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There is a significant need for viable small diameter vascular graft biomaterials.
Treatment options for bypass grafts are limited to either autologous vessels, which are
often not available and can be affected by pre-existing disease, or synthetic grafts, which
are limited to vessels larger than 6 mm in diameter. Small diameter vascular grafts have
been under development for more than 50 years with limited clinical success. Vascular
grafts often fail due to thrombosis, intimal hyperplasia, and aneurysm formation. This
dissertation centers on the influence of the extracellular matrix (ECM) on vascular
functional responses. The ECM is the primary support for the vascular endothelium and
can influence apoptosis, proliferation, cell shape and contractility. Novel human
recombinant tropoelastin vascular graft biomaterials and ECM modified clinically

relevant synthetic ePTFE vascular grafts were developed and evaluated.

Vascular biomaterials are needed that support cell growth, are non-thrombogenic,

minimize intimal hyperplasia, match the structural and mechanical properties of native
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vessels, and allow for regeneration of arterial tissue. Novel electrospun human
recombinant tropoelastin vascular graft biomaterials were developed that demonstrated
comparable structural and mechanical properties to native elastin. These three-
dimensional tubular biomaterials demonstrated good vascular cell biocompatibility and

growth characteristics.

There is a need to provide a means by which researchers can acquire and meaningfully
compare properties of vascular construct designs. A biaxial constitutive model and
testing methods were developed using a modified burst pressure testing system to
measure and derive strain energy density functions for tissue-engineered vascular

constructs.

Endothelial outgrowth cells (EOCs) are a promising source of autologous endothelial
cells that can be readily isolated and expanded in vitro. EOC functional responses to
extracellular matrix proteins have not been well characterized. The thrombogenic and
inflammatory potential of these cells was evaluated on protein modified clinically
relevant ePTFE small diameter grafts. Platelet accumulation in ex vivo shunt testing was
independent of surface coating, but showed a distinct correlation to factor Xa generation

for paired in vitro controls.

Collectively, this dissertation provides new insights into the connections between

extracellular matrix proteins, vascular cells, and vascular functional responses.
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Chapter 1: Introduction

1.1 Cardiovascular Disease

Cardiovascular disease remains the number one cause of morbidity and mortality in the
Western world. In 2006, nearly 81 million people were affected by cardiovascular
disease in the United States [1]. This has a significant effect on the United States health
care system with total direct and indirect treatment costs totaling 503.2 billion dollars for
2010 [1]. Atherosclerosis is a significant cardiovascular disease of muscular arteries, in
which, the inner layer becomes thickened by fatty deposits and fibrous tissue leading to
vessel narrowing, which reduces and ultimately blocks blood flow. Early atherosclerotic
lesions localize preferentially at branches and bifurcations in the vascular tree where
arterial geometries are complex and flow fields disturbed (Figure 1.1). The highly
localized topography of early lesions is particularly interesting in view of similar
exposure levels, within these lesion prone sites, to oxidized LDL and other toxins as
lesion resistant sections of arteries. Focal disease patterns indicate that unique conditions
exist at these sites, such as localized mechanical factors, predisposing these regions to

disease initiation and propagation.
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Figure 1.1. Common Plaque formation sites in the vascular tree [2]

As the disease progress, surgical intervention becomes necessary to restore blood flow to
vital tissues. One treatment option is to bypass the diseased arterial segment, thus
restoring blood flow to downstream tissues by shunting blood around the occluded
section. Dr. Vasilli Kolesov performed the first coronary artery bypass surgery using the
internal mammary artery in 1964 [3]. Treatments using vascular grafts have not

significantly changed in 30 years, with mammary artery and saphenous vein autografts



remaining the gold standard treatment options for bypass surgery. Synthetic materials,
such as expanded poly(tetrafluoroethylene) (¢ePTFE) and poly(ethylene terephthalate)
(PET or Dacron®), were introduced to the market in 1975 by Impra® Inc. and W.L,
Gore" and have been successfully used for large diameter vessels, but are not appropriate
for vessels under 6 millimeters in diameter [4-6]. Vascular grafts often fail due to
thrombosis, intimal hyperplasia, and aneurysm formation [7]. The goal of this work is to
improve vascular graft biomaterials by incorporating extracellular matrix (ECM) proteins
into vascular graft biomaterials and mimic the native environment’s mechanical and cell

signaling properties.

1.2 The Extracellular Matrix of the Arterial Wall

The arterial wall is composed of three distinct layers defined by organized layers of
cellular and ECM components. The structure is designed to withstand and respond to the
vasculature’s complex mechanical environment throughout the cardiac cycle including
fluid mechanical tangential shear forces, longitudinal and circumferential stress and
strains, as well as its response to vasoactive substances. The intima is the innermost layer.
This thin layer contains a monolayer of endothelial cells (ECs) as well as the
subendothelial space occupied by ECM proteins, commonly referred to as the basement
membrane. The middle layer is the media, which is the thickest layer consisting
primarily of smooth muscle cells in an ECM of collagen, elastic fibers, and
proteoglycans. The media helps propel blood through the arteries by stretching during
systole and recoiling during diastole. The outer layer is the adventitia that contains

smooth muscle cells, fibroblasts, collagens, nutrient vessels (vasa vasora), nerves, and



lymphatics that service the artery. The intima and media are separated by the internal
elastic lamina, while the external elastic lamina separates the media from the adventitia.

Normal arterial structure is depicted in Figure 1.2.

External B NS

elastic laminae
Smooth
muscle cells

Internal
elastic laminae

Endothelial cells

Figure 1.2. Cross-sectional schematic of the structure of the arterial wall. The three major
vessel layers from the lumen outward are the: intima, media, and adventitia. The internal
and external elastic lamina matrix layers are also represented. [8]

The importance of the ECM has been recognized for providing mechanical support,
adding strength and resilience to the arterial wall, as well as, its role in regulating cellular
functions. The ECM is the primary support for the vascular endothelium [9], which
organizes and maintains a stable functional monolayer of cells [10]. The functions of

ECs influenced by the ECM are complex and are regulated through multiple signaling



pathways controlling apoptosis proliferation, cell shape and contractility [9]. The
basement membrane is 20 to 200 nm thick, anchors the ECs within the intima, and
primarily consists of type IV collagen and laminin ECM proteins [11]. The basement
membrane ECM is spatially and temporally regulated during angiogenesis in vivo, and
influences cell attachment and proliferation in vitro. A stable basement membrane
provides anti-proliferative cues to the cells, but under disease conditions provisional
ECM proteins (collagen and fibronectin) are laid down, which signal cell proliferation
and the formation of new blood vessels [9]. Understanding the interplay between the
ECM’s mechanics and functional cellular responses is critical to develop and implement
new treatments for cardiovascular disease as well as to elucidate the ECM’s role in

vascular biology.

1.2.1 Elastin

The elastic fibers of the arterial wall contain two morphologically distinct components:
crosslinked elastin molecules and microfibrils, which link elastin molecules into a fiber
structure (Figure 1.3). Elastic fibers are found within many connective tissues of body.
This protein’s primary mechanical function is to allow for elastic recoil in connective
tissues such as blood vessels, tendons, ligaments and skin [12]. Additionally, elastin has
an important cell signaling role modulating cell proliferation, contractility and migration.
Elastin comprises 30% of the dry weight of the aorta, 75% of elastic ligaments such as
the ligamentum nuchae, 5% of skin and 4% of tendon [13, 14]. Elastin is thermally
stable to 140°C and is relatively biologically and chemically inert, as compared to other

matrix proteins such as collagen, and is one of the most hydrophobic proteins known



[12]. The elastin gene is well conserved with greater than 70% similarity across
vertebrate species, resulting in low cross species antigenicity [ 14]. Elastin is rich in
nonpolar amino acids. The hydrophobic domains, specifically the proline and glycine
residues, make up 42% of the elastin monomer (tropoelastin), and have been proposed to
be responsible for the elastic properties of elastic fibers [15-18]. Glycine is the most
abundant amino acid in elastin, comprising more than 30% of the protein. Valine,
leucine, isoleucine, and alanine compose most of the balance of elastin components. The
microfibrils are rich in acidic glycoproteins and are organized into 8-16 nm fibrils with a
beaded appearance. These fibrils contain two forms of 350 kDa glycoprotein fibrillin and
two micro-fibril-associated glycoproteins MAGP-1 and MAPG-2 [14]. The dynamic
interaction of the elastin molecules and the microfibrils within the elastic fiber are
responsible for the elastic recoil property of elastic tissues. The pathologic loss of elastin,
or deficiency in elastin expression, is associated with end stage aneurysm disease and

supravalvular aortic stenosis [19-26].
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Figure 1.3. Structure of Elastin: The structure and assembly of the elastic fibers are
responsible for the elastic nature of the protein. Elastin molecules stretch and align under
loading and relax and bundle up after the load is removed. [27]

1.2.1.1 Tropoelastin

The full-formed polymer elastin structure is made up of soluble tropoelastin monomers
that are self-assembled via coacervation and crosslinked with lysyl oxidase. Human
tropoelastin is encoded by a single gene with 34 exons and can exist as multiple isoforms
depending on the mRNA spicing pattern. The typical splicing pattern results in a mature
protein with a molecular weight of 60 kDa. There are two main, hydrophobic and
hydrophilic, domain types. Structural studies of tropoelastin have been challenging due to
the molecules ability to self-associate and the limited source of pure tropoelastin [28].

Recently, the nanostructure of tropoelastin has been defined using small angle X-ray and



neutron scattering [29]. Specific regions of the molecule along with the full-length
monomer were characterized elucidating the orientation of the structure defining the N
and C termini. Tropoelastin’s structure is asymmetric with a long gradual coil starting
from the N terminus with a spur and bridge region connecting a protruding foot at the C-
terminus (Figure 1.4). The coil region acts as the elastic axis of the molecule, and the
spur region, containing exons 20-24, acts as a hinge between the bridge and coil regions.
Domains 19-25 cluster between the spur and bridge regions indicating enriched cross-
links. The cell contact C-terminal region is contained within the compact foot-like region

of the molecule [29].
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Figure 1.4. Structure of Tropoelastin: The structure of the full-length tropoelastin
monomer is shown with the N-terminus leading to the coil region, which is responsible for
the elasticity in the molecule, to the lower hinge region in the spur, and a bridge to the cell
binding C-terminus. [28]

Tropoelastin has been commonly described as an unstructured or amorphous protein.

Theoretical structural models of elastin and tropoelastin contain an element of disorder,



due to the folding patterns between hydrophobic p-sheets within the protein’s structure,
and have been used to describe the mechanism for elastin’s flexibility [28]. The elasticity
of tropoelastin is likely not solely due to this disorder or chaos in the structure, but also
imparted by the coiled region of the tropoelastin molecule [29]. Tropoelastin’s unique
molecular structure remains more hydrated and flexible, even when aggregated, than
globular proteins of similar sizes [30], which allows for building hyper-elastic tissues.
Tropoelastin’s elastic molecular structure, along with its ability to self-organize, makes it

a natural choice for building compliant elastic vascular graft biomaterial constructs.

The assembly process of tropoelastin into elastin occurs outside the cell [31].
Tropoelastin is chaperoned to the cell surface by the elastin binding protein and
externalized from the cell. Tropoelastin monomers aggregate and are rapidly organized
by coacervation in a self-assembly process. The coacervate remains tethered to the cell
surface until it is released to newly forming elastic fibers, which are then cross-linked by
lysyl oxidase to form the functional elastin polymer. Elastin is then linked by microfibrils
to form the functional elastic fiber, which has bi-, tri-, and tetra-functional crosslinks in
its final assembled state. The majority of elastin formation occurs early in development
during the late fetal and early neonatal phases of development, with little to no elastin

being formed after maturity.

For this research project, human tropoelastin was optimized and expressed from a
synthetic gene codon in gram quantities in a 10-liter E.coli fermentation system. Gel

electrophoresis determined that the purification procedure resulted in a greater than 99%



pure product (see Figure 2.1) as well as low endotoxin levels with an average of 0.2
EU/mg as determined by the Kinetic-QCL Assay (Cambrex). The purified human
tropoelastin protein includes all of the functional exons with the exception of exons 1, 22,
and 26A (see Figure 2.2). Exon 1 contains the signal sequence, while hydrophobic exon
22, and hydrophilic exon 26A are rarely expressed in mature elastin. The resultant
tropoelastin exon structure used is the same as a natural isoform produced by normal
human fetal heart cells. This purified human recombinant tropoelastin was cross-linked
with the chemical cross-linkers DSS, BS3, and EDC/NHS to form structured elastin-like
biopolymers. The goal of developing these polytropoelastin biomaterials was to
determine the ability of these materials to mimic native elastic tissues mechanically,

while maintaining vascular cell signaling.

1.2.1.2 Coacervation Dynamics of Human Recombinant Tropoelastin

The functional reactivity of the tropoelastin construct used in these studies was verified
by evaluating its coacervation dynamics. Coacervation is a reversible process of phase
separation of the bulk material from the solvent and is critical in elastin formation in vivo.
In vitro human recombinant tropoelastin reversibly separates out of PBS as a coacervate
at 37°C and physiologic pH. This process is dependent upon temperature, the amount of
salt in the solution, and the tropoelastin concentration in solution [14, 32, 33]. The
dynamics of this process was followed for the tropoelastin construct used in these studies
by the Oregon Medical Laser Center in real time with a Zeiss Meta multi-photon confocal
microscope. Tropoelastin was stained in solution with 2.5 pg/ml Oregon Green
(Molecular Probes) for 1 hour. Tropoelastin was kept on ice prior to visualization to keep
the tropoelastin in an uncoacervated state. Five microliter drops of 50 mg/ml tropoelastin

10



were then placed on glass coverslips and the temperature was raised to 37°C to view the
dynamics of the coacervation process. Views were focused on the outside perimeter of
the tropoelastin drop. A series of frames were extracted from a confocal movie to show
the progression of the different coacervation stages (Figure 1.5). Spheroid aggregates of
r'TE started forming immediately as small bubbles (0 minutes). These then coalesced to
form larger sphere aggregates (1 minute). A distinct transition was seen where the
tropoelastin coalesced and only the stained tropoelastin could be seen (2 minutes). The
tropoelastin then formed hollow spheres (2.5 minutes) that fused to ultimately form
pocket-like structures of various sizes (3-6 minutes). In the final coacervated state, the
PBS was observed to separate from the tropoelastin pockets. This whole process was
complete within 6.5 minutes. It was also shown that the coacervation of rTE in PBS was
highly dependent on rTE concentration--with higher concentrations forming larger pocket
structures (data not shown). Verifying the ability of tropoelastin used in these studies to
coacervate in solution demonstrates its capability to self-assemble in a manner similar to
native tropoelastin, thus confirming its bioreactivity. This confirmation provides
important validation for its use as a starting material for developing elastic vascular graft

biomaterials.
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00:00:00 00:01:18 00:01:58

00:02:37 00:03:16 00:06:32
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Figure 1.5. Time series (hh:mm:ss) of frames from a confocal movie showing the dynamic
process of rTE coacervation at 50 mg/ml and 37°C. The 00:00:00 panel shows the initial
solid sphere structure and the 00:06:32 panel shows the final hollow sphere-pocket
structure. Tropoelastin was stained with Oregon Green for visualization. Tropoelastin is
shown in green and the solvent PBS is shown in black. (Scale bar = 50 pm). Dr. Robert
Glanville, Rebecca Sarao, and Rose Merten at the Oregon Medical Laser Center
Bioimaging Facilities obtained these images.

1.2.2  Collagen

Collagens are a family of fibrous proteins constituting 25% of the total protein in
mammals and ranges from 20% of the dry weight of the aorta up to 51% in canine carotid
arteries [13, 34]. There are 25 distinct collagen molecules. Collagens form the fibrillar
and microfibrillar networks of the ECM. Collagen consists of three polypeptide chains

with a nonpolar glycine at every third position. This regular structure allows the chains

12



to wind generating a triple helical structure (Figure 1.6). Collagen molecules bind to
each other in a regular pattern in overlapping arrays to form collagen fibrils that give

connective tissue their strength [27].

-short section of

50 nm_’l‘ ) B )__collagen fibril
ol S collagen
m molecule
o i 300 x 1.5 nm
e A
‘f collagen
1.5nm oo

l helix

Figure 1.6. Collagen Structure. Collagen fibrils assemble to form a collagen triple helix
structure. [27]

Type I collagen is the most abundant collagen and is a major component of connective
tissues and the most abundant form of collagen in arteries. It has a triple helical structure
and confers mechanical tensile strength to tissues. It is composed of two identical alpha 1
chains and one alpha 2 chain [35]. Mutations in type I collagen are linked to type VIIA
and B Ehlers—Danlos syndrome [36], resulting in loose joints and skin, and osteogenesis
imperfecta [37], commonly referred to as brittle bone disease. Type I collagen is a natural
choice to use as a vascular graft biomaterial, due to its prevalence in the vasculature,

ability to add mechanical tensile strength, and it cell biocompatibility.
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Type IV collagen has a molecular weight of 540 kDa and is a structural component of the
basement membrane that organizes other basement membrane components like the
laminins and preteogycans [38]. The structure has three domains: the N-terminal domain,
the C-terminal globular domain, and a central flexible triple helical structure. Many
mutations of type I'V collagen are embryonically lethal, but mutations in the alpha-3 4
and 5 chains have been linked to forms of Alport syndrome, which is a kidney glomeruli
disease [35]. Type IV collagen is the main structural organizer of the basement
membrane and is closely associated with the EC monolayer, making it a natural choice

for evaluating EC’s functional responses on ECM based vascular graft biomaterials.

1.2.3  Fibronectin

Fibronectin is a cell interactive glycoprotein encoded by a single large gene with 50
exons, with in a number of variant isoforms, up to 20, due to alternatively splicing
patterns. Fibronectin usually exists as a dimer with two nearly identical subunits, which
are linked with disulfide bonds at the C terminus [39]. There are three types of repeating
subunits; with 12 type I repeats, two type Il repeats and 15-17 type II repeats in total
accounting for 90 % of the protein [39]. Fibronectin can be found in multiple tissue types
and can be classified as either “plasma” or “cellular” fibronectins. Plasma fibronectin
exists as a significant proportion of the blood, 0.3 g/L, but remains freely soluble until
incorporated into blood clots or tissue matrices. This is due to the precise regulation of
fibril formation in a cellular matrix assembly system. Cellular fibronectins are produced
by a variety of cell types, which secrete and organize them into an insoluble ECM [40].

Fibronectin acts as an important ligand for cells via the integrin family of receptors, with
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best known of these being the RGD sequence. Fibronectin plays important roles in cell
adhesion, growth, migration, differentiation, wound healing, and embryonic development
[40]. Fibronectin is a well-studied substrate for EC attachment and growth making it a

logical ECM substrate for comparing EC functional responses.

1.3 Vascular Graft Biomaterials

Natural biomaterial scaffolds based on ECM proteins have been proposed to address the
failure of small diameter vascular grafts. The initial use of synthetic scaffolds, including
ePTFE, poly(ethylene glycol) diacrylate, poly(caprolactone), and polyurethane as
vascular graft biomaterials, has the advantage of controllable physical and mechanical
properties, which are highly reproducible and easily manufactured in large scale
quantities. Yet these synthetic scaffolds typically lack the elasticity of native arterial
walls and the biocompatibility for long-term vascular cell functionality. Natural
biomaterial scaffolds, including the most studied grafts of decellularized arteries, have
had limited success. The two most successful examples of decellularized arteries without
cell seeding have been Sawyer’s ficin—digested glutaraldehyde-tanned bovine carotid
graft [41] and Dardik’s glutaraldehyde-tanned human umbilical vein graft [42]. While the
5-year patency rates were promising, aneurysm formation due to in vivo degradation
limited their widespread use [42, 43]. Decellularized arteries are attractive scaffolds for
tissue-engineered vascular grafts due to their mechanical and biological properties [44],
yet these natural scaffolds are still limited by the lack of precise manufacturing control of

the physical and mechanical properties.
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Tissue-engineered vascular grafts incorporate vascular cells into the design of graft
biomaterials. Autologous vascular cells have been used to produce and deposit ECM
proteins to build tissue-engineered vascular graft matrix without using an initial scaffold.
These tissue-engineered grafts have advanced from the research bench to clinical safety
trials [4, 45], with promising results, in an arteriovenous shunt model, with primary
patency rates of 78% at 1 month and 60% at 6 months. Failures were observed to be due
to thrombosis, dilation, and aneurysm. These tissue engineered vascular grafts have
lengthy production times of 24 weeks [4], which is a limiting factor in becoming a
practical clinical option. Small diameter tissue-engineered vascular graft development
has been the focus of many research groups, but a viable clinical option that structurally
compares to native arteries, supports cell growth, and is functionally equivalent to
autografts has not been found. Controlling the physical and biological properties of the
ECM based vascular graft biomaterials, by defining the distribution, composition, and
structure of the ECM, may be the key in developing a clinically relevant, highly

reproducible vascular graft biomaterial.

1.3.1 Electrospinning of Extracellular Matrix Proteins

Electrospinning is a strategy that can be used to produce ECM based vascular graft
biomaterials with controllable physical properties. This method draws sub-micron sized
fibers from a polymer solution (both natural proteins or synthetic polymers) and deposits
them on a grounded collection device, which can be any size length or shape of the
desired biomaterial construct. This phenomenon is driven by the balance between

surface charge and surface tension of the polymer solution. The fibers are drawn from the
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solution when the surface charge overcomes the surface tension of the polymer solution.
Electrospinning has proven to be a valuable tool to produce biomimetic scaffolds for use
in tissue engineering. Electrospinning has been used to produce fibrous scaffolds from
many biodegradable polymers, such as poly e-caprolactone (PCL), poly lactic acid
(PLA), poly glycolic acid (PGA), and poly lactide-co-glycolide (PLGA) [46-49]. These
materials have been proposed for use in bone, cardiac, blood vessel, and wound dressing
applications [50-56]. Mathews and Boland have used elastin and collagen co-electrospun
matricies for tissue engineering applications [57, 58]. Huang was the first to electrospin
collagen for use in wound repair [59, 60]. Many protein solutions have been electrospun
successfully, including a-elastin, tropoelastin collagen, and gelatin [61]. While this
technique can be used to produce fibrous scaffolds from a variety of starting materials,
careful design must be implemented to optimize scaffold properties for vascular graft
applications. Mechanically, these scaffolds require a balance between elasticity and
tensile strength to respond to and withstand the vasculatures’ dynamic fluid mechanical
environment. Biologically, these materials must maintain an optimal environment for cell
growth by promoting infiltration through the media while maintaining a stable structure

for the luminal EC monolayer.

1.3.2  Modifications of Vascular Graft Biomaterials

Synthetic materials are easily manufactured with controllable physical properties but lack
favorable biological properties. A promising way to integrate ECM proteins’ biological
signaling properties into vascular grafts is through the surface modification of synthetic

materials. The two main determinants of vascular graft success have been the
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thrombogenic potential of the material and the extent of intimal hyperplasia progression
[62]. Early graft occlusion is primarily influenced by thrombosis with intimal
hyperplasia affecting long-term results. Many variables modulate the thrombogenic
potential of a graft construct. Considerable efforts have been made to develop a synthetic
graft with favorable blood contacting properties [63]. The main strategy to develop a
compatible synthetic surface has been to modify its interface properties. Strategies have
included protein coatings such as collagen [64], heparin incorporation [65-68], anti-
platelet factor incorporation [69-75], electrical surface charge modification, surface
wetability, and graft endothelialization [63]. Treatments of conventional ePTFE grafts
with ECM components (including fibronectin, collagen, and laminin) typically increase

mature endothelial cell adhesion and retention.

Endothelialization as a surface modification strategy is the most promising for graft
protection, because this does not simply mimic isolated functions of the endothelium
rather it inherently provides the endothelium’s regulatory functions. Endothelial cells
(ECs) are potent regulators of thrombosis. They regulate the thrombotic response
through three distinct yet interrelated systems: (1) The coagulation cascade is managed
through receptors on the EC surface; (2) the complement cascade regulates fibrinolysis
and vascular tone; and (3) cells in the blood such as leukocytes and platelets
communicate with ECs to repair vascular injury [76], but can also respond to vascular
graft materials as a perceived injury site thus initiating a thrombotic response. The
conditions under which ECs are cultured can push the cellular response towards pro or

anti-thrombotic pathways. Many strategies have been used to promote EC attachment to
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synthetic surfaces. The first attempt to seed synthetic grafts with endothelial cells was
done in 1980 [77]. These studies with canine ECs showed promising results, but have not
translated to human studies. ECs do not readily attach to hydrophobic ePTFE grafts. The
surface must be modified to make it adhesive for the cells. Methods of changing the
microenvironment of the surface have included antibody and peptide sequence cell
capture methods, protein adsorption, and growth factor incorporation. Synthetic grafts
endothelialize from the anastomosis towards the middle of the graft, but this capability
varies between animal models. Non-primate models have had reendothelialization rates
of 0.1 mm per week in a rat aorta model [78], but primate models have proven more
challenging as there is a limit to their ability to self-endothelialize of 1-2 cm from the

anastomosis [62, 79].

1.4 Endothelial Cells

A monolayer of endothelial cells lines the inner walls of all arteries forming the first
barrier between the bloodstream and the rest of the arterial wall. ECs have multiple
functions in maintaining a normal physiologic environment. Under normal conditions,
the endothelium maintains metabolic signaling functions that preserve the integrity of the
arterial wall. Comparisons of the functions of normal and atherosclerotic prone vascular
cells are outlined in Figure 1.7 for endothelial cells as well as other key cell types

involved in the atherosclerotic disease process.
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Figure 1.7. Normal versus abnormal function for key cell types [8]

As the initial barrier for the transport of macromolecules from the bloodstream into the
arterial wall, the endothelium is thought to play a key role in the atherosclerotic disease
process. The description of the disease thus far has centered on phenotypic
classifications. The specific mechanisms behind the initiation of atherosclerosis remain
incompletely understood. It is thought that specific events within the endothelium
constitute the initial events in the development of the disease. A key component in
understanding atherosclerosis is to understand the mechanisms leading to the endothelial
dysfunction that compromises the endothelium’s protective capacity. Therefore, an

understanding of endothelial cell biology promises to play a key role in elucidating the



Due to its anatomic location, the endothelium is exposed to greater mechanical forces
than any other mammalian tissue [80]. Endothelial cells are subjected to three primary
mechanical forces as a result of blood flow: hydrostatic pressure acting normal to the
surface, biaxial tensile stretch acting circumferentially, and shear (or frictional) stress
acting tangentially (Figure 1.8). Among these forces, shear stress is the most extensively
studied and is thought to play an important role in regulating endothelial cell function.
Vasoactive substances, gene expression, cell metabolism, and cell morphology have all

been shown to be sensitive to shear forces [81].

Endothelial Cells

du

dyly=0

Figure 1.8. Blood flow-mediated mechanical stresses acting on the arterial wall. Hoop
stress (o,) and wall shear stress (t,,) are defined and illustrated above. [82]

1.4.1 Endothelial Outgrowth Cells
Vascular graft biomaterials can be seeded with ECs to inherently provide the EC’s barrier
function. Autologous cells must be used to avoid host rejection. Endothelial outgrowth

cells (EOCs) have been considered a promising source of autologous endothelial cells
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[83, 84] because they can be readily isolated from whole blood and expanded in vitro.
EOCs were identified in 1997 [85] and the isolation from peripheral blood first described
in 2000 [86]. Other potential autologous cell sources are omental and subcutaneous fat,
bone marrow, veins, and arteries [87]. While these sources yield viable ECs, they also
require more invasive surgical procedures for isolation. Peripheral blood EOC isolation
requires a simple venipuncture removing a relatively small volume of blood (40mL).
Additionally, EOCs are increasingly recognized to play important roles in hemostasis,
angiogenesis, and arterial injury repair [88-90]. This cell population has been shown to
stain positive for typical EC markers of vVWF, CD31, VE-cadherin, VEGF-R2,
Thrombomodulin, and E-selectin, and have shown reduced eNOS expression [91]. EOCs
can be incorporated into vascular graft biomaterial designs to reduce thrombosis and

intimal hyperplasia.

1.4.2  Endothelial Cell Adhesion

Cell adhesive interactions play important roles during many normal physiological
processes such as embryonic development, wound repair, and progression of diseases
such as cancer. Cell adhesion is mediated by the specific interactions of cell surface
receptors with extracellular glycoproteins. Tropoelastin has been shown to be a good
substrate for cell adhesion and spreading [92]. It is known that the C-terminus is the
region of tropoelastin responsible for cell adhesion, but the exact receptor involved in cell
binding to tropoelastin remains to be defined [92-94]. The protein sequence or isoform
and protein conformation must be considered in defining the binding mechanisms.
Further work needs to be done to elucidate the specific mechanism and adhesion receptor

for cell adhesion to tropoelastin. Three specific candidate mechanisms for cell adhesion
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to tropoelastin are: integrins, G-protein coupled receptors, and elastin binding protein

mediated adhesion.

1.4.2.1 Integrin Mediated Adhesion

Integrins are well-characterized adhesion receptors. There are 23 heterodimeric
complexes of alpha and beta subunits within this family of receptors. Each subunit is a
glycoprotein with a large, globular extracellular domain and a transmembrane domain.
The cytoplasmic domain is a much smaller domain of approximately 60 amino acids. The
a,,P1 is the major fibronectin receptor on most cells. It has two main cell adhesive
regions. The cell adhesive region toward the center of the protein chain is the Arg-Gly-
Asp or RGD sequence. This sequence promotes optimal binding to the o.,f3; integrin.
These integrins are not passive structures, but are active in cell adhesion, migration,
assembly of ECM, and signal transduction through the assembly of focal contacts and the
F-actin cytoskeleton [95]. Elastin does not contain an RGD sequence and has not been
shown to interact with most RGD-binding integrins. Mecham’s group ruled out integrins
as the receptor class responsible for cell adhesion [92]. However, the a.,f, integrin has
been shown to bind to tropoelastin in solid phase binding assays [96] and could be a

possible binding partner for tropoelastin.

1.4.2.2 G-Protein Coupled Receptor Mediated Adhesion

G protein coupled receptors (GPCRs) are a protein family of transmembrane receptors
that transduce extracellular signals such as ligand binding to an intracellular signal
through G-protein activation. Pertussis toxin-sensitive G-protein-coupled pathway

(stimulating Gay) has been shown to be activated by an elastin derived peptide,
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VGVAPG [97]. Pertussis toxin, inhibiting G;j, blocked tropoelastin-mediated migration
and vascular smooth muscle cell actin polymerization. This elastin derived peptide was
also found to inhibit adenylate cyclase, reduce cAMP levels, and stimulate Rho-induced
actin polymerization [97]. This suggests that elastin (as a signaling molecule) activates
the G-protein coupled receptor pathway that ultimately leads to Rho induced actin
polymerization in vascular smooth muscles. This shows a direct link between elastin and
the G-protein-coupled receptor pathway and could play a role in adhesion of cells to

tropoelastin, but remains to be proven.

1.4.2.3 Elastin Binding Protein Mediated Adhesion

There have been several elastin binding proteins (EBP) identified. The primary one is a
67-kDA protein that is also identified as a galactoside-binding lectin [93, 98-100]. This
receptor has also been shown to have functional similarities to laminin receptor [101]. A
120-kDa protein (elastonectin) and a 59-kDa VGVAPG-binding protein have also been
identified [102]. Elastonectin was shown to be up-regulated in mesenchymal cells in the
presence of fragments of insoluble elastin [103]. The sequence in elastin assumed
responsible for these activities is the hexapeptide VGVAPG [104, 105] located in the
middle of the molecule. The VGVAPG sequence has been used in multiple studies to
study elastin interactions, but has not been shown to promote cell adhesion. Full-length
tropoelastin actively promotes cell attachment and spreading, thus suggesting that the
VGVAPG sequence is not the critical sequence in cell adhesion. Broekelmann and
Mecham have shown that cells do not bind through the EBPs but are associated with the

COOH terminus of elastin [92]. Studies using the elastin derived sequence VGVAPG are
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not sufficient in explaining the adhesion of cells to tropoelastin. Consequently, a full-

length tropoelastin isoform should be evaluated in cell binding assays.

1.4.3  Endothelial Cells as Force Transducers

The ECM plays an important role in transducing mechanical forces to the cell through the
cell’s cytoskeleton. Force transduction can act through direct signaling by luminal
surface deformation (Figure 1.9-A) such as ion channel activation, or between cell
junctions (Figure 1.9-B) by transmitting the applied forces through the filamentous
cytoskeleton. The cytoskeleton also transmits signals directly to adhesion sites on the
ECM (Figure 1.9-C). These deformation signals are received by membrane bound
integrins, which induce the phosphorylation of FAK leading to activation of MAP
kinases. Integrin mediated signal transduction can also alter actin assembly and
subsequent transmission of mechanical stimuli. Transduction signals can also transmit
directly through the nucleus (Figure 1.9-D). [106]. The ECM can signal cell contractility
and quiescence in the presence of these signals. The proper balance of ECM proteins at
the EC attachment surface can impart a protective EC phenotype on ECM based vascular

graft biomaterials.
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Figure 1.9. Model of endothelial mechanotransduction by mechanical shear stress. Signal
can be transduced at the luminal surface (A) between cell junctions (B) directly to adhesion
sites on the ECM matrix (C), and to the nucleus (D). [106]

1.4.4 The Role of Endothelial Cells in Thrombosis and Coagulation

Endothelial cells are potent regulators of thrombosis and coagulation. Understanding how
ECs and the ECM work together to regulate thrombosis and coagulation helps to define
how these components can be combined to protect vascular graft biomaterials. Under
normal conditions, there is a delicate balance between pro and anticoagulant functions.
The thrombotic response can be broken down into three distinct phases; initiation,
propagation and termination. The primary initiator of the coagulation cascade is tissue

factor (TF). TF is a potent procoagulant molecule, which normally resides at low levels,
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but is released and amplified by endothelial cells as a response to vascular injury. Tissue
factor binds to factor VIla, and this complex activates factor X thus producing factor Xa.
Factor Xa then converts prothrombin (factor II) to thrombin (factor Ila). Tissue factor
pathway inhibitor (TFPI) is an antithrombotic molecule that binds factor Xa. This Xa-
TFPI complex then reacts with the TF-VIIa complex to form an inactive quaternary
complex (Figure 1.10-A). The propagation phase results in a marked increase in
thrombin generation. Thrombin activates platelets, which support procoagulant actions.
Thrombin also activates factors V, [Xa, VIII, which in turn stimulates tenase (factor [Xa)
and prothrombinase (factor Xa). Activation of factor IX on platelets increases thrombin
generation. The activation of factor XIII forms fibrin cross-links to strengthen the clot.
Fibrin has anticoagulant properties that allow it to act as a brake in the pathway by
binding thrombin, thus acting as a temporary thrombin reservoir (Figure 1.10-B). The
termination phase involves the removal of activated coagulation factors. Thrombin acts
to downregulate itself by activating protein C. The endothelial protein C receptor
(EPCR) acts with thrombomodulin (TM) to bind thrombin to the endothelial membrane.
TM increases the efficiency of this reaction. Thrombin then cleaves protein C to form
activated protein C (APC). APC then inactivates factors Va and VIla (Figure 1.10-C)
[107]. ECs acting through their released and membrane bound factors TF, TFPI, EPCR,
and TM play critical roles in the initiation, propagation, and termination of the
coagulation cascade. Individual coagulation factors can be assessed on ECM proteins to
determine the best formulation to create a protective environment for EOC seeded cells

on tissue-engineered vascular grafts.
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phase is started with the release of TF leading to thrombin generation. (B) The propagation
phase amplifies the response to form cross-linked fibrin clots. (C) The termination phase
inactivates coagulation factor though the action of APC.
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1.5 Dissertation Overview

The primary goal of cells, tissues and organisms is to maintain homeostasis to promote an
environment consistent with sustaining life. This requires regulation of specific cellular
pathways that recognize diseased or damaged tissue, subsequently remove the damaged
tissue, and finally rebuild the tissue with healthy new cells [27]. Vascular injury induces
thrombotic response and creates an imbalance between the vascular cell function, ECM
and dynamic mechanical environment thus disturbing vascular homeostasis. The central
theme of this dissertation explores how the ECM influences vascular cell function and

thus homeostasis.

Chapters 2 and 3 describe novel vascular biomaterials that can be used as a medial layer
of vascular graft constructs. Chapter 4 describes and validates a model for deriving strain
energy density functions for tubular constructs that could be applied to the materials
developed in Chapters 2 and 3. Chapter 5 characterizes the thrombotic and inflammatory
responses of EOCs on different ECM components in in vitro, ex vivo shunt, and in vivo
test systems. In Chapter 6, the key findings from this dissertation are summarized and

areas of interest for future work highlighted.
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Chapter 2: Structural and Cellular Characterization of Electrospun

Recombinant Human Tropoelastin Biomaterials

Kathryn A. McKenna, Kenton W. Gregory, Rebecca C. Sarao, Cheryl L. Maslen, Robert

W. Glanville, and Monica T. Hinds

2.1 Abstract

An off-the-shelf vascular graft biomaterial for vascular bypass surgeries is an unmet
clinical need. The vascular biomaterial must support cell growth, be non-thrombogenic,
minimize intimal hyperplasia, match the structural properties of native vessels, and allow
for regeneration of arterial tissue. Electrospun recombinant human tropoelastin (rTE) as a
medial component of a vascular graft scaffold was investigated in this study by
evaluating its structural properties, as well as its ability to support primary smooth muscle
cell adhesion and growth. rTE solutions of 9, 15, and 20 wt% were electrospun into
sheets with average fiber diameters of 167 + 32, 522 + 67, and 735 + 270 nm, and
average pore sizes of 0.4 = 0.1, 5.8 £ 4.3, and 4.9 + 2.4 um, respectively. Electrospun
r'TE fibers were cross-linked with disuccinimidyl suberate (DSS) to produce an insoluble
fibrous polymeric recombinant tropoelastin (prTE) biomaterial. Smooth muscle cells
attached via integrin binding to the rTE coatings and proliferated on prTE biomaterials at
a comparable rate to growth on prTE coated glass, glass alone, and tissue culture plastic.
Electrospun tropoelastin demonstrated the cell compatibility and design flexibility

required of a graft biomaterial for vascular applications.
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2.2 Chapter Overview

Studies conducted in this thesis were designed to investigate the effect of ECM proteins
on vascular cell function. Electrospinning was used to develop novel tropoelastin
biomaterials. The electrospinning parameters including: excitation voltage; solvent used
to suspend the protein; protein concentration; gap distance; and the cross-linking
methods, affect the final properties of the biomaterial. How these parameters influenced
the structure of the biomaterials as well as the cell compatibility of the matrix are

investigated in this chapter.

2.3 Introduction

Cardiovascular disease remains one of the leading causes of morbidity and mortality in
the Western world, affecting nearly 81 million people in the United States alone in 2006
[108]. Treatment options for bypass grafts are limited to either autologous vessels, which
are often not available and can be affected by preexisting disease, or synthetic grafts,

which are limited to vessels larger than 6 millimeters in diameter [109]. Small diameter
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vascular grafts have been under development for more than 50 years with limited clinical
success. Vascular grafts often fail due to thrombosis, intimal hyperplasia, and aneurysm

formation [7].

To address the failure of small diameter vascular grafts, tissue engineered vascular grafts
have been extensively studied using both synthetic and natural biomaterial scaffolds.
Synthetic scaffolds, including ePTFE, poly(ethylene glycol) diacrylate,
poly(caprolactone), and polyurethane, have the advantages of controllable physical and
mechanical properties while being highly reproducible and easily manufactured in large
scale quantities. Yet these synthetic scaffolds typically lack the elasticity of native
arterial walls and the biocompatibility for long term vascular cell functionality. Natural
biomaterial scaffolds, including the most studied grafts of decellularized arteries, have
also had limited success. The two most successful examples of decellularized arteries
without cell seeding have been Sawyer’s ficin—digested glutaraldehyde-tanned bovine
carotid graft [41] and Dardik’s glutaraldehyde-tanned human umbilical vein graft [42].
While the 5 year patency rates were promising, aneurysm formation due to in vivo
degradation limited their widespread use [42, 43]. Decellularized arteries are attractive
scaffolds for tissue-engineered vascular grafts due to their mechanical and biological
properties [44], yet these natural scaffolds are still limited by the lack of precise

manufacturing control of the physical and mechanical properties.

Tissue-engineered vascular grafts which are produced from autologous cells without a

scaffold have recently advanced from the research bench to clinical safety trials using an
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arteriovenous shunt model, with ten reported patients [4, 45]. These tissue-engineered
grafts have shown promising results with primary patency rates of 78% at 1 month and
60% at 6 months with failures due to thrombosis, dilation, and aneurysm, but their
lengthy production times of 24 weeks [4] will be a limiting factor in becoming a practical
clinical option. Small diameter tissue-engineered vascular graft development has been
the focus of many research groups, but a viable option that structurally compares to
native arteries, supports cell growth, and is functionally equivalent to autografts, the gold

standard treatment option, has not been found.

Electrospinning suspensions of monomers or polymers from both natural proteins and
synthetic polymers can produce sub-micron sized fibers, which can then be cross-linked
to produce stable polymeric structures [110, 111]. The structural properties of the
electrospun fibers, primarily fiber shape and diameter, can be controlled by varying the
gap distance, accelerating voltage, solution viscosity, and solution delivery rate [57, 110].
Adding this degree of control to a natural protein such as elastin is clearly advantageous.
Elastin is a key extracellular matrix protein responsible for energy storage and recovery
in native elastic arteries [112]. End stage aneurysm disease and supravalvular aortic
stenosis have been associated with the lack of elastin and deficiency in elastin expression
[19-22, 24-26]. Elastin has been proposed as an essential component in vascular graft
design [113, 114]. Elastin has been electrospun for use in tissue-engineered grafts [57,
61, 115-119], but the elastin protein has primarily been extracted from assembled and
crosslinked animal-sourced tissues. These forms of elastin may maintain critical elastin

biochemical signaling, but are likely to elicit an immuno-rejection response leading to
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graft degradation and ultimate aneurismal graft failure. The electrospinning of human
tropoelastin, the monomer unit of elastin, is promising[61, 120] as a medial component of
tissue engineering vascular grafts, but the limited analysis of the effects of crosslinking as

well as the interactions with vascular cells, necessitates further study.

In this study, we created an electrospun biomaterial entirely from recombinant human
tropoelastin and used a unique cross-linker to create fibrous polymeric recombinant
tropoelastin (prTE) that mimics native elastin fibers and supports vascular cell adhesion
and growth. This unique biomaterial can be a scaffold for vascular tissue engineering
applications with customizable dimensions in terms of both individual fiber size and

gross graft dimensions.
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2.4 Materials and Methods

2.4.1 Materials

A codon optimized synthetic gene for human tropoelastin was expressed in gram
quantities in a 10 liter E.coli fermentation system. The expression construct includes all
of the functional exons except exon 1, which encodes the signal sequence, exon 22 and
exon 26A, which are rarely if ever expressed in natural elastin. This produces an elastin
isoform that is the same as one of the natural isoforms produced by normal human cells.
The purification procedure resulted in a >99% pure product as determined by gel
electrophoresis. Control materials of extracted elastin were obtained using a hot alkali
digestion method on native carotid arteries from domestic swine (Animal Technologies,
Tyler, TX) [121, 122]. All chemical reagents were acquired from Sigma-Aldrich unless

otherwise noted.

2.4.2 Electrospinning of rTE

A 2 mL glass syringe was loaded with 9, 15, or 20 wt% rTE in 1,1,1,3,3,3—hexafluoro-2-
propanol (HFP). An 18-gauge stainless steel blunt tip needle was connected to the glass
syringe and loaded onto a syringe pump (Harvard Apparatus). A high voltage power
supply (Glassman High Voltage, Inc., High Bridge, NJ) was electrically coupled to the
end of the needle. A gap distance of 12.5 cm was set from the end of the needle to the
center of the collection device. Fibers were spun onto grounded collection devices of
either copper foil covered plates for fiber analysis or Poly-D-Lysine coated coverslips
(Fisher) attached to copper foil covered plates for cell studies. Mandrels rotated at 4000-

6000 rpm and translated longitudinally 6-8 cm with a rate of 8 cm/sec on a custom-built
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device for electrospun tube formation. The solution was charged at 18.5 kV with the high
voltage power supply. The syringe pump advanced the protein solution at 2 mL/hr. All

electrospinning was conducted within a fume hood.

2.4.3 Cross-linking of electrospun rTE

All samples of electrospun rTE were cross-linked using the organic cross-linker
disuccinimidyl suberate, DSS, (Pierce Biotechnology-Thermo Fisher Scientific Inc.) to
produce the polymer, prTE. Samples were cross-linked in a two-stage process. The
electrospun r'TE samples were incubated for 4 hours in DSS, in 50 mL anhydrous ethyl
acetate, at a ratio of 0.072 mg of DSS per mg of rTE protein at room temperature. A
second incubation occurred for 12-18 hours at a concentration of 0.108 mg of DSS per
mg of r'TE protein at room temperature. prTE samples were then rinsed in anhydrous
ethyl acetate for 5 minutes with a second 5 minute rinse in 70% ethanol, and a final 10

minute rinse in deionized water. The final product was stored in 70% ethanol.

2.4.4 Electrospun rTE fiber characterization

Electron microscopy was used to determine the electrospinning consistency, fiber
characterization, and to evaluate the internal nanostructure of electrospun fibers. rTE
solutions were electrospun onto copper foil covered plates. Electrospun rTE and prTE
samples were mounted onto scanning electron microscopy (SEM) stubs and sputter-
coated with 250 A of gold/palladium. Micrographs were taken at magnifications from
1000 to 10000X and viewed at 5-30 kV on either a Zeiss Model 960 Analytical SEM or a

FEI Sirion XL.30 SEM. For transmission electron microscopy (TEM) analysis the
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electrospun r'TE samples were adhered to copper TEM slot grids using silver paint.
Carbon (~200A) was coated onto both sides of the sample on TEM grids using an
evaporation coater. Samples were viewed with a JOEL Model 2000fx Analytical

TEM/Scanning TEM at 200 kV.

The fiber diameters and pore sizes of rTE flat materials were measured from SEM
micrographs using ImagelJ software (NIH). Twenty measurements were taken for each
picture with three pictures analyzed per electrospinning run. Five separate lots of rTE
were analyzed for the 15 wt% rTE samples. Matlab analysis (Appendix A) was used to

determine the degree of fiber orientation [123].

2.4.5 Smooth muscle cell adhesion to adsorbed rTE

Baboon carotid artery smooth muscle cells (SMCs) were isolated [124] and used to assess
the adhesion of vascular cells on adsorbed rTE. SMCs were maintained in a media
consisting of minimum essential media (MEM), 10% Fetal Bovine Serum (FBS), SmM
L-glutamine, and a 1% penicillin, streptomycin, and fungizone mix (Invitrogen). SMCs
were maintained and passaged in culture using standard techniques. For all adhesion

assays, the SMCs were plated in adhesion media (MEM with 1 mg/ml of BSA).

To determine the optimal rTE concentration for SMC adhesion, rTE solutions from 0 to 5
mg/ml in PBS were prepared and added to 12 wells of a 96 well plate. Plates were sealed
and incubated at 4°C overnight. Plates were then rinsed twice with PBS and seeded with

2x10* SMCs per well and incubated at 37°C for 90 minutes. Plates were then rinsed twice
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to remove loosely adhered and non-adherent cells and subsequently frozen at -80°C. Cell
numbers were then evaluated using the CYQUANT® GR assay (Invitrogen).
Fluorescence units were converted to cell numbers using standard curves generated from

known cell numbers. Studies were repeated three times.

The adhesion mechanisms of SMCs to adsorbed rTE were determined and compared to
SMC adhesion to adsorbed coatings of fibronectin and collagen, as well as uncoated
tissue-culture treated plastic (TCP). 96-well plates were coated with 50 pug/ml of each
protein overnight at 4°C. Plates were rinsed with PBS and incubated for 1 hour with 10
mg/ml BSA in PBS. Cells were removed gently from flasks with Versene (2% EDTA in
PBS) and 0.05% Trypsin. Trypsin was deactivated following cell removal with 0.5
mg/ml soybean trypsin inhibitor. Plates were rinsed with PBS and SMCs were
subsequently seeded at 2x10* cells per well on each substrate in each of the following
media: adhesion media, adhesion media supplemented with EDTA (5 mM), pertussis
toxin (0.5 pg/ml), or lactose (5 mM). Cells were incubated at 37°C for 90 minutes.
Plates were then rinsed to remove loosely adherent cells with PBS and frozen at -80°C
for subsequent analysis with CyQUANT" GR. Studies were run in 10 wells per condition

and repeated three times.

2.4.6  Smooth muscle cell growth on electrospun prTE
Growth curves were constructed for SMCs grown on TCP coverslips as well as Poly-D-
Lysine glass coverslips that were either untreated, coated with prTE, or electrospun with

prTE. Three separate lots of rTE were tested with a sample size of 6 per condition. prTE
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samples were electrospun from 15 wt% rTE solutions onto Poly-D-Lysine coated glass
coverslips and cross-linked. prTE fibers were fluorescently stained with 2.5 pg/mL
Oregon Green® 488-X, succinimidyl ester *6-isomer* (Invitrogen) for 1 hour at room
temperature. Coated prTE coverslips were prepared by adding 0.2 wt% rTE solutions in
HFP onto 12 mm diameter Poly-D-Lysine coverslips. Samples were air-dried, cross-
linked, and soaked in 70% ethanol overnight. prTE samples were rinsed twice for 5 min

with PBS and then incubated for 20 min in media.

SMCs (5x103 cells/cmz) were seeded onto coverslips and evaluated at 1, 2, 3, 5, and 7
days. Media was replaced at each timepoint with 500 uL of a 10% alamarBlue® solution
(Invitrogen) in media and incubated at 37°C for 2 hours. 200 pL of the reduced
alamarBlue® solution was removed from each well and transferred to a 96-well plate for
immediate analysis on a SPECTRAFluor Plus plate reader (TECAN) at an excitation
wavelength of 560 nm and an emission wavelength of 590 nm at 37°C. Any remaining
alamarBlue® solution was aspirated from the wells and 500 puL fresh SMC media was
added to each well. Measurements were normalized to the 24-hour timepoint for each
condition. Doubling times of metabolic activity were calculated as (t, — t;)/ (log(AB
fluorescence at t;) — log(AB fluorescence at t;))*3.32, where t, = 120 hours and t; = 72

hours.

At day 8 a CyQUANT" NF cell proliferation assay (Invitrogen) was performed. Media
was removed from the wells and 500 pL 1X dye binding solution, which consisted of 2

pL of dye reagent per mL of Hank’s balance salt solution (HBSS) buffer, was added to
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each well. The plates were covered and incubated for 1 hour at 37°C. 200 pl of the dye
solution was then transferred to a 96-well plate for immediate analysis on a
SPECTRAFluor Plus plate reader with an excitation wavelength of 485 nm and an
emission wavelength of 535 nm at 37°C. Measurements for each surface were

normalized to the TCP condition.

Cell attachment and spreading were evaluated at 24 and 48 hours post seeding. SMCs
(2x10° cells/cm?) were seeded onto electrospun prTE samples prepared in the same
manner as the growth curves. Cells were fixed at each timepoint with 2.5%
paraformaldehyde for 1 hour at room temperature. SMCs were permeabilized with 0.1%
Triton-X 100 for 5 minutes and subsequently stained with rhodamine phalloidin (1
unit/sample) and 300nM DAPI (Invitrogen) to visualize the cytoskeleton and nuclear
structures. Confocal images were taken with a 63X oil objective on a Zeiss Multiphoton

Confocal microscope using 488, 543, and 780 nm excitation wavelengths.

2.4.7 Statistical analyses

All data are expressed as the mean + standard deviation. Student’s #-test, linear
regression, and one-way ANOVA with Tukey’s post hoc test were used for hypothesis
testing, with p < 0.05 as the measure for statistical significance. The number of

independent tests is listed for each experiment.
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2.5 Results

2.5.1 Morphology and substructure of rTE and prTE fibers

Human tropoelastin was successfully electrospun onto flat collection plates at
concentrations of 9, 15, and 20 wt% rTE (Figure 2.1) to produce fibrous sheets, which
were comparable in structure to extracted porcine elastin (Figure 2.2). The average fiber
diameter was dependent on the rTE concentration (Table 2.1). For each concentration of
'TE, the electrospun fiber diameters were consistent with no statistical differences
between production lots (ANOVA, P=0.16). Extracted porcine carotid elastin had an
average fiber diameter of 870 nm, which was larger and more variable (323 to 1843 nm)
than the electrospun samples. The fiber sizes were significantly different from the native
extracted elastin for the 9 wt% (Tukey, p <0.01) and 15 wt% solutions (Tukey, p <0.01),
but not significantly different from the 20 wt% solution (Tukey, p = 0.32). While the
gross morphology of the 9 and 15 wt% fibers was rounded, many of the rTE fibers spun
from 20 wt% solutions were ribboned and contained voids within their fibers (Figure

2.3).

The pore sizes of the electrospun rTE scaffolds were quantified and compared to native
elastin. The electrospun 15 and 20 wt% rTE had pore sizes of 5.8 = 4.3 um” and 4.9 =
2.4 um?, respectively, which is similar to the native elastin with 3.7 = 1.6 pm* (ANOVA,
Tukey). The 9 wt% rTE had smaller pore sizes, but not significantly different from
native elastin (ANOVA, Tukey). The random orientation of fibers was confirmed for

these electrospun samples (data not shown).
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9 wt% rTE 15 wt% rTE 20 wt% rTE

4 um

Figure 2.1. Comparison of electrospun rTE fibers from 9, 15, and 20 wt% solutions. The
rTE fibers were randomly oriented. Fiber diameters were directly proportional to the
concentration of the rTE solution. The electrospun rTE fibers from 9 and 15 wt% solutions
had only round cross-sections, while isolated electrospun rTE fibers from 20 wt% solutions
had flat cross-sections. SEM micrographs at magnifications of 1000X, 5000X, and 10000X.
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Figure 2.2. SEM micrograph of extracted native elastin from a porcine carotid artery.

Scale bars indicate 10 pm.

Table 2.1: Fiber diameter and pore size for electrospun rTE and extracted porcine

elastin
Material Fiber Diameter = Range of Fiber Pore Size
Ave. = SD n=20 Diameters Ave. = SD n=10
Extracted Porcine Elastin 870 =450 nm 323 - 1843 nm 3.7+ 1.6 um”
9% electrospun rTE 167 = 32 nm* 95 - 214 nm 0.4 +0.1 pm’
15% electrospun rTE (5 522 + 67 nm* 261 - 1174 nm 5.8 4.3 pm’
20% electrospun r'TE 735 =270 nm 336 - 1430 nm 4.9 +2.4 um’

*p<0.01, compared to extract porcine elastin
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Figure 2.3. TEM micrograph of substructure of 15 wt% electrospun rTE fibers. Voids are
visualized within the fibers. Scale bar indicate 500nm. Dr. Jack McCarthy assisted with the
TEM imaging of this material.

The cross-linked 15 wt% prTE had the same fiber structure as the uncross-linked rTE
samples (Figure 2.4). Electrospun fibers that were not cross-linked and rinsed in PBS
dissolved and lost their fiber structure, due to rTE’s solubility in aqueous solutions.
Cross-linking of 9 and 20 wt% rTE electrospun fibers also produced no visible alterations

in fiber structure (data not shown).
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40 um

Uncross-linked Cross-linked

Figure 2.4. SEM micrograph of uncross-linked electrospun rTE (left) and cross-linked
electrospun prTE (right) fibers produced from a 15 wt% rTE solution. No change in fiber
structure was seen using the DSS cross-linker.

2.5.2  Smooth muscle cell adhesion to adsorbed rTE

In the absence of serum, SMC adhesion to adsorbed rTE increased exponentially between
r'TE coating concentrations of 0.05 pg/ml and 50 pg/ml, where the number of adhered
SMCs reached a plateau of 1.7x10" cells. There was no significant difference in the
number of adhered SMCs for rTE coating concentrations between 50 pg/ml and 5000
pg/ml. Thus all subsequent adhesion studies were performed at the 50ug/ml adsorbed

rTE coating concentration.

Adsorbed coatings of rTE, fibronectin, and collagen type I significantly increased SMC
adhesion compared to uncoated tissue culture plastic (Figure 2.5). SMCs adhered to each
of the protein coatings without significant differences between them. EDTA significantly
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reduced SMC adhesion to the adsorbed rTE and fibronectin coated wells, but had no
effect on the collagen coated wells. The pertussis toxin and lactose had no significant

effect on SMC adhesion to any of the tested surfaces.
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Figure 2.5. Characterization of the adhesion of SMCs to adsorbed rTE. SMCs were
allowed to adhere to rTE, fibronectin (Fn), collagen type I (Col), or tissue culture treated
plastic (TCP) in either adhesion media or adhesion media with a blocking reagent: EDTA,
Pertussis toxin, or lactose. EDTA significantly reduced SMC adhesion to the rTE and Fn
coated wells. *p<0.05, compared to the same coating with adhesion media, ANOVA with a
Tukey post-hoc test.

2.5.3  Smooth muscle cell morphology and proliferation on electrospun prTE
SMCs adhered and proliferated on 9, 15 and 20 wt% electrospun prTE. Confocal images
taken at 24 and 48 hours showed cells spreading across the fibrous substrate and forming

multiple attachment points to individual 15 wt% prTE fibers (Figure 2.6). These images
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also indicated an increase in cell concentration between 24 and 48 hours post-seeding.
Confocal images of SMCs on 9 and 20 wt% electrospun prTE confirmed similar

responses in terms of cell attachment and spreading across the range of prTE fiber

diameters (data not shown).

Figure 2.6. Morphology of SMCs seeded onto electrospun 15 wt% prTE for (A) 24 and (B)
48 hours. Confocal images of prTE fibers (green) with actin cytoskeleton-phalloidin (red)
and nuclei (blue) of SMCs. SMC pseudopodia made attachments to individual prTE fibers
(arrows in A), SMC concentrations increased between 24 and 48 hours, and SMCs formed
actin stress fibers (arrows in B). Scale bar indicates 20 pm.

Growth curves were conducted using an alamarBlue® metabolic activity assay. The
smooth muscle cells proliferated and were metabolically active on each of the four
substrates (Figure 2.7). Logarithmic growth occurred between days 3 and 5 with growth
reaching a plateau at day 5. Normalized alamarBlue® fluorescence values for day 5 were
1.82+0.2,1.79+ 0.2, 1.88 £ 0.17, and 1.73 = 0.18 for electrospun prTE, coated prTE,

Poly-D-Lysine glass, and TCP substrates, respectively. Doubling times were determined
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to be 84 = 14, 86 + 3.6, 72 £ 6.9, and 78 + 9.2 hours for electrospun prTE, coated prTE,
Poly-D-Lysine glass, and TCP substrates, respectively. There were no significant

differences in doubling times between substrates (ANOVA).
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Figure 2.7. SMC proliferation on electrospun prTE, coated prTE, Poly-D-Lysine (Lysine D
glass), and tissue culture plastic (TCP) over a 7 day time course. Note: Cell metabolic
activity was quantified using alamarBlue assay and the data normalized to the fluorescence
reading at day 1. Data are the average of 3 lots of rTE solutions.

A CyQUANT® assay was performed to quantify cell number on Day 8. Normalized cell
numbers compared to TCP were 188 + 5.9%, 172 = 11.1%, and 158 + 16.9%, for
electrospun prTE, coated prTE, and Poly-D-Lysine glass, respectively. The cell numbers

on each of the three substrates were significantly higher compared to the number of cells
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on TCP, but no differences were seen between electrospun prTE, coated prTE and Poly-

D-Lysine glass (ANOVA, Tukey post-hoc, p < 0.01).

2.6 Discussion

Electrospinning was selected as the method to construct a reproducible, physiologically
relevant human tropoelastin vascular medial biomaterial. Electrospinning of tropoelastin
produced a vascular medial layer scaffold with highly controllable structural properties
comparable to the native extracellular matrix protein. The fiber and pore sizes of the
prTE electrospun scaffolds were optimized to mimic the structural properties of native
arterial elastin. Cross-linking using DSS enabled stabilization that prevented the fibers
from dissolving in aqueous media without affecting the structural properties of the fiber.
The electrospun prTE scaffolds were capable of supporting vascular SMC growth at rates

comparable to coated-prTE and tissue culture plastic.

Electrospinning has advanced the tissue engineering field and proven to be a valuable
tool to produce biomimetic scaffolds from both biodegradable polymers and natural
proteins. The majority of current research has focused on the use of biodegradable
polymers which lack the relevant cell signaling of natural matrix proteins. Elastin and
collagen have been used to electrospin vascular grafts, yet these matrix proteins are
frequently electrospun from solutions with fully crosslinked polymer fragments or from
solutions containing a mixture of natural and synthetic polymers [57, 125].
Electrospinning of these blended solutions leads to an unknown amount, distribution, and

structure of elastin in the final electrospun material. An alternative approach to
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electrospinning proteins in organic solvents has been the incorporation of synthetic
polymers. Synthetic polymers such as poly(ethylene oxide) (PEO), poly(epsilon-
caprolactone) (PCL), poly(lactic-co-glycolic acid) (PLGA), polydioxanone (PDO) have
been ombined with protein blends (collagen, gelatin, and elastin) to electrospin scaffolds
[116, 117, 125-129]. These scaffolds do not mimic the native arterial structure of
separate elastin and collagen fibers and therefore are unlikely to support vascular cell
functions. Li et al. has electrospun calfskin type I collagen, bovine gelatin, extracted
bovine a-elastin and the first published instance of human tropoelastin in HFP [61]. The
use of the elastin monomer, tropoelastin, provides an opportunity to control material

properties and deliver solely “elastin” fibers by crosslinking the final structure.

Optimizing the structure of the electrospun fibers requires balancing the fiber diameter,
spacing, shape, and orientation. Our 20 wt% rTE fibers had fiber diameters and pore
sizes that matched the diameters of in vivo elastin fibers yet their configuration of
ribboned fibers differed from the cylindrical in vivo fibers. Similarly, using 20 wt%
protein solutions and flow rates that ranged from 1 to 8 mL/hr, electrospun bovine o.-
elastin and human tropoelastin fibers were “ribbon-like” in appearance, with ribbon
widths ranging from 0.6 to 3.6 um and 1.4 to 7.4 um [61]. This ribboning phenomenon
was seen in the larger spun fibers of our electrospun 20 wt% rTE fibers. The ribboning
results as the bulk material and solvent separated during fiber formation [130], followed
by the subsequent collapsing of fibers forming the flattened ribbons. Additionally, the 20
wt% human tropoelastin fibers from Li et al. had average fiber diameters of

approximately 2.2 um [61], which was significantly greater than our average diameter of
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735 nm for a flow rate of 2 mL/hr. This was likely due to differences in their
electrospinning parameters, most notably a lower accelerating voltage of 10 kV vs 18.5
kV and a larger gap distance of 14 cm vs 12.5 cm, as well as the variability induced by
the measurement of the larger dimension (width vs thickness) of the ribboned fiber. Due
to the ribboned-structure in our 20 wt% rTE scaffolds, the 15 wt% rTE solutions were
used for all subsequent studies. Using 15 wt% rTE solutions, we were able to produce

cylindrical prTE fibers (Figure 2.1), a structure similar to native medial elastin structure.

Using monomer protein solutions necessitates the use of cross-linking to stabilize the
electrospun fibers. The monomer tropoelastin is soluble in aqueous solutions and would
therefore lose its macro fiber structure upon introduction to aqueous media. This cross-
linking has a significant effect on the structural properties of the electrospun materials
[131] and can lead to complications of calcification and cytotoxicity. This is the first
reported use of DSS to cross-link tropoelastin electrospun materials. DSS was selected to
cross-link the rTE due to the low reported cytotoxicity of its aqueous equivalent
bis(sulfosuccinimidyl) suberate (BS®) and its ability to react with amine groups on lysine
residues of adjacent molecules to form amide bond cross-links [132-134]. The prTE was
cross-linked with DSS in anhydrous ethyl acetate at a concentration sufficient to attain
100% cross-linking based upon a molecular weight of 62,500 and 35 lysines per
molecule. Monomeric rTE maintains its fiber structure in ethyl acetate giving the DSS
cross-linker time to stabilize or lock the fiber structure in place. Use of high
concentrations of cross-linker can lead to blocking of amine groups resulting in fewer

cross-links being formed. DSS forms an 8-atom bridge (11.4A) between tropoelastin
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monomers to form polytropoelastin, and has proven to be an effective method for cross-
linking rTE electrospun materials. Electrospun tropoelastin alone or elastin with collagen
have previously been cross-linked with glutaraldehyde vapor [120, 125], hexamethylene
diisocyanate (HMDI) [61, 135], or BS® [132, 134, 136]. The glutaraldehyde vapor caused
melting of the collagen/elastin fibers [125] and may lead to calcification of the fibers and
a cytotoxic environment. HMDI binds lysine or hydroxylysine residues and has been
used primarily with collagen biomaterials (eg., Permacol, Covidien). BS® uses the same
mechanism of cross-linking as DSS. Thus DSS, HMDI, and BS® are promising as cross-
linkers of protein monomers but their full biological effects on cell proliferation,
mechanical properties, and host reactions are unknown. The proliferation of SMCs on the
DSS cross-linked prTE supports the cytocompatibility of the DSS crosslinker. The
mechanical properties and host reactions will depend on the concentration of the
electrospinning solution, as well as the configuration of the final biomaterial as a flat or
tubular scaffold. For vascular applications, the appropriate mechanical evaluations (e.g.
burst pressure, compliance) of DSS-cross-linked prTE in the tubular configuration should

be determined.

Support of vascular cell adhesion and growth is required for tissue-engineered scaffolds.
Elastin is an important regulator of SMC phenotype. Karnik et al. demonstrated an
increase in vascular SMC proliferation rates in cells unable to synthesize elastin [97]. Yet
the addition of exogenous tropoelastin to the growth culture recovered normal
proliferation rates, equivalent to wild type cells [97]. It has been suggested that elastin (as

a signaling molecule) activates the G-protein coupled pathway that ultimately leads to
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Rho-induced actin polymerization in vascular smooth muscle cells [137]. Our study,
where pertussis toxin was unable to block adhesion, suggests that the G-protein coupled
pathway does not play a role in the initial cell adhesion to rTE. There have been several
elastin binding proteins (EBP) identified, including a 67-kDA protein that is also
identified as a galactoside-binding lectin [93, 99, 100, 138], a 120-kDa protein
(elastonectin) and a 59-kDa VGV APG-binding protein [102]. These EBPs act as
chaperones during elastin assembly by preventing intracellular aggregation of
tropoelastin as well as protecting tropoelastin and mature elastin from proteolysis. EBP
binds elastin through the VGV APG motif within exon 24 [92] and signaling through this
receptor may influence SMC proliferation and differentiation [137]. Fetal bovine
chondrocyte adhesion was associated with the COOH terminus of tropoelastin and
dependent on glycosaminoglycans, while integrin and EBP inhibitors had no effect on
chondrocyte adhesion and spreading on the COOH terminus of tropoelastin [92]. Thus,
the EBPs do not appear to play a role in cell adhesion to tropoelastin, which was
confirmed in this study with the inability of lactose to block SMC adhesion to rTE. A
direct link between cell adhesion to tropoelastin and the o3 integrin has been
demonstrated with human dermal fibroblasts [139]. Similarly, in this current study the
adsorbed rTE, as well as the adsorbed fibronectin, supported SMC adhesion through
cationic binding, which was blocked by EDTA. This integrin-mediated adhesion is likely
due to a3 integrin interaction with GRKRK motif [139]. Differences in cell binding

mechanisms to tropoelastin are likely due to the utilization of different cell types.
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Coatings of rTE can be used to modify devices such as stents and vascular graft
materials. Optimal cell adhesion occurred on substrates coated with 50 pg/ml or greater
and consequently, this value can be used as the baseline value for designing rTE modified
surfaces. The three-dimensional electrospun prTE supported SMC proliferation
indicating the cytocompatibility of the DSS-cross-linked prTE. SMC metabolic activity
(as indicated by the alamarBlue® assay) on electrospun prTE increased between day 1
and day 7 similar to the activity of SMCs on coated prTE, Poly-D-Lysine, and TCP.
While the alamarBlue® assay does not quantify exact cell numbers, rather cell metabolic
activity, it is correlated to the growth rates of cells in culture. After 8 days of growth, the
cellular DNA content on the electrospun prTE, coated prTE, and Poly-D-Lysine
(CyQUANT® assay) were equivalent and greater than the DNA content on TCP. The
ability of electrospun tropoelastin to support cell growth agrees with the results of Li et
al., who demonstrated human embryonic palatal mesenchymal cell (HEPM) growth on
both electrospun elastin and tropoelastin [61]. Similar to the HEPM cells, SMCs formed
distinct organized cytoskeletal fibers with multiple pseudopodia attachments to the prTE
fibers. Likewise, human dermal fibroblasts attached and proliferated on electrospun
tropoelastin [120]. Though a direct comparison is difficult to make due to differences in
study conditions, our SMC growth data was similar to Karnik’s data for wild-type SMCs,
which demonstrated a 2-fold increase in cell numbers at 72 hours [97]. Modest cell
growth rates, the presence of distinct stress fibers, and multiple attachment points on each
of the three biomaterials of prTE tested suggests that SMCs grown on prTE adopt a
contractile phenotype, which could ultimately provide physiologic vascular compliance

and vasomotor tone. Further investigation into the three-dimensional growth patterns of
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SMC:s on electrospun prTE and their remodeling effect on the protein scaffold in long-

term cultures is warranted.

2.7 Conclusion

An electrospun cross-linked recombinant human tropoelastin vascular scaffold material
has been developed. This novel tissue engineered scaffold has structural properties
similar to native elastin within the medial layers of elastic arteries. The diameter, length,
fiber size, and fiber spacing of the electrospun prTE scaffold were easily manipulated
providing a high degree of control for tissue engineering. The electrospun prTE
biomaterial supported SMC attachment (via an integrin-mediated pathway), spreading,
and growth. A cross-linked stable polymer produced from recombinant human
tropoelastin, which matched the structure of medial elastin, may provide the optimal
environment needed for a functional tissue-engineered scaffold. The development of this
technology provides a tool for tissue engineers, which can ultimately lead to natural

protein-based vascular grafts.

55



Chapter 3: Mechanical Property Characterization of Electrospun

Recombinant Human Tropoelastin for Vascular Graft Biomaterials

Kathryn A. McKenna, Monica T. Hinds, Rebecca C. Sarao, Ping-Cheng Wu, Cheryl L.

Maslen, Robert W. Glanville, Darcie Babcock, and Kenton W. Gregory

3.1 Abstract

The development of vascular grafts has focused on finding a biomaterial that is non-
thrombogenic, minimizes intimal hyperplasia, matches the mechanical properties of
native vessels and allows for regeneration of arterial tissue. In this study, the structural
and mechanical properties and the vascular cell compatibility of electrospun recombinant
human tropoelastin (rTE) were evaluated as a potential vascular graft support matrix.
Disuccinimidyl suberate (DSS) was used to cross-link electrospun rTE fibers to produce a
polymeric recombinant tropoelastin (prTE) matrix that is stable in aqueous environments.
Tubular 1 cm diameter prTE samples were constructed for uniaxial tensile testing and 4
mm small-diameter prTE tubular scaffolds were produced for burst pressure and cell
compatibility evaluations from 15 wt% rTE solutions. Uniaxial tensile tests demonstrated
an average ultimate tensile strength (UTS) of 0.36+£0.05 MPa and elastic moduli of
0.15+0.04 MPa and 0.91+0.16 MPa, which were comparable to extracted native elastin.
Burst pressures of 485 + 25 mmHg were obtained from 4 mm ID scaffolds with 453 + 74
um average wall thickness. prTE supported endothelial cell growth with typical
endothelial cell cobblestone morphology after 48 hours in culture. Cross-linked

electrospun recombinant human tropoelastin has promising properties for utilization as a
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vascular graft biomaterial with customizable dimensions, a compliant matrix, and

vascular cell compatibility.

This work is published by Elsevier
Acta Biomaterialia, Online August 6th 2011
doi:10.1016/j.actbio.2011.08.001

Reprinted with permission

3.2 Chapter Overview

Chapter 2 focused on the structural characteristics of electrospun human recombinant
tropoelastin and its cellular compatibility. Chapter 3 evaluates the mechanical properties
of tubular constructs produced from materials evaluated in Chapter 2. These materials
can be incorporated into vascular graft constructs to provide both the biochemical
signaling of elastin and mechanical compliance. Both compliance and elastin signaling

are critical factors for successful implementation of vascular graft designs.

3.3 Introduction

Heart disease remains the leading cause of death in the Western world with nearly 81
million people affected in the United States in 2006 [140]. Bypass surgery using
autografts of saphenous veins or mammary arteries remains the gold standard treatment
for severe cases, but can be limited by previous vessel harvest or preexisting disease.
Synthetic graft materials, such as expanded poly(tetrafluoroethylene) (ePTFE) and
poly(ethylene terephthalate) (PET or Dacron™), work well for large diameter vessels, but

are not viable options for grafts smaller than six millimeters in diameter [141].
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The failure modes of small diameter vascular grafts have primarily been thrombosis,
aneurysm, and intimal hyperplasia [7]. To address these failure modes many researchers
have studied both synthetic and natural biomaterial scaffolds. Synthetic biomaterials have
controllable physical and mechanical properties that are highly reproducible and are
easily manufactured in large-scale quantities, but many lack the elasticity of native
arteries and biocompatibility for long-term vascular cell functionality. Considerable
efforts have been made to functionalize synthetic surfaces [63, 76]. Natural biomaterial
scaffolds, including well-studied grafts of decellularized blood vessels [6-8], have had
limited success. The decellularized bovine [41] and human [42] blood vessels had
promising 5-year patency rates, yet aneurysm formation due to in vivo degradation
limited their widespread use [42, 43]. Decellularized arteries, from allogenic and
xenogenic sources are attractive scaffolds for tissue-engineered vascular grafts due to
their mechanical and biological properties [44], yet these natural scaffolds are limited by
the lack of precise manufacturing control of the physical and mechanical properties, as
well as problems with inflammation and calcification [142]. To reduce concerns of
inflammation of the allogenic and xenogenic sourced vascular biomaterials, the
biomaterials are frequently cross-linked; yet this has led to problems of limited cell
repopulation and increased stiffness of the biomaterials [143]. While stiffness and
compliance mismatch alone may not lead to vascular graft failure [144-146], graft
compliance has correlated to the formation of intimal hyperplasia and should be
considered in biomaterial scaffold design along with the potential of cellular remodeling
of the graft and cell signaling capability [147-153]. The search for a viable off-the-shelf

small diameter vascular graft that can match an autograft’s performance in terms of
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mechanical properties, cell compatibility, and vascular healing has been the focus of

many research efforts, but has remained an elusive target.

The incorporation of vascular cells with biomaterial scaffolds to produce tissue
engineered grafts have been successful in animal and, recently, human trials [153].
Production of the scaffold by the vascular cells has been accomplished using both in vivo
[154-156] and in vitro [4, 45] methods. The in vivo methods require the graft to be grown
in the recipient’s peritoneal cavity. Recent advancements of this technique include
improved scaffold design to produce multilayered scaffolds and the use of cyclic stretch
to improve the assembly time and organization of the extracellular matrix [4, 45, 154,
157-159]. Yet these in vivo methods require a second surgical site for autologous use.
The in vitro methods of L’Heureux et al., where the tissue-engineered vascular grafts
were produced from autologous cells without a scaffold, have advanced to clinical trails
using an arteriovenous shunt model [155, 156]. These autologous tissue-engineered
grafts have promising results with primary patency rates of 78% at 1 month and 60% at 6
months and the limited failures due to thrombosis, dilation, and aneurysm [4, 45]. The in
vitro cell produced scaffolds are elegant in design, but require lengthy production times

potentially limiting their clinical use.

The use of electrospinning to make biomaterials has the capability of combining natural
proteins with controllable physical and mechanical properties. Electrospinning produces
sub-micron sized fibers from suspensions of monomers or polymers from both natural

proteins and synthetic polymers [4]. Fibers produced from monomer suspensions can
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then be cross-linked to produce stable polymeric structures with customizable dimensions
in terms of fiber diameter and overall graft dimensions. Electrospun fibrous scaffolds
made from biodegradable polymers, such as poly(e-caprolactone) (PCL), polylactic acid
(PLA), polyglycolic acid (PGA), and poly(lactide-co-glycolide) (PLGA) [111, 160-163]
have been proposed for use in bone, cardiac, blood vessel, and wound dressing
applications [46-49]. Several groups have successfully electrospun elastin for use in
tissue-engineered grafts [50-56] and support material for vein grafts [57, 61, 115-119].
Most, however, have used animal sourced elastin that is [164] extracted from already
assembled and cross-linked protein forms. While these forms of elastin may provide the
biochemical signaling of elastin, they remain an animal sourced material with the
associated potential for immuno-rejection leading to structural degradation and ultimate

aneurismal graft failure.

Our aim is to electrospin small diameter vascular grafts containing recombinant human
tropoelastin, the monomer unit of elastin, that when cross-linked mimics native elastin
fibers. Elastin is the principal structural component of elastic arteries responsible for
energy storage and recovery, and contributes to their unique mechanical properties [126,
153, 165, 166]. End stage aneurysm disease and supravalvular aortic stenosis have been
associated with the pathologic loss of elastin or deficiency in elastin expression [112].
Elastin, as a blood-contacting surface on stents and grafts, reduced thrombus adherence
and demonstrated good long-term patency [19-26]. Establishing an elastic fiber structure
in a vascular scaffold that is similar to the arterial wall has been well recognized, as the

depletion or loss of elastin has been correlated to both aneurysmal progression and severe
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smooth muscle cell hyperplasia in both animals and humans.[97, 167]. Thus, elastin is a
promising, and perhaps necessary, component in vascular graft development [19, 22, 23,
25, 97, 168-170]. Recent work has examined a class of elastin-like recombinant polymers
with self-assembly properties and cross-link sites designed into the peptide sequence
[113, 114]. The elastin-like polymer has been used to produce organized multilayer
collagen reinforced vascular grafts and abdominal wall repair tissue constructs with
customizable mechanical properties, which make this technology promising for many
soft tissue applications [171]. Our use of electrospinning will enable the customization of
the dimensions and mechanical properties for the vascular graft biomaterial, and the use

of tropoelastin may impart critical cell signaling to the biomaterial.

3.4 Materials and Methods

3.4.1 Materials

Human tropoelastin was optimized and expressed from a synthetic gene codon in gram
quantities in a 10-liter £.coli fermentation system. Gel electrophoresis determined that
the purification procedure resulted in a greater than 99% pure product (Figure 3.1) as
well as low endotoxin levels with an average of 0.2 EU/mg (1 EU = 100 pg of endotoxin)
as determined by the Kinetic-QCL Assay (Cambrex). All chemical reagents were

acquired from Sigma-Aldrich unless otherwise noted.
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Figure 3.1. Stained electrophoresis gel showing purified human tropoelastin from 7
different batches (lanes 1-3 and 5-8) illustrating the purity of the product and
reproducibility of the purification process. Lane 4 is a molecular weight standard.This gel
was provided by Dr. Robert Glanville at the Oregon Medical Laser Center.

The purified human tropoelastin protein includes all of the functional exons with the

exception of exons 1, 22, and 26A (Figure 3.2). Exon 1 contains the signal sequence,
while hydrophobic exon 22, and hydrophilic exon 26A are rarely expressed in mature
elastin. The resultant tropoelastin exon structure used is the same as a natural isoform

produced by normal human fetal heart cells.
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Figure 3.2. Diagramatic representation of human tropoelastin protein domains. The
number of the corresponding exons and the sizes of the domains are shown. The exon
numbering system is based upon the bovine elastin gene sequence. The human gene has no
exons 34 and 35, while exon 26A is rarely expressed in human tropoelastin. Cross-linking
domains are shaded black and hydrophobic domains are white. This structure was
identified and produced by Dr. Cheryl Maslen, Dr. Robert Glanville, Darcie Babcock and
the Oregon Medical Laser Center research team.

Extracted porcine elastin was isolated as previously described [172, 173]. Briefly, porcine
carotid arteries were obtained from domestic swine of 250 1b and 6—9 months of age
(Animal Technologies, Tyler, TX) to size match the diameters. The arteries were shipped
overnight in phosphate-buffered saline (PBS) on ice. The gross fat was dissected away
and, using aseptic techniques, the arteries were placed in 80% ethanol for a minimum of
72 h at 4°C and subsequently treated with 0.25M NaOH for 70 min with sonication at
60°C, followed by two 30-min, 4°C washes in 0.05M HEPES (pH 7.4). The extracted
elastin tubular conduits were then autoclaved at 121°C for 15 min and stored at 4°C in

0.05M HEPES buffer.

3.4.2 Electrospinning of rTE

Tropoelastin solutions of 15 wt% rTE in 1,1,1,3,3,3-hexafluro-2-propanol (HFP) were
prepared and loaded into 2 or 5 mL glass syringes depending on the volume needed for
each application. 18-gage stainless steel blunt tip needles were connected to the syringes

and electrically coupled to a high voltage power supply (Glassman High Voltage, Inc.,
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High Bridge NJ). A gap distance of 12.5 cm was set from the end of the needle to the
center of the collection device. A syringe pump (Harvard Apparatus) was used to advance
the protein solution at 2 mL/hr to refresh the solution at the tip of the syringe needle.
Fibers were spun onto mandrels of either 1 cm diameter copper tubes for mechanical
testing or 4 mm diameter stainless steel rods for small diameter graft production.
Mandrels were connected to ground to complete the circuit. The collection system was
set to rotate at 4400 rpm and translate longitudinally 6-8 cm with a rate of 8 cm/sec
driven by a custom-built device with separate drives for longitudinal and rotational
control. The solution was charged to an 18.5 kV excitation potential. All electrospinning

was conducted within a chemical fume hood.

3.4.3 Cross-linking of Electrospun rTE

Disuccinimidyl suberate, DSS, (Pierce Biotechnology-Thermo Fisher Scientific Inc.), an
organic amide bond cross-linker, was used to link electrospun rTE monomers to produce
polymeric tropoelastin, prTE. Cross-linking was performed in a two-stage process. The
electrospun r'TE samples were incubated for 4 hours in DSS suspended in 50 mL
anhydrous ethyl acetate, at a ratio of 0.072 mg of DSS per mg of rTE protein at room
temperature in glass tubes. A second incubation occurred for 12-18 hours at a
concentration of 0.108 mg of DSS per mg of rTE protein at room temperature. prTE
samples were then rinsed in anhydrous ethyl acetate for 5 minutes with a second 5 minute
rinse in 70% ethanol and a final 10 minute rinse in DI water. Final products were stored

in 70% ethanol.
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3.4.4 FElectrospun rTE Fiber Characterization

The tubular scaffolds electrospun from 15 wt% prTE were analyzed with electron
microscopy to determine fiber diameters and evaluate the degree of fiber orientation and
consistency through the thickness of the graft. Electrospun prTE samples were mounted
onto scanning electron microscopy (SEM) stubs and sputter-coated with 250 A of
gold/palladium. Micrographs were taken at magnifications from 3000 to 5000X and
viewed at 5 kV on an FEI Sirion XL30 SEM. Image analysis of fibers was done with a
custom MATLAB® program (MathWorks®) using a Laplacian edge detection algorithm
followed by a Radon transform to determine the probability distribution of fiber

orientation angles relative to horizontal.

3.4.5 Mechanical Properties of prTE

The mechanical properties of electrospun prTE samples were compared to extracted
porcine elastin and native porcine carotid arteries. All uniaxial tensile tests were
conducted on dogbone shaped specimens with a gage length of 10 mm and 4 mm grip
ends. The tubular 1 cm diameter prTE samples were opened longitudinally, laid flat, and
cut with a dye cutter. Four circumferential and four longitudinal sections were cut from
each of the three electrospun samples. Eight longitudinal and eight circumferential
samples were tested for native carotid arteries and extracted elastin conduits. All
specimens were rehydrated in PBS for at least 15 minutes prior to testing. The thickness,
width, and gage length were recorded. The samples were mounted on custom tensile
grips on a Chatillon Vitrodyne V1000 system with a 500 gram load cell or on a MTS 858

Mini Bionix II mechanical tester with a 5 Ib load cell using spring action grips. All
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dogbone prTE samples were tested in tension at room temperature with a crosshead speed
of 2 mm/sec until failure. Force and displacement measurements were acquired at 0.1 sec
intervals. Engineering stress (force/cross-sectional area, F/A.) and strain (change in
length/original length, AL/L,) were calculated and plotted. Linear regression of the slope
in the stress-strain plots was used to calculate the elastic modulus (stress/strain, o/¢).
Elastic modulus 1 was measured between 10 and 30% strain, while elastic modulus 2 was
measured between the maximum strain minus 20% and the maximum strain with linear
curve fits to these regions of the stress strain curve. Peak stress (MPa) and strain (%)
were taken as ultimate tensile strength (UTS) and percent elongation (ultimate strain).
Compliance measurements were calculated using the stress and strain data between 50
and 100 kPA. Calculated values were based on the ANSI/ISO 7148 standard for
“Cardiovascular implants — tubular vascular prostheses” [167]. Radius values at these
stress values were calculated using a thin-walled cylinder approximation relating pressure
to stress scaled by wall thickness and initial radius (Equation 3.1). Compliance was
measured as the change in radius relative to the initial radius over the change in pressure

or stress at 100 kPA and 50 kPa for each material (Equation 3.2).

Equation 3.1:

Jocompliance R,
100mmHg P, -P,
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Where o, = circumferential Cauchy stress, P = pressure, t = wall thickness, r = radius, R,

= radius at P,, and R, =radius at P;.

3.4.6 Burst Pressure of prTE Scaffolds

Three 4 mm inner diameter, 5 cm long electrospun prTE scaffolds were fabricated for
burst pressure analysis. Scaffolds of rTE were electrospun, cross-linked and stored in
70% ethanol prior to analysis. Wall thickness was measured using handheld digital
micrometers and recorded. Scaffolds were cannulated onto barbed nylon connectors and
secured using cotton umbilical tape. Samples were rehydrated in PBS for at least 30
minutes prior to testing. The ends of the scaffolds were fixed in position under zero
longitudinal strain/load and saline was subsequently infused at a rate of 100 mL/min until
failure occurred. The pressure (mmHg) was continuously monitored by an inline pressure
transducer (Cole Parmer) and recorded with a custom built LabVIEW (National

Instruments) data acquisition program.

3.4.7 Endothelial Cell Growth on prTE Scaffolds

Porcine bone marrow derived endothelial outgrowth cells (BMEOCs) were isolated and
used to assess the growth of vascular cells on the lumenal surface of electrospun prTE
vascular grafts. Porcine bone marrow mononuclear cells were collected and separated as
previously reported [174]. Isolated cells were differentiated into BMEOCs in endothelial
cell growth media (EGM2) at 37°C and 5% CO; in a tissue culture incubator. BMEOCs

were passaged and maintained in endothelial cell growth media (EGM2) using standard
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techniques. BMEOCs were stained with endothelial cell specific von Wildebrand factor

(VWF, DAKO).

Tubular prTE grafts were rehydrated in growth media for 1 hour. Vessels were inoculated
with BMEOCs (5 x 10’ cells/cm?) and held at 90 mmHg for 1 hour. Grafts were then
maintained in a cell culture incubator for 48 hours in standard conditions. Grafts were
fixed with 2.5% paraformaldehyde at 48 hours and evaluated for cell engraftment with
DAPI nuclear stain and rhodamine phalloidin f-actin stain. Confocal images were taken
with a 63X oil objective on a Zeiss Multiphoton Confocal microscope using 543 and 780

nm excitation wavelengths.

3.4.8 Statistical analyses

All data are expressed as the mean + standard deviation. Student’s #-test, linear
regression, and one-way ANOVA with Tukey post hoc tests were used for hypothesis
testing, with p < 0.05 as the measure for statistical significance. The number of

independent tests is listed for each experiment.

3.5 Results and Discussion

Electrospinning has proven to be a valuable tool to produce biomimetic scaffolds for use
in tissue engineering. Electrospun vascular graft materials have included natural proteins,
such as collagen and elastin, and biodegradable polymers either as stand alone materials
or as blends with other polymers or natural proteins [175]. The number of materials used

for electrospinning is increasing as well as the design complexity with multilayered
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constructs [126, 162, 176] and materials with tunable mechanical properties [155, 172,
173, 177, 178]. Elastin is emerging as an important component of vascular graft
development with our increased understanding that synthetic polymers alone pose
problems with compliance mismatch and foreign body response [173, 178, 179]. Elastin
has unique properties making it a natural choice as a component in vascular scaffold
biomaterials that require long-term durability, antithrombogenic properties, and elasticity.
Elastin is highly insoluble with a half life of greater than 70 years; it modulates cell
function reducing the thrombogenic potential of the surface; and it is highly elastic thus
adding compliance to the structure of the biomaterial [126]. Electrospinning of
tropoelastin into a biomaterial was first reported in 2005 [180]. Widespread use of
tropoelastin for biomaterial development has been limited by the availability of
monomeric tropoelastin. Since 2005, the use of tropoelastin has increased and has been
incorporated into additional vascular graft scaffolds [61] and coatings on stent struts
[178, 180]. The current work describes methods of electrospinning recombinant human
tropoelastin into tubular grafts, cross-linking the material into a stable polymer, and

characterizing its structural, mechanical, and cell compatibility properties.

3.5.1 Morphology and Substructure of prTE Fibers

To produce purely electrospun prTE tubular scaffolds, 15 wt% solutions of rTE were
electrospun onto rotating mandrels and cross-linked. Conduits were 4-10 cm in length, 4
mm in diameter, with wall thicknesses of 0.43-0.65 mm (Figure 3.3A). The wall
thickness was dependent on the volume of the rTE solution used. The prTE fibers were

randomly oriented as determined using image analysis to calculate the probability
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distribution function of fiber orientation angles relative to horizontal (Figure 3.4). The
average fiber diameters (580 + 94 nm) and fiber structure (Figure 3.3B) of the
electrospun protein was maintained throughout the thickness of the graft (data not

shown).
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Figure 3.3. Electrospun tubular prTE vascular scaffold. (A) The vascular scaffold was 7 cm
in length, 4 mm internal diameter, and consisted of pure prTE fibers. (B) The prTE fibers
were randomly oriented with average fiber diameters of 580 + 94 nm. The scale bar
indicates 5 pm.
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Normalized Probability Distribution of Fiber Orientation Relative to Horizontal
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Figure 3.4. MATLAB image analysis of fiber orientation. (A) Image of electrospun prTE
fibers (B) Normalized probability distribution function plotted as probability of the feature
orientation versus angle. Fibers were randomly oriented in these samples.Dr. Sean
Kirkpaterick wrote the original MATLAB code that was modified for this analysis.

3.5.2 Mechanical Properties of prTE

Uni-axial tensile testing of prTE samples from 15 wt% rTE produced stress-strain curves
(Figure 3.5) for both the longitudinal and circumferential sample orientations. The curves
were similar for the two orientations showing a bimodal stress-strain relationship in
which the modulus was dependent on the percent strain. The transition in moduli values
occurred between 40 and 50% strain. The only mechanical property that was significantly
different between the longitudinal and circumferential orientations of electrospun prTE
was the elastic modulus 2 (t-test, p < 0.01). The remaining mechanical properties (UTS,
% elongation, and elastic modulus 1) were not significantly different (t-test, p > 0.05)
between the two orientations (Figure 3.6). Combining electrospun prTE’s longitudinal

and circumferential orientations measurements, the average UTS, elastic modulus 1 and
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percent elongation were 0.36 = 0.05 MPa, 0.15 + 0.04 MPa, and 77 + 5%, respectively.
Elastic modulus 2 values were not combined because they were significantly different

between orientations.
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Figure 3.5. Average stress-strain curves for electrospun prTE fibers from a 15 wt%
solution for both circumferential and longitudinal orientations (average with 95%
confidence interval). The only significant difference in mechanical properties was in the
elastic modulus 2 of the tested orientations. Mechanical data was obtained with the excellent
technical assistance of Ping Cheng Wu at the Oregon Medical Laser Center.

Ultimate tensile strength (UTS), percent elongation, and elastic moduli for electrospun
prTE were compared to extracted porcine elastin and native porcine carotid arteries for
the longitudinal (L) and circumferential (C) orientations (Figure 3.6). The electrospun
prTE samples had UTS values of 0.34 + 0.14 MPa (C) and 0.38 + 0.05 MPa (L). The

UTS values for the electrospun prTE were comparable to extracted porcine elastin in the
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longitudinal direction, yet significantly different to circumferential extracted elastin and
both native carotid artery specimens (ANOVA, Tukey post hoc, p < 0.05). The percent
elongation at failure of the electrospun prTE was 79 + 6% (C) and 75 £+ 5% (L), which
was significantly lower than the control materials in both orientations (ANOVA, Tukey
post hoc, p <0.01). The average elastic moduli of electrospun prTE were 0.15 £ 0.05
MPa (C) and 0.15 £ 0.03 MPa (L) for elastic modulus 1 and 0.82 £ 0.11 MPa, (C) and
0.99 + 0.17 MPa (L) for elastic modulus 2 which were comparable to extracted elastin in
the longitudinal direction for elastic modulus 1 and in both orientations for elastic
modulus 2. Both prTE elastic moduli were significantly different from the native carotid

materials (ANOVA, Tukey post hoc, p <0.05)
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Figure 3.6. Mechanical properties of the electrospun prTE scaffolds. (Top) Representative
stress-strain curves of electrospun prTE, extracted porcine elastin, and native porcine
carotid arteries. (Bottom) Table of mechanical properties including ultimate tensile
strength (UTS), percent elongation at failure, and elastic moduli of electrospun prTE
compared to extracted porcine elastin and native porcine carotid arteries. The UTS and
elastic moduli of electrospun prTE were not significantly different from the extracted
elastin in the longitudinal direction. Note: “indicates no significant difference (ANOVA,
Tukey post hoc, p > 0.05), compared to electrospun prTE in the same orientation, *indicates
a significant difference (ANOVA, Tukey post hoc, p < 0.05) for comparisons to electrospun
prTE in the same orientation, and **indicates p < 0.01, t-test. Mechanical data was
conducted with the excellent technical assistance of Ping Cheng Wu at the Oregon Medical
Laser Center.
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Average compliance values for electrospun prTE, extracted elastin, and native carotid
arteries were 20.2 = 2.6, 32.0 = 3.1 and 3.4 = 0.5 % respectively, which were all
significantly different (ANOVA, Tukey post hoc, p < 0.01). Extracted elastin lacks
collagen and therefore is expected to have greater compliance. The compliance of
electrospun prTE fell between extracted elastin and native carotid arteries. This allows
for the addition of stiffer materials, such as collagen, to the biomaterial to both strengthen

the vessel in terms of UTS while maintaining compliance equivalent to native vessels.

The mechanical properties of electrospun proteins are dependent on the specific proteins
selected, the protein concentration, electrospinning parameters, cross-linkers, and fiber
orientation [181]. The mechanical properties of the circumferential and longitudinal
orientations of the prTE materials were similar, where the only measured significant
difference was in the elastic modulus 2 of electrospun prTE. UTS values of prTE
electrospun materials were between the values of native extracted elastin in the
longitudinal and circumferential directions and were much lower than the native carotid
artery [58, 60, 61, 176, 182]. These results were expected due to the random (non-
oriented) nature of the electrospun prTE fibers compared with the oriented fibers of
native elastin [183-188], and due to the presence of collagen in the native matrix.
Additionally, the elastic modulus 1 of electrospun prTE, measured on the initial linear
slope of the stress-strain curve, were comparable to the extracted elastin. Native elastic
fibers (composed of elastin and fibrillin-1) contribute significantly to the material

properties of native elastic arteries [189] in this initial linear slope region of the stress-
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strain curve. Native arteries are true composites of matrix proteins and the transition in
elastic modulus is primarily due to elastin and collagen’s unique mechanical
contributions working in concert. Therefore, the incorporation of prTE into a collagen
scaffold is likely to increase the compliance of the vascular graft. The material properties
of the electrospun prTE biomaterials were significantly different from the electrospun
human tropoelastin by Li et al. [190]. The prTE had lower average UTS (0.36 MPa vs. 13
MPa) and average elastic moduli (0.15 MPa (elastic modulus 1) and 0.91 MPa (elastic
modulus 2) vs. 289 MPa), yet a higher average percent elongation at failure (77% vs.
15%). It should be noted that only a single mechanical test was reported for Li’s
electrospun tropoelastin due to limited availability of protein [61]. The prTE materials
were more elastic with a lower failure stress than Li’s previously reported electrospun
tropoelastin [61]. These disparities could be due to significant differences in
electrospinning methods, testing methods, and cross-linking strategies. Our
electrospinning parameters differ from Li et al., in several ways, including lower
concentration of tropoelastin, higher accelerating voltage, and a smaller gap distance,
which resulted in smaller and cylindrically-shaped fibers [61] for our prTE. The
mechanical property evaluation by Li et al. utilized a unique testing system designed to
evaluate textiles, which included the measured material weight to calculate stress. This
measurement can be variable due to differences in the hydration of the tropoelastin. Our
engineering stress calculations were based on the measured initial cross-sectional area.
Additionally, to crosslink the tropoelastin Li et al. used hexamethylene diisocyanate
(HMDI), which binds lysine or hydroxylysine residues, but may also react with

nucleophilic functional groups such as amines, alcohols, and protonated acids. HMDI has
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been shown to react with side chains of lysine, cysteine, histidine and tyrosine and may
as well react to arginine, and aspartic acid. Nonspecific binding of residues by HMDI
may affect the functionality and water content [191], thus altering the mechanical
properties of cross-linked tropoelastin. DSS in comparison is specific to amines on lysine
residues with an 8 atom bridge resulting in a 11.4 Angstrom crosslink arm. The
specificity of DSS to lysine [192] leaves the cell binding domains available on the

molecule as well as results in improved consistency of mechanical properties.

The mechanical properties were comparable to extracted elastin scaffolds, but still lack
the tensile strength to support in vivo arterial pressures. For vascular graft applications,
the tensile strengths of the prTE scaffolds must be further increased by reinforcement or

co-spinning with either collagen or synthetic materials.

3.5.3 Burst Pressure of prTE Scaffolds

The electrospun prTE tubular scaffolds (n=3) had an average wall thickness of 453 + 74
um and an average burst pressure of 485 + 25 mmHg. Scaffolds increased in size both
longitudinally and circumferentially throughout the burst pressure test and test samples
failed longitudinally in all cases. Saphenous vein and internal mammary artery grafts, the
gold standard treatments, have reported burst pressures of 1599 + 877 and 3196 + 1264
mmHg, respectively [193]. Extracted porcine carotid elastin has a reported burst pressure
of 162 £ 36 mmHg [194], which is significantly lower than the electrospun prTE,
however, the UTS measurements were comparable between our electrospun and

extracted elastin samples. Burst pressure differences could be due simply to differences
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in wall thickness or a more complex mechanism involving variations in fiber architecture,
which would lead to altered loading on individual fibers during biaxial deformation of the
matrix. While an average burst pressure of 485 mmHg for our electrospun graft is
sufficient for initial in vivo testing of host response, higher failure pressures of at least
1500 mmHg would need to be achieved to give an ample safety factor (>10) for its

widespread clinical use.

3.5.4 Endothelial Cell Growth on prTE Scaffolds

Organic solvents, such as HFP, facilitate the electrospinning of pure protein solutions,
due to improved protein solubility and solvent volatility. HFP has been shown to affect
the conformation of electrospun collagen [167], which could have a drastic effect on its
stability and mechanical properties. Tropoelastin is unlikely to be affected, as it is a
single chain molecule that easily regains its secondary structure on removal of
denaturants. The similarity in mechanical properties of prTE and extracted native elastin
indicate minimal conformational changes in the prTE. The cytotoxic effects of HFP must
be considered in construct design. HFP at concentrations above 250 ppm is toxic to cells
[195]. The residual solvent HFP can be present in electrospun materials, but is likely
removed through post processing (heat/vacuum treatments) of the material [196]. Our
electrospun materials have been shown to support vascular cell growth [196], thus
indicating low residual solvent levels, but a full evaluation of residual HFP should be

conducted prior to conducting in vivo implant studies.
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Bone marrow derived endothelial outgrowth cells (BMEOCs) attached, spread, and grew
on the 15 wt% prTE tubular scaffolds. BMEOCsS stained positive for vWF indicating an
endothelial cell population (Figure 3.7A & B). Confocal images taken at 48 hours
showed cells well attached and spread on the electrospun fiber matrix. Cells formed a
confluent monolayer with typical endothelial cell cobblestone morphology (Figure 3.7C).
This supports the hypothesis that prTE is a cell compatible matrix for both endothelial
cells as well as, previously reported, smooth muscle cells [191], which demonstrated
positive SMC growth and proliferation on prTE over a week with logarithmic cell growth

between 3 and 5 days via integrin mediated binding mechanisms.

—
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Figure 3.7. (A) BMEOC: stained for vWF (red) with a DAPI (blue) nuclear stain. (B)
Control for vWF stain with the DAPI nuclear stain. (C) Endothelial cell monolayer on 15
wt% prTE after 48 hours in culture. Nuclei are stained with DAPI and the cytoskeleton (f-
actin) is stained with rhodamine phalloidin (red). BMEOC:s attached and spread on the
prTE scaffold.
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3.6 Conclusions

An electrospun tubular vascular scaffold material has been developed, composed of
cross-linked recombinant human tropoelastin, which has physical and mechanical
properties similar to extracted arterial elastin. The graft architecture, i.e. length and
diameter, of the prTE scaffold can be precisely designed and controlled. A cross-linked
stable polymer assembled from recombinant human tropoelastin provides both the
compliance and support of endothelial cell adhesion for a component of a vascular graft
biomaterial. While the mechanical strength of the prTE scaffolds are insufficient for
implantation alone, the relatively lower compliance compared to native arteries will allow
for the addition of stronger, but stiffer biomaterials. This technology holds great promise

for incorporation in small diameter vascular graft biomaterials.
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Chapter 4: Burst Pressure Based Analysis Method for Tissue
Engineered Vascular Constructs: A Constitutive Model

Development

Kathryn A. McKenna, Samuel Jensen-Segal, Sean J. Kirkpatrick, Monica T. Hinds,

Kenton W. Gregory

4.1 Abstract

This work focuses on the development of a method to derive two-dimensional
constitutive equations for vascular biomaterial tubular constructs. The testing method is
modified from standard burst testing systems and can be affordably implemented by most
laboratories not equipped with biaxial testing systems. The vascular constructs are
modeled as cylindrical tubes and can be tested in their tubular form, which ultimately
simplifies analysis by maintaining a physiologically relevant coordinate system. Strain
energy density functions are developed via this testing scheme. The proposed model was
verified by testing extracted elastin tubular constructs using this system to define a strain
energy density function for this material. The strain energy function for extracted elastin

was derived and took the form:

oW = AE,,’ + BE,,E_+CE_’ +DE,,’ + EE,,’E__ + FE, E_’ + GE_’ where A=1.92¢5,

B=1.43e6, C=4.73¢e6, D=-1.38¢5, E=-2.77¢7, F=1.12¢7, and G=-2.77¢7.
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Ultimately, the proposed method could be used as a tool for evaluating a myriad of
vascular graft designs, thus, giving researchers an additional method for making

comparisons between biomaterial designs.

4.2 Chapter Overview

In Chapters 2 and 3, novel biomaterials were developed and characterized for their
structural, cell compatibility, and mechanical properties. This chapter describes a method
for evaluating the biaxial mechanical properties of vascular graft materials that can be
applied to the materials developed in Chapters 2 and 3. This model provides a method
for developing strain energy density functions for tubular biomaterials tested in their final
configuration with a modified burst pressure system. This can be particularly valuable
when there is a limited supply of a biomaterial, because multiple mechanical properties

can be assessed for each test sample.

4.3 Introduction

The development of vascular grafts is a major focus area for many research groups [4, 41,
42, 53,55, 117, 119, 191, 197, 198]. As more of these grafts are developed they are
getting more sophisticated in their design with sometimes only subtle differences
between them. An additional tool for analyzing their mechanical properties can be
instituted to enable meaningful comparisons between constructs. This paper will propose
and outline a protocol for testing and subsequent analysis by which other vascular grafts

can be evaluated.
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This is not a simple proposition when the complexity and variability of the types of
constructs in development are considered. Constructs take many forms such as
amorphous collagen gels, fibrous protein conformations with highly variable fiber
orientations, and multi-layered composite materials [197, 199-204]. These are also
formed from naturally occurring proteins such as elastin, collagen [57, 113, 115, 116,
125, 205], and proteoglycans, as well as synthetic materials such as Dacron and Gore-Tex
[206, 207]. Both the natural and synthetic materials vary greatly in their physical
composition. They vary in their dimensions, radius and thickness, as well as their
physical properties, such as mechanical properties, porosity and permeability. This
proposed unification of testing schemes is reasonable, because the final proposed use and
configuration, i.e. tubes, is consent between constructs. Though they vary in their
specific dimensions, they can all be modeled as cylinders. The final unifying parameter

is that all of these constructs follow and can be analyzed via Newtonian mechanics.

Raymond Vito and Michael Sacks have outlined the importance of and considerations
required for blood vessel constitutive equations and multiaxial mechanical behavior of
biological materials in their review articles, respectively [208, 209]. Vito summarizes
model assumptions and derivations required for blood vessel modeling. These factors
must be considered in this development. First, the issue heterogeneity vs homogeneity
must be determined. Most vascular grafts are heterogeneous. The walls are comprised of
combinations of cells, elastin, and collagen. The distribution and orientation of the vessel
components changes through the thickness of the wall. It is known that the orientation of

the protein fibers are also load dependent. Though this is true, the following model will
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be considered homogeneous. This implies that the macroscopic response is described by
locally averaging properties. The second consideration is the incompressibility of the
material. This assumption requires that the wall volume of the material is conserved
during deformation. This assumption is reasonable due to the large percent of water in
the materials, which remains incompressible within the loading ranges. The consequence
of this assumption is that the determinant of the deformation vector F is equal to 1. The
deformation vector is defined in Equation 4.1 and the affect on the stretch ratios is given
in Equation 4.2 where x is the reference state and X is the deformed state for a generic
coordinate system. Direct tensor notation will be used in this text. Bold characters
indicate vectors and normal text refers to scalars.

Equation 4.1: Deformation vector

(9%, 4y x|

lox, ox, ox, |
polfe o o |
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Equation 4.2: Stretch Ratio for an incompressible material
AAA =1

Uniaxial mechanical testing is important in analyzing the material properties of a
homogeneous material but can be limiting when bulk fiber orientation is complex and
uncharacterized. Uniaxial testing does not account for the contribution of deformation
changes in the untested orientations on the derived material properties. The tissue being

tested is a three-dimensional body and should be tested as such. Biaxial testing solves
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many of these problems by accounting for the stress/strain state in two loading
orientations, but many labs developing tissue constructs are not equipped to run biaxial
tests. Labs that are equipped with biaxial testers are still faced with challenging issues
involved with determining fiber orientation and an appropriate coordinate system
orientation. Therefore, a readily actualizable testing scheme can be considered.

Burst pressure testing is a standard method implemented to evaluate vascular constructs.
This is a powerful and simple testing approach providing the ultimate failure stress of the
construct. These data can be used for comparing designs to each other and to native
arteries. However, most researchers simply report the final burst pressure value in
mmHg and forgo thorough stress tensor analysis. This makes analysis of and
comparisons between construct materials impossible. The thickness of the material has a
direct affect on burst pressure and is usually reported, but the circumferential dimensional
changes are usually not tracked which is necessary for tracking and defining the stress

state of the material.

Failure stress or burst pressure is not the only parameter of interest when evaluating
vascular grafts. It has been postulated that matching the elastic modulus of the material
to that of the native modulus leads to the ultimate success or failure of a graft [147, 152,
210]. The elastic modulus is not evaluated with standard burst pressure methods. A
standard burst pressure test is performed by occluding one end of the vessel and rapidly
increasing internal pressure of the vessel with compressed gas or liquid from the open
end while measuring internal pressure until failure. The loading rates are normally not

accounted for nor are the changes in the vessel’s dimensions. Burst testing is valuable
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and gives researches a tool for determining maximum failure pressures, but further
testing analysis should be implemented to derive constitutive equations and consequently

the two-dimensional material properties of construct designs.

A simple modification of a burst pressure testing system can be made to account for both
loading rates and dimensional changes. These methods will be explored along with the
appropriate analysis techniques in this paper. This apparatus can be used in both simple

loading and dynamic modes.

4.4 Methods

Graft constructs are modeled as cylinders in this analysis. A cylindrical coordinates
system will be used in the vessel testing analysis. The cylindrical coordinate system is
defined in terms of z, 6, and r, correlating to the longitudinal, circumferential and radial

directions respectively (Figure 4.1).

Figure 4.1. Graphical representation of the coordinate system used for this model. A
cylindrical coordinate system was used. r is the radius, z is the axial or longitudinal
displacement along the length, t is the wall thickness, and 0 is the circumferential
orientation of the cylinder.
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4.4.1 Model Development

The vascular graft can be modeled as a membrane, which can be considered a two
dimensional continuum. The cylindrical polar coordinate system can be seen in Figure
4.1. Axes are defined as r, 0, and z relating to the radial, circumferential and
longitudinal/axial directions respectively. The stretch ratios for the circumferential and
longitudinal directions are defined by Equation 4.3 and Equation 4.4, respectively. The
stretch ratios (A;) are defined in terms of the initial dimensions. Thus, careful
measurements are required of the initial dimensions. L, and r;, longitudinal length and
inner radius, are measured test variables. The following model was developed based on

Fung’s treatment of constitutive modeling of pseudo-elastic materials [211].

Equation 4.3: Longitudinal Stretch Ratio

Equation 4.4: Circumferential Stretch Ratio

r.
1
A, =+
7.

io

Stains are derived in terms of Green’s Strain (E;j) and are defined by Equation 4.5 and

Equation 4.6.
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Equation 4.5: Longitudinal Green’s Strain

1
E_=—(A -1
2z 2( Z )

Equation 4.6: Circumferential Green’s Strain

1
Eee = 5(?@ -1

Strain values are calculated from dimensional measurements taken during the test.
Kirchhoff stresses are conjugate to Green strains and can therefore be used to develop the
constitutive model formulation. The strain energy density function is defined in Equation
4.7. A polynomial function was chosen for this model, but an exponential function
defined in Equation 4.8 can also be chosen due to the large strain/stress values applied to
the vascular graft while taking it to failure. The tissue or material type will be the
ultimate determining factor when determining the most appropriate curve fit. This is
simply an example of one possible fitting regimen. A nonlinear least squares fitting
algorithm such as a modified Marquarts’s algorithm should be used to attain the strain

energy density function constants [212].

Equation 4.7: Longitudinal Strain Energy Density Function
oW =AE,’ +BE,E_+CE_+DE,’ + EE,,’E_+ FE,,E_.’ +GE_’

Z

Equation 4.8: Expontential Strain Energy Density Function

c 0
= =(%-1
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The equation used for will vary with different materials. The value of the constants relate
to the elastic modulus of the material. The tissue/material of interest will dictate the most
appropriate form of the function. The value of C in the exponential function is a constant
and relates to the elastic modulus of the material. Q is a function that is specific to the

material of interest. One proposed form for Q is given in Equation 4.9.

Equation 4.9: Material Function

2 2
O=aEw+a,E°+2a,E E

The stress tensors can now easily be derived from the strain energy density function and
the strain values for the graft material. Kirchhoff stresses (S;) are used in this model.

PoW is the strain energy density function and are given in Equations 4.10 and 4.11.

Equation 4.10: Circumferential Kirchhoff Stress

o, W)

S,
06 O,

Equation 4.11: Longitudinal Kirchhoff Stress

_ W)
S

2z

Kirchhoff stresses can be derived from the Cauchy stresses. The equation forms are
given in Equation 4.12 and Equation 4.13. Circumferential (0,) and longitudinal stresses

(04,) are considered to be uniformly distributed in the test region.

Equation 4.12: Circumferential Kirchhoff to Cauchy Stress Conversion

See = Oy )Le
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Equation 4.13: Longitudinal Kirchhoff to Cauchy Stress Conversion
S’Z = O‘ZZ)LZ

Average Cauchy stress values can be derived directly from the pressure diameter values
acquired during the burst test. These calculations are given in Equation 4.14 and
Equation 4.15, where P, is the pressure outside the vessel, P; is the internal vessel
pressure, 1; is the inner radius, r, is the outer radius, and t is the wall thickness, and F is

the applied axial force. P, is assumed to be zero in all testing conditions.

Equation 4.14: Circumferential Cauchy Stress
_Br-Bn _ Pr

1

Ow

t t

Equation 4.15: Longitudinal Cauchy Stress
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4.4.2 Model Verification

Extracted porcine elastin vessels were prepared from native carotid arteries with a hot
alkali digestion method [167] to remove all endogenous cellular and protein components
leaving a purely elastin structured matrix. These vessels were used as the test material
for this system. This material was chosen because of its viscoelastic properties, it
undergoes large dimensional changes during testing, has a complex fibrous structure, and
is a major component of the normal vessel architecture. The test setup used a custom built
stage to hold the test specimen (Figure 4.2). Vessels were cannulated to barbed tube
connectors with umbilical tape suture for making connections to inlet tubing. The

constructs were coupled to the stage by the barbed connecters to minimize loading effects
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form the stage. The stage was equipped with motorized linear displacement control,
which enabled fine control and measurement of axial displacement. A 150 gram force
transducer was mounted at the fixed end of the mandrel to measure axial force. An inline
pressure transducer was coupled to the flow loop to measure internal construct pressure
(Figure 4.2). Measured parameters were acquired and recorded with a data acquisition

system and a custom LabVIEW control program (National Instruments).

Figure 4.2. Biaxial testing device. A linear force transducer is coupled to the fixed end of

the vessel (left hand side of this figure). The displacement is controlled with a motor and a
linear slide on a custom built testing platform (right hand side of this figure).

A syringe pump was used to control internal hydraulic pressure. P, is zero in all test
conditions. Circumferential strains were dynamically measured non-invasively with a
video dimension analyzer (VDA), which used contrast changes between the vessel wall
and a black background to dynamically track outer diameter (Figure 4.3). This system
does not require the placement of markers on the tissue surface as is commonly done with

biaxial tests. The output was converted to a voltage and was read into a data acquisition
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system for recording and subsequent analysis. If a VDA is not available software
packages can use video images to extract vessel dimensions. The test specimens were
kept in a temperature controlled buffered saline bath at 37°C. and the pH of the solution

was maintained at 7.4.

Data Acquisition and
Control System

]

Video

SS
Pressure Camera

Transduce
r

L

: Linear
Load Cell Vascular Graft Motor

P e : [

Syringe Pump é Fixed End 2

11111111

Axial Displacement

Figure 4.3. Schematic of testing apparatus

Test specimen constructs were modeled as cylinders with z, 0, and r, correlating to the

longitudinal, circumferential and radial directions, respectively.

Three testing methods are possible. First, the longitudinal stretch ratio can be fixed at
physiologic values, between 1.4 and 1.6, which is the standard range for native vessels.
Once the longitudinal stretch ratio is set, the transmural pressure of the vessel can be
increased to failure. The second testing method holds the transmural pressure at zero,
relative to atmospheric/gage pressure, while varying the longitudinal displacement.

Independent constitutive equations can be derived from these data. To fully understand
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the material in the physiological ranges several conditions should be tested to attain a
map or surface strain energy density function for the material. The third method varies
both longitudinal and circumferential displacement simultaneously. This allows for a
complete analysis of circumferential and longitudinal strains and subsequent derivation of

stress states and constitutive models.

The third testing method was applied to extracted porcine elastin vascular constructs
(n=6). The longitudinal extension rate was 1 mm/sec and the infusion rate was 40
mL/min. Equation 4.7 was used for the fitting algorithm. A custom MatLLAB program
(Appendix B) was developed to evaluate the acquired data and derive the strain energy

density function.

4.5 Results

Extracted porcine elastin tubes were tested by varying both longitudinal and
circumferential displacement simultaneously to attain stress strain relationships for both
orientations simultaneously. Samples were tested to failure. Pressure and axial force
measurements were converted to stress and measured displacements were converted to

the corresponding strain values (Figure 4.4).
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Figure 4.4. Stress strain plot for an extracted elastin graft for the circumferential and
longitudinal orientations.
The stress-strain data was then fit to Equation 4.7 for deriving a strain energy density
function for the material (Figure 4.5). A polynomial curve fit was used to define the

function with low residuals. The constants for the curve fit were defined as A=1.92¢5,

B=1.43e6, C=4.73e6, D=-1.38¢5, E=-2.77¢7, F=1.12¢7, and G=-2.77¢7.
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Figure 4.5. Polynomial curve fit for the strain energy density function.

4.6  Discussion

Mechanical properties of bioengineered vascular grafts are extensively studied. These
studies have implemented a variety of methods from uniaxial testing, biaxial testing,
biaxial testing including shear deformation, and modified burst pressure tests [213].
Burst pressure is an important parameter to define for any vascular graft construct. The
ultimate failure pressure is a key indicator for a graft design to progress to in vivo testing.
This scheme allows for acquisition of this parameter as well as additional
load/deformation data. Burst pressure can change significantly with changes in axial
loading and changes in wall thickness. This system considers these variables within the
model. This system is also important if the material to be tested is scarce in quantity.
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The mechanics of the material are acquired with the same test sample that would be used
for burst pressure testing, thus eliminating the need for a separate test specimen for

uniaxial/biaxial tensile testing.

This survey describes a simple modification of a burst testing apparatus and subsequent
analysis for developing two-dimensional constitutive models for describing tubular
vascular graft constructs. This model can be expanded to three dimensions when shear
and bending forces are assumed to be zero. This application is easily employed and can
be built inexpensively in most laboratories. Valuable comparisons could be made

between construct designs if this method is utilized.

Careful considerations of the model assumptions must be made. The first is that the
constructs can be modeled as a two-dimensional membrane continuum and as a cylinder.
We know that there are factors to consider when making these assumptions. The first is
that in order to perform these tests the ends of the construct must be cannulated to rigid
tubes. This constrains the ends and causes stress concentrations and end effects. As the
pressure inside the construct is increased the ends of the cylinder are constrained while
the center of the tube expands. This results in the bulging of the cylinder. The equations
described above assume that the cylinder is uniformly changing dimensions throughout
the construct. In this situation r is a function of z, which is not considered in this
analysis. This phenomenon can be ignored if the dimensional evaluations and

measurements are made sufficiently far from the ends. The video image should be
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focused on the central region of the vessel. Also, if the failure mode is deemed to be

caused by or initiated from the ends the failure data should not be included.

Another assumption that could invalidate the analysis is the zero bend and zero shear
stress assumption. These assumptions will generally hold true throughout the
experiment. However, if there is not a sufficient longitudinal stretch applied to the
construct the applied pressure will cause significant length changes in the axial direction.
Since these vessels are constrained axially the vessels are unable to expand and thus, may
result in bending or buckling of the material. This breaks basic assumptions and
invalidates the model developed and data acquired under these conditions should not be

used for the model development.

The strain energy density functions derived from these experiments describe the behavior
of the material along a single line of a more complex surface. The surface gives a
complete representation of the strain energy density surface function. Several lines along
this surface should be determined and plotted to get a representation of this function
throughout physiologic ranges and thus define a portion of the strain energy density

surface.

The meaning of the strain energy density function constants is hard to define. They can
change drastically do to small variations in the shape of the curve. The value of C is a
representation of the elastic modulus. The constants A-G can be thought of as scalars for

the modulus.
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4.7 Conclusion

This work described a basic method for using a modified burst pressure testing system to
measure and derive a strain energy density functions for vascular constructs. Extracted
porcine elastin was tested and analyzed with this system and a strain energy density
function defined. This scheme gives researchers an affordable and easily implementable
tool for the testing of any tubular biomaterial constructs. Ultimately, the goal of this
work was to provide a means by which researchers can acquire and meaningfully

comparative mechanical properties for tubular designs.
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Chapter 5: Comparison of effect of protein surface on thrombotic and
inflammatory responses with comparative in vitro, acute ex vivo

shunt, and chronic in vivo studies

Kathryn A. McKenna, Deirdre Anderson, Ulla Marzec, Howard Song, Stephen R.

Hanson, and Monica T. Hinds

5.1 Abstract

There is a significant clinical need for viable small-diameter vascular grafts. There are
many vascular graft biomaterials in development, but relatively few have been clinically
successful. Evaluation of graft failure mechanisms in relevant primate models with a
greater understanding of the factors that lead to in vivo success is necessary to push
vascular graft development. We evaluated different extracellular matrix (ECM) proteins
effect on thrombotic and inflammatory responses of endothelial outgrowth cells (EOCs).
These responses were tested in two-dimensional flat plate studies and then moved to
three-dimensional ePTFE graft studies in ex vivo shunt and in vivo implant test systems
with corresponding in vitro controls. EOCs were evaluated for their functional phenotype
on adsorbed coatings of type I and IV collagens, fibronectin, and a-elastin for flat plate
studies and type I collagen and fibronenctin for ePTFE ex vivo shunt graft studies and
type I collagen for in vivo graft implants. Functional responses were evaluated with
changes in gene expression at 48 hours for coagulation and inflammatory gene panels and
also through activated protein C (APC) and factor Xa activity assays. The EOCs attached
and proliferated more readily on type I collagen and fibronectin surfaces than on type IV
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collagen and a-elastin as determined by total DNA. Two-dimensional studies showed
significant differences in gene expression of endothelial protein C receptor (EPCR)
between type I collagen and a-elastin and CD39 between type I collagen and a-elastin,
and type IV collagen and a-elastin. The majority of the gene panel showed no significant
differences. The activity of APC was dependent on surface coating with type I collagen

(164 £ 20 ng/mL) and FN (164 £ 14 ng/mL) displaying a higher activity than both type
IV collagen (61 * 22 ng/mL) and a-elastin (61 * 15 ng/mL). Factor Xa activity was

independent of surface coating. Three-dimensional ePTFE graft studies showed
differences between type I collagen and fibronectin for tissue factor pathway inhibitor
(TFPI) and VCAM. Platelet adhesion and activity assays were not significantly different
between substrates. There was no difference between EOC-seeded collagen modified
ePTFE grafts and untreated controls in the implant studies. There were differences noted
between implant animals. There was a distinct linear correlation between the number of
adhered platelets in the ex vivo shunt and the in vitro control’s factor Xa functional
activity due to tissue factor without the influence of TFPI. Thus, the hemostatic
phenotype of the EOCs displayed some differences between substrates, but were largely
independent of the ECM surface coating. The importance of tissue factor (TF), through
factor Xa generation, in determining ex vivo outcomes was demonstrated and could be

used as a predictor for in vivo success.

5.2 Chapter Overview
Chapters 2 and 3 described novel biomaterials for vascular graft applications. Chapter 5

focuses on how individual ECM components affect thrombosis and inflammation using a
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clinically relevant ePTFE synthetic graft model. Grafts are modified with ECM proteins
and evaluated in in vitro, acute ex vivo shunt, and chronic in vivo test systems. This study
demonstrates the importance of tissue factor evaluated with a factor Xa activity assay in
the acute ex vivo thrombotic response. These studies can be used to drive the
development of the materials developed in Chapters 2 and 3. Understanding how the
ECM influences grafts success/failure is important in developing natural protein-based
graft constructs and was pursued while further graft development of tropoelastin

biomaterials was conducted to enable their in vivo testing.

5.3 Introduction

Heart disease remains the number one cause of morbidity and mortality in the Western
world. In 2006, nearly 81 million people were affected by cardiovascular disease in the
United States [1]. This has a significant effect on the health care system with total direct
and indirect costs totaling 503.2 billion dollars, for 2010 in the United States, treating
heart disease [1]. Treatments using vascular grafts have not significantly changed in 30
years, with mammary artery and saphenous vein autografts as the gold standard treatment
for bypass surgery. Synthetic materials, such as expanded poly(tetrafluoroethylene)
(ePTFE) and poly(ethylene terephthalate) (PET or Dacron®), have been successfully used
for large diameter vessels, but are not appropriate for small diameter vessels under 6

millimeters.

The two main determinants of vascular graft success have been the thrombogenic and

intimal hyperplasia potential of the construct. The primary failure modes for prosthetic
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grafts are thrombosis in the central region of the graft, typically because of the lack of
endothelium, and intimal hyperplasia at the graft anastomosis. Intimal hyperplasia
requires a connection to the tissue which is the reason it is only present at the anastomotic
regions [62]. Early graft occlusion is primarily influenced by thrombosis with intimal
hyperplasia affecting long-term results. The thrombogenic potential of a graft construct is
modulated by many variables. Considerable efforts have been made to develop a
synthetic graft with favorable blood contacting properties [63]. The main strategy to
develop a compatible synthetic surface involves the modification of its interface
properties. Strategies have included protein coatings such as collagen [64], heparin
incorporation [65-68], anti-platelet factor incorporation [69-75], electrical surface charge

modification, surface wetability, and graft endothelialization [63].

Endothelialzation as a surface modification strategy is the most promising for graft
protection, because this does not simply mimic isolated functions of the endothelium
rather it inherently provides the endothelium’s regulatory functions. Endothelial cells
(ECs) are potent regulators of thrombosis. They regulate the thrombotic response
through three distinct yet interrelated systems. The coagulation cascade is managed
through receptors on the EC surface, the complement cascade regulates fibrinolysis and
vascular tone, and cells in the blood such as leukocytes and platelets communicate to
repair vascular injury [76] but can also respond to vascular graft materials as a perceived
injury site thus initiating a thrombotic response. The conditions under which ECs are
cultured can push the response towards pro or anti-thrombotic pathways. Many strategies

have been used to promote EC attachment to synthetic surfaces. The first attempt to seed
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synthetic grafts with endothelial cells was done in 1980 [77]. These studies with canine
ECs showed promising results, but have not translated to human studies. ECs do not
readily attach to hydrophobic ePTFE grafts. The surface must be modified to make it
“sticky” for the cells. Methods of changing the microenvironment of the surface have
included antibody and peptide sequence cell capture methods, protein adsorption and
growth factor incorporation. Non-primate models have had reendothelialization rates of
0.1 mm per week in a rat aorta model [78], but primate models have proven more
challenging as there is a limit to their ability to self-endothelialize with a limit of 1-2 cm

from the anastomosis [62, 79].

Endothelial outgrowth cells (EOCs) have been considered a promising source of
autologous endothelial cells because they can be readily isolated from whole blood and
rapidly expanded in vitro. EOCs were identified in 1997 [85] and the isolation from
peripheral blood first described in 2000 [86]. Other potential autologous cell sources are
omental and subcutancous fat, bone marrow, veins, and arteries [87]. While these
sources yield viable ECs, they also require more invasive surgical procedures for
isolation. Peripheral blood EOC isolation requires a simple venipuncture removing a
relatively small volume of blood (40mL). Additionally, EOCs are increasingly
recognized to play important roles in hemostasis, angiogenesis, and arterial injury repair
[88-90]. They are also promising as a potential autologous cell source for tissue
engineered vascular grafts [83, 84]. This cell population has been shown to stain positive
for typical EC markers of vWF, CD31, VE-cadherin, VEGF-R2, Thrombomodulin (TM),

and E-selectin, as well as reduced eNOS expression [91].
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The extracellular matrix (ECM) is the primary support for the vascular endothelium [9].
The main functions are adhesive interactions between integrins of endothelial cells and
the matrix, which provides the organization of the EC monolayer [10]. The functions of
ECs influenced by the ECM are complex and are regulated through multiple signaling
pathways controlling apoptosis, proliferation, cell shape, and contractility [9]. Basement
membrane proteins are spatially and temporally regulated during angiogenesis in vivo,
and influence cell proliferation in vitro. While the stable basement membrane may
provide anti-proliferative cues (laminin), provisional matrix proteins (collagens and
fibronectin) may signal proliferation and the formation of new blood vessels [9].
Treatments of conventional ePTFE grafts with ECM components (including fibronectin,

collagen, and laminin) typically increase mature endothelial cell adhesion and retention.

In this study, the haemostatic activity of EOCs on protein modified two- and three-
dimensional surfaces was investigated. The effect of the ECM on EOCs hemostatic
properties is just starting to be characterized. It can be postulated that their response will
be similar to mature ECs, but that remains to be proven. Initial studies have been done
investigating EOCs regulation of the inflammatory and coagulation pathways and their
ability to be regulated by shear stress. EOCs respond to stimulation by tumor necrosis
factor o (TNFa) with increased expression of IL-6, IL-8, MCP-1, ICAMI1, and TF, and
downregulate inflammatory and coagulatory responses upon the application of shear
stress [214]. TNFa treated EOCs upregulate TF, which initiates factor VII/VIla-

dependent thrombin generation, but did not significantly alter the non-procoagulant
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functions such as migration, proliferation, and tube formation [215]. Shear stress without
TNFa stimulation has also been shown to upregulate gene and protein expression of
anticoagulant and platelet inhibitory factors and demonstrated a significant functional

change with an increased activated protein C level [216].

Our aim was to use a simple vascular graft model, based on Peter Zilla’s work with
endothelialized ePTFE grafts [204, 217], in which we coat 4 mm diameter ePTFE grafts
with a ECM protein matrix and endothelialized the luminal surface with EOCs. This is
the first reported evaluation of EOCs on ePTFE vascular grafts. The aim was not to
produce an optimized vascular graft, but rather to use this as a model with variations in
protein coatings to induce significant changes in in vitro, ex vivo and in vivo responses,
thus we can better define how the ECM proteins affect the EOCs thrombotic potential, to

ultimately understand which factors are important for in vivo clinical success.

5.4 Methods

5.4.1 FEndothelial Outgrowth Cell Isolation

Baboon peripheral blood, was collected with a 1 to 7 dilution of acid citrate dextrose
(ACD) to blood for anticoagulation. Tubes were mixed gently several times and
transported to the cell culture facility. Anticoagulated blood was diluted with HBSS (1:1)
at room temperature and gently mixed. The blood/HBSS mixture was layered onto
Histopaque® 1077, avoiding any mixing of the layers at the interface. Samples were
spun at 800g for 30 minutes, which separated the mixture into four distinct layers. The
MNC layer was removed from each tube and collected. The MNCs were then diluted

(1:1) with HBSS and mixed well. The MNC cells/HBSS mixture was then centrifuged
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for 10 minutes at 400g. The supernatant was removed and the cells washed with 10mL
of HBSS. The samples were then spun at 250g for 10 minutes. Cells were then washed a
second time with 10 mL of HBSS and pelleted at 250g for 10 minutes. A cell count was
performed and cells were resuspended in EGM-2 media supplemented with 20% FBS.
12-well plates coated with 5 pg/cm” bovine serum fibronectin (FN) (Sigma) for 1 hour at
room temperature were seeded with 12-18 x 10° cells per well. Cell cultures were
maintained using standard techniques in a 5% CO,/37 °C incubator. Media was changed
every day using EGM-2 supplemented with 20% FBS for the first 2 weeks and every
other day thereafter. Cultures were maintained until outgrowth colonies developed.
Cells were then passaged and expanded on FN coated tissue culture flasks. Cells were
expanded to passage 3. Passage 2 and 3 cells were frozen and stored in liquid nitrogen

for experimental use.

5.4.2 Graft Construction

Grafts were constructed such that they could be used for in vitro, ex vivo shunt, and in
vivo implant studies. Small diameter, 4mm, thin walled, non-ringed ePTFE vascular
grafts (Gore™) were cut to 7 cm in length. The last 0.5 cm of length on both ends were
coated with silicone (Si) glue. A 4.5 mm diameter thrombectomy probe was inserted into
the graft leaving the last 0.5 cm open. The end of the graft was then filled with Si glue
and the thrombectomy probe extracted leaving a thin layer of glue pushed into the inner
surface of the graft which was then air-dried overnight. Grafts were then threaded onto 4
mm diameter and 8§ cm long Teflon rods. Silicone tubing cut to 1 cm in length and

opened longitudinally were secured with Si glue to the ends of the grafts to create cuffs.
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Cuffed ends were then air dried overnight. The ends of each graft were trimmed at a
right angle with a Teflon coated blade (Electron Microscopy Sciences). Rods were
removed and new 33 cm rods were threaded into the cuffed grafts. Si tubing, 4 mm ID,
was cut to 15 and 20 cm lengths for the distal and proximal connections respectively.

The 15 cm Si tubing was fully threaded onto the rod positioned 1 cm from the end. The
graft was then positioned adjacent to the distal Si tubing and the first 4 cm of the
proximal Si tubing threaded onto the remainder of the rod. A bead of Si glue was added
between each junction and the ends of the grafts pushed flush with the ends of the Si
tubing. Additional glue was then added to the outer surface of the junctions and FEP heat
shrink tubing cut to 1.5 cm in length was centered over the junction and gently shrunk

with a heat gun.

5.4.3 Graft Coating

Grafts were impregnated with either bovine fibronectin (Sigma) or type I collagen (MP
Biomedicals). All coating solutions were introduced from the distal end of the graft and
not permitted to enter the proximal Si tubing. The ePTFE graft surface was first
permeabized by infusing 95% ethanol through the pores of the graft to wet the graft
surface. Ethanol was then replaced with water and further rinsed with PBS for
fibronectin coatings and 0.02 N acetic acid in H,O for type I collagen modified grafts.
Protein solutions of 4 mg/mL type I bovine collagen or 1 mg/mL bovine fibronectin were
immediately pushed through the pores of the ePTFE until the outer surface was
completely saturated with solution. The distal end of the Si tubing was then rinsed three

times with PBS for fibronectin or 0.02 N acetic acid in H,O for type I collagen.
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5.4.4 FEOC Flat Plate Culture

EOCs were plated on non-tissue culture treated polystyrene 96-well plates and 35 mm
dishes coated with 5 ug/cm? of type I collagen, type IV collagen, fibronectin, or o.-
elastin. Cells (3 x 10°) were plated and conditioned in 10% EGM-2 media for 24 hours
followed by 24 hours in 15% Hyskon (dextran/dextrose) flow media (EBM media, 5%

FBS, 1% PSF, 1% L-glut, and EGF).

5.4.5 EOC Seeding on Protein Modified ePTFE Conduits

EOCs were seeded onto ePTFE grafts modified with either type I collagen or fibronectin.
Grafts are seeded with EOCs in a three-step process. EOCs were gently removed from
flasks using TrypLE Express (Invitrogen). Cells were resuspended in EGM-2 media at a
concentration of 3 X 10° cells/mL. Grafts were rehydrated in EGM-2 media for 30
minutes prior to introducing cells. Cells were introduced to the graft from the distal
tubing and the solution advanced to the proximal end of the graft. The proximal tubing is
not exposed to the cell seeding solution or growth media throughout the conditioning
phases. Three separate inoculations of 3 X 10 cells/mL at 40-minute intervals were
added to the graft lumens. The biochambers were rotated 120° prior to the 2™ and 3™
inoculations to ensure an even and confluent cell distribution around the circumference of

the graft.
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5.4.6 Platelet Aggregation

Platelet aggregation times and percent clearance for type I collagen, a-elastin, and
fibronectin were determined and compared to a standard fibrillar type I collagen solution
(Chronolog). Platelet rich and platelet poor plasma was isolated from baboon blood for
this assay. The protein to be tested was added to the platelet rich plasma at various
concentrations between 20 and 800 ug/mL. A dual aggregometer (Chronolog Corp) was
used to measure the clearance time to attain a response plateau. The response is driven by
platelets activating and dropping out of suspension in response to the tested protein.
Percent clearance relates to the opacity of the solution as compared to platelet poor
plasma. Aggregation response times and percent clearance were then compared between

samples.

5.4.7 Gene Expression

RNA was isolated using the Mini RNA I Isolation Kit™ (Zymo Research) for flat plate
studies and the Qigen kit (Qigen) for graft studies. RNA was treated with DNase I
(Fermentas) and converted to cDNA using SuperScript® III Reverse Transcriptase
(Invitrogen). Gene expression was measured using quantitative real-time PCR. In house
designed primers (Appendix C) were used with Platinum® SYBR® Green and ROX
reference dye (Invitrogen) to attain amplification curves. Ct values for each gene were
subtracted from the housekeeping gene’s GAPDH Ct to get dCt. The coagulation gene
panel included TM, TF, EPCR, CD39, and TFPI and the inflammatory gene panel

included ICAM, VCAM, PECAM and eNOS.
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5.4.8 APC Functional Assay

EOCs were rinsed and incubated for 1 hr with a 5nM thrombin and 100nM protein C
(Haematologic Technologies) in PBS with cations. Refludan (Berlex) was added
after incubation to inhibit thrombin. Samples were visualized with ImM S-2366
(Chromogenix) and compared to an APC standard (Haematologic Technologies, Inc).
Absorbance was measured at 20 second intervals over 20 mins at 37°C and the

concentration of APC determined.

5.4.9 Factor Xa Functional Assay

EOCs were incubated with 20nM factor VIla and 200nM factor X (Enzyme Research
Laboratories) in HBSS. Half of the samples were also incubated with 70uM TFPI
antibody for 1 hr at 37°C. The reaction was quenched with 100mM cold EDTA and
visualized with 0.667 mM Spectrozyme factor Xa, and compared to a factor Xa standard
(American Diagnostica). TFPI activity was determined by subtracting quantity of factor
Xa from samples with and without antibody (Ab). TF activity without the influence of

TFPI was taken from the amount of factor Xa produced in the presence of TFPI Ab.

5.4.10 Total DNA
The amount of DNA in the sample was measured with the picogreen assay (Invitrogen)

using standard techniques.
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5.4.11 Baboon Arteriovenous (AV) ex vivo Shunt Model
Shunts were surgically implanted between the femoral artery and vein of 10-12 kg

baboons (Figure 5.1A). Autologous platelets were labeled with '

Indium prior to flow
studies and reinfused into the animals. Homologous fibrinogen was also labeled with
'Todine and infused into the animal 5 minutes prior to flow initiation. Animals were
trained/conditioned to the testing system/apparatus such that minimal to no sedation was
required. Animals were not treated with anticoagulant or anti-platelet therapies. The
permanent AV shunt was elongated with Silicone tubing and the test graft centered over a
gamma scintillation camera (GE Model 400T Maxi-Camera), which temporally and
spatially measured platelet deposition on the graft surface (Figure 5.1B). The graft was
isolated in a custom-built flow chamber. A flow meter (Transonics Inc.) was used to
monitor flow rates, which were maintained by adjusting a tubing clamp distal to the
chamber at 100 mL/min throughout the study period (Figure 5.1C). As circulating blood
flowed through the graft segment radiolabeled platelets and fibrin accumulate on the graft
surface. Thrombus formation was quantified by dynamically measuring total platelet and
fibrin deposition. Platelets adhering to the graft surface were dynamically quantified,
both temporally and spatially, in 5 minute intervals. A blood sample was drawn prior to
the study and analyzed for total platelet counts. The activity, counts per minute in each
mL of blood (CPM/mL) of the standard was measured with the gamma camera in a 5
minute cumulative frame. The cpm per platelet was then determined and used to
calculate the total platelets on the graft surface. The '*’Todine labeled fibrin was
measured in a 1480 Wizard Gamma Counter (PerkinElmer), 30 days after the study, once
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the = 'Indium activity had decayed.
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Figure 5.1. Arteriovenous Shunt model system (A). A dialysis type permanent shunt was
placed between the femoral artery and vein. The shunt utilized the animal’s blood flow as
the driving force with a distal clamp to maintain a flow rate of 100 mL/min. All blood was
recirculated back into the animal to minimize blood loss. (B) Typical image obtained from
the gamma camera during the study. The image ranges from blue to red for low to high
platelet numbers respectively with temporal and spatial resolution. (C) Flow loop positioned
on the gamma camera with a flow probe and distal tubing clamp. Images A and B were
obtained from Dr. Stephen Hanson who developed the shunt model system.
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5.4.12 Baboon Arteriovenous (AV) ex vivo Shunt Durability Model

Durability shunts were run using the ex vivo shunt system to access the EOCs retention
on the graft surface under ex vivo shunt and in vivo flow conditions. The EOCs used to
seed the grafts were labeled with '''Indium rather than labeling the animal’s platelets and
fibrin. Cells were passaged using standard techniques and resuspended at a high
concentration of 8 x 10° cells/mL in PBS. Labeling buffer was prepared and consisted of
50 pL of carbonate buffer, 1.3 pL of 0.2 M tropolone and 50 pL of ''Indium (500 pCi).
Labeling buffer was added to the concentrated cell solution at a ratio of 10 pL (50 pCi)
of buffer to 4 x 10° cells in 0.5 mL and incubated for 10 minutes at 37°C. Type I collagen
and fibronectin modified grafts were then seeded with cells and conditioned with media
as previously described. A T-75 flask and 9 wells distributed evenly on a 96 well plate
were also seeded with a range of labeled EOCs to calibrate the number of seeded cells to
CPM on the gamma camera. Prior to the start of flow calibration images of background
(ambient) radioactivity and calibration flasks and plates were collected in 5 minute
frames. A time zero frame was also collected of the seeded graft in the biochamber
following a gentle rinse with PBS. The shunt study was then run in the same manner as
the ex vivo platelet accumulation studies, except that a decrease in CPM, for detachment
of EOCs, was evaluated rather than an increase due to adhering platelets. The first hour
flow was run at 100 mL/min followed by 30 minutes of high in vivo flow rates of 250
mL/min. CPM were then converted to cell numbers and plotted over the course of the

study.
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5.4.13 Baboon Aorto-iliac in vivo Bypass Model

Type I collagen modified, autologous EOC-seeded ePTFE grafts were implanted in a
bilateral aorto-iliac bypass position. Grafts were 7 cm between the Si tubing cuffed ends,
which was 2 cm longer than the in vitro and ex vivo samples to ensure ample length for
surgical implantation. This was the only difference in graft preparation from the ex vivo
and in vitro samples. The grafts were sterilely removed from the biochambers in the
surgical suite and cut to length by the surgeon. Animals were anticoagulated with a single
dose of 300 units heparin prior to implantation. Implanted grafts were anastamosed to the
aorta, proximal to the aortic ligation, and to each common iliac artery just proximal to the
takeoff of the internal iliac arteries. End-to-side anastomoses were constructed using

proline sutures (Figure 5.2).

Figure 5.2. Illustration of the aorto-iliac bilateral bypass graft model. Grafts are implanted
between the aorta and iliac vessels with an end to side anastomosis and the bypassed vessel
ligated to direct flow through the shunts. This image was obtained from Dr. Stephen
Hanson who developed this model.
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Following graft placement, flow was re-established and hemostasis of the anastomosis
verified. Blood flow rates through the grafts were measured to confirm flow through the
graft lumen after implantation using a flow meter (Transonics, Inc). At the time of
sacrifice, the patency of the grafts was first evaluated, and then the grafts were perfusion
fixed with 10% formalin under arterial pressure (100 mmHg). Presssure was maintained
by restricting flow through the perfused arteries distally. The aorta and graft segments
were removed and dissected free of surrounding tissue, blocked, sectioned and stained.
Grafts and adjacent proximal and distal segments were sectioned at the mid-point and
between the heel and toe of each anastomosis. Sections were located 1-2 mm from the
heel and toe, and at 5 mm intervals along the graft and vessel segments (Figure 5.3).
Tissue sections were embedded in paraffin and stained with hematoxylin and eosin

(H&E) to evaluate cell coverage and intimal ingrowth.

PTFE graft

Section
Cutting lines

Native Vessel v

Figure 5.3. Sectioning diagram for in vivo anastomosis evaluation. Sections were cut
throughout the anastomosis to evaluate tissue ingrowth.
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Graft sections were analyzed with respect to total neointimal area. The mean tissue
ingrowth area was measured by drawing a 2 mm line along the graft lumen, from each
side of the anastomosis, and calculating the area of tissue ingrowth within that region.
H&E sections were imaged with a Nikon Optiphot-2 microscope equipped with a Hitachi
HV-C 20 U color video camera. Image-Pro Plus software (Media Cybernetics) was used

to measure lesion dimensions and composition.

5.4.14 Correlation of in vitro Hemostatsis and ex vivo and in vivo Thrombosis

Each ex vivo shunt and in vivo implant had a paired in vitro control graft. The in vitro
control was treated in an identical manner to the matched ex vivo and in vivo samples.
Each in vitro sample was sectioned for imaging, functional response assays, and RNA
isolation (Figure 5.4). Functional and gene expression results were compared to platelet
deposition and fibrin data in the ex vivo shunt model and to tissue ingrowth in the in vivo

model.
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Figure 5.4. Sectioning of the in vitro controls for each section of the graft used for RNA
isolation, functional assays and imaging.

5.4.15 Statistical analyses

All data are expressed as the mean + standard deviation. Student’s #-test, linear
regression, and one-way ANOVA with Tukey post hoc tests were used for hypothesis
testing, with p < 0.05 as the measure for statistical significance. The number of

independent tests is listed for each experiment.

5.5 Results

5.5.1 Endothelial Outgrowth Cell Isolation

EOCs were successfully isolated and expanded from baboon peripheral blood. Plates
displayed good outgrowth colonies by 14 days in culture. Cells rapidly expanded in
culture and displayed typical endothelial cell cobblestone morphology (Figure 5.5). EC

morphology was maintained through multiple passages of cells.
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Figure 5.5. EOCs outgrowth cells at passage 0 on fibronectin coated wells. Image shows
typical EOC cobblestone morphology. Deirdre Anderson acquired and provided this image.

5.5.2 Flat plate studies

EOCs were cultured on adsorbed type I collagen, type IV collagen, fibronectin and a-
elastin coated surfaces. Cells were confluent with typical EC morphology after 48 hours
in culture (Figure 5.6). Total DNA determined by the pico green assay indicated
significantly greater DNA content (ANOVA, Tukey post hoc, *p < 0.05) and thus greater
cell numbers on the type I collagen and fibronectin coated surfaces than on the a-elastin

and type IV collagen surfaces (Figure 5.7).

118



Figure 5.6. EOCs on each ECM surface after 48 hrs in culture. Dishes were coated with 5
pg/cm’ for 1 hour at room temperature. Cells (3 X 10°) were plated on each surface, and
maintained in 10% EGM-2 media for 24 hours and Hyskon flow media for 24 hours. Scale
bar=20 pm
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Figure 5.7. DNA/well of EOCs after 48 hrs in culture on each ECM coating. Collagen type I
and fibronectin had significantly greater DNA content, and thus more cells, than collagen
type IV and a-elastin (ANOVA - Tukey post hoc, *p < 0.05). Deirdre Anderson ran the pico
green assays.

5.5.3 Gene Expression on Protein Coated Flat Plates

Gene expression and functional responses were quantified on type I collagen, type IV
collagen, fibronectin and a-elastin coated surfaces. The gene panel included
thrombomodulin (TM), VCAM, endothelial protein C receptor (EPCR), CD39, and tissue
factor pathway inhibitor (TFPI). Primers used for these studies (Appendix C) ranged
from 90 to 110% efficient and were specific for the genes of interest as confirmed by gel
electrophoresis (data not shown). Significant differences in expression was found for
EPCR between type I collagen and a-elastin (Figure 5.8). There was a trend for lower
CD39 values for type I collagen than a-elastin, as well as lower type IV collagen values

than a-elastin (Figure 5.9).
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Figure 5.8. EPCR gene expression: There was a significant difference between type I
collagen and a-elastin (ANOVA-Tukey post hoc, *p < 0.05).
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Figure 5.9. CD39 gene expression: There was a trend for lower types I and IV collagens
than o.-elastin.

There were no significant differences in gene expression on the four protein coated

surfaces (Figures 5.10A-C) for TM, VCAM, or TFPI markers (ANOVA).
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Figure 5.10. (A) TM gene expression (B) VCAM gene expression (C) TFPI gene
expression. There were no significant differences between substrates (ANOVA).

5.5.4 Functional Responses on Protein Coated Flat Plates

The activity of APC as measured by ng/mL of factor Xa generated was dependent
(ANOVA: Tukey post hoc, P < 0.05) on surface coating (Figure 5.11) with type |
collagen (164 + 20 ng/mL) and FN (164 * 14 ng/mL) displaying a higher activity than
both type IV collagen (61 + 22 ng/mL) and a-elastin (61 % 15 ng/mL). Factor Xa signals

were typically undetectable in samples without the TFPI Ab. Factor Xa activity (Figure

5.12) was independent (ANOVA) of surface coating.
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Figure 5.11. APC activity assay: Type 1 collagen and fibronectin had significantly greater
activity than type IV collagen and a-elastin (ANOVA-Tukey post hoc, *p < 0.05). Deirdre
Anderson assisted with the functional activity assay for this study.
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Figure 5.12. TFPI activity assay: The amount of factor Xa (ug/mL) produced in samples
with and without blocking TFPI. Samples without TFPI inhibition had no detectable Xa.
There were no significant differences between substrates (ANOVA). Deirdre Anderson
assisted with the functional activity assay for this study.
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5.5.5 Platelet Aggregation

Platelet aggregation varied between protein solutions tested. Fibronectin and a-elastin
did not react with the platelets and thus had no response in this test system. Samples of
a-elastin were tested up to 800 pg/mL and fibronectin was tested at 20 and 40 pg/mL to
confirm the lack of a response. Chronolog collagen used as the standard had an average
aggregation time of 2.74 + 0.34 minutes with a percent clearance of 73 * 2.9%. MP type
I collagen (MP Biomedical) demonstrated a more variable response. Our type I collagen
solution activated the platelets to a slightly lower response level, but took longer for the
reaction to plateau. The response was delayed for the 20 pg/mL samples so 40 and 80

ug/mL were tested. The average aggregation time for 40 ug/mL was 7.13 + 3.20 minutes
with a percent clearance of 67.2 + 2.9% and 80 ng/mL had an average aggregation time
of 4.6 * 0.82 minutes with a percent clearance of 67.8 + 6.0%. MP type I collagen at 40

pg/mL had a significantly longer clearance time than Chronolog collagen at 20 ng/mL
(ANOVA-Tukey post hoc, p < 0.05). It took 4 times as much type I collagen (80 pug/mL)
to attain no significant difference in aggregation times as compared to Chronolog
collagen. The % clearance or magnitude of the response was not significantly different

between collagens (Figure 5.13).
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Figure 5.13. Platelet aggregation time and percent clearance for Chronolog type I fibrillar
collagen and MP type I collagen. MP collagen at 40 pg/mL had a more variable response
and significantly longer clearance time than Chronolog collagen at 20 pg/mL. The %
clearance or magnitude of the response was not significantly different between collagens.
(ANOVA-Tukey post hoc, *p < 0.05). Ulla Marzec assisted with the platelet aggregation
studies.

5.5.6  Exvivo shunt Graft Studies
EOCs were successfully seeded onto the lumen of type I collagen and fibronectin
impregnated ePTFE grafts. Cells formed confluent monolayers and spread on the

surfaces of the grafts after 48 hours of growth and hyskon flow media conditioning

(Figure 5.14).

126



Figure 5.14. EOCs on type I collagen coated ePTFE graft surface after 48 hours. Nuclei
stained with DAPI are shown in blue and the cytoskeleton (f-actin) is stained with
rhodamine phalloidin shown in red. EOCs attached and spread on the ePTFE modified
surface.

5.5.7 Cell Retention on EOC-seeded ePTFE grafts

The durability of cell retention was tested under ex vivo shunt flow conditions (100
mL/min) on both type I collagen and fibronectin. Cell numbers initially dropped from
the no flow starting condition but remained stable for one hour throughout the duration of
a standard shunt study period (Figure 5.15). There was no difference in cell number
between the type I collagen and fibronectin grafts with and average cell number of
27,308 + 638 on collagen and 24,940 + 1049 on fibronectin between 5 and 60 minutes of
flow. The durability of the cell attachment was also tested under in vivo flow conditions

by ramping the flow rate to 250 mL/min (Figure 5.16). Cells remained stably adhered
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with no significant cell loss throughout the high flow test with average cell numbers
between 60 and 90 minutes of flow of 26,241 + 521 for type I collagen and 24,906 + 786
for fibronectin. These numbers represent the number of initially seeded cells not ones

that proliferated on the surface during the 48 hour media conditioning phase.
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Figure 5.15. Durability of '"'Indium labeled EOCs on protein coated ePTFE at 100 mL/min
flow rate tested in the baboon shunt system. There was an initial drop (from static to first 5
min frame) in cell numbers with the initiation of flow, but cells remained stable on the graft
through 60 min at standard flow rates used in the ex vivo shunt studies. Ulla Marzec and
Jennifer Greisel assisted with the ex vivo shunt studies.
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Figure 5.16. Durability of '''Indium labeled EOCs on protein coated ePTFE with a flow
rate increase from 100 mL/min to 250 mL/min tested in the baboon shunt model system
between 60 and 90 min after the initiation of flow. There is no significant difference in cell
coverage (ttest). Ulla Marzec and Jennifer Greisel assisted with the ex vivo shunt studies.

5.5.8 Platelet Response on EOC-seeded ePTFE grafts

All study grafts remained patent throughout the ex vivo studies. There was a variable
platelet response in the ex vivo model with a range of 0.11 to 2.03 x 10° platelets adhering
to a 2 cm region at 40 minutes (Figure 5.17). There were no significant differences (ttest)
in platelet numbers between the fibronectin and type I collagen ePTFE grafts with an
average platelet count of 0.68 + 0.66 x 10° for type I collagen and 1.38 + 0.57 x 10° for
fibronectin. A post hoc power analysis determined that 14 samples for each group is

required to achieve significance with an a of 0.05 and 80% power.
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Figure 5.17. Cumulative platelet deposition on the EOC ePTFE graft surface over the first
40 min of the flow period. Fibronectin modified samples are shown in red, and type I

collagen impregnated samples are shown in blue. Ulla Marzec and Jennifer Greisel assisted
with the ex vivo shunt studies.

5.5.9 Gene Expression for EOC-seeded ePTFE grafts

Each ex vivo shunt graft was paired to an identical in vitro control. RT PCR was used to
measure the gene responses of EOCs to each protein modified ePTFE graft. There were
no significant differences in gene expression for most of the coagulation and
inflammatory gene panels between type I collagen and fibronectin, with the exception of
TFPI and VCAM, which showed differences when paired by study day (Figures 5.18 and
5.19). TFPI had average dCt values of 3.42 + 0.55 and 3.83 £+ 0.54 and VCAM had

average dCt values of 10.12 + 1.36 and 10.35 + 1.30 for type I collagen and fibronectin

respectively.
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Figure 5.18. TFPI gene expression for in vitro controls for the shunt studies. There was a
significant difference in expression between type I collagen and fibronectin when paired to
the study day (paired ttest, *p < 0.05).
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Figure 5.19. VCAM gene expression for in vitro controls for the shunt studies. There was a
significant difference in expression between type I collagen and fibronectin when paired to
the study day (paired ttest, *p < 0.05).
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5.5.10 Functional Activity Assays for EOC-seeded ePTFE grafts

The functional studies for the in vitro controls showed no differences (paired ttest)
between fibronectin and type I collagen grafts in the APC and factor Xa generated.
These values were normalized to the graft surface area to correct for size differences in

test samples (Figures 5.20 and 5.21).
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Figure 5.20. APC activity assay on the in vitro controls for type I collagen and fibronectin
modified shunts. There were no significant differences in activity between protein coatings.
APC data were paired for the study day (paired ttest). Deirdre Anderson assisted with the
functional activity assay for this study.
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Figure 5.21. Factor Xa activity assay on the in vitro controls for type I collagen and
fibronectin modified shunts. There were no significant differences in activity between
protein coatings. Factor Xa data were paired for the study day (paired ttest). Deirdre
Anderson assisted with the functional activity assay for this study.

Platelet numbers were found to correlate to factor Xa activity in the presence of TFPI
blocking antibody (Figure 5.22). A linear relationship was established predicting the
number of platelets adhering based on the ng of factor Xa per ng of DNA with and

equation of y = 0.16x + 0.42 with and R” value of 0.85.
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Figure 5.22. Correlation of platelet accumulation on the graft surface and FXa production
in the presence of TFPI blocking antibody on both type I collagen and fibronectin coated
ePTFE grafts. Deirdre Anderson assisted with the functional activity assay for this study.

The amount of fibrin deposited on the graft surface during the ex vivo shunt studies was
measured. There were no significant differences (paired ttest) between the type I collagen
and fibronectin modified ePTFE grafts. The amount was measured for a 2 cm region in

the distal portion of the graft (Figure 5.23).
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Figure 5.23. Fibrin accumulation on 2cm length of the type I collagen and fibronectin
modified ePTFE shunt grafts. There were no significant difference in the amount of fibrin
deposited on the surface of the graft between protein coatings (paired ttest) data were
paired to the study day. Ulla Marzec and Jennifer Greisel assisted with the fibrin
quantification for the ex vivo shunt studies.

5.5.11 In vivo shunt Graft Studies

Implants of type I collagen impregnated and untreated ePTFE grafts were tested in a
baboon aorto-iliac bypass model. The grafts were implanted successfully with end to
side anastomoses (Figure 5.24). Flow was reestablished and confirmed for both sides of
the grafts. Iliac arteries were tied off to direct all flow through the bypass grafts. All
grafts both controls and type I collagen modified EOC-seeded were patent upon explant

at 1 month (Figure 5.25).
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Figure 5.24. Implant of type I collagen coated EOC-seeded ePTFE graft in a baboon aorto-
iliac bypass model. Dr. Howard Song implanted grafts with the assistance of the ONPRC
surgical staff.

Figure 5.25. Explant after 1 month of a type I collagen coated EOC-seeded ePTFE graftin
a baboon aorto-iliac bypass model. All grafts were patent at 1 month.
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5.5.12 Tissue Ingrowth
There were two control animals and two cell seeded animals evaluated for tissue
ingrowth at 1 month. Sectioned cell seeded grafts showed more tissue ingrowth on the

second EOC-seeded grafts than on the first test animal (Figure 5.26). The TF expression

was higher for the in vitro control for the animal with greater tissue ingrowth.

Figure 5.26. Representative histology sections of 1 month explants of type I collagen coated
EOC-seeded ePTFE grafts in a baboon aorto-iliac bypass model. All implant grafts were
patent at 1 month, but there was variable pannus ingrowth between samples with (A)
showing little ingrowth and (B) showing significantly more tissue ingrowth. The TF
expression for the matched in vitro control was higher in the B sample than the A. Deirdre
Anderson assisted with the tissue ingrowth evaluations for this study.

Tissue ingrowth for the untreated controls and EOC seeded ePTFE grafts are shown for
the distal and proximal locations for two implant animals. Further implants will be
performed to determined significant differences between the treatment and control groups
(Figure 5.27). A post hoc power analysis determined that 28 samples for each group is

required to achieve significance with an a of 0.05 and 80% power.
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Figure 5.27. Tissue ingrowth for untreated ePTFE controls and collagen coated EOC-
seeded ePTFE grafts one month after implant. Further implants will be conducted to
determine significant differences between the control and the EOC-seeded grafts. These are
average values for proximal and distal anastomoses for two grafts per animal and two
animals per group for a total of four grafts per treatment group. Deirdre Anderson assisted
with the tissue ingrowth evaluations for this study.

Tissue ingrowth was broken out by graft position, anastomosis site, and animal (Figure
5.28). This demonstrates the differences between test subjects. It was not a single
anastomosis location that caused the variation between animals, but a difference between

either test days or animal responses.
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Figure 5.28. Tissue ingrowth for untreated ePTFE controls and collagen coated EOC-
seeded ePTFE grafts one month after implant. There were no significant differences
between the control and the EOC-seeded grafts. These are averaged numbers for proximal
and distal anastomoses averaged between two grafts per animal and two animals per group
for a total of four grafts per treatment group. Deirdre Anderson assisted with the tissue
ingrowth evaluations for this study.

Values for tissue ingrowth were combined for each section and location. This gave
average ingrowth value for each animal, with an average ingrowth of 0.136 + 0.077 for

28293 and 0.521 = 0.110 mm?® for 28294 (Figure 5.29).
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Figure 5.29. Tissue ingrowth for collagen coated EOC-seeded ePTFE grafts one month
after implant. There were differences between animals. These are averaged numbers
combining the proximal and distal anastomoses with two grafts per animal for a total of 4
anastomoses per animal analyzed. Deirdre Anderson assisted with the tissue ingrowth
evaluations for this study.

Tissue sections were evaluated for EC cell coverage (Figure 5.30). Both the controls and
the EOC-seeded grafts showed cell coverage on the luminal surface. The control grafts
demonstrated EC ingrowth from the native tissue at the anatomosis site. The origin of the
EC layer on the EOC-seeded grafts is unknown they could be originally seeded cell or

infiltrating cells from the anastomosis site.
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Figure 5.30. Endothelial cell layer on ePTFE control grafts (left) and EOC-seeded type I
collagen modified grafts (right). A distinct cell layer can be seen on both luminal surfaces.
Deirdre Anderson assisted with the tissue ingrowth evaluations for this study.

5.6 Discussion

Difficulties in harvesting autologous cells has limited the usefulness of graft
endothelialization strategies. EOCs are an attractive autologous cell source for vascular
tissue engineering, because they are readily isolated from blood, expanded in vitro, and
shown to grow and proliferate on ECM coated surfaces [91]. Wang et al. showed that
ECM has an immediate affect on EOCs upon separation form blood. Isolation of the cells
expanded on fibronectin coatings resulted in over twice the number of derived cells than
cells isolated on type IV collagen, type I collagen and laminin [218]. The role of ECM
coatings in regulating the hemostatic functions of EOCs remains largely unknown. Lund
et al. demonstrated EOCs ability to respond to shear stress with a decrease in thrombotic
and inflammatory gene markers when stimulated with TNFa [214]. Cuccini et al.
demonstrated an EC like response to TNFa stimulation with increased TF and thrombin
generation without affecting the cells migration, proliferation, or tube formation

properties [215]. Ensley et al. also demonstrated EOCs ability to adopt a
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thromboresistant phenotype with the application of shear stress under non-stimulated
more physiologically relevant conditions [216]. This is the first study to investigate
thrombotic and inflammatory responses of EOCs on different ECM-modified ePTFE

vascular grafts.

Endothelial outgrowth cells (EOCs) were isolated from baboon circulating blood, and are
derived from the endothelial progenitor cells (EPCs) pool found in circulating blood.
EPCs and EOCs have both been used to describe populations of cells derived from
peripheral blood and bone marrow. Timmermans et al. gives a detailed summary of the
subtle difference in multiple cells populations that have been defined as endothelial
progenitors [219]. EOCs was determined to be a better description for the cell population
used in this study, since we selected for the late (5-22 days) outgrowth population of cells
with mature endothelial cell markers [91]. EPCs have angiogenic potential and are

thought to play a significant role in vascular injury repair [220].

The ECM is known to play a ubiquitous role in the regulation of mature endothelial cell
phenotype, proliferation, apoptosis, cellular contractility, protein synthesis, and
production of nitric oxide [9]. ECM composition modulates mature endothelial functions,
and would therefore be expected to modulate the functions of EOCs. The ECM is key in
sensing and responding to mechanical stimuli and acts as a mechanosensor via integrins
to transmit signals to the ECs [10]. The effect of ECM substrate on EOC hemostatic
phenotype was evaluated by changes in gene expression at 48 hours of coagulation and

inflammatory gene panels. EOC functional responses were also measured through
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activated protein C and factor Xa activity assays. The coagulation cascade is honed to

respond to vascular injury or stress to protect the vasculature.

Flat plate in vitro assays were conducted to isolate the effect of protein surface alone on
EOC functional responses. These studies were used to determine which proteins to use in
three-dimensional graft construct ex vivo shunt and in vivo implant studies. There were
significantly more cells on the type I collagen and fibronectin coated surfaces than on a-
elastin and type IV collagen as evaluated by the pico green assay. It is not known why
EOCs adhered and proliferated more readily on these surfaces, but it may be due to the
adhesion mechanisms and proliferative cues of the protein matrix. The majority of the
coagulation gene panel showed no differences in expression with the exception of EPCR
and CD39 in which there were differences between both collagens as compared to a-
elastin. The APC activity assay showed significantly higher activity, or greater
protection on the type I collagen and fibronectin coated surfaces than on type IV collagen
or a-elastin. There were no differences in factor Xa production in the tissue factor
activity assay. Type I collagen and fibronectin were chosen for the three-dimensional
ePTFE graft studies because of the more consistent growth properties and higher activity

of APC.

Baboons with chronic femoral AV shunts were used to assess the effects of EPC
functional responses on thrombus formation. This model was chosen because it is well
established and permits excellent control of relevant variables including blood flow rate

(arterial vs. venous), blood flow geometry (e.g., laminar vs. recirculating flow), the
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nature of the thrombogenic surface, and the coagulability of the blood (e.g., no use of
anticoagulants) [221-224]. As a result, outcomes have proven to be highly reproducible
and the model has become a recognized means for evaluating mechanisms of thrombosis

and the effects of therapeutic interventions [221-226].

EOCs seeded on type I collagen and fibronectin impregnated ePTFE confluently attached
and spread on the lumen of our modified ePTFE grafts. Cell seeding and protein coating
strategies were optimized for these studies. Protein coating procedures were tested with a
range of concentrations from 0.5 mg/mL to 4 mg/mL. Protein quantification assays using
the BCA protein assay (Thermo Scientific) were preformed to confirm the deposition of
protein on the graft surface. Graft surfaces were also stained with Oregon Green to
confirm the consistency and completeness of protein distribution. The cell seeding
protocol was tested with a range of cell concentrations and seeding methodologies. Cells
were seeded between 5 x 10* to 3 x 10° cells/mL. Alternative rotation strategies were also
evaluated. Strategies ranged from a single cell inoculation with 4 rotations of 90° over 2
hours to a singe inoculation with no rotation to pinpoint the cell coverage of each seeding
inoculation. About 1/3 of the lumen surface or a spread of 120° was obtained from the
single inoculation testing. This result was expanded to achieve full overlapping cell
coverage on the graft surface using three rotations of 120° and separate seeding
inoculates spaced 40 minutes apart. Confluence was confirmed using this seeding

protocol.

Ranjan et al. investigated the effect of ECM coatings on ECs derived from adult
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saphenous vein and mammary arteries that when maintained in subconfluent densities
expressed CD133 an EC precursor marker. These progenitor like cells had differential
adhesion to ECM coatings when seeded on fibronectin, type I collagen, type IV collagen,
and a mix of these proteins and showed resistance to shear detachment when seeded on
ECM coated ePTFE [207]. These are not EOCs and are not a viable autologous cell
source for vascular grafts, but are expected to respond similarly on ECM coatings of
ePTFE. Durability studies were conducted on both type I collagen and fibronectin
modified ePTFE tubular grafts to challenge EOC adhesion and resistance to shear
detachment under ex vivo shunt conditions. Cell numbers initially dropped from the no
flow starting condition but remained stable for one hour throughout the duration of a
standard shunt study period. The initial slight drop in cell number was most likely due to
loosely adherent cells washing off of the surface of the graft upon the initiation of flow.
The durability of the cell attachment was also tested under in vivo flow conditions by
ramping the flow rate to 250 mL/min. Cells remained stably adhered with no significant

cell loss throughout the high flow test.

All study grafts remained patent throughout the ex vivo and in vivo studies. There was a
variable platelet response in the ex vivo model with 0.11 to 2.03 x 10° platelets adhering
to a 2 cm region at 40 minutes. There were no significant differences in platelet numbers
between the fibronectin and type I collagen ePTFE grafts. This range seems to be due to
a natural variability in the animal response to the EOCs. The protein used does not
appear to influence the function of the cells enough to produce significant differences in

platelet numbers.
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There were no significant differences in gene expression for the coagulation and
inflammatory gene panels for the in vitro ePTFE graft controls, with the exception of
TFPI and VCAM between type I collagen and fibronectin. Interestingly, the factor Xa
activity measured in the in vitro control for each of the ex vivo shunts, correlated to the
number of platelets adhered to the graft surface, suggesting that the TF pathway is critical
in determining initial success or failure due to thrombosis. Factor Xa generation in our
EOC population is undetectable unless TFPI activity is blocked. Others have simulated
the TF activity with TNFa to understand EOCs regulation of thrombosis [214, 215]. We
used a TFPI antibody to isolate the response of TF under normal/nonstimulated
physiological stress conditions. The APC activity assay did not result in similar
correlations. This suggests that the TF pathway is the more critical or determinative
pathway for initial graft response over the APC protective pathway. Thrombosis is a
dynamic phenomenon with multiple factors combining to elicit a response. We believe
that multiple factors should be evaluated when evaluating a vascular graft material, but
factor Xa generation by TF may be a significant driving factor in predicting graft

outcomes.

There is a significant need for predictive in vitro models that can predict in vivo
outcomes. There are many research studies that characterize vascular cell responses to
external stimuli such as, response to fluid flow, biochemical factors, and surface
modifications. While these help in understanding biochemical signaling of vascular cells,

it is not known what combination of factors will lead to a successful in vivo vascular graft

146



once tested in animal models. This need is amplified by the number of vascular graft
materials currently in development and the relatively few that have succeeded and

become clinical treatments for vascular disease.

5.7 Conclusions

ECM-modified two-dimensional flat plate and three-dimensional ePTFE graft surfaces
were evaluated for thrombogenic and inflammatory responses of EOCs in in vitro, ex vivo
shunt, and in vivo implant models. EOCs are a viable and readily isolated autologous
cell source, which can be used to endothelialize tissue-engineered vascular biomaterials.
This study suggests that the protein used to modify the surface did not have a significant
influence on the EOCs gene, functional, platelet adhesion, or tissue ingrowth responses.
The ECM two-dimensional coating studies showed significantly higher EOC cell density
on type I collagen and fibronectin compared to type IV collagen and a-elastin. EOCs on
type I collagen and fibronectin demonstrated less thrombogenic potential with
significantly higher APC activity and EPCR gene expression, and along with their
superior growth characteristics, were chosen for three-dimensional ePTFE studies.
Three-dimensional ePTFE platelet accumulation studies showed no differences between
protein substrates. There was a distinct correlation between the number of adhered
platelets and factor Xa generation when TFPI activity was blocked. Tissue factor,
controlling factor Xa generation, is a significant indicator of initial graft thrombosis and

should be evaluated when predicting in vivo outcomes.
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Chapter 6: Conclusions and Future Directions

6.1 Characterization of Protein Structure

Studies in Chapter 3 described the macroscopic structural characteristics of electrospun
human recombinant tropoelastin biomaterials. It was shown that an increase in protein
concentration leads to an increase in fiber diameter. Electrospinning parameters such as
accelerating voltage gap distance and target dimensions can be used to design biomemtic
scaffolds. This work characterized the macroscopic structure of the bulk electrospun
materials, but did not evaluate protein microstructure and monomer organization.
Coacervation is a process by which tropoelastin monomers self-organize to assemble into
elastin fibers prior to cross-linking and is exploitable in vitro. Preliminary TEM imaging
was conducted on uncross-linked rTE coacervates (Figure 6.1). The self assembly of

fibrils and banding of the protein was demonstrated.
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Figure 6.1. TEM of a tropoelastin coacervate. Banding can be seen along self assembled
fibrils. TEM imaging was done with the assistance of Dr. Jack McCarthy.
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Fibers with properties similar to native elastin could potentially be generated either by
electrospinning from a tropoelastin coacervate or by inducing coacervation following

electrospinning.

The first method requires electrospinning from an aqueous environment with controlled
environmental conditions. The rTE solution will be suspended in PBS with a pH of 7.4
and heated to 37°C. Once the reaction is observed the separated aqueous phase will be
removed from the syringe leaving behind an organized viscous rTE coacervate. While
maintaining the temperature at 37°C, e.g. in an environmental chamber, the syringe will
be loaded into the syringe pump and electrospun using a much lower delivery rate (0.2
mL/hr) and smaller gap distances, and has been validated for electrospinning other
aqueous solutions. Once the parameters are optimized and shown to produce fibers, the
protein structure will be evaluated for banding with TEM and circular dichroism for

determining protein conformation.

The second method produces the initial biomaterial as described in Chapters 3 and 4, but
alters the post processing. Prior to cross-linking, the electrospun mat will be loaded into
an environmental chamber with temperature and humidity control. The humidity
provides the water required for the reaction. The level of humidity will be set high
enough to induce a conformational change in the protein, but not so high as to
disassociate the macro-fiber structure. The temperature will be set to 37°C once the
humidity is achieved. A balance of these parameters should be attainable such that the

tropoelastin monomers within electrospun fibers organize into a native coacervate
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organized assembly. Once organized, the biomaterial will be cross-linked, as before, to
lock the structure in place. These biomaterials will also be evaluated for banding with

TEM and circular dichroism to determine protein conformation.

6.2 Strengthening the Electrospun Tropoelastin Biomaterial

The biomaterials developed in Chapter 3 were evaluated for their mechanical properties
in Chapter 4. These materials were shown to have similar mechanical characteristics to
native elastin within the working physiologic loading range. To function effectively as a
vascular graft biomaterial, a higher tensile failure stress and burst pressure will be
required. This can be achieved by adding electrospun collagen to the matrix to create a
true composite material. These composites can be designed to utilize the unique
mechanical properties of each contributing material . Coelectrospinning has been
developed and tested with tropoelastin and collagen. Flat plate studies have shown that
cospinning affects the distribution and spread of the fibers (Figure 6.2). Tropoelastin
spun at 15 wt% had a larger spread of fibers than 8.3 wt% collagen when coelectrospun

onto a flat copper foil covered plate.
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Figure 6.2. Distribution of fiber for co-electrospinning of collagen and tropoelastin. There
was a larger spread of protein for tropoelastin than collagen. Collagen is shown on the left
hand side and tropoelastin is shown on the right hand side.

Coelectrospinning uses two parallel sources, e.g. separate syringes, to interweave
individual distinct fibers of collagen and tropoelastin (Figure 6.3). The resulting

composite determines the mechanical properties of the matrix.
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Figure 6.3. Coelectrospun tropoelastin and collagen fibers. Distinct fiber morphologies are
seen within the biomaterial.

These studies have been initiated and materials of coelectrospun proteins produced.
Mechanics of the material tend to be dominated by the collagen (data not shown). A
careful design of a true composite material will be completed to maintain the elasticity

provided by the tropoelastin and the higher tensile strength of electrospun collagen.

6.3 Strain energy density function of electrospun tropoelastin
Chapter 5 describes the derivation and application of a strain energy density function to

extracted elastin. This was accomplished using a modified burst pressure biaxial testing
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system. Longitudinal and circumferential displacements and force/pressure relationships

were recorded dynamically. A model was defined for extracted elastin tubular constructs.

This method could be applied to the biomaterials developed in Chapters 3 and 4. Chapter
4 described the uniaxial mechanical properties of this biomaterial. It would be useful to
test electrospun polytropoelastin spun onto 4mm diameter mandrels under biaxial loading
conditions, as this is how the materials will be loaded in vivo. The same curve fit or
function, polynomial, can be used for tropoelastin and extracted elastin as they showed
similar uniaxial mechanical properties. Their mechanical properties can then be

compared to uniaxial mechanical properties detailed in Chapter 4.

6.4 In vivo implant with paired controls

Chapter 6 evaluated individual ECM components’ effect on thrombosis and inflammation
using clinically relevant ePTFE synthetic graft models. Grafts were modified with ECM
proteins and evaluated in in vitro, acute ex vivo shunt, and chronic in vivo test systems.
This study demonstrates the importance of tissue factor, evaluated with a factor Xa

activity assay, in the acute ex vivo thrombotic response.

Further work needs to be done to characterize the in vivo response of collagen modified
ePTFE grafts seeded with EOCs. A power analysis indicated that 28 animals in each test
group would be required to achieve significance. A change in the model will be
implemented to reduce the number of animal required for this study. In Chapter 6 the

same treatment group was implanted on both left and right sides with a single in vitro
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control graft. Statistical power and efficiency will be added to the study by implementing
a change in the implant model. A power analysis determined that 7 implant animals will
be required to achieve significance with an o of 0.05 and 80% power. A control and a
treatment graft will be implanted in each animal, along with corresponding in vitro
controls; paired results will decrease the effect of variability between animals and will
double the effective sample number. The results will be compared to in vitro gene
expression as well as functional activity assays to determine predictive outcomes for the

chronic studies.

6.5 Flow Conditioning of EOC-seeded Collagen Modified ePTFE Grafts

Studies in Chapter 6 were conducted using media conditioning alone under static
conditions. Flow conditioning will be applied to the grafts to induce prothrombotic and
antithrombotic conditions. Laminar shear stress is known to be atheroprotective and
induce antithrombotic cellular responses. Oscillatory flow induces the prothrombotic
condition. These flow profiles will be applied to tubular ePTFE grafts to change the gene
expression and functional assay profile. The study model was designed such that the
addition of flow variables will be easily implemented. Grafts will be tested in parallel in
ex vivo shunts and in vivo implants, and will be compared to the in vitro results to

determine in vitro predictors of success.

6.6 Scientific Impact
This work highlights the importance of elastin in vascular graft design and the practical

development of elastin biomaterials using human recombinant tropoelastin. Collagen and
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elastin are the two major structural proteins of the arterial wall. End stage aneurysm
disease and supravalvular aortic stenosis have been associated with the pathologic loss of
elastin or deficiency in elastin expression [19-26]. Elastin has unique properties making it
a natural choice as a component in tissue-engineered constructs that require long term
durability, antithrombogenic properties, and elasticity. Elastin demonstrates these
properties: it is highly insoluble with a half life greater than 70 years; modulates cell
function reducing the thrombogenic potential of the surface; and it is highly elastic,
adding needed compliance to the structure of the material [180]. The amount of scientific
research conducted with each protein is highly skewed toward collagen due to its
availability and relatively low cost. A PubMed search for 2010 through May 2011,
yielded 1566 references with collagen in their titles, but only 103 references to elastin,
and just 18 for tropoelastin. Tropoelastin can be produced with standard recombinant
protein production and purification techniques in quantities sufficient to enable
meaningful research projects. As the importance of elastin and its precursor tropoelastin
become recognized, an increase in demand will lower its cost. This work will help
promote awareness within the scientific community of the importance of elastin in the

development of clinically relevant biomaterials.

While electrospun tropoelastin vascular biomaterials were under further development to
add structural tensile support prior to in vivo evaluation, the effect of various ECM
coatings were evaluated in a clinically relevant ePTFE graft model. The EOC-seeded
ECM-modified ePTFE work not only gives insight into the effect of protein surfaces on

vascular functional response, it also provides a means by which tissue engineering
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researchers will be able to more accurately predict the success or failure of vascular
biomaterials using in vitro models. This work also highlights the utility of EOCs in tissue
engineering. EOCs are a unique and promising autologous cell source for tissue-

engineered constructs and should be considered in construct design.

The strain energy density function model and testing system provides a means to attain
valuable mechanical properties congruent with burst testing. This is particularly
important for biomaterial constructs that are scarce or timely to produce. Burst pressure
testing is an important mechanical property, but often only yields information regarding
the weakest point of a material. Additional mechanical data inferred from each test will
help researchers understand the failure modes of their constructs, thus promoting their

development.

The ultimate goal of this work is to understand how the ECM effects vascular functional
responses in order to develop clinical vascular graft technologies equivalent to the current
gold standards, saphenous veins and mammary arteries, and globally to enable the

transition of biomaterials from the benchtop to viable clinical treatments.
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Appendix A

MATLAB code for image analysis program used to quantify orientation of electrospun

fibers.

% Locate fiber orientation in images

% Image must be square

% Algorithm: Begin with edge detection based on approximation to
% the derivative. Perform Radon transform on the segmented image.
% Calculate maximum projection angles. Relate to image orientation.
% Calculate probability distribution function of fiber orientation.

%

%10/30/02 S J Kirkpatrick

%

close all

clear all

[=imread ('C:\Documents and
Settings\lagerquk\Desktop\images\actin\Figb BaCaEC actin 24hr.jpg");
Y% Il=1m2bw(I);

[=rgb2gray(l);

%I=imrotate(I,60);

%Var=.75;%add noise to image

%I=imnoise(I,'gaussian',0,Var);

figure(1);imshow(I);colorbar

[=imcrop;

%kernal =[1;0;-1]/2;%first order discrete difference
kernal=[-1;8;0;-8;1]/12;%second order first derivative operator. Detects curvature in the
gradient

%kernal=[1;-9;45;0;-45;9;-1]/60;%third order first derivative operator
%kernal2=[-3 32 -168 672 0 -672 168 -32 3]%fourth order first derivative operator
%Antisymmetric derivative filters with recursive U correction filter
%kernal=[-0.575841;0.416642;0.0478413;-0.00435846];%third order

% Another class of antisymmetric derivative filters -weighted least square optimized
%kernal=[0.74038;-0.12019];%

%kernal=[-1;27;-27;1]/24%second order with even number of coefficients%(first
derivative)

%BW=filter2(kernal,l,'valid");%

%%%%%%%0%%%%%%%%%%

%Second derivative operators

%kernal=[-2.20914;1.10457];%r=1

%kernal=[-2.71081;1.48229;-0.126882];%r=2
%kernal=[-2.92373;1.65895;-0.224751;0.0276655];%r=3
%kernal=[-3.03578;1.75838;-0.291985;0.0597665;-0.00827];%r=4
%kernal=[-3.10308;1.81996;-0.338852;0.088077;-0.0206659;0.00301915];%r=5
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%

[=double(I);

BW-=filter(kernal,1,1,[],2);%filter in x-direction

BW2=filter(kernal, 1,1);%filter in y-direction

BW3=BW+BW2;% If using a second derivative, this is the Laplacian
%BW3=filter2(kernal,l);

mag=sqrt(BW."2)+(BW2.12));

unit=BW3./mag;

%BW=edge(l,'canny");

figure(2);imagesc(I);colormap(gray);axis square
figure(3);imshow(BW);%colormap(gray)% Horizontal derivative image
figure(4);imshow(BW2);%colormap(gray)% Vertical derivative image
figure(5);image(mag);colormap(gray(20))% Magnitude of the gradient image
figure(6);imshow(BW3);%colormap(gray)%colorbar% Gradient image
BW3=imcrop;

%%

%At this point, the gradient image (BW3) can be divided by the magnitude of

%the gradient image(mag) to create a unit vector image. Then perform a

%Radon transform on the unit vector image. Seems to be not as good,

%though.

%mag=sqrt(BW3.72);

%unit=BW3./mag;

theta=0:179;

[R,xp]=radon(BW3,theta);

figure(7);imagesc(theta, xp,R);colorbar;xlabel("\theta (degrees)");ylabel
("xp");colormap(hot)

set(gca,'XTick',0:20:360);

Beta=max(abs(R));

figure(8);plot(theta,Beta,'linewidth',2);title('Maximum Projection Angle');xlabel("\theta
(degrees)');ylabel('Maximum Value of R')
figure(9);plot((theta-90),Beta,'linewidth',2);title('Fiber Angle Spectrum Relative to
Horizontal");xlabel("\theta (degrees)');

%ylabel('Maximum Value of R")
figure(10);plot((90-(theta-90)),Beta,'linewidth',2);title('Fiber Angle Spectrum Relative to
Vertical');xlabel("\theta (degrees)');

%ylabel('Maximum Value of R');

%

%Probability Distribution Function

Area=trapz((theta-90),Beta);

Prob=(Beta./Area);

Prob=Prob/max(Prob);

figure(11);plot((theta-90),Prob,'r', linewidth',2);title('Normalized Probability Distribution
of Fiber Orientation Relative to Horizontal'); xlabel("\theta (degrees)');ylabel('P(\theta)');
%
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angle=find((Prob)==1);

littleD = [Prob(angle-20:angle+20)];

bigD = [Prob(1:angle-21) Prob(angle+21:end)];
sumlittleD = sum(littleD);

sumbigD = sum(bigD);

alignindex = (sumlittleD/(sumbigD+sumlittleD))/0.22;
angle

alignindex

% spect=fftshift(fft2(BW3));

% spect=spect.*conj(spect);

% figure(12);imagesc(log(abs(spect)))

% %SNR = 10*log10((mean(I(:))/sqrt(Var)))
% %end
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Appendix B

MATLAB code for analysis of biaxial testing device for defining the strain energy

density function.

clear all

close all

%code for stress strain analysis of data
%Kathy Lagerquist

%02/23/2004

load presinc.txt;

%asign variables to datafile columns
t = presinc(:,1);

p = presinc (:,2);

cd = presinc(:,3); %cd is circ disp

af = presinc (:,4);

%input measured parameters

gauge = 50e-3; %measure length in m
th = 2.75e-3; %thicknes in m

width = 6.5¢-3; %width in m

Loz = gauge; %mm gage length in mm
Lo = ((cd(1,1)*1e-3)) % initial diameter
xsec=th*width;

ns = length(t); %calculate the number of samples in data file

for i = 1:ns; % input the number of samples measured
Ld(i))=Lo + (cd(i)*1e-3);
Lz(i)=Loz + (cd(i)/cd(i));

end

for i=1:ns;
lambdad(i) = (Ld(i)/Lo);
lambdaz(i) = (Lz(i)/Loz);
end

%plots axial force axial disp and time

figure (1);

plot (t,cd);

title('Circumferential Displacement vs Time');
xlabel('Time (s)");

ylabel ('Circumferential Displacement (mm)');
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figure (2);

plot (t,p);

title('Pressure vs Time');
xlabel('Time (s)");

ylabel ('Pressure (mmHg)');

figure (3);

plot (cd,p);

title('Pressure vs Displacement');
xlabel('Displacement (mm)');
ylabel ('Pressure (mmHg)');

%define strains
for i = 1:ns; % input the number of samples measured
% GreenE(i) = ((L2(1)*L2(i))-Lo"2)/(2*¥L0o"2);
Ezz(i) = 0.5*((lambdaz(i)"2)-1);
Edd(i) = 0.5*((lambdad(i)"2)-1);
end

%plots for strain defs

figure (4);

hold on

plot (t,Edd);

xlabel('Time (s)");
ylabel('Circumferential Strain');
plot (t,Ezz);

xlabel('Time (s)");
ylabel('Longitudial Strain');
hold off

%define stresses

for i=1:ns;

Sigmadd(i) = ((p(i)*cd(i))/th);
Sigmazz(i) = ((p(i)*cd(i))/(2*th));
end

%CircS = CircS';

%LongS=LongS";

%CircS = filtfilt(ones(1,3),3,CircS);
%LongS = filtfilt(ones(1,3),3,LongS);
%for 1= l:ns;

%  KirchS(i)=1/lambdal(i)*GreenS(i);
% end

% KirchS = filtfilt(ones(1,3),3,KirchS);
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% for 1= 1:ns;
%  EulerS(i) = (af(i))/(L2(i)*th); %note this is not using changing thickness
% end

figure (5);

hold on

plot (t,Sigmadd,'b -');

plot (t,Sigmazz,'r :');

xlabel('Time (s)");

ylabel('Stress (Pa)");

legend('Circumferential Stress','Longitudinal Stress');
hold off

figure (6);

plot (Edd,Sigmadd);

title ('Stress vs Strain Plot')
xlabel ('Circumferential Strain');
ylabel ('Circumferential Stress');

figure(8);

plot (Ezz,Sigmazz);

title ('Stress vs Strain Plot')
xlabel ('Longitudinal Strain');
ylabel ('Longitudinal Stress');

%work under curve
work= cumtrapz(Edd,Sigmadd);

figure(10);

plot(Edd,work);

xlabel ('Circumferential Strain');
ylabel ("Work');

worksum = sum(work)

%rhow

rhow=work*1.33;
s11=diff(rhow)./diff(Edd);
% sl11=s11/mass;

Edd = Edd(1:129);

rhow = rhow(1:129);

% KirchS = KirchS(1:129);

% figure(11);

% hold on
% plot(GreenE,sl11,'r");
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% plot(GreenE,KirchS);

% xlabel ('Green Strain');

% ylabel ('Kirchoff Stress & mass*s11');
% legend('mass*s11','Kirchoff Stress')
% hold off

Ezz = Ezz(1:129);

tl =t(1:129)"

t(1,1:129)=[t1];

t(2,1:129)=[t1];

y(1,1:129)=[Edd];

y(2,1:129)=[Ezz];

%polynomial fit

options = OPTIMSET('maxfuneval',1e6,'maxiter’,1e4);

x =[1e6 1e6 1e6];

[x,resnorm,residual] = Isqcurvefit('mypoly',x,t,y);%.,[],[],0ptions);
break

stress= (x(1)*Edd."2)+(x(2)*Ezz."2)+(2*x(3)*Edd*Ezz);,

figure(12);

hold on

plot(Edd,stress,'r');

plot(Edd,rhow);

text(0.11,1e6,"y = x(1)*GreenE + x(2)*GreenE"2 + x(3)*GreenE"3 + x(4)*GreenE™4');
X

n=length (residual);
RMS=sqrt(resnorm/n);
plot(Edd,residual,'co");

xlabel ('Strain’);

ylabel ('Stress');

legend ('Curvefit','rhow','residuals');
hold off

MATLAB code for the ‘mypoly’ function used in themain program.

function F = mypoly(x,y)

F=x(1)*y(1,)."2)+(x(2)*y(2,)."2)+(2*x(3)*y(1,:)*y(2,1).);
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Appendix C

Primers used for RT-PCR Studies

Gene Forward Reverse

GAPDH CCTCAACGACCACTTTGTCA TTACTCCTTGGAGGCCATGT
TF CACCGACGAGATTGTGAAGGAT TTCCCTGCCGGGTAGGAG
TFPI GACTCCGCAATCAACCAAGGT TGCTGGAGTGAGACACCATGA
T™ (5) GGTGGACGGCGAGTGTGTGG GGTGTTGGGGTCGCAGTCGG

EPCR CACCCTGCAGCAGCTCAATGC ACATCGCCGTCCACCTGTGC
CD39 AGTGATTCCAAGGTCCCAGCACC TCCTGAGCAACCGCATGCCT
ICAM GCAGTCAACAGCTAAAACCTTCCT GCAGCGTAGGGTAAGGTTCTTG
VCAM-1C GGGAAGATGGTCGTGATCCTT TGAGACGGAGTCACCAATCTG
PECAM_A CCCAGTTTGAGGTCATAAAAGGA AGGCAAAGTTCCACTGATCGA

eNOSD TGGTACATGAGCACTGAGATCG  CCACGTTGATTTCCACTGCTG
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