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ABSTRACT

Cardiovascular disease (CVD) is a non-communicable disease responsible for
659,000 deaths annually in the United States. While CVD can affect all components of the
cardiovascular system, heart valve disease is responsible for 25,000 deaths yearly. Of
specific interest is the pulmonary valve since there is limited research on resolving
pathologies that affect it. Like the aortic and mitral valves, common pathologies include
stenosis, regurgitation, and atresia. Notably, the pulmonary valve requires repair and
replacement in pediatric patients and young adults due to congenital disabilities. Even with
technological advances in valve replacements, limitations still present themselves for use
with younger patients as mechanical valves require lifetime anticoagulation medication,
and bioprosthetic valves are prone to rapid degeneration and calcification. Both options
have a relatively short lifespan and require multiple revision surgeries in young patients
associated with high morbidity and mortality (Schoen, 2018). There is a significant clinical
need for a pulmonary valve with extended durability to last the patient’s lifetime while
limiting the risk of immunological response, degeneration, and calcification. We
hypothesized that the most durable valve tissue would be cell-seeded living tissue capable
of continuous matrix homeostasis throughout the lifetime of the implant.
In this project, we proposed a novel solution for a living pulmonary valve for young
adult patients through the addition of patient-derived fibroblasts seeded into decellularized
tissue scaffolds before the valve assembly. We had three specific aims for this research. 1)
Determine the physical and mechanical properties of native pulmonary leaflets as target
tissues and investigate potential decellularized scaffold tissues to serve as a building
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material for the valve 2) Compare two seeding methods for the chosen tissues, i.e., single
needle manual injection and the CytoSeeder™, a novel cell seeding device developed in
our lab, 3) Develop a proof-of-concept template and protocol for the manufacturing of the
living pulmonary valve using a titanium valve stent, test hemodynamics of the assembled
valve and evaluate cell viability of a fibroblast-seeded valve scaffold in a sterile heart valve
bioreactor.
We found the most favorable decellularized tissue scaffolds to be bovine
pericardium and bovine inferior vena cava based on mechanical properties, elasticity,
thickness, and available surface area. During seeding studies, significant cell repopulation
was observed by both seeding methods in the two scaffolds. Finally, bioreactor studies
showed adequate opening and closing of the assembled valve under physiological
conditions and preservation of cell viability. These results open promising new avenues for
the development of living tissue valves with extended durability for young adult patients.
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CHAPTER ONE
INTRODUCTION AND BACKGROUND

1.1 Impact of Cardiovascular Disease
Classified as a noncommunicable disease, cardiovascular disease (CVD) is the
leading cause of death in developed countries including the United States1,2. Most recent
reports from the 2021 Heart Disease and Stroke Statistics identified CVD as the underlying
cause for 659,000 deaths annually, equating to roughly 1 in every 4 deaths3. CVD can
develop at any stage in life and is acquired through genetic conditions, comorbidities, and
individual lifestyle choices such as smoking, exercise, and eating habits4. Similarly, CVD
affects all aspects of the cardiovascular system including individual chambers, valves,
blood vessels, heart walls, and the pericardium. Of specific interest is heart valve disease
(HVD), which affects more than 5 million Americans every year5,6.
1.2 Anatomy and Physiology
Located within the mediastinum and enclosed in the pericardial sac is a pair of
muscular pumps that together create the heart7,8. The human heart is a vital organ that is
responsible for the functionality of the circulatory system. The heart serves as the driving
force for pumping blood throughout the body, allowing oxygen and nutrients to be
distributed to all organ systems while simultaneously removing carbon dioxide and other
waste products. An anatomically normal heart structure consists of two ventricles, two
atriums, and four valves with immediate surrounding vasculature. The heart wall is
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comprised of three muscle layers: the myocardium, epicardium, and endocardium7. The
myocardium is the outermost layer, and its external surface is protected by the serous
pericardium, the inner layer of the pericardium. The middle layer of the heart wall is the
epicardium, followed by the endocardium, which is the innermost layer of the heart muscle.

Figure 1. Cross-sectional image of normal heart anatomy. Adapted by Erica Hoskins from the American
Heart Association (2022)9.

The left side of the heart, shown in Figure 1 and shaded red, represents the systemic
portion of the heart. Oxygen-rich blood enters the left atrium from the lungs through the
pulmonary vein and passes through the mitral valve to the left ventricle. When the left
ventricle contracts during systole, blood passes through the aortic valve and enters the
aorta, which then distributes blood throughout the four quadrants of the body.
Deoxygenated blood is then collected in the superior and inferior vena cava before entering
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the pulmonary circuit shaded in blue. This side of the heart is smaller than the left side
since it only pumps blood to the lungs. Blood first collects in the right atrium before passing
through the tricuspid valve into the right ventricle. During diastole, the heart walls contract,
and blood is forced through the pulmonary valve into the pulmonary artery. It is then
transported to the lungs for gas exchange and the cycle is repeated.
1.2.1 Pulmonary Valve Structure

The pulmonary valve is one of two semilunar valves in the heart that separates the
ventricle from the outflow tract of its respective circulatory system (systemic or
pulmonary)10. Specifically, the pulmonary valve divides the right ventricle from the
pulmonary artery at the pulmonary trunk as seen in Figure 1. From a transverse plane
cross-section in Figure 2, the pulmonary valve is located anterior and slightly superior to
the centric aortic valve.
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Figure 2: Cross-sectional image of a heart to show all heart valves.

The primary function of the pulmonary valve is to maintain blood flow in the
forward direction of the right ventricular outflow tract (RVOT) and prevent blood from
flowing backward into the right ventricle11. Functionality is accomplished by the tri-leaflet
structure where each leaflet is connected to the other two and to the artery wall with a
secondary edge called a nodule that is free to the interior of the vessel, as seen in Figure
312. The pockets created by the nodule’s free edge provide a space called the pulmonary
sinus. During systole, the pulmonary sinus is minimized as the valve cusps open passively,
creating an effective orifice area (EOA) for unidirectional blood flow13. Rapid closure of
the valve follows at the end of systole8.
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Figure 3. Cross section of the pulmonary valve

There are three distinct layers of the pulmonary valve leaflets: ventricularis,
spongiosa, and fibrosa14,15. All three layers contain collagen fibers; however, the thickness
and orientation vary between them. Elastin fibers are also found in the valve leaflets, most
commonly as thin layers in the ventricularis layer of the leaflet. As aging progresses, it is
noted that collagen content decreases while elastin fiber content consistently increases.
This can result in weakened leaflet structure and pathologies that disrupt typical blood
flow.
The opening and closing of heart valves are driven by pressure differences across
the valve. In Figure 4, the average pressure of each heart chamber and receiving artery is
shown for both diastole and systole. For the pulmonary valve, the pressures within the right
ventricle and pulmonary artery are important. As the right ventricle fills with blood, the
pressure within the ventricle increases. Once the pressure within the ventricle is greater
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than the pressure within the pulmonary artery, the valve opens and the ventricle contracts
to force blood through. The pressure gradient across the valve immediately decreases, until
it builds in the opposite direction with higher pressure in the pulmonary artery. The
pulmonary valve closes and the cycle repeats as pressure begins to build in the ventricle
again.

Figure 4. Diagram of heart chamber pressures. Image provided by Dr. Ethan Kung

1.2.3 Valvular Interstitial Cells

Valvular interstitial cells (VICs) are distributed throughout the entire structure of
the valve leaflets16,17. VICs serve a wide range of functions for the tissue, which are
outlined in Figure 5. Characteristics of VICs are similar to both fibroblasts and smooth
muscle cells which give them an important role in extracellular matrix remodeling18. Since
VICs produce collagen, elastin, and proteoglycans as needed, they are vital to the processes
surrounding tissue development and repair19.
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Figure 5. Functions of valvular interstitial cells

1.2.4 Valvular Endothelial Cells

Another important cellular component of the valve leaflets is valvular endothelial
cells (VECs). VECs are cells that line the outer surfaces of valve leaflets20. When the proper
signaling cascades of VICs and VECs are combined, homeostasis of the leaflets is
preserved15. VECs are primarily seen as a single monolayer of endothelial cells on the
valve leaflet, however, they can become mesenchymal stem cells through a process known
as endothelial-to-mesenchymal transformation (EndMT). This is particularly important in
valve development, as EndMT is critical to valvulogenesis21,22.
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1.3 Pulmonary Valve Pathology
Valvular pathologies affect 2.5% of the United States population, with
approximately 25,000 deaths each year23. The aortic and mitral valves are responsible for
a majority of HVD cases and are extensively researched due to their prevalence. Less
common is the pathology of the pulmonary valve, which represents 24% of all HVD
disease cases as noted by the Centers for Disease Control24. Therefore, significant
improvements in CVD can be made by reviewing pathologies associated with the
pulmonary valve and addressing current downfalls in treatment methods.
1.3.1 Congenital Defects

The first classification of pulmonary defects occurs during embryonic development
and are known as congenital heart defects (CHD). CHD is widely accepted as the leading
cause of infant mortality and lifelong disabilities25,26. While there is no universal cause of
CHD, they are generally a result of chromosome abnormalities, single gene defects, or
environmental factors27.
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Many congenital conditions affect the pulmonary valve, but the most common is
Tetralogy of Fallot. Tetralogy of Fallot consists of four distinct defects of the heart and
surrounding vasculature, including narrowing of the pulmonary valve and pulmonary
artery shown in Figure 6. This CHD is diagnosed either from ultrasound evaluation or

Figure 6. Diagram depicting abnormalities associated with Tetralogy of Fallot

bluish skin after birth. Tetralogy of Fallot affects nearly 1 in every 2518 babies born, which
corresponds to over 1500 babies every year28. Despite its seemingly low occurrence in the
United States, Tetralogy of Fallot is classified as a critical CHD, meaning it requires
surgical or other intervention within the first year of the patient’s life29.
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A second major CHD that affects the pulmonary valve is pulmonary atresia. With
this diagnosis, the pulmonary valve does not form in utero, preventing blood from leaving
the right ventricle and reaching the lungs. To maintain the proper flow of blood, the
circulatory system adjusts to bypass the malformed valve. The foramen ovale, which is
present before birth, is a hole between the left and right ventricles. While considered a
septal defect after birth, this opening works alongside a similar in-utero structure called the
paten ductus arteriosus (PDA). The PDA is a small vessel that connects the aorta to the
pulmonary artery of the fetus. Since the fetus receives oxygenated blood from the mother,
it does not require use of the lungs. However, these structures allow blood to travel to the
lungs to prepare the vessels and tissues once the lungs are functional after birth. By
maintaining these structures in cases of pulmonary atresia, blood flow can continue to the
lungs even though it is inefficient. Like Tetralogy of Fallot, pulmonary atresia is classified
as a critical CHD, often requiring immediate surgical intervention.
1.3.7 Pathologies in Adolescence and young adults
Of all pulmonary valve pathologies that affect adults, most of them stem from
congenital heart defects. Pulmonary stenosis is generally less severe at birth, but if left
untreated complications can arise as the patients matures. In cases where the stiffened valve
has a smaller EOA, the normal pathway of blood flow is inhibited, preventing the
circulation of oxygenated blood to the rest of the body. When the stiffened pulmonary
valve is open, blood subsequently flows against its normal pathway, known as
regurgitation, which disrupts the blood flow. In addition, pulmonary regurgitation can
occur as a complication from surgical intervention of pulmonary stenosis30.
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One disease that affect the pulmonary valve in adulthood is endocarditis.
Endocarditis refers to infection and inflammation of the hearts inner lining and valves,
including the pulmonary valve. While it affects fewer than seven out of every 100,000
people, the physical effects of this infection are serious31. Prevalence is highest in
individuals age 35 and over32. An endocarditis infection begins when bacteria and other
microscopic organism including forms of streptococcus and staphylococcus enter the blood
stream and reach the endocardium through the skin or direct injury of the endocardium33.
Subacute endocarditis has a slow disease progression and is hard to diagnose. Acute
endocarditis is a more severe form with rapid progression that can result in death within a
few weeks without intervention. While valve replacement can address the effects of
endocarditis, the return of symptoms is possible after surgical intervention. Risk of
prosthetic valve endocarditis is highest within the first year of valve replacement at a
recorded incidence of 0.57%34. Late endocarditis risk, which occurs after the first year,
decreases by 50% of early endocarditis, and remains stable for an average of 18 years35.
Therefore, a tissue engineered living valve should maintain this high resistance to
endocarditis when implanted into a patient with the disease.
1.4 Current Solutions to Treat PV Pathology
1.4.1 Congenital

Due to the invasive nature of surgical intervention, most cases of congenital heart
defects are left untreated unless they are life-threatening. Additionally, the anatomy of
infants is so small that functional devices are not available in the required size.
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Transcatheter balloon valvuloplasty is usually not considered since the small diameter
tubing and balloons are not available.
1.4.2 Adolescents

In cases where immediate intervention is not necessary, infants with congenital
pulmonary valve diseased are observed until they reach an age where their anatomy is large
enough to permit manipulation by medical devices and other treatments. At this age,
balloon valvuloplasty is a viable option for temporary opening of rigid valves. If the
diseased valve requires replacement, small mechanical valves up to 15 mm in diameter are
utilized.
1.4.3 Adults

Figure 7 shows the bulk of current devices for the pulmonary valve in cases of
severe disease or injury.

Figure 7. Heart valve replacement options for adult patients [A] Bi-leaflet mechanical valve [B]
Glutaraldehyde fixed bovine valve [C] Medtronic's bioprosthetic Melody transcatheter valve

An example of a mechanical valve is shown in Figure 7A. Mechanical valves generally
have a bi-leaflet structure and are composed of pyrolytic carbon. This material selection
inherently makes the valve thrombogenic, resulting in the required use of anticoagulants
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for the rest of the patient’s lifetime36. Mechanical valves have a lifespan of 20-30 years
depending on the health and lifestyle of the patient, making them one of the longest
lasting37. Procedures for replacing a diseased valve with a mechanical one require open
heart surgery, which is invasive in nature and can yield post operative infection. Once
implanted, they are hard to remove and replace, and therefore are reserved for older
populations.
Biological valves, seen in Figure 7B are glutaraldehyde fixed from bovine and
porcine sources. These valves have a structure very similar to human heart valve. By fixing
the tissues with glutaraldehyde, the risk of an immune response is minimized. Additionally,
since they are made of natural materials, biological valves do not require prolonged
anticoagulant use. Biological valves have a lifespan of 10-15 years, so they are reserved
for patients over the age of 4037. The lifetime is shorter because they can calcify over time
leading to valvular stenosis, which requires repair or replacement. Like mechanical valves,
they are implanted through open heart surgery, and any revisional surgeries require this
procedure as well.
The last classification of replacement devices for the pulmonary valves is
transcatheter bioprosthetic shown in Figure 7C. Like the previous replacement valve, they
contain a biological component as well as a metal or plastic component for mounting and
securing the valve in place. Transcatheter valves however are implanted through a noninvasive catheter inserted into the femoral vein. A guidewire with the device is inserted
into the catheter and once the pulmonary valve is reached the device is deployed. This
procedure does not require the removal of the diseased valve since the leaflets are
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compressed by the device38,39. Like the previous valve, the bioprosthetic valves used in
transcatheter replacement are prone to calcification and have a lifespan of 10-15 years38.
When this happens, a valve-in-valve procedure with another transcatheter approach is used
to open up the previously inserted device and place a new one. Currently the limit is 2 total
valve replacements, with a total addition of 30 years for the patient40.
1.5 Gaps in current treatment methods
As previously mentioned, the preferred choice of treatment for pulmonary valve
disease is dependent on the severity of pathology as well as the age of the patient. The
current available treatment methods are depicted in Figure 8 alongside the age population
in which they can be applied.

Figure 8. Diagram of current pulmonary pathology treatments with respect to applicable age groups

From this figure, there is a significant gap in treatments for young adult patients and
children. Biological valves are limited to older patients since the implantation is invasive
and lasts up to twenty years. Mechanical valves require significant lifestyle changes and
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the use of scheduled anticoagulants, which is not preferred for more active young adults.
While transcatheter valve replacement is a field more recently up and coming, current
limitations allow two subsequent valve-in-valve procedures, increasing the overall lifespan
of these valves to about 30 years for each patient.
1.6 Heart Valve Tissue Engineering Overview
Tissue engineering is a rapidly evolving field for treatment of HVD in the United
States. The field of tissue engineering addresses this need by evaluating the native
environment of the affected tissue including the cells present, cell signaling, and important
mechanical or electrical stimulation. By recreating the native environment in vitro, it is
possible to create biomaterials and living tissue for diseased tissue replacement. A living
tissue is an ideal solution to the need discussed above because unlike traditional valve
replacements, a living valve can adapt to physiological changes as the patients ages.
1.6.1 Scaffolds

To function as necessary in cardiovascular applications, materials used in tissue
engineering should be biocompatible and adequate to perform functions in the natural
environment where it will be applied. There are two main classifications of scaffolds for
tissue engineering purposes. Synthetic scaffolds are produced from polymers whose
composition can be manipulated to provide specific physical properties. Biological
scaffolds on the other hand are obtained from human and animal tissues and contain natural
polymers such as collagen and elastin. These scaffolds are often decellularized to leave an
extracellular matrix structure that retains mechanical strength and other physical properties.
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Decellularization also removes antigens and cells that may induce an inflammatory or
immune response in the recipient after implantation. Biological scaffolds are often the
preferred scaffold for tissue engineering applications because they are widely available,
naturally suited for cell attachment, and degradation of these materials does not result in
immunogenic response.
As stated previously, decellularization is a process used to remove immunogenic
material from biological tissues prior to use as a scaffold41. This is important because if
cell and genetic material are not removed, the cells seeded to repopulate the tissue may
initiate rejection of the scaffold42.
1.6.2 Cell Sourcing

Another important consideration for tissue engineering is the cell type and source
for seeding applications. The ideal cell source is one that is easy to harvest, nonimmunogenic, and is inherently able to perform required functions or differentiate into a
cell type that can43. Available cell types include allogeneic, xenogeneic, and autologous
cells. Autologous cells are preferred since they do not illicit an immune response, however
VICs, the ideal cell type for this study, are extremely difficult to procure from living
patients due to invasive sourcing procedures and limited tissue availability. Additionally,
isolating VICs from a valve leaflet sample is complex and often returns a limited number
of viable cells since the native target tissue is comprised. For the purposes of this study,
human dermal fibroblasts (hDFB) were utilized. Similar to VICs, hDFB are capable of
producing collagen type 1 and are responsible for many components of wound healing
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which allows active remodeling of a tissue scaffold44,45. hDFB are easily obtained through
a small skin biopsy, which is significantly less invasive and results in less pain to the
patient. Dermal fibroblasts are then isolated from the biopsy sample and proliferated until
a suitable cell population size has been reached for seeding.
1.6.3 Seeding methods

To repopulate decellularized scaffolds with new cells, a variety of techniques can
be used. Each method of seeding involves pros and cons, which are outlined in Figure #9.
Static seeding is the simplest form of seeding, where a cell suspension is directly pipetted
onto the surface of a scaffold without any additional manipulation. Bulk seeding on the
other hand utilizes an outside stimulus to encourage cell migration further into the scaffold.
The applied stimulus can be chemical, electrical, mechanical, or any combination of the
three. One specific method of bulk seeding is injection seeding, and it’s preferred over
other techniques since it is relatively simple and effective with consistent injections.
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Figure 9. Summary of cell seeding methods. Table from Emilia Musial46

1.6.4 Cytoseeder

To resolve issues with single needle injections for repopulating tissue scaffolds, the
CytoSeeder ™ was designed by previous members of the BTRL lab47. Rather than
inconsistent injections with one single needle, the Cytoseeder contains an interchangeable

23

stamp head with different arrays of microneedles. Using an array of 5x5 (25 total) or 10x
10 (100 total) needles, a high density of cells can be evenly distributed throughout a porous
scaffold for cardiovascular applications. Additionally, the use of more needles with a
smaller length is a bulk seeding method that results in negligible effects on the scaffolds’
mechanical properties48.
The CytoSeeder™, shown in Figure 10 is a novel seeding device protected under
Patent application #US2020181558-A1, USPTO “Cell seeding device”. The components
of the cytoseeder shown in figure # include the handle and stamp head manufactured from
nylon 6,6. The stamp head is fixed to the handle through a tongue and groove mechanism.
The stamp head contains a stainless-steel stamp plate (Peridot Corporation) with an array
of 2-millimeter-long needles. On either side of the stamp head body are female luer lock
ends for connecting the pressure pump and loading the cell suspension. A pressure pump
set to generate a pressure of 10 PSI is connected to a filter for sterility, then to the device
through contracting silicone tubing and connecters.

Figure 10. The CytoSeeder™ [A] Full device assembly [B] Nylon stamp head with metal stamp plate
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CHAPTER TWO
PROPOSED EXPERIMENTAL APPROACH

The proposed solution to the clinical need addressed in Chapter One is a Living
Tissue Engineered Heart Valve. To accomplish the goal of fabricating a living valve (figure
3), stem cells will first be taken directly from the patient through a small tissue biopsy. The
method of cell harvesting can vary from patient to patient depending on desired cell type
and preferred method of cell isolation. Once obtained and isolated, stem cells can be
cultured to reach a density high enough for cell seeding, approximately 5𝑥106 cells per
cm2 of scaffold. During the cell culture phase, fresh tissue samples with ideal mechanical
and physical properties will be obtained and decellularized following a standardized
decellularization protocol. These two pathways will then merge at scaffold seeding, then
the seeded tissue will be incubated to allow for cell adhesion. The living tissue can then be
assembled and mounted on a stent for implantation into the patient through an open-heart
procedure.

Figure 11. Schematic of the tissue engineered living valve
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CHAPTER THREE
TARGET TISSUE CHARACTERIZATION

3.1 Rationale
Pulmonary valve leaflets have a specific structure that allows functionality of the
valve to open and close under cyclical conditions. To find a suitable scaffold material to
mimic the functions of the pulmonary valve, the physical and mechanical properties of the
target tissue needed to be evaluated.
3.2 Materials and Methods
3.2.1 Dissection and Macro Measurements

Fresh whole porcine hearts were obtained from Seneca Creek Meat processing
(Seneca, SC). The tissue was rinsed in a 0.9% NaCl solution to remove remaining blood
and clots. Excessive fat and pericardial tissue were removed to provide a clear external
view of all chambers, the aorta, and pulmonary artery. Small incisions were made to
separate the aorta from the pulmonary artery. Excess tissue of the pulmonary artery was
removed before excising the pulmonary valve through the base of the right atrium. An
incision was made at the junction of two leaflets (commissure) to open the valve and
provide an internal view. Individual leaflets were dissected from the valve structure. The
surface area and thickness of each leaflet was recorded along with macro images taken of
the valve. Leaflets were stored in fresh 1x PBS in the fridge at 4°C for later analysis.
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3.2.2 Biaxial Testing

Leaflets were removed from the fridge and placed on a cutting mat in a uniform
orientation, so the free edge of the leaflet was facing up. The sample was trimmed to a 1
cm x 1 cm square. While maintaining this orientation, digital calipers were used to measure
the thickness of the tissue sample. Once measured the sample was mounted to the CellScale
BioTester Biaxial Test System and aligned in the systems X and Y directions. The actuators
of the biaxial system were moved in to rest the tines directly over the tissue sample. The
mounting plate was raised until the tines were touching the sample and slightly
overextended. A glass cube was used to securely press the tines into the sample before
lowering the mounting plate and gently lifting any tissue off the mounting block to prevent
release from the tines. Load cells were zeroed before running the template protocol where
tissues were stretched to 200% elongation in both the x and y directions over a 15 second
period. Another 15 second recovery period returned the tissue to its original size before
protocol completion. Raw images recorded during the protocol and individual elongation
and stress points were saved for analysis.
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Figure 12. Biaxial testing setup. [A] The CellScale biotester device for biaxial testing, [B] Pre-loaded
tissues samples in the start position, [C] Tissue sample in the final elongated position

3.2.3 Histology

Small sections of fresh pulmonary leaflets were placed in 10% neutral buffered
formalin solution for 24 hours before further processing in a tissue processor. Cross
sections were embedded in paraffin wax before 5µm slices were sectioned and dried.
Hematoxylin and Eosin staining was completed following the procedure outlined in Figure
13 before mounting with acrylic mounting solution and a glass coverslip.
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Figure 13. Standard hematoxylin and eosin staining procedure

To visualize the stained nuclei, erythrocytes, and cytoplasm, digital images were obtained
on a Zeiss Axiovert 40CFL microscope using AxioVision Release 4.6.3 digital imaging
software (Carl Zeiss MicroImaging, Inc. Thornwood, NY). Images were collected at 2.5X
and 10x magnification.

29

3.3 Results
3.3.1 Dissection and Macro Tissue Measurements

Three fresh pulmonary valves were obtained for imaging, measurement, and
dissection purposes. Since each valve contained 3 leaflets, a total of 9 leaflets were
removed for analysis. Two leaflets were immediately placed in 10% buffered formalin.
Each of the seven remaining leaflets were imaged and analyzed using ImageJ, then the
thickness was recorded for calculations to create a stress-strain curve from biaxial testing.
The thickness of each individual tissue is shown below in Figure 14.

Figure 14. Individual and average leaflet thickness

3.3.2 Biaxial Testing

A total of seven biaxial tests were completed using leaflets dissected from fresh
porcine pulmonary valves. Of these seven trials, six were used for analysis as the tines did
not maintain their hold on the first sample tested. Stresses and percent elongation were
calculated using the relative location of the actuators to the starting location and sample
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thickness in both the X and Y directions. The stress for all six samples was averaged and
converted to kPa then combined with the average elongation. The data was standardized to
zero the stress-strain curve at a pre-load of 10kPa and is shown in Figure 15.

Figure 15. Stress and strain curve of pulmonary valve leaflets from biaxial testing

3.3.3 Histology

Of the nine pulmonary leaflets dissected from the fresh pulmonary valves, two were
stored in 10% neutral buffered formalin for histology. Examination of the H&E stain shows
prominent cell dispersion in both tissue samples. Cell nuclei are stained blue where the cell
cytoplasm and connective filaments are stained various shades of pink.
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Figure 16. H&E staining of fresh pulmonary valve leaflet [A] sample one [B] sample two.

3.4 Discussion and Conclusion
Our characterization of the pulmonary valve allowed us to acquire target properties
for a naturally derived tissue scaffold. By obtaining the average thickness and surface area
of the pulmonary valve leaflets, we were able to compare to potential tissues in the
following chapter. Examining physical properties such as the stress-strain curve from
biaxial testing also gave us ideal requirements for scaffolds as well. It was concluded that
tissues for pulmonary valve replacement should have similar physical properties to those
discovered from experimentation summarized above.
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CHAPTER FOUR
SCAFFOLD DEVELOPMENT AND TESTING

4.1 Rationale
In cases of young adult pulmonary disease and pathology, it’s been widely accepted
that autologous tissue grafts are not a viable option for valve repair. Therefore, this chapter
explored potential tissues for development of a tissue engineered living pulmonary valve.
An ideal tissue for valve replacement will have similar physical characteristics and
mechanical properties. To select the ideal scaffold tissue candidate, we analyzed and
compared 5 cardiovascular tissues that are all composed of collagen and elastin but differ
slightly in thickness and elasticity.
4.2 Materials and Methods
4.2.1 Dissection and Macroscopic Evaluation

Five tissue types were analyzed for physical and mechanical properties during this
study: fetal bovine inferior vena cava (fbIVC), fetal bovine pericardium (fbP), bovine
pericardium (BP), bovine inferior vena cava (bIVC), and porcine inferior vena cava
(pIVC). Fresh tissues were obtained from Animal Technologies, Inc. (Tyler, TX). All
tissues were rinsed to remove any blood before excising fat on the surface. IVC samples
were placed in a glass dish with the proximal opening facing away. An oblique transection
was used to fully open the venous structure. Macroscopic images were taken and processed
using ImageJ software to approximate the average surface area for each IVC source.
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Thickness measurements were recorded from a Mitutoyo thickness gauge following a
standard region map relative to each tissue source size. For the pericardium samples, a
small incision was made from the edge to apex to allow the tissue to lay flat with minimal
folding. Images were taken and processed using ImageJ software to determine the average
surface area. Using a Mitutoyo Absolute series 547-7300 thickness gage, thickness
measurements in millimeters were taken throughout the entire tissue sample. Although
standard mapping was completed for all IVC sample types, the thickness measurements
for pericardium was random due to its large size and difficulty to standardize the
orientation of each sample.
4.2.2 Biaxial Testing

Individual samples of each tissue were removed from the fridge and placed on a
cutting mat. IVC tissues were oriented with the proximal end facing away. 1cm x 2cm
samples were cut with the 2cm edge in the longitudinal direction to ensure the X and Y
directions were preserved. While maintaining this orientation, the Mitutoyo thickness
gauge was used to measure the thickness of each sample. Once measured the sample was
mounted to the CellScale BioTester Biaxial Test System and aligned in the systems X and
Y directions. The actuators of the biaxial system were moved in to rest the tines directly
over the tissue sample. The mounting plate was raised until the tines were touching the
sample and slightly overextended. A glass cube was used to securely press the tines into
the sample before lowering the mounting plate and gently lifting any tissue off the
mounting block to prevent release from the tines. Load cells were zeroed before running a
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template protocol. Raw images recorded during the protocol and individual elongation and
stress points were saved for analysis. Each sample was saved to a folder with the tissue
type name and sample number.
4.2.3 Histology

Small sections of each fresh tissue type were placed in 10% neutral buffered
formalin solution for 24 hours before further processing in a tissue processor. Cross
sections were embedded in paraffin wax before 5µm slices were sectioned and dried.
Hematoxylin and Eosin staining was completed following the procedure outlined in Table
(1) before mounting with acrylic mounting solution and a glass coverslip. To visualize the
stained nuclei, erythrocytes, and cytoplasm, digital images were obtained on a Zeiss
Axiovert 40CFL microscope using AxioVision Release 4.6.3 digital imaging software
(Carl Zeiss MicroImaging, Inc. Thornwood, NY). Images were collected at 2.5X and 10x
magnification.
4.2.4 Decellularization

After macroscopic evaluation was completed, all tissues were decellularized using
a standard protocol by Tedder et.al49. Briefly, tissues were placed into glass containers or
the Aptus decellularization system (Figure 17) by type and left in distilled water overnight
to lyse native cells.
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Figure 17. Bovine pericardium in the Aptus Decellularization frame

Then a series of solution changes was conducted as follows: detergent solution with sodium
azide [9 days with solution change every third day], water/alcohol rinses, DNase/RNase
solution treatment [ 2 days], water/alcohol rinses, peracetic acid sterilization [2 hours], PBS
rinses, final storage in sterile PBS at 4°C. Before the peracetic acid sterilization step, small
sections from each tissue type were taken for post decellularization analysis. This analysis
included histology staining, and biaxial testing.
4.3 Results
4.3.1 Macroscopic Evaluation

After opening the tissues from animal technologies, they were placed flat in a
glass dish for surface area measurement shown in Figure 18.
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Figure 18. Full tissues for surface area and thickness measurements [A] Fetal bovine inferior vena cava
[B] Bovine inferior vena cava [C] Porcine inferior vena cava [D] Fetal bovine pericardium [E] Bovine
pericardium

Average thickness values are shown in Figure 19. For creating a pulmonary valve,
the tissue must have a thickness similar to the native tissue and a large enough surface area
to create the wrapping and leaflet template. From this diagram, bP would be ideal since
both pieces could be taken from the same piece of pericardium. The fetal tissues are very
thin compared to both the target and other scaffold tissues. Additionally, they have a small
average surface area which would require multiple pieces to create a pulmonary valve.
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Figure 19. Average thickness and surface area for all scaffold tissues

4.3.2 Biaxial

Shown in Figure 20 are the results of biaxial testing prior to decellularization of
the tissues. Testing was completed before and after decellularization to observe any
changes in mechanical properties as a result of decellularization. All graphs were created
using data points and measurements from the CellScale software before calculating the
zero-starting point at a pre-load of 10 kPa. Since the leaflets of pulmonary valves undergo
minimal mechanical stress in normal physiological conditions due to low pressures, only
data points within a strain of 25% elongation were analyzed.
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Figure 20. Pre decellularization biaxial graphs for [A] Adult bovine pericardium [B] Adult bovine IVC
[C] Adult porcine IVC [D] Fetal bovine pericardium [E] Fetal bovine IVC [F] Pulmonary valve leaflet for
control

Shown below in Figure 21 are the post-decellularization stress-strain curves. The
biggest change between pre and post decellularization testing is seen in pIVC samples. For
this tissue type, the elastic modulus decreased after treatment with detergents, making it
more elastic.
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Figure 21. Post decellularization biaxial graphs for [A] Adult bovine pericardium [B] Adult bovine IVC
[C] Adult porcine IVC [D] Fetal bovine pericardium [E] Fetal bovine IVC [F] Pulmonary valve leaflet for
control

4.3.3 Histology

H&E staining was performed on sections of fresh samples as well as decellularized
samples for each tissue type. The cytoplasm and other extracellular components are stained
pink by eosin while nuclei are stained blue by hematoxylin. From the images in Figure 22,
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the fresh samples show significant quantities of cell nuclei equally distributed throughout
the tissue. Decellularized images on the other hand lack the blue stain throughout,
supporting efficient decellularization techniques. Images also reveal that the integrity of

Decellularized

Fresh

the tissue is maintained throughout the decellularization process.

Figure 22. H&E staining before and after decellularization

4.4 Discussion and Conclusion
From this study, we were able to determine two ideal tissues to serve as building
materials for a living pulmonary valve. Bovine pericardium is relatively uniform in
thickness with a large surface area, making it suitable for continuous and consistent leaflet
construction. Bovine pericardium is also widely accepted as a material for tissue
engineering, specifically in valve replacement technologies when treated with
glutaraldehyde to limit an immunogenic response. The second tissue chosen was bovine
inferior vena cava. While not commonly used in tissue engineering applications, bIVC had
the most similar mechanical properties to native pulmonary valve leaflets before and after
decellularization. Additionally, this tissue also had a large surface area, making it favorable
for cutting multiple leaflets from one bIVC.

41

CHAPTER FIVE
SEEDING OF SCAFFOLDS
5.1 Rationale
To successfully produce a living valve for treatment of pulmonary valve
pathologies, we aimed to prove that selected scaffolds can be repopulated with cells with
designated seeding methods. In this study the two tissues selected from previous studies
were seeded using three methods: manual single needle injection, Cytoseeder injection
with the 5x5 needle array stamp head, and Cytoseeder injection with the 10x10 needle array
stamp head. It was hypothesized that significant cell repopulation of decellularized tissues
can be completed through cell seeding, and extent of repopulation is affected by the cell
seeding methods used.
5.2 Materials and Methods
5.2.1 Sterilization

Seeding was completed under sterile conditions, therefore all materials needed to
be sterilized using appropriate methods before the study began. The Cytoseeder device
including the nylon 6,6 handle, 10x10 stamp head, and 5x5 stamp head were sterilized
using a 12-hour ethylene oxide (EtO) sterilization cycle. Tubing for the pressure pump, air
filters, and all connective tubing components were also sterilized via EtO gas. All other
materials required for this study were sterilized using an autoclave. These materials
included 2 large petri dishes, long forceps, small forceps, scissors, glass beaker, and a
number 4 scalpel handle sterilized in a pre-vacuum cycle for one hour at 121°C. Additional
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materials provided are pre-sterilized, and include a 6-well plate, scalpel blades, 5 mL
syringe with 27-gauge needle, and 3 mL syringe with luer locks. For the sterile field, sterile
drapes, gloves, and sleeves were provided pre-sterilized.
5.2.2 Sample Preparation

24 hours before scaffold seeding a sterile 2x6 cm strip of BP was placed in a sterile
petri dish using the long forceps. The tissue was covered with warm DMEM (10% FBS,
1% Ab/Am) and placed in the incubator at 37°C to incorporate media throughout the tissue.
5.2.3 Cell Preparation

Cryopreserved adult human dermal fibroblasts (hDFB) from PromoCell (catalog
#C-12302) were grown and expanded in DMEM (10% FBS, 1% Ab/Am)50. Cells were
plated in flasks with a 3000 cells/cm2 plating density as determined by the manufacturer,
Cell Applications Inc. Expansion was conducted until p.6 was reached. To prepare cells
for seeding, the media was first aspirated from all flasks. Cells were rinsed with PBS before
adding 3 mL of trypsin to each flask. The cells were incubated in trypsin at 37°C for five
minutes before observing cell detachment under a light microscope. Once all cells were
detached, 9 mL (3x amount of trypsin added) of DMEM was added to neutralize the
trypsin. The cell suspension from all flasks were combined and collected in 50 mL conical
tubes and centrifuged at 200xg for five minutes. The supernatant media was aspirated, and
the cells were resuspended in a recorded volume of fresh media. 18 µL of this suspension
was collected and mixed with 2 µL of acridine orange. 10 µL of this solution was added to
a PhotonSlide for cell counting in the Luna Dual Fluorescence cell counter. The live cell
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count was multiplied by the total volume of media added to resuspend the cells for a total
cell number. Media was added to create a final cell density of 5 million cells per mL.
5.2.4 Scaffold Seeding

All seeding studies were completed under sterile conditions. To create a sterile
field, sterile drapes were opened and placed in a biosafety hood before applying sterile
gloves and sleeves. Study materials in sterile packaging were sprayed with 70% ethanol,
passed into the hood, then opened to put all materials on the sterile field. To assemble the
Cytoseeder, the tongue of the stamp head was inserted into the groove of the Cytoseeder
handle. Using luer locks, small diameter connective tubing with a ball-control flow valve
was attached to one side of the stamp head. The free end of the tubing was connected to
larger diameter tubing. This tubing contained an air filter with connective tubing to a
pressure pump. Output pressure from this pump was set to 10 psi. Using forceps, the tissue
previously stored in media was transferred to a second sterile petri dish and cut into 2x2
cm square samples.
The first sample, labeled “A” served as the control for manual single needle
injection. The 5 mL syringe with an attached 27-gauge needle was filled with 2 mL of the
cell suspension. 1 mL of the cell suspension was injected in the sample following a 5x5
injection pattern. The tissue was flipped, and the second mL of suspension was injected
following the same pattern. After injection, the sample was moved to the 6-well plate and
the additional media from injected was transferred to its well. The 6-well plate lid was
labeled to show the location of each sample.
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Sample “B” was injected using the 5x5 CytoSeeder stamp head. With an empty 3
mL syringe attached to the second luer lock of the stamp head, the Cytoseeder was pressed
into the tissue and air was injected for five seconds to create pockets. Without moving the
stamp head, a syringe with 1 mL of suspension was then injected for five seconds. The
sample was subsequently flipped using forceps and a second injection was completed
following the previous method.
The final sample, “C”, was injected using the 10x10 CytoSeeder stamp head. The
procedure for this injection mirrored the procedure for sample B.
5.2.5 Histology

Small sections of each scaffold were excised and placed in 10% neutral buffered
formalin solution for 24 hours before further processing in a tissue processor. Cross
sections were embedded in paraffin wax before 5µm slices were sectioned and dried.
Hematoxylin and Eosin staining was completed following the procedure outlined in Figure
12 before mounting with acrylic mounting solution and a glass coverslip. To visualize the
stained nuclei, erythrocytes, and cytoplasm, digital images were obtained on a Zeiss
Axiovert 40CFL microscope using AxioVision Release 4.6.3 digital imaging software
(Carl Zeiss MicroImaging, Inc. Thornwood, NY). Images were collected at 2.5X and 10x
magnification.
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5.2.6 Presto Blue Cell Viability

All samples were transferred to a new sterile 6-well plate. Using a 9:1 ratio of media
to PrestoBlue reagent, enough solution was made to cover each scaffold with 3 mL of the
solution. The 6-well plate was wrapped in foil and incubated at 37°C for at 10 minutes .
Solution from each well was pipetted 200 µL at a time to a 96-well black, flat bottom plate.
The well plate was covered with foil to limit effects of light on the stain then placed on a
BioTek Synergy HTX plate reader. To read the fluorescence of the reagent, the excitation
and emission fluorescence were set to 590 nm and 560 nm respectively. The resulting
fluorescence values were averaged by sample. The control (plain DMEM and PrestoBlue
reagent) was averaged and subtracted from the average of each tissue sample. The resulting
fluorescence average of each scaffold could then be used to approximate the cell viability.
To approximate the live cell count in each tissue sample, a known cell concentration
suspension of 1x10^6 cells was created and used to build a calibration curve. From this
suspension, dilutions of known concentrations were also created. 1 mL of each
concentration was pipetted in to a 96-well black, flat bottom well plate with 200 µL per
well. This plate was read at a 590/560 excitation/emission. All values from the same
concentration were averaged and the control was subtracted. These values were then
plotted against their known concentration and the line of best fit was added and set with a
y-intercept of zero. The slope of this line could then be used to calculate the cell number
present in each tissue sample.
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5.2.7 Live Cell Staining

While the samples were incubated in the PrestoBlue reagent solution, the
Live/Dead staining solution from Invitrogen was prepared. This solution is made by adding
0.5 µL of Calcien AM and 2 µL of EthD-1 for every 1 mL of 1x PBS. Enough solution was
made to cover all scaffolds. Scaffolds were rinsed with PBS before adding the live/dead
reagent, then incubated at 37°C for 20 minutes. During this incubation period the
fluorescent microscope bulb of the Zeiss Axiovert 40CFL microscope was turned on to
warm. Images were taken and analyzed using AxioVision Release 4.6.3 digital imaging
software (Carl Zeiss MicroImaging, Inc. Thornwood, NY). Images were collected at 2.5X
and 10x magnification. After imaging, tissues were frozen at -10°C for DNA extraction.
5.2.8 DNA Quantification

DNA extraction was completed using a DNeasy Blood and Tissue Kit from Qiagen.
Small sections of frozen tissue were weighed, and the weight was recorded (≤ 25 mg). 180
µL of ethanol and 20 µL of proteinase K were added to lyse any cells present and the
samples were vortexed then stored at 56°C overnight. After incubation, 200 µL of buffer
AL was added to each sample and vortexed to promote lysis of cell membranes. 200 µL of
100% ethanol was added before transferring the solution to a spin column in a 2 mL
collection tube. All samples were centrifuged at 8000 rpm for one minute then the
collection tubes were discarded and replaced. The spin columns were placed in a new
collection tube and 500 µL of AW1 was added to wash the resulting DNA. Samples were
once again centrifuged at 8000 rpm for one minute before discarding elutant and collection
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tubes. The spin columns were transferred to new collection tubes and a second wash was
completed using 500 µL of buffer AW2. Samples were centrifuged at 14,000 rpm for 3
minutes before discarding the collection tubes and placing the spin columns into a 1.5 mL
microcentrifuge tube. 200 µL of buffer AE was added to elute the DNA from the spin
column and the samples were centrifuged at 6000 rpm for one minute. The last step was
repeated for a yield of 400 µL of DNA solution.
DNA quantification was completed and using gel electrophoresis. Gel
electrophoresis was first completed to prove the presence of large DNA particles in the
seeded tissue samples. 10x TBE buffer was prepared by adding 21.8 grams of TRIS base,
11 grams Boric Acid, and .93 grams EDTA in 200 mL of double distilled water. From this
concentrated solution, 85 mL of TBE buffer was combined with 1615 mL of distilled water
for an electrode buffer. Preparation of the agarose gel consisted of 10 mL TBE buffer, 190
mL distilled water, and 2 grams of medical grade agarose. This mixture was microwaved
for a total of 90 seconds before cooling to 60°C. After cooling, 10 µL of ethidium bromide
was added. The gel solution was poured into the gel mold and a 15 well comb was placed.
The gel was allowed to solidify before removing the comb and adding the electrode buffer.
To prepare the samples, 32 µL of each sample solution was added to 8 µL of loading dye.
The DNA standard was prepared with 5 µL of DNA ladder and 1 µL of loading dye. The
full standard sample was added to one well, while 20 µL of sample was added to a well.
Any unused wells were filled with 20 µL of AE buffer to prevent mishaps. The electrodes
of the Bio-Rad gel electrophoresis apparatus were connected to a power source and run for
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one hour at 100V and 3A. After run completion, the gel was imaged using a BioRad
ChemiDoc XRS+ imager and analyzed to determine DNA fragment size.
5.2.9 Study Replication

This study was repeated three times for bovine pericardium for a sample size of
n=2 for each seeding condition. Once all studies were completed for BP, the study was
again repeated using bIVC as the scaffold tissue until a sample size of n=2 for each seeding
condition was reached.
5.3 Bovine Pericardium Seeding Results
5.3.1 Histology

H&E staining was performed on the seeded tissue scaffold after the three-day
incubation period as shown in Figure 23. Small quantities are observed in pockets near
injection sites rather than evenly distributed in native tissue. Additionally, limited
migration from the injection sites was observed from H&E staining after seeding.

Figure 23. H&E staining of seeding bovine pericardium. [A] manual injection [B] CytoSeeder 5x5 [C]
CytoSeeder 10x10. Nuclei are stained bluish-purple. Cytoplasm and extracellular matrix are stained pink
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5.3.2 Presto Blue

A PrestoBlue assay, as shown in Figure 24, was also completed after the seeded
bP scaffolds were incubated. PrestoBlue assays can be used to approximate viable cells in
tissues scaffold through permeation of the PrestoBlue reagent in the cell membrane.
Calculations completed from this assay suggest that only a small percentage of cells from
the initial 10 million injected were viable in the tissue samples. It was also observed from
this analysis method that the CytoSeeder had higher cell viability than manual injection,
with the 10x10 stamp head outperforming the 5x5 stamp head.

Figure 24. Approximate cell count per tissue via PrestoBlue cell viability analysis

5.3.3 Live Cell Imaging

Live cell fluorescent staining was performed on seeded bP scaffolds after
incubation. Imaging of the live cell stain was achieved at 2.5x and 10x magnification.
Shown in Figure 25 are images of viable cells taken at 10x magnification. All tissues were
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viewed at the edges of the sample, as well as the interior to determine cell distribution for
manual injection and seeding with the CytoSeeder. High densities of cells were observed
in all samples and at all locations within the sample. Another important observation is the
lengthening of the fibroblasts in each image rather than a rounded shape seen in cell
suspension. This may suggest cell attachment within the scaffolds over the 3-day
incubation period.

Figure 25. Fluorescent green staining of live cells in bP tissue. [A] Manual injection, tissue edge
[B] CytoSeeder 5x5, tissue edge [C] CytoSeeder 10x10, tissue edge [D] manual injection, tissue
interior [E]

5.3.4 DNA Quantification
DNA quantification was completed using the extracted DNA from Qiagen’s
DNEasy kit. Gel electrophoresis was used to determine the relative size of DNA fragments
in the seeded bP scaffolds. In Figure 26B, the bands from gel electrophoresis are compared
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to the DNA ladder in lane 13. When DNA is present in the sample, they appear as bands
quantified by intensity in fluorescent units. Smaller fragments travel further in the gel,
while larger fragments travel a shorter distance. From this analysis, large DNA fragments
are present in all samples as noted by the pink lines to mark detected bands in the gel. The
manual injection appears to show higher intensity bands in Figure 26A, implying more
DNA was present in these samples compared to the CytoSeeder scaffolds.

Figure 26. DNA quantification for seeded bP scaffolds [A] relative fluorescence from gel electrophoresis
[B] Lanes and bands from gel electrophoresis

5.4 Bovine Inferior Vena Cava Seeding Results
5.4.1 Histology

H&E staining was also performed on bIVC samples after incubation for three days
post-seeding. Nuclei are stained bluish-purple while the cytoplasm and collagen are stained
pink. In Figure 27, cells are shown in samples from all three seeding methods. Again, they
appear to be concentrated in pockets of injection sites with minimal migration observed.
Additionally, the cells maintained a rounded shape in the scaffolds.
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Figure 27. Hematoxylin and eosin staining of seeding bIVC scaffolds [A] manual injection [B] CytoSeeder
5x5 [C] CytoSeeder 10x10

5.4.2 PrestoBlue

Similar observations from the bP seeded scaffolds were made for the bIVC seeded
scaffolds as shown in Figure 28. Calculations yielded nearly double the number of viable
cells in the bIVC tissues, however the approximate number of viable cells was only 0.449%
of the 10 million cells originally seeded. There was consistency in relative performance of
each seeding method, with the 10x10 CytoSeeder resulting in the highest cell viability
followed by the 5x5 CytoSeeder and manual injection with the lowest viability.
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Figure 28. Approximate cell count per tissue via PrestoBlue cell viability analysis

5.4.3 Live Cell Staining

Like the bP scaffolds, live cells were observed in the bIVC scaffolds throughout
the interior and along the edges suggesting adequate cell dispersion for all seeding
methods. One notable difference however is the shape of the cells imaged on the bIVC
scaffolds. Unlike previous studies, the hDFBs appear to have a more rounded shape after
three days of static incubation at 37°C and 5% CO2. This may imply that cells did not
adhere to the surface of the bIVC tissue as efficiently when compared to the bP tissue.
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Figure 29. Fluorescent green staining of live cells in bIVC tissue. [A] Manual injection, tissue edge [B]
CytoSeeder 5x5, tissue edge [C] CytoSeeder 10x10, tissue edge [D] manual injection, tissue interior [E]
CytoSeeder 5x5, tissue interior [F] CytoSeeder 10x10, tissue interior

5.4.4 DNA Quantification

DNA quantification results from gel electrophoresis are seen in Figure 30. The
ChemiDoc XRS+ imager detected faint bands in all samples shown from the pink lines in
Figure 30B. This denotes the presence of DNA fragments in each seeded sample. The
bIVC samples followed a similar pattern to the bP samples where higher intensity
fluorescence was detected in the manual injection samples compared to samples seeded
with the CytoSeeder, however, they are much more consistent between all three methods
for this tissue.
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Figure 30. DNA quantification for seeded bIVC scaffolds [A] relative fluorescence from gel electrophoresis
[B] Lanes and bands from gel electrophoresis

5.5 Discussion and Conclusion
In this study, we aimed to prove that cell repopulation of decellularized tissues
could be completed and compared three different seeding conditions 1) Manual injection
with a single needle 2) Using the CytoSeeder with a 5x5 needle array stamp head and 3)
Using the CytoSeeder with a 10x10 needle array stamp head. From the seeding studies of
bP and bIVC, it was observed that repopulation of cells is efficiently completed by all three
methods of seeding. For both tissue types, H&E staining, PrestoBlue assays, and live cell
fluorescent staining suggest equivalent cell dispersion between all three methods, with cell
viability increasing with the number of injection sites. DNA quantification with gel
electrophoresis, however, appears to show manual injection as the most effective method
of cell seeding for DNA content present. This discrepancy between analyses may be
attributed to the amount of tissue used for each quantification method as PrestoBlue,
histology, and live cell staining utilize a larger tissue sample whereas gel electrophoresis
requires less than 25 mg of the tissue sample for DNA extraction. Another important
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observation is that cells appear to thrive more in bP after three days of incubation. This
may imply that longer incubation is required for bovine IVC to see advanced cell
attachment to scaffold. As a result of this observation, only bP will be used to assemble a
valve for benchtop testing and seeding for a sterile bioreactor.
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CHAPTER SIX
VALVE MANUFACTURING
6.1 Rationale
We needed to ensure that the planned approach for valve assembly would open and
close under physiological conditions. Using a nonsterile benchtop reactor, initial valve
function could be observed before proceeding to the addition of cells and incubating under
sterile conditions. It was hypothesized that there would be no significant difference
between the EOA of a healthy pulmonary valve and the valve manufactured by us.
6.2 Materials and Methods
6.2.1 Valve Assembly

Pulmonary valve construction was completed using decellularized bovine
pericardium and a 30 mm stainless steel mounting ring. Bovine pericardium was used to
form the leaflets and outer wrapping around the mounting ring following a template
(Figure 31) outlined by Rahmani et al51.

Figure 31. Pericardium wrapping technique by Rahmani et al. [A] Leaflet and wrapping layer template [B]
Schematic for wrapping pericardial tissue
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Figure 32. 3D scan of 30 mm Heart Valve mounting ring

The pericardial leaflet was cut following a pattern for a stainless-steel mounting ring with
a 30 mm diameter (Figure 32). Using 3-0 silk sutures, this piece of pericardium was
sutured by its corners to a larger piece of pericardium that would serve as a wrapping for
the mounting ring shown in Figure 33A. The entire pericardium structure was placed
inside of the mounting ring and sutured to the top of each post with the leaflet facing the
inside of the mounting ring (Figure 33B). In Figure 33C, the leaflet and wrapping portion
were sutured around the perimeter of the mounting ring with individual sutures. The
wrapping layer was then cut in between each post and folded around the mounting ring and
sutured in place. The entire valve was finally placed in a mounting mechanism shown in
Figure 323, held in place with a metal spring and a small circular ring of Scotch Brite.
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Figure 33. Individual steps of valve assembly [A] Leaflet template sutured to wrapping template [B]
Anchor sutures to mounting ring posts [C] Individual sutures around mounting ring [D] Completed valve in
metal bioreactor mount

6.2.2 Benchtop Bioreactor
The benchtop bioreactor was assembled using device components from Aptus™
Bioreactors. Assembly of the Aptus pulmonary valve bioreactor is shown in Figure 34
with major components labeled. Once the bioreactor was assembled on the benchtop with
the prototype valve positioned in the mounting ring, the upper and lower pressure
transducers along with the flow meter were connected to their respective cables of the
control panel.
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Figure 34. Pulmonary Valve bioreactor assembly with major components labeled

While running the APTUS software (20 mmHg, 60 bpm) videos were recorded of the valve
opening and closing. From this video, still images were taken of the valve in its resting
position, fully open with systole, and fully closed at the end of systole. These images were
then analyzed using ImageJ to determine the EOA at each time point.
6.3 Results
6.3.1 Benchtop Bioreactor

Under physiological conditions, the bP heart valve assembled following the
procedures above was observed to open and close in a similar manner to biological heart
valves. At lower heart rates (10-20 BPM), the valve had a larger opening when water began
to flow backwards. However, once the heart rate was increased to a standard rate, we
observed more complete closing of the valve as shown in Figure 35C. The valve opened
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to a have an average EOA of 253.6 mm2 during systole seen in Figure 35B. Finally, the
resting position of the heart valve between beats was observed and shown in Figure 35A.
While there is a slight opening that averaged 63.9 mm2, this should not create major
regurgitant flow as the pressure difference on either side of the valve at this stage is
negligible.

Figure 35. Annulus area at different stage of the heart cycle [A] Resting position [B] Beginning of systole
[C] End of systole

6.4 Discussion and Conclusion
The benchtop bioreactor allowed us to measure the EOA of our assembled
pulmonary valve at different stages of the cardiac cycle. The EOA of a prosthetic valve
after implantation during pulmonary valve replacement surgery is 240 mm2 ± 20
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.

Therefore, our assembled pulmonary valve opened within the acceptable range for
replacement pulmonary valve standards. Similarly, our valve closed to 8.68
backwards pressure, which is sufficient to prevent regurgitant flow.
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mm2
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CHAPTER SEVEN
STERILE BIOREACTOR
7.1 Rationale
Using a bioreactor constructed for the pulmonary valve position mimics
physiological conditions for a decellularized bP heart valve seeded with hDFBs. Under
physiological conditions the pulmonary valve experiences cyclical mechanical stresses that
our assembled valve must be able to withstand. It was hypothesized that the seeded valve
maintained in a pulmonary valve bioreactor would show similar cell viability results to
previous static seeding studies.
7.2 Materials and Methods
7.2.1 Valve Sterilization

After completion of the benchtop bioreactor, the assembled heart valve in the
mounting set up was sterilized using a peracetic acid protocol. The valve and mount were
placed in a sterile glass jar with 250 mL of a 1% peracetic acid solution in sterile 1x PBS.
The glass jar was placed on a shaker plate for two hours of incubation at room temperature.
The peracetic acid solution was aspirated and the valve was washed with 250 mL of sterile
PBS for 30 minutes. The PBS was aspirated, and the valve was washed with 1x PBS for
another 30 minutes. After washing, the PBS wash was aspirated, and the mounted valve
was stored at 4°C in sterile 1x PBS. Eight hours prior to seeding, the valve was transferred
to another sterile glass jar and covered with fresh 10% FBS, 1% ab/am, DMEM.
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7.2.2 Material Sterilization

Sterilization methods were dependent on each component’s material. The lunar
inserts, 3” bolts, washers, glass pulmonic reservoir, glass compliance chamber, 6” zipties,
and all O-rings were autoclaved at 121°C for one hour. Acrylic components such as the air
chamber, ventricular chamber, and aortic chamber required EtO gas sterilization.
Additional components that required EtO sterilization were the membrane, torque driver,
pressure transducers, and fittings for the compliance chambers. All EtO components were
sterilized through a 24-hour exposure period. Additional materials such as hydrophobic
filters and needleless connectors were pre-sterilized by the manufacturer.
7.2.3 Valve Seeding

Human dermal fibroblasts (hDFBs) at passage number 6 were passaged following
the subculture protocol by Cell Applications Inc until the cell counting step. Cell counting
was completed using the LUNA-FL fluorescent cell counter by Logos biosystems. From
the total live cell count, 3.25 mL of the cell suspension was needed to inject 5 million cells
on both the internal and external side of each leaflet for a total of 10 million cells per leaflet.
A sterile field was created in the cell culture hood and the valve was transferred to a large
sterile petri dish. The mounted valve was seeded using single needle injection following a
10x10 array of injections on each side of all leaflets (Figure 36A). After all injections, the
seeded valve was placed in a sterile seeding chamber and covered with fresh media prior
to adding the leftover cell suspension for surface seeding (Figure 36B). The seeding
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chamber was then secured onto the rotating mechanism in the incubator (Figure 36C). The
valve was rotated overnight at 1 RPM to allow for cell attachment to the scaffold.

Figure 36. Pulmonary Valve seeding [A] Single needle injection of hDFBs [B] Seeded valve in the rotator
cup [C] Rotator cup in the Aptus rotating apparatus

Following overnight incubation on the rotator, the seeded pulmonary valve was
placed in a bioreactor designed for pulmonic conditions shown in Figure 37A. The
assembled bioreactor was filled with one liter of media and placed in an incubator at 37°C
with 5% CO2. Once the air tube, flowmeter, and pressure cables of the control panel were
connected to the bioreactor, the heart rate and systolic pressure were entered in the Aptus
Physio™ software (Figure 37B).
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Figure 37. Aptus heart valve bioreactor for pulmonic pressures [A] Sterile pulmonary heart valve
bioreactor with media [B] Aptus Physio software with systolic pressures of 20 mmHg, diastolic pressure of
10 mmHg, and heart rate of 60 BPM

The initial conditions of the heart valve bioreactor were 20 mmHg systolic pressure and 10
BPM. Every 4 hours the heart rate was increased by 10 BPM until a final heart rate of 60
BPM was reached. The bioreactor was run for a total of 3 days at pulmonic conditions.
Following the 3rd day, the valve was removed from the bioreactor. One leaflet was
dissected from the valve and stored in 10% buffered formalin for histology. The remaining
two leaflets were dissected and analyzed with PrestoBlue and Live cell imaging. In
addition, DNA extraction was completed to quantify DNA content through gel
electrophoresis.
7.3 Results
Bioreactor testing of the cell seeded, living tissue engineered pulmonary valve
manufactured in our lab was successful, while maintaining adequate sterility and
hemodynamic parameters.
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7.3.1 Histology
H&E staining in Figure 38 shows cell nuclei as a bluish-purple color while the
cytoplasm and other extracellular components appear various shades of pink. In Figure
38A, a collection of cells is visible at 2.5x magnification. Images at 10x magnification in
Figure 38B show individual cell nuclei within the larger pocket. From this analysis, we
confirmed that cells are present, but do not appear to migrate from the site of injection.

Figure 38. H&E staining of cell nuclei within tissue engineered living pulmonary valve [A] 2.5x
magnification [B] 10x magnification

7.3.2 Presto Blue
PrestoBlue cell viability was completed on the two remaining valves since one was
used for histology staining. This PrestoBlue analysis shows an approximate cell count of
1400 cells in each leaflet after incubation in the pulmonary valve bioreactor (Figure 39).
Consistency in cell viability between the leaflets is conserved, which is important for living
tissues in terms of tissue homeostasis and remodeling. However, since only a small
percentage of the total number of cells seeded is observed from this analysis, adjustments
can be made to encourage cell attachment and growth within the scaffold.
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Figure 39. Viable cell count of tissue engineered living pulmonary valve from PrestoBlue analysis

7.3.3 Live Cell Staining
Results of live cell staining, and imaging are shown in Figure 40. At a
magnification of 2.5x, individual cells were seen in small quantities scattered throughout
the tissue. Faint bands in Figure 40A were more prominent at this magnification. After
closer inspection, these bands contained more pockets of cells as shown in Figure 40B.
While we expected to see a similar manner of cell attachment that was observed in the
static incubation of seeded bP tissues, these cells appeared to have a rounded shape rather
than elongated branches with a centralized nucleus.
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Figure 40. Live cell imaging of tissue engineered living pulmonary valve leaflets after incubation [A] 2.5x
magnification [B] 10x magnification

7.3.4 DNA Quantification
Gel electrophoresis from extracted DNA yielded no DNA fragments present in the
seeded pulmonary valve. This was observed in Figure 41, where no bands were detected
from binding of the ethidium bromide to DNA fragments. Like DNA quantification from
previous studies, this may have been a result of the small weight of tissue used for DNA
extraction (25 mg). Since pockets of cells are observed in live staining and H&E staining,
unless a pocket of cells was collected in the tissue sample used for extraction, no DNA
would be present in this analysis.
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Figure 41. Gel electrophoresis with detection of bands in the DNA ladder of lane 5

7.4 Discussion and Conclusion
From this experiment, we were able to conclude that living cells are present in the
tissue engineered living pulmonary valve. Analysis of PrestoBlue cell viability, live cell
staining, and H&E staining, confirms that cells seeded onto the bP scaffold of a pulmonary
valve were present after mechanical stimulation in a heart valve bioreactor. Improvements
can be made to improve cell attachment prior to placement in the bioreactor under pulmonic
conditions since the cells present did not attach as efficiently as in previous studies. This
may include static incubation prior to rotational seeding or an increased incubation time
while rotating to encourage cell attachment. Additionally, in future experiments the amount
of tissue used for DNA extraction should be multiplied by a larger factor to improve
chances of collecting a pocket of cells.
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CHAPTER EIGHT
FINAL CONCLUSIONS
8.1 Final Conclusions
We have developed a tissue engineered living valve to be used in young adult
patients suffering from pulmonary valve pathologies. We began with pulmonary valve
leaflets, the target tissue, and were able to determine two sufficient valve building materials
from five potential xenograft tissue scaffolds. Our seeding studies have shown cell
repopulation of the decellularized scaffolds is efficiently completed with the CytoSeeder,
a novel device for cell seeding, as compared to manual injection. Preliminary pulmonary
valve assembly showed that our designated method of valve production effectively opens
and closes in a similar manner to the normal anatomy under pulmonic conditions. Finally,
our seeded valve provides an initial proof of concept that living valves conditioned under
physiological conditions can be engineered.
8.2 Future Directions
In these experiments we started with characterizing the pulmonary valve and
finding suitable decellularized tissues that mimic the physical properties of the native
tissue. Seeding studies were then conducted using the two most favorable tissues. For
future studies, it would be necessary to repeat seeding studies for both bP and bIVC to
obtain significant statistical evidence between the three seeding methods. Additionally, it
would be beneficial to repeat bioreactor studies to verify preliminary results as well as
increase the duration of bioreactor studies to ensure long-term cell viability. Adjustments
can be made to the valve assembly method to allow for seeding with the CytoSeeder prior
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to conditioning in the pulmonary valve bioreactor for increased cell distribution. The
seeding of endothelial cells in addition to hDFBs would further model the physiologic
tissue found in healthy individuals and could improve long term results since they are
crucial for remodeling of the valve leaflets. Finally, incorporation of an expandable stent
would allow for application to younger patients including pediatrics.
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