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ABSTRACT
Investigation of Cell Sources and Surface Modification
Strategies for Recellularization of Hybrid and Tissue
Engineered Heart Valves
by

Monica M. Fahrenholtz
Bioprosthetic heart valve replacements often calcify and fail, particularly
when used to treat pediatric patients. Even recent advances in processing methods
have been insufficient to completely address the risk of complications in the
pediatric population. Fully synthetic tissue engineered heart valve (TEHV)
replacements have been suggested as an ideal replacement, as they can be seeded
with autologous cells to form a viable tissue that is capable of somatic growth and
hemostasis. However, this technology is still in development, and will not be
available to patients within a short (5-10 year) time period. In the interim, some
studies have investigated coating methods for current valve replacements to try to
improve their biocompatibility in the short term. However, many of these proposed
mechanisms face many regulatory issues because of the processing steps involved.
In this work, we investigated the characteristics of pediatric valvular
interstitial cells (VICs) and their comparability to a potential surrogate cell source,
dermal fibroblasts, for long-term TEHV development. We found that these cells
behave similarly, particularly when cultured on collagen type I substrates. This
study provides additional guidance for the development of TEHVs specifically for

pediatric patients and expands current knowledge about pediatric VICs, a previously
understudied cell population. The next studies focused on advancing short-term
solutions for biocompatibility in bioprosthetic heart valve replacements. Due to the
individual variability and difficulty analyzing bioprosthetic tissue, a model surface
was developed to aid the optimization of surface coating methods for tissue valves.
The bioprosthetic valve surface model (BVSM) was shown to have comparable
surface mechanical properties, residual toxicity from glutaraldehyde fixation, and
content of reactive groups for surface coating. Additionally, the BVSM was easy to
construct, highly reproducible, and allowed for fine-tuning of the surface
characteristics which could be altered for future studies of cellular interactions with
the surface. In general, the BVSM developed in this work can be applied to optimize
and analyze surface coating methods quickly and easily and to answer questions
related to cell behavior in response to the surface coatings. Finally, the BVSM was
applied in a final study to optimize our proposed two-step surface coating method
for bioprosthetic heart valve replacements. This two-step coating method involves
non-toxic, mild reactants and conditions which create a thin, polyethylene glycol
(PEG)-based hydrogel coating on the surface. This coating can also include other
molecules of interest without changes to the reaction protocol. Through the
optimization on the BVSM, we demonstrated the formation of a thin, continuous
surface coating that successfully repelled protein adsorption and did not
significantly affect the BVSM surface mechanical properties. Based on this success,
the coating method was translated directly to bioprosthetic tissue samples. Results
showed areas of coating formation of the coating on the tissue, confirmed by both

SEM and XPS analysis, and that the areal coverage of the coating could be improved
with an increase in catalyst concentration. This work demonstrates the feasibility of
this proposed coating method for modifying the surface of bioprosthetic heart valve
tissue, which could improve the biocompatibility of these devices. In future studies,
this coating can be easily modified with molecules to encourage in situ
endothelialization for even better hemocompatibility, particularly for pediatric
patients. The cell characterization, optimization tools, and coating method
developed here could lead to breakthroughs in current device biocompatibility and
will support the long-term development of TEHVs as an ideal pediatric valve
replacement.
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Chapter 1

Introduction

Congenital heart defects occur at a rate of 8 defects per 1000 live births
according to the American Heart Association Update on Heart Disease and Stroke,
the most common of these being heart valve defects, many of which require
replacement of the valve in the first few years of life [1]. Bioprosthetic valve
replacements (i.e. fixed tissue valves primarily from porcine or bovine sources)
have been gaining popularity because of their off-the-shelf availability in many sizes
and because they do not require anticoagulative therapy. However, bioprosthetic
valves are still subject to complications, especially calcification, inflammation, and
thrombosis. Efforts in the last 25 years have resulted in advanced processing
methods to reduce calcification. However, young age at valve replacement remains
one of the most significant risk factors for early valve replacement failure [2–4].
Some studies implicate the robust immune systems of younger patients in these
early failures [5,6]. In general, though, the causes of early failures in pediatric
1
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patients remain poorly understood, and no advances in valve replacement
technology have been brought to the clinic to address the high rate of complications
in this age group. Therefore, there is a great need to apply new and developing
strategies to improve bioprosthetic valves to improve quality life for pediatric
patients.
Tissue engineered heart valves (TEHVs) are often considered the ideal valve
replacement for pediatric patients with congenital heart defects, because they not
only avoid complications such as thrombosis and inflammation but also serve as a
temporary scaffold for cells that can remodel the valve and allow it to grow with the
patient over time. No currently available replacement option (e.g. mechanical heart
valve, bioprosthetic heart valve) has such properties. However, there is still much
work to be done before a fully-functional TEHV is realized. In particular, sources of
autologous cells must be identified that can populate the scaffold and enable proper
growth and remodeling in the bulk of the valve, as well as form a functional
endothelial layer on the valve surface. In situ endothelialization strategies are one
way of addressing the latter, and, interestingly, may be relevant for current
bioprosthetic valve devices. Applying in situ endothelialization methods to current
bioprosthetics could provide a bridge to overcome some common complications in
the short term until TEHV technology fully matures.
Toward this end, the goals of this work were to first support continued
development of TEHVs by investigating cell sources that effectively mimic pediatric
valve cell function and, secondly, to move the state of the art in bioprosthetic valves
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forward by applying surface modification technology to current devices to address
complications in a way that is conducive to FDA approval. Through this dual
approach, this research can improve patient quality of life, both in the short- and
long-term, by translating emerging technologies to the clinic.
To achieve these goals, the following aims were performed:
Specific Aim I: Characterization of Dermal Fibroblasts as a Cell Source for Pediatric
Tissue Engineered Heart Valves
There is continued debate regarding the appropriate cell type to replace
valvular interstitial cells (VICs) in TEHVs, particularly for pediatric patients. In this
aim, neonatal human dermal fibroblasts (nhDFFs) were compared to human
pediatric VICs (hpVICs) based on their phenotypic and gene expression
characteristics when cultured on collagen type I or fibronectin (naturally-occurring
VIC substrates), fibrin (often used in TEHV construction), or tissue culture
polystyrene substrates. Both nhDFFs and hpVICs attained similar confluency over
the culture period, except on collagen; although, each cell type demonstrated a
distinct morphology. A few interesting gene expression differences were observed;
however, both nhDFFs and hpVICs had generally similar gene and protein
expression profiles. These results suggest that nhDFFs express similar matrix
production and remodeling genes as hpVICs, and the choice of substrate for TEHV
construction can affect the growth and expression profile of nhDFFs as compared to
native hpVICs. Thus, care should be taken when choosing substrates for TEHV
construction to obtain proper remodeling from alternative autologous cell sources.
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Specific Aim II: Development of a Heart Valve Model Surface for Optimization of
Surface Modifications
Current bioprosthetic valve replacements (BPVs) are susceptible to myriad
complications, including calcification and thrombosis; however, recent research has
explored surface modifications to encourage re-endothelialization of the tissue,
preventing unwanted blood-tissue interactions. A bioprosthetic valve surface model
(BVSM) was developed to facilitate rapid in vitro optimization of surface
modification techniques for BPVs. The BVSM was manufactured by
photopolymerization of polyethylene glycol diacrylate (PEGDA) and collagen type I
and subsequent addition of amine-rich peptide to provide reactive sites for surface
modification. This BVSM mimics surface mechanical properties of bioprosthetic
valve tissue, as measured by micropipette aspiration, and the latent toxic effects of
glutaraldehyde fixation, as shown through MTT assay results. Amine content,
assessed by XPS, was shown to be significantly lower in the BVSM than unfixed
tissue. However, incubation of the surface with amine-reactive NHS-PEG-Cy5
revealed even coverage of the BVSM surface, suggesting that there exists sufficient
surface reactive groups to anchor surface modifications, and that translation of the
modification process to tissue will yield more complete modification of the BPV
surface. These results indicate successful construction of a BVSM that mimics
essential properties of bioprosthetic valve tissue and its usefulness for rapid in vitro
optimization in future studies of surface modification methods for
endothelialization.
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Specific Aim III: Customizable Surface-Coating Method for Bioprosthetic Valve
Biocompatibility
In this aim, the BVSM developed in specific aim II was implemented to
optimize a two-step surface coating method for bioprosthetic valve replacements.
This coating was achieved by first converting reactive amine groups on the surface
to acrylate groups by reaction with an NHS-PEG-acrylate linker. Then, after soaking
in glucose, the surface coating was added by free radical polymerization of PEGDA at
the surface facilitated by glucose oxidase and iron ions in the coating solution. The
results showed a thin, continuous coating on BVSM samples that was capable of
repelling protein adhesion and did not significantly affect the surface mechanical
properties of the BVSM. Based on this success, the coating method was translated to
bioprosthetic valve tissue samples. Results showed non-continuous but evident
coating of the surface, which was improved by increasing the glucose oxidase
concentration in the coating solution. Additional confirmation of the presence of the
PEGDA-based coating was obtained from XPS analysis of the surface. These results
showed the feasibility of the proposed two-step surface coating method for
modifying the surface of bioprosthetic valve replacements and sets the stage for
future work to optimize and add molecules for in situ endothelialization.
In this dissertation, I will first provide additional background on the
structure and function of heart valves and the state of the art in valve replacement
technology (Chapter 2). The following chapters will detail the work done in each
specific aim, including: characterizing dermal fibroblasts as a valvular interstitial
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cell source for pediatric TEHVs (Chapter 3), development of a model surface for
optimizing surface modifications for bioprosthetic valves (Chapter 4), and
optimization of a surface coating method for bioprosthetic valve biocompatibility
(0). Finally, this dissertation will close with overall conclusions and the impact of
the work (Chapter 6).
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Chapter 2

Background

2.1. Anatomy of a Heart Valve
2.1.1. General Structure and Function
The human heart contains four valves responsible for guiding the
unidirectional flow of blood through the heart’s four chambers and toward the rest
of the body. Two of these four valves, the mitral and tricuspid valves, are located
between the atria and ventricles. These two valves have leaflets which are anchored
in the ventricle by chordae tendenae to the papillary muscles. These muscles help
the valve to resist the extreme pressures caused by the contraction of the ventricles.
The remaining two valves are semilunar valves, so called because of their crescentshaped cusps, comprised of three thin, flexible leaflets that flatten against the wall of
the vessel during systole, then coapt to prevent backflow of blood into the ventricles
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during diastole. The aortic semilunar valve is positioned at the exit to the left
ventricle and at the beginning of the aorta, while the pulmonary semilunar valve sits
at the exit to the right ventricle within the pulmonary trunk (Figure 2-1A).

Figure 2-1. Schematic of four heart valves and direction of blood flow through the heart (A)
and flow directions experienced by the semilunar valves during systole and diastole (B).
Adapted from Merryman[7,8].

In this work, the two semilunar valves (aortic and pulmonary) will be of
particular interest. A subtle difference between these two valves is the
hemodynamic environment each of them encounters. High velocity (~0.9 m/s) [9]
and high pressure blood flow with eddy formation behind the leaflet is experienced
by the aortic valve as the left ventricle forces blood past the valve and towards
peripheral circulation. Then as the ventricle relaxes, the aortic valve closes, and the
aortic side of the valve is subjected to highly turbulent backflow. These flow profiles
are shown in Figure 2-1B. Similar flow profiles during right ventricle contraction
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and relaxation are experienced by the pulmonary valve; however, since blood flows
only to the lungs and back, there is less resistance to flow, hence the pressures and
fluid velocities involved are lower (~0.75 m/s) [9].
To resist these extreme mechanical environments, the leaflets are comprised
of a highly organized, tri-layered matrix structure as shown in Figure 2-2. On the
ventricular side of the leaflet is the ventricularis, which is composed primarily of
elastin. This layer of elastin allows the leaflet to stretch and flatten against the aortic
root during systole, then recoil into position during diastole. Opposite the
ventricularis on the arterial side of the valve is the fibrosa, composed primarily of
highly aligned collagen fibers. These fibers are oriented circumferentially within the
leaflet, allowing it to resist the backpressure from the aortic blood volume when the
valve is coapted. Between the ventricularis and the fibrosa is the spongiosa layer,
comprised of glycosaminoglycans and proteoglycans, which functions as a
lubricating layer to facilitate the movement of the leaflet and resist compression at
areas where the leaflets coapt.

10

Figure 2-2. Movat pentachrome stain of an aortic valve leaflet showing the three leaflet layers:
fibrosa (f) containing collagen (yellow), spongiosa (s) containing GAGs and PGs (blue), and
ventricularis (v) containing elastin (black). VICs populate the whole leaflet, while VECs line
the surface. Scale bar = 200 μm[10]

2.1.1. Valvular Cells and Valve Maintenance
Tasked with maintaining the valve leaflet and its highly structured matrix are
the valvular endothelial and interstitial cells, each of which has a very important and
specific function in valve maintenance.
2.1.1.1. Valvular Interstitial Cells
Valvular interstitial cells (VICs) reside throughout the valve matrix, as shown
in Figure 2-2, and are responsible for maintaining and remodeling the matrix that
gives the valve its unique mechanical properties and allows it to function properly.
In a normal valve, VICs exist in a quiescent state where they maintain homeostasis
by slowly turning over valve matrix. When the valve enters a disease state, is
injured, or during growth and development, they take on an active phenotype
characterized by the expression of α-smooth muscle actin (αSMA) [11,12]. The
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variation of αSMA expression in different stages of development is demonstrated in
Figure 2-3.

Figure 2-3. VICs in healthy tissue sections show a decrease in αSMA with age, as demonstrated
by immunohistochemical staining. Adapted from Aikawa [13].

During activation, VICs are stimulated to proliferate and begin more actively
remodeling the matrix [12]. Therefore, VICs must be capable of producing all the
various matrix components of the valve, including collagen types I and III,
proteoglycans, glycosaminoglycans, and elastin, as well as replacing degraded
matrix and remodeling the valve structure to resist mechanical forces or diseased
conditions as necessary [10].
2.1.1.2. Valvular Endothelial Cells
The second cell type specifically associated with the valve is the valvular
endothelial cell (VEC). These cells are analogous to vascular endothelial cells, in that
they form a monolayer covering on the outside of the valve and mediate the
interactions of blood components with the valve surface. It has been shown that
VECs produce factors that modulate thrombosis, including endothelial nitric oxide
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synthase (eNOS), von Willebrand factor (vWF, indicated in Figure 2-4), and
ADAMTS13 (also known as vWF-cleaving protease) [14,15].

Figure 2-4. VECs cultured on hydrogel substrates with cell-adhesive peptides (RKR and RGDS)
express the endothelial marker CD31 and produce vWF. Adapted from Balaoing [16].

VECs can interfere in the coagulation pathway by secreting plasminogen
activator inhibitor, which promotes coagulation by preventing clot breakdown, or
VECs can prevent clot formation by the secretion of tissue-type plasminogen
activator, which degrades clot material. Additionally, they secrete or express
immune active factors that can activate an immune reaction, in particular ICAM-1
and E-selectin, which activate immune response by allowing mononuclear cells to
attach to the endothelium [15]. They can also modulate such immune cell
interactions with the valve surface by means of the glycocalyx, a protective coating
made up of proteoglycans and glycoproteins that resists blood cell or molecule
adhesion [17]. In short, VECs are essential for maintaining hemostasis at the valve
surface, similar to vascular endothelial cells in the rest of circulation. It should be
noted, though, that some differences have been identified between VECs and
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vascular endothelial cells (ECs) including cell alignment in response to stimuli and
gene expression of cadherins and markers of blood vessel development, among
others [18,19]. However, one study specifically notes the functional similarity
between these two cell types, particularly their expression of antioxidant and antiinflammatory genes [19]. Thus, it seems that at least in terms of hemostatic function,
VECs and ECs can be considered analogous to each other.

2.2. Heart Valve Dysfunction and Replacement
According to the Center for Disease Control, heart defects are the most
common type of birth defect among live births in the U.S. [20]. Of these, some of the
most common defects affecting the heart valves include Tetrology of Fallot (TOF,
median 356 per million live births), pulmonary and aortic stenosis (PS/AS, 532 and
256 per million live births, respectively), and bicuspid aortic valve (BAV, 9,026 per
million live births) [21]. Patients born with these defects will likely require one or
more replacements of the aortic or pulmonary valve over their lifetime. In
particular, patients born with severe defects requiring replacement early in life are
more likely to have multiple reoperations before adulthood.
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Figure 2-5. Common congenital deffects of the heart valves include bicuspid aortic valve (A),
stenosis of the aortic (B) and pulmonary valves, and Tetralogy of Fallot (C) [22].

The causes of congenital valve dysfunction and malformation are still poorly
understood. During normal semilunar valve development, the leaflets form from
endocardial cushions that develop early in embryogenesis [23,24]. These cushions
elongate by matrix formation into the heart lumen, eventually reshaping into the
familiar scooped leaflets of the semilunar valves [23]. Many complex signaling
processes are involved during valvulogenesis; mutations in NOTCH1 signaling in
particular has been singled out as a possible cause of aortic valve dysfunction,
particularly bicuspid aortic valve [25]. Normally, NOTCH1, along with NOTCH2-4,
plays a pivotal role in signaling endothelial cells to undergo endothelial-tomesenchymal transition, which populates the endocardial cushion with VICs during
valvulogenesis [23]. These new VICs are then responsible for producing matrix
resulting in the formation of the valve leaflets, thus defects in the transition process
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can cause numerous downstream effects on leaflet formation. More complex
malformations, such as TOF and transposition of the great arteries, still have no
well-established mechanism for their formation during development due to the
complicated interplay of various signaling processes [24].
Congenital heart valve defects can vary widely in severity and required
intervention. The Ross procedure is commonly used to treat TOF in pediatric
patients, using the patient’s pulmonary valve as a replacement aortic valve and
replacing the pulmonary valve with a cryopreserved homograft. Besides the
immediate need for the homograft valve in the pulmonary position, these patients
almost certainly will need a pulmonary valve replacement before adulthood as these
reconstructed valves become obstructed or develop regurgitation [2,5,26]. For
patients with pulmonary or aortic stenosis or bicuspid aortic valve, a bioprosthetic
replacement is commonly used to replace the dysfunctional valve [2,5,6,26]. As
mentioned before, the earlier patients require valve replacement, the more likely
that they will require re-operation before adulthood because of somatic growth
causing insufficiency of the bioprosthetic device [2]. Besides re-operations for
somatic growth and autograft insufficiency, many pediatric patients require reoperation for failed valves and complications from immunogenicity,
thrombogenicity, calcification, or general degradation of the valves [2,5,6,26–31].
Clearly, there is an enormous need for better valve replacements to treat the myriad
of congenital valve dysfunctions in pediatric patients.
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2.2.1. Current Replacement Options
Currently available valve replacements fall into two categories: mechanical
and bioprosthetic. Mechanical valves have the advantage of durability; however, the
necessity of lifelong anticoagulation makes them less compatible with a child’s
active lifestyle. Additionally, mechanical valves lack any capacity for somatic growth,
and are difficult to modify or integrate with native tissues. Bioprosthetic valves, by
contrast, are taken from homogeneic or xenogeneic tissue, and do not require
anticoagulation. In addition, bioprosthetic valves provide superior hemodynamics
as compared to mechanical valves, since they retain the valve’s native structure.
New studies have also shown the adaptability of bioprosthetic valves through a
variety of modifications, including the development of percutaneous valve implants,
treatments to prevent calcification, and synthetic surface coatings to improve
hemocompatibility [32–37]. Such advances would be impossible with mechanical
valves. Here, I will discuss bioprosthetic valves in more detail, including current
challenges with the technology.
2.2.1.1. Homografts
Homografts or cryopreserved allografts are generally considered one of the
better options for pediatric heart valve replacements, since they are taken from
human tissue. However, it is difficult to find valves in sizes small enough for some
pediatric patients, and supply is a constant issue, as with other transplant organs.
Another issue with homografts is that some studies have found evidence of immune

17

reaction against the implanted valves that may lead to degradation of the valve
[2,5,6,27,38,39]. This degradation may be a particular problem for younger patients,
as they have more robust and active immune systems. A few of these studies have
recommended human leukocyte antigen (HLA) matching as a potential solution, the
same procedure as is used for other types of organ transplants; however, this
recommendation further reduces the number of available grafts for patients [6,38].
Other studies have investigated decellularization techniques as a way to reduce the
immunogenicity of homograft valves, with the hope that the patients’ own cells
could repopulate the implanted valves. Decellularization of the homograft valves
did, in fact, lead to lower inflammatory reaction in vivo in pediatric patients and
young adults (age range 22 days – 37 years) [6,38], but no studies have shown
significant recellularization of the grafts in vivo. One case study from 2006 analyzed
a decellularized homograft valve (SynerGraft) explanted after 2 years from a 52 year
old patient that had been diagnosed with bicuspid aortic valve at age 19. The valve,
explanted at the time of a heart transplant, showed some focal endothelial-like cell
outgrowths on the luminal surface and superficial ingrowths of cells expressing
myofibroblast-like markers, as well as low immune cell invasion of the main graft
material [40]. While the appearance of some cells in and on the graft material is
promising, it is far from the full repopulation necessary to make a truly living,
growing tissue. However, we speculate that younger patients may show accelerated
re-endothelialization of pro-endothelial grafts compared to older patients, due to
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the fact that pediatric patients tend to heal more quickly and have more active
progenitor cells.
2.2.1.2. Xenografts
Xenograft valves provide an off-the-shelf solution to valve replacement, since
they can be mass-produced in many sizes and styles. All of these tissues are
chemically fixed, meaning that the proteins in the tissue, particularly collagens, are
cross-linked by the compound glutaraldehyde to reduce the availability of antigens
that may stimulate immune reaction. The most common bioprosthetic xenograft
valve is a stented valve that is constructed from fixed bovine pericardium or porcine
valve tissue sewn into a ring with posts that both hold the leaflets in place and allow
for suturing. Some of these include the Carpentier-Edwards PERIMOUNT series
bovine pericardial valves, the Hancock II and Mosaic porcine valves by Medtronic, or
the new Trifecta pericardial valve from St. Jude Medical. Less common are the
stentless tissue valves, such as the Medtronic Freestyle porcine aortic root. These
valves are not set in a ring, but instead are an entire aortic root that can be used to
replace not only the valve, but a portion of the outflow tract. Other options include
valved conduits, which are similar to the stentless valves in that they do not have a
stiff sewing ring and the whole valve is intact inside the tissue. These are used for
right ventricular outflow tract reconstruction. A prime example of the valved
conduit commonly used for pediatric patients is the Contegra bovine jugular vein
conduit by Medtronic, which will be discussed in more detail later. All of these valve
types are shown in Figure 2-6.
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Figure 2-6. Currently available xenograft bioprosthetic valves grouped according to type.

Common complications with these valves include thrombosis, immune
reaction, calcification, and mechanical degradation [5,6,41–43]. Although
anticoagulant therapy is not required with bioprosthetic valves, there can still be
thrombus formation on the valve that increases the risk of embolism or interferes
with valve function [44,45]. Immune reaction can also be an issue, just as it is for the
homograft valves, which can exacerbate mechanical degradation because of tissue
infiltration by mononuclear cells [30]. In the end, most valves fail due to mechanical
degradation or calcification. Mechanical degradation happens because these valves
lack living cells that can mediate interactions with blood components and repair
matrix that is damaged during regular use [42]. This degeneration of the matrix is
evidenced by increased denaturation of collagen fibers and loss of
glycosaminoglycans found in one in vitro study of bioprosthetic valve fatigue [42].
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In calcified valves, the formation of calcified nodules interferes with the function of
the leaflets leading to stenosis or tears in the leaflet tissue [41].
The Contegra and Shelhigh valved conduits are a particularly interesting case
study for the failure modes of bioprosthetic valves. Contegra units are constructed
from a fixed bovine jugular vein and produced by Medtronic, while the Shelhigh
pulmonic xenograft from Shelhigh, Inc., was made of a porcine tissue valve. For both,
stenosis has been the primary cause of failure; however, the Shelhigh valve in
particular was subject to early failure in young patients [46]. Multiple studies found
granuloma formation and evidence of inflammatory reaction, resulting in intimal
peel and fibrosis along the whole length of the unit, ultimately leading to stenosis
and failure [29,39]. Most of these failures occurred within a year of implantation,
causing hospitals to abandon its use, especially for young pediatric patients [29,39].
By comparison, the Contegra valved conduit seems to last longer than the Shelhigh
unit (mean 42 ± 4 months to replacement versus 18 ± 9 months for Shelhigh), and
even though it is still subject to stenosis, the stenotic regions are limited to the
conduit anastomoses [28,46]. Therefore, the overall reaction to the Contegra unit
has been relatively positive [44–46], although researchers still caution of issues
with chronic inflammation and risk of thrombosis associated with both these grafts.
2.2.1.3. Homografts versus xenografts
As discussed, both homografts and xenografts have drawbacks and
associated complications that are cause for concern when implanting these valve
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replacements in pediatric patients. Both can induce chronic immune reactions that
can lead to stenosis or degradation of the valve and cause it to fail. In addition,
thrombosis is still a risk, so some patients will still receive prophylactic
anticoagulant medication.
Given these similar risks to both homograft and xenograft valves, which is
the best option for implantation in young patients? A growing body of work seems
to suggest that there is actually no significant difference in the performance of these
two types of grafts and that both may have similar longevity [2,26,44]. With
advances in xenograft valve processing, which will be discussed further, these
valves have come closer and closer to performance that mirrors the homograft
valves. Two different retrospective studies at different institutions reported no
difference in the long-term viability between homograft or xenograft bioprostheses;
in fact, one study reported that the use of a homograft was a risk factor for early
graft failure [2,26]. Both studies agreed, however, that the most significant risk
factor for early failure was patient age: younger patients tended to have a higher
risk for graft failure than older patients. There is likely no single explanation for the
high risk of early failure in young patients; however, some studies implicate a more
robust immune response in younger patients as one of the underlying causes of
calcification and degradation. In spite of the continued prevalence of bioprosthetic
valve replacement complications, it is clear that xenograft valves are quickly
reaching equivalency with homograft valves in terms of longevity and freedom from
dysfunction, especially with recent improvements in the technology.
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2.2.2. Previous Improvements to Xenograft Replacements
There have been some improvements to xenograft valves within the last 20
years, although these have been few and far between. Two of the most significant
have been the adoption of alpha-oleic acid (AOA) treatment during processing to
reduce calcification and the advent of the transcatheter valve.
2.2.2.1. AOA Treatment
Calcification has previously been the most common and dramatic cause of
failures of xenograft valves. Hence, most efforts to address complications that
plague bioprosthetic valves have been aimed at preventing calcification through a
variety of pretreatment methods for xenograft bioprosthetic valves. Perhaps the
most successful strategy to reduce calcification so far is treatment of the valves with
alpha-oleic acid (AOA), a process used by Medtronic on their bioprosthetic devices
[32,33]. AOA treatment has been shown to slow the progression of calcification by
preventing calcium from diffusing in the tissue [47] and is the most successful
strategy to date.
2.2.2.2. Transcatheter Valves
To provide patients a valve replacement option that does not require openheart surgery, transcatheter valves have now become available to patients, for
example the Medtronic CoreValve and Edwards SAPIEN transcatheter heart valves
(both obtained pre-market approval in June 2014). In early trials, these
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transcatheter valves were most commonly used in older patients who could tolerate
open-heart surgery but had severely calcified valves. More recently, use of these
devices has been expanded and additional devices introduced. One such newlyapproved device, the Medtronic Melody transcatheter pulmonary valve (pre-market
approval January 2015), has been especially successful for treating right ventricular
outflow tract (RVOT) dysfunction in children with congenital defects who have
already undergone RVOT reconstruction surgery. A 2010 study showed excellent
acute relief of clinical symptoms related to pulmonary valve stenosis after
implantation of the Melody valve and a high rate of freedom from reintervention
(89%) after two years [34].

Figure 2-7. Examples of transcatheter valves include the Medtronic CoreValve®, which is a
self-expanding stented bioprosthetic valve, the Edwards SAPIEN 3®, and the Medtronic
Melody® pulmonary valve. The latter two devices require balloon expansion by a system like
the Edwards Certitude® (pictured) to be deployed.
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However, in spite of these promising results and many efforts to improve
these devices, there still are major risks to current valve options that have yet to be
overcome, particularly continual risks of calcification, inflammation, and
thrombosis. In fact, in the Melody transcatheter valve study cited above, calcification
of the previously implanted valve was the culprit that necessitated the transcatheter
intervention [34]. Clearly, additional efforts are needed to keep improving clinically
available replacement devices. Important issues to address include somatic growth
of patients that always contributes to the failure of valve replacements in children
and interactions between the devices and blood components.

2.3. Developing Technology for Valve Replacements
2.3.1. Tissue Engineered Heart Valves (TEHVs)
Besides problems with immunogenicity and thrombosis, no currently
available heart valve replacement is able to match the somatic growth of the patient,
which, regardless of valve longevity, will necessitate replacement after a certain
period of time when used in very young pediatric patients. In light of this, tissue
engineered heart valves are poised to become the new ideal valve replacement,
because they not only avoid complications such as thrombosis and inflammation,
but also serve as a temporary scaffold for VICs, VECs, or appropriate surrogate cell
types that can remodel the valve and allow it to grow with the patient over time.
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2.3.1.1. VIC Surrogates in TEHVs
Currently, there is a lack of consensus on the type of cells with which to
populate the scaffold to appropriately produce and remodel the matrix to enable
somatic growth. Early efforts relied on invasion of host cells from the surrounding
tissue to repopulate an acellular matrix; however, the distance involved this process
is prohibitive to efficient recellularization. More recently, cell types that can be
obtained via biopsy have been characterized for their potential as valvular cell
surrogates, including vascular smooth muscle cells (VSMC) or myofibroblasts,
mesenchymal stem cells (MSC), and dermal fibroblasts. Dermal fibroblasts in
particular have drawn much attention because they are easily accessible via a
minimally-invasive skin biopsy, whereas VSMC must be obtained from an excised
vessel and MSC come from bone marrow, both isolation procedures with associated
co-morbidities. Additionally, many studies have highlighted the similarity of dermal
fibroblasts to VICs in their spindle-like morphology and expression of α-smooth
muscle actin and prolyl-4-hydroxylase, particularly when fibroblasts are stimulated
into a myofibroblast-like state [48–52]. They have even been successfully used to
develop an arterial graft that showed comparable mechanical properties to native
arteries and were able to colonize and produce matrix in a decellularized aortic
valve in bioreactor culture [53,54]. There are still some holes in our knowledge of
fibroblasts and their function as a VIC surrogate, including a direct comparison of
their matrix component and remodeling protein expression on matrices commonly
used for TEHVs. Also, very little is known about how fibroblasts compare
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specifically to pediatric VICs, as these cells reside in heart valves still undergoing
somatic growth.
2.3.1.2. VEC Surrogates for Endothelialization
Another important consideration is the formation of an endothelial layer on
these TEHVs. As discussed previously, endothelial cells on the surface of the valve
are responsible for modulating interactions between blood components and cells
and the surface of the valve. They are particularly important for maintaining
hemostasis and preventing unwanted immune cell interactions that continue to
plague current replacements.
Endothelial progenitor cells (EPCs) have gained much attention for their
potential as a source of endothelial cells for both vascular and valvular replacement
devices. These cells are a circulating population of progenitors that exist in a variety
of species, including humans. Human EPCs have been isolated from adult peripheral
blood as well as umbilical cord blood [55,56]. These cells are sometimes loosely
associated with hematopoietic progenitor cells, as they have some CD34 expression;
however, they can be differentiated from the hematopoietic lineage because of their
lack of CD45 and CD14 expression [56]. Other markers that have commonly been
used to identify this population include CD31, VEGFR-2, vWF, and flk1, as well as
CD141, CD105, CD146, and CD144 [56–58]. EPCs have also been shown to have high
proliferative potential, as they can form replatable colonies, and have even been
shown to clonogenically expand when single cells are plated in isolation [56].
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Little is known about their plasticity, but it is clear that EPCs can differentiate
along the endothelial lineage and take on a phenotype much like mature endothelial
cells. In particular, as EPCs differentiate they increasingly express CD31, vWF, eNOS,
and other endothelial markers, and even appear to behave like endothelial cells by
forming tubule-like structures on Matrigel [58–61]. It should be pointed out that
EPCs have been mostly compared with vascular endothelial cells, so very little is
known about their similarity (or dissimilarity) to valvular endothelial cells
specifically. However, because the action of both of these cell types in hemo- and
immunostasis is similar, there is reason to think that EPCs may be able to
differentiate and take on the functional role of valvular endothelial cells.
2.3.2. Strategies for In Situ Endothelialization
While recellularization strategies for TEHVs have the capacity to make these
devices the ideal valve replacement, it is worth noting that some endothelialization
strategies are also applicable to current valve replacements and could be used to
make a ‘hybrid’ tissue engineered bioprosthetic valve. Bioprosthetic heart valves are
very amenable to surface modification because of the reactive amines and other
residues on surface proteins. Thus, it is essential to leverage current technology to
develop this protective endothelial layer on both TEHVs and bioprosthetic devices
via the patient’s own cells to ensure long-term hemocompatibility.
A major obstacle to endothelialization of TEHVs or current bioprosthetic
devices is the ability to attract, maintain, and differentiate EPCs or other nearby
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endothelial cells on the surface to create a functional endothelium while avoiding
unwanted interactions with blood cells. Additionally, it is optimal for this process to
happen in situ, since pre-seeding of replacements prior to surgery necessitates
weeks of pre-planning, separating and expanding the necessary autologous cells,
and sometimes lengthy seeding procedures. All of these additional steps add
complexity to the procedure and many opportunities for contamination of the
device, both of which are setbacks to FDA approval and widespread clinical use.
2.3.2.1. Hemocompatible Materials to Support In Situ Endothelialization
A first step towards creating an environment that facilitates in-situ
endothelialization is developing an underlying surface that will resist unwanted cell
and blood component interactions prior to endothelialization. A variety of materials
have been explored, including metals, nanocomposites, and polymers. In one study,
titanium was vapor-deposited on aortic valve bioprosthetics, and was able to
prevent unwanted interactions while also supporting endothelial layer formation
[37,62]. These results are encouraging; however, since this study relied on
spontaneous endothelialization, it is not likely to work in humans as no evidence of
spontaneous endothelialization has been observed in human patients [63]. A
nanocomposite polymer material, polyhedral oligomeric silsesquioxane (POSS), has
been investigated as a vascular graft or stent coating, and has even been combined
with RGD peptides to encourage endothelialization [64,65]. POSS did not elicit an
inflammatory reaction in mice and supported endothelial growth, but has only been
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coated on synthetic materials such as polytetrafluoroethylene, not biological
materials [36,64,66,67].
To coat bioprosthetic devices, polymers have been extensively studied,
particularly those, like PEG, that can be modified to react with biological molecules.
PEG, in particular, is a diverse and adaptable molecule that has proven to be
extraordinarily resistant to protein deposition, and is approved by the FDA for use
in blood-contacting applications, specifically as a conjugate for intravenous drugs
[68–70]. One of its most attractive features of PEG is the ease of modification with
various functional groups. PEG with acrylate groups can be used to crosslink
hydrogels by generation of free radicals, and PEG with amine-reactive groups,
particularly N- hydroxysuccinimide (NHS), can be used to modify the hydrogel with
bioactive factors, including growth factors, peptides, and, most importantly, DNA
aptamers [71]. Common modifications include addition of cell-adhesive peptides,
such as RGDS, or small molecules like VEGF to modulate the response of cells to the
surface, as PEG alone is not able to mediate cell attachment [72,73].
By modifying the surface of TEHVs and bioprosthetic devices with a
hemocompatible polymer such as PEG and adding DNA aptamers to encourage
surface endothelialization, the frequency of complications that arise with these
devices could be reduced or eliminated. However, in spite of mounting evidence for
the endothelialization potential of EPCs and newly developed strategies for EPC
attachment, there is still no clinically available heart valve replacement device that
leverages biocompatible surface modification strategies or in situ endothelialization.
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Chapter 3

Characterization of Dermal Fibroblasts as a
Cell Source for Pediatric Tissue Engineered
Heart Valves1

3.1. Introduction
Congenital heart defects affect nearly 1% of all live births and are the leading
cause of death in infants with birth defects in the United States [21,74]. Many of
these defects, including bicuspid aortic valve and tetralogy of Fallot, significantly
affect the function of the heart valves. This necessitates valve replacement in
patients from newborn to 18 years of age, often with additional replacement

1 Work presented in this chapter was published as: Fahrenholtz MM, Liu H, Kearney DL,
Wadhwa L, Fraser CD, Grande-Allen KJ. Characterization of Dermal Fibroblasts as a Cell Source for
Pediatric Tissue Engineered Heart Valves. Journal of Cardiovascular Development and Disease, 2014;
1(2):146-162.
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surgeries in adulthood. Tissue engineered heart valves (TEHVs) are often
considered the ideal valve replacement for pediatric patients with congenital heart
defects primarily because they can serve as a scaffold for seeded cells, which can
then remodel the valve and allow it to grow with the patient over time, alleviating
the need for additional replacement surgeries [75,76]. Furthermore, TEHVs could be
engineered to encourage the re-growth and maintenance of an endothelial lining,
naturally protecting the valve from inflammation and thrombosis [66,77–79]. No
other currently available replacement option offers these capabilities. However,
there is continued debate about what type of cell would be appropriate to seed in
these tissue engineered valves to enable appropriate remodeling, in addition to a
limited knowledge of the characteristics of valve cells from the pediatric population.
In normal valves, valvular interstitial cells (VICs) are responsible for valve
remodeling in response to mechanical forces and maintenance of valve extracellular
matrix [80,81]. VICs are observed to be a highly heterogeneous population with two
primary phenotypes: quiescent (qVICs) and activated (aVICs). qVICs are most
commonly found in fully-developed adult valve tissue, where they maintain valve
phenotype by replacing old or damaged matrix [12,51]. These cells are
characterized by slow turnover and a lack of α-smooth muscle actin (α-SMA)
expression [11,13,51]. By contrast, aVICs are characterized by expression of αsmooth muscle actin, much like myofibroblasts, and actively proliferate and produce
matrix, usually in response to disease or other abnormal conditions [12,51]. Due to
the rapid growth and remodeling in fetal tissues, aVICs are the most common fetal
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VIC phenotype. Some remodeling continues after birth and through early childhood
in children as old as 6-7 years, but eventually most cells will switch to the quiescent
phenotype seen predominantly in adult tissues [12,13,82]. Because of this
progression of remodeling towards a normal adult valve structure, pediatric VICs
differ significantly from adult VICs, maintaining higher cell density, increased
expression of matrix remodeling proteins, and contributing to increasing collagen
alignment and elastin deposition during development [13]. This distinction has
important implications for choosing a suitable cell type to replace VICs in TEHVs for
pediatric applications, necessitating the direct comparison of pediatric VICs to
surrogate cell types for pediatric-specific applications. Unfortunately, most studies
to date that have characterized VICs and compared their behavior to other cell types
have been carried out using adult human or animal VICs [49,51,83–87]. Therefore,
there is a need for direct comparison of alternative cell types to pediatric VICs in
order to choose an appropriate surrogate for developing pediatric-specific TEHVs.
One cell type that has garnered attention as a potential VIC replacement cell
type is the dermal fibroblast [48,85,88–91]. These cells are straightforward to
obtain via biopsy and to culture in vitro, making them attractive for autograft
applications. Many reports have cited their similarity to VICs, because of their
expression of α-SMA as well as prolyl-4-hydroxylase and other collagen producing
and remodeling molecules [48,49,54,85]. Currently, limited information is known
about how the matrix remodeling and production capabilities of fibroblasts
compare specifically to pediatric VICs, and the general behavior of pediatric VICs.
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Many studies have focused on media supplements to modulate the behavior of
fibroblasts, but have not investigated the effects of different extracellular matrix
molecules, which are much easier to covalently incorporate into a TEHV construct
[48,83,85,92]. Clearly, further study is needed to determine whether dermal
fibroblasts can recapitulate the major functions of VICs, whether they are suitable
for pediatric TEHV applications, and how matrix molecules may influence cell
behavior.
In this work, we investigated the effect of substrate on the behavior of
neonatal human dermal foreskin fibroblasts (nhDFFs) and human pediatric VICs
(hpVICs) to determine by direct comparison whether nhDFFs are an appropriate
hpVIC surrogate for pediatric-specific TEHVs. In particular, cells were cultured on
collagen type I and fibronectin, extracellular matrix molecules that are commonly
found in the native valve [10,93,94], and on fibrin, which has been used frequently
as a TEHV construction material [18,32,33]. Finally, cells were also grown on tissue
culture polystyrene (TCP) for a typical in vitro culture control. A thorough
comparison of the functional characteristics of both cell types was performed by
investigating important targets related to matrix remodeling and production. Matrix
metalloproteinase I and tissue inhibitor of matrix metalloproteinase I were chosen
to investigate matrix remodeling [12,97]. Collagen type I was also studied, as it is
the most common matrix protein in the valve, providing tensile strength in the
tissue, as well as prolyl-4-hydroxylase which is an important enzyme in collagen
synthesis [10]. Additionally, α-SMA was chosen as an indicator of activation for both
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VICs and fibroblasts. Finally, xylosyltransferase I was investigated because of its
essential role in glycosaminoglycan (GAG) chain production [98]. GAGs are a
common and essential matrix component of the valve, and contribute to the
flexibility and compressive resistance of the valve structure [10]. Previous work to
find VIC surrogates have focused on adult VICs compared to various cell types, thus
hpVICs are understudied in the literature to date. This work will demonstrate
whether fibroblasts can recapitulate pediatric VIC behavior and function and
provide guidance towards engineering a pediatric TEHV matrix to encourage hpVIClike function by fibroblasts.

3.2. Experimental Section
3.2.1. Materials
Collagen type I and fibronectin coated culture vessels were purchased from
BD Biosciences (San Jose, CA). Fibrin coated plates were produced by adsorption of
100 μg/mL fibrinogen (Sigma-Aldrich, St. Louis, MO) onto a TCP vessel for 1.5 h at
37°C, followed by clotting with 0.04 mg/mL thrombin (82.5 U/mg, Fisher Scientific,
Pittsburg, PA) for 10 min at 37°C [99].
3.2.2. Cell isolation and culture
hpVICs were isolated from fresh valve tissue (mean patient age 10 years)
harvested during valve repair surgery at Texas Children’s Hospital in accordance
with IRB protocols 11-176E approved on April 22, 2011 at Rice University and H-
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18511 approved on August 21, 2011 by Baylor College of Medicine and its affiliated
hospitals. Patient characteristics are summarized in Table 3-1. For this study, we
were unable to obtain fresh valves from autopsy, due to the rarity of such samples
from the pediatric population, and the complications in obtaining such samples
within 24 h for maximum cell viability. Isolation of hpVICs was performed as
described previously [100]. Breifly, leaflet samples were digested in collagenase II
and brushed vigorously with a cotton swab to remove any remaining endothelial
cells. A second digestion in collagenase III was performed to release the hpVICs from
the extracellular matrix. Collected cells were then plated on a T-75 TCP flask.
nhDFFs were purchased from ATCC (PCS-201-010, ATCC, Manassas, VA). Both cell
types were cultured in 1:1 DMEM/F12 (Corning, Manassas, VA/HyClone, Logan UT)
with 10% bovine growth serum (HyClone) and 1% antibiotic-antimicotic solution
(Corning) on TCP, as described previously [101]. Media was supplemented with 100
μg/mL tranexamic acid to prevent the immediate digestion of the fibrin coating by
the nhDFFs. At passage 2, cells were seeded at 104 cells/cm2 on 6-well plates and in
8-well chamber slides coated with rat-tail collagen type I, fibronectin, fibrin, or no
coating (TCP only) [101,102]. Two or three biological replicates for each patient
were analyzed in each assay, resulting in 6-8 total samples. Cells were cultured for 7
days at 37°C and 5% CO2 to allow the cells time to respond to the substrates and
come to a “steady-state” behavior. Cells cultured in 6-well plates were used for RNA
and protein isolation, while cells cultured in 8-well chamber slides were analyzed by
immunocytochemistry.
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Table 3-1. Patient information
Patient No.

Age (years)

Sex

Valve

Diagnosis

1

13

F

Aortic

Aortic regurgitation

2

5

M

Aortic

Aortic stenosis

3

12

M

Aortic

Truncus arteriosus, DiGeorge
Syndrome, VSD, Aortic
Regurgitation

3.2.3. Phenotypic Assays
To analyze differences in growth and proliferation, cell area was determined
by tracing the outline of cells stained by phalloidin, a cytoskeletal marker, and DAPI
was used to visualize the cell nuclei and perform a cell count for each experimental
condition, all in ImageJ (NIH, Bethesda, MD). Using the cell area and cell density
determined from image analysis, the percent coverage of a 1 cm2 culture area was
calculated.
For immunocytochemistry, hpVICs and nhDFFs cultured in 8-well chamber
slides were fixed with 4% paraformaldehyde in PBS for 10 min at room temperature
(RT), then fluorescently stained to confirm the expression of α-SMA and P4H
proteins, since phenotypic markers have been commonly used in the literature to
identify VICs and fibroblasts. First, a permeabilization step was performed by
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incubation with 2% Triton-X in PBS for 15 min at RT, then the cells were blocked
with 2% BSA in PBS with Ca++ and Mg++. Next, primary antibodies at a dilution of
1:50 for α-SMA (ab 7817, Abcam, Cambridge, MA) and 1:100 for P4H (bs-5090R,
Bioss, Woburn, Massachusetts) were allowed to bind for 1 h at 37°C. After rinsing in
PBS with Ca++ and Mg++, the primary antibodies were detected with AlexaFluor-594conjugated, anti-mouse secondary antibodies (Life Technologies) at a dilution of
1:200 for 1 h at RT. Cells were counterstained with DAPI for 5 min at RT to show the
cell nuclei. Negative controls were performed by adding the primary or secondary
antibody alone to a cell sample. PBS was used to wash the wells, then more PBS was
added to each slide well, and slides were imaged using a Nikon TE300 inverted
fluorescent microscope (Nikon, Melville, NY). Images were processed using ImageJ
(NIH) and false-colored to improve visualization.
3.2.4. RNA and protein isolation
Total RNA was isolated from nhDFFs and hpVICs with TRIzol reagent
(Ambion, Grand Island, NY) according to the manufacturer’s protocol and
suspended in RNase-free water. RNA concentration was measured using a
Nanodrop spectrophotometer. Protein was precipitated from the organic phase of
the TRIzol sample using an ethanol extraction protocol as described by the
manufacturer, then resuspended in 2% SDS. The concentration of protein in each
sample was measured using the DC Protein Assay (Bio-Rad, Hercules, CA).
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3.2.5. Quantitative PCR
1 μg of RNA was converted to cDNA with a BluePrint 1st Strand cDNA
Synthesis Kit (Takara, Mountain View, CA). To analyze relative gene expression,
qPCR was performed to amplify the following genes of interest (Table 2): collagen I
(COL1), α-SMA, tissue inhibitor of metalloproteinase I (TIMP1), matrix
metalloproteinase I (MMP1), xylosyltransferase I (XYLT1), and prolyl-4-hydroxylase
(P4H). Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as a
housekeeping gene. All primers were designed using Primer Designer software
(Premier Biosoft, Palo Alto, CA) and custom-made oligos were ordered from
Integrated DNA Technologies (Coralville, IA). Sequences are given in Table 3-2.
Table 3-2. Sense and antisense primers used for qPCR.

Target Gene

Sense Primer

Anti-sense Primer

COL1

AATCACCTGCGTACAGAACGG

TCGTCACAGATCACGTCATCG

α-SMA

CGTGTTGCCCCTGAAGAGCAT

ACCGCCTGGATAGCCACATACA

TIMP1

CATCCTGTTGTTGCTGTGGCT

ACGCTGGTATAAGGTGGTCTG

MMP1

GGCTGGGAAGCCATCACTTACC

ACACCACACCCCAGAACAGCA

XYLT1

TTCCTCCAACTTGCTTCT

ATGCTGTCTTCTCTGATGT

P4H

TCTAACGGCTGAGGACTGCTT

CTCGCCTTCATCCAGTTGCCT

GAPDH

CCACTCCTCCACCTTTGAC

ACCCTGTTGCTGTAGCCA
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The Advantage qPCR premix kit (Clontech, Mountain View, CA) was used for
gene amplification and measurement with SYBR green. Fluorescent intensity was
converted to a relative expression level using a modified ΔΔCt method that accounts
for primer efficiency and normalizes to GAPDH [103]. To investigate differences
between the two cell types on each substrate, fibroblasts on each substrate were
normalized to hpVICs on the same substrate and a Student’s t-test assuming unequal
variance was used to compare gene expression of nhDFFs and hpVICs. Samples of
each cell type were also normalized separately to either hpVICs or nhDFFs on TCP to
determine if there was any effect of substrate on the gene expression profile for
each cell type alone.
3.2.6. Western blotting
For Western blotting, 10 μg of protein was diluted in 7.5 μL deionized water
and mixed with 5 μL NuPage® LDS sample buffer (Life Technologies), then samples
were incubated at 70°C in a heat block for 10 min. Samples were next loaded in a
pre-cast 4-10% Bis-Tris gel with SDS-MOPS running buffer (Life Technologies) and
electrophoresed at 200V for approximately 70 min. Molecular weight was assessed
by comparison with a pre-stained standard (Novex). Protein was transferred to a
nitrocellulose membrane using a semi-dry transfer chamber (Bio-Rad) with
Bjerrum and Schafer-Nielsen transfer buffer. Detection was performed by blocking
the membrane in 0.1% Tween-20 in TBS with 2% nonfat dry milk and 2% bovine
serum albumin overnight at 4°C. Then, the membrane was treated with primary
antibodies for collagen type I (ab34710, Abcam), MMP1 (ADI-905-472, Enzo Life
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Sciences, Farmingdale, NY), and TIMP1 (ab1827, Abcam) to show production of the
primary ECM and ECM remodeling proteins with β-tubulin (ab6046, Abcam) as a
loading control in 0.1% Tween-20 in TBS (dilution 1:2000-5000) for 2 h at RT. Next,
the membrane was washed four times in TBS-Tween and treated with horseradish
peroxidase-conjugated secondary antibodies (ab97051 and ab97023, Abcam) at a
dilution of 1:5,000-10,000 in TBS-Tween for 1 h at room temperature. Proteins
were detected with ECL Prime Western blotting detection reagent (Amersham,
Pittsburgh, PA) and imaged with an LAS4000 imaging system (Thermo).
Quantification of the resulting images was carried out in ImageJ, and samples were
normalized to the data from nhDFFs grown on tissue culture plastic and to the
loading control, β-tubulin.
3.2.7. Statistical Analysis
Cells isolated from three patients were used in the study to control for
patient-to-patient variability in hpVIC gene and protein expression. Experiments
were performed in duplicate or triplicate for each patient, and data were pooled
across all replicates for analysis to investigate the differences between hpVICs and
nhDFFs as a population (n=8, unless otherwise noted). Equal replicates were
performed using nhDFFs in parallel with the hpVICs. Unless otherwise described
above, statistical analysis was performed by conducting a one-way ANOVA with a
post-hoc Tukey’s test to assess differences between groups, and significance was
accepted at p < 0.05.
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3.3. Results and Discussion
3.3.1. Comparison of nhDFF and hpVIC morphology
Morphological differences between nhDFFs and hpVICs were observed by
day 5 of the culture period (Figure 3-1). Fibroblasts exhibited a uniform spindle-like
morphology and quickly reached high confluence in culture, as expected. By
contrast, the hpVIC population was more heterogeneous, i.e., some cells appeared
more spindle-like, whereas many others spread and formed multiple extensions. In
fact, the average surface area of hpVICs was significantly larger than nhDFFs
(697±125 μm2 versus 338±73 μm2, respectively, p < 0.0001). Additionally, hpVICs
tended to form a loose network at confluence, in contrast to the close-packed layer
of the nhDFFs, similar to that observed for adult qVICs in culture [12].
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Figure 3-1. Representative light microscopy images of nhDFFs (A-D) and hpVICs (E-H) after 5
days of culture on various substrates: TCP (A, E), fibronectin (B, F), fibrin (C, G), and collagen
type I (D, H). hpVICs appear to spread more on all substrates and form less dense colonies,
while fibroblasts appear to reach a higher degree of confluence with homogeneous, spindleshaped morphology. Scale bar = 100 μm.

Analysis of the percent area covered by nhDFFs and hpVICs revealed
interesting differences in behavior on certain matrix substrates (Figure 3-2). On
native valve matrix components, collagen type I and fibronectin, nhDFFs and hpVICs
reached similar levels of confluence. Culture on fibrin and TCP, however, resulted in
a significant decrease in the surface coverage by hpVICs as compared to nhDFFs
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(p < 0.01). In fact, nhDFFs appeared to grow best on these substrates, as well as
fibronectin. Collagen type I, by contrast, tended to promote less confluent fibroblast
cultures than either fibronectin or TCP, the two substrates with the highest percent
coverage by nhDFFs (0.05 < p < 0.1). It is important to note that while apoptosis was
not specifically studied, significant decreases in cell number were not observed
during the culture period. This is consistent with the low expression of apoptotic
markers observed previously in pediatric valve sections [13]. Based on these
results, it seems that components of the native valve matrix better supports the
growth of hVICs, likely due to the more natural biochemical environment
experienced on these substrates. The difference between the growth of nhDFFs and
hpVICs on the fibrin substrate could be due to their differential expression of
integrins, which mediate cell attachment to various matrices, including fibrin and
fibronectin. Fibroblasts significantly express αvβ3 integrin in order to migrate in
wound environments [104–107], thus, fibrin would support the growth and
proliferation of nhDFFs. The integrin expression profile of hpVICs has not been
extensively studied, however, since fibrin is not part of the native valve matrix, nor
is it present in disease states, hpVICs may not significantly express αvβ3 integrin.
Furthermore, results from previous studies may suggest that these cells do not
express high levels of integrins in general because of their distinct interactions with
matrix, particularly in disease states, as compared to adult VICs. For example, A
report by Fisher, et al. [108] found that strain magnification was able to encourage
calcific nodule formation by adult porcine VICs, and another study by Gu and
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Masters [99] showed the essential role of integrins in the calcification process of
adult porcine VICs. These results, taken together with the tendency of pediatric VICs
not to form calcific nodules [109] seems to suggest that they lack some of the
integrin-based feedback mechanisms that enhance calcification in adult VICs and
lead to growth and proliferation of fibroblasts. Similar to nhDFFs cultured on fibrin,
TCP and fibronectin likely promoted higher growth in nhDFFs due to the cells’ role
in wound healing. Collagen, as mentioned above, seemed to reduce the highly
proliferative, “wound healing”-like response of fibroblasts, resulting in area
coverage that was very similar between both cell types [110]. This is most likely
because this matrix component is commonly found in the native environment for
both VICs and fibroblasts, promoting more “natural” cell growth.

Figure 3-2. Average percent area coverage of substrates at 7 days of culture. Area coverage
was significantly different between nhDFFs and hpVICs on fibrin and TCP. nhDFFs showed a
trend towards decreasing confluency on collagen as compared to fibronectin and TCP
(0.05 < p < 0.1). Data is given as mean ± SE, with *p < 0.05.
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3.3.2. Immunofluorescence
Immunofluorescent imaging of cells showed low-level, homogeneous
expression of prolyl-4-hydroxylase by both nhDFFs and hpVICs, with no significant
differences between substrate types (data not shown), as expected from previous
studies [49,97,111]. Staining for α-SMA expression revealed a very heterogenous
expression profile in both cell types. As shown in Figure 3-3A, cells in all conditions
qualitatively exhibited a wide range of expression for α-SMA, from no staining to
strong staining, as has been previously reported for normal adult VIC populations in
vitro [49]. Normalized area positive for α-SMA was not significantly different in any
condition; however, it was noted that there appeared to be greater variability in the
expression of α-SMA for hpVIC cultures than nhDFFs (Figure 3-3B). There was no
significant staining observed in either control condition. While significant
differences in confluence over the culture period were observed, there was not a
marked change in α-SMA expression in any condition that would indicate significant
activation of either cell type.
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Figure 3-3. Fluorescence imaging after 7 days in culture showed highly heterogeneous
staining for α-SMA (red) with a counter-stain for nuclei (blue, DAPI) in both nhDFF and hpVIC
cultures on all substrates: TCP, collagen type I, fibronectin, and fibrin (A). In all samples, αSMA intensity ranged from high intensity to very low or no signal throughout the culture, but
no significant differences were observed in area positive for α-SMA (B). Scale bars = 100 μm,
and data is expressed as mean ± standard error.

3.3.3. qPCR
To determine the differences in the gene expression response between the
two cell types on each substrate, fibroblast expression of gene targets was
normalized to expression by hpVICs on matched substrates. On both collagen type I
and fibronectin surfaces, responses by nhDFFs and hpVICs were significantly
different for multiple gene targets. As shown in Figure 3-4, gene expression of αSMA and xylosyltransferase I were significantly greater in nhDFFs. Additionally,
collagen type I expression was upregulated on fibronectin. No significant differences
in gene expression between the two cell types when grown on fibrin, but cultures on
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TCP showed upregulation of collagen type I and xylosyltransferase I in nhDFFs. To
test the effects of substrate on a given cell type, qPCR results were normalized to
data from cells cultured on tissue culture plastic. However, this manner of
normalization did not reveal any significant effect of culture substrate on the gene
expression profile for either cell type (data not shown).
These results imply that the TCP surface was less amenable to hpVIC growth,
as shown in Figure 3-2, because hpVICs do not express matrix production-related
genes as strongly as nhDFFs; therefore, they may have fewer signals from
extracellular matrix proteins to encourage their growth. In general, on the above
substrates, nhDFFs have a more activated, matrix-producing gene profile, especially
on collagen type I and fibronectin. In addition, the upregulation of COL1 on
fibronectin and TCP indicates a high potential for matrix production, which would
be expected in the context of a wound response like that of nhDFFs naturally on
fibronectin. This is in direct contrast to hpVICs, which tended to maintain lowerlevel expression of all gene targets. Interestingly, the lack of differences in gene
expression on fibrin seems to be in contrast with the differences in morphology on
this substrate. This result may stem from the significant difference in the expression
of αvβ3 and other integrins, mentioned above. The interaction of integrins with fibrin
results in a significant contraction and remodeling response in vivo and in vitro in
nhDFFs [104–106,110,112]. In one study, fibroblasts were able to almost completely
replace a fibrin gel with fibrillar collagen and other ECM within nine days of culture
[112]. Because of this integrin-matrix interaction, it is possible that over the long
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culture period the nhDFFs were able to produce significant amounts of new matrix,
which then led to a subsequent down-regulation of matrix production and
remodeling enzymes, such that the nhDFFs returned to a more “native”, unactivated state, similar to hpVICs.

Figure 3-4. Relative expression of α-SMA and some matrix molecules were significantly
upregulated in nhDFFs (black bars) compared to hpVICs (white bars) on collagen type I (A)
and fibronectin (B) at 7 days in culture. Fibrin (C) elicited no significant differences in gene
expression, while TCP (D) showed upregulation of only matrix-associated molecules. Data is
expressed as mean ± SE, *p ≤ 0.05, and # denotes non-significant trends (0.05 < p < 0.1)
between cell types for the specified substrate. n = 6-8
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3.3.4. Western blotting
Collagen type I and MMP1 production by both cell types was confirmed by
Western blotting after 7 days in culture, as shown by representative images in
Figure 3-5. Statistical analysis showed no significant differences in the relative
protein expression between nhDFFs and hpVICs, although both targets were found
to be significantly different when analyzing the gene expression profile. We were
also able to determine that the ratio of the collagen I α1 and α2 subunits was close
to 2 for all substrates (average 2.4 overall, n = 24), confirming that there were no
clear abnormalities in collagen production. TIMP1 was undetectable in any sample,
likely due to low concentration. A lack of differences in protein expression may
indicate that the cells have reached a steady-state in their protein expression that is
similar for both, but that the underlying gene expression, or the propensity for the
cells to take on certain characteristics when activated, seems to remain significantly
different.
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Figure 3-5. Collagen type I and MMP1 protein expression at day 7 for nhDFFs (black bars) and
hpVICs (white bars) was not significantly different on any culture substrate (n = 3). Samples
were normalized to nhDFFs cultured on TCP and to a β-tubulin loading control. Error bars
represent standard error. Representative Western blot images are shown for each target
protein. Lanes are indicated as substrate-cell type, with substrates collagen type I (C1),
fibronectin (FN), fibrin (FB), and TCP (TC), and cell types nhDFF (F) and hpVICs (V).

3.3.5. Study limitations
For this study, we were unable to obtain valves from healthy donors, due to
the rarity of such samples from the pediatric population. hVICs used for the study
were isolated from valves that were removed due to congenital deformation. While
many congenital heart defects have been linked to genetic defects in the cardiac
development pathways, such as GATA4 and Tbx5, there is significant variability in
the final phenotype of these conditions that suggests additional environmental
influences may also be important [113]. Thus, removing these cells from a diseased
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condition may still result in behavior that is somewhat indicative of the native
hpVIC from healthy tissue. In fact, in this work, we show that hVICs have limited and
heterogeneous expression of α-SMA and appear to be relatively slow-growing, both
of which are traits similar to adult qVICs. Additionally, when cultured on our
substrates, these cells do not seem to exhibit pathologic matrix remodeling or cell
growth. Future work should be done to further investigate the proteome of these
cells, and form a direct comparison to cells isolated from valves obtained at autopsy,
which may help elucidate the source of congenital defects in valves. Also, in this
study, we cultured nhDFFs and hpVICs for at least a week to attempt to capture the
“steady-state” behavior of these cells at long time points; however, we also showed
that over this period nhDFFs and hpVICs reach significantly different levels of
confluence. Cell density can be an important factor in modulating gene and protein
expression, thus, future experiments should be done to isolate this as a potential
factor in the gene and protein expression profiles of these cells.

3.4. Conclusions
In this work, we performed a direct comparison of dermal fibroblasts and
pediatric VICs cultured on multiple matrix proteins to elucidate the similarities and
differences between these two cell types in terms of functions important to valve
maintenance, and the effect of matrix type on these characteristics. Of the substrates
studied, fibrin elicited the most comparable behavior between nhDFFs and hpVICs,
except in terms of cell growth. However, in light of previous studies, fibrin should
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still be considered with caution as a TEHV matrix material, as it elicits a strong
wound-healing response in fibroblasts through integrin binding, and may result in
too-rapid remodeling of the TEHV matrix. Culture on collagen type I, by contrast,
attenuated the proliferation of fibroblasts, such that the growth of each cell type was
not significantly different after the culture period. Although nhDFFs maintained
significantly different levels of gene expression than hpVICs, it seemed that the
steady-state matrix production was not significantly different between the two.
Thus, collagen type I should be considered as a matrix component in TEHVs,
especially if autologous fibroblasts are used as a VIC surrogate, since this molecule is
able to control the proliferative and matrix remodeling rate of fibroblasts and
encourage steady-state behavior that is more characteristic of pediatric VICs.
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Chapter 4

Development of a Heart Valve Model
Surface for Optimization of Surface
Modifications2

4.1. Introduction
Congenital heart defects affect approximately 3.4 in 1000 people in the U.S.
population [114] and include conditions such as bicuspid aortic valve and more
severe conditions such as Tetralogy of Fallot and transposition of the great arteries,
which require replacement of the defective valve early in life. In fact, 2.3 per 1000
children born will undergo an invasive procedure related to a congenital heart
defect within the first year of life [114]. Currently, the two primary choices for valve

Work presented in this chapter was published as: Fahrenholtz MM, Wen S, Grande-Allen KJ.
Development of a Heart Valve Model Surface for Optimization of Surface Modifications. Acta
Biomaterialia, in press.
2
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replacement for pediatric patients are mechanical and bioprosthetic valves
[3,26,115,116]. Mechanical valves, unfortunately, require lifetime anticoagulation
therapy, which is not always ideal for young children [3,116]. Bioprosthetic valves,
by contrast, do not require anticoagulation therapy, but are still subject to other
complications such as thrombosis, inflammation, and calcification [2,3,26,117,118].
Recent efforts to avoid such complications in bioprosthetic valves have focused on
chemical treatment of the prosthesis to reduce interactions with the chemical,
glutaraldehyde, used to crosslink the tissue [31,32,119], as well as surface
modification methods to reduce the interaction of the valve surface with the blood
[37,120–123]. In particular, studies on surface modification have shown promising
results, encouraging further development of these technologies to improve their
non-thrombogenic and non-immunogenic properties. Additionally, these surface
modifications could be designed to be specifically bioactive, attracting and
supporting the formation of a protective, native endothelial layer [63,66,124].

A

B

Figure 4-1. SEM image of the belly region of a fixed valve leaflet showing the rough folding of
the surface at 100X magnification (A, scale bar = 400 μm) and micron-scale surface texturing
at 1000X magnification (B, scale bar = 40 μm).
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In developing such a non-thrombogenic, non-immunogenic, and endothelial
cell-attracting surface coating for heart valves, much optimization must be done to
choose the appropriate chemistry, density of bioactive molecules, and other
parameters. These surfaces must also be tested by a variety of methods to confirm
surface chemistry and mechanics, as well as microscopy to examine cell-surface and
blood-surface interactions. Unfortunately, the native heart valve surface has an
extraordinarily complex topography (Figure 4-1) at multiple length scales and is
difficult to image via light microscopy, thus making analysis of the surface markedly
more difficult. Furthermore, such optimization using tissues would introduce
variability due to differences between individuals from which the tissue was
harvested. Thus, we have developed a bioprosthetic valve surface model (BVSM)
which mimics the essential characteristics of the surface of bioprosthetic valve
tissue and provides a low-cost, easy-to-manufacture, reproducible platform to
optimize and analyze surface modification strategies. This model was manufactured
from polyethylene glycol diacrylate (PEGDA) with collagen entrapped within the
hydrogel matrix and incorporated a custom peptide coating, and optimized to mimic
the local surface mechanics, surface chemistry, and fixation and detoxification
processes characteristic of bioprosthetic valves.
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4.2. Materials & Methods
4.2.1. Materials
Glutaraldehyde (25 v/v% in water), eosin Y, 1-vinyl-2-pyrrolidinone and
TEOA were purchased from Sigma Aldrich (St Louis, MO). The custom peptide,
CRKRLQVQLSIRT, was purchased from American Peptide Company (Sunnyvale, CA).
Valve leaflets were taken from porcine hearts purchased from Fisher Ham & Meat
(Spring, TX). Bovine collagen type I (Vitrogen 100®) was purchased from Angiotech
Biomaterials (Palo Alto, CA), then concentrated to 10 mg/mL in 0.024N HCl.
4.2.2. Valve Sample Preparation
Porcine hearts were obtained from a local commercial abattoir, and leaflets
were harvested from the aortic valve. A 5 mm biopsy punch was used to cut a
specimen from the belly region of each leaflet. Fresh (unfixed) samples served as a
baseline comparison in all studies, while experimental samples underwent fixation.
Care was taken to identify the ventricularis and fibrosa sides of the leaflet prior to
analysis by micropipette aspiration. Fixation of the leaflet tissue was carried out by
incubating the tissue samples in a solution of 0.2% glutaraldehyde in PBS at room
temperature for 72 h, as published previously [125–128].
4.2.3. Model Surface Synthesis
10 kDa PEGDA was synthesized in the lab as described previously [129,130].
Briefly, 10 kDa PEG (Sigma Aldrich) was dissolved in dichloromethane at a
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concentration of 1 M with trimethylamine and acryloyl chloride and reacted
overnight. The resulting PEGDA was purified and acrylation verified by nuclear
magnetic resonance (H1-NMR). To create the BVSM, PEGDA was suspended at the
appropriate concentration in a solution of 0.02 mM Eosin Y and 0.0655 M 1-vinyl-2pyrrolidinone in Hank’s balanced salt solution (HBS) with 3% triethanolamine
(TEOA). This PEGDA solution was mixed with collagen type I in 0.024 N HCl at a
ratio of 5:1 to produce a solution containing 0.5 mg/mL collagen type I. Collagen
was incorporated into the hydrogel as a secondary model protein because it is the
main component of the valve matrix that is targeted by glutaraldehyde during
fixation of the tissue to prevent degradation in vivo. The PEGDA/collagen solution
was then cast in a mold and crosslinked for 30s under white light (~156 klux). The
partially crosslinked gels were then allowed to swell overnight in PBS. It was also
important that the BVSM be amenable to the amine-based surface modification
chemistry to be implemented [122,126]. Therefore, a naturally-occurring aminerich peptide, CRKRLQVQLSIRT, hereafter referred to as RKR, was chosen as a model
peptide to mimic the protein content on the valve surface. This peptide is derived
from laminin, a major component of the basement membrane present on the valve
surface [131–133]. RKR was grafted to the BVSM surface at a concentration of 3 mM
in a mixture of 0.01 mM Eosin Y and 0.03275 M 1-vinyl-2-pyrrolidinone in HBS with
3% TEOA. This mixture was added to the surface of each gel and crosslinked for 1.5
min under white light. Following peptide grafting, the resulting BVSM gels were
vigorously rinsed 5x with PBS, then an additional 3x10 min in PBS to remove excess
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peptide before fixation or analysis. Samples were fixed using a 0.01% solution of
glutaraldehyde in PBS for 24 h at room temperature. This change in fixation
protocol from that used for tissue samples was made in response to preliminary
data, as described in Appendix A.
4.2.4. Micropipette Aspiration
Micropipette aspiration was used to measure surface mechanics, since it is
well known that mechanics play an important role in cell adhesion, proliferation,
and fate determination [134–137]. Fresh and fixed tissue biopsies and BVSM
hydrogels were mechanically tested by micropipette aspiration, as described
previously [138,139], and this data was used to optimize the BVSM hydrogel
formulation to mimic the surface mechanical properties of the fixed tissue. Briefly,
glass micropipettes with an internal diameter of 70-90 μm were positioned at the
surface of tissue and hydrogel samples. Vacuum pressure was applied via syringe
pump at a constant rate to aspirate the sample. At each pressure step, an image was
captured with MRGrab software from a CCD camera (Zeiss, Oberkochen, Germany)
and then later analyzed using ImageJ software (NIH, Bethesda, MD) to measure the
aspiration length and pipette diameter. Pressure data was recorded by a National
Instruments DAQ system from a pressure transducer controlled by Labview
software (National Instruments, Austin, TX). Data analysis was performed by fitting
a finite-strain hyperelastic neo-Hookean constitutive model to the data, as described
previously [139]. Constants obtained from the curve fit were used to calculate an
effective modulus, M, for each sample [139] (n = 4-13).

59

4.2.5. Endothelial Cell Culture
Human umbilical vein endothelial cells (HUVECs) were purchased from
Lonza (C2519A, Allendale, NJ). HUVECs were cultured on gelatin-coated tissue
culture polystyrene plates at 37°C, 5% CO2 in EGM-2 media with BulletKit™ (Lonza).
For use in the MTT assay, cells were subcultured in a gelatin-coated 96-well plate.
The cells were seeded at a density of 100 cells/mm2 and allowed to adhere for at
least 1 h before the introduction of treated samples.
4.2.6. MTT Assay for Residual Toxicity
Bioprosthetic valves undergo fixation and detoxification/anticalcification
treatment during manufacture to stabilize the matrix and react with any residual
glutaraldehyde molecules [126–128]. This process has important implications for
the survival of cells that may colonize the surface, in addition to other blood-surface
interactions; thus, an MTT assay was used to characterize the residual toxicity of the
valves and model surfaces when cultured in contact with cells to help predict in vivo
and in vitro interactions [125]. Both valve leaflet biopsy samples and model surfaces
were fixed as described previously, then detoxified with PBS, 0.08% l-glutamic acid
in 0.5 M acetic acid buffer (pH = 4.5, Sigma Aldrich), or 0.1 M urazole in 0.5 M acetic
acid buffer (pH = 4.5, TCI America, Portland, OR) for 48 h at 37°C [128,140], then
washed thoroughly. Unfixed valve and hydrogel samples served as a negative
control. Samples were cultured in contact with human umbilical vein endothelial
cells for 3 days in EGM-2 media (Lonza) as a model of endothelial cell response to
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any residual toxicity from the fixation process. After 3 days, the biopsies and
hydrogels were removed from the cell layer, and the cell layer was incubated with
0.5 mg/mL MTT reagent in EGM-2 media for 3 h at 37°C. Formazan crystals formed
during the incubation were dissolved in dimethyl sulfoxide (DMSO), and the
absorbance of each sample was analyzed on a SpectraMax M2 (Molecular Devices,
Sunnyvale, CA) at 570 and 690 nm. Absorbance at 690 nm was subtracted from
absorbance at 570 nm to determine final absorbance values. A background
correction for the absorbance of DMSO was subtracted from all samples, and all
samples were normalized to the average absorbance of the cell layer only control
(n=5).
4.2.7. XPS
Elemental analysis of the surface by x-ray photoelectron spectroscopy (XPS)
was performed to approximate the density of amine groups present on the surface
of both valve and BVSM samples for future modification. Samples were prepared for
XPS by lyophilizing overnight. Nitrogen in both tissue and BVSM samples is mostly
associated with primary and secondary amine groups, while carbon is abundant and
present in similar concentrations across treatment groups. Thus, C1s and N1s
spectra were obtained from a PHI Quantera XPS system (Physical Electronics,
Chanhassen, MN). MultiPak software (Physical Electronics) was used to analyze the
spectra and calculate the atomic percentages of each element. The ratio of the N1s
atomic percentage to C1s atomic percentage (N/C ratio) was used for comparison
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across samples, as shown in previous work measuring protein content on a polymer
surface (n = 5-9) [141–143].
4.2.8. Fluorescent Labelling with FITC-PEG-NHS
To show the feasibility of modifying the surface with amine-reactive nhydroxylsuccinimide (NHS)-based chemistry, Cy5-PEG-NHS was reacted with the
surface of all tissue and hydrogel samples. For the hydrogel samples, a FITC-tagged
RKR peptide was used to confirm the presence of the peptide on the surface. A 3 mM
solution of FITC- or Cy5-PEG-NHS in PBS was incubated with fixed and unfixed heart
valve and hydrogel samples overnight at 4°C. After the reaction, samples were
washed extensively in PBS to remove any remaining reagent. Samples were then
imaged with a Nikon A1-Rsi confocal microscope equipped with 488 nm and
640 nm laser lines (Nikon, Tokyo, Japan).
4.2.9. Statistical Analysis
It was found that the micropipette aspiration data were not normally
distributed; therefore, a nonparametric Wilcoxon rank sum test was used to
determine differences between fixed and unfixed groups. For all other statistical
comparisons, an ANOVA with a post-hoc Tukey’s test was used with significance
accepted at p<0.05.
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4.3. Results
4.3.1. Mechanical Behavior of Surface
Analysis of the surface mechanics of fresh and fixed valve tissue and BVSM by
micropipette aspiration showed that the final formulation of the model surface
(4.5% PEGDA/0.5 mg/mL collagen type I) closely mimics the characteristics of fixed
valve tissue, as shown by the overlap of the confidence interval for the effective
modulus of the model with that of the tissue (Figure 4-2). To achieve this final
formulation, we began by thoroughly measuring baseline mechanical properties of
the valve surface. Previous studies had detected a difference in mechanical
properties between the ventricularis and fibrosa sides of the valve, so we performed
a power analysis based on some preliminary data to determine sample size needed
to detect this difference. After measuring the prescribed number of samples for the
fresh and fixed tissues, respectively, we found no significant difference between the
sides of the valve; although, as expected, we found that fixed valve tissues were
significantly more stiff than fresh tissues (p<0.05, Figure 4-2). Thus, we focused our
optimization on finding a BVSM formulation which fell within the range of the two
sides of the fixed valve. We began the optimization with a 4.1% PEGDA/0.5 mg/mL
collagen base for our BVSM. After initial testing, it was clear that this formulation
was insufficient to reach the target stiffness, and was abandoned. Furthermore,
although fixation of the BVSM did have a significant effect on stiffness, the increase
was not nearly as dramatic as in the tissue. Therefore, we focused on increasing the
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PEGDA concentration to obtain the target mechanical properties. 4.5% PEGDA
BVSMs fell just within the optimal modulus range with excellent reproducibility,
while 5.0% PEGDA fell too far above the optimal range. For continuity with previous
results, a few unfixed BVSMs at both 4.5% and 5.0% PEGDA concentrations were
tested and showed no significant change in mechanical properties, confirming our
previous observation that fixation did not affect BVSMs to the degree that was seen
in the valve tissue. All data from the optimization process, including failed
formulations, was included in Figure 2 to demonstrate our ability to adjust the
surface mechanical properties by changing the PEGDA concentration and that the
optimization was successful in recapitulating the surface mechanics of the fixed
valve tissue.
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Figure 4-2. Graph of effective modulus (M) measured by micropipette aspiration, showing that
the 4.5% PEGDA-collagen hydrogel formulation falls within the range of the valve leaflet
properties as shown by the red dashed lines. Comparing the confidence intervals of leaflet and
hydrogel samples, the fixed 4.5% PEGDA-collagen hydrogel fell within the 95% confidence
interval for both sides of the valve leaflet, indicated by †, and the 4.1% unfixed hydrogel fell
within the CI for the unfixed ventricularis (#). Significant increases in effective modulus were
observed between the fixed and unfixed tissue surfaces, and the 4.1% PEGDA-collagen
hydrogel (*p < 0.05), but not other hydrogel formulations. Hydrogel effective modulus was
optimized by changing the percent PEGDA content, as shown. Data is expressed as mean ±
95% CI, n = 4-13.

4.3.2. Toxicity
Through the MTT assay to test the latent effect of fixation on cell growth, we
showed that both the BVSM and the tissue samples had similar effects on
endothelial cell growth. Indeed, a two-way ANOVA with post hoc comparisons
revealed that only the choice of treatment group had a significant effect on the data;
whether the data was from the tissue or BVSM group had no significant effect. As
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shown in Figure 4-3, there was no significant decrease in viability as measured by
the absorbance value between the cells only and untreated sample controls.
For both the BVSM and valve tissue samples, all treatment groups showed
significant decreases in viability, with little recovery due to the additional
detoxification treatment. It should also be noted that, during the experiment, only
the cells around the margin of the well could be monitored via microscopy in the
tissue group. Due to the transparency of the BVSM, it was possible to monitor not
only cells in the margin but beneath the sample as well. Of interest, we observed
that cells in direct contact with the sample surface were most affected by
glutaraldehyde toxicity, whereas cells nearer to the margin maintained a healthy,
spread phenotype.
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Figure 4-3. A comparison of MTT viability experiments performed with the hydrogel model
and tissue samples reveals comparable results. In both experiments, all treatment groups are
significantly different from the cells-only control, although in the tissue experiment, the
untreated is also significantly different from all treatment groups (*p < 0.05 compared to cells
only control, †p < 0.05 compared to untreated control). No difference is observed between
PBS only and detoxification treatment groups. Data is shown as mean ± 95% CI, n = 5.

4.3.3. Surface Amine Content
As described previously, the N/C ratio, or the ratio of the atomic percentage
of nitrogen to the atomic percentage of carbon, is reported as a surrogate for the
concentration of amine groups on the surface of the tissue or BVSM. These reactive
amine groups will be the target for future surface modification strategies. Higher
N/C ratios, as measured by XPS, indicate a higher concentration of these reactive
groups, which will likely lead to more efficient modification of the surface. The data
shows that the unfixed tissue had significantly higher amine group content than
found in any other group (Figure 4-4). Interestingly, the N/C ratio decreased
significantly with fixation in the tissue samples, but this effect was not significant in
the model. Although mechanical properties and toxic effects were similar between
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the BVSM and tissue, the BVSM N/C ratio did not match the N/C ratio of the fixed
tissue surface, as the mean N/C value fell under the 95% confidence interval of the
fixed tissue. Therefore, going forward we would expect a higher density of reactive
groups on the surface of the tissue as compared to the BVSM and, consequently,
more efficient surface modification of the tissue.

Figure 4-4. N/C ratio (ratio of nitrogen to carbon atomic percent) is reported as a surrogate
for amine group content for the hydrogel model and valve tissue samples. The unfixed valve
tissue samples were significantly different from all other groups (p < 0.05). Data is reported
as mean ± 95% CI, n = 5-9.

4.3.4. Visualization of Reactive Amine Groups on Surface
The addition of fluorescent PEG-NHS to the surface revealed even coverage
of the surface by remaining reactive groups, as shown in Figure 5, demonstrating
the successful use of NHS chemistry to link molecules of interest to the surface.
Thus, although the N/C ratio for the BVSM was lower than that of the fixed tissue
surface, sufficient molecules were still able to link to the surface of the BVSM to form
a substantial, even coverage. Additionally, fluorescent PEG-NHS was easily detected
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on the surface of fixed and unfixed valve tissue samples with excellent surface
coverage, showing the feasibility of this mechanism for future surface modifications.

Figure 4-5. Fluorescently tagged, amine-reactive NHS-PEG was reacted with the surface of the
hydrogel model (A,B) and valve tissue (C,D) as a proof-of-concept for future surface
modification strategies. On the unfixed (A) and fixed (B) hydrogel model, fluorescently tagged
RKR peptide (green) is clearly visible over the entire hydrogel surface, and there is even
coverage of the surface with NHS-PEG-Cy5 (red), showing sufficient reactive groups for
surface modification attachment, even after fixation. Indeed, in unfixed (C) and fixed (D)
aortic valve tissue samples, a significant portion of the surface is well-covered by NHS-PEGFITC (cyan). Scale bar = 100 μm, arrows indicate the direction of the surface on the zprojections. All images have been false-colored for easier viewing.
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4.4. Discussion
4.4.1. Model Surface Platform for Facile Surface Modification Studies
This work shows successful construction of a hydrogel model of valve tissue
surface that can serve as a platform for optimizing surface modification methods
and studying their interactions with cells. The model mimics important properties
of the surface of the valve tissue, particularly fixed tissue which is used in
constructing bioprosthetic valve replacements, with the added benefit of
reproducibility, ease of manufacture, and increased compatibility with common
laboratory methods. In particular, with this BVSM manufacturing method, many
(≥ 10) hydrogels could be photocrosslinked at once, and multiple molds could be
used to create a significant number of identical gels from a single batch. Total handson time was less than1 hour from start to finish. Previous studies investigating
surface modification of bioprosthetic tissues have shown promising results,
including decreased calcification and immune activation [31,37,123,144]. However,
to continue to move this technology toward clinical use, an appropriate in vitro
model is needed to study cellular interactions with surfaces in a simple, highthroughput platform. Certainly, other studies have tried to mimic bulk properties of
the valve for the purpose of tissue engineering, and a few have looked at some
surface properties as well [66,129,139,145–148]. However, what these studies have
not done is specifically try to mimic the reactive group availability of tissue for the
purpose of creating a model to optimize surface modifications. Most studies simply

70

analyze the surface modifications themselves [37,66,121,123,145,149], not the
availability of the reactive groups prior to modification. As such, no previous results
exist on the specific reactive group content of these surfaces. Published literature
has also historically depended on SEM imaging and histology to show interactions
after in vitro and in vivo studies [31,144], but with the model platform shown in this
work it is possible to monitor interactions over the course of an assay using light
and fluorescent microscopy methods, as noted in this work during the culture of
HUVECs with BVSMs and valve samples. Also, because of its compatibility with light
microscopy, real-time monitoring could be used with the BVSM to give a clearer
picture of cell-surface interactions, as well as allow additional in vitro studies to
optimize capture methods to improve endothelialization.
4.4.2. Model matches surface mechanics of leaflet tissue
We found that in the hydrogel model, PEGDA content dominated the
mechanical properties with fixation having a mostly non-significant effect, as
opposed to the effects of fixation on tissue. It is important to note that although the
fixation protocol for the BVSM was altered from the tissue protocol, this observation
of the modest effect of fixation on the BVSM was consistent in earlier formulations
where the same fixation protocol was used for both BVSMs and valve tissue. This
reduced effect of fixation is most likely due to the lower concentration of protein
(i.e. collagen, in the case of our BVSM) in the BVSM as compared to tissue, which is
composed entirely of protein. Glutaraldehyde primarily crosslinks collagen in the
tissue. Thus, we would expect fixation to have a significant effect on the mechanical

71

properties (both surface and bulk) of valve tissues which contain a significant
amount of collagen, and this is what we observed and has been observed in
literature [126,127]. By contrast, the BVSM contains only 0.05 w/v% collagen type I
with 4.5 w/v% PEGDA. We expect, then, that PEGDA will be the most important
modulator of the BVSM mechanical properties, although the collagen does still serve
an important role in mimicking the latent toxicity of glutaraldehyde fixation. Indeed,
by modulating PEGDA content, a match in mechanical properties between the fixed
hydrogel and valve tissue was obtained. Because a previous study showed
differences in effective modulus between the two sides of the heart valve leaflet
[139], we also analyzed both sides of the valve to determine whether two separate
models with differing characteristics were needed. While we obtained results
similar in magnitude to the previous study (~1-2 kPa previously versus ~3-5 kPa in
this study), we did not find statistically significant differences in effective modulus
between the two sides of the valve in the unfixed or fixed condition. This may be due
to differences in sample size (n = 33-71 previously versus n = 12-13 in this work),
although we chose our sample size based on a preliminary power analysis and were
able to detect statistically significant differences in our data via nonparametric
testing. Given the absence of significant differences between sides of the valve, we
chose to use the overlap between the 95% confidence intervals of the fixed model
and fixed tissue as our success criterion. To match these properties, it was necessary
to increase the PEGDA content of the model surface because fixation did not
significantly increase the mechanical properties in most samples, as discussed
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before. This domination of the mechanical properties by the PEGDA component,
however, had the unexpected benefit of providing finer control over the mechanical
properties of our model surface. This control of modulus becomes very important
since previous studies have also clearly shown that surface mechanical properties
sensed by the cells have profound effects on their behavior and differentiation
capabilities [136,137]. By constructing a model surface which mimics the fixed valve
mechanics, and which can be tuned to also mimic fresh valves, we now have a
platform for testing the effect of stiffness on endothelialization strategies for heart
valves while maintaining selected aspects of the compositional complexity of the
native valve.
4.4.3. Model mimics effects of tissue fixation on cell viability
Overall, the comparability of the final results between the model and tissue
shows that our model surface is able to mimic the residual toxic effects of the
glutaraldehyde fixation process, which will be very important for determining the
rate and efficacy of promoting endothelial layer growth. Both of the detoxification
reagents (l-glutamic acid and urazole) contain amine groups meant to react with
unreacted glutaraldehyde, therefore decreasing its effects on the cells. As expected
based on previous studies [125,128], there was a significant decrease in viability
with all treatment groups. However, this effect was not improved significantly by
the addition of a detoxification step, in contrast to previous studies [128,140].
Because of the comparability of the results obtained from the BVSM to fixed tissue,
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the model surface may provide a platform for testing new ways to remediate
lingering toxic effects of glutaraldehyde.
4.4.4. Model has lower amine content than tissue, but fixation reduces N/C
ratio for both
To address the problem of identifying the concentration of reactive groups
on valve and model surfaces, which has previously been unexplored, we have
leveraged a method (XPS) that is very common to surface studies in chemistry, but
is relatively uncommon in the field of biomaterials for tissue engineering. The
results showed that, similar to the micropipette aspiration results, fixation had a far
more significant effect on N/C ratio in the tissue as compared to the effect on the
hydrogel model, although the overall lower peptide content in the hydrogel model
suggests that differential results will be obtained for surface modification on tissue
versus the model. As expected, the unfixed tissue has a very high N/C ratio, but this
reduction due to the fixation process may be due to the addition of a high
concentration of carbon-containing glutaraldehyde to the surface, effectively
decreasing the proportion of nitrogen on the surface as it reacts with surface amine
groups [141]. This effect was far less pronounced in the hydrogel model, likely due
to the relatively lower content of protein and therefore lower incorporation of
additional carbon-containing molecules. The reduced protein composition of the
BVSM did make it difficult to add sufficient peptide to the surface to provide
anchoring points for future surface modifications. In fact, the N/C ratio of our fixed
BVSM did not fall within the 95% confidence interval of the fixed tissue, although
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the unfixed BVSM did fall within this interval. The amine content may be able to be
improved by addition of a higher concentration of RKR peptide, or by designing a
different peptide containing a higher amine group content. The current peptide,
RKR, contains at least six primary amine groups, but a high-order lysine dendron
may be able to increase that number. With no other changes to the current hydrogel
model formulation, though, we expect that translation of a surface modification
chemistry optimized on the model to tissue will actually result in better coverage of
the tissue due to the greater availability of reactive groups on the tissue versus the
model.
4.4.5. Reactive groups on model surface offer opportunities for future
modification
Despite having a lower amine content than tissue as measured by XPS,
imaging of the model by reacting fluorescent PEG-NHS with the hydrogel surface
reveals a significant reactive group content, providing a proof-of-concept for future
surface modification strategies involving amine chemistry. While the coverage is not
as extensive as shown in the fixed and unfixed tissue samples, it does show
complete, even coverage of the surface that is likely sufficient to provide anchorage
for future surface modifications. In agreement with XPS results, the greater PEGNHS coverage of the tissue as compared to the BVSM indicates that if surface
modification schemes are optimized on the BVSM, one can expect even better
coverage when the surface modification scheme is translated to tissues.
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4.5. Conclusion
We have synthesized a hybrid hydrogel as a bioprosthetic valve surface
model (BVSM) and shown that the BVSM successfully mimics important aspects of
the bioprosthetic valve surface, including the surface mechanical and chemical
properties and latent toxic effects due to glutaraldehyde. This may be a new
platform for addressing the clinical complications related to bioprosthetic valves.
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Chapter 5

Customizable Surface-Coating Method
for Bioprosthetic Valve
Biocompatibility

5.1. Introduction
Each year, over 90,000 prosthetic valves are implanted in the U.S. and
280,000 worldwide, about half of which are bioprosthetic heart valves [150], and
the share of bioprosthetic valves being used, especially in younger patients, is
growing [151]. Complications involving thrombosis, inflammation, and calcification
are still a major problem in bioprosthetic heart valve replacements, leading to a
growing need for better technology in bioprosthetic valves. In particular, pediatric
patients are at higher risk for these complications, and would benefit greatly from
improved replacement devices. Unfortunately, there has been relatively little change
in the state-of-the-art for bioprosthetic valves over the last 20 years, with only two
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major exceptions. These major milestones have been the adoption of alpha-oleic
acid (AOA) treatment methods to curb calcification [32,152] and the development of
the transcatheter stented valve [26,35], which is primarily in use for older patients
who cannot tolerate open-heart surgical replacement, although there have been
some pediatric cases.
During this time, though, active research has been and is ongoing to improve
heart valve replacements. Much work has been done in the area of fully synthetic or
tissue engineered valve replacements, with the goal of creating a fully autologous
valve [91,115,122]. However, a secondary focus in the field has been on surface
modification of currently available biprosthetic heart valve devices to promote reendothelialization, as the modification of currently approved devices could lead to
more rapid translation to the clinic. Toward this end, a few researchers have
pioneered the use of alternative fixation methods, such as amine-reactive polymer
derivatives or other collagen-crosslinking chemicals [153–156]. These methods
would replace the current glutaraldehyde fixation method, which is associated with
the calcification of bioprosthetics [153,155,156]. Work done by Guldner, et al., has
also explored modification of bioprosthetic valve surfaces with titanium to produce
an anti-fouling, non-immunogenic coating [37,62,144]. Indeed, many groups have
investigated strategies for enhancing the hemocompatibility and reducing
calcification of bioprosthetic tissue by adding bioactive molecules (e.g. hyaluronic
acid, heparin) [121,123], coating with nanoparticles [36,65], or even coating with
polymer films [157–160].

78

Unfortunately, many of these strategies pose processing and approval
challenges that could make translation to the clinic difficult. Alternative fixation
methods greatly alter the current processing methods used in the industry, and may
require additional safety and efficacy testing to ensure their appropriateness for use
in humans. Furthermore, many surface modification strategies require the use of
harsh solvents or drying methods that may change the bulk structure of the valve
device and are also likely to require stringent validation. Finally, some strategies
meant to provide a surface to promote re-endothelialization are highly non-specific
and may lead to additional acute surface fouling [157,159]. While these are serious
challenges, the need for new technology to improve patient quality of life continues
to motivate efforts to incorporate promising technologies into current practice on a
shorter timescale.
Toward this end, we have developed a novel two-step surface coating method
that can be easily incorporated into current bioprosthetic valve manufacturing
processes, uses FDA-approved materials, and can be carried out under mild
conditions with minimal risk of adverse effects from the additional processing steps.
The goal of this process is not only to effectively integrate with current processes,
but reduce the incidence of complications due to blood-tissue interactions through
an anti-fouling base coating and incorporation of pro-endothelial molecules. In the
two-step process, reaction step one takes advantage of the abundant amine groups
present on the surface of bioprosthetic tissue to attach heterobifunctional linker
molecules containing an acryl group to the surface, while simultaneously soaking
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the tissue in glucose to set up reaction step two. In step two, glucose diffuses out of
the tissue to form a locally high surface concentration that then reacts with glucose
oxidase to generate free radicals and initiate free radical polymerization of a
polyethylene glycol diacrylate (PEGDA)-based coating solution. Traditional lightactivated free-radical polymerization would be severely hindered by the complex
surface topography in tissue valves, but this method overcomes this obstacle while
also avoiding toxic solvents, reactants, or products.
This two-step surface coating method is applicable to any material containing
reactive amine groups, including other tissue-based devices and synthetic materials.
The PEG base of the hydrogel coating forms a “blank slate”, due to its well-defined
anti-fouling properties [143,149,153,161], to which various molecules of interest
can be added to encourage endothelialization of the surface by native endothelial
cells and endothelial progenitors while discouraging unwanted interactions with
blood components [122]. Here, we investigate this surface coating process for its
controllability, in terms of both coating thickness and effect on bulk mechanical
properties of the bioprosthetic tissue, and its anti-fouling properties when in
contact with protein.
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5.2. Materials & Methods
5.2.1. Processing of Valve Samples and Bioprosthetic Valve Model
Bioprosthetic valve tissue samples were prepared as described
previously in Chapter 4 [162]. Briefly, 5mm biopsies from the belly region of porcine
aortic valves were fixed in a 0.2 v/v% solution of glutaraldehyde at 22°C for 3 days
and then washed in PBS before use.
The previously developed hydrogel-based bioprosthetic valve surface model
(BVSM) served as the primary platform for all optimization of the surface coating
[162]. BVSMs were synthesized as in Chapter 4 by first partially crosslinking a
4.5 w/v% PEGDA, 0.5 mg/mL collagen type I base gel then adding additional amine
groups to the surface by grafting the peptide RKRLQVQLSIRT during a final
crosslinking step. The grafted base gels were then crosslinked in
0.01% glutaraldehyde for 24 h to create the final BVM. As with the valve tissue
samples, BVSMs were washed in PBS before experimental use.
5.2.2. Two-Step Surface Coating3
Coating of bioprosthetic valve tissue and BVSM samples was carried
out via a two-step reaction process. In the first reaction step, a heterobifunctional

Patent pending. Fahrenholtz, M; Grande-Allen, KJ. “Surface coating method to
improve implantable device biocompatibility.” Application No. 62,169,374. June 1, 2015.
3
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anchoring linker, 3 mM n-hydroxysuccinimidyl (NHS)-PEG(2000)-acrylate in PBS
served to transform the reactive amine groups on the tissue into even more reactive
acrylate groups suitable for hydrogel crosslinking by reaction with the surface
overnight at 22°C. In coincidence with the first reaction stage, 5 g/L glucose was
allowed to soak into the tissue to set up the reaction conditions for the second
reaction step. In the second reaction, the bioprosthetic valve tissue or BVSM, now
decorated with acrylate anchor points at the end of PEG chains, was submerged in a
20 wt% PEGDA solution with 19.64 U/μL (0.593 μM) glucose oxidase and 4.744 mM
iron(II) sulfate heptahydrate [163]. Glucose absorbed by the tissue during the first
reaction diffused out of the tissue, forming a locally high concentration at the tissue
surface. This high concentration of glucose reacted with the glucose oxidase in the
reaction solution to form hydrogen peroxide. Hydrogen peroxide then undergoes a
redox reaction with iron ions to generate hydroxyl and hydroperoxyl radicals close
to the tissue surface. These radicals then initialize the polymerization of PEGDA with
the surface acrylate anchor points. A schematic of this two-step reaction process is
shown in Figure 5-1.
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Figure 5-1. Schematic of the two-step reaction process involving (1) conversion of amine
groups to acrylate groups followed by (2) cross-linking of a PEGDA hydrogel to the surface by
radicals generated through the reaction of glucose oxidase (GOx), glucose, and iron ions.

5.2.3. Thickness Variation and Measurement
In the second step of the surface coating process, reaction time and size of
the PEGDA was varied to investigate ways of modulating the coating thickness and
mechanical properties. Particularly, 6 kDa and 20 kDa PEGDA were tested with
reaction times varying from 2-5 min, with some test conditions also being mixed
during the reaction time. Additionally, to visualize the surface coating with the
microscope, the PEGDA coating solution was doped with acryl-rhodamine dye.
To obtain an accurate estimation of the thickness of the coatings under
different reaction conditions, each sample was embedded and sectioned prior to
analysis with a Nikon A1-Rsi confocal (Nikon, Tokyo, Japan). For BVSM samples,
each gel was soaked for at least 24 h in 30 w/v% sucrose in PBS then transferred to
O.C.T. compound (Sakura, Torrance, CA) for a minimum of 3 days. After soaking in
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O.C.T. compound, the BVSMs were embedded in Cryo-Gel™ (Electron Microscopy
Sciences, Hatfield, PA) and flash-frozen in liquid nitrogen. Embedded BVSMs were
then allowed to equilibrate to -20°C before sectioning with a cryotome at -20°C.
Sections were fixed to slides by drying at 90°C for 15 min.
To measure the thickness of the PEGDA-based coating on the surface of
BVSMs and tissue samples, sectioned samples were imaged with a confocal
microscope, and the Nikon A1-Rsi software (Nikon) was used to measure the
thickness of the resulting coating based on the objective calibration.
5.2.4. Bioindentation
A bioindenter (BHT, Anton Paar, Ashland, VA) was used to test the local
surface mechanical properties of coated and uncoated valve tissue and BVSM
samples. Indentation was carried out using a 200 μm Ø ruby conical indentation tip
with a constant loading rate up to a maximum load of 100 μN. Analysis of the
resulting unloading curve by the Oliver & Pharr method was carried out by the
instrument indentation software (version 6.1.15, Anton Paar). The indentation
modulus (a measure of stiffness) was then used for analysis.
5.2.5. Protein Adsorption Assay
To determine the susceptibility to fouling of coated and uncoated surfaces, all
experimental groups were exposed to 50 μg/mL tetramethylrhodamine-conjugated
bovine serum albumin in PBS for 20 min at 22°C. Samples were then washed
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3x10 min with PBS and observed with a Nikon A1-Rsi confocal (Nikon). ImageJ
software (NIH, Bethesda, MD) was used to analyze the images for total area of the
gel and area with protein fouling.
5.2.6. Scanning Electron Microscopy
Since tissue samples are opaque and highly autofluorescent, SEM was used as
an alternative imaging technique to observe the result of the two-step coating
method on the bioprosthetic tissue samples. After coating, samples were washed
thoroughly with deionized water to remove any remaining reactants or salts that
may interfere with imaging. Samples were then dehydrated with an ethanol
gradient (30 min each in 50%, 70%, 80%, 90%, and 3x100% ethanol). After drying
overnight, samples were then sputter coated and imaged with a Quanta 400 ESEM
(FEI, Hillsboro, OR) under high vacuum.
5.2.7. X-ray Photoelectron Spectroscopy
XPS was also used to confirm the presence of the PEGDA-based coating.
Samples were dehydrated as described for SEM, then survey and C1s elemental
spectra were recorded for the samples using a PHI Quantera XPS system (Physical
Electronics, Chanhassen, MN). MultiPak software (Physical Electronics) was used to
deconvolute the C1s elemental spectra into four general component peaks: C-C
(284.8 eV), C-O (also C-N, 286 eV), C=O (288 eV), and O-C=O (290 eV) [164–166].
Percent area of the C-O peak was normalized to the C-C peak to obtain a measure of
the increase in PEGDA on the surface, since PEG is made up of ~2/3 C-O bonds.
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5.2.8. Statistical Analysis
All statistical testing was carried out using JMP Pro 10 software (SAS, Cary,
NC). For bioindentation testing and thickness measurements, multiple regions were
tested per independent sample. A correction was made for repeated measures [167]
in the ANOVA and post-hoc Tukey’s test to show differences between groups. Other
experimental data was analyzed with an ANOVA with a post-hoc Tukey’s test to
show differences between groups.

5.3. Results
5.3.1. Optimization of surface coating conditions with BVSM
Our previously formulated BVSM was utilized here to optimize the reaction
conditions for the surface coating method. Reaction time, PEGDA size, and mixing
were investigated for their effect on coating thickness.
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Figure 5-2. Little change in the surface coating is observed between 20 kDa PEGDA (A), 6 kDa
PEGDA (B), 6 kDa PEGDA with mixing (C), or 6 kDa PEGDA with longer reaction time (5 min,
D), as demonstrated by both imaging and thickness measurement. However, 20 kDa PEGDA
(A) had the most variable coating thickness (E), while a more consistent coating was obtained
for all 6 kDa formulations. White arrows indicate the BVSM surface. Scale bar = 500 μm, n = 3.

In Figure 5-2, the coated surface of the BVSM is indicated by the white arrows. In
almost all groups, we observed a thin, continuous or nearly continuous coating over
the surface. Thickness measurements, as summarized in Figure 5-2, revealed no
significant differences between each coating condition. However, we observed more
variation in the thickness of the coating containing 20 kDa PEGDA as compared to
the 6 kDa groups. Therefore, 6 kDa PEGDA was selected as the molecular weight to
be used moving forward. Since there was no significant difference between the
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reaction times or mixed versus unmixed conditions, two minutes without mixing
was chosen as the reaction condition for future studies.
5.3.2. Functional surface coating repels protein adsorption
During the initial optimization, a mostly or fully continuous surface coating
was indicated by the imaging results, as shown in Figure 5-3. To test the efficacy of
the coating in repelling unwanted protein-surface interactions, a protein adsorption
assay was performed. Significant deposition of protein was observed on the control
BVSM (no coating) as compared to the BVSM with surface coating or to a PEGDA
hydrogel. Indeed, there was nearly an order of magnitude difference in the protein
deposition on the BVSM with and without the coating, indicating that the coating is
very effective in preventing protein deposition on the surface.

88

Figure 5-3. Protein adsorption was significantly greater on the control BVSM surface (A) as
compared to the coated BVSM (B) or the PEGDA-only hydrogel (C), indicating that the coating
was successful in repelling unwanted acute protein deposition (*p < 0.01). Scale bar = 500 μm,
n = 17-19.

5.3.3. Surface coating does not significantly alter surface mechanics
Another concern with the surface coating is its effect on the mechanical
properties of the tissue surface, which in turn have downstream effects on cells
colonizing the surface due to changes in the microenvironment. Thus, we compared
the surface mechanical properties of coated and uncoated BVSMs. As shown in
Figure 5-4, no significant difference in stiffness was observed between coated and
uncoated BVSMs. As a result of the characterization and successful functional assays
of the coating on the BVSM, the optimized surface coating conditions were used to
coat bioprosthetic valve tissue samples. Similarly to the BVSM, no significant
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difference in indentation modulus was observed between the coated and uncoated
tissue samples.

Figure 5-4. Bioindentiation of coated and uncoated BVSM and bioprosthetic tissue samples
(fixed leaflet) revealed no significant differences in indentation modulus between any
conditions. n = 8.

5.3.1. Initial SEM observation of surface coating on bioprosthetic tissue and
confirmation of coating by XPS
In addition to testing the mechanical properties resulting from the coating
procedure on the bioprosthetic tissue, the surface was observed under SEM. When
compared to control bioprosthetic tissue samples, there was clear deposition of
material on the coated samples, indicated by darker, smooth patches on the surface
of the tissue samples in Figure 5-5; however, the coverage of the surface tended to
be sparse, even at reaction times up to 30 min (Figure 5-5F,I). It was clear, though,
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that the increase in reaction time led to larger patches of coating that were more
continuous and thicker than observed for the shorter reaction time (Figure 5-5D,G).

Figure 5-5. Representative SEM images of bioprosthetic valve tissue (A-C), tissue coated for 2
min (D-F) and tissue coated for 30 min (G-I), show increasing coverage of the surface with the
hydrogel coating. In the coated groups at low magnification (1000x and 100x, respectively for
the second and third columns), the coating appears as darker, smooth spots on the valve
tissue. At high magnification (10,000x, first column), the coated regions become thicker and
more continuous with increasing reaction time. Scale bar = 4 μm (10,000x), 40 μm (1000x), or
400 μm (100x).

To confirm that the observed coating was indeed the PEGDA-based coating
we desired, XPS was used to interrogate the surface composition. We expected that
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the coated samples would have an increased C-O bond contribution to the C1s
spectrum due to the PEGDA on the surface. Indeed, we observed a shoulder in the
C1s spectrum of the coated samples at 286 eV, similar to the position of the main
peak in the C1s spectrum of our BVSM, which is composed mainly of PEGDA (Figure
5-6A).

Figure 5-6. Representative C1s spectra (A) from XPS show a unique shoulder at ~286 eV for
the coated bioprosthetic tissue versus the control tissue samples. This is at the same location
as the main peak for the BVSM, which is composed mainly of PEGDA, indicating deposition of
PEGDA on the surface of the coated tissue. Deconvolution of the spectra (B) do not reveal a
significant difference, though, between the ratio of the C-O peak area (~286 eV) and C-C peak
area (284.8 eV). Vertical lines indicate 286 eV and 284.8 eV, respectively (A). n = 3.

Deconvolution of the C1s spectra of all samples tested revealed a significant
difference in the ratio of the C-O peak area to the C-C peak area in the BVSM versus
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the bioprosthetic tissue samples, but the differences between the coated and
uncoated tissues were not significant (Figure 5-6B). Thus, while the deconvolution
of the spectra did not reveal a significant difference in the contribution of C-O, the
observed shoulder in the spectrum at the location of the main peak for PEGDA
suggests that the deposits on the tissue surface are indeed the PEGDA coating.
5.3.1. Investigation of glucose/glucose oxidase to improve coating on
bioprosthetic tissue
In an attempt to increase the surface coverage of the tissue by surface
coating, we increased both the glucose oxidase and glucose concentrations. As seen
in Figure 5-7, the increase in glucose oxidase concentration clearly increased the
surface coverage of the tissue by the coating as compared to the previous
formulation for the same 30-minute reaction time (Figure 5-5G-I). However, we did
not observe any changes in the coating coverage or thickness with the significant
increase in glucose (5 g/L to 300 g/L).
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Figure 5-7. Representative SEM images of bioprosthetic tissue coated for 30 min with 5.93 μM
glucose oxidase and 5 g/L glucose (A-C) or 300 g/L glucose (D-F), show no observable
differences between groups, but both clearly show an increase in coating coverage versus
groups with only 0.593 μM glucose oxidase (shown in previous figure). In fact, such a thick
coating formed on the samples in these groups that the samples became stuck to the coating
well, resulting in the pulled-looking formations observed in (C), (E), and (F) when the samples
were removed from the coating solution. Scale bar = 4 μm (10,000x, A & D), 40 μm (1000x, B &
E), or 400 μm (100x, C & F).

One interesting observation in the SEM data was the development of small,
crystalline particles with increasing reaction time and glucose oxidase
concentration that gave the coated surface a rough appearance at high magnification
(10,000x, Figure 5-5D & G, Figure 5-7A & D). Residual glucose was eliminated as a
possible source of these particles, as mentioned previously, and confirmed by a
significant difference in particle size between the glucose crystals and the observed
particles (196 ± 32 nm versus 75 ± 10 nm for glucose crystals and the particles,
respectively, p < 0.001, see also Figure C-1). A second look at the survey spectra

94

from control bioprosthetic tissue and coated tissue samples, however, suggested the
source of these particles may be the formation of iron oxide and hydroxide species
as a byproduct of the redox reaction of iron(II) ions with hydrogen peroxide to form
hydroxyl and hydroperoxyl radicals as evidenced by the appearance of a small peak
at ~711 eV. This binding energy is characteristic of the 2p3/2 electron from
iron(III) oxide or iron(II) oxide[168].

Figure 5-8. Comparison of survey spectra from bioprosthetic valve tissue (black) and coated
bioprosthetic tissue (red) obtained by XPS shows the emergence of a small peak at ~711 eV,
which is associated with Fe 2p3/2 orbital electrons, most commonly from iron (III) oxide.

A proposed reaction scheme is suggested for the formation of iron oxide and
hydroxide particles in Table 5-1 below, based on a truncated version of the reaction
mechanism for iron ions and hydrogen peroxide. Essentially, iron(III) and iron (II)
ions in solution may react with the byproducts of the radical generation process (i.e.
hydroxide and hydrogen ions) to eventually form insoluble iron hydroxides and
oxides.

95

Table 5-1. Proposed reactions involved in the formation of iron-containing solids [169].

Reaction of H2O2 with Fe ions
𝐻2 𝑂2 + 𝐹𝑒 2+ → 𝐹𝑒 3+ + 𝑂𝐻 − + ∙ 𝑂𝐻
𝐻2 𝑂2 + 𝐹𝑒 3+ → 𝐹𝑒 2+ + 𝐻 + + 𝐻𝑂2 ∙
Formation of iron hydroxide
𝐹𝑒 2+ (𝑎𝑞) + 2𝑂𝐻 − → 𝐹𝑒(𝑂𝐻)2
𝐹𝑒 3+ (𝑎𝑞) + 3𝑂𝐻 − → 𝐹𝑒(𝑂𝐻)3 (𝑠)

5.4. Discussion
5.4.1. Successful adaptation and optimization of surface coating method
Implementing our previously developed BVSM, we were able to successfully
adapt and optimize the two-step surface coating method described in this work. As a
result, we were able to create a surface coating that was thin, continuous over the
surface, and functional in repelling protein adsorption.
5.4.1.1. Coating method successful, but not yet tunable
In our initial studies, we attempted to alter the thickness of the surface
coating by changing the PEGDA chain length, reaction time, and mixing conditions. It
should be noted that in the original work by Hume, et al., ~400-500 Da PEGDA was
used [163], whereas in this work we chose to use a larger size PEGDA chain (6 kDa
and 20 kDa) with the intention of more closely mimicking the mechanical properties
of the tissue for downstream cell culture purposes. It is well known that decreasing
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PEGDA molecular weight results in increased mechanical properties of PEGDA
hydrogels; therefore, we chose a much larger molecular weight PEGDA for the
present study. Despite the increase in PEGDA size, in a pilot study we were able to
observe gelation of a hydrogel using the glucose/glucose oxidase method for
generating free radicals within about 10 minutes. While we did observe a
continuous coating on the surface of the BVSMs after coating, no changes in the
method seemed to significantly alter the coating thickness, including extending the
reaction time. In Hume, et al., coatings of up to 500 μm were obtained within 60 s of
reaction for a similar sized hydrogel, as compared to ~7 μm in this work. Two
mechanisms may be responsible for the differences in these results. First, the
increase in the PEGDA size may increase the steric hinderance, making it more
difficult to generate a thick coating within a (relatively) short reaction time.
Secondly, the BVSM is designed to mimic the reactive site availability of
bioprosthetic tissue, which is much less than a PEGDA hydrogel. In our system,
amine groups are the anchor points for the coating and are converted to acrylate
groups during the first step of the reaction. Based on the relative scarcity of reactive
sites for anchoring the coating, it is logical that the coating would take more time to
develop than on a surface with more abundant reactive sites. However, despite the
difficulty in adjusting the coating thickness, the reaction conditions were sufficient
to achieve the goal of forming a thin but continuous coating over the BVSM surface.
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5.4.1.2. Coating is functional in resisting protein adhesion
We found that the continuous surface coating on the BVSM, while thin, was
quite effective in resisting protein deposition. Previous studies have documented
the anti-fouling properties of PEGDA [69,143,161], which we also confirmed with
the PEGDA-only hydrogel control in our study. The BVSM served as a positive
control with substantial protein deposition, which may be similar to the
bioprosthetic tissue it was designed to mimic, as one study has suggested that
protein does adsorb to bioprosthetic tissues [170]. Most importantly, coating the
BVSM surface with our PEGDA-based coating method resulted in significantly
reduced protein deposition such that the protein deposition on the coated BVSM
was not significantly different from the PEGDA-only hydrogel control.
5.4.2. Surface coating preserves surface mechanical properties
As previously mentioned, the underlying matrix stiffness has measureable
downstream effects on cell behavior. The ultimate goal of developing this coating
method is to support in situ endothelialization of the bioprosthetic valve surface,
and as such, material properties of the surface coating that are significantly more
stiff or softer than the tissue may hinder the adhesion and function of endothelial
cells and endothelial progenitors. Previous work showed that the BVSM did not
have significantly different surface mechanical properties than bioprosthetic valve
tissue samples using micropipette aspiration. In the present study, we have
confirmed this result with microindentation. We also show that the addition of the
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surface coating does not significantly change the mechanical properties. This result
is consistent with our expectation, as the measured thickness of the coating on the
BVSM was ~7 μm and the maximum depth during indentation was between ~30 μm
and ~60 μm (BVSM and tissue samples, respectively). Therefore, we expect that the
measured properties will be dominated by the thick underlying matrix. In terms of
what cells may experience, the ~7 μm coating thickness is nearly at the lower limit
of what the literature defines as a “semi-infinite” material, i.e. cells on thinner
coatings may be influenced by the stiffness of the underlying matrix. However, there
is still debate in the literature as to the critical thickness of a coating such that cells
are not influenced by the underlying matrix, with reported values ranging from 500
nm to greater than 70 μm. In this study, though, we can say that the local surface
properties of the BVSM and bioprosthetic tissue measured by microindentation
were not significantly influenced by the coating, and future studies will be needed to
elucidate the downstream effects on cell behavior in our system.
5.4.3. Confirmation of PEGDA coating deposition on the bioprosthetic valve
tissue surface
Given the success of the coating method on the BVSM, we expected excellent
results from the translation of the coating method to bioprosthetic valve tissue
samples. However, we found that the coating was much less continuous on the
tissue samples, as evidenced in Figure 5-5. Only small areas were observed to have
complete coverage of the underlying matrix, but within those areas it was clear that
the coating method was indeed successful in covalently attaching a hydrogel layer.
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Also, with increased reaction time, an increase in both area coverage and the
thickness of the coating was qualitatively observed. In fact, under 1000x and
10,000x magnification, the coated surface of the tissue more closely resembled a
PEGDA hydrogel formed by the glucose/glucose oxidase-mediated free radical
polymerization (see Figure C-2).
To more quantitatively confirm the presence of the surface coating on the
tissue, samples were analyzed by XPS. While no quantitative differences were
detected by deconvolution of the C1s spectra for control and coated samples, there
was a distinct shoulder observed for all coated samples that was unique from the
control spectra and appeared at the expected binding energy. Currently, the sample
size may be too small to quantitatively detect the differences in the spectra, or that
the coating is currently too sparse such that the changes in the spectrum between
coated and uncoated areas are not being captured accurately. Also, we expect that
for samples where the coated area was significantly increased (i.e. samples shown in
Figure 5-7) there should be a corresponding increase in the contribution of the C-O
peak to the C1s spectra, such that a significant change in the deconvolution of the
spectra may be detected.
5.4.4. Increase in coated area with increased glucose oxidase
Given the modest increase in the surface coverage of the coating, even at long
reaction times, it was thought that an increase in glucose oxidase or both glucose
oxidase and glucose concentration may increase the rate of reaction at the surface
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and, therefore, facilitate increased surface coating. Previous studies have shown that
increasing glucose oxidase concentration increases the rate of reaction [171] and
that increases in glucose concentration result in increasing coating thickness (but
not rate of reaction) [172,173]. In the present study, we observed increases in
surface coverage for the same reaction time by increasing the glucose oxidase
concentration ten-fold. However, there was no observable increase in thickness due
to the increase in glucose concentration; although, this may be due to the current
lack of quantitative information about the exact coating thickness on these samples.
These results indicate that the addition of glucose oxidase increased the rate of
reaction at the surface. In groups with low glucose oxidase, one problem
contributing to the low surface coverage may have been the delocalization of the
radical initiation reaction. In previous studies, it was found that the reaction rate of
glucose with glucose oxidase (and downstream, hydrogen peroxide with iron) must
be sufficiently fast to prevent delocalization of the radical initiation into the bulk
because of the very fast diffusion coefficient of glucose [173,174]. In addition to
explaining the improved surface coverage of the tissue with increased glucose
oxidase, this balance of diffusion and rate of reaction may also explain the lack of
change in the surface coating thickness of the BVSM. Given the highly hydrated state
of the BVSM, we can say that the diffusion coefficient of glucose through the
hydrogel is approximately equal to that of water, ~7x10-6 cm2/s [175]. Given the
very rapid diffusion rate of glucose, it is reasonable to think that after about two
minutes of the hydrogel being immersed in the coating solution that a measureable
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amount of the glucose would have diffused into the bulk solution, resulting in
delocalized formation of free radicals. By increasing the glucose oxidase
concentration, the formation of radicals can be more effectively confined to the
region immediately adjacent to the surface to be coated, resulting in more surface
coverage, as we have shown.
5.4.5. Iron oxide byproduct of coating reaction
With the increase in coating that was observed with increasing glucose
oxidase, we also observed a significant increase in patches of rough, nano-scale
crystal structures on the coated and uncoated surface. Comparing the appearance of
these structures with previously published SEM images of iron oxide nanoparticles
and the XPS data we obtained for the present study support the hypothesis that
these particles are, in fact, iron oxide particles formed as a byproduct of the
glucose/glucose oxidase and hydrogen peroxide/iron reactions. The size of the
particles in comparison to previous studies further suggests that the iron oxide
particles may even be coated with PEGDA, given the fact that the iron in solution is
responsible for the final generation of free radicals. Whether these particles were
simply iron oxide precipitated on the tissue surface or subsequently coated with
PEGDA via free radical polymerization, previous studies using this reaction to
generate coatings report no cytotoxicity related to the coating reaction [163,171].
However, a potential remaining concern is that the increased surface area may lead
to increased susceptibility to bacterial colonization. In a previous study, it was found
that very small iron oxide particles (especially 2 ± 1 nm in diameter) encouraged
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bacterial growth on surfaces; however, the effect was not observed for particles of
85 ± 25 nm in diameter [176]. Fortunately, the measured particle size in this work is
closer to the larger particle diameter range; however, future studies should be done
to monitor the propensity of the surface toward bacterial colonization.

5.5. Conclusions
In this work, we have successfully optimized a two-step surface coating
method using a previously-developed bioprosthetic valve surface model and
translated the method to bioprosthetic valve tissue samples. We show that the thin
coating formed on the BVSM is functional in preventing protein adhesion, and
coatings on both the BVSM and tissue samples do not significantly influence surface
mechanical properties. Translation of the coating method to bioprosthetic tissue
resulted in a non-continuous surface coating of PEGDA, but area coverage could be
significantly increased with increased glucose oxidase concentration. Overall, this
two-step coating method is successful in depositing a thin, PEGDA-based hydrogel
coating on the surface of bioprosthetic tissue and may be tuned to increase area
coverage and thickness to produce a fully functional protective layer.
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Chapter 6

Conclusions

Currently available bioprosthetic valve replacements are susceptible to
calcification and failure, especially in pediatric patients. There have been some
efforts to reduce this risk by chemical treatment of the valve, yet a long term
solution will need to involve recellularization of the surface of the valve with a
functional endothelial layer to maintain hemostasis and prevent unwanted bloodtissue interactions. Furthermore, a full solution, particularly for pediatric patients,
will require a fully cellularized, autologous valve replacement that can grow and
remodel over a lifetime. No currently available device is capable of either of these
functions. Thus, in this work we investigated cell sources that may be used in future,
fully synthetic valve replacements, as well as strategies to support a short-term
solution for re-endothelialization of currently available bioprosthetic devices.
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In specific aim I, we compared dermal fibroblasts and pediatric VICs cultured
on multiple types of extracellular matrix proteins. The goal of this aim was to
provide guidance for future fully synthetic valve replacements on the similarity of
function between these two cell types and what matrices encourage the most
similar behavior. Based on the results, collagen type I encouraged the most VIC-like
behavior from the dermal fibroblasts, with slower proliferation and similar matrix
molecule production, despite different levels of gene expression. Thus, this work
supported collagen type I as a matrix component in TEHVs to encourage autologous
dermal fibroblast behavior that is more characteristic of pediatric VICs. Additionally,
the results provided previously lacking characterization of pediatric VICs, which can
be used as a benchmark for investigating other cell types to design a living,
autologous valve replacement for these patients.
For specific aims II and III, the focus was shifted from colonizing the interior
of the valve to the surface. Specifically, the goal of these aims was to create a surface
modification method for currently available bioprosthetic valve replacements that
resists unwanted blood-surface interactions and could be easily adapted to include a
variety of molecules to encourage in situ endothelialization. To approach this
problem, a model of the bioprosthetic valve surface was created that mimicked the
important features of the valve surface, but was simple to fabricate and compatible
with light microscopy and other assays to easily analyze the resultant surface
coating. This surface model was then used to optimize a two-step surface coating
method, which could then be translated to bioprosthetic tissue.

105

In specific aim II, a bioprosthetic valve surface model (BVSM) was
successfully fabricated. This model mimicked the surface mechanical properties,
residual toxicity (from glutaraldehyde fixation), and the availability of surface amine
groups, which were important for anchoring the proposed surface modification.
Additionally, results from the final proof-of-concept showed that the amine groups
on the surface of both bioprosthetic tissue and the BVSM could successfully be
modified with an NHS-PEG linking molecule, the first step in the two-step surface
modification protocol.
Specific aim III extended the work of specific aim II by using the developed
BVSM to optimize the surface modification conditions. The final surface coating on
the BVSM was a thin, continuous layer that effectively repelled non-specific protein
adsorption and did not significantly affect the mechanical properties of the surface.
Based on the optimization in the model, the surface coating method was translated
to bioprosthetic tissue samples with some success. Complete areal coverage with
the hydrogel coating was not observed; however, coverage was improved
significantly by changes to the concentration of initiator catalyst in the coating
solution. While more work needs to be done to attain full coverage by the hydrogel
coating, this work clearly demonstrates the feasibility of the two-step surface
coating method for modifying the surface of bioprosthetic tissue. In addition, this
coating method is compatible with common “Click” chemistries, as demonstrated by
results showing the doping of the surface coating with fluorescent molecules. Thus,
any molecule of interest can be incorporated into the coating to encourage in situ
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endothelialization. Additional discussion and guidance for future work on in situ
endothelialization has been provided in Error! Reference source not found..
In conclusion, significant work is clearly needed to create a fully synthetic
tissue engineered heart valve. This work provides additional guidance towards the
choice of matrices and cell types that can be used in these devices, particularly for
pediatric patients who may benefit most from an autologous, living valve
replacement. Given the scientific and regulatory challenges associated with a fully
synthetic valve, this work also provides a short-term alternative for modifying
existing devices. The coating strategy developed here can be applied to nearly any
currently available bioprosthetic valve replacement to prevent interactions between
blood components and the tissue. In future studies, this coating may be modified
with molecules of interest to facilitate endothelial layer formation, leading to
normal, long-term hemostasis. This work has significant implications, especially for
pediatric patients who are at higher risk for bioprosthetic valve failure. Not only do
these results support long-term development of synthetic valve replacements, but
the results also support a more immediate solution to stave off complications and
failures due to blood-tissue interactions.
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Appendix A:
A.1.

Aim 1 Supplementary Methods

Calculations for PCR Analysis

As addressed in Chapter 3, a modified ΔΔCt method was implemented to
analyze the PCR data resulting from nhDFF and hpVIC comparison experiments. For
all samples, PCR duplicates or triplicates were performed, and these values were
averaged and treated as a single measurement for the rest of the analysis. The
general equation for determining relative expression was:

𝑅=

𝐸𝑡𝑎𝑟𝑔𝑒𝑡 ^(𝐶𝑡𝑡𝑎𝑟𝑔𝑒𝑡,𝑐𝑎𝑙𝑖𝑏𝑟𝑎𝑡𝑜𝑟 − 𝐶𝑡𝑡𝑎𝑟𝑔𝑒𝑡,𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙 )
𝐸𝐻𝐾𝐺 ^(𝐶𝑡𝐻𝐾𝐺,𝑐𝑎𝑙𝑖𝑏𝑟𝑎𝑡𝑜𝑟 − 𝐶𝑡𝐻𝐾𝐺,𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙 )

Equation A-1. Modified ΔΔCt method for analyzing PCR data [103].

In Equation A-1, the calibrator sample is the sample to which all other groups
will be normalized. The choice of this group depends on the comparison that is to be
made. Once the calibrator is chosen, all values of Ct for the housekeeping gene of
that particular sample are averaged to create a single value for CtHKG,calibrator. This
value is used then to determine the R value for each of the three independent
samples measured in each independent experiment. Efficiencies (E) of all primer
pairs were experimentally determined by serial dilution of a test cDNA sample
isolated from nhDFFs, and are given in the table below.
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Table A-1. Table of primer pairs and experimentally determined efficiencies.

Target Gene Sense Primer

Anti-sense Primer

Efficiency

COL1

AATCACCTGCGTACAGAACGG

TCGTCACAGATCACGTCATCG

1.96

α-SMA

CGTGTTGCCCCTGAAGAGCAT

ACCGCCTGGATAGCCACATACA

1.95

TIMP1

CATCCTGTTGTTGCTGTGGCT

ACGCTGGTATAAGGTGGTCTG

1.78

MMP1

GGCTGGGAAGCCATCACTTACC

ACACCACACCCCAGAACAGCA

1.80

XYLT1

TTCCTCCAACTTGCTTCT

ATGCTGTCTTCTCTGATGT

2.00

P4H

TCTAACGGCTGAGGACTGCTT

CTCGCCTTCATCCAGTTGCCT

2.09

GAPDH

CCACTCCTCCACCTTTGAC

ACCCTGTTGCTGTAGCCA

1.94
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Appendix B:
B.1.

Aim 2 Supplementary Data

Rationale and supporting data for altered fixation
protocol for BVSM

Figure B-1. Preliminary data indicated that the use of 0.2% glutaraldehyde for 24 h resulted in
a generally lower N/C ratio than the use of 0.01% glutaraldehyde for 24 h. Although this result
was not significant, it was considered sufficient evidence to adjust the concentration of
glutaraldehyde and duration of the fixation protocol for BVSMs as compared to the valve
tissue. Adjusting this protocol did not have a significant effect on mechanics and toxicity
remained similar for BVSMs versus valve tissue; however, it did aid in avoiding overcrosslinking and interference with amine-reactive surface modifications.
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Appendix C:
C.1.

Aim 3 Supplementary Data

Bioprosthetic tissue control with glucose

5 mm samples of bioprosthetic tissue from porcine leaflets were soaked in
30 w/v% glucose overnight and washed thoroughly with deionized water, just as
described for samples to be coated with PEGDA. Samples were imaged with SEM to
look for evidence of residual glucose on the surface after washing. Figure C-1A
shows a representative image of the surface showing no observable residual
glucose. Over the samples tested, only one area with residual glucose was observed
(Figure C-1B).

Figure C-1. SEM image of representative area of bioprosthetic tissue soaked in glucose (A) and one
area found that had residual glucose crystals (B). 10,000x magnification, scale bar = 4 μm.

C.2.

Hydrogel formed by GOx crosslinking

To test the glucose/glucose oxidase method of free radical generation, a
hydrogel was formed by adding glucose to a solution of PEGDA, Fe(II), and glucose
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oxidase in the same concentrations as used for the surface coating method. The
resulting hydrogel was imaged under SEM as shown.

Figure C-2. SEM images of the surface of a PEGDA hydrogel formed by free radical polymerization
where glucose and glucose oxidase were used to generate free radicals. Scale bar = 4 μm, 10,000x
magnification (A) or 40 μm, 1000x magnification (B).
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Appendix D:
D.1.

Micropipette Aspiration

Equipment setup and use

Prior to performing micropipette aspiration measurements, glass
micropipettes of an appropriate internal diameter must be manufactured. A
previous study showed that the choice of internal diameter is especially important
when dealing with thin materials. In particular, the study showed that the ratio of
the diameter to thickness of the material to be tested must be less than one to obtain
reliable measurements of the material properties, i.e. the pipette diameter must be
on the scale of the material for testing [139]. Micropipettes are typically
manufactured with a micropipette puller to create a pipette with consistent wall
thickness and internal diameter. Tips of micropipettes can then be finished using a
microforge, particularly for very small inner diameters.
The micropipette aspiration setup consists of an optical setup, a sample
chamber, and a pressure control setup. The optical setup is comprised of an inverted
light microscope connected to a CCD camera (Zeiss, Oberkochen, Germany) that is
controlled from the computer via MRGrab software (Zeiss). This imaging setup is
used to monitor the progress of the experiment and take images after each step
pressure change. A custom sample holder was designed to hold the sample in a
vertical position such that the surface is parallel with the line of sight of the
microscope objective, i.e. the sample (and micropipette) can be viewed in crosssection. In addition, the sample holder can be filled with PBS to maintain the sample
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in a hydrated state. The pressure control setup begins at the micropipette, which is
positioned at the surface of the sample using a micromanipulator. Tubing runs from
the micropipette to a reservoir that is initially calibrated to a zero pressure
differential between the reservoir (open to the air) and pipette tip. The pressure
differential at the tip can be controlled either by the height of the reservoir or by
decreasing the air pressure above the reservoir using a syringe pump. When using
height-controlled pressure, the reservoir height can be converted directly to
pressure by the Bernoulli equation (Equation D-1), where ΔP is the pressure
differential (kPa), ρ is the density of water at 22°C, g is gravitational acceleration,
and h is the height of the reservoir.
∆𝑷 = 𝝆𝒈𝒉
Equation D-1. Simplified Bernoulli equation.

When using a syringe pump to generate a pressure differential, the pressure
is measured directly by a pressure transducer in-line with the syringe pump, and
data from the pressure transducer is recorded by a National Instruments DAQ
system controlled by Labview software (National Instruments, Austin, TX). This is
assuming that there is no pressure loss in the air line and that water is
incompressible such that the measured pressure is transmitted to the micropipette
tip. A picture of the system is shown in FIGURE, with all parts of the setup.
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D.2.

Data acquisition and analysis

To obtain data from the system, the pressure differential between the
reservoir and the micropipette tip is first zeroed and the tip of the micropipette
positioned flush against the sample surface. A pressure differential is then
generated either by changing the reservoir height or using the syringe pump. At
each pressure step, an image is taken of the surface being aspirated into the pipette
tip. After a sufficient number of pressure steps have been recorded, the data is
analyzed by Image J software (NIH, Bethesda, MD) to measure both the internal
diameter of the pipette and the length of aspiration of the surface into the pipette.
Length and pressure data are then fitted to a finite-strain hyperelastic neo-Hookean
constitutive model to the data, as described previously [139].
1
2
∆𝑃 = (𝑋 2 − ) 𝐶 ∗ 𝑎 ∗ 𝑒𝑥𝑝 (𝑎 ∗ (𝑋 2 +
))
𝑋
𝑋−3
Equation D-2. Finite-strain hyperelastic neo-Hookean constitutive model, where X = (L+D)/D. Note
that the infinite sum has been truncated at the first term for simplicity.

In this model, the pressure differential is an exponential function of dimensionless
length, where C and a are constants obtained from fitting the model to the data. The
product of these constants is defined as the effective modulus (M), which describes
the stiffness of the surface.
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D.3.

Micropipette aspiration applied to measure
mechanical properties of valve tissue4

Micropipette aspiration using the setup described here was performed on
samples of ovine mitral valve tissue taken from each leaflet and different regions of
the annulus. Due to the stiffness of valve tissue, the syringe pump was used to
generate pressure for mechanical testing and pressure data was obtained from the
in-line pressure transducer.
D.3.1.

Materials and Methods

Sheep hearts for micropipette aspiration were obtained from a local
abbotoir. A total of 12 mitral valves were obtained. A 5 mm square sample was
obtained from each segment of the annulus, corresponding to marker positions 3
(SEPT), 7 (LAT), 5 (ANT-C) and 1 (POST-C), as shown in Figure D-1. Fresh tissues
were then tested by micropipette aspiration as previously described [15] on the
atrial side of the leaflet adjacent to the myocardium at the annular border.

4 This data has been published as: Stephens, EH; Connell, PS; Fahrenholtz, M; Timek, TA;
Daughters, GT; Kuo, JJ; Patton, AM; Ingels, NB; Miller, DC; Grande-Allen, KJ. Heterogeneity of mitral
leaflet matrix composition and turnover correlates with regional leaflet strain. Cardiovascular
Engineering and Technology, 2015; 6(2):141-150, and Stephens, EH; Fahrenholtz, MM; Connell, PS;
Timek, TA; Daughters, GT; Kuo, JJ; Patton, AM; Ingels, NB; Miller, DC; Grande-Allen, KJ. Cellular and
extracellular matrix basis for heterogeneity in mitral annular contraction. Cardiovascular Engineering
and Technology, 2015; 6(2):151-159.

135

Figure D-1. Location of the different annular segments from which tissue sections were taken.

D.3.2.

Results

Micropipette aspiration revealed a significant difference in the
effective modulus of the atrialis side of the posterior commissure (adjacent to the
annular border, M = 4.14 kPa) as compared to the lateral annular region (M = 0.71
kPa). However there were no other differences observed between annular regions
(anterior commissure, M = 1.72; septal annulus, M = 1.65).
D.3.3.

Discussion

Micropipette aspiration enabled the testing of highly localized regions of the
annulus, which would not be possible with traditional mechanical testing. As a
result, some regional heterogeneity was observed in the mechanical properties of
the annulus. The increased collagen content in the septal and commissural areas of
the annulus, would suggest that these regions would also be more stiff than the
lateral annulus. While only the posterior commissure was found to have higher
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stiffness than the lateral annulus, these results still demonstrate regional
heterogeneity that is likely linked to changes in the regional matrix composition.
One limitation to this study was the restriction of mechanical micropipette
aspiration testing to the atrial side of the annulus due to practical limitations of
finding the border between muscle and annular tissues. It is likely that the
ventricular side of the annulus may have more pronounced differences in stiffness,
due to the differences in insertion structure and collagen content of the fibrosa side
of the valve.
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Appendix E:

Preliminary BVSM Iterations

Multiple attempts at creating a BVSM preceded the final version, which was
developed and fully characterized in Chapter 4. These preliminary iterations are
summarized here. As in Chapter 4, the design criteria for the BVSM were as follows:
1. Mimics valve mechanical properties
2. Contains comparable reactive group availability
3. Can be chemically fixed with glutaraldehyde
4. Is compatible with common surface analysis techniques
An example of each of the four iterations (including the final version) is
shown in Figure E-1.
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Figure E-1. Figure showing each iteration of the BVSM, starting with a collagen-coated
coverslip (A) with fibroblasts growing on the surface (in green) then progressing to a
compressed collagen gel (B). This was followed by a PEGDA hydrogel with entrapped collagen
(shown in green, C), and finally a PEGDA-collagen hydrogel with added surface peptide
(peptide in green, D).

Development of the BVSM began with the simplest design: a glass coverslip
coated with collagen type I. As shown in Figure E-1A, cells could easily grow on this
surface and be analyzed; however, the mechanical properties of the surface were
clearly not similar to tissue and there was no effect of glutaraldehyde treatment on
the surface. Thus, this first iteration was quickly abandoned in favor of a threedimensional compressed collagen gel (Figure E-1B). Observationally, the gels had
stiffness more akin to tissue and could be fixed with glutaraldehyde. The main issue
with this formulation was the difficulty of manufacture. Gels could not be made in
large quantities and were often damaged during synthesis, so this method was also
abandoned.
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These early failures led to the adoption of a hybrid PEGDA-collagen model.
The advantages of this method were the facile manufacture and tunability of the
mechanical properties due to the photo-crosslinked PEGDA. Maintaining the
collagen content then provided a target for glutaraldehyde fixation. An early version
of this hybrid model is shown in Figure E-1C, in which the entrapped collagen
molecules can be easily observed. Unfortunately, while there was significant
collagen content within the hydrogel for glutaraldehyde fixation, very little was
located close enough to the model surface to provide reactive sites for future surface
modification. To remedy this problem, an amine-rich peptide was chosen which
could be crosslinked to the BVSM surface (Figure E-1D). In this way, the mechanical
properties and compatibility with glutaraldehyde fixation were not altered, but the
reactive group content of the surface was sufficiently increased to allow for surface
modification.
In conclusion, this final iteration was the only formulation that met all four
design criteria. Table E-1 summarizes each iteration and its ability to meet the
design criteria.
Table E-1. Iterations of BVSM development and ability to meet design criteria.
Iteration Description
Mechanical
Reactive
Glutaraldehyde
Properties
Groups
Fixation
1
Collagen-coated
X
?
X
coverslip
2
Compressed
?


collagen gel
3
PEG-collagen gel
X


4
PEG-collagen +



peptide

Analysis
Compatibility


?
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Appendix F:
Endothelial Cell Capture and
Retention Strategies
Many strategies have been suggested to modify the surface of valvular and
vascular devices with bioactive factors that can attract and anchor EPCs from
circulation after implantation, and are reviewed well in papers by Schleicher et al.
and Avci-Adali et al. in 2009 and 2010, respectively [63,177]. Of principal interest,
the papers mentioned in these two reviews investigated coatings with extracellular
matrix (ECM) components, antibodies, and aptamers, in combination with polymer
coatings to prevent unwanted interactions with the surface prior to EPC capture.
Some studies have used coatings with fibronectin and ECM peptides like RGD
and YIGSIR to enhance endothelialization of surfaces with EPCs [64,78,178]. While
these studies were successful in guiding endothelialization of artificial surfaces, this
strategy is non-specific, and has a high risk of attracting unwanted cells and blood
components in vivo. A more specific and previously explored option is monoclonal
antibodies, particularly against the EPC marker CD34. In fact, for vascular devices
there have already been two clinical trials in Europe of CD34-antibody-coated stents
that have proven the safety and effectiveness of the device in encouraging
endothelial ingrowth [179–181]. Another promising strategy for in situ
endothelialization is EPC attachment with DNA aptamers. Both Schleicher et al. and
Avci-Adali et al. highlight DNA aptamers in particular as the wave of the future for in
situ endothelialization or in vivo tissue engineering [63,177]. When originally
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developed, aptamers were used for sensing and interacting with small molecules,
much like monoclonal antibodies [182–184]. More recently, it has been shown that
aptamers can be raised by a clonal process against very specific cell types [71,183].
Regardless of their target, aptamers have an equal or greater affinity and specificity
than the next best capture molecule, monoclonal antibodies; however, aptamers
have the advantage of being easily manufactured in vitro [63]. Already, DNA
aptamers have been raised against porcine EPCs, and were able to specifically
capture EPCs from whole porcine blood and support their survival and growth on a
PEG hydrogel surface for up to 10 days [71]. In summary, DNA aptamers have the
advantage over most other capture molecules in terms of affinity and specificity, as
well as cost of manufacture.
Even more recently, designer ECM molecules, particularly collagens, have
been developed which have significantly improved specificity towards targets of
interest. These designer collagens are distinct from peptides in that they are fulllength proteins naturally produced by bacterial species. Previous work has shown
that bacterial collagens form triple-helical structures similar to those formed by
mammalian collagens [185]. Bacterial collagens also show low immunogenicity, so
they are an ideal blank slate for site-specific mutation to add specific binding motifs
to the protein backbone[186–188]. One study showed that a designer collagen
molecule could be modified with an integrin binding motif to support the growth of
endothelial cells on a PEG hydrogel surface – a promising result for potential
endothelialization strategies [186].
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Appendix G:
G.1.

Preliminary EPC Studies

EPC Isolation

Endothelial progenitor cells (EPCs) were isolated from cord blood samples
obtained from collaborators at Memorial Hermann hospital in accordance with
approved IRB protocols at both institutions. Samples were collected in vacutainers
containing 1 mL of anticoagulant solution. To isolate EPCs from cord blood samples,
the blood samples were first diluted 1:1 in Hank’s buffered saline solution (HBSS).
Up to 20 mL of the diluted sample was then layered on top of 7 mL of Ficoll-paque
premium in a 50 mL tube. The sample was then centrifuged at 400xg for 30 min to
separate the blood components. The upper plasma layer was collected and stored at
-80°C, and the buffy coat layer was transferred to a new tube. The buffy coat was
then diluted in 6 mL HBSS and centrifuged at 200xg for 10 min. The supernatant
was then discarded and a second wash at centrifugation of the pellet performed.
After washing, the resulting cell pellet was resuspended in EGM-2 media and plated
in a collagen-coated 6-well plate (50ug/mL collagen in acetic acid incubated for at
least 15 min at room temperature). Plated cells were incubated at 37°C, 5% CO2 for
24 h, then the media was carefully changed. Subsequent media changes were
performed every 48 h until the appearance of endothelial-like colonies.

G.2.

EPC Subculture

EPCs isolated from blood samples were subcultured on the same substrate as
used for isolation with EGM-2 supplemented with a bullet kit (Lonza). Media was
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changed every 3 days, and cells were passaged at 80% confluence. After isolation,
the EPCs were expanded to yield the additional cells for further studies. To date,
three successful EPC isolations have been completed and the cells placed in
cryogenic storage.

