondrocytes and osteoblasts
in a subcutaneous mouse model, which resulted in the organization of the cells into a

growth-plate-like architecture in vivo [54].

2.5.4 Mineralization

Newly formed bone matrix, osteoid, becomes mineralized through the deposition of
hydroxyapatite, which forms by a phase transition from liquid to solid [7]. The onset
of mineralization is variable, and it can take 12 to 15 days for osteoid to begin to min-
eralize [4]. Once mineralization starts, its deposition is fairly rapid with 60% or more
forming within hours [7]. Mineral orientation is ultimately determined by the orga-
nization of the proteins in the ECM. The mineral deposits are uniformly distributed
within the organized collagen fibrils of lamellar bone [7]. Hydroxyapatite crystals
associated with collagen fibrils tend to be oriented so that their crystallographic ¢
axes are parallel to the long axis of the fibrils [12, 11]. The periodic arrangement of
the crystals suggests that they may be located in channels formed by collagen hole
zones, although the crystal sizes exceed the dimensions of individual hole regions [11].

While the mechanisms governing bone mineralization are not fully elucidated, there



18

is evidence that BSP plays a role in the regulation of mineralization by providing nu-
cleation sites for hydroxyapatite crystals to form [31, 55, 56]. BSP can bind calcium
and hydroxyapatite, and it has been shown to be able to nucleate hydroxyapatite
precipitation in vitro from sub-threshold solutions of calcium and phosphate [56].
The process of mineral deposition in bone shares some similarities to the forma-
tion of another highly mineralized biological tissue — the enamel. During enamel
formation, ameloblasts secrete proteins that self-assemble to form an organic enamel
extracellular matrix [57]. This matrix is then almost entirely replaced with inorganic
crystallites, organized into rod structures, in the mature enamel [57]. Key proteins
involved in this process are the amelogenins, a family of alternatively spliced products
of the amelogenin gene. Amelogenin has been shown to self-assemble into nanospheres
of 15-20nm in diameter [58]. The nanospheres align in positively charged domains
along the crystallographic c axis of hydroxyapatite, which then orients hydrbxyapatite
crystallite growth preferentially along this axis [59]. Amelogenin has also been used in
vitro to orient hydroxyapatite deposition on seed crystals [60]. While the full length
amelogenin acts to slow the rate of crystal growth, low molecular weight fragments

do not have this inhibitory effect [60].

2.5.5 Amelogenin and Leucine-Rich Amelogenin Peptide

Amelogenin, a 20 kDa hydrophobic protein, is also involved in cementogenesis [61]
and may be a potential osteoinductive factor. Defects in the craniofacial skeleton were
noted in patients with amelogenesis imperfecta [62]. Amelogenin affects BSP expres-
sion and mineral nodule formation in a dose-dependent manner in cementoblasts in
vitro, and amelogenin null mice have reduced BSP production by cementoblasts and
nearby osteoblasts in vivo [61].

Amelogenin has several alternatively spliced products, including leucine-rich amel-
ogenin peptide (LRAP), a 59 amino acid peptide [63]. LRAP may also have some

osteoinductive activity, as it was found to be the peptide responsible for the so-called



19

chondrogenic-inducing activity (CIA) of dentin matrix [64]. The CIA induced ex-
pression of type II collagen in embryonic rat muscle fibroblasts (EMF) in vitro and
produced a mix of cartilage and bone when implanted with a collagen carrier in
rat muscle in vivo [64]. In further studies using a recombinant peptide, LRAP has
been shown to have chondrogenic and osteogenic activity in vitro as well as in vivo
[65, 66, 67]. Veis et al. showed enhanced sulfate incorporation into proteoglycans
and expression of type II collagen and Cbfal/Runx2 in EMF exposed to LRAP in
vitro [65]. Further, they demonstrated ectopic mineralization and expression of BSP
and bone acidic glycoprotein-75 (BAG-75) in a rat thigh muscle model with PLGA
implants containing 167ug of LRAP [65]. Veis also indicated that LRAP induces
bone formation in a rat calvarial onlay model [66], although the complete study has
yet to be published. Like the full-length amelogenin, LRAP additionally affects ce-
mentoblasts in vitro and may be a signaling molecule involved in cementogenesis [68].
Boabaid et al. showed that LRAP down-regulates OCN and up-regulates OPN and
osteoprotegerin (OPG) as well as inhibits mineralization for OCCM-30, an immortal-

ized murine cementoblast line, in culture [68].
2.6 Osteoclastogenesis

Osteoclasts are large multinucleated cells derived from hematopoietic stem cells that
resorb bone through their characteristic ruffied border, a series of finger-like projec-
tions of the cell membrane, which seals to the bone surface through a surrounding
clear zone [20]. A vacuolar H*-ATPase in the ruffled border creates a region of low
pH, which causes the mineral component of bone to dissolve [20]. Matrix metallopro-
teinases and cathepsins K, B, and L are then secreted by osteoclasts to degrade the
protein matrix [20].

Recently, interaction of osteoclast progenitors with osteoblast progenitors has been
determined to be the primary mechanism of osteoclastogenesis. Direct cell-to-cell

contact between osteoblast and osteoclast progenitors was shown to be needed for
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stimulation of osteoclast activity in an in vitro pit-forming assay [69]. Osteoblast
progenitors express the membrane-associated osteoclast differentiation factor (ODF),
which is recognized by osteoclast progenitors and leads to their differentiation [70]
and activation [71]. ODF is also known as TNF-related activation-induced cytokine
(TRANCE) [72] and receptor activator of nuclear factor-xB ligand (RANKL) [73].
RANKL is found in skeletal and lymphoid tissues and is additionally expressed in
adult brain, heart, skin, and skeletal muscle [74]. RANKL on osteoblasts can be up-
regulated by 1,25-dihydroxyvitamin D3 [1,25-(OH),D3], parathyroid hormone (PTH),
tumor necrosis factor o (TNFa), interleukin (IL)-1, IL-6, IL-11, IL-17, prostaglandin
E2 (PGE,), and glucocorticoids [70, 75, 76, 77, 78]. RANKL activates osteoclasts both
in vitro and in vivo [79] and acts on mature osteoclasts by stimulating pit-forming
activity [80, 71). RANKL knockout mice lack mature osteoclasts and have severe
osteopetrosis as well as defective tooth eruption, although progenitor cells from these
mice can be induced to form osteoclasts in vitro [81].

The receptor activator of nuclear factor-«B (RANK), a member of the TNF re-
ceptor family, is expressed on osteoclast progenitors [22]. The interaction between
RANK on osteoclast progenitors and RANKL on osteoblast progenitors is essential
for osteoclastogenesis [20]. RANK knockout mice also exhibit osteopetrosis resulting
from a lack of osteoclast differentiation [82]. Signal transduction pathways medi-
ated by RANK cause differentiation and activation of osteoclasts [22]. Particularly,
interaction of the cytoplasmic tail of RANK with TNF-receptor-associated factor 6
(TRAFS) results in osteoclast differentiation [22]. Additionally, activation of RANK
induces c-Fos, which upregulates genes associated with mature osteoclasts [83, 84].
Lack of these downstream signals, TRAF6 [85] and c-Fos [86], results in osteopetro-
sis in knockout animal models. Osteoprotegerin (OPG), a soluble decoy receptor for
RANKL, inhibits osteoclastogenesis and bone resorption [20] and is described in fur-
ther detail in the following subsection. Interestingly, growth factors that are known

to enhance bone formation, TGFS [87, 88] and BMP-2 [89], have also been shown to
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enhance RANKL and M-CSF stimulated osteoclast differentiation in vitro, indicating
further interconnections between osteoblastogenesis and osteoclastogenesis.

Since osteoclasts derive from hematopoietic stem cells, which also give rise to
monocytes and macrophages, it is not surprising that osteoclast differentiation and
activity can be stimulated by several predominantly inflammatory cytokines. Osteo-
clastogenesis can be stimulated by IL-1, IL-3, IL-6, IL-11, IL-17, leukemia inhibitory
factor (LIF), oncostatin M (OSM), ciliary neurotrophic factor (CNTF), TNFq, granu-
locyte macrophage-colony stimulating factor (GM-CSF), M-CSF, c-kit ligand, PGEs,,
lipopolysaccharide (LPS), and glucocorticoids [20, 22, 17]. Some of these cytokines
have direct effects on osteoclasts or osteoclast progenitors, i.e., without RANK-
RANKL mediated signaling [90, 91, 92, 93, 94, 95]. In in vitro studies to determine
the mechanism of action of these cytokines, TNFa [90, 92, 93] and IL-6 and IL-
11 [91] (all with M-CSF) were shown to induce osteoclast progenitors/monocytes to
form multinucleated cells with characteristic osteoclast markers as well as to induce
resorption pit formation [90]. IL-1, which acts through the IL-1 type receptor that is
expressed on osteoclasts [96], was able to further upregulate TNFa-induced resorption

pit formation [90, 92, 94].

2.6.1 Osteoprotegerin

Osteoprotegerin (OPG) is a recently identified member of the TNF receptor (TNFR)
family that has a protective effect on bone and enhances bone density [97]. It was
independently isolated as osteoclastogenesis inhibitory factor (OCIF) by Tsuda et
al. [98]. OPG is predominantly secreted as a 110 kDa disulfide-linked homodimeric
glycoprotein whose N-terminal half bears strong similarity to the TNFR family and
contains its functional domain [97].

In initial n vivo studies demonstrating its function, overexpression of OPG re-
sulted in an increase in bone density and osteopetrosis as well as a decrease in the

number of tartrate-resistant acid phosphatase (TRAP)-positive osteoclasts [97]. OPG
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binds RANKL thus preventing RANK-RANKL interaction and inhibiting osteoclast
differentiation [79]. The frequency of OPG production modulates its bone protec-
tive effects [17]. OPG also binds another TNF family protein, TNF-related apoptosis
inducing ligand (TRAIL), thus blocking apoptosis [99].

Further, OPG may also be able to promote angiogenesis, as it been shown to
enhance endothelial cell survival [100]. OPG prevented endothelial cell apoptosis
induced by growth factor withdrawal through a nuclear factor-«B (NF-xB) dependent
pathway [100]. Additional studies indicated that OPG binds TRAIL and prevents
TRAIL receptor-mediated cell death in this in vitro system [101].

2.7 Angiogenesis

Angiogenesis is classically defined as the sprouting of new blood vessels from preex-
isting capillaries [102]. These thin vessels, with walls only one endothelial cell layer
thick, are essential for bringing nutrients and oxygen to the tissues of the body. Angio-
genesis provides a means of maintaining this vascular network and is critical during
the processes of development, ovulation, wound healing, and response to ischemia.
Excessive angiogenesis can also be associated with pathologic conditions, including
diabetic retinopathy and cancerous tumor growth. A number of molecules have been
discovered that have a positive effect on angiogenesis, including VEGF, the FGFs,
some ephrin ligands, PDGF, transforming growth factor 8 (TGF/3), and the angiopoi-
etins {103]. These growth factors act in controlled temporal fashion to promote the
initiation and maturation of angiogenic blood vessels [104]. Angiopoietin-2 (Ang-2)
may act to destabilize existing vasculature for remodeling [103]. VEGF then initiates
angiogenesis, which is followed by the remodeling and maturation of the blood vessels

through the actions of angiopoietin-1 (Ang-1) and ephrin-B2 [103].
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2.7.1 Vascular Endothelial Growth Factor

One of the most potent angiogenic molecules, vascular endothelial growth factor A
(VEGFA), hereafter referred to as VEGF, is a member of a family that also includes
VEGFB, VEGFC, VEGFD, and placental growth factor (PLGF) [105]. VEGF is
capable of inducing endothelial cell migration in vitro [106] and angiogenesis in vivo
[107]. VEGF is a survival factor for endothelial cells [108] but has also been shown
to have effects on other cell types [105]. Interestingly, VEGF appears to be able to
induce osteoblast differentiation and migration [109]. Additionally, VEGF is known
as a vascular permeability factor because it causes vessels to become hyperpermeable
to circulating macromolecules, which was first noted in tumor vasculature [110, 111].
Other factors may be required to promote the formation of mature, nonleaky vessels
in vivo. VEGF is upregulated in response to lack of oxygen through a hypoxia-
inducible transcription element within its promoter [112] as well as through the ac-
tion of other growth factors including TGFa, TGF3, FGF, and PDGF [105]. VEGF
binds to fms-like-tyrosine kinase-1 (Flt-1, also known as VEGFR-1) and kinase do-
main region (KDR, also known as VEGFR-2 or Flk-1), two related receptor tyrosine
kinases [105]. VEGFR-1 is also upregulated in hypoxic conditions through a hypoxia-
inducible factor-1 (HIF-1) dependent mechanism [113]. VEGFR-2 appears to be the
major signal transduction pathway for VEGF-induced proliferation, migration, sur-
vival, and angiogenesis [105]. Interaction with cell-surface heparan sulfates appears
necessary for efficient VEGF binding to its receptors {114, 115, 116].

Initially discovered by Dvorak and colleagues in 1983 [117] and isolated by Ferrara
in 1989 [118], VEGF is a heparin-binding 45 kDa homodimeric glycosylated protein,
with sequence similarity to the A and B chains of PDGF [106]. Four alternatively
spliced variants exist: VEGF19;, VEGF165, VEGF g9, and VEGF 50, with increasing
binding affinity for heparin. This results in VEGF;5;, being freely diffusible while
VEGF 59 and VEGF4g remain bound to the ECM. VEGF can be released from the
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ECM by plasmin cleavage as well as through degradation of the heparin matrix by
heparinase [119]. Additionally, plasmin can cleave VEGF 145 into a VEGF;yo fragment,
which is freely diffusible [120]. However, the carboxyl-terminal domain (residues
111-165) contains the heparin-binding region and is necessary for the full mitogenic
potency of VEGF [120].
Gradients of growth factors may play a role in the physiologic regulation of cell
migration and chemotaxis. The alternative splicing and protease sensitivity of VEGF,
as described above, results in different isoforms and peptide fragments of VEGF with
differing affinities for the ECM. Keyt et al. propose that the graded affinity for
heparin of the VEGF isoforms affects the ability of VEGF to diffuse through the tissue
and allows the formation of VEGF gradients in vivo, which could be a driving force
for endothelial cell proliferation and migration towards a VEGF-producing stimulus
during wound healing and response to hypoxia [120]. Keyt et al. suggest that the

following series of events may lead to angiogenesis:

Initially, cells respond to hypoxia or other stimuli by inducing VEGF
transcription [112], resﬁlting in increased expression of long and short
forms of VEGF, although VEGF45 is probably the most abundant iso-
form. Compared to the longer forms of VEGF, the diffusible forms would
migrate a greater distance, bind VEGF receptors, and trigger endothelial
cell proliferation and migration. The intensity of the angiogenic signal
would be weakest at the most distant sites, given the lesser mitogenic po-
tency of VEGF;19 and VEGFi5;. Closer to the site of VEGF synthesis
(i.e., ischemic tissues), the concentration of the 165 isoform is expected
to be increased due to extracellular matrix binding and the effect of the
biochemical gradient would be enhanced with the associated greater mito-
genic potency of VEGF45. In the most ischemic areas, matrix-associated

VEGF is localized to the cells of origin with the highest concentration and
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potency. The heterogeneity of VEGF structure and function allows the
formation of a biochemical gradient for the migration and chemotaxis of
proliferating endothelial cells. In circumstances where plasminogen activa-
tion occurs (e.g., tumors and wounds), the presence of plasmin may serve
to release stored forms of matrix-bound VEGF to amplify the angiogenic

signal. [120]
2.8 Angiogenesis and Bone

Adequate blood supply is necessary for maintaining cell viability in most tissues, and
bone is no exception. Blood vessels are found throughout the mineralized matrix
of bone, in the Haversian canals of cortical bone, in the periosteum that lines the
bone, and in the marrow spaces contained in bone. Angiogenesis, therefore, plays
a key role in bone formation and repair. Further, there is increasing evidence that
the organization of the vasculature provides cues to direct the architecture of the
nearby bone [104]. In this section, the links between angiogenesis/angiogenic fac-
tors, vascular orientation, and bone will be reviewed for the processes of enchondral
ossification, skeletal development, fracture repair, and distraction osteogenesis. Ad-
ditionally, the specific actions of VEGF on osteoblasts and osteoclasts as well as the

ability of endothelial cells to produce osteoinductive factors will be discussed.

2.8.1 Enchondral Ossification

During enchondral ossification in postnatal bone growth, the invasion of angiogenic
blood vessels into the avascular cartilage region initiates several changes that lead
to the formation of bone. The apoptotic hypertrophic chondrocytes in the growth
plate are eventually replaced by osteoblasts that deposit bone matrix forming tra-
beculae [18]. A number of pro-angiogenic factors are found in the growth plate [18],
with VEGF expressed by the hypertrophic chondrocytes and localized to mineralizing
regions of the cartilage [121, 122, 123]. VEGF has been found to be an important
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mediator of enchondral ossification, as inactivation of VEGF by a soluble receptor
chimeric protein, mFIlt(1-3)-IgG, severely impaired blood vessel invasion and subse-
quent trabecular bone formation [123]. This inhibition was reversible, as bone growth
resumed after cessation of mFl1t(1-3)-IgG administration, reaching levels comparable
to controls [123]. VEGF may also have an effect on chondroclast and osteoblast stim-
ulation as VEGF receptors are found on both cell types, and inhibition of VEGF
led to reduced numbers of chondroclasts and increased numbers of osteoclasts at the
cartilage-bone junction [123].

Additionally, there is a clear spatial relationship between the cells and matrix
within the growth plate. The hypertrophic chondrocytes are arranged in columns,
and blood vessels invading from the metaphysis run parallel to these columns [123].
Death of the terminal layer of hypertrophic chondrocytes is followed by cellular con-
densation and subsequent endothelial cell or blood vascular cell penetration into the
vacated lacuna [124]. In the study by Gerber et al., blocking the effects of VEGF
with soluble mFI1t(1-3)-IgG led to blood vessels that were unable to penetrate the hy-
pertrophic cartilage zone and that were then oriented perpendicular to the columns

of chondrocytes [123].

2.8.2 Skeletal Development

While the cranium, jaws, and part of the clavicle form by intramembranous ossifica-
tion, the majority of the bones of the skeleton form by enchondral ossification. This
process is essentially the same as the enchondral ossification during the growth of long
bones with one exception. Termed silent or quiescent angiogenesis, the initial blood
vessels that invade the cartilage in the secondary ossification center pass from the peri-
chondrium through preexisting canals in the developing cortical bone [18, 125, 126].
Postnatally, the channels form as the blood vessels invade [18]. Initiation of migration
of the endothelial cells through these channels still coincides with VEGF expression

by hypertrophic chondrocytes; however, the signal for the formation of the channels
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remains unknown [18].

More generally, angiogenesis and angiogenic factors are critical for embryonic de-
velopment. Deletion of even one allele of VEGF is lethal to the embryonic mouse
between days E11 and E12 [127, 128]. Since this is approximately the time of mes-
enchymal condensation prior to the onset of skeletal development, the key role of
VEGF in this process had not been elucidated until the development of animal mod-
els expressing mutant forms of VEGF that survived to term.

In a mouse model expressing only the VEGFigg isoform, skeletal defects were
noted with decreased bone development and impaired angiogenesis in sites of both
intramembranous and enchondral ossification [129]. As a result of this study, Zelzer
et al. suggest three mechanisms of action for VEGF in developing bones: increased
angiogenesis in intramembranous and perichondrial regions, stimulation of angiogen-
esis into the hypertrophic cartilage region, and increased activity of osteoblasts [129].
Additional animal models produced cartilage specific knockdown of VEGF through
the use of a Cre/LoxP recombination system with deletion of a single VEGF allele
in Collagen2al-Cre transgenic animals [130, 131]. While the majority of animals pro-
duced by Haigh et al. died before day E10.5, those that survived to E17.5 were smaller,
had larger hypertrophic chondrocyte zones in the growth plates, and had decreased
vascular invasion of the hypertrophic cartilage region compared to wild type controls
[130]. Non-lethal transgenic strains developed by Zelzer et al. showed reduced bone
mineralization, delayed vascularization of primary ossification centers, delayed re-
moval of terminally differentiated hypertrophic chondrocytes, and chondrocyte death
in joint and epiphyseal regions [131]. In addition to the mechanisms described above,

this study further implicates VEGF as a protective factor for chondrocytes [131].

2.8.83 Fracture Repair

Establishment of a vascular supply is a crucial step in the regeneration of bone during

the process of fracture repair [132]. The initial fracture hematoma and inflammatory
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response (fibrous callous) lead to the formation of a cartilage intermediate [133].
Similar to enchondral ossification, hypoxic conditions induce neovascularization of
this chondral callus followed by woven bone deposition and calcification [133]. Inter-
estingly, the early fracture callus has a high concentration of hyaluronic acid (HA)
[133]. VEGF is localized to large chondrocytes in the periphery of the chondral callus
as well as to the region of newly forming woven bone while the surrounding native
cortical bone remains negative for VEGF [134].

Serum levels of VEGF were also found to be increased in patients who received
a rigid osteotomy for fracture fixation [135]. The additional angiogenic factor, angio-
genin, as well as enzymes involved in ECM degradation, including matrix metallo-
proteinase 9 (MMP-9), tissue inhibitor of metalloproteinases (TIMP)-1, and TIMP-2
were also increased [135]. Similar to callus formation during fracture repair, active
bone formation also occurs in response to bone marrow injury that is associated with
local bleeding, clotting, and neovascularization [21]. Pro-mitogenic growth factors
(e.g., PDGF, FGF, and TGFf) and the angiogenic growth factor, VEGF, are found

in these regions as well [21].

2.8.4 Distraction Osteogenesis

Parallels between blood vessel orientation and mineralization have also been observed
during distraction osteogenesis, a process of artificially induced, stepwise lengthening
of bone [7, 136]. A low-energy corticotomy is performed keeping the periosteum
intact, and after a latency period, the resulting fracture callus is slowly distracted
over time [137]. Similar to fracture healing, enchondral ossification can occur early
during the period of distraction; however, intramembranous ossification is the primary
mechanism of bone formation [137]. Histologically, the distraction gap is organized
(starting from the center) with a collagenous fibrous interzone (FIZ), adjacent zones
of vascular ingrowth and bone matrix deposition by osteoblasts called the primary

matrix or mineralization front (PMF), and a zone microcolumn formation (MCF)
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[137]. Newly formed collagen matrix is deposited in parallel to the distraction force
[138]. In the MCF, mineralizing bone columns are oriented along longitudinal bundles
of collagen [137]. This results in the newly formed bone trabeculae being oriented
longitudinally in the direction of the distraction force [139].

Distraction osteogenesis is accompanied by increases in blood supply and blood
flow [140, 141]. Choi et al. suggest a close temporal and spatial relationship between
vascular proliferation and mineralization based on observations in a rat tibial length-
ening model [137, 140]. An intense angiogenic response is observed during the earliest
phases of distraction [138]. During the latency and distraction periods, angiogenic
blood vessels extend from each bone surface but do not cross the FIZ [140]. Char-
acterized as sprouting angiogenesis, the vascular network in the newly formed bone
consists of straight vascular branches axially aligned in the direction of the distraction
force [140]. By the end of the distraction period, these vessels completely bridge the
gap and are oriented in the same longitudinal direction as the microcolumns of new
bone, as measured by vascular corrosion casting and scanning electron microscopy
[140]. VEGF expression is upregulated with strong expression in the PMF and in
the lining osteoblasts of the MCF [137]. In a goat model of mandible distraction,
VEGF expression was predominantly found in endothelial cells and osteoblasts in the
distraction gap [142]. Temporally, VEGF expression remained high for about a week
after the distraction phase, then began to decrease [142].

Another method that uses a mechanical device to stimulate bone remodeling is the
forward mandibular positioning of functional appliance therapy. This process initiates
bone formation in the glenoid fossa. Both VEGF expression and bone formation are
increased, in sequential fashion, in the posterior region of the glenoid fossa of rats fitted
with appliances [143]. A two-step treatment strategy resulted in an additional peak
of VEGF expression and an overall increase in the amount of bone formed compared
to controls that received the same total advancement in one step {144]. Again, a

temporal pattern of increased bone formation after the peak of VEGF expression was
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observed [144].

2.8.5 Crosstalk between Osteoblasts and Endothelial Cells

VEGF appears to be able to directly affect osteoblasts and osteoclasts, as has been
shown in several in vitro studies. VEGF was able to induce osteoblast differentiation
in cultured progenitors [109, 145]. VEGFR-1 and VEGFR-2 are found on osteoblasts
[123, 145], and VEGF causes upregulation of the osteoblast marker, ALP, as well as
osteoblast migration [109]. While VEGF does not appear to induce the proliferation
of osteoblasts, the 120 and 164 isoforms of murine VEGF can increase mineralization
in calvarial explants [129).

Osteoblasts and/or their progenitors are also able to produce VEGF. The murine
preosteoblast-like cell line KS483 can produce VEGF in amounts dependent on the
differentiation state of the cells [145]. Osteoblast-like cells from human trabecular
bone explants as well as the cell line SaOS-2 express VEGF mRNA [146]. 1,25-
(OH)3D; as well as PTH and IGF-1 further increased VEGF expression in a time and
concentration dependent manner [146]. Additionally, in co-cultures of endothelial cells
and osteoblasts, the osteoblasts produced VEGF, which then stimulated endothelial
cell proliferation [147]. In an organ culture model of fetal mouse metatarsals, BMP-2
administration increased the formation of platelet/endothelial cell adhesion molecule-
1 (PECAM-1)-positive tube-like structures [148]. KS483 cells will also produce VEGF
in a dose dependent manner when stimulated with BMP-2, BMP-4, and BMP-6
[148]. Interestingly, while other studies showed that VEGF can induce osteoblast
differentiation [109, 145], the VEGF produced by the KS483 cells was not necessary
for nonstimulated and BMP-stimulated osteoblast differentiation [148].

In a reciprocal way, endothelial cells can be induced to produce osteoinductive fac-
tors. Exposure to hypoxia and/or treatment with VEGF can increase BMP-2 mRNA
expression in cultured bovine capillary endothelial cells and human microvascular en-

dothelial cells [149]. Endothelial cells are also able to produce OPG as OPG was
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found in endothelial cells in the synovial membrane and interface tissue of loosened
total hip replacements [150]. Further, in vitro production of OPG by endothelial cells
could be stimulated by TNFa [150].

However, additional studies have indicated that VEGF and/or endothelial cells
may play a role in bone resorption. Endothelial cells share some similarities to os-
teoclasts. Interestingly, RANK is expressed on the surface of endothelial cells, and
RANKL binding to RANK on endothelial cells can stimulate endothelial cell prolifer-
ation, migration, and tube formation [151]. Further, RANK expression on endothelial
cells is upregulated in response to VEGF and enhances RANKL-mediated angiogene-
sis [152]. Reduced expression of RANKL and VEGF in allograft treated bone defects
compared to autograft treated bone defects [153] also highlights the potential im-
portance of these molecules in stimulating bone remodeling. Adeno-associated virus
(AAV) mediated gene therapy with VEGF and RANKL in combination was able
to improve healing in defects treated with allograft by increasing resorption of the
allograft bone [153].

VEGF can also stimulate osteoclast differentiation [154] and could serve as a
substitute for M-CSF in in vitro and in vivo osteoclastogenesis [155]. VEGF can
stimulate osteoclast function in M-CSF deficient osteopetrotic mice [155]. Through
increases in VEGF production, ovariectomy also increases osteoclast formation in
otherwise osteoclast deficient mice [156]. VEGF stimulates monocyte chemotaxis in
vitro, presumably through VEGFR-1, which is found on monocytes [157]. VEGF up-
regulates RANK gene expression in monocytes; however, VEGF alone is insufficient
to increase monocyte proliferation or to induce markers of mature osteoclasts in vitro
[158]. In combination with RANKL, VEGF can induce osteoclast differentiation in
vitro, similar to the effect of RANKL and M-CSF {155, 159]. VEGF and RANKL
can also individually stimulate osteoclast migration in a modified Boyden chamber
assay in vitro [160]. Additionally, VEGF has been shown to directly enhance sur-

vival and pit resorption activity of cultured osteoclasts, which also express VEGFR-1
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and VEGFR-2 [154]. Further, VEGF may also be involved in osteolysis associated
with cancer and implant wear debris. VEGF and its receptors have been found in
osteoclasts in bone lesions resulting from breast cancer metastases [159]. In a mouse
osteolysis model stimulated by ultra high molecular weight polyethylene (UHMWPE)
particles, RANK and RANKL gene expression is increased, and VEGF expression is

upregulated, predominantly in inflammatory cells [161].
2.9 Scaffold Design

As introduced in Chapter 1, the research in this dissertation broadly seeks to ad-
dress the need for bone repair and regeneration strategies for application to areas of
challenged craniofacial bone growth and/or healing. Scaffolds that provide signals to
stimulate bone formation as well as that degrade over an appropriate time scale to al-
low tissue growth should result in the formation of mature lamellar bone that is indis-
tinguishable from the surrounding native bone. Both physiological and exogenously
stimulated bone regeneration occur through one or more of three well-established
mechanisms of action: osteoinduction or the stimuli-induced differentiation of osteo-
progenitor cells; osteoconduction or the promotion of osteoblast migration into the
regenerating tissue; and osteogenesis or the modulation of natural processes of bone
regeneration carried out by pre-existing osteoblasts [162, 163]. These mechanisms can
be exploited for the design of regenerative matrices. In particular, osteoconductive
materials can be used as a scaffold to support and encourage cellular ingrowth. These
scaffolds can then contain or release osteoinductive molecules to further encourage
bone formation.

These principles were utilized to design a scaffold that was relevant to the specific
hypotheses to be tested — that controlled delivery of osteoinductive and angiogenic
signals will lead to the formation of more mature bone and that controlled scaffold
degradation will optimize the temporal progression of healing. With these hypotheses

in mind, regenerative scaffolds were designed to meet the following criteria:



33

e The scaffold materials should be nontoxic, biocompatible, and biodegradable.
e The scaffold degradation rate should be able to be controlled.
e The scaffold matrix should be conductive to the appropriate cell types.

e The scaffold should be formed in a way that is amenable to adding additional

osteoconductive molecules or cell adhesion moieties.

e The scaffold should be capable of retaining protein growth factors within the
scaffold matrix, providing a generic platform that would retain a broad class of

proteins.

e The scaffold should be able to release these growth factors in a controlled fash-

ion.

e The scaffold should be able to provide control over the relative rates of protein

release (i.e., targeting a slower or faster release rate for a given protein).

e The scaffold should be capable of releasing multiple proteins at different release

rates.

e The scaffold should have the capacity for spatial localization of proteins to

provide spatial as well as temporal cues for regeneration.

One scaffold that meets the above criteria is a photo-crosslinked hyaluronic acid
(HA) hydrogel with the potential incorporation of poly(lactide-co-glycolide) (PLGA)
microspheres for additional control of protein release. HA is both biocompatible and
biodegradable, and its properties are further described below. HA hydrogels can de-
grade both fhrough the action of the enzyme hyaluronidase on the backbone of HA as

well as through incorporation of degradable linkers while performing the crosslinking
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chemistry. The photo-crosslinking chemistry would also allow the incorporation of
other molecules into the scaffold matrix as long as they can be modified to contain a
terminal vinyl group. HA should bind cationic proteins through electrostatic interac-
tions, thus giving one level of control over protein release. Further control of protein
release rates as well as controlled release of non-cationic proteins can be achieved
by encapsulating the proteins in PLGA microspheres, which can then be embedded
within the hydrogel. The molecular weight of PLGA used to prepare the microspheres
will control their rate of degradation and thus the rate of protein release. Finally,
protein can be localized within the scaffold by controlled adsorption into specific re-
gions or through the incorporation of protein-loaded PLGA microspheres into selected
areas of the HA hydrogel.

The rationale for the use of the scaffold matrix materials, the current state of
the art for their application, and previous uses of gradients and/or spatial patterns
are described in the following subsections. While the crosslinking chemistry for the
formation of HA hydrogels is not new, the hydrogels are used in a novel application for
bone regeneration. A section then follows describing the choice of proteins that will be
evaluated in this research, including their previous application as bone regenerating
therapeutics. While testing all of the possible material combinations and the potential
functions of the scaffold delivery system is beyond the scope of this dissertation,
this particular scaffold design offers a generic utility that can be extended to create
increasingly more sophisticated devices.

One major limitation to the scaffold design for use in bone regeneration appli-
cations is that hydrogels have fairly weak mechanical properties. Bone has a high
modulus due to its primary function as a structural support for the body. While
the hydrogel scaffold allows for the examination of the interplay between different
inductive signals and their temporal and spatial presentation, it would immediately
fail when placed in a weight-bearing location. It can, however, be used in nonweight-

bearing sites, and thus was tested in a rat calvarial critical size defect model. For use
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in any bone defect site, it would be possible to combine the hydrogel scaffold with a -
fixation device that could be removed once the bone has regenerated. Alternately, the
hydrogel material could be used to impregnate a more rigid porous scaffold to create
a composite device that would have stronger mechanical properties but still provide

control over osteoinductive and angiogenic growth factor release.

2.9.1 Rationale for Use of Hyaluronic Acid (HA)

Hyaluronic acid (HA) was selected as the matrix material for the hydrogel scaf-
folds. HA is a naturally occurring, hydrophilic, nonimmunogenic, biodegradable gly-
cosaminoglycan, consisting of [a-1,4-D-glucuronic acid-3-1,3- N-acetyl-D-glucosamine],.
Naturally derived HA is large in size, with an average molecular weight of several mil-
lion [164]; however, it can be produced by bacterial fermentation in a variety of smaller
sizes as well. HA, first discovered in the vitreous body of the eye, is primarily found
in the connective tissues of the body with more than half of the HA found in skin
and more than a quarter of the HA found in the skeleton and joints [165]. HA in the
ECM of cartilage and synovial fluid of joints acts as a viscoelastic shock absorber and
hydrated lubricant [166, 167].

HA accumulation appears to increase during morphogenesis [168], and HA may
contribute to fetal scarless healing [169). HA also plays a role in biological processes
that occur during the inflammation, granulation tissue, reepithelialization, and re-
modeling phases of wound healing {170, 171]. Of particular relevance, HA has been
found in high concentrations in the early fracture callus [133], in lacunae surrounding
the hypertrophic chondrocytes in the growth plate [172, 173], and in the cytoplasm
of osteoprogenitor cells [172]. HA is found in tissues during the early phase of wound
healing and may support the migration of fibroblasts and endothelial cells into the
wound site [174]. HA binds to fibrinogen and both increases the rate of clotting and
loosens the organization of fibrin polymer bundles in the clot [175]. HA can bind to

several cell surface receptors, including cluster of differentiation 44 (CD44) [176] and
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Receptor for HA-Mediated Mobility (RHAMM) [177, 178, 179]. HA also interacts
with several proteins (fibrin, fibronectin, and collagen) and proteoglycans (aggrecan,
versican, and chondroitin sulfate) in the ECM [180]. HA may mediate cell migration
directly in a receptor mediated process or indirectly by altering ECM architecture
and cell adhesivity [180].

HA is degraded and removed from the body through several mechanisms. In
skin and joints, a large portion is removed by the lymphatic system to the blood
and cleared in the liver by hepatic sinusoidal endothelial cells [165]. It can also
be degraded locally through the enzymatic action of hyaluronidase, which is likely
the case in bone and cartilage [165]. Hyaluronidase, which acts to break down the
HA into smaller oligosaccharides, varies in level among tissues of the body and can
also be affected by pathologic states [181, 182]. Hyaluronidase is predominantly pro-
duced by macrophages, fibroblasts, and endothelial cells, which are also able to up-
take HA [164, 183, 184, 185]. It is likely that the majority of local HA degrada-
tion occurs intracellularly within acidic lysosomes after uptake mediated by CD44
[185, 186, 187, 183, 188] because hyaluronidase is only active at acidic pH [187, 183].
For example, alveolar macrophages are able to uptake and degrade HA in vitro [185],
and HA is found in the cytoplasm of these cells in vivo [189]. CD44 was also noted
in osteoprogenitor cells in mouse tibia sections, and the osteoprogenitor-like cell
line, MG-63, expresses CD44 and can uptake and degrade HA [172]). The level of
hyaluronidase freely available in the tissue space, which would be needed to degrade
bulk HA hydrogels, is both difficult to estimate and likely to vary depending on the
particular site, disease state, and so on. The circulating hyaluronidase level, measured
in turbidity reducing units (TRU), is approximately 30 rTRU/mL in the rat, although
this can increase to over 1000 rTRU/mL after acute liver injury [182], and has been
measured at approximately 6 rTRU/mL in human plasma [190]. Hyaluronidase is
also expressed, albeit at low levels on the order of milli-units/mL, in wound tissues,

possibly by stromal and/or inflammatory cells [169].
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- HA may seem like an odd choice as a matrix material for scaffolds designed to re-
generate bone, as hydrophilic scaffolds such as ones made from oligo[poly(ethylene gly-
col) fumarate] [191] and 1-vinyl-2-pyrrolidinone (NVP):n-butyl-methacrylate (BMA)
[192] have been shown to have a negative effect on bone healing. The NVP:BMA scaf-
folds, prepared with increasing amounts of NVP thus increasing their hydrophilicity,
resulted in decreased mineralization in ectopic demineralized bone matrix (DBM) im-
plants [192]. However, HA has been shown to support bone growth in combination
with other osteoconductive molecules. Scaffolds made from HA and collagen were
more osteoconductive in vivo than collagen scaffolds alone, even though HA itself
did not elicit an osteoconductive response [193]. While the most bone was observed
with scaffolds containing only 10% HA, significant bone was still formed with scaf-
folds containing 66% HA compared to collagen controls [193]. HA is also able to
increase some markers of differentiation in cultured osteoblasts in vitro with dose and
size dependent effects [194]. A low molecular weight HA (60 kDa) upregulated OCN
gene expression while high molecular weight HAs (900 kDa and 2300 kDa) increased
alkaline phosphatase activity and mineralization [194]. Further, viscous solutions of
HA have been used to deliver BMP-2 or FGF-2 to enhance healing in a non-union
fracture model [195] and a primate fracture model [196], respectively.

As it is likely that osteoblasts will not want to migrate into the hydrophilic HA
scaffolds, hydrogels delivering osteoinductive factors might stimulate osteoblasts to
migrate to fill the defect as the scaffold degrades. When delivering angiogenic factors,
discouraging osteoblast migration may allow a vascular network to be established
first. Osteoblasts could then migrate into the remodeled scaffold or fill the volume
as the scaffold degrades. In addition to stimulating endothelial cell migration due
to angiogenic factors contained in the scaffold, the degrading scaffold itself may in-
crease vascularization as lower molecular weight fragments of HA have been shown
to have angiogenic effects [197, 198, 199]. HA oligosaccharides four to twenty-five

disaccharides in length induced angiogenesis in the chick chorioallantoic membrane
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(CAM) assay while undigested and completely digested HA did not [197]. Further,
HA oligosaccharides three to sixteen disaccharides in length stimulated angiogenesis in
vivo and increased endothelial cell proliferation in vitro [184]. Conversely, high molec-
ular weight HA may impede angiogenesis [184, 200} and inhibit HA oligosaccharide-
induced endothelial cell proliferation [199)].

2.9.2 Hyaluronic Acid Hydrogels

To form the scaffold matrix, HA must be modified to form a stable hydrogel. For
optimal performance, the scaffold would degrade over the course of tissue regener-
ation to allow complete repair of the defect by host tissue. A number of strategies
have been developed to crosslink HA into a network, including diepoxy crosslinking,
carbodiimide-mediated crosslinking, aldehyde crosslinking, divinyl sulfone crosslink-
ing, and photo-crosslinking (reviewed in [164]) as well as reversible disulfide crosslink-
ing [201]. Photo-crosslinking provides several advantages such as ease of materials
handling and ability to perform crosslinking under physiologic conditions. Therefore,
a photo-crosslinking method was utilized that was based on previously published re- -
ports [202, 203, 204, 205, 206, 207] where reactive methacrylate groups are attached
to the HA backbone and free radical polymerization is induced by ultraviolet (UV)
irradiation.

While the HA backbone itself should be degradable through the action of hy-
aluronidase in vivo, additional degradable sites can be engineered into the hydrogel
network. For example, the crosslinker could include a degradable segment or the link-
age formed during crosslinking could provide a site for degradation. The ether linkage
formed by crosslinking HA with a diepoxy compound results in crosslinked hydrogel
films that are slowly degradable under physiologic conditions [208]. The ester bonds of
crosslinked glycidyl methacrylate derivatized dextran (another predominantly linear
polysaccharide) can also undergo hydrolysis in a pH dependent fashion [209]. Ad-

ditionally, HA hydrogels can be further modified with peptide sequences to increase
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the functionality of the scaffold [210, 211, 212] or with benzyl groups (the modified
polymer is known as Hyaff) to increase their hydrophobicity [213], although these
modifications are beyond the scope of this dissertation.

Methacrylate-modified HA should retain the biocompatibility of unmodified HA.
Hydrogels produced using a similar chemistry were found to be cytocompatible when
exposed to human aortic endothelial cells (HAEC) in wvitro as well as to support
endothelial cell migration in a rat subcutaneous model in vivo [207]. While encapsu-
lated cell viability was dependent on macromer concentration, hydrogels made with
2 wt% HA were able to maintain >95% viability of encapsulated fibroblasts, even
after culturing for a week in vitro [214]. Further, these hydrogels supported neocarti-
lage formation in vivo when used to implant encapsulated chondrocytes [214]. Hyaff
11 has been used to encapsulate mesenchymal stem cells that differentiated to form
chondrocytes and osteoblasts in vivo [215], to encapsulate chondrocyte progenitors for
the cartilage portion of osteochondral composite grafts [216, 217], and to support the
proliferation and mineral formation of bone marrow stromal cells in vitro [218]. Hyaff
11 also supports the attachment, proliferation, and matrix secretion of endothelial
cells in vitro [219].

The final parameter in selecting HA as a matrix material for the scaffolds is its
ability to provide controlled release of proteins, which can be achieved by diffusion de-
pendent on gel mesh size and electrostatic interactions between the negatively charged
HA and positively charged proteins. Protein release from nondegradable hydrogels
made from a glycidyl methacrylate derivatized dextran occurs by a diffusive mech-
anism and can be influenced by protein size, crosslink density, and equilibrium wa-
ter content of the hydrogel [220]. Electrostatic interactions of glycidyl methacrylate
derivatized HA (HA-GMA) hydrogels with cationic molecules has been shown for the
model drug chlorpromazine HCI, and release could be controlled by altering the ionic
strength and pH of the release buffer [204]. Hyaff-11 was found to retain BMP-2

and release an active form of the protein over a period of weeks, i)resumably due to
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interactions between the protein and the HA [151]. Furthermore, HA hydrogels allow
control of protein release due to diffusion limitations with further control provided
by the incorporation of degradable microspheres within the matrix, as shown with a

model protein, bovine serum albumin (BSA) [221].

2.9.8 Biodegradable Microspheres for Controlled Release

For additional control of release, proteins can be formulated into degradable micro-
spheres. There are many well-established ways to prepare microspheres, and the
ProLease™ method [222], which is being developed commercially by Alkermes, was
chosen to preparé PLGA microspheres. The ProLease™ method offers advantages
over other microsphere formulation techniques such as emulsions because there is
no aqueous,/organic interfdce formed which may denature proteins. This technique
has been used to formulate human growth hormone (hGH) [223] and VEGF [224]
into PLGA microspheres with control over release rates and maintenance of protein
activity.

PLGA microspheres have been suspended within scaffolds on several occasions:
PLGA microspheres containing BSA suspended in a HA hydrogel [221], PLGA or
poly(propylene fumarate) (PPF) microspheres in an injectable PPF paste that poly-
merized in situ [225], PLGA microspheres containing BSA embedded in a PLGA
scaffold (with a poly(vinyl alcohol) coating to prevent dissolution of the microspheres
into the scaffold matrix during formation) [226], PLGA microspheres containing BMP-
2 suspended within carboxymethylcellulose hydrogels [227, 228, 229], and platelet-
derived growth factor (PDGF)-BB in PLGA microspheres suspended with VEGF 45
in a PLGA scaffold to provide different release mechanisms and kinetics for the two
proteins [230]. While these studies have varied the temporal release of protein, no
one has utilized degradable microspheres to control the spatial patterning of proteins
within a scaffold.

A second strategy would be to prepare microspheres made of HA itself. HA



41

microspheres on the order of 5-20pum have been prepared by a water-in-oil emulsion
technique using adipic dihydrazide as a crosslinker [231]. These microspheres were
utilized for controlled release of plasmid DNA in gene therapy applications and were
also conjugated to antibodies for cell targeting [231]. A water-in-oil emulsion with
heat cross-linking was used to form HA microspheres for nasal delivery that were
20-30pm in size and contained the model drug gentamicin [232]. These microspheres
degraded on the order of 5 hours and provided release profiles characterized by the
Higuchi model of release from a matrix [232]. They also increased the intranasal
absorption of gentamicin in vivo [233]. Other water-in-oil emulsion techniques using
varying crosslinking chemistries, such as PEG diglycidyl ether, are being explored by
colleagues at the University of Washington. These should result in microparticles with
differing degradation and protein release profiles and would allow spatial localization

of proteins within an all-HA scaffold.

2.9.4 Gradients in Controlled Release

Spatial patterning of protein can be controlled in a number of ways. As scaffold
fabrication technologies become more sophisticated, the ability to spatially pattern
proteins, chemical compositions, or even cells is starting to become a reality. A
straightforward approach to creating gradients within a device is the lamination of
pieces of different chemical compositions. Lamination was used to create non-uniform
initial profiles of drug within a photo-crosslinked hydrogel to match theoretical pre-
dictions of release from diffusion-limited matrices and thus direct release [234]. Lam-
ination has also been used to localize lipid microcylinders containing nerve growth
factor (NGF) in selected regions of agarose gels to establish diffusion gradients and
examine directional neurite extension of dorsal root ganglia (DRG) [235]. Differential
crosslinking has been applied ez vivo to manipulate the resistance to diffusion of a
hydrogel matrix and thus direct protein release [236]. In addition to pre-setting a gra-

dient within the device, a gradient can be formed during the device implementation.
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Rowley et al. used diffusion of calcium, a regulator of the differentiation of skeletal
muscle cells, from an alginate hydrogel to generate a spatial functional gradient within
a multilayer of cells adherent to the hydrogel [237]. Immobilization of cell adhesion
peptides is a way to enhance cell adhesion to or migration into scaffolds, and methods
are being developed to spatially pattern these molecules to provide chemical guidance

of cellular migration [238].
2.10 Selection of Proteins for Experiments

As described earlier in this Chapter, many proteins have known or hypothesized
osteoinductive or angiogenic effects. For this research, four proteins have been se-
lected for evaluation. BMP-2 is a well-known osteoinductive molecule. VEGF is a
well-established angiogenic growth factor. OPG has known bone-protective effects
and may also be pro-angiogenic. Finally, LRAP has received mixed reports of chon-
dro/osteogenic activity. These candidate molecules, particularly their use in bone
regeneration applications and their suitability for use with an HA hydrogel or PLGA
microsphere delivery system, are detailed below.

The proteins selected have differing net charges, as indicated by the theoretical pl
values shown in Table 2.1, which would affect their ability to interact with HA. These
theoretical pl values were calculated using the EMBL WWW Gateway to Isoelectric
Point Service, which utilizes values from Lehninger’s Biochemistry book [239, 240].

The sequences used to obtain these theoretical pl values are shown in Figure 2.2.

2.10.1 BMP-2

A well-established osteoinductive molecule, BMP-2 is suited for delivery from HA hy-
drogels due to its basic isoelectric point, both measured (pI > 8.5 [35]) and calculated
(pI = 9.16, see Table 2.1). Naturally, BMPs are presented in the context of the ECM
and can bind to heparin sulfate, heparin, and type IV collagen [245, 246]. The hep-

arin binding domain contains several basic amino acids, contributing to the cationic



Albumin Sequence, from [241]
1 MKWVTFISLL LLFSSAYSRG
71 TEFAKTCVAD ESHAGCEKSL
141 PDPNTLCDEF KADEKKFWGK
211 KVLTSSARQR LRCASIQKFG
281 ASLAKYICDN QDTISSKLKE
351 GSFLYEYSRR HPEYAVSVLL
421 LGEYGFQNAL IVRYTRKVPQ
491 PVSEKVTKCC TESLVNRRPC
561 KATEEQLKTV MENFVAFVDK
BMP-2 Sequence, from [36]

1 MVAGTRCLLA LLLPQVLLGG
71 RDAVVPPYML DLYRRHSGQP
141 TEEFITSAEL QVFREQMQDA
211 PAVMRWTAQG HANHGFVVEV
281 KRQAKHKQRK RLKSSCKRHP
351 SVNSKIPKAC CVPTELSAIS

GST Sequence, from [242]

1 MSPILGYWKI KGLVQPTRLL
71 TIIRYIADKHN MLGGCPKERA
141 TYLNGDHVTH PDFMLYDALD
211 GGGDHPPKSD LEVLFQGPLG

Figure 2.2a
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: Protein sequences used for pl calculations.
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GST-LRAP Sequence, from [243, 242]

1 MSPILGYWKI KGLVQPTRLL
71 IIRYIADKHN MLGGCPKERA
141 TYLNGDHVTH PDFMLYDALD
211 GGGDHPPKSD LEVLFQGPLG
281 TKREEVD

LRAP Sequence, from [243]
1 MPLPPHPGHP GYINFSYEVL

OPG Sequence, from [97]

1 MNKLLCCALV FLDISIKWTT
71 TDSWHTSDEC LYCSPVCKEL
141 VCKRCPDGFF SNETSSKAPC
211 VPTKFTPNWL SVLVDNLPGT
281 VQRHIGHANL TFEQLRSLME
351 HSKTYHFPKT VTQSLKKTIR

VEGF;31 Sequence, from [244]

27
71 YIFKPSCVPL MRCGGCCNDE
141 NCDKPRR

VEGF165 Sequence, from [244]

27
71 YIFKPSCVPL MRCGGCCNDE
141 NPCGPCSERR KHLFVQDPQT
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Figure 2.2b: Protein sequences used for pl calculations (continued).
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Table 2.1: Theoretical pl values for proteins of interest.

Protein pl
Albumin  5.75
BMP-2 9.16
GST 5.67
GST-LRAP 5.70
LRAP 5.79
OPG 8.27

VEGF;y;  5.82
VEGFies  7.29

nature of BMP-2. This should also allow it to complex with HA for presentation
within the scaffold in a way that mimics its native environment.

Bone healing induced by BMP-2 been evaluated in numerous animal models. The
efficacy of BMP-2 can be enhanced by extended localized release, as has been shown
in a comparison of immediate versus sustained release formulations of PLGA mi-
crospheres [229]. More sophisticated devices have been developed to release matrix-
bound BMP-2 upon cleavage of a fusion protein by cell-surface associated proteases
[247]. These constructs induced significant bone formation when loaded with BMP-2
in rat and rabbit calvarial defect models as well as in a dog pancarpal fusion model
[247].

BMP-2 has previously been delivered from a hydrogel system prepared from
crosslinked gelatin [248]. Interestingly, Yamamoto et al. noted a different pattern
of bone growth for the gelatin hydrogels compared to nonwoven poly(glycolic acid)
(PGA) fabrics. Bone formed at the edges of gelatin hydrogels containing BMP-2 while
ectopic bone formed inside the nonwoven PGA fabrics with BMP-2 [248]. BMP-2 has
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successfully been used with HA carriers [195, 249]; however, these preparations were
not crosslinked to form hydrogels. Arosarena and Collins utilized an esterified HA
sponge and showed significant bone formation when delivering 1ug BMP-2 in a rat
mandibular defect model [249]. Eckardt et al. demonstrated significant improvements
in healing when using BMP-2 with an HA carrier in a rabbit tibial non-union model
[195].

Further, BMP-2 may have a synergistic interaction with angiogenesis to enhance
bone formation. Gao et al. delivered BMP-2 covalently attached to a type IV collagen
carrier and showed increased bone formation compared to BMP-2 controls (no carrier),
possibly from increased vascularization due to the type IV collagen carrier [250]. BMP
delivery has also been associated with angiogenesis in vivo [251, 252]. Suwa et al.
noted networks of new vessels on BMP-hydroxyapatite complexes that also induced

bone formation [252].

2.10.2 VEGF

VEGF, as a potent angiogenic molecule, is a natural choice to test with the HA hy-
drogel scaffold system. Similar to BMP-2, the VEGF 45 isoform is a cationic protein
with heparin-binding affinity. The amino acid sequence of VEGF ;45 contains clusters
of basic amino acids around residues 110, 123, and 163 [107]. Its isoelectric point has
been measured at 8-8.5 [107] and was calculated to be 7.29 (Table 2.1). For compari-
son, the freely diffusible VEGF,; isoform is not cationic with a calculated pl of 5.82
(Table 2.1) because it is missing the heparin binding domain. Retention of VEGF
within the HA hydrogel scaffolds may also mimic natural tissue inductive processes.
Keyt et al. hypothesize that the affinity of VEGF for its heparin matrix allows it
to be released during extracellular matrix degradation [120]. Zisch et al. incorpo-
rated covalent but enzymatically cleavable linkages to allow VEGF to be released
from scaffolds as cells invade, which stimulated angiogenesis [253]. This highlights

the importance of controlled, localized delivery of VEGF for optimal effects, as has
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also been shown with a calcium alginate microsphere delivery system [254]. Despite
using a less-sophisticated scaffold with diffusion controlled instead of cell-demanded
release, Elcin et al. demonstrated that neovascularization was limited to a region
immediately adjacent to the implant [254].

Despite the links between angiogenesis and bone growth as described above, few
groups have attempted to deliver angiogenic factors as a treatment to regenerate
bone. Street et al. showed significant increases in calcified callus with sustained re-
lease of VEGF in both a murine femoral “challenged” fracture healing model (dose
of 10ug VEGF) and a rabbit radius segmental gap model (dose of 50-1000ug VEGF)
[255]. Murphy et al. developed mineralized, porous, PLGA scaffolds for the con-
trolled release of VEGF [256], which significantly enhanced the vascularization and
mineralization of the scaffolds in a rat calvarial critical size defect model, although
there was no significant difference in osteoid compared to the mineralized scaffold
without VEGF [257]. Non-mineralized PLGA scaffolds loaded with VEGF improved
angiogenesis and bone formation in calvarial defects further challenged by radiation
therapy [258]. Also in Mooney’s group, Huang et al. showed a significant enhance-
ment in bone formation by adding VEGF to scaffolds combining bone marrow stromal
cells and plasmid DNA encoding BMP-4 [259]. Similar synergy between VEGF and
BMP-4 was also noted by Peng et al. [260]. Interestingly, in other studies, Peng et
al. showed that VEGF delivery alone was insufficient to induce bone formation in
the calvarial critical size defect model [261]. However, endogenous VEGF contributed
to BMP-2 mediated bone formation as administration of the soluble VEGF receptor,
sFlt1, reduced bone formation [261]. Further, exogenous VEGF administration en-
hanced BMP-2 mediated bone formation, particularly by increasing angiogenesis and

cartilage resorption [261].
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2.10.3 OPG

Similar to BMP-2 and VEGF, OPG also contains a C-terminal heparin-binding do-
main [100]. Further, its pI was calculated to be 8.27 (Table 2.1). These properties
indicate that it should associate with the negatively charged HA used as the scaf-
fold matrix. Use of exogenously administered OPG to induce bone formation and

angiogenesis in a critical size bone defect model has not previously been reported.

2.10.4 LRAP

In contrast to BMP-2, VEGF, and OPG, the fourth protein examined, LRAP, is
not cationic. Its pl was calculated to be 5.79 (Table 2.1). Additionally, since the
peptide was used as a glutathione-S-transferase (GST) fusion protein, the effect of the
GST domain on the pl of the fusion peptide was determined. The pl of GST (5.67,
Table 2.1) was fairly similar to LRAP; therefore, the calculated pI of the LRAP-
GST fusion was also similar (5.70, Table 2.1). Since the LRAP-GST fusion protein
was not cationic, the HA hydrogels should only provide diffusion-controlled release,
which was expected to be quite rapid. Therefore, LRAP was formulated only into
PLGA microspheres for delivery. As described previously, LRAP has had reports of
osteo/chondrogenic activity both in vitro and in vivo [65, 66, 67]; however, its capacity

to regenerate bone has not been tested in a challenged model of healing.
2.11 Optical Coherence Tomography (OCT)

While great strides have been made to design treatments that improve healing, a
major limitation in the field of regenerative medicine is the ability to monitor tissue
regeneration in situ as it is occurring. The current standard requires harvesting
and fixing the tissue for analysis, which can lead to artifacts, and requires the use
of many animals for longitudinal studies. There is a clear need for a non-invasive

imaging technique with the ability to monitor repair and remodeling processes in a
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living animal over time as well as with the capability to measure implant and tissue
characteristics without fixation artifacts. One such technology is optical coherence
tomography (OCT).

OCT has been used since the early 1990s to image samples of biological relevance
[262]. Its superb spatial resolution (<10pm) and moderate penetration depth in
nontransparent tissue (1 to 2mm) offer advantages over other high-resolution optical
imaging techniques [263]. OCT, an optical analog of ultrasound, is a non-invasive
imaging modality that utilizes the echo time delay of reflected light to generate an
image. Since the speed of light is too fast to measure this delay directly, principles
of low coherence interferometry are used. An incident beam of low coherence light is
split so that half is sent to the sample and half is sent to a reference mirror of known
position. Light reflection in the sample occurs at interfaces of structures with different
optical characteristics. Interference between the two reflected beams indicates that
light reflected by a structure within the sample travels over the same distance as
light reflected by the reference mirror. The reference mirror can be scanned to obtain
a depth profile of the sample. Two-dimensional (2-D) and three-dimensional (3-D)
images can be obtained by scanning the imaging beam across the sample.

OCT has been used both in vivo and ex vivo to image tissues ranging from the
esophagus [264] to cartilage [265]. Further, it has been used to image tissue engi-
neering constructs in vitro [266, 267, 268]. To date, it has not been used to image
regenerating bone, although some bone structure has been observed during imaging
of the bone-cartilage interface after articular cartilage repair [269]. OCT has been
used to image several vascular structures, including arterial wall microstructure [270],
in vitro tissue engineered blood vessels [271], and subcutaneous blood vessels [272],
although no one has used it for imaging of neovessels formed during angiogenesis in

Viv0.
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2.12 Calvarial Critical Size Defect Model

The rat calvarial critical size defect model was first used by Ray and Holloway in
the 1950s [273]. Defects larger than a critical size will not heal on their own, which
provides a means to evaluate the efficacy of treatments to induce bone formation.
Further, the defect is placed in the parietal bones, a nonweight-bearing location,
which minimizes the effects of loading and motion during the healing process. The
size of the defect required to be considered critical size varies with the age of the rat.
In rats older than 4 weeks, the critical size is accepted to be greater than 8mm [33].
Defects as small as 5mm in diameter have been considered critical size in adult rats
[274].

The process of bone formation in the calvarial defect model has been well-char-
acterized. Similar to the intramembranous ossification process by which the parietal
bones form, calvarial defects appear to heal by direct osteoblast differentiation (i.e.,
without the formation of a cartilage intermediate) [33]. In studies evaluating DBM in
the calvarial defect model, Wang et al. noted proliferation of mesenchymal stem cells
followed by their differentiation into osteoblasts [33]. Only small, spatially distinct
regions of cartilage were formed, which were quickly resorbed and replaced by bone
[33]. While it seems obvious that osteoblasts and/or osteoblast progenitors can mi-
grate into the defect region from the surrounding native bone, an additional source of
progenitor cells is the dura mater. Perivascular mesenchymal-type cells (pericytes) in
the dura have been shown to proliferate and differentiate in response to BMP stimula-
tion [275]. This second source of cells can result in axial as well as the expected radial
pattern of new bone formation. Finally, the expression of characteristic bone markers,
such as BSP, ALP, and OPN [31, 33|, which follow the process of bone healing in this
model, provide an additional means to characterize the effects of a treatment. Regions
of regenerating tissue that have not yet mineralized can be evaluated to determine

if the cells present are osteoblasts or osteoblast progenitors early in the process of
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forming bone.

To allow the capacity for OCT imaging of healing in the defect site, the tradi-
tional calvarial defect model had to be slightly modified. While OCT has a moderate
penetration depth in nontransparent tissue, the skin over the defect would preclude
imaging of the bone below. To keep the skin out of the way, a “window chamber”
was implanted over the defect site. The “window chamber” had two purposes: the
cover glass provided a transparent, thin cover to image through into the defect site
while the stainless steel chamber prevented closure of the skin over the defect site.
This procedure is similar to the “head cap”, a long-term implant for electrophysio-
logic recording [276, 277], which has also been used to attach a fiberscope for high
resolution imaging of the brain using two-photon microscopy [278]. A simplified cra-
nial window has been used extensively by Jain and colleagues to image angiogenesis
near the brain [279]. However, the “window chamber” differs significantly from the
“head cap” and cranial window because it preserves the bone around the margins
of the defect to allow normal healing to occur, thus placing stricter restrictions on
how the chamber is anchored to the skull. A bone chamber device that allows optical
imaging of healing bone has been developed by Bao and colleagues [280]; however,
the technique does not offer the depth resolving power of OCT and only a 100um

thick section of bone is imaged.
2.13 Summary

The goal of this Chapter was to provide a literature review to place this dissertaation
research in the context of current approaches to the regeneration of bone tissue. It
also highlights the novelty of the research. This represents the first time that BMP-2
will be delivered from crosslinked HA hydrogels, which some might argue is not too
different from delivery of BMP-2 from viscous solutions of HA. However, the ability
to control the degradation rate of the crosslinked scaffold and thus the persistence of

both BMP-2 and HA in the defect site allows interesting questions to be asked about
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the temporal progression of bone regeneration and the suitability of this materials
system. Additional information can be obtained on the microstructural organization
of the regenerating tissue. This review has attempted to highlight the importance of
bone architecture on its mechanical and functional properties.

The other three proteins to be examined, VEGF, OPG, and LRAP, have had
varying reports of their ability to induce bone formation, and this work will test their
efficacy using sustained release formulations in a challenged model of bone healing.
The discussion of the known effects of these proteins as well as the interplay between
angiogenesis and bone growth during natural and induced processes of bone formation
and remodeling indicates that these molecules may be able to enhance bone formation.
It may only be a matter of delivering these proteins in the “right” manner — at the
proper time, location, and dose with an appropriate carrier scaffold.

Finally, this research will develop a novel animal model for the in vivo imaging of
angiogenesis and bone growth using OCT. As described, the processes of angiogenesis
and bone growth involve the coordination of different cells, ECM molecules, and other
proteins, which result in clear morphological changes. This research will be the first

to utilize OCT to attempt to visualize these changes.
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Chapter 3

PREPARATION AND IN VITRO CHARACTERIZATION
OF HYALURONIC ACID HYDROGELS

3.1 Introduction

As described in the preceeding Chapter, the goal of this dissertation research was to
develop regenerative scaffolds that can provide signals to stimulate bone formation as
well as that can degrade over an appropriate time scale to allow tissue growth. An
extensive list of the design criteria and the rationale for the selection of hyaluronic
acid (HA) as the matrix material were also provided. The research described in
this Chapter developed HA hydrogels as regenerative scaffolds that can provide an
initial level of controlled release of proteins over a period of weeks and that can
potentially promote an early angiogenic response to be followed by bone ingrowth
and mineralization by serving as a matrix to support cellular ingrowth. Protein
release from the HA hydrogel scaffolds can be influenced by diffusion of the protein
through pores in the hydrogel network and also by electrostatic interactions between
the protein and the HA. Formulation parameters can affect the crosslink density of
the hydrogel, the pore size, and thus the diffusion of proteins out of the hydrogels.
Additionally, electrostatic interactions between positively-charged proteins and the
negatively-charged HA can further slow protein release from the hydrogels. The
retention of proteins may encourage cellular migration into the scaffold as well as
allow release of proteins over an extended time period while the scaffold degrades.
The chemistry utilized to form the HA hydrogels was based on established tech-
niques of photo-initiated free radical polymerization of methacrylate-modified HA

[202, 203, 204, 205, 206, 207]. Characterization of the degradation of these hydrogels
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has previously focused on the ability of the enzyme hyaluronidase to still degrade
the chemically modified and crosslinked forms of HA. However, it is likely that these
hydrogels would see much lower levels of hyaluronidase activity in vivo as serum levels
are low [?, 190] and an acidic pH (presumably within a cell or lysosome) is needed
for optimum enzyme activity [183, 187]. Therefore, this study has also examined
the ability of HA hydrogels to degrade via hydrolysis. The ester bonds formed by
the addition of the methacrylate group to the HA backbone may degrade through
a hydrolytic mechanism as has been shown previously for ether linkages (formed by
crosslinking HA with a diepoxy compound) that are slowly degradable under physio-
logic conditions [208] and for ester bonds of crosslinked glycidyl methacrylate deriva-
tized dextran that undergo hydrolysis in a pH dependent fashion [209]. Finally, the
effect of crosslink density and stability.on the physical properties of the hydrogels as
well as on the ability of the hydrogels to control protein release through diffusive and

electrostatic mechanisms was examined.

3.2 Materials and Methods

3.2.1 Materials

All materials were obtained from Sigma-Aldrich (St. Louis, MO) unless otherwise

noted. All solvents were of reagent grade.

3.2.2 Glycidyl Methacrylate Modified HA (HA-GMA) Preparation Method I, after
[281]

HA (either 2,000kDa from Genzyme, Boston, MA or 220kDa from Lifecore, Chaska,
MN) was dissolved at 14.3 mg/mL in DI water overnight. The pH was adjusted to
9 by using 1IN NaOH. A 29-fold molar excess of glycidyl methacrylate (GMA) was
added, and the reaction was allowed to proceed at room temperature for 7-22 days

with stirring. The reaction was stopped by adjusting the pH to 7 with 1N HCI, and
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the product was purified.

3.2.8 HA-GMA Preparation Method II, after [282]

HA (220kDa) was dissolved at 50 mg/mL in 0.05M carbonate buffer (pH 11) overnight.
A 1.5-fold molar excess of GMA was added, and the reaction was allowed to proceed
at room temperature for 7 days with stirring. The reaction was stopped by adjusting

the pH to 7 with 1N HCI, and the product was purified.

3.2.4 HA-GMA Preparation Method III, after [207]

HA (220kDa) was dissolved at 10 mg/mL in DI water overnight. Triethylamine (TEA;
5- to 20- fold molar excess), GMA (20-fold molar excess), and tetrabutyl ammonium
bromide (TBA Br; equivalent amount to TEA) were added. The reaction was allowed
to proceed at room temperature for 24 hours with stirring, and then the mixture was
placed at 60°C for 1 hour. The reaction was stopped by adjusting the pH to 7 with
1IN HCI, and the product was purified.

3.2.5 HA-GMA Preparation Method IV, after [206]

HA (220kDa) was dissolved at 20 mg/mL in DI water overnight. Dimethylaminopy-
ridine (DMAP; 0.7 to 3.6- fold molar excess) and GMA (0.6- to 60- fold molar excess)
were added. The reaction was allowed to proceed at room temperature for 48 hours
with stirring. The reaction was stopped by adding 1IN HCI, and the product was
purified.

3.2.6 HA-GMA Preparation Method V, after [283]

HA (110kDa, Lifecore) was first converted to the tetrabutyl ammonium salt form
(TBA HA). The TBA HA was dissolved in dimethyl sulfoxide (DMSO) at 20 mg/mL.
A 5-fold molar excess of DMAP was added. A 2-fold molar excess of GMA was
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added, and the reaction was allowed to proceed at 30°C for 16 hours. The reaction

was stopped by adding 10% v/v 2.5M NaCl, and the product was purified.

3.2.7 Methacrylic Anhydride Modified HA (HA-MA) Preparation Method I, after
[203]

HA (2,000kDa or 220kDa) was dissolved at 20 mg/mL in DI water overnight. A 20-
fold molar excess of methacrylic anhydride (MA) was added. The pH of the reaction
mixture was adjusted to 8 with 5N NaOH, and the reaction was allowed to proceed
at 5°C for 24 hours with stirring. The reaction was stopped by adding 1N HCl, and
the product was purified.

3.2.8 HA-MA Preparation Method II, after [205]

HA (220kDa) was dissolved at 20 mg/mL in DI water overnight. A 2-fold molar
excess of TEA was added, and a 20-fold molar excess of MA was added. The reaction
was allowed to proceed at 60°C for 10 hours. The reaction was stopped by adjusting

the pH to 7, and the product was purified.

3.2.9 HA-GMA and HA-MA Purification

HA-GMA and HA-MA were purified from unreacted GMA, MA, or catalysts by one of
the following methods: (1) 2X - 3X precipitation in ethanol, (2) dialysis using a 12,000
to 14,000 molecular weight cutoff (MWCO), (3) 1X - 2X acetone precipitation, (4)
2X tetrahydrofuran (THF) precipitation, or (5) PD-10 column. The purified product

was dissolved in DI water and lyophilized.

3.2.10 Gel Permeation Chromatography (GPC)

HA-GMA or HA-MA were dissolved at 3-6 mg/mL in phosphate buffer (PB), pH
8.0, and filtered through a 0.2um filter. Samples were run on a GPCMax (Viscotek,
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Houston, TX) using poly(ethylene oxide) (PEO) standards.

3.2.11 1H-NMR Characterization

HA-GMA or HA-MA was dissolved at a minimum concentration of 10 mg/mL in
deuterium oxide (D;0O, Cambridge Isotope Laboratories, Andover, MA). 'H-NMR
spectra were obtained on a Bruker (Billerica, MA) Avance DRX series instrument at
a frequency of 499.85 MHz. The degree of substitution (DS; number of methacry-
late groups per 100 disaccharide units) was calculated from the 'H-NMR spectra
by taking ratios of the acrylate peaks at "5.6 and "6.1 ppm, which arise from the
methacrylate group only, and the methyl peak at 1.9 ppm, which includes protons
from the methacrylate group and backbone methyl group. Extent of crosslinking,
which should decrease the acrylate peaks, was determined by degrading crosslinked

HA-GMA hydrogels at pH 2 and 100°C for 4 hours prior to analysis by *H-NMR.

3.2.12 HA Hydrogel Formation

HA-GMA or HA-MA was dissolved in DI water or phosphate buffered saline (PBS)
and mixed with a photo-initiator in a volume ratio of 10:1 (polymer solution:initiator
solution). The photo-initiator, 2-hydroxy-1-[4-(hydroxyethoxy)phenyl]-2-methyl-1-
propanone (Irgacure® 2959, Ciba, Tarrytown, NY), was dissolved at a concentration
of 20 mg/mL in methanol. Crosslinking was initiated by exposure to ultraviolet (UV)
radiation (365nm) for 20-30 minutes to form a solid gel. Hydrogels were molded into
cylinders by crosslinking in wells of multi-well plates. In most cases, after formation,
the hydrogels were rinsed, frozen, and lyophilized, and then rehydrated in DI water
or PBS (with or without protein).
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3.2.18 Suwelling Ratio Measurement

Hydrogels were prepared from 250uL solutions of modified HA as described above
and were lyophilized without rinsing. The dry weight (W) of the lyophilized hydrogel
was measured. The hydrogels were then suspended in 5mL DI water and allowed to
equilibrate. The samples were blotted of excess water and weighed at different time

points to give a wet weight (W,). The swelling ratio was taken as W,/W,.

3.2.14 Characterization of Enzymatic Degradation

Hydrogels were suspended in 1mL of 30mM citrate buffer, pH 5.3, containing various
concentrations of hyaluronidase and placed at 37°C. At selected time points, the buffer
was completely removed and replaced with fresh hyaluronidase solution. The amount

of HA released into the buffer was measured by a carbazole assay.

3.2.15 Characterization of Hydrolytic Degradation

Hydrogels were prepared from 100uL solutions of modified HA as described above.
Hydrogels were prepared at 40 mg/mL and 20 mg/mL modified HA, and some had the
addition of 4 mg/mL 1-vinyl-2-pyrrolidinone (NVP). The hydrogels were suspended at
37°C in 1mL of buffer at different pH and ionic strengths. The buffer was completely
removed and replaced at selected time points, and the amount of HA released into the
buffer was quantified by a carbazole assay. Buffers used included phosphate buffered
saline (PBS, pH 7.4), 4-(2-hydroxyethyl)-1-piperazine ethane sulfonic acid buffered
saline solution (HEPES-BSS; pH 7.2), 138mM NaCl in unbuffered DI water (pH
"5.5), and 0.1M carbonate buffer, pH 10.0.

8.2.16 Carbazole Assay for Measurement of Released HA

A carbazole assay was run in a 96-well plate format, after [284]. Samples were diluted

to fall within the range of the standard curve (0.03-2 mg/mL HA). 50uL of sample or
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standard was added to each well of a 96-well plate. 200uL of 25mM sodium tetraborate
in sulfuric acid was added per well and mixed. The plate was heated at 100°C for
10 minutes and then cooled at room temperature for 15 minutes. 50uL of 0.125%
carbazole in absolute ethanol was added per well and mixed. The plate was heated
at 100°C for 10 minutes and then cooled at room temperature for 15 minutes. The
absorbance was read at 550nm on a Safire 2 plate reader (Tecan, Mannedorf/Zurich,

Switzerland).

3.2.17 In Vitro Protein Release

Hydrogels were prepared from a 100uL solution of HA-GMA, as described above.
The hydrogels were loaded with protein by soaking the lyophilized gels in 100uL
of a 10 mg/mL bovine serum albumin (BSA) solution or a 0.01 mg/mL vascular
endothelial growth factor (VEGF) solution. After equilibration for 1 hour, the gels
were suspended in 1mL of DI water (for BSA and BSA control samples) or 1% BSA
in DI water (for VEGF and VEGF control samples) as a release buffer and placed at
37°C. The release buffer was completely removed and replaced at selected time points.
The concentration of BSA in the release buffer was measured by a Coomassie Plus™
(Bradford) assay (Pierce, Rockford, IL). The concentration of VEGF in the release
buffer was measured by enzyme-linked immunosorbent assay (ELISA) (R&D Systems,
Minneapolis, MN). Calculations of the amount of protein released were based on the

actual amount of buffer retrieved from each well at each time point.
3.3 Results

3.3.1 Hyaluronic Acid Modification and Characterization

HA was first modified with GMA to conjugate reactive vinyl groups following pub-
lished reports [281, 282, 207, 206, 283, 203, 205]. After purification, the degree of

substitution (the number of methécrylate groups per 100 disaccharide units) and any
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contaminants from the fabrication process remaining after purification were deter-
mined by 'H-NMR, and the molecular weight of the polymer was determined by
GPC. Hydrogels were prepared using a photo-initiated free radical polymerization
with Irgacure 2959 as an initiator. The different starting modified HAs were assessed
qualitatively for their ability to form a gel, and release of BSA from the hydrogels
was measured. Modified HAs were prepared by seven different methods (conditions
shown in Table 3.1), and their properties are summarized in Table 3.2.

As the degree of substitution should indicate the number of reactive vinyl groups
available to form crosslinks, a comparison between the swelling ratio and degree of
substitution was made for hydrogels fabricated using starting solutions of 20 mg/mL
modified HA (Figure 3.1). The swelling ratio should indicate the extent of functional
crosslinks formed. The swelling ratio was taken as W,/W,; where W, is the wet weight
of the hydrogel after equilibration in excess DI water and Wy is the dry weight of
the hydrogel. The swelling ratio of the hydrogels in water decreases with increasing
degree of substitution, indicating a higher crosslink density (Figure 3.1).

The modified HA from batch HA(LMW)-GMA 1d, which had a degree of sub-
stitution of approximately 17, was initially selected for further analysis. The above
crosslinking conditions (20 mg/mL HA-GMA; 30 minutes UV irradiation) resulted
in the conversion of approximately 90% of the reactive vinyl groups, as measured by
'H-NMR, indicating that the gels were well-crosslinked. These hydrogels were charac-
terized n vitro for their degradative behavior (this Chapter) and protein release (this
Chapter and Chapters 4-5) and in vivo in a rat calvarial critical size defect model

(Chapters 4, 5, and 8).

3.3.2 HA-GMA Hydrogel Degradation

To confirm that the chemical modifications to the HA would not prevent degrada-
tion by hyalurornidase, HA-GMA hydrogels were degraded in various concentrations

of hyaluronidase (Figure 3.2). The concentration of uronic acid released from the
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Figure 3.1: Swelling behavior of HA hydrogels as a function of degree of substitution.
Swelling ratios shown as mean and standard error from triplicate samples. Degree of

substitution calculated from *H-NMR spectra of the uncrosslinked polymer.
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HA Release from Hydrogels as a Function of
Hyaluronidase Concentration
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Figure 3.2: Release of HA from hydrogels as a function of hyaluronidase concen-
tration. Release buffer was 1mL 30mM citrate buffer with various concentrations
of hyaluronidase at 37°C. Results shown as mean and standard error of triplicate
samples.

hydrogel was determined by a modified carbazole assay, as described in {284}, com-
pared to a standard curve made using unmodified HA. The highest concentration of
hyaluronidase tested (5000 U/mL) resulted in complete degradation in 7 days; how-
ever, these concentrations were substantially higher than those required to achieve
degradation in previously published studies [164, 201, 214]. This could be due to sub-
optimal pH conditions or partial inactivation of the enzyme during storage. However,
while these hyaluronidase levels do not directly relate to physiologic levels, these re-
sults show that the chemical modifications do not prevent the enzymatic degradation

of the hydrogel.
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Whereas the HA-GMA hydrogels were stable in citrate buffer (pH 5.3) and in DI
water (pH measured at approximately 5.5), degradation of the hydrogels via hydrol-
ysis was rapid at physiologically relevant conditions (PBS, pH 7.4) and occurred in
approximately 5 days (Figure 3.3). Hydrolytic degradation was base catalyzed, with
faster degradation occurring at pH 10.0 (pH 10.0 > pH 7.4 > pH 5.5), and appeared
to be independent of buffering agents (data not shown). Further confirmation that
hydrolysis was affecting the ester bonds in the crosslinks and not degrading the HA
backbone was confirmed by GPC analysis of unmodified HA incubated in similar
buffers. No decrease in molecular weight was seen (data not shown). The hydrolytic
degradation of the crosslinks was not surprising given the report that hydrolysis of es-
ter linkages will degrade hydrogels made from methacrylate derivatized dextrans with
kinetics dependent on pH [209]. Increasing the HA-GMA concentration or using a
co-monomer, such as 1-vinyl-2-pyrrolidinone (NVP), to increase interchain crosslinks
resulted in slowed degradation of the hydrogels (Figure 3.4). Interestingly, hydrogels
prepared from modified HAs made using other methods (but with similar degrees
of substitution) had different hydrolytic degradation behaviors. HA-MA hydrogels
(prepared from batches HA(LMW)-MA 2a and HA(LMW)-MA 2b) were stable for
>2 months in PBS at 37°C (data not shown). HA-GMA hydrogels prepared from the
TBA HA salt form in DMSO (batch HA(110)-GMA 5a) were also stable for several
months in PBS at 37°C (data not shown).

3.8.8 Release of Proteins from HA Hydrogels

For proteins that are uncharged or negatively charged, it was expected that release
from the HA hydrogels would occur primarily through diffusion and thus be dependent
on the degree of crosslinking. For proteins that are positively charged, it was expected
that the proteins would interact with the negatively-ch.arged HA and therefore be
retained in the hydrogel longer with release being enhanced by degradation of the

hydrogels.
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Degradation of HA Hydrogels at Various pH
(220kDa HA, DS =17, 20mg/mL)
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Figure 3.3: Degradation of HA hydrogels at various pH. Results shown as mean and

standard error from triplicate samples. Released HA concentration determined by
carbazole assay. '
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Degradation of HA Hydrogels with Different Amounts of

Crosslinking
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Figure 3.4: Hydrolytic degradation of HA hydrogels with increased crosslinking. Re-
sults shown as mean and standard error from triplicate samples. Released HA con-
centration determined by carbazole assay.
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Bovine serum albumin (BSA) was used as a model protein to show diffusion-
limited release. Hydrogels were formed using HA-GMA with varying modification
percentages and were loaded with BSA by soaking lyophilized gels in 100uL of a
1mg/mL BSA solution. Increasing the crosslink density of the hydrogels reduced the
release rate of BSA from the scaffolds (Figure 3.5). Scaffolds with a higher degree of
substitution have a lower swelling ratio (Figure 3.1) and thus a smaller effective pore
size. The reduced release rate of protein at higher degrees of substitution indicates
that diffusion through the pores can limit the release of protein from the scaffolds.
The anomalous result for the BSA-loaded gels with a degree of substitution of 5.3 is
likely due to a decreased protein loading. These hydrogels had completely degraded
by the 100 day time point so theoretically all of the protein should have been released.
Release from these hydrogels reached a plateau in one week, which was the fastest of
all the hydrogels evaluated.

Release of VEGF was found to be significantly slower than release of BSA (data not
shown). After an initial burst of approximately 25% (of total released), VEGF release
slowed to <10% over a period of 48 days (Figure 3.6). VEGF is a positively-charged
protein, as indicated by its high pl value (Table 2.1). Electrostatic interactions be-
tween VEGF and negatively-charged HA act to slow and almost completely inhibit
VEGF release from the scaffold. However, after 48 days, release of VEGF increased
in conjunction with release of HA itself from the scaffold (Figure 3.6). The release
rates of both VEGF and HA were accelerated using PBS, pH 7.4, as the release buffer
to increase the rate of hydrolysis of the hydrogel (Figure 3.6).

3.4 Discussion and Conclusion

The strategies used to prepare the modified HAs varied the amount and type of
methacrylation reagent (glycidyl methacrylate or methacrylic anhydride), the type of
base catalyst used, and the reaction temperature or time. These modified HAs often

had differing degrees of substitution, which affected their physical properties. The
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Figure 3.5: Release of BSA as a function of degree of substitution. BSA concentration
measured by Bradford assay. Release buffer was 1mL DI water at 37°C. Results shown
as mean and standard error from triplicate samples.
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Release of VEGF and HA from Hydrogels as a Function of pH
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Figure 3.6: Release of VEGF and HA from HA hydrogels at different pH. VEGF
concentration measured by ELISA, and HA concentration measured by carbazole
assay. Release buffers were PBS, pH 7.4, and DI water, pH 5.5, at 37°C. VEGF (1ug)
was loaded in a 2mg HA hydrogel. Results shown as mean and standard error from

triplicate samples.
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swelling ratio of the hydrogels in water decreased with increasing degree of substitu-
tion, indicating a higher crosslink density (Figure 3.2). The swelling ratio also gives
a measure of the water content of the hydrogels, which may affect their degradation
rate by hydrolysis. All hydrogels had a water content greater than 95% (swelling ratio
“32) and some were even greater than 99%. Tomihata and Ikada suggest that a water
content below 90% is needed to slow degradation of HA hydrogels [208].

Interestingly, however, hydrogels prepared from starting modified HAs with sim-
ilar degrees of substitution and similar swelling ratios exhibited different hydrolytic
degradation behavior. This suggests that water content alone might not increase the
likelihood of degradation, but that there might be some chemical difference between
the modified HAs. As shown in Figure 3.7, different esters can be formed from the
addition of glycidyl methacrylate, if there is transesterification (resulting in a product
similar to the only one that can be formed from methacrylic anhydride addition) or
if there is an epoxide ring opening (resulting in the presence of an additional glyceryl
spacer). Additionally, the pH of the reaction mixture may affect the selectivity be-
tween reaction with the hydroxyl (primary most favored) and carboxyl groups on the
HA backbone. Detailed studies of diepoxy cross-linking chemistry have shown that
at low pH, diepoxy compounds form ester linkages between carboxyl groups, while at
high pH, they form ether linkages between hydroxyl groups [285]. It seems to be a
reasonable hypothesis, then, that a chemical difference could be responsible for the
difference in hydrolytic degradation behavior that was seen. These differences are
further explored in the next chapter.

The ability of the scaffold materials to degrade with time was a motivating factor in
the selection of HA because it affects both protein release and tissue infiltration. The
HA hydrogels as designed should degrade in vivo through two mechanisms: hydrolysis
as discussed and enzymatic degradation of the HA backbone by hyaluronidase. How-
ever, there is wide variety in the reported levels of hyaluronidase in vivo and an acidic

pH (presumably within a cell or lysosome) is needed for optimum enzyme activity
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[183, 187]. Normal serum concentrations of hyaluronidase in the adult human are
reported to be around 1-50 U/mL [181, 190]. However, a sheep subcutaneous model
showed that hyaluronidase levels in wound fluids are much lower (300-1335 x 1075
U/mL in adult sheep) [169]. Hyaluronidase is also produced in human monocytes,
in a cell-associated form, at levels of 2 nU/10° cells [286]. The wide variation in
hyaluronidase levels in various tissues and its dependence on the specific cells present
make it impossible to select a relevant hyaluronidase concentration for in vitro testing.
This could further result in differences in HA persistence at different implant sites.
Therefore, the ability to control HA hydrogel degradation through hydrolytic mech-
anisms may be more likely to result in a hydrogel that will degrade in a controlled
fashion in wvivo. The in vivo behavior of these hydrogels was further explored and is
detailed in the following chapters.

These results also demonstrate that while electrostatic interactions may prevent
free diffusion of cationic proteins such as VEGF from the intact scaffolds, degradation
of the scaffolds in vivo through hydrolysis 6r hyaluronidase activity will release VEGF
from the scaffolds. Controlling the degradation rate of the hydrogels will also play a
large role in determining release behavior of other cationic proteins that will associate
with HA, including osteoprotegerin (OPG) and bone morphogenetic protein (BMP)-
2. Chapters 4 and 5 explore, in more detail, the in vitro release of BMP-2, VEGF,
and OPG from HA hydrogels with different hydrolytic degradation rates.
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Chapter 4

DEGRADABLE HYALURONIC ACID HYDROGELS FOR
CONTROLLED RELEASE OF BONE MORPHOGENETIC
PROTEIN-2: EFFECT OF DEGRADATION RATE ON
BONE REGENERATION

4.1 Introduction

The goal of the research described in this Chapter was to demonstrate that the scaf-
folds designed in Chapter 3 can support bone growth in vivo, particularly in conjunc-
tion with the osteoinductive molecule bone morphogenetic protein (BMP)-2. Further,
the chemistry used to prepare the HA-GMA hydrogels was manipulated to obtain hy-
drogels that degrade wvia hydrolysis at three distinct rates. This study addressed
both main hypotheses of this dissertation — that controlled release of osteoinductive
signals can improve the formation and maturation of new bone tissue and that the
degradation rate of the scaffold can be manipulated to optimize the healing response.

As described in Chapter 2, BMP-2 is a cationic protein that can induce ectopic
bone formation as well as enhance bone regeneration in a variety of bone defects.
Using a known bone-inducing factor would allow the effects of the degradation rate
of the scaffold (and the corresponding differences in release rate of protein) to be
elucidated. While BMP-2 has previously been used with HA formulations [195, 249],
this work represents the first time that BMP-2 has been delivered from a chemically
crosslinked HA hydrogel. First, further in vitro characterization of the HA hydrogels
was performed, specifically looking at the effect of the degradation rate of the hy-
drogel on its ability to control the release of BMP-2. Then, hydrogels loaded with

S5ug BMP-2 were tested in a rat calvarial critical size defect model. In addition to
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standard measures of bone formation, i.e., measuring extent of mineralization by mi-
crocomputed tomography (microCT), the effect of the different treatments on the

organization of collagen in the regenerating bone was examined.
4.2 Materials and Methods

4.2.1 Materials

All materials were obtained from Sigma-Aldrich (St. Louis, MO) unless otherwise

noted. All solvents were of reagent grade.

4.2.2  Glycidyl Methacrylate Modified HA (HA-GMA) Preparation for Fast Degrad-
ing Hydrogels, after [281]

HA (220kDa from Lifecore, Chaska, MN) was dissolved at 14.3 mg/mL in DI water
overnight. The pH was adjusted to 9 by using 1IN NaOH. A 29-fold molar excess of
glycidyl methacrylate (GMA) was added, and the reaction was allowed to proceed at
room temperature for 7 days with stirring. The reaction was stopped by adjusting the
pH to 7 with 1IN HCI, and the product was purified by 2X precipitation in tetrahy-
drofuran (THF). The purified product was dissolved in DI water and lyophilized.

4.2.3 HA-GMA Preparation for Slow Degrading Hydrogels, after [283]

HA (110kDa, Lifecore) was first converted to the tetrabutyl ammonium salt form
(TBA HA). The TBA HA was dissolved in dimethyl sulfoxide (DMSO) at 20 mg/mL.
A 5-fold molar excess of DMAP was added. A 2-fold molar excess of GMA was
added, and the reaction was allowed to proceed at 30°C for 16 hours. The reaction
was stopped by adding 10% v/v 2.5M NaCl, and the product was purified by 2X
precipitation in acetone followed by dialysis. The purified product was dissolved in

DI water and lyophilized.
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4.2.4 BC-NMR Characterization

Unmodified HA, HA-GMA, or HA-MA were dissolved at a minimum concentration
of 40 mg/mL in deuterium oxide (D20, Cambridge Isotope Laboratories, Andover,
MA). BC-NMR spectra were obtained on a Bruker (Billerica, MA) Avance AV series
instrument at a frequency of 500.046 MHz.

4.2.5 HA Hydrogel Formation

HA-GMA was dissolved in DI water at 20 mg/mL for the 220kDa modified HA and at
30 mg/mL for the 110kDa modified HA. The 220kDa solution was used to prepare fast
degrading hydrogels; the 110kDa solution was used to prepare slow degrading hydro-
gels. Hydrogels with intermediate degradation rates were prepared by mixing ratios of
the two starting solutions (220kDa and 110kDa) prior to crosslinking. The HA-GMA
solution was mixed with a photo-initiator in a volume ratio of 10:1 (HA-GMA solu-
tion:initiator solution). The photo-initiator, 2-hydroxy-1-[4-(hydroxyethoxy)phenyl]-
2-methyl-1-propanone (Irgacure® 2959, Ciba, Tarrytown, NY), was dissolved at a
concentration of 20 mg/mL in methanol. Crosslinking was initiated by exposure to
ultraviolet (UV) radiation (365nm) for 20-30 minutes to form a solid gel. Hydrogels
were molded into cylinders by crosslinking in wells of multi-well plates. After forma-
tion, the hydrogels were rinsed, frozen, and lyophilized, and then rehydrated in DI

water or PBS (with or without protein).

4.2.6 Characterization of Hydrolytic Degradation

Hydrogels were prepared from 100uL solutions of modified HA as described above.
The hydrogels were suspended at 37°C in 1mL of buffer at different pH and ionic
strengths. The buffer was completely removed and replaced at selected time points,
and the amount of HA released into the buffer was quantified by a carbazole as-

say. Buffers used included phosphate buffered saline (PBS, pH 7.4), 138mM NaCl in
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unbuffered DI water (pH "5.5), and 0.1M carbonate buffer, pH 10.0.

4.2.7 Carbazole Assay for Measurement of Released HA

- A carbazole assay was run in a 96-well plate format, after [284]. Samples were diluted
to fall within the range of the standard curve (0.03-2 mg/mL HA). 50uL of sample or
standard was added to each well of a 96-well plate. 200uL of 25mM sodium tetraborate
in sulfuric acid was added per well and mixed. The plate was heated at 100°C for
10 minutes and then cooled at room temperature for 15 minutes. 50uL of 0.125%
carbazole in absolute ethanol was added per well and mixed. The plate was heated
at 100°C for 10 minutes and then cooled at room temperature for 15 minutes. The
absorbance was read at 550nm on a Safire 2 plate reader (Tecan, Mannedorf/Zurich,

Switzerland).

4.2.8 Rheological Characterization of HA Hydrogels

The elastic and storage moduli were determined for crosslinked HA-GMA films using
an AR2000 rheometer (TA Instruments, New Castle, DE) with a 40mm parallel plate
geometry. The HA-GMA was directly crosslinked on the bottom plate, targeting a
1mm thickness, and the top plate was lowered until the normal force measured “1N.
Measurements were taken at 37°C using a stress sweep from 1-1000 Pa at an angular

frequency of 6.283 rad/s.

4.2.9 In Vitro Protein Release

Hydrogels were prepared from a 100uL solution of HA-GMA, as described above. The
hydrogels were loaded with protein by soaking the lyophilized gels in 100uL of 0.01
mg/mL BMP-2 (R&D Systems, Minneapolis, MN) in 0.1% BSA in PBS or in 0.1%
BSA in PBS as a control. After equilibration for 1 hour, the gels were suspended in

1mL of 0.1% BSA in PBS as a release buffer and placed at 37°C. The release buffer
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was completely removed and replaced at selected time points. The concentration of
BMP-2 in the release buffer was measured by ELISA (R&D Systems). Calculations
of the amount of protein released were based on the actual amount of buffer retrieved
from each well at each time point. At the final time point, if the hydrogels had not
completely degraded, they were incubated with 1mL of 500 U/mL hyaluronidase at

37°C overnight to degrade the hydrogel, and the residual protein was measured.

4.2.10 HA Hydrogel Implants

HA hydrogels were aseptically prepared as implants in a laminar flow hood. The
starting solutions described above were filtered through a 0.2um syringe filter, and
the molds used were autoclaved. Hydrogels were molded into implants by using Teflon
spacers with holes (5mm diameter x 1.5mm) height that were sandwiched between a
glass slide and a glass coverslip. 35uL of the HA-GMA /12959 mixture was pipetted
into the molds prior to crosslinking. After formation, the hydrogels were rinsed for
several hours with sterile PBS, frozen, and lyophilized. The hydrogels were rehydrated
with 35uL of sterile PBS (control) or sterile PBS with 5ug BMP-2.

4.2.11 Rat Calvarial Critical Size Defect Model

Scaffolds were evaluated for their ability to induce bone regeneration in a rat calvarial
critical size defect model. The surgical protocol was conducted under approval from
the University of Washington (UW) Institutional Animal Care and Use Committee
(IACUC). Animals were housed in a specific pathogen free environment at the UW
Department of Comparative Medicine. All animals had ad libitum access to food
and water and were maintained in an environment with 12-hour light/dark cycles.
Surgeries were performed following aseptic technique. Adult male Sprague Dawley
rats (Harlan, Indianapolis, IN) were anesthetized using isoflurane (5% induce; 2.5%
maintain) and were administered buprenorphine immediately pre-operatively for pain

mitigation. The surgical site was shaved and disinfected. A linear incision was made
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along the midline of the scalp, and the soft tissues and periosteum were reflected. A
5mm diameter circular, full thickness defect was made in the parietal bones, centered
over the sagit‘tal suture line, using a Command2 drill system with 1.0mm cross-cut
fissure carbide bur (Stryker, Kalamazoo, MI) while irrigating with saline. Care was
taken not to damage the underlying dura mater or sagittal sinus vein. The defect site
was rinsed extensively with saline, and the implant was placed into the defect (or the
defect was left empty as a control). The soft tissues were closed over the defect site

using wound clips, and the animals were allowed to heal for 3—6 weeks.

4.2.12 Tissue Harvest and Analysis of Mineralization

After allowing the defect to heal for 3 or 6 weeks, the animals were sacrificed by carbon
dioxide (CO, asphyxiation. The parietal bones were harvested and fixed in 10%
neutral buffered formalin (Fisher, Hampton, NH) for 24 hours at room temperature.
The bone pieces were rinsed and stored in 70% ethanol at 4°C until scanned. MicroCT
analysis was performed by Angela Lin and Robert Guldberg of the Georgia Institute of
Technology (Atlanta, GA) on a vivaCT 40 (Scanco Medical, Bassersdorf, Switzerland)
with a voltage of 55kVp, current of 109uA, and voxel size of 21um. A 5mm diameter
x lmm tall region centered within the defect was analyzed for each sample using

segmentation parameters of sigma = 1.2, support = 2, and threshold = 143.

4.2.18 Decalcification and Histology

The bone pieces were decalcified in 10% ethylenediamine tetraacetic acid (EDTA),
pH 7, for 10-14 days at room temperature. Decalcified samples were dehydrated
and cleared prior to embedding in paraffin for histological sectioning. Sections (5um
thick) were stained with either hematoxylin and eosin (H&E) or Masson’s trichrome
and viewed using standard brightfield microscopy (E800 microscope, Nikon, Melville,

NY).
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4.2.14 Picrosirius Red Staining

To view the collagen orientation, tissue sections were stained with picrosirius red.
Tissues sections were de-waxed in xylene and rehydrated in decreasing strengths of
ethanol. The sections were incubated in 0.1% sirius red (Direct Red 80) in a saturated
aqueous solution of picric acid for one hour, followed by rinsing in acidified water (0.5%
acetic acid). The sections were dehydrated and cleared prior to mounting using
Permount mounting media (Fisher). Stained sections were viewed under polarized

light microscopy (E800 microscope, Nikon, Melville, NY).

4.3 Results

4.8.1 Hydrogel Preparation and Characterization

Two HA-GMA hydrogels with differing hydrolytic degradation rates were selected
from the formulations developed in the previous Chapter. Batch HA(LMW)-GMA
1d, made with 220kDa HA at 20 mg/mL, resulted in hydrogels that degraded in one
week in PBS, pH 7.4, at 37°C and will be referred to as “fast degrading” hydrogels.
Batch HA(110)-GMA 5a, made with 110kDa HA at 30 mg/mL, resulted in hydrogels
that did not degrade even after several months in PBS, pH 7.4, at 37°C and will
be referred to as “slow degrading” hydrogels. Further examination of the chemical
structure of the modified HAs was performed using 3C-NMR. As indicated by the
presence of four additional peaks in the **C-NMR spectra of the more stable HA(110)-
GMA 5a (Figure 4.1C), it appeared to have addition of just the methacrylate group
to the HA backbone. In contrast, the 3 C-NMR spectra of HA(LMW)-GMA 1d
(Figure 4.1B) had even more peaks consistent with the presence of a glyceryl spacer
in addition to the methacrylate group. The *C-NMR spectra for the unmodified HA
is shown in Figure 4.1A.

Mixtures of the starting solutions (20 mg/mL 220kDa and 30 mg/mL 110kDa)
were made at various ratios (25:75, 50:50, 75:25), and the hydrogels formed had
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Table 4.1: Rheological properties of HA-GMA hydrogels.

Hydrogel G’ G”
Fast degrading 1-2Pa 3 Pa

Intermediate degrading 1Pa 3 Pa
Slow degrading 1.5 Pa b5Pa

degradation rates that fell between the fast and slow degrading hydrogels (Figure 4.2).
Increasing the relative amount of 110kDa HA in the hydrogel resulted in hydrogels
that degraded more slowly than the “fast degrading” hydrogels. The 50:50 mixture
resulted in a hydrogel that degraded in 6-8 weeks in vitro and was selected as an
“intermediate degrading” hydrogel formulation. The rheological properties of these

formulations were also examined (Table 4.1), and all three had similar moduli.

4.8.2 In Vitro Protein Release

The HA hydrogels were expected to provide controlled release of cationic proteins
through electrostatic interactions with the negatively charged HA, as was seen for
VEGF in the previous Chapter. BMP-2 is another cationic protein (pI ~ 9.2; Table
2.1), and its release was slowed compared to BSA controls for all hydrogel types
examined (data not shown). Altering the degradation rate of the hydrogels affected
the release rate of BMP-2 (Figure 4.3). The fast degrading hydrogels released all of
their BMP-2 by the time the scaffold was completely degraded (approximately one
week). The slow degrading hydrogels had a high burst release of BMP-2, which was
followed by release at nanogram levels per week for the duration of the 8 week study.
When the still intact slow degrading hydrogels were degraded by hyaluronidase at 8
weeks, a reservoir of approximately 20% BMP-2 was found to be retained in the HA

hydrogel. Similar to their degradation rates, the intermediate degrading hydrogels
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Figure 4.1: 3C-NMR spectra of modified HAs. (A) Unmodified HA (220kDa). (C)
HA(LMW)-GMA 1d, which resulted in hydrogels that were susceptible to hydrolysis.
(C) HA(110)-GMA 5a, which resulted in hydrogels that were stable to hydrolysis.



83

100

90

80

70

60

50

40

Cumulative loss (%)

30

20

10

0

HA Hydrogel Degradation for Different Formulations

-——20mg/mL, 220kDa, 'Fast’

~——30mg/ml., 110kDa, 'Slow'

—4—50.50 220kDa:110kDa, 'Intermediate’ —
-3=75:25 220kDa: 110kDa

"

I
I

/

(J.

/4 i
ﬁ __ il il i i
0 5 10 15 20 25 30
Time (days)

Figure 4.2: HA hydrogel hydrolytic degradation for different formulations. Fast,
intermediate, and slow degradation rates were targeted. Released HA concentration
determined by carbazole assay.
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BMP-2 Release from HA Hydrogels
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Figure 4.3: Release of BMP-2 from HA hydrogels. Hydrogels had differing degrada-
tion rates — fast (<1 week), intermediate (6-8 weeks), and slow (>8 weeks). BMP-2
concentration in release buffer was determined by ELISA. Results shown as mean and
standard error of triplicate samples.

had intermediate release profiles. Release of BMP-2 was fairly rapid for the first
week. It slowed over the next 7 weeks, although still remaining faster than release
from the slow degrading hydrogels, and almost 100% was released by the final 8 week

time point.

4.8.8 In Vivo Bone Regeneration

The fast, intermediate, and slow degrading hydrogels were evaluated for their ability

to support BMP-2 induced bone growth in a rat calvarial critical size defect model.
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Hydrogel scaffolds containing 5ug BMP-2 or no protein as control were implanted in
a 5mm defect. Tissues were harvested and analyzed for extent of mineralization at
3 and 6 weeks. As seen in Figure 4.4, significant bone formation was induced for all
three scaffold types in BMP-2 treated animals compared to controls at the 6 week
time point (p<0.01). The mineral volume in the BMP-2 treated animals was similar
for all three hydrogel types at 6 weeks. At the earlier time point, significant bone
formation was induced for all three scaffold types in BMP-2 treated animals compared
to controls (p<0.01), and a trend in the effect of hydrogel degradation rate on mineral
formation was observed. The fast degrading scaffolds with BMP-2 had formed the
most mineral while the slow degrading scaffolds with BMP-2 had formed the least
mineral.

Examination of histological sections stained with Masson'’s trichrome at the early
time point showed minimal new bone formation for all three control hydrogel groups
(Figure 4.5). The fast and intermediate degrading hydrogels with BMP-2 had new
bone completely bridging the defect. The slow degrading hydrogel with BMP-2 had
impeded new bone formation as the hydrogel (which appears as a clear region in the
histological sections) filled much of the defect space keeping new bone formation lim-
ited to the periphery of the implant. By six weeks (Figure 4.6), the control groups
continued to have minimal new bone growth into the defect site although some re-
modeling was seen at the native bone edges. The fast and intermediate degrading
hydrogels with BMP-2 appeared qualitatively the same as the three week samples. For
the slow degrading hydrogels with BMP-2, additional new bone was formed compared
to the three week time point. A clear region resulting from the residual hydrogel was
still present in the histological sections; however, it was smaller and the defect was
filled with new bone between the native bone edges and the residual scaffold. It is
interesting to note that the slow degrading hydrogels with BMP-2 resulted in similar
levels of mineralization as the fast and intermediate degrading hydrogels with BMP-2

at the six week time point since the defect is not completely healed by this point and
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Extent of Mineralization Measured by MicroCT
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Mineral Volume (mm*3)
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Figure 4.4: Extent of mineral formation induced by BMP-2 and control hydrogel
scaffolds. Control hydrogels had no protein while BMP-2 samples were loaded with
5ug BMP-2. Fast, intermediate, and slow degrading HA hydrogels were evaluated
at 3 and 6 weeks. Mineral volume was measured by microCT for a 5mm diameter x
Imm tall region centered in the defect site. Results are shown as mean and standard
error of a minimum n = 6.

there would be additional space for bone to grow as the hydrogel scaffold continues

to degrade.

4.8.4 Collagen Orientation

While BMP-2 delivery from the HA hydrogel scaffolds can clearly induce mineralized
bone tissue formation, a more interesting question is whether the degradation rate of
the scaffold (coupled with a different release rate of protein) can affect the organization

of the collagen matrix in the regenerating bone. Polarized light microscopy allows one
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Figure 4.5: Masson’s trichrome stained histological sections at three weeks. Represen-
tative histological sections showing cross-section of entire defect for animals treated
with control or BMP-2 loaded hydrogels that were fast, intermediate, or slow degrad-
ing. Bone is stained dark blue. Native bone can be seen at the edges of each image.
The scale bar in each image is 500um.
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Figure 4.6: Masson’s trichrome stained histological sections at six weeks. Same as
conditions as Figure 4.5 but for six week samples.

to utilize the natural birefringence of collagen to examine its orientation. Further, the
use of picrosirius red stain can enhance collagen’s birefringence, and in conjunction
with polarized light microscopy, it is accepted as a specific stain for collagen [287].
Histological sections were stained with picrosirius red and examined under polarized
light so that the lamellar collagen in the native bone at the edges of the defect was
oriented approximately 45° from the incident light. This should result in maximal
birefringence for newly formed bone that is oriented in the same direction as the native
bone. Representative images showing the picrosirius red stain are in Figure 4.7A. In
these images, well-ordered collagen in the native bone and in regions of the newly
formed bone appeared green while disordered collagen appeared red. Interestingly,
while the slow degrading hydrogels with BMP-2 had the least amount of new bone
tissue formation because a large region of the defect was taken up by the undegraded

scaffold, the new bone that was formed seemed more organized. Organized bone
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was also seen in the fast degrading hydrogels with BMP-2 while less organized bone
was seen in the intermediate degrading samples. The amount of organized bone was
quantified by thresholding the images using the green color of the native lamellar
bone. Measurements of % threshold of the defect area are seen in Figure 4.7B. Both
fast and slow degrading samples had more organized bone than the intermediate
degrading samples. The % threshold for the fast and slow degrading samples was
approximately the same when the area of the residual scaffold was subtracted from

measurements of the slow degrading samples.
4.4 Discussion and Conclusion

In this study, the HA hydrogels developed in Chapter 3 were shown to be able to sup-
port bone growth in vivo when used in combination with appropriate osteoinductive
molecules. By utilizing mixtures of two different forms of modified HAs, hydrogels
with a range of degradation rates were able to be prepared. Differences in the 3C-
NMR spectra suggest that the slow degrading hydrogels may have the methacrylated
product formed via transesterification while the fast degrading hydrogels may have
the additional presence of a glyceryl spacer. These hydrogels should present a similar
chemical and mechanical (Table 4.1) environment while allowing the persistence of
the HA and BMP-2 within the defect site to be varied. The temporal progression of
bone regeneration could be modulated by altering the degradation rate of the scaf-
fold. Interestingly, all three degradation rates tested resulted in similar amounts of
bone formation (measured by mineral volume) at the latest (six week) time point
examined. However, the fastest and slowest degrading scaffolds seemed to result in
more organized bone than the intermediate degrading scaffold, which was designed
to degrade in 6-8 weeks to match the healing time.

These results ran counter to the original postulate that matching the degradation
rate of the scaffold to the regeneration rate of the tissue would lead to optimal bone

formation. It is possible that a scaffold that degrades in 68 weeks is not matched to
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Figure 4.7: Picrosirius red stain showing collagen orientation in regenerating bone.
Histological sections from rat calvarial critical size defect model showing cross-section
of defect with native bone at edges. Animals were treated with HA hydrogel scaffolds
delivering BMP-2 from scaffolds with different degradation rates (fast, intermediate,
and slow).
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an optimal healing time, as it was selected to approximate the end point of the study.
However, the improved collagen orientation seen with the fast and slow degrading
hydrogels suggest some interesting alternatives. The fast degrading hydrogels with
BMP-2 may be able to induce enough bone formation quickly that the new bone then
had time to remodel during the six weeks of healing. In contrast, the slow degrading
hydrogels with BMP-2 may retard bone formation enough so that the new bone is
deposited in a more organized fashion from the beginning.

The results of this study further suggest that analysis of bone regeneration in this
particular model and with these materials should be taken out to later time points. It
is possible that mineralization has reached a maximum plateau by 6 weeks. However,
it is more likely that increased mineralization would be seen at later time points,
particularly for the slow degrading hydrogels as there is a large area still to be filled
with bone even at week 6. Further examination of the organization of the collagen
using picrosirius red and polarized light microscopy is also warranted. Quantitatively,
the fast and slow degrading hydrogels with BMP-2 appear to produce more organized
collagen. Qualitatively, the fast and slow degrading hydrogels with BMP-2 have
regions that appear similar in morphology to the native bone. However, these regions
appear green, which is typically associated with smaller collagen fibers while thicker,

more organized collagen fibers appear red [288, 289].



92

Chapter 5

DEGRADABLE HYALURONIC ACID HYDROGELS FOR
CONTROLLED RELEASE OF VASCULAR
ENDOTHELIAL GROWTH FACTOR AND

OSTEOPROTEGERIN: EFFECTS ON BONE
REGENERATION AND ANGIOGENESIS

5.1 Introduction

The goal of the research described in this Chapter was to test the hypothesis that
angiogenic growth factors delivered from hyaluronic acid (HA) hydrogels could be
used to encourage bone formation in the critical size defect model. As described
in Chapter 2, angiogenesis is linked to bone growth in the processes of enchondral
ossification, skeletal development, fracture repair, and distraction osteogenesis, so it
seems likely that angiogenic factors may be able to stimulate or enhance bone for-
mation. However, few groups have examined the direct effects of vascular endothelial
growth factor (VEGF) delivery on bone regeneration. Street et al. showed signifi-
cant increases in callus calcification with sustained release of VEGF in both a murine
femoral “challenged” fracture healing model and a rabbit radius segmental gap model
[255]. Others, including Mooney’s group [256, 257, 258, 259], have shown synergy
between VEGF and various pro-mineralization treatments. A second growth factor
with potential angiogenic effects [100] is osteoprotegerin (OPG). OPG is even more
interesting as an angiogenic molecule to promote bone formation when considering
its bone protective effects [97].

The previous Chapter demonstrated that the HA hydrogels could support bone
growth in vivo when used with appropriate signals so they were utilized again as

scaffold materials. Further, they were shown to provide controlled release of cationic
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proteins due to electrostatic interactions. Similar to BMP-2, both VEGF and OPG
are positively charged so should associate with HA. While hydrogels with three dif-
ferent degradation rates (fast, intermediate, slow) were tested with various doses of
VEGF and OPG, particular attention was paid to the fast degrading hydrogels. As
before with BMP-2, HA hydrogels were examined for in vitro protein release and in

vivo bone regeneration.
5.2 Materials and Methods

With the exceptions described below, the materials and methods for this Chapter are
identical to those in. Chapter 4.

5.2.1 Materials

VEGF or OPG was used in place of BMP-2. VEGF was obtained from Genentech
(South San Francisco, CA) and OPG was obtained from R&D Systems (Minneapolis,
MN).

5.2.2 Tissue Harvest and Analysis of Mineralization

At the desired time points, the rats were sacrificed by CO, asphyxiation, and the pari-
etal bones were harvested and fixed in 10% neutral buffered formalin (Fisher). Extent
of mineralization was measured by X-ray or microcomputed tomography (microCT).
X-rays were performed with X-Omat AR film (Kodak, Rochester, NY) in an enclosed
X-ray unit (Picker X-ray Corporation, Cleveland, OH) using a distance of 64cm, volt-
age of 35 kVp, current of 5 mA, and exposure time of 5-30 seconds. Developed X-ray
films were scanned into digital format, and X-ray intensity was quantified using the
MetaMorph® imaging system (Molecular Devices Corporation, Sunnyvale, CA). Mi-
croCT analysis was performed by Angela Lin and Robert Guldberg of the Georgia
Institute of Technology (Atlanta, GA) on a viwvaCT 40 (Scanco Medical, Bassersdorf,
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Switzerland) with a voltage of 55kVp, current of 109uA, and voxel size of 21ym. A
5mm diameter x lmm tall region centered within the defect was analyzed for each

sample using segmentation parameters of sigma = 1.2, support = 2, and threshold =

143.
5.3 Results

5.3.1 In Vitro Protein Release

VEGF and OPG are cationic proteins (pI ~ 7.3 and 8.3, respectively; Table 2.1), and
their release was slowed compared to BSA controls for all hydrogel types examined
(data not shown). Similar to the effects seen with BMP-2, altering the degradation
rate of the hydrogels affected the release rate of VEGF and OPG (data not shown).
The fast degrading hydrogels released all of their protein by the time the scaffold
was completely degraded (approximately one week). The slow degrading hydrogels
had a high burst release of protein, which was followed by release at nanogram levels
per week for the duration of the 8 week study. When the still intact slow degrading
hydrogels were degraded at 8 weeks, reservoirs of approximately 10% VEGF and 40%
OPG were found to be retained in the HA hydrogel. Similar to their degradation

rates, the intermediate degrading hydrogels had intermediate release profiles.

5.3.2 In Vivo Bone Regeneration with VEGF

The effect of VEGF delivered from the fast degrading HA hydrogels was evaluated
at two different doses — 5Sug and 25ug — in the rat calvarial critical size defect
model. Measuring the extent of mineralization using X-rays, the 25ug dose resulted
in radioopacity (intensity/area) that was higher than both negative controls (empty
defect and defect with HA hydrogel without protein; p<0.1) as well as the 5ug VEGF
dose at a three week time point (Figure 5.1). The level of mineralization was similar

to that observed in the animals treated with 5u4g BMP-2. Examination of histological
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Figure 5.1: Dose response with VEGF delivered from fast degrading HA hydrogels.
VEGF was tested at doses of 5ug and 25ug and compared with unloaded hydrogels
and empty defects as negative controls as well as hydrogels loaded with 5ug BMP-
2 as a positive control. Extent of mineralization was measured as the radiographic
intensity for a 5mm diameter circular area centered over the defect. Results shown
as mean and standard error of triplicate samples.

sections from these animals showed that the higher VEGF dose resulted in a greater
volume of tissue filling the defect, as seen with the considerably thicker region of tissue
in the center of the defect for the 25ug dose (Figure 5.2), although this tissue did not
have the morphology of bone with only small regions of densely packed collagen.
Looking at a later (6 week) time point with the higher dose of VEGF showed that
the radioopacity decreased to levels comparable with the controls (Figure 5.3).

Changing the degradation rate of the scaffold appeared to change the rate of bone



96

25ug VEGF
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Figure 5.2: H&E stained histological sections of defects treated with VEGF. Micro-
graphs show region in the center of the defect. The image on the left was from an
animal treated with 5ug VEGF while the image on the right was from an animal
treated with 25ug VEGF. Scale bars are approximately 500um.

formation. Increased radioopacity was only seen for 25ug VEGF delivered from inter-
mediate degrading HA hydrogels at the six week time point (Figure 5.3). However,
this result was not confirmed with the more sensitive technique of microCT (Fig-
ure 5.4). MicroCT analysis showed that mineral volume in the animals treated with
intermediate degrading hydrogels with 25ug VEGF was actually lower than the neg-
ative controls. When looking at histological sections stained with Masson’s trichrome
for fast (Figure 5.5) and intermediate (Figure 5.6) degrading hydrogels, the animals
treated with 25ug VEGF had more tissue filling the defect site; however, this tissue
did not stain the dark blue typical of collagen in bone. Taken together, these results
suggest that radiographs are an insufficient technique for measuring mineralization.
It is likely that other components in the tissue instead of the formation of mineralized

bone are contributing to the radioopacity.
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Figure 5.3: Temporal response with VEGF delivered from fast and intermediate de-
grading HA hydrogels. VEGF was tested at a dose of 25ug and compared with empty
defects and unloaded hydrogels as negative controls as well as hydrogels loaded with
5ug BMP-2 as a positive control. Defects were evaluated after 3 and 6 weeks of heal-
ing. Extent of mineralization was measured as the radiographic intensity for a 5mm
diameter circular area centered over the defect. Results shown as mean and standard
error of triplicate samples.
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Figure 5.4: Mineralization measured by microCT for VEGF delivered from interme-
diate degrading hydrogels. VEGF was tested at a dose of 25ug and compared with
empty defects and unloaded hydrogels as negative controls as well as hydrogels loaded
with 5ug BMP-2 as a positive control. Defects were evaluated after 3 and 6 weeks of
healing. A 5mm diameter x 1mm tall region centered within the defect was analyzed.
Results shown as mean and standard error of triplicate samples.
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Figure 5.5: Masson’s trichrome stained histological sections for fast degrading HA
hydrogels. Representative histological sections showing cross-section of entire defect
for animals treated with control or VEGF loaded hydrogels after three or six weeks
of healing. Bone is stained dark blue. Native bone can be seen at the edges of each
image. The scale bar in each image is 500um.
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Figure 5.6: Masson’s trichrome stained histological sections for intermediate degrad-
ing HA hydrogels. Same conditions as Figure 5.5 but for the intermediate degrading
hydrogels.
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5.8.8 Co-Delivery of BMP-2 and VEGF

Co-delivery of VEGF and BMP-2 from the fast degrading hydrogels was evaluated at
a 6-week time point and compared to delivery of VEGF or BMP alone. While VEGF
did not increase mineralization on its own, delivery of 25ug VEGF in combination
with 5ug BMP-2 increased the mineral formation compared to BMP-2 delivery alone
(Figure 5.7). With a p-value just less than 0.075, this effect was not statistically
significant but indicated that co-delivery of angiogenic factors may enhance bone

formation.

5.8.4 In Vivo Bone Regeneration with OPG

The effect of OPG delivered from the fast degrading HA hydrogels was evaluated
at a dose of 25ug in the rat calvarial critical size defect model. The 25ug dose
resulted in mineralization volumes, as measured by microCT, that were comparable
to control hydrogels (Figure 5.8); however, the variability between samples was high.
Examination of histological sections from these animals showed that some animals
appeared to have near complete bridging of the defect with new bone while others
exhibited minimal bone formation (Figure 5.9). Further exploration of the effects of
OPG with an increased number of replicates would be needed to determine if it has

a true osteoinductive effect.
5.4 Discussion and Conclusion

The angiogenic molecules tested, VEGF and OPG, did not have an osteoinductive
effect in vivo. OPG, which has known bone-protective [97] and pro-angiogenic [100]
effects, was the more promising candidate because of the high variability observed
in the histological sections (Figure 5.9) and mineral volume measured by microCT
(Figure 5.8). This variability suggested that OPG might be active in some cases, and

the testing of additional replicates may be warranted.
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Figure 5.7: Mineralization measured by microCT for co-delivery of VEGF and BMP-
2. VEGF was tested at a dose of 25ug and BMP-2 was tested at a dose of 5Sug.
Delivery of VEGF and BMP-2 together was compared with delivery of each growth
factor individually as well as with empty defects and unloaded hydrogels as negative
controls. Defects were evaluated after 6 weeks of healing. A 5mm diameter x lmm tall
region centered within the defect was analyzed. Results shown as mean and standard
error of a minimum n = 4.
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Figure 5.8: Mineralization measured by microCT for OPG delivered from fast de-
grading hydrogels. OPG was tested at a dose of 25ug and compared with empty
defects and unloaded hydrogels as negative controls as well as hydrogels loaded with
5ug BMP-2 as a positive control. Defects were evaluated after 6 weeks of healing. A
5mm diameter x 1lmm tall region centered within the defect was analyzed. Results
shown as mean and standard error of triplicate samples.
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Sample 1

Figure 5.9: Masson’s trichrome stained histological sections for fast degrading HA
hydrogels with OPG. Histological sections showing cross-section of entire defect for
three different animals treated with OPG loaded hydrogels after six weeks of healing.
Bone is stained dark blue. Native bone can be seen at the edges of each image. The
scale bar in each image is 500um.
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Use of radiographs to measure mineralization indicated that VEGF may have a
potential dose effect and temporal response on bone growth; however, this was not
confirmed by the more sensitive technique of microCT. Qualitative examination of the
harvested tissues using histology generally indicated a greater tissue volume filling the
defect area for samples treated with VEGF compared to controls, which could account
for the increased radioopacity. Further examination of the effects of VEGF and OPG
on angiogenesis as well as on the amount of cellular infiltration and/or extracellular
matrix (ECM) production is warranted. A more comprehensive quantitative analysis
of the number of blood vessels induced by VEGF in the present studies would indicate
if VEGF was having its expected angiogenic effect. Then one could possibly deliver
VEGF in conjunction with an osteoinductive molecule such as BMP-2 to form new
bone tissue that is well-vascularized. As bone has been shown to regenerate in this site
through a mechanism similar to intramembranous ossification [33] and VEGF may not
have strong osteogenic activity there [261], successful (and unsuccessful) treatments
may have different effects in other anatomical locations. Finally, co-delivery of VEGF
and BMP-2 showed a slight increase in mineral formation compared to delivery of
BMP-2 alone. The angiogenic factor may be acting to increase mineral formation by
increasing blood vessel formation and thus nutrient delivery to the tissue. Additional

quantification of blood vessel formation would confirm if this effect.
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Chapter 6

CONTROLLED RELEASE OF LRAP FROM PLGA
MICROSPHERES FOR BONE REGENERATION

6.1 Introduction

Leucine-rich amelogenin peptide (LRAP) is an alternatively spliced product of amel-
ogenin and is described in detail in Chapter 2.5.5 and 2.10.4. LRAP plays a key role
during the process of amelogenesis, where it forms part of the extracellular matrix
(ECM) prior to enamel mineralization. Dr. Martha Somerman’s group at the Univer-
sity of Washington Dental School has also explored the ability of this peptide to act as
a signaling molecule during cementogenesis. Théy have shown that LRAP can down-
regulate osteocalcin (OCN) and up-regulate osteopontin (OPN) and osteoprotegerin
(OPG) as well as can inhibit mineralization for immortalized murine cementoblasts
(OCCM-30) in culture [68]. The highest dose of LRAP (1.0 ug/mL/day) invoked a
significant response versus controls while two lower doses (0.01 and 0.1 pg/mL/day)
indicated a dose-response efféct [68].

Relevant to the goals of this dissertation, LRAP has been shown to have chondro-
genic and osteogenic activity in vitro as well as in vivo [65, 67]. However, the ability
of LRAP to induce bone formation has not been conclusively demonstrated in a bone
model [66]. In an ectopic oral mucosal mouse model, LRAP-coated agarose beads
induced expression of osteo-chondrogenic markers, including RP59, Sox9, OPN, and
bone sialoprotein (BSP); however, ectopic mineralization was not observed [67]. In
contrast, ectopic mineralization, vascularization, and BSP and bone acidic glycoprotein-
75 (BAG-75) expression were observed after LRAP delivery from a poly(lactide-co-
glycolide) (PLGA) scaffold in an ectopic rat muscle model [65]. In the most relevant
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model, LRAP loaded in a collagen sponge was implanted as a parietal bone onlay
and induced bone formation in the sponge and adjacent to the existing bone [66].
However, the full details of this study have yet to be published.

These prior studies indicate that LRAP may be a potentially interesting thera-
peutic molecule for regenerating several mineralized tissues in the craniofacial region.
In the study described in this chapter, the ability of LRAP to mediate bone formation
was directly evaluated. LRAP was formulated into biodegradable PLGA microspheres
for controlled release in a rat calvarial critical size defect model. It was hypothesized
that this model of challenged bone healing would provide a means to evaluate the
osteoinductive capacity of LRAP. Further goals of the study were to demonstrate
that LRAP could be released in a controlled fashion over a period of weeks from
the PLGA microspheres and that LRAP activity could be maintained during the

formulation process.

6.2 Materials and Methods

6.2.1 Materials

All reagents were obtained from Sigma-Aldrich (St. Louis, MO) unless otherwise
noted. Cell culture reagents were obtained from Invitrogen (Carlsbad, CA). LRAP
was obtained as a glutathione S-transferase (GST) fusion of the 56 amino acid porcine
LRAP as a gift from Dr. Carolyn Gibson (University of Pennsylvania, Philadel-
phia, PA) via Martha Somerman. LRAP was linked at the N-terminus to the GST
peptide and was prepared in glutathione elution buffer (75mM 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid (HEPES), pH 7.4, 150mM sodium chloride (NaCl),
10mM reduced glutathione, 5mM 1,4-dithio-DL-threitol (DTT), and 2% N-octyl glu-
coside). The LRAP-GST fusion was used in all experiments and will be referred to
simply as LRAP for the remainder of the chapter. A rabbit IgG antibody to the
LPDLPLEAWPATDKTKREEVD sequence of LRAP [290] was also provided by Dr.



107

Gibson.

6.2.2 LRAP ELISA

Since LRAP was expressed as a GST fusion protein, Reacti-Bind™ anti-GST coated
plates (Pierce, Rockford, IL) were used to develop an enzyme-linked immunosorbent
assay (ELISA) assay to determine the concentration of LRAP in subsequent exper-
iments. Each well was incubated with 100uL of an LRAP solution (experimental
sample, blank, or standard) for one hour, washed three times, incubated with 100uL
of a 1:1000 dilution of the primary antibody for one hour, washed three times, incu-
bated with 100uL of a 1:10,000 dilution of peroxidase conjugated ImmunoPure goat
anti-rabbit IgG (H+L) (Pierce) for one hour, and washed three times. ImmunoP-
ure 2,2’-azinobis [3-ethylbenzothiazoline-6-sulfonic acid]-diammonium salt (ABTS,
Pierce) was prepared, and 150uL of substrate solution was added to each well and
incubated for 30 minutes prior to stopping the color development with 100uL per well
of a solution of 1% sodium dodecyl sulfate (SDS). The absorbance was measured at

405nm.

6.2.3 In Vitro Activity Assay

LRAP activity was assayed in vitro using OCCM-30 by Erica Swanson of the Somer-
man lab, as previously described [68, 291]. OCCM-30 were plated at 20,000 cells/cm?
in 24-well plates in growth medium (Dulbecco’s Modified Eagle’s Medium (DMEM)
plus 10% fetal bovine serum (FBS), 100U/mL penicillin, and 100xg/mL streptomycin)
and allowed to reach confluence in a humidified atmosphere of 5% CO; at 37°C. The
medium was replaced with DMEM containing 5% FBS and 50ug/mL ascorbic acid,
which further contained the experimental LRAP or buffer solutions. After 48 hours,
RNA was harvested, and quantitative reverse transcription polymerase chain reaction
(RT-PCR) was performed to determine expression levels of‘BSP, OCN, and OPN us-
ing the housekeeping gene glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and
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a calibrator for normalization.

6.2.4 Spray Freeze Drying of Proteins

The buffer for LRAP was changed ffom the glutathione elution buffer to 5mM sodium
succinate (pH 5.0) using a PD-10 column (GE Healthcare, Piscataway, NJ). Rat serum
albumin (RSA) at 3.8 mg/mL and trehalose at 0.76 mg/mL were added to the LRAP
solution. A negative control solution was prepared with 3.8 mg/mL RSA and 0.76
mg/mL trehalose in 5mM sodium succinate (pH 5.0). A positive control solution
was prepared with 2.9 ug/mL BMP-2 (R&D Systems, Minneapolis, MN), 3.8 mg/mL
RSA, and 0.76 mg/mL trehalose in 5mM sodium succinate (pH 5.0). Each solution
was sprayed through an ultrasonic nozzle with a power setting of 1.6W at a flow rate
of 5mL/min and collected in a liquid nitrogen bath. The liquid nitrogen was allowed
to evaporate while keeping the droplets frozen at -80°C. The spray freeze dried protein
was then lyophilized.

6.2.5 Preparation of Protein Loaded PLGA Microspheres

Microspheres were fabricated using the ProLease™ technique [222, 223], which is
shown schematically in Figure 6.1. Briefly, the micronized protein preparations from
above were suspended by ultrasonication at a target concentration of 5mg/mL in
methylene chloride (Fisher Scientific, Hampton, NH) solutions containing 50mg/mL
PLGA (inherent viscosity (I.V.) = 0.39 dL/g, Absorbable Polymers International,
Pelham, AL). Each batch was then sprayed through an ultrasonic nozzle to produce
atomized droplets. These droplets were immediately collected in a liquid nitrogen bath
to freeze the particles, and then the particles were allowed to enter a cold (-80°C)
ethanol (AAPER, Shelbyville, KY) bath where the methylene chloride was extracted
over several days to harden the microspheres. The microspheres were collected by
filtration and dried. Protein content was determined by dissolving the microspheres

in methylene chloride, centrifuging the insoluble protein, and dissolving the protein
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Figure 6.1: Microsphere fabrication using ProLease™ method. Protein is suspended
in a PLGA solution, which is sprayed through an ultrasonic nozzle to form atomized
droplets. The droplets are collected in a liquid nitrogen bath and allowed to freeze
before entering a cold ethanol bath to extract the solvent. Inset shows brightfield
micrograph of PLGA microspheres made using this method.

pellet in DI water. The amount of protein was quantified using a bicinchoninic acid

(BCA) assay (Pierce, Rockford, IL).

6.2.6 Rat Calvarial Critical Size Defect Model

Microspheres were implanted in a rat calvarial critical size defect model to evaluate
their ability to induce bone regeneration. The surgical protocol was approved by
the University of Washington (UW)Institutional Animal Care and Use Committee
(IACUC). Surgeries were conducted under aseptic conditions using sterile materials.
Adult male Sprague Dawley rats (Harlan, Indianapolis, IN) were anesthetized using

isoflurane (5% induce, 2.5% maintain), and their heads were shaved and disinfected. A
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linear incision was made along the midline of the scalp, and the soft tissues, including
the periosteum, were reflected. A full-thickness 5mm circular defect was created in
the center of the parietal bones (over the sagittal suture) using a Command2 drill
system with a 1.0mm fissure carbide bur (Stryker, Kalamazoo, MI) while irrigating
with saline. For animals receiving microspheres, 30-50mg of microspheres were placed
into the defect. For additional negative control animals, the defect was left empty.
The skin was closed over the defect site using wound clips, and the animals were
allowed to heal for 4 to 12 weeks. Buprenorphine was administered immediately

post-operatively for pain mitigation.

6.2.7 Tissue Harvest and Analysis of Mineralization

At the desired time points, the rats were sacrificed by CO, asphyxiation, and the pari-
etal bones wére harvested and fixed in 10% neutral buffered formalin (Fisher). Extent
of mineralization was measured by X-ray or microcomputed tomography (microCT).
X-rays were performed with X-Omat AR film (Kodak, Rochester, NY) in an enclosed
X-ray unit (Picker X-ray Corporation, Cleveland, OH) using a distance of 64cm, volt-
age of 35 kVp, current of 5 mA, and exposure time of 5-30 seconds. Developed X-ray
films were scanned into digital format, and X-ray intensity was quantified using the
MetaMorph® imaging system (Molecular Devices Corporation, Sunnyvale, CA). For
microCT analysis, scans were performed with a vivaCT 40 (Scanco Medical, Bassers-
dorf, Switzerland) by Philippe Huber and Ted Gross at Harborview Medical Center,
Seattle, WA. Scans were conducted using a voltage of 55 kVp, current of 145 uA,
and voxel size of 30 um. Images were reconstructed and analyzed using segmentation

parameters of sigma = 1.2, support = 2, and threshold = 250.

6.2.8 Histology

After quantifying mineralization, the samples were decalcified using CalEx Decalcifier

(Fisher) for 48 hours or in a 10% EDTA solution at pH 7 for 2 weeks. The decalcified
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tissue was embedded in paraffin and sectioned into 5um thick sections for histology.
Tissue sections were stained with hematoxylin and eosin (H&E) or Masson’s trichrome

for qualitative analysis.
6.3 Results

6.3.1 LRAP ELISA

An ELISA was successfully developed using Reacti-Bind™ anti-GST coated plates
and anti-LRAP as the primary antibody that could detect LRAP in the range of 0.02
pug/mL to 0.355 pg/mL. However, incubating LRAP at 37°C for >20 hours in various
buffers reduced its ability to be detected by the ELISA. This reduction in detection
was also observed using a polyclonal antibody to the GST domain (Invitrogen, Carls-
bad, CA) as the primary antibody, although the effect was less severe. This precluded
the use of the ELISA to detect LRAP in release experiments conducted at 37°C.

6.3.2 Microsphere Preparation

The total protein content of the microspheres was measured as 29+7 ug protein/mg
microspheres for the RSA microspheres, 3042 ug protein/mg microspheres for the
LRAP microspheres, and 30+1 ug protein/mg microspheres for the BMP-2 micro-
spheres (mean and standard deviation of triplicate samples). The microspheres were
formulated assuming a 100% recovery during the protein spray freeze drying process
and were targeted to have a protein loading of 100 ug protein/mg microspheres. These
results indicate that the spray freeze drying had an actual recovery of approximately
30%.

Using the ELISA, the concentration of LRAP was measured at 1.8 ug/mL for
the staring solution and at 0.5 ug/mL after the PD-10 column, prior to spray freeze
drying. The concentration of BMP-2 was provided by the manufacturer. Assuming

that the ratio of LRAP or BMP-2 to RSA was not changed during the spray freeze
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drying process, the microspheres would deliver a dose of 3ug LRAP/mg microspheres
or 0.02ug BMP-2/mg microspheres. The expected LRAP concentration in the starting
solution was 0.535 ug/uL and was expected to be diluted to 0.382 ug/uL after running
through the PD-10 column, assuming no protein loss on the column. This indicates
a significant fraction of the protein was lost on the PD-10 column; however, the
higher than expected initial concentration resulted in a higher dose of LRAP being
incorporated into the microspheres.

Overall, assuming no losses, the microspheres were formulated so that a 50mg
dose of microspheres would deliver approximately 300ug LRAP or 3ug BMP-2. Due
to losses during the fabrication process and variations in the starting solution con-
centrations, the 50mg dose would deliver approximately 150ug LRAP or 1ug BMP-2.
However, dissolution of the microspheres with methylene chloride to recover the pro-
tein also interfered with the ability of the ELISA to detect LRAP so the actual final

concentration of LRAP in the microspheres could not be confirmed.

6.3.3 In Vitro Activity

Because the ELISA gave inconsistent results when attempting to measure the con-
centration of LRAP in the microspheres, LRAP preparations from various stages
of the microsphere formulation process were tested for activity using OCCM-30 ce-
mentoblasts. It was expected that LRAP would down-regulate OCN and BSP and
up-regulate OPN and OPG in this system [68]. While a dose of 1.0 ug/mL was needed
for a significant response, some effect was seen for doses as low as 0.01 ug/mL [68].
The three major steps during microsphere fabrication were simulated using prepa-
rations that would yield 2ug LRAP with bovine serum albumin (BSA) as the carrier
protein or equivalent preparations with BSA only as a control, including (a) a 1:1000
dilution of LRAP-GST fusion into 5mM sodium succinate (pH 5.0) with 10mg/mL
BSA and 2mg/mL trehalose that was lyophilized; (b) the solution of (a) sprayed

through an ultrasonic nozzle into a liquid nitrogen bath, frozen, and lyophilized; and
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(c) the spray-freeze dried powder of (b) exposed to lmL methylene chloride for 30
minutes then centrifuged and dried. As seen in Figure 6.2, LRAP samples processed
to simulate various steps of the microsphere fabrication process reduced expression of
OCN mRNA by OCCM-30 cementoblasts in vitro, similar to unprocessed LRAP and
as previously observed [68]. However, the control BSA-treated samples also showed a
similar activity. With the spray freeze dried samples and methylene chloride treated
samples, OCN mRNA expression was further reduced in LRAP samples compared to
the samples containing only BSA. However, for the starting protein solutions in the
5mM sodium succinate buffer, the OCN mRNA expression levels with LRAP were
higher than with BSA alone. This suggests that the effect of BSA on the samples
is non-specific in addition to interfering with the ability to measure LRAP activity.
The spray freeze dried and methylene chloride treated samples did not inhibit OCN
mRNA expression as much as the unprocessed LRAP, which could indicate a loss of
activity during processing. However, this could not be definitively concluded due to
the activity shown by the BSA controls for those groups.

To determine if the effects were coming from the proteins or from other components
in the buffer, the in vitro activity of the buffers using during microsphere fabrication
was tested with OCCM-30 cementoblasts. Previously, LRAP was found to decrease
OCN mRNA expression and increase OPN mRNA expression [68], and this was again
observed with the unprocessed LRAP positive control. As seen in Figure 6.3, both
the 5mM sodium succinate buffer and 2mg/mL trehalose in succinate buffer actually
had an opposite effect compared to LRAP-treated positive control samples. The
OCN mRNA expression levels were increased (Figure 6.3A), and the OPN mRNA
expression levels were decreased (Figure 6.3B) for the buffer test samples. Using less
buffer solution relative to OCCM-30 medium brought the OCN and OPN mRNA
expression levels closer to the untreated control.

The results seen in Figures 6.2 and 6.3 indicate that BSA may be the primary

formulation component masking LRAP activity. Therefore, instead of testing the
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Figure 6.2: In wvitro activity of LRAP prepared to simulate various stages of micro-
sphere formulation. The y-axis is the mRNA level of OCN determined by RT-PCR
normalized to a calibrator and the housekeeping gene GAPDH. No treatment received
medium only, and LRAP used the protein as received. BSA is 10mg/mL BSA and
2mg/mL trehalose in 5mM sodium succinate (pH 5.0) that was lyophilized. LRAP +
BSA is a 1:1000 dilution of LRAP-GST (final concentration is 6ug/mL LRAP-GST)
into 5mM sodium succinate (pH 5.0) with 10mg/mL BSA and 2mg/mL trehalose that
was lyophilized. BSA spray freeze dried is the solution of BSA sprayed through an
ultrasonic nozzle into a liquid nitrogen bath, frozen, and lyophilized. BSA + LRAP
spray freeze dried is the solution of LRAP + BSA sprayed through an ultrasonic noz-
zle into a liquid nitrogen bath, frozen, and lyophilized. BSA treated with methylene
chloride is BSA spray freeze dried exposed to 1mL methylene chloride for 30 minutes
then centrifuged and dried. LRAP + BSA treated with methylene chloride is LRAP
+ BSA spray freeze dried exposed to 1mL methylene chloride for 30 minutes then
centrifuged and dried. All samples were directly resuspended in OCCM-30 growth
medium to a concentration of 2ug/mL LRAP-GST prior to addition to the cells.
Assay performed by Erica Swanson.
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Figure 6.3: In vitro activity of buffers used during microsphere formulation. (A) OCN
mRNA expression levels. The y-axis is the mRNA level of OCN determined by RT-
PCR normalized to a calibrator and the housekeeping gene GAPDH. No treatment
received medium only, and LRAP used the protein as received. Sodium Succinate 1:3
is a 1:3 dilution of 5mM sodium succinate (pH 5.0) into OCCM-30 medium. Sodium
Succinate 1:10 is a 1:10 dilution of 5mM sodium succinate (pH 5.0) into OCCM-30
medium. Trehalose + Sodium Succinate 1:3 is a 1:3 dilution of 2mg/mL trehalose
in 5mM sodium succinate (pH 5.0) into OCCM-30 medium. Trehalose + Sodium
Succinate 1:10 is a 1:10 dilution of 2mg/mL trehalose in 5mM sodium succinate
(pH 5.0) into OCCM-30 medium. (B) OPN mRNA expression levels. The y-axis is
the mRNA level of OPN determined by RT-PCR normalized to a calibrator and the
housekeeping gene GAPDH. The treatment conditions were the same as in (A). Assay
performed by Erica Swanson.
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effects of processing on LRAP, LRAP was tested at the concentrations expected to be
seen in a release study. The buffer was switched from 5mM sodium succinate (pH 5.0)
to PBS. The concentration of BSA was reduced from 10mg/mL to 20ug/mL. Trehalose
was not included. This would determine if the activity of LRAP would be able to be
determined for the protein when it was released from the microspheres. As seen in
Figure 6.4, LRAP in this formulation demonstrated the expected activity, decreasing
BSP (panel A) and OCN (panel B) mRNA expression compared to untreated controls.
However, the negative control sample containing BSA only demonstrated a similar
activity in reducing BSP and OCN mRNA levels. This non-specific effect of BSA
on OCCM-30 expression of OCN and BSP mRNA made it impossible to determine
LRAP activity in a release study.

6.8.4 Early In Vivo Response

In a pilot study, approximately 50mg PLGA microspheres were implanted in the
rat calvarial critical size defect model (one animal each per type of microspheres
and one empty defect control). This 50mg dose would deliver approximately 150ug
LRAP or 1ug BMP-2. The microspheres were initially retained by tightly packing the
microspheres within the defect site. The microspheres also stuck together once wetted
by residual blood and saline in the defect. The animals were allowed to heal for 4
weeks (6 weeks for the BMP-2 animal) before sacrifice. Extent of mineralization was
measured by X-ray. As quantified in Figure 6.5A, minimal mineralization occurred
for all samples at these early time points. This can further be seen in representative
images of X-rays of the defect sites in Figure 6.5B-E.

As seen in the histological sections in Figure 6.6, the microspheres were not de-
graded by the four week time point. The microspheres showed up as void space on
the histological sections and made up a large fraction of the cross-sectional area. By
six weeks, the microspheres were more degraded as indicated by a smaller void space

with less well-defined margins. Both the empty and RSA microsphere controls induced
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Figure 6.4: In vitro activity of LRAP versus BSA simulating release conditions. (A)
OCN mRNA expression levels in cementoblasts treated with LRAP. The y-axis is
the mRNA level of OCN determined by RT-PCR normalized to a calibrator and the
housekeeping gene GAPDH. No treatment received medium only. BSA is 20ug/mL
BSA in PBS. BSA + LRAP is 2ug/mL LRAP-GST and 20ug/mL BSA in PBS.
Protein samples in buffer were lyophilized then resuspended in OCCM-30 growth
medium. Two wells were tested with each treatment. (B) BSP mRNA expression
levels in cementoblasts treated with LRAP. The y-axis is the mRNA level of BSP de-
termined by RT-PCR normalized to a calibrator and the housekeeping gene GAPDH.
The treatment conditions were the same as in (A). Assay performed by Erica Swanson.
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Figure 6.5: Mineralization measured by X-ray for microspheres in rat calvarial critical
size defect model. (A) Extent of mineralization within defect region was measured by
taking average X-ray intensity for a circular region centered over the defect. Back-
ground correction was performed by subtracting the average intensity of a region
outside the tissue region. Treatment groups had either an empty defect or a de-
fect filled with either RSA microspheres, LRAP/RSA microspheres, or BMP-2/RSA
microspheres. Animals at 4 or 6 weeks were treated with 50mg microspheres while
animals at 12 weeks were treated with 30mg microspheres. Representative X-rays for
(B) Empty, Week 4; (C) RSA microspheres, Week 4; (D) LRAP/RSA microspheres,
Week 4; (E) BMP-2/RSA microspheres, Week 6; (F) Empty, Week 12; (G) RSA mi-

crospheres, Week 12; (H) LRAP/RSA microspheres, Week 12; and (I) BMP-2/RSA
microspheres, Week 12.
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minimal tissue growth into the defect. As expected, the BMP-2/RSA microspheres
induced tissue infiltration with collagen deposition (light blue stain); however, by the
six week time point minimal new bone was formed. Interestingly, the LRAP/RSA
microspheres also induced tissue infiltration with collagen deposition and minimal
new bone. It is possible that the effect of the LRAP/RSA microspheres was an in-
flammatory response as some neutrophils (noted by their horseshoe-shaped nuclei in
the histological sections) were present in the cellular infiltrate. However, it is also
possible that this new tissue represented an early phase of bone matrix deposition. A

later time point (12 weeks) was therefore examined.

6.3.5 Late In Vivo Response

In a second study, approximately 30mg PLGA microspheres were implanted in the
rat calvarial critical size defect model (two animals each per type of microspheres
and one empty defect control). This 30mg dose would deliver approximately 100ug
LRAP or 0.6ug BMP-2. The smaller dose was selected as the 50mg dose well ex-
ceeded the volume of the defect site, as clearly seen in Figure 6.6B. The animals were
allowed to heal for 12 weeks before sacrifice. Extent of mineralization was measured
by both X-ray and microCT, and both methods gave similar results. In the quantita-
tive radiographic results (Figure 6.5A), the BMP-2/RSA microspheres induced bone
formation and mineralization in the defect site whereas the other treatment groups
did not. This can be seen visually in representative X-ray images from the 12 week
time point animals (Figure 6.5F-I). New bone can clearly be seen within the defect
site of the BMP-2/RSA microsphere treated animals (Figure 6.5I). MicroCT analysis
(Figure 6.7) confirmed the results seen with the radiographic analysis. The average
mineral volume measured for the BMP-2/RSA microsphere treated animals (15mm?)
indicates that approximately 75% of the defect (5mm diameter x 1Imm height) was
filled with new bone by this time point. Mineralization for the LRAP/RSA micro-

sphere and RSA microsphere treated animals was at a level similar to the empty defect
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Figure 6.6: Histology showing early i¢n vivo response. Histological sections stained
with Masson’s trichrome where bone is dark blue. Cross-sections in the frontal plane
showing the native bone at the margins of the defect. (A) Empty defect, Week 4. (B)
Defect with RSA microspheres, Week 4. (C) Defect with LRAP/RSA microspheres,
Week 4. (D) Defect with BMP-2/RSA microspheres, Week 6. Scale bar is lmm.
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negative control. It should be noted that the RSA microspheres were implanted in
the frontal bones and not parietal bones of the two animals receiving this treatment.
This should represent a fairly similar site for evaluating healing; however, some slight
morphological differences (particularly the relation to the suture lines) were observed
and can be seen in Figure 6.7C.

In contrast to the early in vivo response, histological sections showing the in vivo
response at 12 weeks indicated that the LRAP/RSA microsphere treated animals
were more similar to the RSA microsphere and empty defect control animals than
the BMP-2/RSA microsphere treated animals (Figure 6.8). By this time point, the
microspheres were completely degraded, and no void spaces were observed in the
histological sections. Treatment with BMP-2/RSA microspheres resulted in complete
closure of the defect with new bone (dark blue stain) by the 12 week time point (Figure
6.8D). Some minimal bone growth and remodeling could be observed in histological
sections for the empty defect, RSA microsphere, and LRAP/RSA microsphere treated
animals; however, this remodeling was predominantly limited to the defect margins.
The LRAP/RSA microsphere treated defects (Figure 6.8C) appeared to have a slightly
thicker and more dense collagenous tissue filling the center of the defect; however, the

limited sample number made definitive conclusions impossible.
6.4 Discussion and Conclusions

This study demonstrates that PLGA microspheres can be used to control the release
of protein therapeutics, thus providing sustained delivery that can induce a tissue
healing response. Whereas this study showed this effect indirectly by looking at the
tissue response at two different time points, the following chapter will further examine
the controlled release behavior of PLGA microspheres by directly looking at the in
vitro release of similarly formulated microspheres delivering a model protein, BSA.
By the 12-week time point, BMP-2 delivery from PLGA microspheres resulted in

clear mineralization as measured both by X-ray and microCT (Figures 6.5 and 6.7)
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Extent of Mineralization Measured by MicroCT

Mineral Density (mm#3)

|
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Figure 6.7: Mineralization measured by microCT for microspheres in rat calvarial
critical size defect model. (A) Extent of mineralization was measured for a 5mm di-
ameter circular region centered over the defect. Treatment groups had either an empty
defect or a defect filled with either RSA microspheres, LRAP/RSA microspheres, or
BMP-2/RSA microspheres. Animals were treated with 30mg microspheres and were
analyzed at a 12-week time point. Representative microCT image reconstructions for
(B) empty defect, (C) defect with RSA microspheres, (D) defect with LRAP/RSA
microspheres, and (E) defect with BMP-2/RSA microspheres. MicroCT scanning and
analysis performed by Philippe Huber and Ted Gross at Harborview Medical Center,
Seattle, WA.
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Figure 6.8: Histology showing late in vivo response. Histological sections stained
with Masson’s trichrome where bone is dark blue. Cross-sections in the frontal plane
showing the native bone at the margins of the defect. (A) Empty defect, Week 12. (B)
Defect with RSA microspheres, Week 12. (C) Defect with LRAP/RSA microspheres,
Week 12. (D) Defect with BMP-2/RSA microspheres, Week 12. Scale bar is 1mm.
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and in bridging of the defect with new bone as seen in the histological sections (Fig-
ure 6.8D). Delivery from PLGA microspheres also demonstrated the osteoinductive
effect of BMP-2. Large amounts of new bone were formed within the center of the
defect with limited connectivity to the native bone at the defect margins, indicating
direct differentiation of osteoblasts within this region. In contrast, limited amounts
of predominantly appositional bone formation were seen at the defect margins for
animals receiving all other treatments. The PLGA microspheres also seem to provide
slower release kinetics than the hyaluronic acid (HA) hydrogels described in Chapters
3 through 5. At a six week time point, BMP-2 delivery from the PLGA microspheres
resulted in minimal mineralization whereas BMP-2 delivery from HA hydrogels re-
sulted in significant mineralization compared to control hydrogels (p<0.1). However,
by 12 weeks, the mineral volume in the BMP-2/RSA microéphere samples exceeded
the 6 week mineralization in the BMP-2 hydrogel samples.

While the BMP-2/RSA microspheres clearly induced bone growth and mineral-
ization in vivo, an osteoinductive capacity for LRAP was not observed in the present
study. At both time points, LRAP delivery resulted in minimal mineralization. A
robust cellular infiltrate at the earlier four week time point indicated that LRAP
might be having some effect on the tissue; however, by 12 weeks, the tissue morphol-
ogy of the LRAP samples was more similar to that of the negative controls. These
results are in contrast to the LRAP-induced mineralization observed by Veis and col-
leagues in both ectopic [65] and orthotopic [66] models; however, the results are in
line with Lacerda-Pinheiro et al. who did not observe mineralization with LRAP in
an ectopic oral mucosal mouse model [67]. A more detailed examination of the osteo-
chondrogenic activity of LRAP, by looking at expression of markers such as RP59,
Sox9, OPN, BSP, or BAG-75, was not performed. It is possible that LRAP has some
osteo-chondrogenic activity while being an insufficient signal to promote full tissue
regeneration and mineralization in a challenged model of bone healing, such as the

calvarial critical size defect model. Alternatively, use of LRAP as a GST fusion pro-
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tein or inactivation of the peptide during microsphere fabrication may have affected
the functional ability of LRAP in this study. The studies by Veis et al. and Lacerda-
Pinheiro et al. expressed LRAP as a GST fusion protein; however, the GST domain
was cleaved off using thrombin prior to functional assessment of LRAP [65, 67].

The ability to assess the function of LRAP in this study was limited by the in-
sensitivity of the ELISA and OCCM-30 cementoblast assays. The ELISA showed
reduced detection of LRAP after subjecting it to heat (37°C) or methylene chlo-
ride solvent. While the OCCM-30 cementoblast assay showed the expected effects
of LRAP regardless of treatment condition, a nonspecific effect of the carrier protein
BSA made it impossible to conclude that the LRAP remained active. It is likely,
however, that the LRAP formulated into the PLGA microspheres should have re-
tained its activity. BMP-2 formulated under identical conditions clearly retained its
activity. The ProLease™ method used to fabricate the microspheres offers advan-
tages over other microsphere preparation techniques for maintaining the activity of
proteins. The lack of an aqueous/organic interface during processing should help to
prevent protein denaturation [222, 223]. Therefore, the effects (or lack thereof) seen
with the LRAP/RSA microsphere samples could truly indicate that LRAP is not
osteoconductive when delivered by this system in this particular bone regeneration

setting.
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Chapter 7

IN SITU CHARACTERIZATION OF THE DEGRADATION
OF PLGA MICROSPHERES IN HYALURONIC ACID
HYDROGELS BY OPTICAL COHERENCE
TOMOGRAPHY

7.1 Introduction

Optical coherence tomography (OCT) is a high resolution optical imaging technique
that is suitable for imaging biological specimens. The principles of this technique have
been described in detail in section 2.11. OCT has primarily been applied to distinguish
normal from pathologic tissues both in vivo and ez vivo, including esophagus [264],
artery [270], and cartilage [265], etc.; however, it is becoming an attractive technique
to monitor and evaluate therapies, particularly when using a tissue engineering or
regenerative medicine approach. OCT has been used to image bone tissue engineering
constructs in vitro [266, 267, 268]. These in vitro studies utilized OCT to obtain
structural information on the distribution and remodeling effects of cells seeded within
scaffolds. Yang et al. also used OCT to measure differences in scaffolds fabricated with
different formulation parameters [267]. In the present study, the use of OCT is further
extended to characterize temporal changes within the scaffold materials themselves.
These morphological changes in the scaffolds are linked to their potential to promote
healing, particularly through variations in the release rate of protein therapeutics,
which is controlled by the degradation of protein-loaded poly(lactide-co-glycolide)
(PLGA) microspheres.

PLGA has been used for over 40 years as a degradable implant material. PLGA is
a member of the poly(a-hydroxy acid) family of polymers, which degrade via hydrol-
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ysis in vitro and in vivo [292]. Hydration of the polymeric implant leads to eventual
hydrolytic cleavage of the PLGA chains into low molecular weight fragments that
will be dissolved and cleared. The ratio of lactide to glycolide, enantiomeric form,
crystallinity, and initial molecular weight of the polymer all affect the degradation
rate. In vitro studies by Vert and coworkers have shown heterogeneous degradation
occurs in PLGA devices, with a faster degradation rate in the core than at the sur-
face due to an autocatalytic effect from degradation products trapped within the core
[293, 294, 295, 296, 297, 298]. Whereas they initially suggested that microspheres
might fall below a critical dimensional limit and degrade homogeneously [298], addi-
tional studies by that group and others have shown that degradation at the surface
of microspheres also proceeds more slowly [299, 224]. The degradation of PLGA
microspheres has also been well characterized in vivo [300, 301, 302]; however, these
studies used destructive end points, such as transmission electron microscopy (TEM),
scanning electron microscopy (SEM), and light microscopy, to monitor morphological
changes. Visscher et al. showed that there was no loss of microsphere integrity as the
polymer initially degraded, which was characterized by molecular weight loss [302].
Erosion and disintegration into particulates only became apparent at later time points
[302]. The ability of OCT to nondestructively image microsphere morphology in situ
could provide a means of monitoring microsphere degradation in vivo and directly tie
morphological changes to therapeutic protein release. This study presents the first
steps towards this goal by correlating changes in microsphere morphology imaged in

vitro with measured protein release rates.
7.2 Materials and Methods

7.2.1 Materials

All reagents were obtained from Sigma-Aldrich (St. Louis, MO) unless otherwise

noted.
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7.2.2 Preparation of Glycidyl Methacrylate Modified Hyaluronic Acid (HA-GMA)

HA (220,000 Da, Lifecore, Chaska, MN) was modified with glycidyl methacrylate
(GMA) to conjugate reactive vinyl groups, similar to previously published techniques
[207). An aqueous solution of HA at pH 9 (14.3mg/mL) was reacted with a 29-
fold molar excess of GMA for 7 days at room temperature. The HA-GMA was
purified by 2X precipitation in tetrahydrofuran (THF; Fisher Scientific, Hampton,
NH), redissolved in DI water, frozen, and lyophilized. The degree of substitution
(number of methacrylate groups per 100 disaccharide units) for HA-GMA dissolved
in DO was determined by 'H-NMR (Bruker Avance DRX-499).

7.2.8 Preparation of Protein-Loaded PLGA Microspheres

PLGA microspheres were fabricated using the ProLease™ technique [223]. Briefly,
BSA was micronized by spray freeze-drying a solution of 10mg/mL BSA and 2mg/mL
trehalose in 5mM sodium succinate (pH 5). The micronized BSA/trehalose was sus-
pended by ultrasonication at 1lmg/mL in a methylene chloride (Fisher) solution
containing 100mg/mL PLGA (inherent viscosity (I.V.) = 0.17 dL/g or 0.39 dL/g,
Absorbable Polymers International, Pelham, AL) and was then sprayed through an
ultrasonic nozzle to produce atomized droplets. These droplets were immediately
collected in a liquid nitrogen bath to freeze the particles, and then the particles
were allowed to enter a cold (-80°C) ethanol (AAPER, Shelbyville, KY) bath where
the methylene chloride was extracted over several days to harden the microspherés.
The microspheres were collected by filtration and dried. Protein content was deter-
mined by dissolving the microspheres in methylene chloride, centrifuging the insoluble
protein, and dissolving the protein pellet in DI water. The amount of protein was

quantified using a bicinchoninic acid (BCA) assay (Pierce, Rockford, IL).



129

7.2.4 Preparation of Cross-Linked HA-GMA Hydrogels with or without PLGA Mji-

crospheres

Hydrogels containing microspheres were formed by mixing equal volumes of a micro-
sphere suspension (200mg/mL in DI water) and an HA-GMA solution (40mg/mL in
DI water). The HA-GMA /microsphere suspension was mixed with a photo-initiator
at a ratio of 10:1 (polymer:initiator). The photo-initiator, 2-hydroxy-1-{4-(hydroxy-
ethoxy)phenyl]-2-methyl-1-propanone (Irgacure®2959 — Ciba, Tarrytown, NY), was
dissolved at a concentration of 20mg/mL in methanol. Cross-linking was initiated by
exposure to UV radiation (365nm) for 30 minutes. Gels were molded into cylinders
by cross-linking in wells of multi-well plates. To measure protein release and micro-
sphere morphology, 100u:L hydrogels were fabricated in wells of a 96-well plate with a
total loading of 10mg microspheres. HA hydrogels without microspheres were formed
by diluting the 40mg/mL HA-GMA solution to 20mg/mL with DI water prior to the
addition of the photo-initiator.

7.2.5 Protein Release from PLGA Microspheres

Microspheres were suspended at a concentration of 10mg/mL in DI water and placed
at 37°C on a rotating shaker. At selected time points, the microspheres were pelleted
by centrifugation, the release buffer was removed and replaced with fresh DI water,
and the microspheres were resuspended. Protein in the release buffer was quantified

using a BCA assay.

7.2.6 Protein Release from HA Hydrogels

HA hydrogels were frozen and lyophilized prior to rehydration in a solution of BSA
(100pg BSA in 100uL DI water) or DI water (control). Hydrogels were allowed to
swell for 2 hours at room temperature and then placed at 37°C in 12-well plates with

3mL DI water as the release buffer. At selected time points, the release buffer was
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completely removed and replaced with fresh DI water. Protein concentration in the

release buffer was quantified using a Coomassie Plus™ assay (Pierce).

7.2.7 Protein Release from PLGA Microspheres within HA Hydrogels

Hydrogels with or without PLGA microspheres were placed in Snapwell® inserts
(Corning, Acton, MA) immediately after formation, and the inserts were glued to
6-well plates to prevent motion. The well was filled with 3mL DI water as a release
buffer, and an additional 400uL DI water was added to the insert to equilibrate and
swell the hydrogel. The samples were placed at 37°C, except during the time of
imaging when they were at room temperature. Additional DI water was added to the
wells at intermediate time points to compensate for evaporation of the release buffer
from the wells. Further, a humidified chamber and plate sealers were used to reduce
evaporation. The release buffer was completely removed and replaced after imaging
at the selected time points. Protein concentration in the release buffer was quantified
using a Coomassie Plus™ assay. Calculations of the amount of protein released were

based on the actual amount of buffer retrieved from each well at each time point.

7.2.8 In Vitro OCT Imaging

For each imaging session, each 6-well plate was attached to the imaging stage in a fixed
position and orientation. The starting x-y coordinates for each well were recorded
during the first imaging session and used as reference for subsequent imaging sessions.
Registration of the laser incident position was confirmed with reference ink marks on
the imaging stage as well as on each plate. OCT imaging was performed with a light
source having a center wavelength of 825nm and a spectral bandwidth of 150nm,
and the axial resolution was about 2.8um. 3-D scan series consisted of multiple 2-D
cross-sectional images and were performed by scanning a lmm wide cross-section,
stepping 2.5um between each adjacent 2-D scan. For each 2-D scan, the beam focus

was stepwise tracked in the z-direction ten times in 40pm increments, starting from
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the top surface of the hydrogels, and images within the focal zones were digitally

combined to create in-focus cross-sectional images.

7.2.9 In Vivo OCT Imaging

A hydrogel with PLGA microspheres (25uL hydrogel with 0.75mg microspheres,
formed as described above) was implanted in a modified rat calvarial critical size
defect model and imaged using OCT. The surgical protocol was approved by the Uni-
versity of Washington (UW) Institutional Animal Care and Use Committee (IACUC)
and was conducted under aseptic conditions using sterile materials. See section 8.2.4
for a detailed description of the surgical procedure. OCT imaging was performed on
the anesthetized animal using the above in vitro imaging parameters. The animal

was then sacrificed, and OCT imaging was repeated post mortem.

7.2.10 Image Processing and Analysis

Raw OCT intensity values were used to generate grayscale TIFF images for quantifi-
cation. Multiple images with different focal regions were processed in MATLAB®
(The Math Works, Natick, MA) to create composite in-focus images. The z-dimension
was scaled by the index of refraction of the hydrogel (i.e., "1.33). The 3-D image
stacks were also re-sectioned and reconstructed using MATLAB®. Contrast en-
hancement using a linear mapping to 8-bit grayscale with background subtraction was
performed on the images for display. The MetaMorph® Imaging System (Molecular
Devices Corporation, Sunnyvale, CA) was used to measure microsphere diameters
and to quantify the number of particles per volume. To determine the diameter of
the microspheres, the circumference of an individual microsphere was traced in each
cross-sectional image, and the greatest width was selected as the overall microsphere
diameter. Incompletely sectioned microspheres that did not reach a maximum width

in the image sequence were not measured or counted.
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7.3 Results

7.8.1 Scaffold Fabrication

The presence of acrylate peaks at ~5.6 and ~6.1 ppm in the HA-GMA H-NMR spec-
trum compared to the unmodified HA *H-NMR spectrum confirmed the functionaliza-
tion of the HA (data not shown). The degree of substitution (number of methacrylate
groups per 100 disaccharide units), which indicates the amount of potential cross-links
that can be formed, was determined to be 17. It was calculated by taking ratios of
the acrylate peaks, which arise from the methacrylate group only, and the methyl
peak at 1.9 ppm, which includes protons from the methacrylate group and backbone
methyl group. Hydrogels formed at 20mg/mL HA-GMA exhibited a swelling ratio of
88, which also indicates the extent of cross-linking. The swelling ratio was calculated
as W, /W, where W, is the wet weight of the hydrogel after equilibration in excess DI
water and W is the dry weight of the hydrogel. The hydrogels were molded to swell
to completely fill the Snapwell® inserts after equilibrating in DI water so that OCT
imaging could be performed over nearly the same region at different time points. The
hydrogel matrix remained intact for over 6 weeks during the study. By 10 weeks in
DI water, the hydrogels began to exhibit dimensional instability and were partially

collapsed or completely disintegrated so the imaging study was terminated.

7.8.2 Protein Release

The microspheres had a total protein content of 66ug BSA per mg microspheres.
Two different molecular weights of 50:50 D,L.-PLGA were used to control the protein
release rate. As seen in Figure 7.1A, microspheres fabricated from a lower molecu-
lar weight PLGA (I.V. = 0.17 dL/g or approximately 12kDa) degraded faster and
released protein faster than microspheres fabricated from a higher molecular weight
PLGA (I.V. = 0.39 dL/g or approximately 40kDa). The 12kDa PLGA microspheres
had a higher initial burst (74% of protein content) compared to the 40kDa PLGA
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microspheres (9% of protein content). After the initial burst, the release rates of BSA
were about the same for the first 3 weeks for both 12kDa and 40kDa PLGA micro-
spheres (0.6ug BSA/mg microspheres/day). After 3 weeks, release from the 12kDa
PLGA microspheres slowed to 0.2ug BSA/mg microspheres/day. By 6 weeks the to-
tal protein released reached a plateau, which was approximately 100% of the initial
protein content. Release from the 40kDa PLGA microspheres continued at 0.6ug
BSA/mg microspheres/day for 6 weeks before beginning to slow to 0.2ug BSA/mg
microspheres/day. Release continued at this rate for at least 70 days.

A Bradford-based, Coomassie Plus™ assay was used to quantify protein release
from HA hydrogels because components that leached from the HA hydrogels interfered
with the BCA assay. The release profile of BSA directly loaded in the HA hydrogel
is shown in Figure 7.1B. Release of protein from the HA hydrogels is influenced by
electrostatic interactions between the protein and HA, which are in turn affected by
the pI of the protein and the pH of the release buffer. While the pl of BSA is low
(5.75; Table 2.1, suggesting rapid release, the pH of the DI water used as the release
buffer was approximately 5.5 and acted to slow release. When the microspheres were
suspended within HA hydrogels and placed in the Snapwell® insert, the measured
release of protein was slowed due to diffusion of protein through the hydrogel, electro-
static interactions between BSA and HA, and limitation of release to only the bottom
surface of the cylindrical hydrogel through the Snapwe11® membrane. However, the
faster release of protein from the 12kDa PLGA microspheres relative to the 40kDa
PLGA microspheres was again observed. As seen in Figure 7.1C, both formulations
had an initial lag before beginning to release protein — 14 days for the 12kDa PLGA
microspheres within the HA hydrogels and 21 days for the 40kDa PLGA microspheres
within the HA hydrogels. After this lag, the 12kDA PLGA microspheres within the
HA hydrogels released protein at a rate of 0.3ug/mg microspheres/day for 6 weeks and
then slowed to 0.05ug/mg microspheres/day. The 40kDa PLGA microspheres within
the HA hydrogels released protein steadily at a rate of 0.1ug/mg microspheres/day
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Figure 7.1: Release of BSA from various constructs. (A) Cumulative BSA release
(measured by BCA assay) from microspheres made with two different molecular
weights of PLGA (12kDa and 40kDa). The microspheres contained 66ug BSA per
mg of microspheres. Microspheres were suspended at a concentration of 10mg/mL in
DI water at 37°C with shaking. (B) Release of BSA (measured by Coomassie Plus™
assay) from HA hydrogels loaded with 100ug BSA. Control hydrogels contained no
protein. The hydrogels were placed at 37°C in 3mL DI water as release buffer. (C)
Release of BSA (measured by Coomassie Plus™ assay) from microspheres, as in (A),
suspended within HA hydrogels. Control hydrogels contained no microspheres. The
scaffolds were suspended in Snapwell'Y inserts with 3mL DI water as release buffer
and were placed at 37°C. Results are shown as mean and standard error from triplicate
samples.
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after the initial lag for the duration of the entire measurement period.

7.3.8 OCT Imaging and Initial Microsphere Morphology

OCT images of control and microsphere-loaded HA hydrogels were successfully ob-
tained. Composite in-focus cross-sectional images were digitally prepared in a way
similar to ultrasound C-mode imaging. As seen in Figure 7.2, OCT images of con-
trol HA hydrogels without microspheres confirmed that the hydrogels were optically
transparent. Besides a dark line due to the reflection from the surface of the hydrogel
(i.e., the air-hydrogel interface), no structures were visible in these images, even with
contrast enhancement. OCT images of HA hydrogels with 12kDa or 40kDa PLGA
microspheres both showed the presence of particulates embedded within the hydrogel
(Figure 7.2, Day 1). At early time points, these particles were solid with a graded
intensity. The reduced intensity at the bottom end of each particle is consistent with
loss of the incident light’s power deeper within the nontransparent material. Parti-
cles located further down within the hydrogels, beneath other particles, also appeared
lower in intensity. The particles themselves were oval-shaped with a greater height
than width. This lengthening of the particles in the z-dimension is resultant from the
mismatch in index of refraction between the PLGA microspheres and the hydrated
HA hydrogel. When converting the raw OCT data to TIFF image format, the im-
ages were digitally rescaled in the z-dimension using the index of refraction of the
HA hydrogel, which was experimentally measured at 1.33 and is similar to that of
water. Assuming the particles to be truly spherical, the index of refraction of the
PLGA microspheres could be calculated by taking the ratio of the height to width of
the particles within the OCT images. The average ratio of height-to-width was mea-
sured to be 1.25 for the 12kDa PLGA microspheres and 1.14 for the 40kDa PLGA
microspheres at Day 1. Correcting for the original scaling factor (n=1.33), this would
result in a measured index of refraction of 1.51 to 1.67 for PLGA. This refractive in-

dex is consistent with that reported for other polymers, such as polystyrene (n=1.57
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to 1.61) [303] or a different polyester (n=1.54) [304]. Additionally, re-sectioning of
the 3-D scan series in the XY plane (or the horizontal plane), which should not be
affected by the index of refraction, confirmed that these particles initially appeared
spherical (Figure 7.3). The 3-D scan data were also used to obtain a measure of the
overall diameter for each microsphere. The width of each slice through an individual
microsphere was measured in each cross-sectional image, ’and the greatest width was
selected as the overall microsphere diameter. The average microsphere diameter was
thus determined to be 26+£10um for the 12kDa PLGA microspheres and 30+12um
for the 40kDa PLGA microspheres at Day 1. Since the microspheres were fabricated
using similar conditions, it was expected that they would be about the same size prior

to degradation.

7.8.4 Temporal Characterization of Morphological Changes

Images from a 1000um x 200um x 50um region of a hydrogel with either 12kDa or
40kDa PLGA microspheres wefe analyzed at each time point. Only particles that were
greater than 50% contained within the region (i.e., reached maximum diameter) were
included in the analysis for particle counts as well as refractive index and diameter
measurements. Qualitative assessment of the OCT images showed morphological
changes of the microspheres with time, which was particularly apparent in the 12kDa
PLGA samples (Figure 7.2). No changes occurred in the control samples, which
remained completely free of any structures for the 6 weeks of imaging. By 10 weeks,
all hydrogels had begun to degrade, and all images had a reduced height between the
top surface of the hydrogel and the supporting membrane or had no visible hydrogel.
The ratio of particle height-to-width remained fairly constant throughout the study
(Figure 7.4A), which indicates that the calculated refractive index is not changing with
time. Measurement of microsphere diameter, as described above, showed that both
samples had a trend of decreasing particle size with time. As seen in Figure 7.4B, the

average particle size of the microspheres remained approximately the same or slightly
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Figure 7.2: Temporal sequence of OCT images of degrading PLGA microspheres.
High resolution OCT images of PLGA microspheres within HA hydrogels at different
times during the release study. Approximately the same region of the hydrogel was
imaged at each time point by fixing the plate in the same location on the stage and
aligning the beam to reference points on the stage and plate. Images show a small
region selected directly beneath the top surface of the hydrogel, which was visible as a
dark line running horizontally across the image. (A, D, G, J) Control HA hydrogels.
(B, E, H, K) HA hydrogels with 12kDa PLGA microspheres. (C, F, I, L) HA hydrogels
with 40kDa PLGA microspheres. (A-C) Day 1. (D-F) Day 7. (G-I) Day 21. (J-L)
Day 42. The scale bar represents 200um.
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Figure 7.3: 3-D reconstruction of high resolution OCT images of PLGA microspheres
within HA hydrogels. (A) 12kDa PLGA microspheres in HA hydrogel at Day 1. (B)
40kDa PLGA microspheres in HA hydrogel at Day 1.

increased for 2 weeks before beginning to decrease. In images of hydrogels with the
40kDa PLGA microspheres, the particle cross-sections also predominantly remained
solid throughout the course of the experiment (Figure 7.4D). The images of hydrogels
with the 12kDa PLGA microspheres initially contained particles that looked similar
to those in the 40kDa PLGA samples. With contrast enhancement, the background
in the 12kDa PLGA microsphere images was more uneven, with the appearance of
smaller particulates (not included in the measurements) that persisted for the duration
of the study. At later time points, some of the 12kDa PLGA microsphere cross-
sections developed a ring-like appearance (example seen in Figure 7.2H). These hollow
structures, which increased in number with time (Figure 7.4D), could indicate that
the core of the 12kDa PLGA microspheres had degraded and dissolved away, leaving
just the outer shell.
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Figure 7.4: Morphological characterization of low and high molecular weight PLGA
microspheres suspended within HA hydrogels as a function of time. Measurements
taken for particles within a 1000um x 200um x 50um region in the 3-D OCT image
stack. (A) Calculated refractive index. (B) Average particle diameter. (C) Total
particle count per measured volume. (D) Hollow particle count per measured volume.



140

7.8.5 In Vivo OCT Imaging

The surgical procedure for attachment of the “window chamber” over the critical size
defect was successful. During live animal imaging, significant distortion of the image
occurred due to breathing and heartbeat. Holding the rat’s head with ear bars in a
modified stereotactic frame was able to significantly reduce (although not completely
eliminate) this motion artifact. The rat was imaged again immediately after sacrifice,
and representative post mortem images of a microsphere-loaded hydrogel in the defect
are shown in Figure 7.5. The microspheres are clearly visible in the hydrogel, which
is approximately 0.9mm thick. The cover slip, which is made of plastic, appears
as a region of high contrast at the top of the image. Within the hydrogel scaffold
region, particles similar to those seen in vitro could be observed. In images obtained
by stepping the focal zone down through the implant (Figure 7.5B and 7.5C), these
particles were also shown to be solid with an oval cross-section, again resulting from
the refractive index mismatch between the PLGA microsphere and HA hydrogel.
The particles were evenly distributed throughout the depth of the hydrogel. A darker
line, about 100um thick, ran beneath the implant and can be clearly seen in Figure
7.5C. This structure is consistent in size and location with the dura mater, the thin
membrane that runs between the parietal bones and the brain. This demonstrates
that OCT was able to image through the full thickness of the implant within the
defect.

7.4 Discussion and Conclusion

Degradable microspheres provide a means for controlled release of encapsulated pro-
teins (or drugs) and allow therapeutic dosing to be maintained over an extended
period of time from a single administration. Recently, techniques to embed micro-
spheres within a scaffold matrix have been developed [226, 305, 221, 230]. These com-

posite scaffolds offer altered protein release profiles compared to microspheres alone,
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Figure 7.5: High resolution OCT images of scaffold in rat calvarial defect after sacri-
fice. OCT was able to penetrate through entire scaffold and image to the dura mater.
Microspheres within the scaffold appear as dark shapes on a light background. (A)
2mm depth scan showing plastic coverslip through dura. (B) In-focus image of top
half of implant, showing part of the plastic coverslip at top. (C) In-focus image of
bottom half of implant, showing dura at bottom. The scale bar represents 200um.
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extended release of protein compared to protein directly loaded into the scaffold ma-
trix, and better retention of the microspheres within an implant site. Characterization
of composite scaffold performance, however, has been limited to traditional techniques
used with degradable implants, namely in vitro protein release testing, monitoring of
scaffold morphology by destructive examination such as SEM, and measuring thera-
peutic endpoints in vivo. This study reports the first use of the noninvasive imaging
technique, OCT, to follow temporal changes in scaffold morphology in situ. These
morphological changes were further compared to measurements of protein release from
the scaffolds, which is indicative of their therapeutic potential. Whereas the focus of
this correlation was an in wvitro study, the potential to extend these results to in vivo
monitoring of scaffold performance was demonstrated by the addition of a “window
chamber” to the rat calvarial critical size defect model.

Protein release from the microspheres embedded within the hydrogels (Figure
7.1C) was slower than protein release from the hydrogels alone (Figure 7.1B), which
is expected and further supported by other studies [221]. Compared to an aqueous
suspension of microspheres (Figure 7.1A), suspending the microspheres within the
hydrogel matrix slowed the overall rate of protein release and reduced the initial
burst release (Figure 7.1C). While the measured rate of protein release was artificially
reduced by suspending the samples within a Snapwell® insert, the observed changes
in the release profile are supported by the results of others who have examined protein
release from a microsphere-embedded hydrogel system [305]. The slower release of
BSA from the HA hydrogels compared to that reported for similar hydrogel systems
[221] is likely due to interactions between the BSA and HA that are affected by the
pl of the protein and pH of the release buffer. Using a release buffer with a higher
pH accelerated the release of BSA from HA hydrogels (data not shown).

Two different molecular weights of PLGA were selected that degrade at different
rates, thus providing differing release kinetics with all other formulation parameters

remaining the same. Since the 12kDa PLGA microspheres released 100% of the
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protein loaded by 5 weeks when placed in aqueous suspension, it was expected that
these microspheres would have undergone significant degradation during the course
of the OCT imaging. Conversely, since the 40kDa PLGA microspheres released only
approximately 50% of the protein loaded after 10 weeks in suspension, it was expected
that these microspheres might still be fairly intact. These expectations were met in
the temporal sequence of OCT images (Figure 7.2). The initial solid morphblogy of
the particles in the OCT images may likely be due to the heterogeneous nature of
the microspheres, which contain particulates of protein/trehalose within the PLGA
matrix, potentially resulting in a refractive index mismatch throughout the particle.
The initial slight increase in particle size for the microspheres could be a result of
particle swelling upon hydration.

Quantitatively, the 12kDa PLGA microspheres within the HA hydrogels showed a
23% decrease in average microsphere diameter over 6 weeks as well as an increase in
the number of measurable particles per volume at the last time point (Figure 7.4C).
This suggests that the 12kDa PLGA microspheres are breaking down over the time
course of the experiment. More importantly, the 12kDa PLGA images also showed the
presence of hollow particles, which increased in number at later time points (Figure
7.4D). The hollow morphology indicates that there is no refractive index mismatch
within the core once the polymer is degraded and cleared and protein is released.
This hollow morphology is consistent with faster polymer degradation within the
core of the microsphere followed by dissolution and clearing of the lower molecular
weight fragments, which was also observed in SEM studies by Visscher et al [300, 301,
302]. There was also a smaller particulate seen in the background of the contrast-
enhanced images that could be associated with smaller pieces of PLGA dissociating
from the faster degrading 12kDa PLGA microspheres. When measuring the particle
diameters, the 40kDa PLGA microspheres within the HA hydrogels also decreased
in size; however, they remained fairly constant in number with time (Figure 7.4C).

The particle cross-sections remained solid and did not change much in appearance,
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suggesting that they had not yet reached the point of dissolution of small molecular
weight fragments within the core. '

The clear morphological differences observed between the two microsphere types
as well as changes observed over time suggest that OCT may be a useful imaging
technique for more sophisticated characterization of microsphere degradation. With
careful registration, OCT could be used to track changes in the morphology of individ-
ual particles with time. This would offer advantages over techniques which monitor
the degradation of the microspheres in bulk or that analyze different samples at each
time point by destructive measurement methods. It would further provide the po-
tential for analysis of the effect of particle size on degradation rate without the need
to separate and group samples into particle size ranges before characterization and
analysis. More importantly, OCT could be used to characterize microsphere degra-
dation in vivo. By comparing morphological changes in vivo to those in vitro, it may
indicate if the measured in vitro release profiles are actually predictive of those in
vivo. This would give a more realistic measure of the controlled release properties
and degradability of the microspheres in their true therapeutic setting. The novel
“window chamber” modification to the critical size defect model also provides an op-
portunity for repeated imaging of the healing defect over time in the same animal.
In addition to changes in scaffold morphology, tissue regeneration can be observed,
as has been seen with HA hydrogel scaffolds loaded directly with growth factors (see
Chapter 8). A major limitation of OCT images taken of live animals is the motion
artifact due to breathing and heartbeat; however, this can be further minimized by a
faster acquisition rate and by post-processing of the images with a cross-correlation
routine in addition to the use of stabilizing ear bars. High speed OCT is becoming
available for in vivo imaging with speed increases by more than a factor of 100-300.
A secondary limitation observed in the in vivo images in this study is the distortion
of some of the particles that are located beneath defects in the cover slip. This can

be reduced by using a glass (rather than a plastic) cover slip, which will be opti-
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cally transparent. Overall, this study demonstrates the potential of OCT for in situ
temporal characterization of changes in scaffold morphology and develops an animal
model that could be used to extend this characterization to measure in vivo scaffold

performance.
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Chapter 8

OPTICAL COHERENCE TOMOGRAPHY FOR
TEMPORAL CHARACTERIZATION OF BONE
REGENERATION INDUCED BY ANGIOGENIC AND
OSTEOINDUCTIVE HYDROGEL SCAFFOLDS

8.1 Introduction

This Chapter addresses a major limitation in the field of regenerative medicine —
the ability to monitor tissue regeneration in situ. Current analytical techniques, such
as histology, require harvesting and destructive analysis of the tissues to evaluate a
response. One technique that can noninvasively monitor repair processes in a living
animal is optical coherence tomography (OCT), which is described in further detail
in Chapters 2.11 and 7.

In this study, OCT will be used to characterize morphological changes during the
temporal progression of bone regeneration and angiogenesis in a rat calvarial critical
size defect model. Tissue healing will be induced using the degradable hyaluronic
acid (HA) hydrogels described in Chapters 3 through 5 to provide controlled release
of angiogenic and osteoinductive molecules. Defects greater than the critical size,
which is 5mm in an adult rat [274], will not heal spontaneously, thus providing a
means to evaluate an implant’s ability to improve bone healing. In this study, a
custom-designed “window chamber” will be used in a novel modification of the critical
size defect model to allow noninvasive imaging using OCT at different time points.
The “window chamber” has two purposes: the cover glass allows OCT imaging of
the defect site while the stainless steel chamber prevents closure of the skin over the

defect site.
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As previously described, OCT has been used to image many types of tissue. This
study is the first to report the use of OCT to image regenerating bone, although it
has previously been used to image bone structure in the process of imaging cartilage
morphological features. OCT images were used to score the degeneration of the
cartilage/bone interface during osteoarthritis [306] and to examine the bone/cartilage
interface after chondrocyte implantation into a cartilage defect [269]. Calvarial bone
morphology was further obtained during ex vivo imaging experiments to measure
the attenuation coefficient of periosteal tissue [307]. OCT has also been used to
image bone tissue engineering constructs [266, 268]; however, these scaffolds were
only evaluated after culturing in vitro. This study is also the first to utilize OCT
for imaging of angiogenic blood vessels in vivo. This extends the range of OCT for
vascular applications, as it has previously be shown to be able to image arterial wall
microstructure [270], in vitro tissue engineered blood vessels [271], and subcutaneous

blood vessels [272].

8.2 Materials and Methods

8.2.1 Materials

All reagents were obtained from Sigma-Aldrich (St. Louis, MO) unless otherwise

noted. All solvents were of reagent grade.

8.2.2 Preparation of Glycidyl Methacrylate Modified Hyaluronic Acid (HA-GMA)

HA (220,000 Da, Lifecore, Chaska, MN) was modified with glycidyl methacrylate
(GMA) to conjugate reactive vinyl groups, similar to previously published techniques
[207, 281]. An aqueous solution of HA (14.3mg/mL) at pH 9 was reacted with a
29-fold molar excess of GMA for 7 days at room temperature, and then the reaction
mixture was neutralized with 1N HCl (VWR, West Chester, PA). The HA-GMA was

purified by 2X precipitation in tetrahydrofuran, dissolved in DI water, frozen, and
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lyophilized. The degree of substitution was determined by *H-NMR on a Bruker
(Billerica, MA) Avance DRX series instrument at a frequency of 499.85 MHz. The
degree of substitution (DS; number of methacrylate groups per 100 disaccharide units)
was calculated from the 'H-NMR spectra by taking ratios of the acrylate peaks at
"5.6 and "6.1 ppm, which arise from the methacrylate group only, and the methyl
peak at 1.9 ppm, which includes protons from the methacrylate group and backbone

methyl group.

8.2.8 Preparation of Cross-Linked HA-GMA Hydrogels

Hydrogels were prepared under aseptic conditions using sterile supplies. All solutions
were either sterile as supplied or were sterile filtered using a 0.2um syringe filter.
To form the hydrogels, HA-GMA (20mg/mL in DI water) was mixed with a photo-
initiator in a ratio of 10:1 (polymer: initiator). The photo-initiator, 2-hydroxy-1-[4-
(hydroxyethoxy)phenyl]-2-methyl-1-propanone (Irgacure®2959 — Ciba, Tarrytown,
NY), was dissolved at a concentration of 20mg/mL in methanol. Cross-linking was
initiated by exposure to UV irradiation (365nm) for 30 minutes. Disk-shaped im-
plants were formed by cross-linking the HA-GMA in 5mm diameter Teflon molds
sandwiched between two glass coverslips. These disks were rinsed in PBS, pH 7.4,
at room temperature overnight, and then frozen and lyophilized. Dried hydrogels
were rehydrated with (a) 35uL PBS only as a control, (b) 35uL PBS with 5ug bone
morphogenetic protein (BMP)-2 (R&D Systems, Minneapolis, MN), (c) 35uL 5mM
sodium succinate buffer, pH 5.0, with 5ug vascular endothelial growth factor (VEGF;
Genentech, South San Francisco, CA), or (d) 35uL 5mM sodium succinate buffer, pH
5.0, with 25ug VEGF. The hydrogels were allowed to swell in protein solution for at

least 2 hours prior to implantation.
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8.2.4 “Window Chamber” Defect Surgery Protocol

HA hydrogels were implanted in a rat calvarial critical size defect model, which was
modified with a “window chamber” to allow OCT imaging (Figure 8.1). The surgi-
cal protocol was approved by the University of Washington (UW) Institutional Ani-
mal Care and Use Committee (IACUC). Surgeries were performed following aseptic
technique. Adult male Sprague Dawley rats (Harlan, Indianapolis, IN) were anes-
thetized using isoflurane (5% induce, 2.5% maintain), and their heads were shaved
and disinfected. Buprenorphine was administered immediately pre—opefatively for
pain mitigation. A linear incision was made along the midline of the scalp, and the
soft tissues, including the periosteum, were reflected. A full-thickness 5mm circular
defect was created in the center of the parietal bones (over the sagittal suture) using
a Command2 drill system with a 1.0mm fissure carbide bur (Stryker, Kalamazoo,
MI) while irrigating with saline. A hydrogel scaffold was placed in the defect, and
the defect region was then covered with a custom-designed “window chamber”. The
“window chamber” was an 8mm ID stainless steel cylinder with a glass coverslip at
the bottom to create an imaging window. The chamber was 3mm tall to prevent
closure of the skin over the defect site. The chamber was affixed to the skull using
minjature screws (Small Parts, Miami Lakes, FL) and Jet dental acrylic (Lang Den-
tal, Wheeling, IL). The animals were allowed to wake up and recover for at least one

week prior to commencing OCT imaging.

8.2.5 In Vivo OCT Imaging

The animals were anesthetized using isoflurane (5% induce, 2.5% maintain) and held
in place using a modified stereotactic frame. Animals were imaged at most once per
week for approximately one hour per imaging session. OCT imaging was performed
using a 7-fs pulsed Ti:sapphire laser with a center wavelength of 825nm, a spectral

bandwidth of 150nm, and an axial resolution of 2.6um. 1mm x 0.8mm cross-sectional
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Figure 8.1: Window chamber” calvarial defect model. (A) Cross-sectional schematic
of defect model. A full-thickness defect in the bone is filled with the scaffold. The
chamber made of stainless steel prevents closure of the skin over the area of interest
while the coverglass both protects the defect site and provides an optically transparent
window for imaging. (B) Rat with “window chamber” implant for in situ OCT
imaging after several weeks of healing.

scans were obtained at a frame rate of approximately 0.08Hz. The focus was stepped
in 40-100pm increments in the z-direction. 3-D scan series were performed by stepping
2.5um between cross-sections. Cross-sectional images across the full 8mm diameter of
the viewing window were obtained by scanning in 1mm increments along the greatest

diameter of the chamber.

8.2.6 Image Processing and Analysis

Multiple images with different focal regions were processed in MATLAB® (The Math
Works, Natick, MA) to create composite in-focus images. The z-dimension was scaled
by the index of refraction of tissue ( 1.3). After background subtraction, contrast
enhancement using a linear mapping to 8-bit grayscale or copper colormap was per-
formed on the images for display. These composite images were manually fused in
Photoshop (Adobe, San Jose, CA) to create complete (8mm) cross-sectional images.

A cross-correlation routine was applied to suppress motion artifacts in some images.
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The MetaMorph® Imaging System (Molecular Devices Cofporation, Sunnyvale, CA)

was used to re-section the 3-D image stacks.

8.2.7 Tissue Harvest and Analysis of Mineralization

Rats were sacrificed at selected time points using carbon dioxide (CO; asphyxia-
tion. The “window chamber” was removed, and the parietal bones containing the
defect region were harvested and fixed for 24 hours in 10% neutral buffered formalin
(Fisher Scientific, Hampton, NH). To quantify mineralization, X-rays or microcom-
puted tomography (microCT) scans were performed on the bone pieces. X-rays were
performed using X-Omat AR film (Kodak, Rochester, NY) in an enclosed X-ray unit
(Picker X-ray Corporation, Cleveland, OH) with a distance of 64cm, voltage of 35
Kvp, current of 5mA, and exposure time of 5 seconds. Developed X-ray films were
scanned into digital format and X-ray intensity was quantified using MetaMorph®.
For microCT analysis, scans were performed by Philippe Huber and Ted Gross at Har-
borview Medical Center (Seattle, WA) with a vivaCT 40 (Scanco Medical, Bassers-
dorf, Switzerland). Scans were conducted using a voltage of 55 kVp, current of 145uA,
and voxel size of 30um. Images were reconstructed and analyzed using segmentation

parameters of sigma = 1.2, support = 2, and threshold = 250.

8.2.8 Ez Vivo OCT Imaging

The parietal bones were imaged again after harvest (ex vivo). The bone pieces were
marked on either side of the defect with an ink that would be visible in both OCT
images and histology sections. OCT imaging and image processing were performed
as described above with the following modifications. The focus was stepped in 400um
increments in the z-direction. 3-D scan series were performed by stepping 10um
between cross-sections. Cross-sectional images across the full diameter of the defect
were obtained by scanning in 1mm increments between the ink marks. Imaging was

performed on both the top (periosteal) and bottom (dural) sides of the bone.
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8.2.9 Histology and Immunohistochemistry

After quantifying mineralization, the samples were decalcified in a 10% EDTA so-
lution at pH 7 for 2 weeks. The decalcified tissue was embedded in paraffin and
sectioned into 5um thick sections for histology. Tissue sections were stained with
hematoxyiin and eosin (H&E) or Masson’s trichrome for qualitative analysis. Im-
munohistochemistry using antibodies for bone sialoprotein (BSP; Chemicon, Temec-
ula, CA), vonWillebrand factor (vWF; DakoCytomation, Carpinteria, CA), or Rat
Endothelial Cell Antigen (RECA)-1 (Abcam, Cambridge, MA) was also performed.
Antigen retrieval was performed by incubating the tissue sections in 10mM Tris/1mM
EDTA, pH 9, at 95-99°C for 20 min; in 2mg/mL hyaluronidase in PBS at 37°C for 30
min; and in 20ug/mL Proteinase K (Invitrogen, South San Francisco, CA) in 50mM
Tris/1lmM EDTA, pH 8, at room temperature for 10 min. The primary antibodies
were detected using the Histostain®-SAP Kit (Invitrogen).

8.3 Results

8.8.1 Surgical Procedure

«“.

A total of 37 surgeries were performed. Three animals had the “window chamber”
fall off and were sacrificed. At minimum for each implant group, animals were sacri-
ficed at a 6-week time point (n=3) as well as at intermediate time points of 2 weeks
(n=1) and 4 weeks (n=1). The 6-week time point samples were evaluated for extent
of mineralization by X-ray and/or microCT and then were decalcified and sectioned
for histology. The earlier time points were utilized for comparison of histology sec-
tions with the OCT images taken at intermediate time points. A number of animals
demonstrated cloudiness under part of the window “chamber”, particularly near the
edges of the chamber and at later time points. The cloudiness was likely due to skin

closure into gaps between the chamber or acrylic and the bone. Further, an exudate

consistent with a slight topical infection also contributed to the cloudiness. Care was
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taken to avoid imaging these regions as the cloudiness obscured the tissue below. No

signs of systemic infection were observed in any of the animals.

8.8.2 In Vivo Bone Regeneration

Quantification of mineralization using X-ray intensity and microCT analysis showed
that HA hydrogel scaffolds loaded with 5ug BMP-2 resulted in significant mineraliza-
tion (p<0.05 for X-ray; p=0.075 for microCT) compared to control hydrogels after 6
weeks of healing (Figure 8.2). The earliest time points evaluated for each treatment
group had less mineralization than the 6-week time point; however, a statistically
significant temporal progression of mineralization could not be confirmed due to the
limited sample numbers at the earlier time points (data not shown). Histological
sections stained with Masson’s trichrome showed complete bridging of the defect in
animals receiving the BMP-2 implants, which had dark blue staining indicative of
the dense collagen in bone (Figure 8.3). By the 6-week time point, the new bone
also matched the full thickness of the original parietal bones across the entire de-
fect. While new bone filled the entire width and depth of the defect, this bone was
less organized than the lamellar bone seen in the intact bone at the margins of the
defect. This is consistent with reduced mineralization (indicated by reduced X-ray
intensity) induced by BMP-2 in the defect site compared to native bone at adjacent
locations. At earlier time points, the bone exhibited a pattern of bone growth in
from the defect margins and up from the dura mater. At two weeks, a thin layer of
bone completely bridged the bottom of the defect. This layer seemed to thicken with
time until it completely filled the defect region. Minimal bone growth was limited
to the margins of the VEGF and control samples, even after 6 weeks (Figure 8.3).
This bone appeared to have well-organized collagen, indicated by dark blue staining
in the Masson’s trichrome samples; however, this bone region extended for less than
lmm from the original bone edge for both the control, 5ug VEGF, and 25ug VEGF

samples. The remaining defect region appeared to be filled with a loose connective
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Figure 8.2: Quantification of mineralization for different treatment groups using mi-
croCT. Mineral volume was determined for a 5mm diameter x lmm tall cylinder
centered within the defect region. Results are shown as mean and standard deviation
of triplicate samples.

tissue with less dense collagen (light blue stain).

8.8.8 In Situ Imaging of Defect Healing over Time

For all treatment groups at the earliest time point of imaging, a clear region consistent
with the size of the defect (5mm diameter) could be observed. This region was
considered to be the hydrogel, which was confirmed to be optically transparent during
in vitro imaging (see Chapter 7). The defect edge was defined as the region of high
signal intensity at the edge of this clear region. An additional region of high signal

intensity was also seen running along the bottom of the defect, which is consistent
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Figure 8.3: Representative histology sections. Week 6 samples were stained with
Massons trichrome, where bone is dark blue. Arrows indicate original defect margins.
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with the dura mater forming the lower boundary of the defect. Cross-sectional OCT
images of the entire defect region with the 5ug BMP-2 hydrogel implant taken from
the same animal over time showed a clear migration of the defect edge towards the
center of the defect over time as well as an overall shrinkage in the height of the defect
region (Figure 8.4). This pattern was seen in the temporal series of OCT images taken
for several animals receiving the BMP-2 implants. The pattern of growth in from the
bone edge and up from the dura mater is expected because osteoblast progenitor
cells found in the perivascular connective tissues of the dura [275] can be induced to
migrate up and differentiate in addition to the osteoblasts found in the bone at the
margins of the defect migrating in. The OCT images also agreed with qualitative
comparison to histology sections from animals sacrificed at the intermediate time
points. In the histology sections, it was noted that the hydrogel scaffold appeared to
be replaced by a loose network of collagen (light blue stain) and cells within the defect
site. It is likely that this tissue is not scattering enough to generate an OCT signal
until the density of the cells, collagen, or mineral is high enough, for example at the
regenerating defect edge. To further probe the tissue architecture at the defect edge,
a cross-correlation routine was applied to remove the motion artifact from individual
OCT images (Figure 8.5). These OCT images showed a region of high signal intensity
that extended for a hundred to a few hundred microns at the regenerating defect edge
followed by a drop-off in signal intensity. In Figure 8.5, this region of high signal
intensity is approximately 100um thick. The decrease in signal intensity below this
region could be due to mineralization of the growing tissue or to organization of
the collagen into a denser, well-ordered matrix, indicating the formation of bone.
The morphology of the tissue in this area of weaker signal intensity was similar to

morphology seen in images of intact bone taken in vivo and ez vivo (data not shown).



157

U e e 2

e &

Figure 8.4: Cross-sectional OCT images of the entire defect region with 5ug BMP-2
hydrogel implant. Images are from the same animal over time. Arrows indicate the
defect edge, which migrates inward and upward over time. The top of each panel is
the bottom edge of the coverglass.

Figure 8.5: OCT image of regenerating defect edge for animal receiving 5ug BMP-2
hydrogel implant at Week 5. Boxed region in Figure 4. A cross-correlation routine
was applied to the image to reduce motion artifacts.
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8.8.4 Imaging of Angiogenesis using OCT

Cross-sectional OCT images of the entire defect for animals receiving hydrogels loaded
with 5ug or 25ug VEGF were similar to images of the animals receiving BMP-2 at
early time points (Figure 8.6). A clear region consistent with the size of the defect
could be observed. At later time points (4-6 weeks), thin vessel-like structures were
seen penetrating into this hydrogel/defect region. These structures formed a net-
work that traversed the entire defect region in some images and were consistent in
size with larger angiogenic blood vessels (10 to approximately 50 microns in diame-
ter). Smaller angiogenic blood vessels may be beyond the resolution capabilities of
the imaging system. The thinnest structures also appeared somewhat discontinuous,
again indicating that the limits of resolution may have been reached or suggesting
that the vessels may be running in and out of the imaging plane. Comparing OCT
images near the defect edge to histological sections in a similar location, the vessel-like
structures were similar in size, organization, and density to the larger blood vessels,
which were confirmed by immunostaining for von Willebrand Factor (vWF), an en-
dothelial cell marker (Figure 8.7). In addition to endothelial cells lining the vessels,
many of the larger vessels also contained red blood cells (RBCs) in the lumen of the
vessels. While it is possible that the OCT signal came from the endothelial cells form-
ing the blood vessels, a more likely source of contrast for OCT is the scattering of the
RBCs themselves. The images also contained a region of high signal intensity at the
bottom of the defect region; however, this region appeared thicker than in the images
from animals receiving BMP-2. When comparing to the Masson'’s trichrome stained
histology images, no bone tissue, indicated by dark blue staining, was seen bridging
the bottom of the defect region at any time point. Images reconstructed from 3-D
OCT scans for animals receiving the higher 25ug dose of VEGF showed that these
vessel-like structures were present in all three planes, which confirmed their cylindri-

cal nature (Figure 8.8). They also showed branching and connectivity consistent with
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Figure 8.6: Cross-sectional OCT images of entire defect region with 5ug VEGF hy-
drogel implant. Images are from the same animal over time. Arrows indicate the
defect edge. The top of each panel is the bottom edge of the coverglass. Images are
shown in reverse contrast with a copper colormap.

blood vessels. In some images, including those in Figure 8.8, these vessel-like struc-
tures almost had an appearance of beads on a string, which could possibly indicate

RBCs moving through the vessels.
8.4 Discussion and Conclusion

Overall, a novel “window chamber” model was successfully developed for non-invasive
imaging of healing in a rat calvarial critical size defect. These “window chamber”
implants were well tolerated by the animals, which was expected. This procedure
is similar to the “head cap”, a long-term implant for electrophysiological recording
[276, 277, which has also been used to attach a fiberscope for high resolution imaging
of the brain using two-photon microscopy [278]. A simplified cranial window has also
been used extensively by Jain and colleagues to image angiogenesis near the brain
[279]. However, the “window chamber” model differs significantly from the “head
cap” and cranial window because the bone around the margins of the defect must
be preserved to allow normal healing to occur, thus placing stricter restrictions on
how the chamber is anchored to the skull. A bone chamber device that allows optical
imaging of healing cortical bone has been developed by Bao and colleagues [280];

however, the technique does not offer the depth resolving power of OCT and only a
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Figure 8.7: Images of defect edge for animal receiving 5ug VEGF hydrogel implant
at Week 5. Images are shown in reverse contrast with a copper colormap. (A) OCT
image. Arrows show vessel-like structures penetrating into hydrogel/defect region.
(B) Histology section with angiogenic blood vessels stained for vWF.

Tanum

Figure 8.8: Image reconstruction from 3-D OCT scan series near defect edge for
animal receiving 25ug VEGF hydrogel implant at Week 4. Images are shown in
reverse contrast with a copper colormap. (A) XZ plane. Lines indicate planes shown
in (B) and (C). (B) YZ plane. (C) XY plane. The top of panels (A) and (B) is the
bottom edge of the coverglass.
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100um thick section of bone is imaged. The “window chamber” model consistently
allowed OCT imaging of depths of 1-2mm within the defect site.

An initial obstacle to obtaining high quality images from live animals was image
distortion due to breathing and heartbeat motion artifacts. The use of ear bars in a
simplified stereotactic frame was able to substantially reduce the motion artifacts as
well as to maintain a fixed orientation of the animal during scanning. The use of a
cross-correlation routine during image processing was further able to reduce the ap-
pearance of the motion artifact. For future studies, increasing the image acquisition
speed should reduce the motion artifacts. Further, coupling of the OCT objective to
the “window chamber”, similar to the head-mounted fiberscope developed by Helm-
chen et al. [278], may further reduce the motion artifacts.

The results show that HA hydrogel scaffolds with controlled degradation and pro-
tein release properties can induce significant bone regeneration when loaded with
BMP-2. The “window chamber” did not appear to interfere with healing, as mea-
sured by standard metrics of bone formation. Similar levels of mineralization were
observed for the “window chamber” model compared to the traditional critical size
defect model, which also showed significant mineralization for the 5ug BMP-2 im-
plants at the 6-week time point (Chapter 4). This finding was positive, although
somewhat unexpected, because the presence of a coverglass on one side of the defect,
compared to the normal closure of skin, may have led to impaired healing by limiting
diffusion of nutrients and oxygen to and clearance of wastes from the top side of the
defect. Also, the window chamber attachment would remove the contribution to the
healing process of osteoblast progenitors found in the periosteum as the periosteum
is removed during the surgical procedure. Additionally, topical infections seen in
animals where the skin began to grow underneath the dental cement anchoring the
chamber could have adversely affected the healing rate.

The temporal progression of healing, particularly that induced by HA hydrogels
loaded with 5ug BMP-2, could be observed in living animals using OCT by imaging
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the migration of the defect edge. The defect edge was found to move in from the side
margins of the defect and up from the dural surface, resulting in a defect region that
became progressively smaller with time. This is consistent with known mechanisms of
healing and sources of progenitor cells and was in agreement with histological sections
taken at selected time poirits. Overall, this indicates that OCT may be able to be
used to measure the healing rate of the tissue in situ.

The results also provide the first report of OCT imaging of angiogenic blood
vessels in a live animal model. Structures consistent with the neovascularization of
the implant could clearly be observed at later time points for animals receiving VEGF-
loaded implants. These structures correlated with the location of blood vessels seen in
histological sections and showed interconnectivity and branching in three dimensions.
These vessel-like structures were present in OCT images of all treatment groups from
time to time, but qualitatively they appeared to a greater extent in the images of the
VEGF-treated groups at later time points. Blood vessels were also observed within
the defect site in histology sections for all samples.

This study also demonstrated the capability of OCT to create 3-D image series
of angiogenic blood vessels. The ability of OCT to optically section a sample and
generate 3-D images provides advantages over traditional 2-D analysis techniques,
such as histology. It should be possible to define quantifiable metrics, such as number
of branch points or vessel orientation, to evaluate the effects of different treatments
on angiogenesis. For these scaffolds, increasing the dose of VEGF or waiting for a
longer time point might result in a significant measure of healing. Finally, this study
could be further extended by the use of Doppler OCT [308] to measure blood vessel

patency.
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Chapter 9
CONCLUSIONS AND FUTURE DIRECTIONS

9.1 Primary Conclusions

Overall, this dissertation research developed novel combinations of materials and
growth factors as a controlled delivery system for increasing tissue regeneration in
models of challenged bone healing. Testing these materials in a rat calvarial critical
size defect model provided support to the hypotheses that controlled delivery of re-
generative signals can modulate the formation of bone during regeneration and that

- altering the scaffold degradation rate can affect the temporal progression of healing.
Additionally, the ability of the scaffold degradation rate (and its corresponding effect
on the persistence of growth factors within the defect site) to affect the morphology
of the regenerating bone, thus improving bone quality, was indicated.

Hyaluronic acid (HA) hydrogels were designed to have tunable degradation rates
through hydrolysis of ester bonds in the crosslinks formed during the gelation pro-
cess and to provide controlled release of cationic growth factors through electrostatic
interactions with the negatively charged HA. While other groups have prepared HA
hydrogels using a similar strategy of photo-initiated free radical polymerization of
methacrylate-modified HA [202, 203, 204, 205, 206, 207|, this work represents the
first extensive characterization of the degradation of these hydrogels through a hy-
drolytic mechanism (Chapter 3). Further, these HA hydrogels were shown to be
able to support bone growth when used in combination with appropriate signaling
molecules. Bone morphogenetic protein-2 (BMP-2) delivery from the HA hydrogels
had a clear osteoinductive effect in vivo (Chapter 4). The temporal progression of this

effect could be modulated by altering the degradation rate of the scaffold. Interest-
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ingly, all three degradation rates tested resulted in similar amounts of bone formation
(measured by mineral volume) at the latest (six week) time point examined. However,
the fastest and slowest degrading scaffolds seemed to result in more organized bone
than the intermediate degrading scaffold, which was designed to degrade in 6-8 weeks
‘to match the healing time.

The angiogenic molecules tested, vascular endothelial growth factor (VEGF) and
osteoprotegerin (OPG), did not have a strong osteoinductive effect in vivo (Chap-
ter 5). OPG, which has both bone-protective [97] and pro-angiogenic [100] effects,
was the more promising candidate. The highest dose of OPG tested (25ug) resulted
in higher mineral volumes than controls; however, the high variability in the mea-
surements precluded definitive conclusions about its activity. Use of radiographs to
measure mineralization indicated that VEGF may have a potential dose effect on bone
growth and that the temporal response could be modulated by the scaffold degrada-
tion rate; however, this was not able to be confirmed by the more sensitive technique
of microcomputed tomography (microCT). Qualitative examination of the harvested
tissues using histology generally indicated a greater tissue volume filling the defect
area for samples treated with VEGF compared to controls, which could account for
the increased radioopacity. Most interestingly, co-delivery of VEGF with BMP-2 ap-
peared to increase the amount of bone formation compared to BMP-2 delivery alone.
Further examination of the effects of VEGF and OPG on angiogenesis as well as on
the amount of cellular infiltration and/or extracellular matrix (ECM) production is
warranted.

The final protein examined, leucine rich amelogenin peptide (LRAP), also did not
induce bone formation. Because the LRAP-GST fusion protein has a fairly low pl, it
was not expected to be retained in the HA hydrogels and thus was formulated into
poly(lactide-co-glycolide) (PLGA) microspheres to provide controlled release. It also
did not exhibit any osteoinductive effects in the calvarial defect model with no min-

eralization seen at 12 weeks, compared to extensive mineralization seen with PLGA
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microspheres loaded with BMP-2 as a positive control (Chapter>6). The mineraliza-
- tion seen with BMP-2 indicated that these microspheres are suitable for controlled
release of osteoinductive molecules. The lack of effect seen for LRAP could indicate
that it is unable to induce bone formation and mineralization or that its activity was
altered during the formulation process. Interference of buffer components with in
vitro experiments to assess the activity of LRAP made it impossible to determine if
the latter case was true.

A second major goal of this dissertation research was to utilize optical coherence
tomography (OCT) to noninvasively image morphological changes during angiogen-
esis and bone regeneration induced by the scaffolds described above in the calvarial
defect model. However, to first demonstrate the ability of OCT to detect morpholog-
ical changes in materials, OCT was used to examine changes in PLGA microspheres
suspended within HA hydrogels in an in vitro degradation study (Chapter 7). The
microspheres were loaded with bovine serum albumin (BSA) as a model protein. Mi-
crosphere degradation and thus protein release were controlled by the initial molecular
weight of the PLGA. Microspheres formulated from a lower molecular weight PLGA
released protein faster and underwent morphological changes consistent with degrada-
tion including a decrease in particle size, an increase in “particulate” number, and the
presence of a “hollow” morphology in an increasing number of particles. These results
were similar to observations made in previous studies using destructive measurement
techniques, such as scanning electron microscopy (SEM), to examine microsphere
morphology [300, 301, 302]. The higher molecular weight PLGA microspheres re-
leased protein slower and did not have extensive morphological changes in the OCT
images.

For in vivo use of OCT, a novel “window chamber” model was successfully devel-
oped for noninvasive imaging of healing in the rat calvarial critical size defect (Chapter
8). Bone regeneration, as measured by standard metrics such as microCT and his-

tology, was similar to the traditional defect model used in Chapters 4 and 5. The
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temporal progression of healing could be observed in living animals using OCT by
imaging the migration of the bone/defect interface over time, particularly for animals
receiving HA hydrogels loaded with 5ug BMP-2. Additionally, structures consistent
with the neovascularization of the implant could clearly be observed at later time
points for animals receiving HA hydrogels loaded with VEGF. These structures cor-
related with the location of blood vessels seen in histological sections and showed

interconnectivity and branching in three dimensions.
9.2 Implications for Tissue Engineering

The HA hydrogel/PLGA microsphere system developed as part of this research rep-
resents a generic delivery device that could be implemented in many forms of varying
complexity as well as that could be utilized for the engineering of a diverse range of
tissues. Theoretically, any protein therapeutic could be incorporated into the scaffold,
either directly in the HA hydrogel or encapsulated within PLGA microspheres. The
formulation parameters used, such as crosslink density or PLGA molecular weight,
could be varied to provide an appropriate release profile. As described in the “future
directions” section later in this chapter, the delivery system could be made more com-
plex by incorporating several different proteins, each with different release profiles, or
by spatially patterning the proteins within the scaffold. Additionally, this work has
addressed two areas of fundamental importance to the field of tissue engineering: (1)
the balance between scaffold degradation and tissue growth and (2) the induction of
angiogenesis during tissue healing. Finally, this research has explored the use of OCT
as a noninvasive imaging modality to assess morphological changes of bone tissue
during the healing process in vivo and of the scaffold materials during degradation
studies in vitro.

The improved bone organization seen with the fastest and slowest degrading scaf-
folds compared to the intermediate degrading scaffold appears to contradict the tissue

engineering tenet that matching the time course of scaffold degradation to tissue re-



167

generation can optimize new tissue formation (i.e., induce the greatest level of healing
in the shortest time period). It is possible that the targeted 6-8 week degradation
time of the intermediate degrading scaffold was not matched to the regeneration rate
of the tissue. However, there is another, more interesting, implication of this result.
Since both the fastest and slowest degrading hydrogels resulted in better quality bone,
it suggests two possible mechanisms of bone formation and maturation. For the fast
degrading hydrogels, bone may be induced to form quickly and then have time to
remodel into a more mature lamellar phenotype. For the slow degrading hydrogels,
the hydrogel may retard the growth of new bone but encourage it to be formed in
an already mature lamellar morphology. Clinically, these different treatments would
be applicable in two diﬁ"erent scenarios. For people who are otherwise healthy, induc-
ing rapid bone formation that can be remodeled naturally may be the most sensible
treatment. However, for people with impaired bone regeneration capacity from osteo-
porosis or other diseases, encouraging slower formation of more organized bone might
provide the best therapy.

While the angiogenic factor, VEGF, did not have an osteoinductive effect in this
particular system, qualitative changes in tissue morphology for animals treated with
VEGF indicates that it is inducing some sort of regenerative response. Having a
sufficient vascular supply is essential to maintain the viability of all “engineered”
tissues. As seen in in vitro release studies, VEGF could be delivered in a controlled
fashion from the HA hydrogels. A more comprehensive quantitative analysis of the
number of blood vessels induced by VEGF in the present studies would indicate
if VEGF was having its expected angiogenic effect. The increased mineralization
observed with co-delivery of VEGF and BMP-2 could be due to enhanced nutrient
delivery from an increase in blood vessels in the regenerating tissue.

This research represents the first application of OCT to image morphological
changes during bone regeneration and angiogenesis. The ability to noninvasively

monitor healing would find wide application in evaluating tissue engineering treat-
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ments. By developing metrics that could assess the extent of tissue regeneration,
the use of noninvasive imaging technologies would significantly reduce the number
of animals needed for as well as the costs of in vivo pre-clinical longitudinal studies.
Instead of histology, which provides a single sample per time point, OCT could be
used to image the same animal at several time points. Additionally, this would pro-
vide a more statistically robust design for experiments by giving the opportunity to
compare different time points in a single animal. Finally, OCT can be used to obtain
three-dimensional (3-D) data sets, which may provide more information on spatial
orientation of morphological features within the tissues than two-dimensional (2-D)

histological sections.
9.3 Limitations of System

There are several limitations to the controlled delivery system designed as part of this
research, both of the materials themselves and of the methods used to evaluate them.
As described in Chapter 2, a major limitation to the scaffold design for use in bone
regeneration applications is that hydrogels have fairly weak mechanical properties.
The compressive modulus of HA hydrogels, which was measured on the order of
10kPa for similarly prepared hydrogels [214], is very low compared to the modulus
of bone. It would not be able to be used alone in a weight-bearing site. However, it
would be possible to use the hydrogel scaffold in conjunction with a fixation device or
as part of a composite device where the hydrogel material can fill the pores of a more
rigid scaffold. Additionally, while the scaffold materials provide a basic template that
can be used with a number of proteins, the controlled release profile would have to
be characterized for each protein used and the formulation parameters would have
to be adjusted to optimize the release for a given protein (i.e., one could not simply
switch to a different protein and expect to get the same results). This can be seen in
the different release profiles obtained for three of the proteins studied here: BMP-2,
VEGF, and OPG.
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There are also several limitations to the methods used to characterize the scaf-
folds, both in witro and in vivo. The use of in vitro release and degradation studies
can confirm that specific combinations of materials will behave differently from oth-
ers; however, the results can only be used qualitatively to predict in vivo effects.
For example, the hydrogels were able to easily be degraded by hyaluronidase in vitro
(Chapter 3), and the activity of hyaluronidase is the major mechanism of HA degrada-
tion and clearance of native HA in vivo. However, the hydrogels’ in vivo degradation
rates more closely resembled their in vitro hydrolytic degradation rates at physiologic
pH. Techniques which can be used both in wvitro and in vivo, such as the morpho-
logical changes observed in the scaffold materials using OCT (Chapter 7), may help
to provide a correlation between responses and allow one to be more predictive of in
vivo performance.

The rat calvarial critical size defect model also has its limitations. There are con-
flicting reports on the size of the defect needed for it to be critical size, ranging from
5mm [274] to 8mm [33]. Additionally, this model may not be as demanding on the
healing response as a “challenged” fracture model. Positive results in the calvarial de-
fect model may not translate to clinically meaningful therapies. The calvarial bones of
the rat have well-organized lamellar bone, making it an appealing site to evaluate the
effects of a treatment on regenerated bone orientation. However, as bone has been
shown to regenerate in this site through a mechanism similar to intramembranous
ossification [33] and VEGF may not have strong osteogenic activity there [261], suc-
cessful (and unsuccessful) treatments may have different effects in other anatomical

locations.
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9.4 Future Directions

9.4.1 FExtensions of Present Studies

There are several areas where the present studies could be expianded to obtain more
data on the HA hydrogels as a scaffold material and on the particular growth factors
tested, some of which were touched upon in the discussion sections of each chapter.
Most importantly, a more challenging model of bone healing, such as a larger calvarial
defect model or a fracture fixation model, is needed to test the efficacy of the HA
hydrogels. The use of an alternative anatomical site may also be warranted to test
the osteogenic effects of VEGF, as varied effects have been seen by other groups using
mouse and rat calvarial defect models [255, 261]. Additionally, the effects of VEGF on
angiogenesis can be more carefully quantified, and the cell types infiltrating the defect
area and the composition of the new ECM formed in the defect can be determined.
This may provide insights into the regenerative effects that VEGF is having since it
is clearly not inducing mineralized bone tissue formation. The variable results seen
with OPG suggests that this molecule has potential for regenerating bone, and further
evaluation of the dosage and/or delivery method may result in a successful treatment.
Further in vitro testing of the activity of LRAP during microsphere processing may
indicate if the fabrication’methods are too harsh on the protein. Additionally, testing
of LRAP as just the peptide instead of the full GST fusion protein would be more
appropriate for determining its effects in vivo. Improvements in the image acqui-
sition times and image processing methods would enhance the quality of the OCT
images obtained, particularly helping to reduce motion artifacts. Further, functional

assessment of blood vessels could be obtained by using Doppler OCT.

9.4.2 Spatial Patterning

The scaffold delivery system designed in this dissertation research can be easily ma-~

nipulated to prepare more sophisticated devices with spatial patterning of proteins
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and/or PLGA microspheres as well as with multiple proteins potentially each with
a different release profile. As many growth factors act in concert during the pro-
cesses of angiogenesis and bone growth, systems that can deliver multiple proteins in
a controlled fashion may result in even better bone growth. While testing these com-
posite structures was beyond the scope of this dissertation, methods for the spatial
localization of protein within the HA hydrogel scaffolds were developed. For proteins
whose release can be controlled by electrostatic interactions with the HA hydrogel, a
laminating approach can be used to create a gradient of protein within the scaffold.
For uncharged or negatively-charged proteins, a spatial gradient can be generated by
placing a depot of degradable microspheres in one region of the hydrogel and allow-
ing diffusion of proteins released from the microspheres to drive the formation of a

gradient.

9.4.8 A Laminating Approach to Create Spatial Gradients of Protein

A laminating approach can theoretically be used to create spatial gradients of positively-
charged proteins within the negatively-charged HA matrix. Electrostatic interactions
will limit diffusion of the proteins within the hydrogel, and the gradient should persist
for an extended period of time until the scaffold degrades or until cells infiltrate and
start to remodel the scaffold. Radial gradients of protein within the scaffolds can
be formed by molding disks with increasing diameter and decreasing protein concen-
tration (Figure 9.1). As proof of concept, laminated gels containing a fluorescently
labeled protein were created by layering of HA-GMA solutions containing different
fluorescein isothiocyanate (FIT'C)-BSA concentrations. A reduced UV irradiation
time of 5 minutes per layer was used to allow the subsequent layers to adhere while
providing sufficient crosslinking to prevent mixing between layers. Gels were sectioned
immediately after formation to minimize diffusion of the FITC-BSA and imaged us-
ing fluorescence microscopy (Figure 9.2). The micrograph shows distinct regions of

higher fluorescence in the layers that received the FITC-BSA. Artifacts resulted from
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Figure 9.1: Schematic of hydrogel with radial gradient of loaded protein. Gradient
indicated by the green color. The highest concentration is in the center of the device.

sectioning of the gel and from out-of-focus planes. While these results do not show
that the gradients will persist over time, they indicate that a laminating approach

can successfully be used to pattern protein within the hydrogel.

9.4.4 A Molding Approach to Localize Microspheres in Center of the Hydrogel

For proteins that will diffuse quickly through the hydrogels, a different approach is
needed to establish a spatial gradient within the scaffold. One approach is to load a
depot of protein that will be released in a controlled fashion within one region of the
hydrogel to drive the gradient formation. As an example, if the depot is placed in
the center of the hydrogel, the protein will diffuse out from the highly concentrated
center near the depot to the edges of the gel (Figure 9.3). If the depot releases pro-
tein in a controlled manner, such as from degradable microspheres, a stable gradient
could be established. As proof of concept, a molding approach was used to localize
microspheres within the center of a HA hydrogel. Microspheres were fabricated from
40 kDa PLGA and loaded with FITC-BSA and Nile Red (a fluorescent dye which
stably labels the microspheres [309]). Microspheres were mixed with HA-GMA solu-
tion and crosslinked in a small well. The hydrogel containing the microspheres was
then placed in the center of HA-GMA solution in a larger well and crosslinked. Sam-
ples were placed in DI water to allow protein to be released from the microspheres

and diffuse out of the center of the hydrogel. The hydrogels were then imaged using
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> FITC-BSA

>~ No protein

>~ FITC-BSA

Figure 9.2: Composite HA hydrogel formed by laminating process. Fluorescence
micrograph (FITC filter) of cross-section of laminated HA hydrogel with 2 layers of
FITC-BSA surrounding a layer with no protein.
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Figure 9.3: Schematic of hydrogel with depot of microspheres. Gradient indicated by
the green color. The highest concentration of protein is in the center of the device
where the microspheres are localized.

fluorescence microscopy (Figure 9.4). The micrograph shows that the microspheres
remain in the center of the hydrogel while the protein diffuses outward. Artifacts

result from out-of-focus planes.
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Figure 9.4: Composite HA hydrogel formed by molding process. Overlay of fluores-
cence micrographs FITC filter (green) shows FITC-BSA; RHOD filter (red) shows
Nile red labeled microspheres; overlapping regions are yellow. FITC-BSA loaded/Nile
red labeled microspheres are localized in the center of the HA hydrogel while FITC-
BSA diffuses out into the surrounding hydrogel.
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