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Bioengineering

As cardiovascular disease remains to be the leading cause of death worldwide, cardiac
regenerative medicine aims to apply design methods to develop functional cardiac
tissue for directed therapy as well as in vitro screening assays. Research in this area
has shown varying degrees of success, but fully functional cardiac tissue remains to be
achieved. This short-coming is due to failures in mimicking native heart tissue in vitro.
The extracellular matrix (ECM) of the heart is a complex structure responsible for both
biochemical and mechanical cues to the surrounding myocardium. Past research has
relied heavily on the use of native biochemical signals of the ECM to influence
cardiomyocyte function, but the mechanical signals of heart ECM have been less
studied. The ECM of the heart is made up of aligned collagen fibers as well as other
important proteins in the basement membrane responsible for cell-cell and cell-ECM
interactions. The nanoscale collagen fibers have been shown to play a major role in the
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structural architecture of the overlying macroscopic myocardium. Advancements in
nanofabrication techniques have made it possible to study the effect of substrate
nanotopography on cardiomyocyte structure and function. The proteins of the basement
membrane including laminin and fibronectin have been shown to strongly influence the
adhesion of cardiomyocytes through integrin interactions. Recently, a specific repeating
amino acid sequence, Arg-Gly-Asp (RGD), found in many native adhesion proteins, has
been shown to promote cell adhesion in vitro'2.

Here we present a platform in which we are able to study the effect of nanoscale
structural cues as well as ECM biochemical signals on maturation of human pluripotent
stem cell-derived cardiomyocytes (hPSC-CMs). Using a customized 4 x 4 island
nanopatterned substrate, nanogroove widths ranging from 350nm to 2000nm were
investigated. We also present the synthesis and incorporation of bifunctionalized
peptide, PUA binding peptide — RGD (PUABP-RGD) into the platform to further study
the effect of native ECM-like biochemical cues on the structural maturation of hPSC-

CMs.

www.manaraa.com



Acknowledgments

| would like to start by thanking by advisor Dr. Deok-Ho Kim who has mentored me both
as an undergraduate and a graduate student. | joined Dr. Kim’s lab when | was a junior
in the bioengineering department and went on to complete my senior capstone with Dr.
Kim. | would like to highlight Dr. Kim’s ambition and the excitement he displays towards
his research and the students in his lab. In my first interview with him, before joining the
lab, I could see how passionate he was about his work which immediately resonated with
me and made me excited about the prospect of pursuing my research interests under his
guidance. Over the course of my time in the lab | have experienced setbacks and
successes, but Dr. Kim always showed his support. His willingness to discuss ideas with
me and provide advice for my projects will be fondly remembered. | am deeply
appreciative to Dr. Kim for providing me with the opportunity to participate in cutting edge
research.

| would also like to thank Dr. Candan Tamerler who served on my thesis
committee. As a faculty member of the Material Science & Engineering department | was
fortunate enough to collaborate with her lab for my thesis work. Marketa, a post-doctoral
fellow (Tamerler Lab), was an integral member of our collaborative efforts. | would also
like to thank Dr. Mike Regnier who co-advised my senior capstone project as an
undergraduate student and continued to provide his support during my graduate studies.
Next, | would like to acknowledge Dr. Chuck Murry and Dr. Michael Laflamme for
providing their lab resources in collaborative projects.

Xiulan Yang, post-doctoral fellow (Murry Lab), was an excellent colleague to

collaborate with for my thesis work. She was always upbeat and supportive of my work
fii

www.manaraa.com



and | am truly thankful for the opportunity to work alongside her. Hee Seok Yang and
Hyun Jung Lee, former post-doctoral fellows of the Kim lab, were two of the first members
| met and worked with in the Kim lab. | would specifically like to acknowledge their
patience and willingness to help me learn lab techniques as a new member of the lab.

Alex Jiao, a PhD student (Kim Lab), deserves a special thanks as he was my
immediate mentor upon joining Dr. Kim’s lab. His support and guidance during my
undergraduate and graduate studies were instrumental in achieving my research goals. |
am extremely appreciative to have worked with such a driven scientist for close to 3 years
and am glad to have developed a close friendship. Jesse Macadangdang, Hyok Yoo, and
Jonathan Tsui are 3 other PhD students in the Kim lab that were very supportive of my
research goals and were always available with advice or help. | would also like to thank
the Department of Bioengineering at the University of Washington who gave me the
chance to study bioengineering at the ungraduated and graduate levels.

Finally, | would like to acknowledge my family and friends who have been the core
of my support network, not only during my time at the University of Washington, but also
throughout my life. My mother, Connie, and my father, Doug, have always been there for
me, regardless of the situation. Their overwhelming support of my academic pursuits will
always be remembered. | would also like to acknowledge my grandparents David,
Marilyn, and Nan who continue to provide me with support and positive influence. My
sister, Meghan, and my brother, Christopher, are also huge parts of my life. Finally, |
would like to acknowledge the Kanady family (Lynn, Tim, Shane, and Paige) who |
consider my second family. Their massive support of me has been so important to my

personal and academic development.

iv

www.manaraa.com



Table of Contents

LiSt Of FIQUIES ...t e e e e e e et e e e e e e eeanaes Vi
Chapter 1: INtrodUCtiON.......... ... 1
1.1 MOTIVALION ...ttt e e e e e et e e e e e eeeannes 1
(238 = = Lo (e [ £ 18 o Lo IR PP 2
1.2.1 Heart Disease/Myocardial Infarction.............cccceiiiiiiiiiic e, 2
1.2.2 DrUQ SCIEENING ... e i 6
1.2.3 Disease MOAEIING ......ccooiiiiiiiiii et 7
1.2.4 Cardiac Differentiation Using Pluripotent Stem Cell-Derived Cardiomyocytes 7
1.2.5 Stem Cell-Derived Cardiomyocyte Based Therapies.........cccccceeeeeeeeeiiiiiiinnnnnnn. 8
1.2.6 hPSC-CM Maturation............coouuiiiii e 10
1.2.7 Current Methods for Maturation of hAPSC-CMs ... 11
1.2.7.1 NanotopOGraphy ...... ... 13
1.2.7.2 ECM COomMPOSItION.....oooiiiiiiiieeeeeeeeee et e e e eeaaans 15
1.2.7.3 Mechanical Loading....... ... e 15
1.2.7.4 ECM SHffN@SS ... e 16
1.2.7.5 Electrical Smulation .............coooiiiiiiiiii e 16
1.3 SUMIMIAIY ..ottt et e e ettt e e e e e e e e e et e e e e e e e e e e eeessaaneeeeaeeas 18
1.4 TheSIS OULIINE ...t eaaans 18
Chapter 2: Nanotopographic and Electrical Stimulation of Neonatal Rat
Ventricular MyOCYEES ... 21
P20 B | 1o o (3T 1o o P 21
2.2 Methods and MaterialS..........coooiieiiiiiiie e 21
P B (T U | €71 B o U 1< (o) o 24
2.4 SUMMAIY ...ttt ettt ettt ettt et et et e e e e e e eeeees 26
Chapter 3: Engineering a Matrix Platform for Development of hPSC-CMs ............ 31
2.1 INTrOAUCTION ...t e e e e et e e e et e e e e e e eaeens 31
2.2 Methods and MaterialS..........oooo oo 31
2.3 RESUIS/DISCUSSION .....cetiiiiie ettt e e e e e e e e et e s e e e e e e e e eennn e eeeees 34
2.4 SUMMIAIY ...eettiee e e e et e e e e e e e e e e e e e e e e e e e e aa e e eeeeeeeesssaa e eeeeeeeeeessaaaeeeaaaes 37
Chapter 4: Structural Maturation of Single Cell hPSC-CMs ...............ccccccciiininnnnnee 45
P20 B | 1 oo (3T 1o o P 45
2.2 Methods and MaterialS..........coooieiiiiiiiiie e 45
2.3 RESUIS/DISCUSSION.....cciiiiiiiiiieeeeeeeeeeeeeee et 48
2.4 SUMMAIY ...ttt ettt ettt et e et e et e e e e e eeeeees 54
Chapter 5: CONCIUSIONS ..............oiiiii e 64
R - T 68
= (=T =Y o 1o = 69
\"

www.manaraa.com



List of Figures

o 1 L= PP 20
FIQUIE 2 ..ttt ettt 20
o L L= S SPST 27
FIQUIE 4 ...ttt 28
o 1 L= ST 29
FIQUIE 6 ...ttt 29
o 1 T AP 30
FIQUIe 8 ...ttt 39
o L L= S SPST 40
FIQUIe 10 ..ottt 41
o 1 L= R ST 41
FIQUIE 12 .ttt 42
o L L= I PSP 42
FIQUIE 14 .ttt ettt e e e e e e e e e e 43
o L L= I PSP 43
FIQUIE 16 ...ttt ettt ettt e e 44
o 1 L= PSP 44
FIgUIe 18 ..ttt 56
o L L= 1 ST 56
FIQUIE 20 ...ttt ettt ettt a e 57
o 1 L= PSP 57
FIQUIE 22 ...ttt ettt ettt e e 58
o L L= PP 58
FIQUIE 24 ...ttt ettt 59
o [T =N PSP 59
FIQUIE 26 ...ttt 60
o [ L= AP 60
FIQUIE 28 ...ttt 61
I UIE 20 ..o e 61
FIQUIE 30 ...ttt 62
o L L= i PSP 62
FIQUIE 32 ...ttt 63
vi

www.manaraa.com



CHAPTER 1: INTRODUCTION

1.1 Motivation

One of the primary goal of cardiac tissue engineering is to repair damaged or diseased
myocardium. Success in accomplishing this goal can be evaluated by improvements in
heart function, mainly by assessing the ability of the heart to pump blood. Tissue
engineering efforts have aimed to achieve this goal by facilitating the assembly of cells in
to functional cardiac tissues. In the past, research have attempted to reach this goal
through the use of immature rodent cardiac cells. This approach was very common
because they are readily available, robust, and comprehensively studied. However,
recently researchers have come to realize the major limitations associated with rodent
cardiomyocytes when aiming to develop functional tissues for therapy and modeling. The
major limitation with this cell type stems from the source itself. The ability to draw
meaningful conclusions from modeling or therapeutic studies are limited because of
physiological differences between animal and human cells.

This understanding has led to recent advancements in directed differentiation of
human pluripotent stem cell-derived cardiomyocytes (hPSC-CMs)'? '3, As these cell lines
have become more established, the potential for hPSC-CM in cardiac tissue engineering
has been greater. Most importantly, the successful derivation of cardiomycyotes of
human origin creates the opportunity for more accurate modeling of cardiac diseases as
well as improved benefits in therapeutic applications.

Although promising advancements have made using hPSC-CMs, success has
been ultimately limited by the ability to engineering these cells to present phenotype

similar to adult human cardiomyocytes. The three main goals of cardiac tissue
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engineering focus on engineering functional myocardium for directed therapy, drug
screening, and disease modeling. The transition to hPSC-CMs as certainly progressed
the field towards these three goals, but the remaining issue of developing structurally and
functionally mature human cardiac cells prevents ultimate success. First, in therapeutic
applications (repairing damaged myocardium) a mature cardiac cell would be desired to
ensure optimal electromechanical coupling with host tissue while also reducing the risk
of arrhythmia. Second, in a drug screening setting, it a cardiac cell that closely resembles
native myocardium (mature cell) would provide the most accurate effects of a potential
drug. Finally, in a disease modeling setting, it would be expected that attempting to
investigate a diseased cell type that was not representative of native pathological
environment would hinder the effectiveness of the study. Therefore, current and ongoing

lab efforts have focused on structurally and functionally maturing hPSC-CMs.

1.2 Background
1.2.1 Heart Disease/Myocardial Infarction
The heart is one of the most complex and vital organs in the entire human body. It is
essentially a mechanical pump responsible for shuttling blood (oxygen) to regions all over
the body. While the intricately structured organ has a number of unique functional
properties it also has a variety of ways it can be damaged. A less functional or
underperforming heart can have grave short and long term impacts. It is therefore
essential to monitor the health and function of the heart while also investigating methods
to fix it when it becomes damaged.

One such injury a heart can sustain is a myocardial infarction. While the heart is

responsible for pumping blood to vasculature throughout the body, there are also vessels
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that surround the heart and provide oxygen to allow the heart to function. A myocardial
infarction occurs when a vessel supplying a portion of the heart becomes occluded.
Plaque buildups and other blockages are often responsible for the occlusions and can
either be acute (short term occlusion that passes) or chronic (permanent occlusion).
Occlusion of coronary vessels prevents oxygen from reaching the targeted cardiac tissue.
The lack of oxygen then leads to necrosis of the supplied myocardial tissue. Since the
heart has a very limited capacity to repair itself (less than 1% cardiomyocytes proliferate
after age of 25) the damaged tissue is replaced by less functional scar tissue3. The
subsequent fibrosis of the ischemic region leads to large scale remodeling of the heart
muscle and a decrease of long term function. This presents a major problem to
individuals suffering a heart attack because the decreased function reduces quality of life
and can ultimately lead to total heart failure. Although a myocardial infarction event can
be fatal, improvements in emergency medical care have substantially increased initial
survival rates. This creates an unmet need to devise solutions to the long term effects
posed by myocardial infarctions.

Myocardial infarctions have become the leading cause of death in the United
States and other industrialized nations worldwide. It has been estimated that 450,000
people die each year from coronary heart disease*. As of 2006, it was reported that
17,600,000 people had experienced a heart attack; with initial survival rates reaching
approximately 95%, this suggests that many of the annual deaths related to coronary
heart disease arise from long term complications and heart failure®. The statistics present
clear evidence of a growing problem worldwide and the need to address potential

therapeutic treatments. The best current approach to Ml is preventative treatment which
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includes a healthy diet, exercise, and no smoking. However, it is also necessary to
develop solutions for the patients who have already experienced a heart attack. Current
treatment options include complicated drug regimens and invasive interventions. It is
clear that there is room for improvement when assessing treatment options for patients
who have experienced a myocardial infarction.

Many of the current clinical treatments for patients presenting with a myocardial
infarction are heavily dependent on the time between the attack and coming to the clinic.
The first step a physician will take when treating a patient that has suffered a myocardial
infarction is to limit the extent of the infarction by restoring oxygen supply to the ischemic
myocardium. It has been noted that variations on infarction size and gravity among
patients may be partially attributed to the extent of collateral coronary circulation each
individual has. Regardless, the immediate treatment for patients treated within the first
several hours is thrombolytic therapy in attempt remove the coronary blockage®. The
most common thrombolytic medication used is tissue plasminogen activator (tPA). The
advantage of using thrombolytic medications to remove blockages is that is circumvents
the immediate need for invasive surgery. However, in cases where thrombolytic therapy
is ineffective percutaneous coronary intervention techniques can be used. Angiography
is used to display the extent of the coronary blockage which is then followed by the
minimally invasive catheter removal of the blockage®. The advantage of mechanical
removal of coronary blockages is the improved control in the removal process. However,
one major risk associated with catheter based interventions is the potential embolization
of the blockage. Although coronary vasculature primarily serves heart muscle, an

embolism has the potential to navigate its way up to the brain causing a stroke. In
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extreme cases, where the above techniques are ineffective, coronary bypass graft
surgery can be performed. This is a major invasive surgery in which vessels are resected
from other areas of the body and grafted to the heart to reestablish circulation to the
ischemic area of the myocardium. Coronary bypass graft surgery is never the first choice
as the risk associated with major open heart surgery is much higher.

The treatments described above related to the emergency care provided to
patients within the first 12 hours after a heart attack. Due to the drastic improvements
with these treatments, as mentioned previously, the initial survival rates of patients has
increased dramatically. Although the emergency treatments listed above provide
temporary relief to patients, long term effects of the damaged myocardium presents the
largest area of research for therapeutic improvements. The replacement of diseased
myocardium with fibrotic scar tissue initiates a detrimental restructuring of the heart
muscle. As scar tissue does not possess the unique electrical and mechanical
characteristics of native myocardium, normal cardiac function is interrupted. Over time
ventricular wall dimensions begin to change to compensate for the ischemic area. The
compensation initiated to generate normal cardiac output puts much higher stress on the
heart which can ultimately to total heart failure.

Therefore, there are treatments associated with the long term effects of a
myocardial infarction, but are often invasive and risky. Aside from lifelong drug regimens
used to prevent future coronary occlusions the main treatments for long term effects of
Ml include whole heart transplants and implantation of ventricular assist devices. One of
the clear disadvantages with these treatment options is the invasive nature of the surgery.

Both whole heart transplants and ventricular assist device implantation require open heart
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surgery which has the inherent risks associated with all major surgeries. Whole heart
transplants have many other limitations including limited availability of viable hearts and
the selection process a patient has to go through to be considered eligible. If a patient
does qualify for a heart transplant the major risk becomes successful retention by the
host. Ventricular assist devices are another treatment option containing a similar risk as
a whole heart transplant. Implantation will elicit a host immune response as the material
composing the ventricular assist device is foreign to the native environment. These
treatments involve taking medication for immune suppression. Along with the immune
response, ventricular assist devices are not permanent solutions as the devices have a
limited lifespan. The limitations associated with current available MI treatments have
created strong motivation for scientists, specifically cardiac tissue engineers, to
investigate novel techniques to overcome current shortcomings. Other diseases that
result in impaired cardiac function include hypertensive heart disease, valvular heart
disease, congenital heart defects, and cardiomyopathy, the causes of which range
broadly from genetic mutations and metabolic disorders to infectious disease and
environmental toxins. It is important to note that cardiac tissue engineering efforts aim to
repair impaired heart function as a result of ischemic injuries and other diseases

mentioned above.

1.2.2 Drug Screening
In addition to therapeutic applications for damaged cardiac tissue, engineered functional
tissue can be used in vitro as a platform for drug screening. Current standards for

cardiotoxicity testing, during drug development, rely heavily on animal testing. Successful
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development of native-like heart tissue in vitro could substantially alter the foundation of
drug screening for pharmaceutical companies. An in vitro cardiac tissue platform could
improve on current standards in drug screening by providing a low cost and high-

throughput alternative to animal testing.

1.2.3 Disease Modeling

Cardiac disease modeling is another potential application for in vitro engineered cardiac
tissue. Again, current standards rely on genetic manipulation in animal models to study
heart diseases such as dilated cardiomyopathy and hypertrophic cardiomyopathy. The
current standard presents a high cost and low throughput means of studying heart related
diseases. The ability to establish a platform in which in vitro engineered cardiac tissues
can mimic in vivo diseased cardiac tissue would provide a promising alternative to current

standard which could lower cost and increase throughput of such studies.

1.2.4 Cardiac differentiation using pluripotent stem cell-derived cardiomyocytes

A number of cell lines have been studied in relation cardiac tissue engineering including
neonatal rat ventricular myocytes (NRVM) and cardiosphere-derived cells (CDC), but
each has possessed key limitations inhibiting researchers to achieve an ideal engineered
cardiac tissue. Human pluripotent stem cell-derived cardiomyocytes have emerged as an
extremely promising cell source as they possess unique characteristic that benefit the
field of regenerative medicine. These characteristics include an essentially limitless cell
source, a more physiologically relevant cell type, and the potential for patient specific

therapies or disease modeling.
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Two specific sources for stem cell-derived cardiomyocyte cell lines have recently
garnered much attention as differentiation methods have improved; Human embryonic
stem cell-derived cardiomyocytes (hRESC-CM’s)'? and human induced pluripotent stem
cell-derived cardiomyocytes (hiPSC-CMs)'3. Embryonic stem cell are obtained from the
inner cell mass of the blastocyst during embryonic development. As expected, certain
ethical dilemmas become present when discussing embryonic derived stem cells.
Induced pluripotent stem cells provide an alternative to the more controversial ESC’s
because they are derived from somatic cells. IPSC’s are obtained by reprogramming of
“terminally” differentiated somatic cells back to the pluripotent stem cell stage by induction
with a variety of factors'3. Once at the pluripotent stem cell stage, both hESCs and hiPSCs
follow similar differentiation protocols (Figure 1). The undifferentiated stem cells are
serial induced with activin A and bone morphogenetic protein-4 (BMP-4) to lead to beat

cardiomyocytes'2-13,

1.2.5 Stem Cell-Derived Cardiomyocyte Based Therapies

Recently, many studies have investigated stem cell-derived cardiomyocyte based
therapies’'°. Once such study was conducted by Shiba, Yuji; Fernandes, Sarah et al.'*
which looked at the injection of human embryonic-stem-cell-derived cardiomyocytes into
guinea pick hearts post-MI. A unique aspect of the study was the generation of GCaMP3-
+-hESC-CM'’s as the cell source. These included an encoded fluorescent calcium sensor
which allowed for fluorescent imaging in vivo. Prior to the study critical limitations of stem

cell injection approaches had not been addressed. These limitations included risk of
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transplanted cells causing arrhythmias and the ability of the transplanted cells to
electrically couple with host tissue.

The major findings from the paper showed results supporting hESC-CM’s as
arrhythmia suppressors as well as showing the ability of the target cells to electrically
couple. The hESC-CM group showed reduced spontaneous ventricular tachycardia
percentage 28 days post-M| and no sustained ventricular tachycardia compared to control
groups. The next finding showed 100% of visible grafts showed 1:1 synchronized Ca2+
fluorescence transients with host ECG at day 14 with uninjured hearts. Following
cryoinjury (inducing chronic MI), at Day 14 and 28, electrical coupling was observed.
Studies indicated 1:1 host-graft coupling in approximately 60% of hearts at both time
points. Although electrical coupling was smaller for the infarct model the partial coupling
observed is promising for future experiments related to this technique. Although the major
findings support hESC-CM’s as potential cell source for therapeutic treatment, the study
also highlighted limitations of the cell injection technique as a whole. A major limitation
associated with all cell injection techniques regards cell retention upon delivery. As the
basic concept of isolated cell injection involves dispersal of target cells into the
epicardium, most cells wash away prior to grafting with host tissue.

Aside from technical limitations associated with stem cell based therapies, the
findings of such studies elucidate the Ilimits of restored heart function as the
cardiomyocytes used remain phenotypically immature compared to host cardiomyocytes.
Several studies have aimed at developing cardiac patches to overcome technical

limitations of cell based therapies, but the main limitation associated with all studies in the
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field centers around improved maturation of stem cell-derived cardiomyocytes towards

native cardiomyocyte phenotypes'%15-18,

1.2.6 hPSC-CM Maturation

As current clinical approaches leave much room for improvement, research groups have
investigated novel methods to use hPSC-CMs. However, as mentioned, the inability to
produce mature hPSC-CMs has made it necessary to find methods to influence cardiac
cells towards adult phenotypes.

As a cardiac cell progresses from an immature to mature phenotype a number of
complex structural and functional changes occur. One of the main factors considered for
structural maturation comes from morphological changes in cardiac cells. Physiological
hypertrophy is important as it is associated with action potential propagation and
contractile force®®. Shape should be considered as an important factor; immature cardiac
cells display a much more round morphology in comparison to mature cardiac cells that
appear rectangular and elongation. The shape of the cell can also influences the kinetics
of impulse propagation as well as contraction force and directionality.

Sarcomeres are considered to the unit that directs contractions of cardiac cells.
Therefore, it is important to consider the presence and structure of sarcomeres in hPSC-
CMs when assessing structural maturity. Gene expression of sarcomere proteins has
been shown in immature hPSC-CMs and thus has made evaluation of sarcomere
structure as an essential mechanism of determining maturity®'-52. As cardiac cells mature
sarcomeres become more organized along myofibrils and sarcomere length increases to

promote more forceful contractions.

10

www.manaraa.com



Functional maturity of hPSC-CMs is predominantly evaluated through contractility
and calcium handling. A number of different approaches have been investigated to
measure and assess hPSC-CM contractile force”?”. Although, the methods remain
imperfect, comparison to contractile force of mature cardiac cells shows 100+ fold
differences?’. The ability for a cardiomyocyte to generate force is functionally essential
to yield a mature phenotype. Calcium handling has been widely reported as a key
functional endpoint of hPSC-CM maturity. The degree to which a cardiac cell matures
corresponds to how quickly it is able to turn over calcium stores. Groups have mainly
focused on expression of key calcium related genes including calsequestrin or
phospholambam?®3. They have gone on to investigate calcium transient amplitude,
upstroke velocity, and transient decay as mechanisms to evaluate maturity of hPSC-CMs.
The above mentioned characteristics have been widely investigated in regards to hPSC-
CM maturity, but they do not represent all means of determining cardiomyocyte maturity.
Other key indicators include: myofibrillar isoform switch®®, appearance of transverse
tubules®® 57, gap junction formation and localization®®, metabolic changes®®,
multinucleation®, cardiac related gene expression®, and responses to calcium and beta-

adrenergic stimulation®’.

1.2.7 Current Methods for Maturation of hPSC-CMs

The most common efforts in the past to mature hPSC-CMs in vitro involved application of
biochemical signals to cardiac cultures. This includes adrenergic receptor agonists,
triiodothyronine, insulin-like growth factor I, microRNA modification. These factors have

also been used in conjunction with prolonged cultures (100+ days) to reach fractions of

11
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adult cardiomyocyte phenotype. Within the last decade cardiac tissue engineering has
transitioned towards integration of native-like myocardial environmental characteristics to
mature cardiomyocytes.

Although mimicking native tissue function in vitro will theoretically promote
drastically improved cardiomyocyte maturation, the ideal process by which this can be
achieved is still far from being achieved. As mentioned, from a therapeutic standpoint
immature cells or tissue that are implanted into the injury site cannot properly integrate
with the surrounding native tissue. Accurate drug screening and disease modeling
studies cannot be performed in vitro with cardiac tissue which does not represent native
myocardium. Therefore, it is essential to create an environment in vitro that mimics the
native environment of the heart as closely as possible.

The anatomical function of the heart displays a unique method of contraction that
requires communication between adjacent cells and an overall structure that helps
promote directional and synchronous contractions. The correct directionality of
contraction is essential in the heart to ensure that movement of blood is efficient and is
pushed to the correct location. As the heart contracts from the apex upwards, it is evident
that the myocardium orients itself to assist in the propagation of the contraction. The
directional and synchronous contractile properties of the heart are a result of the unique
structural, electrical, biochemical, and mechanical environment. Many of these unique
environmental characteristics can be attributed to the underlying extracellular matrix
(ECM).

The ECM proteins provide structural cues for cardiac cells and are essential for

normal tissue function as they coordinate mechanical and biochemical factors

12
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surrounding the native myocardium'® 2%, The extracellular matrix of the heart is made up
of fibrillar collagens, basement membrane components, and proteoglycans. Collagens
type | and Ill are the main constituents of fibrillar ECM in the heart and allow for the
efficient propagation of cardiomyocyte force production and aid in the overall ventricular
pump function?!. The basement membrane, on the other hand, is composed of a number
of proteins including laminin, fibronectin, collagen type IV and fibrillin?2. These proteins
of the basement membrane promote cell adhesion and cell-cell interaction. Cells in the
heart are connected to the ECM through integrins. The integrins bind to intracellular actin
filaments through a variety of linker proteins and aid in mechanically coupling intracellular
and extracellular structures.

In the past, only the biochemical influence of the ECM had been studied
extensively for cardiac cell maturation. With the advent of novel techniques to develop
substrates with nanoscale features, now the topographical and mechanical influence of
the ECM can be manipulated in conjunction with biochemical cues to mature cardiac cells
in vitro. The ability to fabricate nanofabricated substrates, mimicking native ECM fibers,
will ideally work in tandem with biochemical and mechanical factors to mature stem cell-

derived cardiomyocyte phenotype in vitro.

1.2.7.1 Nanotopography

Kim et al.?3 investigated the ultra-structure of the heart and suggested that nanoscale
topography is present that is responsible for the structural orientation of native
cardiomyocytes. Research findings showed in an ex vivo assessment of rat myocardium

that the cell alignment was strongly correlated with the alignment of matrix fibers directly
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underneath them. This result indicates that a nanoscale orientation and pattern of the
ECM could direct the alignment of cardiomyocytes, as suggested by the properties of the
ECM (Figure 1). This discovery has important implications in the field of cardiac tissue
engineering. The results suggest that incorporation of nanotopographical defined
substrates into the growth of therapeutic cardiac tissue could increase cardiomyocyte
organization and function.

The group engineered nanotopographic surfaces from polyethylene glycol (PEG)
hydrogels and seeded neonatal rat ventricular myocytes. Morphological analysis of the
cultures on nanopatterned surfaces show clear anisotropy whereas cells cultured on flat
substrates showed random cell directionality (Figure 2). The study also characterized the
effect of nanotopography on electrophysiological properties of engineered myocardium.
Electrical stimulation was applied to the center of cell culture substrates from both
experimental groups. Action potentials, observed through optical mapping, propagated
randomly in all directions for unpatterned substrates while the propagation of action
potentials on patterned substrates followed the directionality of the underlying surface
topography. The findings provide compelling support for a highly organized structural
aspect of cardiac tissue. The size of the nanogrooves, however, will also influence the
cell and tissue behavior. Smaller groove widths allow for less cell penetration into the
grooves and limit the cell’s interaction with the engineering nanotopography??. The
previous study by Kim et al. demonstrated increased conduction velocity on patterns with

800nm groove widths compared to patterns with 400nm groove widths.
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1.2.7.2 ECM Composition

The composition of ECM present, strongly influences cell adhesion and function. The
basement membrane is composed of proteins such as laminin and fibronectin which bind
to cells in the heart through integrin receptors. This discovery has led to the wide spread
use of these isolated proteins as coating molecules to promote cell adhesion in in vitro
cultures.

Proteins such as laminin and fibronectin contain an essential amino acid
sequence, Arg-Gly-Asp (RGD), which has been shown to serve as a receptor site for
integrins during cell adhesion. It is suggested that the RGD sequence is recognized by
about half of the 20+ integrins known?. Studies have gone to exploit this interaction by
synthesizing short peptides with the RGD sequence to immobilize on surfaces for
improved cell adhesion'?526, Recently, efforts have been made to make bifunctional
peptides containing the RGD motif, as well as customized domain that selectively binds

to a surface of interest.

1.2.7.3 Mechanical Loading

Mechanical cues are also largely responsible for tissue development and functional
maturation. In addition to topographical and biochemical cues, mechanical cues in the
heart also guide cellular organization and modulate contractile function?’-3'. Therefore,
many groups have included mechanical stretching to in vitro bioreactors as an external
influence. Mechanical influences play a strong role in the mechanotransduction process
in which mechanical signals are transference to biochemical signals. Stretch stimulation
of tissues can benefit many different tissue types including skeletal muscle, ligaments,
tendons, and most importantly cardiac muscle?”*2. The Eschenhagen group were one of
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the first groups to show improved force of contraction and tissue organization in response
to mechanical stimulus®'. They have also gone on to change the cardiomyocyte
population and in vitro shapes to improve blood vessel formation and ease of

transplantation.

1.2.7.4 ECM stiffness

Although external mechanical stimulus has been studied extensively as a means of
modulating cardiac cell behavior, this study attempted to focus more on the inherent
mechanical properties of the ECM mimicking substrate. Many previous studies have
shown the influence of substrate rigidity on cardiac cell morphology and function?’-32,
However, few studies have investigated the effect of varied substrate rigidity on stem cell-

derived cardiomyocytes.

1.2.7.5 Electrical Stimulation

The heart also possesses a unique electrical activity which is essential in promoting
synchronous contractions. This has prompted many groups to consider the incorporation
of electrical stimulus to in vitro development of engineered cardiac tissues. Radisic et al.33
investigated the effects of native-like electrical stimulation on the production of functional
myocardium in vitro. The goal of this study was to mimic the physiological electrical
environment of the native heart during culturing of cardiomyocytes on scaffolds. The cell
constructs were placed into a glass chamber containing 2 Y4 inch diameter carbon rods.
Silicon spacers were used to separate wells. The chamber received electrical stimulation

by a cardiac stimulator connected to platinum wires that were then connected to the
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carbon rods within the chamber. A constant pulsatile electrical stimulation was applied
for 5 days to mimic physiological ranges of electrical activity (square wave, 2ms, 5 V/cm,
1Hz). Simultaneous culture of a cell construct without electric stimulation was also
performed for comparison. The results of this study indicated that the presence of
electrical stimulation resulted in a dramatic increase in the contractile properties of the
cell constructs. The study displayed that the strength of contraction was 7 times higher
for the cell construct that had received electrical stimulation than non-stimulated tissue
constructs, after 8 days of culture. The presence of electrical stimulation also resulted in
increased levels of Myosin Heavy Chain, Cx-43, creatine kinase-MM, and cardiac Tn-l,
among other factors. Another notable improvement of the myocardium subjected to
electrical stimulation was the orientation and coupling of cells. The cells had increased
their alignment, elongation, and central positioning of nuclei. These findings present
promising data that support the improved function of cardiomyocytes subjected to
electrical stimulation.

Further studies have gone on to combine electrical signals with native-like
topography to promote cardiomyocyte maturation®®. The study demonstrated cell
elongation and alignment along microgrooves in the direction of the external electrical
field while also showing confined gap junction formation to cell-cell end junctions.
Although studies have focused on the incorporation of electrical signals into
cardiomyocyte cultures, either individually or in combination with other cues, much of the

electrical stimulus based studies have focused on rat models.
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1.3 Summary

In summary, efforts to improve cardiac repair, drug screening, and disease modeling have
led researchers to hPSC-CMs. However, the immature state of hPSC-CMs have limited
the ability of groups to improve the above mentioned areas. Consequently, focus has
shifted to establishing in vitro environments which promoted hPSC-CM maturation
towards adult cardiomyocyte phenotypes. In order to mature cardiomyocytes in vitro
researchers have begun trying to mimic the native environment of the heart in vitro.
Because of the extreme complexity of the myocardial environment it has proved difficult
to optimally develop such environments in vitro. Regardless, ongoing efforts look to
establish synergistic platforms that are able to effectively integrate multiple components

of the native environment to promote hPSC-CM maturation.

1.4 Thesis Outline
In this thesis we intend to use the biophysical properties of the native heart to develop an
environment in which we can mature hPSC-CMs. We hypothesize that the degree to
which the native environment can be mimicked correlates directly to the ability of hPSC-
CMs to mature towards an adult cardiomyocyte phenotype. We will present the
combination of multiple native heart characteristics meant to provide a platform for
structural and functional maturation of cardiomyocytes.

In chapter 2, we present previous work in which nanoscale topography was
combined with native like electrical stimulation to promote maturation of neonatal rat

ventricular myocytes. It was proposed that the synergistic effect of topographical and
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electrical stimulation would elicit a higher degree of maturation compared to constructs
that were not stimulated and seeded on unpatterned substrates. We intended to evaluate
cardiomyocyte maturation through overall morphology, sarcomere length, cardiac gene
expression, and gap junction protein expression.

In chapter 3, we propose the development of a combinatorial platform that can be
used to mature hPSC-CMs. First, we intended to develop a substrate with differential
nanoscale topographic dimensions as well as an unpatterned control to highlight the
effect of topography on hPSC-CM maturation. Next, we intend to develop a
biofunctionalized peptide that contains one domain which can selectively bind to our
substrate of choice and another domain that is meant to interact with integrin proteins
present in hPSC-CM. Finally, we propose combining the differential topographic platform
with the custom synthesized bifunctional peptide to determine the platform viability with
hPSC-CM culture.

In chapter 4, we propose the use of the combinatorial platform for structural
maturation of hPSC-CMs. We intended to investigate the combinatorial benefit of the
platform developed in chapter 3 on both hESC-CMs and hiPSC-CMs. We propose a 3
week culture of single cell hPSC-CMs followed by analysis of structural maturation. We
intend to determine the degree of structural maturation through analysis of cell area,
perimeter, circularity, alignment, and sarcomere length. In chapter 5, we present our
conclusions of the studies discussed in the thesis and briefly present on going and future

work.
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Figure 1. A-C: Ex vivo assessment of rat myocardium where Ais a
side view, B is a top view, and C is a magnified view. D: ANFS on
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Figure 2. NRVM immunostained images on flat and 800nm (1:1) PEG substrates.
Figure includes merged image, alpha-actinin image (red), and F-actin image (green).
Cells on nanopatterns exhibit high degree of anisotropy compared to flat substrates
(Day 7 of culture). Scale bar: 100um.
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CHAPTER 2: NANOTOPOGRAPHIC AND ELECTRICAL

STIMULATION OF NEONATAL RAT VENTRICULAR MYOCYTES

2.1 Introduction

In a previous study in our lab, the concept of applying electrical stimulation to cardiac
constructs was used in conjunction with nanotopographically defined substrates to
investigate maturation of neonatal rat ventricular myocytes. The goal of this project was
to use native characteristics of the heart to develop an in vitro environment suitable for

NRVM maturation.

2.2 Materials and Methods

Fabrication of Nanopatterned Substrates

All NOA (Norland Optical Adhesive) substrate fabrication was accomplished by UV-
assisted capillary force lithography. Prefabricated silicon masters (15t generation master)
were used as the starting step in the fabrication of nanopatterned substrates. 40uL of
PUA (poly(urethane acrylate)) 301 (19.8 MPa) was dropped dispensed on clean silicon
master surface (100% ethanol or xylene and dry under O2/N2 gas). A sheet of 4cm x 4cm
transparent polyester (PET) film was placed over the dispensed PUA. The silicon master,
prepolymer, and PET were placed approximately 10cm below a 20 Watt (115V) UV light
(r = 365nm) for 50 seconds. The intensity of the light was 100mW/cm? at the surface of
the substrate. After curing, the PET film was slowly removed with forceps. PUA should
attach to the PET film with a negative of the silicon master nanopattern. The PUA/PET
nanopatterns were then cured under UV for at least 12 hours prior to use. The next step

in the process involves using the 2" generation master to pattern NOA substrates on
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glass slides that would be used for biological experiments. Glass slides were cleaned for
20min in isopropyl alcohol, ozone treated for 10 min, and coated with glass primer to
increase adhesion of the NOA polymer to the surface. 10ul NOA polymer was drop
dispensed on the pretreated glass slide and the nanopatterned master was placed face
down on the polymer/glass surface. The glass slides (plus master) were UV cured for 50

seconds followed by peeling off the master from the glass surface (Figure 3).

NRVM Isolation

The cell source used for the stimulation experiments was neonatal rat ventricular
myocytes (NRVM'’s) acquired through primary isolations of rat pups. The procedure
involved sacrifice of neonatal rats (decapitation) followed by extraction of the hearts. The
hearts were placed into a cooled Ads buffer where the aorta was subsequently detached
from the ventricle. After removal of aortic components, ventricles were minced into
smaller fragments; smaller fragments increase efficiency of cell extraction. The next part
of the procedure involved incubation for 30 minutes of minced ventricles in prepared
digest solution (Ads buffer, w/ collagenase Il, w/ protease XIV). Supernatant was then
collected, cells were spun down using centrifuge, supernatant was then aspirated off, and
cell pellet was re-suspended in plating media. These digest steps were repeated 5 times
to ensure collection of maximum amount of NRVM’s. Optimization for this procedure
required alteration of several steps in the process. As the process was adapted from the
Regnier lab, pups were sacrificed at an age range between 24 and 72 hours. It was found
that the age of the rat had a strong influence on the viability of isolated cells. The pH of

the digest solution was also a key factor that was altered during the digestion process.
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Cell Culture

NRVM'’s were seeded at a density of 1.25 million/cm? into 6 well MatTek dishes. Culture
was maintained for 7 days with daily media change. Media used consisted of the
following: DMEM (high-glucose, -sodium pyruvate), HEPES, M199, Horse Serum, Fetal
Bovine Serum, and Pen-Strep. Ara-C (10 um) was used to eliminate proliferating cells

(pure cardiomyocyte culture).

Electrical Stimulation

Stimulation was performed using commercially available 6 well cartridges from lonOptix.
Cells were subjected to stimulation starting 24 hours after seeding; stimulation was
maintained to end of experiment. Stimulation parameters used were: Amplitude (3V/cm),

Frequency (3Hz), Duration (2ms), Wave Type (square).

Immunostaining

Cells were fixed at the end of 7 days of culture with 4% paraformaldehyde (Affymetrix).
Cells were then rinsed twice with PBS and permeabilized with .1% Triton-X-100 in PBS
for twice for 5 minutes. Samples were then blocked with 1% bovine serum albumin (in
PBS) for 40-60 minutes at room temperature. Primary antibodies were then diluted in 5%
BSA: alpha-actinin 1:1000 (sigma Aldrich incubated for 1 hour at room temperature.
Secondary antibodies were diluted in 5% BSA to match dilution of primary antibody
dilution: Alexa Fluor-594 was used for alpha actin and conjugated Alexa-Fluor488/-

Phalloidin was used for cytoskeleton staining. Samples were incubated at 37°C with

23

www.manaraa.com



secondary antibodies for 1 hr. Samples were then washed with PBS and prepared with

VectaShield + DAPI and stored in 4°C until confocal imaging.

Western Blot Analysis

Cx-43 protein expression was examined using a standard western blot protocol. First,
cells are lysed and broken down to extract protein contents. The proteins are separated
by gel electrophoresis, which separates Cx-43 based on molecular weight. Next, the
separated protein is transferred from the gel to a nitrocellulose membrane by
electroblotting. The surface is than blocked with 5% BSA to prevent non-specific binding.
The following step involves a wash with the Cx-43 primary antibody followed by Alexa
Fluor-488 secondary antibody. The samples are then mounted and prepared for

detection.

quantitative-PCR analysis

Cardiac gene expression was examined using q-PCR follow the standard Qiagen Kkit.
Steps involve tissue/cell lysis and cDNA extraction. The cDNA is transcribed to
associated mRNA and loaded in a 96-well dish. The 96-well dish is then subjected to a

thermocycle process which sequentially amplifies the gene signal for detection.

2.3 Results/Discussion
The results obtained from our previous study were promising, but also left several

questions to answer. Many of the qualitative assessments associated with the project
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yielded promising findings, while many of the quantitative results were contradictory. In
brief, one must trust the quantitative over qualitative results.

Morphological analysis of the experimental conditions showed a positive effect of
electrical stimulation and underlying surface topography. F-actin (cytoskeleton) stains
showed tissue more representative of the native heart for electrically stimulated
(nanotopographic) constructs; they were elongated and thick (Figure 4). One limitation
of this section was the inability to quantitatively measure cell morphology. Analysis of
bright field images was difficult because monolayer formation prevented distinction of cell
borders. Efforts to use live cell dyes and cell border stains were unsuccessful.

Immunostaining eventually yielded very attractive visual results, as mentioned
above. Cellular alignment, as demonstrated by F-actin staining, followed predicted trends
while alpha-actinin showed the clear presence of a primary cardiomyocyte population.
Connexin-43 staining for localization purposes was much more difficult to achieve. One
possible reason may be due to the thickness of the tissue constructs with prolonged
culture and delayed stimulation. The success of alpha-actinin staining enabled
quantitative analysis of sarcomere lengths within each condition population. Our results
displayed the clear synergistic effect of electrical stimulation and surface topography on
sarcomere length (Figure 5).

Western blot analysis and q-PCR were two of the data sets that were not able to
yield conclusive results. Although connexin-43 expression appeared to be upregulated
in electrically stimulated nanopatterned constructs, it was not statistically significant
(Figure 6). Q-PCR analysis was used as a key determinant of maturity. Indications of

maturity of would be increases in alpha-MHC/beta-MHC and fs-Tnni/ss-Tnni ratios. The
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roles of ANP and BNP remain in debate as to their role in maturity; as they may indicate
pathological hypertrophy. The lack of conclusive results from these two assays indicates
the possibility that electrical stimulation 24 hours after primary cell isolation may suppress

gene expression and establishment of gap-junctions (Figure 7).

2.4 Summary

One of the major limitations associated with this previous study was the inconsistent cell
attachment across experimental trials. Although some inconclusive results in maturity
assays are most likely attributed to premature stimulation, cell attachment also plays an
integral role. Without a confluent monolayer, the entire population of cells cannot
communicate effectively. This can slow down maturity of the construct on many

hierarchical levels.
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Figure 3. Schematic representing the UV-assisted capillary force lithography fabrication
process of nanotopographically defined substrates.
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Figure 4. NRVM immunostained images. From top to bottom: Unstimulated Flat,
Unstimulated NP, Stimulated Flat, and Stimulated NP. Scale bar: 50 um.
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CHAPTER 3: ENGINEERING A MATRIX PLATFORM FOR

DEVELOPMENT OF HPSC-CMS

3.1 Introduction
Cardiac tissue engineers have investigated numerous techniques of incorporate single or
multiple characteristics of the native heart environment into design of in vitro engineered
tissues. As mentioned, the complex structure of the heart is organized on multiple scales
and is present to help direct the collective movement of action potentials along tissue,
providing strong synchronous contractions. Tissue alignment can be seen on all levels,
from the 3-dimensional ultra-structure down to the micron scale sarcomeres. Although
anisotropic cardiac tissue in vivo can be attributed in part to multiple scale interactions of
organized fiber components, the influence of the underlying extracellular matrix plays a
critical role. The underlying topography of the ECM makes up the immediate structural
guidance cue for cardiomyocytes. Other properties of the ECM such as the mechanical
integrity and embedded biochemical cues play a significant role in cardiac cell phenotype.
In our study we wanted to focus on how these ECM characteristics could be
manipulated to mature stem cell-derived cardiomyocyte phenotype for applications such
directed therapy, cardiac drug screen, and heart disease modeling. However, first we
want to ensure that we could develop a combinatorial platform that integrates key

components of the native ECM.

3.2 Methods and Materials

Fabrication of Nanopatterned Substrates
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All NOA (Norland Optical Adhesive) substrate fabrication was accomplished by UV-
assisted capillary force lithography. Prefabricated silicon masters (1t generation master)
were used as the starting step in the fabrication of nanopatterned substrates. 40uL of
PUA (poly(urethane acrylate)) 301 (19.8 MPa) was dropped dispensed on clean silicon
master surface (100% ethanol or xylene and dry under O2/N2 gas). A sheet of 4cm x 4cm
transparent polyester (PET) film was placed over the dispensed PUA. The silicon master,
prepolymer, and PET were placed approximately 10cm below a 20 Watt (115V) UV light
(L = 365nm) for 50 seconds. The intensity of the light was 100mW/cm? at the surface of
the substrate. After curing, the PET film was slowly removed with forceps. PUA should
attach to the PET film with a negative of the silicon master nanopattern. The PUA/PET
nanopatterns were then cured under UV for at least 12 hours prior to use. The next step
in the process involves using the 2" generation master to pattern NOA substrates on
glass slides that would be used for biological experiments. Glass slides were cleaned for
20min in isopropyl alcohol, ozone treated for 10 min, and coated with glass primer to
increase adhesion of the NOA polymer to the surface. 10ul NOA polymer was drop
dispensed on the pretreated glass slide and the nanopatterned master was placed face
down on the polymer/glass surface. The glass slides (plus master) were UV cured for 50
seconds followed by peeling off the master from the glass surface (Figure 3). Protocol
deviations for full patterns versus 4x4 island patterns only occurred in the original master
fabrication. Island pattern masters were obtained from prefabricated 4x4 silicon masters

(350nm — 2000nm) (Figure 8).

PUABP-RGD Synthesis/Characterization
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The peptide was chosen after screening a library of 15 peptides. The screening assay
took PUABP candidates conjugated to biotin and coated a PUA surface. A streptavidin-
Alexa conjugate was added to determine the degree of immobilization of the PUABP
candidates to the PUA surface. The biotin section of immobilized peptides would
conjugate with streptavidin and emit fluorescence (Figure 9). The PUA binding peptide +
RGD (PUABP1-RGD (MW 2155.4), PUABP2-RGD (MW 2011.3)) was synthesized by
solid-state synthesis using a CSBioe 336s automated peptide synthesizer on Wang resin
via Fmoc chemistry and HBTU activation'. The crude PUABP-RGD peptide was purified
by reverse phase high performance liquid chromatography. The purified PUABP2-RGD
was verified by mass spectroscopy using a MALDI-TOF mass spectrometer. Surface
coverage of PUABP-RGD was accomplished similar to the screening process. PUABP
candidates conjugated to biotin were coated on the PUA surface. They were incubated
with streptavidin-Alexa and fluorescence microscopy was used to image the surface and

determine the amount of coverage through biotin-SA-Alexa conjugation (Figure 10).

hESC-CM Differentiation

RUES2 cardiomyocyte differentiation was accomplished using an established protocol.
Replated human embryonic stem cells were induced with RPMI-B27 medium plus
supplemental activin A (100ng/mL) at a volume of 1mL per well of a 24-well plate. After
24 hours the activin A containing medium was replaced with 1 mL of RPMI-B27 with
supplemental BMP-4 and cultured for 4 days without medium change. Atday 5, the BMP-
4 containing medium was replaced with 1mL of RPMI-B27 medium. After day 5 cells are

fed with RPMI-B27 medium every other day and monitored for spontaneous beating
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activity which reaches is peak around day 14. The differentiated cardiomyocytes are then

fed until replating for in vitro experiments between days 18-20 (Figure 11).

hiPSC-CM Differentiation

IMR90 cardiomyocyte differentiation was accomplished using a protocol established by
James Thomson'3. The protocol is similar to that of the directed differentiation of the
RUES2 cardio cell line. In addition to serial application of activin A and BMP-4, cultures
were supplemented with Wnt agonist CHIR 99021 in early stages and followed with Wnt
antagonist Xav 939. The differentiated cardiomyocytes are then fed until replating for in

vitro experiments between days 18-20 (Figure 11).

Cell Culture

Human embryonic stem cell-derived cardiomyocytes (RUES2) and human induced
pluripotent stem cell-derived cardiomyocytes (IMR90) were used for this study. In single
cell experiments, cells were seeded at a density of 15,000 cells per cm?2. Culture medium
(RPMI +B27 + Insulin) was changed every other day throughout the length of the
experiment (2mL). Prior to cell seeding, substrates were coated with 750uL fibronectin
(50ug/ml), PUABP1-RGD (100uM), or PUABP2-RGD (100uM) and incubated overnight

at 37°C.

3.3 Results/Discussion

We present the development of an array of nanopattern dimensions (350nm — 2000nm)
using a 4x4 island platform. This platform makes it possible to screen 16 nanopatterned
dimensions as well as a flat control in a single well (Figure 8). Scanning electron
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microscopy imaging verified pattern dimensions (4 representative images of island
corners shown). In combination we demonstrate the incorporation of specialized ECM
composition. Building on the information presented by previous studies we have
developed a bifunctional peptide containing the RGD sequence as well as a customized
domain that selectively binds to our PUA substrates, named PUA binding peptide-RGD
(PUABP-RGD). The peptide was chosen after screening a library of 15 peptides. The
screening assay took PUABP candidates conjugated to biotin and coated a PUA surface.
A streptavidin-Alexa conjugate was added to determine the degree of immobilization of
the PUABP candidates to the PUA surface. The biotin section of immobilized peptides
would conjugate with streptavidin and emit fluorescence. The two candidates with the
highest fluorescence emission were chosen moving forward.

It is predicted that the customized PUA domain of the bifunctionalized peptide will
increase uniformity of attachment to the substrate and thus promote increased cell
attachment and long term maintenance of cell monolayers. Both PUABP candidates were
again bound to biotin and incubated on PUA surfaces with SA-Alexa. Florescence
microscopy was then used to image the surface of the bound peptides compared to
controls. The PUABP-biotin samples displayed uniform fluorescence across the surface
of the images while controls (bare surface, SA-Alexa without PUABP-biotin) displayed no
fluorescence (Figure 10). Quantitative average fluorescence values were also obtained
to determine the about binding at distinct areas. Interestingly, the average fluorescence
readings were increased for PUABP2-biotin compared to PUABP1-biotin, while both were

much higher than the control.
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Prior to the incorporation of the PUABP-RGD into hPSC-CM cultures, C2C12
adhesion was investigated in response to the bifunctional peptide incorporation. Figure
12 displays the influence of PUABP2-RGD on cell adhesion with C2C12 cells and is
compared to adhesion on substrates without peptide coating. Both the glass control
condition and Flat PUA without peptide coating appear to have no significant cell
attachment; most visible cells in field of view are rounded up and out of focus which
indicate the absence of attachment to the substrate. Nanopatterned PUA without peptide
coating shows improved cell attachment and alignment compared to flat and glass
controls, but also maintain a large percentage of unattached cells. PUABP-RGD
incorporation displays dramatic improvement in C2C12 adhesion compared to conditions
without. The figure also elucidates the cell morphology differences between flat and
patterns conditions as cells on the patterned substrate become elongated and aligned.

Encouraging results from preliminary adhesion experiments with PUABP-RGD
and C2C12’s led to the concept of incorporating the peptide in hPSC-CM cultures. A cell
adhesion studied was performed to determine the viability of PUABP-RGD in human stem
cell-derived cardiomyocyte studies. Two hPSC-CM cell lines were investigated for cell
adhesion: RUES2 cardios (embryonic derived) and IMR90 cardios (somatic cell derived,
reprogrammed). Cells were seeded on 4 x 4 island patterned substrates (PUA, 6.7 MPa),
at 15,000 cells/cm?, that had been coated with fibronectin (50ug/ml), PUABP1-RGD
(100uM), or PUABP2-RGD (100uM) (Figures 13-15).

At 24 hours attached cells were counted for each condition (Figures 16, 17). For
both cell lines there were no significant differences in cell attachment between pattern

dimensions and ECM coating. It was expected that the ability of the bifunctional peptide
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to selectively adhere to the PUA surface would provide more uniform coating then
nonspecific protein adsorption of fibronectin. While this may in fact be true, the density
at which cells were seeded, for single cell evaluation, showed comparable results for cell
adhesions between conditions. This result is positive as it provides a more specific
alternative to isolated ECM proteins for engineering cardiac tissue in vitro. The potential
of improved uniformity in ECM coating may provide a benefit for monolayer experiments.
It is also important to note that there was not a significant difference in cell attachment
between nanogroove widths. While it is expected that the change in dimensions will elicit
different cell responses over time, the initial attachment similarities suggests uniform ECM
coating and cell dispersion. It is important to note that although PUABP1-RGD showed
positive results in cell attachment, PUABP2-RGD was used as a comparison to
fibronectin for cell maturity studies as extensive characterization of PUABP1-RGD has

yet to be accomplished.

3.4 Summary

In summary, we demonstrate the development of a platform which combines 16
nanoscale pattern dimensions (plus flat controls) and the ability to incorporate different
ECM compositions. Part of the development process involved synthesis of a
bifunctionalized peptide meant to serve as an ECM alternative to commonly used proteins
such as fibronectin. We demonstrate successful synthesis of two strong candidates
(PUABP1-RGD/PUABP2-RGD) to be used in cell experiments. The ability of the
customized PUA domain of the peptide to bind to our PUA substrates was evaluated and
through biotin-SA-Alexa conjugation experiments and showed a high affinity for the
surface as well as uniform surface coverage.
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Next we wanted to investigate the ability of cells to adhere to substrates coated
with the customized peptide. Initial trials with C2C12 cells shown promoted cell adhesion
on surfaces coated with the peptide compared to surfaces without the peptide. We then
accomplished more extensive studies of hPSC-CM attachment on the engineered 4x4
island platform coated with either of the two PUABP-RGD peptides and fibronectin.
Quantitative analysis of cell attachment 24 hours post seeding showed that the cell
attachment was similar across all dimensions and ECM coating molecule suggesting the
ability of PUABP-RGD to function as an alternative to more commonly used proteins such
as fibronectin. These results are promising when considering monolayer studies. It is
expected that the uniformity of peptide attachment to the PUA substrates will improve

hPSC-CM monolayer formation and long term maintenance.
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Figure 8. Schematic of 4x4 island nanopattern platform. SEM images demonstrate
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2um.
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determine degree of affinity for substrate surface based on fluorescence emission with
biotin-SA conjugation. Concentration binding curve calculated for PUABP2-RGD,
saturation at 100y M. Kd=.7.
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Figure 10. PUABP-RGD surface coverage characterization. PUABP-biotin incubated
with SA-Alexa on PUA substrates. Fluorescent Microscopy used to determine surface
binding density compared to blank surface and SA-Alexa without PUABP-biotin.
Average fluorescent intensity also measured at multiple locations on substrates.
PUABP2-biotin displayed similar surface coverage compared to PUABP1-biotin, but a
higher average fluorescent intensity. Scale bar: 20pum.
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Figure 11. Schematic of stem cell-derived cardiomyocyte differentiation process. At Day
0, undifferentiated cells are induced with activin A, followed by BMP-4 at Day 1-5. Cells
are cultured until day 18-20 prior to replating. Prior to Day 0 undifferentiated cells were
cultured in mouse embryonic fibroblast-conditioned medium. After Day 0 media was
changed to RPMI + B27 supplement.
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Flat PUA

Figure 12. C2C12 cell attachment 24 hours after seeding. (A) Glass control (no
adhesion), (B) Unpatterned PUA scaffold without RGD (low adhesion), and (C)
Patterned PUA scaffold without RGD (low adhesion). (D) Unpatterned PUA scaffold with
RGD (high adhesion) and (E) Nanopatterned PUA scaffold with RGD (high adhesion).
Scale bar: 50um.

Flat 400 nm 800 nm
1200 nm 1600 nm 2000 nm

Figure 13. IMR90 cardio adhesion of fibronectin (50ug/ml) coated 4x4 island patterns 24
hours post replating. Conditions include following nanogroove widths (A) flat, (B)
400nm, (C) 800nm, (D) 1200nm, (E) 1600nm, and (F) 2000nm. No significant
differences in cell adhesion among pattern dimensions observed. Scale bar: 50um.
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Flat 400 nm 800 nm

Figure 15. IMR90 cardio adhesion of PUABP2-RGD (100uM) coated 4x4 island patterns
24 hours post replating. Conditions include following nanogroove widths (A) flat, (B)
400nm, (C) 800nm, (D) 1200nm, (E) 1600nm, and (F) 2000nm. No significant
differences in cell adhesion among pattern dimensions observed. Scale bar: 50um.

Flat 400 nm 800 nm

1600 nm 2000 nm

Figure 14. IMR9O0 cardio adhesion of PUABP1-RGD (100uM) coated 4x4 island patterns
24 hours post replating. Conditions include following nanogroove widths (A) flat, (B)
400nm, (C) 800nm, (D) 1200nm, (E) 1600nm, and (F) 2000nm. No significant
differences in cell adhesion among pattern dimensions observed. Scale bar: 50um.
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Figure 16. Cell adhesion of IMR90 cardios 24 hours post replating on 4x4 nanopattern
platform coated with either fibronectin (50ug/ml), PUABP1-RGD (100uM), or PUABP2-
RGD (100uM). Statistical analysis yielded no significant differences in cell adhesion
among pattern dimensions and ECM coating. N = 20 (distinct areas) per condition.
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Figure 17. Cell adhesion of RUES2 cardios 24 hours post replating on 4x4 nanopattern
platform coated with either fibronectin (50ug/ml), PUABP1-RGD (100uM), or PUABP2-
RGD (100uM). Statistical analysis yielded no significant differences in cell adhesion
among pattern dimensions and ECM coating. N = 20 (distinct areas) per condition.
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CHAPTER 4: STRUCTURAL MATURATION OF SINGLE CELL HPSC-

CMS

4.1 Introduction

Here we demonstrate the ability of the 4 x 4 island nanopattern to screen human
pluripotent stem cell-derived cardiomyocyte structural maturation. The nanotopographic
platform is combined with the bifunctional peptide PUABP-RGD to determine whether the
addition of the ECM-mimicking molecule can influence phenotypic maturation of hPSC-
CMs. First we display the ability of PUABP-RGD candidates to initiate cell adhesion,
compared to standard ECM proteins (fibronectin). We then present morphological results
which elucidates the combinatorial effect of nanogroove width and ECM-protein choice

on human stem cell-derived cardiomyocytes maturation.

4.2 Methods and Materials

Fabrication of Nanopatterned Substrates

All NOA (Norland Optical Adhesive) substrate fabrication was accomplished by UV-
assisted capillary force lithography. Prefabricated silicon masters (15t generation master)
were used as the starting step in the fabrication of nanopatterned substrates. 40uL of
PUA (poly(urethane acrylate)) 301 (19.8 MPa) was dropped dispensed on clean silicon
master surface (100% ethanol or xylene and dry under O2/N2 gas). A sheet of 4cm x 4cm
transparent polyester (PET) film was placed over the dispensed PUA. The silicon master,
prepolymer, and PET were placed approximately 10cm below a 20 Watt (115V) UV light
(A = 365nm) for 50 seconds. The intensity of the light was 100mW/cm? at the surface of

the substrate. After curing, the PET film was slowly removed with forceps. PUA should
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attach to the PET film with a negative of the silicon master nanopattern. The PUA/PET
nanopatterns were then cured under UV for at least 12 hours prior to use. The next step
in the process involves using the 2"¥ generation master to pattern NOA substrates on
glass slides that would be used for biological experiments. Glass slides were cleaned for
20min in isopropyl alcohol, ozone treated for 10 min, and coated with glass primer to
increase adhesion of the NOA polymer to the surface. 10ul NOA polymer was drop
dispensed on the pretreated glass slide and the nanopatterned master was placed face
down on the polymer/glass surface. The glass slides (plus master) were UV cured for 50
seconds followed by peeling off the master from the glass surface (Figure 3). Protocol
deviations for full patterns versus 4x4 island patterns only occurred in the original master
fabrication. Island pattern masters were obtained from prefabricated 4x4 silicon masters

(8350nm — 2000nm) (Figure 8).

hESC-CM Differentiation

RUES2 cardiomyocyte differentiation was accomplished using an established protocol.
Replated human embryonic stem cells were induced with RPMI-B27 medium plus
supplemental activin A (100ng/mL) at a volume of 1mL per well of a 24-well plate. After
24 hours the activin A containing medium was replaced with 1 mL of RPMI-B27 with
supplemental BMP-4 and cultured for 4 days without medium change. Atday 5, the BMP-
4 containing medium was replaced with 1mL of RPMI-B27 medium. After day 5 cells are
fed with RPMI-B27 medium every other day and monitored for spontaneous beating
activity which reaches is peak around day 14. The differentiated cardiomyocytes are then

fed until replating for in vitro experiments between days 18-20 (Figure 11).
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hiPSC-CM Differentiation

IMR90 cardiomyocyte differentiation was accomplished using a protocol established by
James Thomson'3. The protocol is similar to that of the directed differentiation of the
RUES2 cardio cell line. In addition to serial application of activin A and BMP-4, cultures
were supplemented with Wnt agonist CHIR 99021 in early stages and followed with Wnt
antagonist Xav 939. The differentiated cardiomyocytes are then fed until replating for in

vitro experiments between days 18-20 (Figure 11).

Cell Culture

Human embryonic stem cell-derived cardiomyocytes (RUES2) and human induced
pluripotent stem cell-derived cardiomyocytes (IMR90) were used for this study. In single
cell experiments, cells were seeded at a density of 15,000 cells per cm?2. Culture medium
(RPMI +B27 + Insulin) was changed every other day throughout the length of the
experiment (2mL). Prior to cell seeding, substrates were coated with 750uL fibronectin

(50ug/ml) or PUABP2-RGD (100uM) and incubated overnight at 37°C.

Morphological Analysis

Bright field images were obtained from cultures between 2-3 weeks after plating. 5-7
images were taking for each experimental condition to obtain sample size range of 25-40
cells. Imaged (NIH) software was used to determine cell area, perimeter, major axis

length, minor axis length, and orientation with respect to the direction of the pattern.
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Immunostaining

Cells were fixed at the end of 2-3 weeks of culture with 4% paraformaldehyde (Affymetrix).
Cells were then rinsed twice with PBS and permeabilized with .1% Triton-X-100 in PBS
for twice for 5 minutes. Samples were then blocked with 1% bovine serum albumin (in
PBS) for 40-60 minutes at room temperature. Primary antibodies were then diluted in 5%
BSA: alpha-actinin 1:1000 (sigma Aldrich incubated for 1 hour at room temperature.
Secondary antibodies were diluted in 5% BSA to match dilution of primary antibody
dilution: Alexa Fluor-594 was used for alpha actin and conjugated Alexa-Fluor488/-
Phalloidin was used for cytoskeleton staining. Samples were incubated at 37°C with
secondary antibodies for 1 hr. Samples were then washed with PBS and prepared with

VectaShield + DAPI and stored in 4°C until confocal imaging.

Statistical Analysis

All statistical analysis was performed using SigmaPlot ™. 2-way ANOVA tests were
performed to determine statistically significant variances among experimental conditions,
with post-hoc analysis performed to determine statistical differences between subgroups.

A p value < .05 was considered to be statistically significant.

4.3 Results/Discussion

Cell Morphology

Here we report the effect of nanogroove width on morphology of human stem cell derived
cardiomyocytes (3 weeks post-replating). It was previously reported that the width of the

grooves affects the ability of the cell body to penetrate and structurally mature®®. The
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ability of a cell to penetrate the grooves of nanogrooves determines the degree to which
a cell will elongate and align with the underlying pattern. The influence of the pattern is
expected to push cells towards a more adult phenotype. However, as cells are less able
to penetrate into smaller groove widths, the influence of the topography becomes less
apparent. Cells seeded on much large nanogroove widths are expected to encounter
several problems which inhibit their ability to structural mature. As the widths become
extremely large cells can become isolated on grooves or in ridges; the section of the cell
that interacts with the underlying substrate is not able to differentiate a topography as it
only comes into contact with the surface of a ridge (appears flat) or may become overly
entrenched within a groove. Images were taken at 3 weeks post-replating to evaluate the
effect of nanogroove width and ECM composition on structural maturity (Figures 18-21).
Structural maturity was evaluated by analyzing cell area, perimeter, circularity, and
anisotropy.

Cell area measurements for both cell lines yielded trends that followed
expectations outlined above. Both cell types exhibited enlarged areas on nanopatterns
ranging between 700 — 1000nm (Figures 22, 23). Group statistical analysis via 2-way
ANOVA indicated variances between experimental conditions with p < .05. Post-hoc
analysis between specific groups indicated statistically significant differences in cell area,
an important structural indicator of hPSC-CM maturation. Cell area on 800nm wide
nanopatterns was significantly larger than cell area on 350nm, 1500nm, 2000nm, and flat
controls (chosen for comparison). Much smaller deviations were observed between cell
area on 350nm and 2000nm and flat controls. The mechanism by which cell area is

reduced on the outer may be dimension, but observations suggest that they are less
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conducive to maturation of hPSC-CM phenotype. Interestingly, similar trends were
observed with cultures that were precoated with PUABP2-RGD. There was not a
significant difference in cell area between fibronectin and PUABP2-RGD. This finding is
important because it points to the long term viability of PUABP2-RGD in hPSC-CM
cultures.

Cell Perimeter is another structural cardiac maturity marker as perimeter is
representative of hypertrophy. As was seen with analysis of cell area, results displayed a
trend towards intermediate nanopattern dimensions as indicators of increased cell
perimeter (Figures 24, 25). This result was expected based on cell area findings, as cell
area and perimeter sizes are strongly associated. Cell perimeters varied significantly
between 800nm and 350nm, 1500nm, 2000nm, and flat controls. Perimeters were similar
between 350nm, 2000nm, and flat controls. Again, cells cultured on PUABP2-RGD
coated substrates elicited results similar to those coated with fibronectin. Statistical
analysis revealed variances between fibronectin and PUABP2-RGD, but the variations
were isolated to 1-2 dimensions (1500nm (IMR9O cardios), 750nm/1600nm (RUES2
cardios)).

Circularity is essentially a measure of how elongated a cell becomes. A circularity
of index of 1 indicates a perfect circle and a circularity index of 0 indicates a straight line.
Thus, circularity becomes an important analytical tool when determining structural
maturity of stem cell-derived cardiomyocytes. The single adult cardiomyocyte exhibits a
square-like elongated cell body with organized myofibrils while immature cardiomyocytes
are much more rounded with disorganized myofibrils. Therefore, we can use cell

elongation as another aspect of structural maturity (Figures 26, 27).
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Evaluation of the circularity index of single hPSC-CMs yielded results further
supporting improved structural maturity of intermediate pattern dimensions. For both cell
lines, on fibronectin and PUABP2-RGD, the circularity index was significantly reduced on
800 nm in comparison to 350nm, 2000nm, and flat controls. This was consistent with
expectations as cells on outer dimensions are not able to interact with the nanogrooves
to the same degree as those in intermediate ranges. Interestingly, statistical analysis
revealed significant variances between fibronectin and PUABP2-RGD circularity indices,
on outer pattern dimensions. However, there were not significant differences between
ECM coating types on 800nm. Although further investigation would be necessary to
explain the differences between circularity index on outer dimension, one potential
explanation is that the peptide immobilization on to the surface of outer dimensions may
be less uniform.

A promising takeaway for the analysis of the circularity index is the drastically
reduced circularity on 800nm patterns compared to flat controls at the 3 week time point.
Lundy et al.” reported a similar reduction in circularity based on culture length. Late stage
(~100 day) circularity measurements are similar to those found in our analysis of cells on
800nm patterned substrates at 3 weeks (40~ days post-replating). It is clear that the
presences of underlying ECM topography promotes improved structural aspects of hPSC-
CM maturity.

Cell orientation was also evaluated as a measure of the degree to which cells
interact with the underlying patterns (Figures 28, 29). It is expected that the ability of cells
to penetrate into nanogrooves will strongly influence whole cell alignment. To evaluate

cell alignment the angle between the major axis of the cell and the underlying pattern was
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measured. All measurements per condition were compiled and the percentage of cells
within 10 degrees of the underlying pattern was computed.

As was expected, the highest percentage of cells falling within 10 degrees of the
pattern direction was around 800nm. Cell alignment was significantly higher on 800nm
patterned substrates when compared to cells on 350nm, 1500nm, 2000nm, and flat
controls. As mentioned, this was expected based on the hypothesis that the degree to
which a cell can penetrate into grooves will influence overall cell alignment. On smaller
widths cells are less able to protrude into nanogrooves, inhibiting the nanogrooves from
aiding in alignment of the cell. Widths of the patterns at the larger end of the spectrum
have a lower influence on cell alignment because of the inability of cells to sense the
presence of underlying grooves. Major portions of the cell become isolated on ridges or
within grooves inhibiting tight protrusions of the cell into those grooves and thus become
less influenced by the orientation of the pattern. Again, the data suggests a significant
difference between cell alignment of the fibronectin and RGD conditions when reaching
larger pattern dimensions. Further investigation will be required to explain this as the
potential mechanisms creating the deviation are not very well understood.
Immunostaining:

Samples were fixed at 3 weeks and stained with alpha-actinin (sarcomere
analysis), F-actin (cytoskeleton alignment), and DAPI (nucleus) (Figure 30-31). Stained
images also provided qualitative representations of differences of cell morphology across
dimensions. Interestingly, on the 800nm substrates sarcomere structures were visibly

more well organized, and corresponding myofibrils, than outer pattern dimensions and
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the flat control. Cells fixed on 800nm also displayed more densely packed fibrils and
higher overall amount compared to smaller and larger dimensions.

The key piece of information obtained from immunostained images was the
sarcomere length within cells on each of the pattern dimensions. Sarcomere length is
directly related to force production from cell contractions. Sarcomere length can be
essentially correlated to the frank-starling law on a nanoscale. Increased sarcomere
length relates to the amount myosin heads can slide along actin filaments to perform
forceful contractions. It has been reported that adult cardiomyocytes have sarcomere
lengths in the region of 2.1-2.3 microns while immature cardiac cells often have
sarcomere lengths of approximately 1.5 microns”.

Sarcomere analysis yielded very promising results (Figure 32). We report
maximum sarcomere length in cells on intermediate pattern dimensions. There was a
significantly significant increase in sarcomere length in cells on 800nm patterns in
comparison to cells on 350nm, 1500nm, 2000nm, and flat controls. The sarcomere length
of cells on 800nm substrates was approximately 1.85 microns (+- .056) which is a
significant increase in length compared to other studies on hPSC-CMs of similar age’. It
is hypothesize that the presence of the underlying pattern of ideal dimensions can
promote structural organization of the internal cytoskeleton which leads to improved
sarcomere organization and length. The aid of the underlying ECM essentially expedites
the structural maturation of the cardiomyocytes compared to those cultured on flat
controls. It is important to note that the same trends in sarcomere length were observed

on samples precoated with PUABP2-RGD. As similar trends were observed in other
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morphological analysis it is promising to observe that PUABP2-RGD samples can

comparably mature the base contraction unit of human stem cell derived cardiomyocytes.

4.4 Summary
In summary, this study presented a platform in which different nanogroove widths could
be screened for effects on hPSC-CM structural maturation. The study included evaluation
of a bifunctional cell adhesion peptide PUABP2-RGD as an alternative to commonly used
cell adhesion proteins such as fibronectin for hPSC-CM structural maturation.
Morphological analysis of samples at 3 weeks post-replating pointed to an intermediate
range of nanogroove widths as the most beneficial to maturation of structural
characteristics. Statistical analysis was performed to determine significant variations
between cell morphology on 350nm, 800nm, 1000nm, 1500nm, 2000nm, and flat
controls. It was determined that cells on 800nm had significantly larger cell areas, larger
perimeters, reduced circularity, and improved anisotropy compared to the other analyzed
dimensions. It was also shown that sarcomere length on 800nm was significantly greater
than the other pattern dimensions. It was hypothesized that the results would be observed
based on the ability of the cell body to penetrate in the grooves of the nanopattern.
Smaller pattern widths inhibited optimal penetration of cells which rendered the underlying
ECM less influential. On larger pattern dimensions the increased width between adjacent
grooves and ridges isolated large portions of the cell body, making it appear comparable
to a flat surface.

It was also found that the custom made bifunctional peptide, PUABP2-RGD,

performed significantly similar to fibronectin for cell adhesion and cell maturation
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experiments. This is important, especially when considering transition to tissue level
engineering as the synthesized peptide was specifically synthesized to have a high affinity
for the substrate surface. Theoretically, this means that the surface coverage of the
adhesion peptide would have higher uniformity and thus lead to improved monolayer
formation in comparison to standard adhesion proteins. We demonstrated the clear
influence of nanopatterned dimensions on structural maturity of human stem cell-derived
cardiomyocytes. Ongoing work aims to evaluate functional maturation of hPSC-CMs on

the platform described in the study.
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Figure 18. Phase contrast images of IMR90 cardios 3 weeks post replating on fibronectin
(50ug/ml) coated 4x4 platform with following dimensions: (A) Flat, (B) 400nm, (C) 800nm,
(D) 1200nm, (E) 1600nm, and (F) 2000 nm. Cell morphology displays increased elongation
and hypertrophy of cells on 800nm nanogroove widths compared to other groove widths.
Scale bar: 50um.
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Figure 19. Phase contrast images of IMR90 cardios 3 weeks post replating on PUABP2-
RGD (100uM) coated 4x4 platform with following dimensions: (A) Flat, (B) 400nm, (C)
800nm, (D) 1200nm, (E) 1600nm, and (F) 2000nm. Cell morphology displays increased
elongation and hypertrophy of cells on 800nm nanogroove widths compared to other

groove widths. Scale bar: 50um.
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Figure 20. Phase contrast images of RUES2 cardios 3 weeks post replating on fibronectin
(50ug/ml) coated 4x4 platform with following dimensions: (A) Flat, (B) 400nm, (C) 800nm,
(D) 1200nm, (E) 1600nm, and (F) 2000nm. Cell morphology displays increased elongation
and hypertrophy of cells on 800nm nanogroove widths compared to other groove widths.
Scale bar: 50um.
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Figure 21. Phase contrast images of RUES2 cardios 3 weeks post replating on PUABP2-
RGD (100uM) coated 4x4 platform with following dimensions: (A) Flat, (B) 400nm, (C)
800nm, (D) 1200nm, (E) 1600nm, and (F) 2000nm. Cell morphology displays increased
elongation and hypertrophy of cells on 800nm nanogroove widths compared to other

groove widths. Scale bar: 50um.
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Figure 22. Cell area analysis of IMR9O0 cardios 3 weeks post replating pattern dimensions
from 4x4 island platform with fibronectin (50ug/ml) and PUABP2-RGD (100uM). 2-way
ANOVA statistical analysis indicated variance among the population, p< .05. Post host
analysis determined statistically significant increase in cell area for cells on 800nm groove
widths compared to those on 400nm, 1200nm, 1600nm, 2000nm, and flat controls (For
both fibronectin and PUABP2-RGD). N = 25-40 cells per condition.
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Figure 23. Cell area analysis of RUES2 cardios 3 weeks post replating pattern
dimensions from 4x4 island platform with fibronectin (50ug/ml) and PUABP2-RGD
(100uM). 2-way ANOVA statistical analysis indicated variance among the population, p<
.05. Post host analysis determined statistically significant increase in cell area for cells on
800nm groove widths compared to those on 400nm, 1200nm, 1600nm, 2000nm, and flat
controls (For both fibronectin and PUABP2-RGD). N = 25-40 cells per condition.
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Figure 24. Cell perimeter analysis of IMR90 cardios 3 weeks post replating pattern
dimensions from 4x4 island platform with fibronectin (50pg/ml) and PUABP2-RGD
(100uM). 2-way ANOVA statistical analysis indicated variance among the population, p<
.05. Post host analysis determined statistically significant increase in cell perimeter for
cells on 800nm groove widths compared to those on 400nm, 1200nm, 1600nm, 2000nm,
and flat controls (For both fibronectin and PUABP2-RGD). N = 25-40 cells per condition.
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Figure 25. Cell perimeter analysis of RUES2 cardios 3 weeks post replating pattern
dimensions from 4x4 island platform with fibronectin (50pug/ml) and PUABP2-RGD
(100uM). 2-way ANOVA statistical analysis indicated variance among the population, p<
.05. Post host analysis determined statistically significant increase in cell perimeter for
cells on 800nm groove widths compared to those on 400nm, 1200nm, 1600nm, 2000nm,
and flat controls (For both fibronectin and PUABP2-RGD). N = 25-40 cells per condition.
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Figure 26. Cell circularity analysis of IMR90 cardios 3 weeks post replating pattern
dimensions from 4x4 island platform with fibronectin (50pg/ml) and PUABP2-RGD
(100uM). 2-way ANOVA statistical analysis indicated variance among the population, p<
.05. Post host analysis determined statistically significant reduction of circularity index for
cells on 800nm groove widths compared to those on 400nm, 1200nm, 1600nm, 2000nm,
and flat controls (For both fibronectin and PUABP2-RGD). N = 25-40 cells per condition.
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Figure 27. Cell circularity analysis of RUES2 cardios 3 weeks post replating pattern
dimensions from 4x4 island platform with fibronectin (50ug/ml) and PUABP2-RGD
(100uM). 2-way ANOVA statistical analysis indicated variance among the population, p<
.05. Post host analysis determined statistically significant reduction of circularity index for
cells on 800nm groove widths compared to those on 400nm, 1200nm, 1600nm, 2000nm,
and flat controls (For both fibronectin and PUABP2-RGD). N = 25-40 cells per condition.
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Figure 28. Cell alignment analysis of IMR90 cardios 3 weeks post replating pattern
dimensions from 4x4 island platform with fibronectin (50pg/ml) and PUABP2-RGD
(100uM). Alignment was determined by the percentage of cells whose major axis was
within 5 degrees of groove direction. 800nm nanogroove width exhibited higher degree
of cell alignment compared to 400nm, 1200nm, 1600nm, 2000nm, and flat controls (For
both fibronectin and PUABP2-RGD). N = 25-40 cells per condition.
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Figure 29. Cell alignment analysis of RUES2 cardios 3 weeks post replating pattern
dimensions from 4x4 island platform with fibronectin (50pug/ml) and PUABP2-RGD
(100uM). Alignment was determined by the percentage of cells whose major axis was
within 5 degrees of groove direction. 800nm nanogroove width exhibited higher degree
of cell alignment compared to 400nm, 1200nm, 1600nm, 2000nm, and flat controls (For
both fibronectin and PUABP2-RGD). N = 25-40 cells per condition.
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Flat 400 nm 800 nm

Figure 30. Confocal images of IMR90 cardios fixed 3 weeks post replating on fibronectin
(50pg/ml) coated 4x4 platform with following dimensions: (A) Flat, (B) 400nm, (C) 800nm,
(D) 1200nm, (E) 1600nm, and (F) 2000 nm. Cell morphology displays increased
elongation, hypertrophy, and improved sarcomere organization of cells on 800nm
nanogroove widths compared to other groove widths. Red = alpha-actinin, Green = f-
actin, Blue = DAPI. Scale bar: 20um.

Flat 800 nm

Figure 31.Confocal images of IMR90 cardios fixed 3 weeks post replating on PUABP2-
RGD (100uM) coated 4x4 platform with following dimensions: (A) Flat, (B) 400nm, (C)
800nm, (D) 1200nm, (E) 1600nm, and (F) 2000 nm. Cell morphology displays increased
elongation, hypertrophy, and improved sarcomere organization of cells on 800nm
nanogroove widths compared to other groove widths. Red = alpha-actinin, Green = f-
actin, Blue = DAPI. Scale bar: 20pm.
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Figure 31. Sarcomere length analysis of IMRO0 cardios 3 weeks post replating pattern
dimensions from 4x4 island platform with fibronectin (50ug/ml) and PUABP2-RGD
(100uM). 2-way ANOVA statistical analysis indicated variance among the population, p<
.05. Post host analysis determined statistically significant increase in sarcomere length
for cells on 800nm groove widths compared to those on 400nm, 1200nm, 1600nm,
2000nm, and flat controls (For both fibronectin and PUABP2-RGD). N = 25-35 cells per
condition.
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CHAPTER 5: CONCLUSIONS

First we report the development of a combinatorial platform that can be used to assess
the effect of different nanoscale dimensions as well as different ECM composition on
structural and functional maturation of hPSC-CMs. We then go on to demonstrate the
effect of differential nanoscale dimensions on structural maturation of human stem cell
derived cardiomyocytes. Through analysis of nanogroove dimensions ranging from
350nm — 2000nm we identified a smaller range, or “sweet spot,” in which the nanogroove
width allowed for ideal cell penetration and thus improved structural maturity of hPSC-
CMs. The results suggest that the dimensions of the underlying ECM-like substrate is an
important factor to consider when designing in vitro engineered cardiac tissue. We also
identified the bifunctional peptide PUABP2-RGD as a viable alternative to cell adhesion
proteins such as fibronectin and laminin. Overall, results suggested comparable cell
adhesion and cell morphology between substrates coated with fibronectin and PUABP2-
RGD. Although these findings provide promising insight into the role of ECM biochemical
and biomechanical influences on cardiac cell maturation, it will be important to also
elucidate the effect of ECM influences on hPSC-CM function in vitro as the ultimate goal
is to engineered native-like functional myocardium.

The role of ECM cues was briefly investigated in 2-D hPSC-CM monolayers.
Through structural and functional evaluation, nanotopography as well as substrate rigidity
were tested for human induced stem cell-derived cardiomyocyte monolayers (results not
shown). The results suggested no apparent differences between substrate rigidities and
topography compared to flat controls (results not shown). One main limitation may have

played an important part in the findings displayed from these studies; the ability to develop
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reproducible monolayers remains to be a clear challenge. The tendency for hiPSCs to
aggregate can yield the potential influence of the underlying substrate ineffective. As
promising results have been observed on single cell analysis through the incorporation of
PUABP2-RGD, future work may benefit from immobilized peptide incorporation to
engineered cardiac tissues in vitro. This has also prompted ongoing work to develop and
implement alternative substrate materials that have been widely used in cardiac tissue
engineering (PEG-DA)35-37,

It is important that the future of the study focuses on obtaining functional data from
the single cell experiments. This includes contractility measurements as well as calcium
handling. During this study attempts were made to acquire functional data, but technical
limitations prevented meaningful results. Specifically, calcium imaging was difficult to
acquire because of the working distance of the confocal microscope. It will be necessary
to alter the method in which the 4x4 platform is setup to ensure that higher magnifications
can be used to acquire a significant calcium signal. Contraction measurements will also
require an alternative approach as it is not feasible to use the lonOptix system; it is not
feasible because the system operates based on differences in light contrast and the
diffraction associated with nanopatterns makes it difficult to establish cell borders.

It would be interesting to study the effect of different substrate rigidities in
combination with the differential nanoscale topographies and adhesion molecules.
Preliminary studies have been attempted, but further analysis should be able to elucidate
the effect of ECM stiffness on single cell function. While many papers state that substrate
rigidities should be studied in more physiological ranges (10-50kPa), they fail to realize

that these rigidities are associated with the tissue itself and not the underlying ECM which
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reach much higher rigidities. It would also be interesting to further investigate the role the
outlined experimental conditions play on cell adhesion mechanisms. Evaluation of
integrin formation may provide insight into the cell adhesion process. Staining of vinculin
can also provide results displaying the maturation and formation of cell-ECM complexes.

The main limitation associated with 2-D human stem cell-derived cardiomyocyte
monolayer study was the reproducibility and maintenance of an intact cell monolayer. The
migratory behavior of the cells in a monolayer and the desire to aggregate may be result
of immature cell-ECM integrins in comparison to cell-cell integrins. It would be beneficial
to test the binding peptide developed in this study on cell monolayers to determine if it
can improve overall ECM surface coating and cell adhesion. It will be important to gather
further characterization data of the PUABP-RGD molecule to highlight improved surface
coverage and peptide immobilization compared to fibronectin (or related ECM proteins).
This can be achieved by AFM surface characterization of flat surfaces coated with
PUABP2-RGD and fibronectin. Theoretically, a uniform increase in surface thickness will
be seen as the PUABP2-RGD disperses and immobilizes to the substrate. In
comparison, it would be expected that suboptimal immobilization of the fibronectin protein
will yield only patches of increased thickness. One study to evaluate the potential benefit
of the bifunctional peptide will focus on long term maintenance of monolayers of cardiac
tissue seeded on scaffolds with PUABP-RGD versus fibronectin. Evaluation of the
tendency of monolayers to aggregate over time can effectively highlight the difference in
cellECM adhesion strength between different coating materials (PUABP-RGD,

fibronectin). Lastly, investigation of alternative substrate materials may result in improved
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monolayer reproducibility and thus improved potential to mature human stem cell-derived

cardiomyocyte phenotype.
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