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Abstract

The creation of cardiac tissue constructs holds potential in the development of
clinical and diagnostic platforms, including the creation of novel treatments for patients
with heart disease and cost-effective platforms for drug discovery. Many materials and
techniques have been investigated for use in creating engineered cardiac tissue; however,
formation of engineered myocardium in vitro, particularly when derived from pluripotent
cell sources, often results in the creation of cardiac tissue or cardiomyocytes with
functional properties that are markedly different from the native adult myocardium. The
use of biomimetic materials, those materials that emulate one or more properties of native
tissue, may be necessary for obtaining cardiac tissue demonstrating physiologically-
relevant electrophysiological properties. In this document, the ability of biomimetic
materials to drive pluripotent stem cell derived cardiac tissue maturation has been
investigated.

This document first introduces the overall challenges associated with heart disease
and drug discovery, which emphasizes the need for biomimetic material-based solutions.
A review on current biomaterial-based methods for treating heart disease, as well as
background on work utilizing biomimetic materials for cardiac regeneration is presented,
as well as current methods for evaluating functional maturity (with an emphasis on
quantifying electrophysiology) of cardiomyocytes and cardiac tissue. Next, the design
and implementation of an optical mapping platform for assessing calcium wave velocity

and calcium transient duration is presented. This combined macroscopic and microscopic



imaging system was capable of capturing optical mapping data from samples ranging 21
to 0.5 mm in size at rates in excess of 500 frames per second. After, a study utilizing
biomimetic nitric oxide donor S-nitrosocysteine (CysNO) to direct maturation of stem
cell derived cardiomyocytes (SC-CMs) is discussed. Differentiating embryoid bodies
treated with CysNO developed greater numbers of faster contracting cardiomyocytes in
comparison to controls; dissociated SC-CMs treated with CysNO demonstrated
improvement in calcium handling via faster calcium transient velocities and shorter
calcium transient durations. Next, a study utilizing the conductive polymer polypyrrole
(PPy) is presented which evaluated cardiomyocyte survival and development when
grown on the novel material. HL-1 cardiomyocytes cultured on PPy-polycaprolactone
(PPy-PCL) films demonstrated greater numbers of connexin-43 positive cells in
conjunction with faster calcium transient velocities and shorter calcium transient
durations in comparison to cells grown on PCL alone. Finally, the response of SC-CMs
differentiated on the surface of the novel PPy-PCL material is reported; PPy-PCL
supported the growth and viability of dissociated SC-CMs at a comparable number to
PCL alone. Together, these studies provide insight into how novel biomimetic materials
can be implemented in the creation of functionally-mature cardiac tissue. Additionally,
this work demonstrates how a custom optical mapping apparatus can be adapted to assess
cardiac maturation among a gamut of different platforms. The ability to direct and
evaluate maturity of differentiating cardiomyocytes contributes to the development of

clinical and research platforms for improving treatment of heart disease.
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1. THE NEED FOR ENGINEERED MYOCARDIUM

The heart is an intricate organ with intensive structural and functional demands
when compared to other tissues in the body. In a healthy adult, the heart must supply an
output of five liters each minute on average to adequately supply oxygen and nutrients to
the body; however, sudden increases in physiological demand resulting from hormonal
and paracrine signaling pathways may generate cardiac outputs as high as thirty liters per
minute. Furthermore, with rates of contraction in the range of 60-70 beats per minute, an
average individual may experience in excess of three billion contractions over the course
of a lifetime. Taken together, these facts demonstrate the stressful, transient demands
which are placed on the heart on a daily basis. Indeed, with the complexity of the cardiac
mechanical, electrical, and chemical systems integrated into an organ the size of a fist,
these statements constitute an oversimplification of the heart’s physiological importance.
It should be no surprise that given the complexity of the heart, the propensity for heart
disease remains an ongoing risk, resulting in debilitating conditions for patients
experiencing such pathologies.

Heart disease constitutes the highest cause of mortality in the developed world
(Kirkpatrick, Vannan et al. 2007), translating to over one in four deaths within the United
States alone (Fig. 1.1). When combined with all other forms of cardiovascular disease,
the mortality rate increases to include over 34% of all American deaths (Lloyd-Jones,
Adams et al. 2009). In addition to the widespread cost in lives and lost economic
opportunity, the financial burden for heart disease and related treatments has been
estimated at hundreds of billions of dollars every year (Lloyd-Jones, Adams et al. 2010).

Perhaps even more devastating is the loss in quality of life experienced by a patient with



heart disease, which can place a burden on family members and care providers. Taken
together, these problems represent considerable challenges and present opportunities for

both saving lives and recuperating cost in the form of more effective cardiac therapies.

Age-Adjusted
Average Annual Number of
Deaths per 100,000 Counties

195 - 382 632
383- 430 648
I 431-473 629
W 474-522 624
B 523 - 747 606
Insufficient Data 2

Figure 1.1. Map of the United States listing annual deaths from heart disease by county.
(Image from CDC.gov)

1.1.  Current methods and challenges in the treatment of heart disease

Heart disease is a blanket statement which may be applied to a number of cardiac
pathologies. In general use, this term often refers to ischemic heart disease and
cardiomyopathy; however, the term is also extended to include valvular disease and
congenital heart defects (Fig. 1.2). Ischemic heart disease often results from an occlusion
in a coronary artery, leading to hypoxic conditions in the heart which result in cell
necrosis or apoptosis. In the case of reperfusion following ischemia, large numbers of

free radicals formed from inflammation in the myocardium cause significant damage to



surrounding tissue, including the heart wall. Cardiomyopathy is a condition in which the
performance or function of the heart has diminished, placing an individual at risk for
arrhythmias and cardiac arrest. While the principal causes of cardiomyopathy are
numerous, dilated cardiomyopathy, a condition in which an enlarged cardiac tissue leads
to progressive damage and hypertrophy, is the most commonly diagnosed form. In both
cases of ischemic heart disease and cardiomyopathy, the damage left to the underlying

tissue is extensive, resulting in poor electrical conduction and a reduction in output.

Left
coronary
artery

Acute
—Lmyocardial
infarction

Figure 1.2. Heart function can be negatively impacted by diseases and by the presence of
congenital heart defects. These effects can be treated with biomaterial approaches. (Top-
Left) Graphic of a myocardial infarction (Top-Right) Creation of a decellularized
scaffold. (Bottom-Left) Diseased aortic valve. (Bottom-Right) Tissue engineered valve
replacements with cells grown on a synthetic scaffold.

Understanding the extent of disease, as well as the means for treating or reversing

disease, requires investigation into the physiology of cardiac tissue. The myocardium is



composed primarily of three cell types: cardiomyocytes, cardiac fibroblasts, and
endothelial cells. Cardiomyocytes, the muscle cells responsible for contraction in the
heart, constitute approximately 75% of the total volume of heart tissue (Ju and Dixon
1996). Although these contractile cells are regenerated slowly over the lifespan of the
individual, disruptions in the heart caused by disease cannot be rapidly repaired by
endogenous cardiomyocytes; thus, cardiac fibroblasts are largely responsible for repairing
damage left by disease, resulting in the formation of scar tissue (Laflamme and Murry
2011).

In order to restore function to these regions, both the mechanical and electrical
properties of the native myocardium must be reinstated, which means replacing the
fibrotic tissue with functional cardiomyocytes. The course of treatment for individuals
with heart disease varies from patient to patient depending on a number of factors
including age, pathology, and overall health of the individual. Virtually all patients with
myocardial damage are treated with minimally-invasive therapies, which include the
prescribing of pharmaceutical drugs (diuretics, alpha/beta blockers, nitrates, anti-
coagulant/platelet, etc.) and through changes in diet and lifestyle. Further care may be
provided in the form of surgical intervention, which can vary depending on the pathology
as well as the severity of the condition. Catheterization labs are specialized facilities for
assessment and treatment of cardiovascular disease; treatments range from diagnostic
imaging, such as angiography, to angioplasty procedures to open occluded arteries and
even pacemaker implantation. Stents may be employed in patients with coronary artery or
ischemic heart disease to enlarge occluded vessels, improving circulation to damaged

regions in the myocardium; in more severe cases, diseased vessels may be replaced in a



total cardiac bypass. Congenital heart defects are typically treated surgically, with septal
defects currently being repaired using synthetic patches, such as Dacron and Gore-Tex®,
or patches derived from decellularized human or bovine pericardium. End stage heart
failure patients may have a total heart transplant or receive a ventricular assist device or
other artificial heart as bridge to transplant. State-of-the-art adult stem cell therapies have
demonstrated some improvement in cardiac output (Taccardi, Lux et al. 1997); this
change may be a result of increased nutrient transport through angiogenesis, or from
improvements in extracellular matrix regeneration. Therefore, these treatments have not
resulted in the generation of new cardiomyocytes to replace fibrotic scar tissue. Although
these treatments as a whole may extend the life of the individual, modern medicine
cannot erase long-term damage inflicted on the myocardium. In contrast to existing
therapies, engineered cardiac tissue grown in a controlled laboratory environment could
offer one approach to repair damaged tissue within the heart. Unlike other techniques,
engineered tissue would replace diseased, fibrotic myocardium, reducing mortality and

increasing quality of life.

1.2.  The use of engineered myocardium in diagnostic applications

In addition to the benefits of engineered cardiac tissue in clinical medicine,
emphasis has been placed on development of cardiac tissue for drug discovery
applications. Many widely prescribed pharmaceuticals, including: antiarrhythmics,
antidepressants, antipsychotics, and anesthetics have been shown to contribute to the
formation of drug-induced long QT syndrome, torsade de pointes, Brugada syndrome and
other conditions with a propensity for forming arrhythmias (Ayad, Assar et al. 2010,

Letsas, Kavvouras et al. 2013). Hundreds of millions of dollars may be spent over a



decade or more when moving from drug discovery to market, thus, technology to
evaluate drug toxicity in the myocardium would provide an important tool for the
pharmaceutical industry to screen new chemical formulations prior to testing on humans
(Fig. 1.3). Development of tissue-engineered myocardium for clinical applications could
be utilized by the pharmaceutical industry to reduce costs both in money and lives.
Similarly, development of cardiac tissue models could assist in areas of basic biology,

allowing for research into organismal development and formation of pathologies.

12-15 years

Target validation, |

*‘ Target assay Phase Il: | Phaselll:

\} TES | construction: | hits-torleads [iEHaSE | efficacy, | efficac it
identification | elleorasirnail medicinal | safety | o % [ Y» | and approval /
‘ A0C S CENNE | chemistry safety | S, A .

Efficacy proof of concept
Target 5 1
screen g — )
Target screen Safety package —_—
$1-4 million $12-15 million

Figure 1.3. Timeline illustrating the individual stages of drug discovery and clinical trials.
(Image from Roses, 2008).

Taken together, these clinical and diagnostic applications present a unique
challenge to the field of cardiac regeneration. Herein, the goal of the proposed research is
to develop a platform for creating engineered myocardium (Fig. 1.4). In the following
chapter, a background on current treatments for heart disease will be presented, as well as
biomaterials investigated for use in cardiac regeneration and methods for determination
of electrophysiological maturation. Next, the motivation for collecting

electrophysiological data on cardiomyocytes, as well as work involved in the fabrication



of an optical mapping platform, will be discussed. The experimental effects of a soluble
nitric oxide donor on the maturation of stem cell-derived cardiomyocytes will be
examined. The application of a conductive polymer as a cardiac scaffold, as well as data
demonstrating growth and viability of cardiomyocytes on the material, will be presented
in Chapter 5. A subsequent study utilizing stem cell-derived cardiomyocytes on the
conductive polymer will also be discussed in Chapter 6. The remaining chapter will
summarize the work presented in the document and present overarching conclusions

regarding the lessons learned in driving cardiomyocyte maturation.

Bioactive Factors
Peptides Signaling Molecules

Mechanical Stretch ~ Degradable
Electrical Stimulation Mechanical Stiffness
Surface Topography  Cell Adhesion Sites,

Hormones Toxins/Toxicants

Pathological
Inputs

Development
of Therapeutic
Interventions

Understanding of
Development

Research into
Mechanisms
of Disease

Drug Testing/
Toxicology

Figure 1.4. Biomaterials seeded with bioactive factors and cultured cells support
engineered tissue formation.
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2. METHODS FOR REPAIRING CARDIAC FUNCTION

2.1. Biomaterials for myocardium regeneration

Materials play an integral role in the ability to direct cardiac regeneration and
cardiomyocyte differentiation. As a unique organ with complex structural and functional
properties, the heart requires an environment capable of withstanding the stresses
associated with systematic contraction and oxidative (or free radical) degradation while
supporting the intimate cell-cell interaction and coupling necessary for wide spread,
organized electrical propagation. Scaffolds used in cardiac regeneration should therefore
be comprised of biomimetic materials which can replicate the inherent properties of
native myocardium on the tissue, cellular, and molecular scales in order to develop
physiologically-accurate cardiac tissue (Fig. 2.1). In the context of cell differentiation,
this requires engineering a cell niche capable of delivering the complex sequence of
biomimetic physical and chemical stimuli necessary to direct early cell lineage towards a
cardiomyocyte fate. Design of materials capable of suppressing spontaneous
differentiation among pluripotent cell populations is also a crucial step in the creation of
billions of cells necessary for cardiac regeneration therapy; differentiated, mature
cardiomyocytes rarely divide. Addressing these issues requires fundamental knowledge
of the biomaterials which can be modified to accommodate the needs of the developing
tissue while also adapting to the complex structure and function of native myocardium.

Biomimetic materials hold promise in addressing the inadequacies of
contemporary heart repair techniques. Biomimetic materials are materials which act to
emulate properties from a natural biological environment. In the context of cardiac

regeneration, this involves creating materials which: maintain the mechanical and



electrical properties of native tissue, direct cell and tissue orientation (Bursac, Loo et al.
2007, Kim, Lipke et al. 2010), deliver cardiac-promoting drugs and growth factors
(Hempel, Hintze et al. 2012), and degrade in response to enzymes secreted by cells
(Moon, Saik et al. 2010). Furthermore, these materials can be designed to promote cell
adhesion (Gandaglia, Huerta-Cantillo et al. 2012), mechanical stretch (Shachar, Benishti
et al. 2012) and electrical conduction (Mooney, Mackle et al. 2012). Overall, biomaterials

can be engineered to produce functional cardiac tissue with highly controlled, defined

properties.
o ]
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Figure 2.1. Biomimetic materials can be engineered to elicit a number of different
chemical, mechanical and electrical stimuli to influence cellular behavior.

The human heart is a complex organ with unique functional and mechanical
demands. With approximately 2 to 3 billion contractions over the lifetime of an
individual, the myocardium requires significant flexibility and strength to withstand the

cyclical, biological responses associated with physical activity and development.
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Selecting an optimal material for the design of a myocardial scaffold or cell
differentiation platform requires knowledge of how the surface and bulk properties of the
material influence cellular behavior and host response. The ability of a substrate to
replicate the environment of the native myocardial ECM is an important consideration
when choosing a biomaterial for cardiac regeneration. The ECM provides structural
support, a pattern for spatial conformation, cellular binding sites and reserves of signaling
molecules. The scope of this microenvironmental control includes physiologically-
consistent organization and integration of mature cells, as well as the facilitation of
differentiation and maturation of precursor cell types.

Bulk properties of a biomaterial contribute significantly to the success of a cardiac
implant and must be weighed heavily in the selection process. An engineered scaffold
must accurately reflect the native physiological mechanics of the heart, in terms of
stiffness and elasticity, in order to integrate correctly with native myocardium. To
facilitate electrical propagation across the tissue characteristic of native myocardium, the
engineered structure must incorporate conductive materials or enable adequate cell-cell
coupling. Additionally, long-term medical consequences of implantable devices must be
considered. This may include designing scaffolds with the flexibility for use in
developing children and adults, as well as the ability to withstand long-term implantation
or degrade systematically into non-toxic byproducts while limiting foreign body immune
response, as well as thrombosis. As the tissue grows and develops, vascularization must
also be considered to supply the organ with nutrients and oxygen. Taken together, these
objectives provide a unique challenge to the engineer when considering biomaterial

choice for an effective biomimetic cardiac regeneration platform.
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2.2.  Properties of biomimetic materials for cardiac regeneration

By definition, a biomimetic material is a substrate or support which mimics or
emulates some aspect of the native tissue microenvironment. Biomimicry plays a critical
role in selecting a material for a particular application; this may include the augmentation
of bulk materials, which may not be directly biomimetic in their own right, in order to
encourage greater growth, development, and engraftment of cardiac cells and tissues. In
general, the materials which closely recapitulate the properties of native tissue:
mechanical, electrical, and surface properties, offer greater opportunity in the creation of

mature cardiomyocytes or cardiac tissue.
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Figure 2.2. An overview of different properties which can be controlled and incorporated
into biomimetic materials to direct cardiomyocyte behavior.

12



In practice, this may include fabrication of materials with well-defined: mechanical or
structural properties, capable of enhancing cell alignment via engineered topography
(Costa, Lee et al. 2003, Badie, Scull et al. 2012); electrically conducting components,
supporting or augmenting the propagation of electrical current through adjacent
cardiomyocytes (You, Rafat et al. 2011); bioactive factors, which promote cellular
adhesion (Webber, Tongers et al. 2010), deliver signaling molecules and therapeutics
(Sapir, Kryukov et al. 2011, Hammers, Sarathy et al. 2012), or capacity for enzymatic
degradation (Benton, Fairbanks et al. 2009, Frisman, Seliktar et al. 2011, Leslie-Barbick,
Saik et al. 2011) (Fig. 2.2).

Creation of a suitable platform for cardiac regeneration necessitates the
replication of mechanical properties of native tissue. On the bulk scale, myocardium
demonstrates a Young’s Modulus of approximately 0.2-0.5 MPa (Jawad, Ali et al. 2007),
which must be replicated in engineered constructs. The mechanical properties of cardiac
tissue also impact cellular behavior; ECM stiffness on the cell and molecular scale has
been demonstrated to influence gene expression of the surrounding cell types by virtue of
mechanical transducer proteins (Engler, Sen et al. 2006). Common methods for directing
mechanical properties of engineered constructs include the use of applied mechanical
force (Eschenhagen, Didié et al. 2002) as well as the formation of surfaces supplying
mechanical resistance (Taylor, Kim et al. 2012) (Fig. 2.3). It has been demonstrated that
systematically applied shear stress or strain significantly enhances cardiomyocyte
differentiation of mESCs (Gwak, Bhang et al. 2008) and improves stem cell-derived

cardiomyocyte a-actinin organization (Shimko and Claycomb 2008).
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Figure 2.3. Example of a biomimetic material containing engineered micro-posts to
supply mechanical resistance to cultured cardiomyocytes.

Like other cells, cardiomyocytes are responsive to material topography by virtue
of adhesion molecules on their surface (Segers and Lee 2011). Structural organization on
the cellular or molecular scale has been shown to influence a number of cardiomyocyte
behaviors, including: protein and gene expression, proliferation, movement, morphology
(McNamara, McMurray et al. 2010, McCain and Parker 2011), shape (Parker, Tan et al.
2008), and contractile strength (Feinberg, Alford et al. 2012). In the context of cardiac
cell types, surface topography can also significantly impact cell-cell coupling, which
influences the electrical conduction characteristics of the underlying tissue (Kim, Lipke et
al. 2010). Biomimetic materials have been utilized for the creation of functional cardiac

tissue with highly aligned structural components, allowing for synchronous contraction
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and anisotropic electrical propagation (Fig. 2.4); success in this area depends on the
creation of materials with strictly defined topography, fiber diameter, and molecular
conformations (Segers and Lee 2011). Methods for creating cell (micro)-scale
topography on materials include: material stamping using bioactive adhesive factors,
laser microablation (Engelmayr, Cheng et al. 2008) and photolithography (Kim, Lipke et
al. 2010). Structure and function of cardiac tissue on the cellular level can also be
directed through the use of scaffold materials containing topographical features on the
nano-scale, which reflects the scale of the ECM. Creation of nano-topography has been
accomplished using a number of techniques, including sputter coating (Luna, Ciriza et al.
2011), electrospinning (Hosseinkhani, Hosseinkhani et al. 2010), and incorporation of
environment-sensing materials (Elloumi-Hannachi, Yamato et al. 2010). Knowledge of
cell-substrate interactions has the potential to further the development of biomimetic
materials capable of manipulating the complex signaling pathways necessary for control
of cellular behavior.

Synchronous contraction, which is facilitated by rhythmic electrical pacing, is a
property unique to cardiomyocytes and essential to the function of healthy myocardium.
On a cellular level, the speed and direction of electrical signal propagation is influenced
by the presence of gap junction proteins, which link the cytosol of adjacent
cardiomyocytes, as well as ion channels, which regulate the depolarization and
repolarization phases of cardiomyocytes. The proteins which constitute the gap junctions
in cardiomyocytes, primarily connexin-43 in ventricular cardiomyocytes and connexin-45
in atrial or nodal cardiomyocytes, are organized along the intercalated discs, which

contribute to the anisotropic conduction behavior observed in these cell types.
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Figure 2.4. PDMS substrate with nanotopography directs alignment of cardiomyocytes.

Enhancement of electrical propagation and action potential duration in engineered
heart constructs may be realized by influencing the development of gap junction proteins
or ion channels, or by augmenting the cardiac ECM with conductive materials.
Application of external electrical fields has been demonstrated to impact alignment and
contraction strength by influencing the expression of gap junctions (Maidhof, Tandon et
al. 2011). Engineered scaffolds containing conductive materials, either extracellular or
transcellular (Dvir, Timko et al. 2011), have also been utilized to augment electrical

propagation (Fig. 2.5).
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Figure 2.5. Alginate scaffold containing embedded gold nanowires.

A number of signaling molecules are instrumental in the development of native
cardiac tissue. Indeed, while delivery of specific molecules remains an important aspect
in the context of cardiac tissue development, the concentration or volume of release, as
well as the timing of release, constitute equally important considerations. Thus, the
ability to deliver drugs or other effector molecules in a controlled manner, as well as
respond to degradation enzymes secreted by the developing myocardium, are desirable
properties for materials used in cardiac regeneration. Functionalized materials have been
designed for release of cardiogenic factors, including TGF-p (Mann, Schmedlen et al.
2001, Hempel, Hintze et al. 2012) and BMP-2 (Henslee, Spicer et al. 2011, Hou, Wang et

al. 2012). Other important cardiac-promoting small molecules, such as nitric oxide, have
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been successfully delivered from functionalized materials for other tissue engineering
applications (Lipke and West 2005, Cabrales, Han et al. 2010). While not cardiogenic in
its own right, insulin-like growth factor-1 (IGF-1) has been successfully delivered from
degradable PEG-fibrin gels for restoration of skeletal myocyte function after ischemia-
reperfusion injury (Hammers, Sarathy et al. 2012). Another approach which utilizes
functional surfaces to direct cellular behavior involves use of self-assembling materials,
namely peptide amphiphiles, to form hydrogels that can influence cell adhesion and
proliferation (Matson, Zha et al. 2011). These materials are currently being investigated
for multiple applications, including use in vascular repair (Andukuri, Kushwaha et al.
2011) and cardiac regeneration (Zhang, Greenfield et al. 2010). As we learn which
stimuli are important for maturation, additional small molecules, time points for release,
and dosages of effectors will become important considerations in cardiac material design

(Table 2-1).

Table 2-1. Important biomimetic properties for heart tissue regeneration

Property Native function Example Materials
Mechanical Property ~ Mechanical properties of myocardium, Collagen/Matrigel
Modulation including stiffness and elasticity, Gelatin

defined by ECM composition
Directing Cell Anisotropic alignment of myocardium PEG
Alignment/ enables unidirectional electrical PDMS/Fibronectin
Anisotropy propagation and contraction Collagen

Enhancing Electrical
Propagation

Bioactive /
Functionalized
Surface

Degradable Support

Myaocardium conduction rate:

50 cm/s

Establishment of organized gap junction
proteins

Cardiomyocyte development is closely
regulated by a number of bioactive
molecules released by cells in the
surrounding niche

Native tissue relies derives its structural
integrity from ECM and supporting cell
types Synthetic materials used for
cardiac regeneration should be
replaceable with ECM over time

Gold nanowires
Gold nanoparticles
Polypyrrole
Carbon nanotubes
Tin Oxide Electrodes
RGDS Peptide
Amphiphiles
PEG-Fibrin
HPB/RGDS
PEG-fibrinogen
PEG

PEGDA
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2.3.  Classes of Biomaterials

Previous work in creating engineered cardiac tissues has utilized a number of
different polymeric materials to augment cardiac regeneration and control cardiomyocyte
differentiation. In general, these materials can be categorized as either natural or synthetic
in origin; however, combinations of the two classes have been developed to create hybrid
materials which express a unique combination of different properties. While the materials
covered here represent just a partial list of the materials utilized in scaffold design and
niche engineering, each contains unique biomimetic characteristics which contribute to
its individual success for different applications. The development of these biomimetic
substrates offers novel approaches for addressing the challenges associated with creating

functional engineered cardiac tissue. These materials will be discussed in further detail.

Natural Materials

Natural materials constitute the class of materials derived from proteins,
polysaccharides, and other derivatives of these substances. The use of substrates derived
from naturally occurring materials has been employed in numerous ways to promote
cardiac regeneration, taking advantage of the inherent cell signaling aspects of these
moieties. In particular, the use of heart structural proteins offers a significant advantage
in the improvement of cellular activity by virtue of surface properties which are
characteristic of native cardiac tissue. Other natural materials, many of which do not
possess the same surface properties of native proteins, may contain unique properties
which facilitate their use in the myocardium. Despite their inherent biomimetic nature,
natural materials also possess a number of undesirable qualities which can hinder their

effectiveness. In particular, the bulk properties of these materials are often considerably
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different than the structure of native myocardium, leading to poor engraftment of these
materials in native tissue (Pégo, Siebum et al. 2003). With the exception of decellularized
heart ECM, natural materials do not maintain their native organization; many may also
lose their mechanical properties with repetitive cycling or degrade further over time.
Furthermore, because many natural materials are derived from animal sources, lot to lot
variability and the potential for disease transmission and immune complications are
drawbacks that require serious consideration. Intense efforts are being made to overcome
these disadvantages.

The use of natural materials, particularly those materials which constitute the
native extracellular matrix of myocardium, is an attractive option when attempting to
replicate the complex microenvironment of the heart. As explained earlier in detail, the
extracellular matrix plays an important role in the determining the mechanical properties
of the underlying tissue; this role is dictated by composition of the matrix as well as the
ability of the material to direct and organize cellular morphology and geometry. The
extracellular matrix is comprised of collagen interspersed with elastin, providing the
tissue with tensile strength and plasticity; these properties are further defined by the size,
shape, and organization of collagen fibers within the tissue space. The use of collagen
alone as a substrate for cardiac regeneration has been met with criticism, as the material
has poor mechanical properties, limited stability, and chronic batch-to-batch variability in
its production (Pégo, Siebum et al. 2003, Radisic, Deen et al. 2005). Despite these
undesirable aspects, collagen (Dai, Hale et al. 2009) and Matrigel (Laflamme, Chen et al.
2007) have been utilized as soluble substrates for direct injection of stem cell-derived

cardiomyocytes into native myocardium, facilitating an environment for improving
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cellular viability and engraftment. Collagen, as well as gelatin, has also been utilized in
concert with other materials in the creation of co-polymer blends which provide a
suitable environment for cell expansion, modulating cellular mechanical transduction
(Zimmermann, Schneiderbanger et al. 2002, Baraniak, Cooke et al. 2012) while
maintaining structural integrity (Kai, Prabhakaran et al. 2011, Liu, Peng et al. 2011).

Other natural materials constituting the extracellular matrix, including fibronectin,
laminin, and GAGs, have also been used in cardiac regeneration applications for
enhancing the adhesion and proliferation of cells in a scaffold (Heydarkhan-Hagvall,
Gluck et al. 2012). Hyaluronic acid, a common GAG, has demonstrated important roles
involved in integrin signaling pathways responsible for directing cardiomyocyte fate and
behavior (Chopra, Lin et al. 2012); others have used hyaluronic acid scaffolds to directly
influence the activity of mesenchymal stem cells and neonatal cardiomyocytes (Fiumana,
Pasquinelli et al. 2012, Gallina, Dolgetta et al. 2012). Decellularized cardiac tissue, which
retains the native properties of heart extracellular matrix, has also been prepared for use
in scaffolds.

A number of other natural materials demonstrate favorable properties for cardiac
regeneration therapy. Fibrin has been utilized as a structural material for scaffolds,
valuable for its ability to recreate tissue with a biologically-consistent ECM profile (Ross
and Tranquillo 2003). Scaffolds containing fibrin have been used to encapsulate neonatal
rat ventricular myocytes in a defined three-dimensional environment while promoting
viability over a period of 13 days (Yuan Ye, Sullivan et al. 2011). Alginates, although
demonstrating poor cell adhesion and proliferative capacity, have been combined with

other materials to promote cell viability among encapsulated neonatal rat ventricular
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myocytes (Bai, Zheng et al. 2011). Given their innate solubility characteristics, alginates
have been employed in other tissue engineering approaches, including cell encapsulation

(Bai, Zheng et al. 2011) and cell printing technology (Gaetani, Doevendans et al. 2012).

Synthetic Materials

Synthetic materials constitute a significant portion of the engineered constructs
designed for cardiac regeneration therapy. Unlike natural materials, synthetic materials
do not suffer from inherently different structural properties compared to native tissue, nor
do they introduce xenogenic compounds which can prompt immune response. Synthetic
scaffolds may be engineered with tunable properties capable of emulating the structural
characteristics of native tissue. Furthermore, these materials may be augmented to
interact with cells or respond to changes in the environment, resulting in a shift of
physical properties or release of a drug or growth factor. Unlike decellularized tissue or
other natural materials, which must be harvested and treated prior to use in cardiac
regeneration, synthetic materials can be produced in sufficiently large quantities to handle
to increasing demand for these devices. One major consideration when using this class of
materials for cardiac regeneration is the creation of toxic or immune-compromising
products which can ultimately prevent successful incorporation or repair.

While a number of synthetic materials have been utilized for cardiac therapies, the
more promising applications involve the use of materials which emulate native tissue
properties or incorporate functional components to mimic biological function. Among
these include hydrogels, environmentally-responsive polymers, and conductive materials.
Hydrogels are attractive for cardiac regeneration given their inherent mechanical

properties similar to that of native tissue (Slaughter, Khurshid et al. 2009). Hydrogels are
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strong hydrophiles, capable of supporting nutrient transport and controlled degradation
(Cristallini, Gagliardi et al. 2012) to allow for cell proliferation. Moreover, many
techniques have been developed to functionalize the polymers with biological cues to
tightly regulate the cellular microenvironment (Kraehenbuehl, Zammaretti et al. 2008,
Gupta, Walthall et al. 2011).

Temporally-changing or externally-modifiable materials can be engineered to
provide biomimetic properties that facilitate cardiac regeneration. Materials that fall into
this category are unique in their ability to change structure based on changes in input
(temperature, pH, photoactive, mechanical/electrical stress). Poly(N-
isopropylacrylamide) (PNIPAAm), a hydrogel known for its reversible phase transition at
32°C, has been utilized for creating individual layers of cardiomyocytes in vitro (Masuda,
Shimizu et al. 2008, Haraguchi, Shimizu et al. 2011). Although potentially toxic,
PNIPAAmM has also been investigated as a medium for controlled drug delivery among
implantable devices, which may be utilized in the future for delivery of therapeutics
directly into myocardium. Other external modulation has been employed in the controlled
manipulation of tunable materials, including the use of photodegradation to allow for
manual control of material structural integrity (Fairbanks, Singh et al. 2011).

In addition to emulating the mechanical and cell-signaling behavior necessary for
cardiac regeneration or cardiomyocyte maturation, materials have been engineered to
promote electrical conduction among cardiac cell types in synthetic tissue. Incorporation
of gold nanowires (Dvir, Timko et al. 2011), gold nanoparticles (You, Rafat et al. 2011),
or polypyrrole (Kai, Prabhakaran et al. 2011) into conventional polymers has been

utilized to improve electrical conduction between adjacent cardiomyocytes. Another
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method has involved the incorporation of electrically conducting materials, such as

carbon nanotubes (Mooney, Mackle et al. 2012), for external stimulation of cardiac cell

types.

2.4.  Cell types for cardiac regeneration

Novel cardiac regeneration strategies necessitate the creation of large, readily
available cell populations capable of incorporating into the native myocardium. In the
past, cardiac regeneration has been limited to total heart replacements from deceased
donors; however, this source remains insufficient to match the demand for cardiac
regeneration therapies. Since adult cardiomyocytes rarely divide, another cell source is
needed. In particular, pluripotent stem cells have the potential to provide the large
numbers of cardiomyocytes needed, due to their ability to be expanded in vitro while
maintaining the capacity to differentiate into almost every cell type in the body. The use
of many types of cells for cardiac differentiation, including embryonic stem cells,
induced pluripotent stem cells, and other lines have been reviewed by others (Siepe,

Akhyari et al. 2008).

2.5.  Biomimetic materials for expansion and differentiation of cardiac cells

In the past, biomaterials have been utilized to aid in both stem cell expansion as
well as cardiac differentiation. Accomplishing each task requires knowledge of the
complex microenvironment which directs (or impedes) progression into the

cardiomyocyte lineage.
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Biomimetic materials for expansion of stem and cardiac cells

Biomimetic materials will play an important role in the expansion and
differentiation of cells for use in cardiac regeneration (Fig. 2.6) (Maidhof, Marsano et al.
2010). For safety reasons, including immunogenicity and transmission of infectious
disease, it is desirable to move away from traditional methods of co-culture with non-
human cells and undefined, xenogenic cell culture reagents when culturing cells that will
be used clinically (Mallon, Park et al. 2006). Biomimetic material design can be used to
provide cues to undifferentiated stem cells during expansion, facilitating the creation of
feeder-free, xeno-free, chemically-defined culture systems for expansion of pluripotent
cells. By investigating integrin expression profiles and integrin-surface interactions of
pluripotent stem cells, synthetic peptide-conjugated materials have been developed that
engage these same integrin receptors, enabling maintenance of stem cells in their
undifferentiated state in the absence of naturally-derived protein coatings (Lee, Yun et al.
2009, Meng, Eshghi et al.). In addition to surface protein display, physical rigidity was
shown to play an important role in directing lineage-specific differentiation potentially
facilitating the replacement of xenogenic culture reagents (Engler, Sen et al. 2006). A
number of synthetic substrates, such as aminopropylmethacrylamide (Irwin, Gupta et al.
2011), peptide-acrylate surfaces (Melkoumian, Weber et al.), poly(methyl vinyl ether-alt-
maleic anhydride) (Brafman, Chang et al.), and poly[2-(methacryloyloxy)ethyl dimethyl-
(3-sulfopropyl)ammonium hydroxide] (Villa-Diaz, Nandivada et al.), have been used
successfully to support human pluripotent stem cell expansion and/or differentiation
without the use of murine-derived Matrigel or fibroblast feeder layers (Fig. 2.6)

(Melkoumian, Weber et al. 2010, Young and Engler 2011). Combinatorial development
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of biomaterials for stem cell expansion has shown that material properties such as
wettability, surface topography, surface chemistry and indentation elastic modulus can be

optimized for maintenance of pluripotency without feeder layers (Mei, Saha et al.).

Figure 2.6. Biomimetic materials for the expansion of of stem cells.

Biomimetic materials for cardiac differentiation of stem cells
Biomaterials can also be fabricated to create engineered microenvironments

designed to direct stem cell differentiation, including cardiogenesis (Dawson, Mapili et
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al. 2008, Burdick and Vunjak-Novakovic 2009, Lutolf, Gilbert et al. 2009, Murtuza,
Nichol et al. 2009). An important aspect in cellular differentiation, migration and homing
is the ability of cells to remodel, to traverse through, and to take various cues from,
engineered scaffolds. To address these issues, biomimetic materials can be designed to be
enzymatically degraded (Moon, Saik et al. 2010, Patterson and Hubbell 2010), to provide
specific cell-adhesion ligands (Gonzalez, Gobin et al. 2004, DeLong, Gobin et al. 2005,
Sapir, Kryukov et al. 2011), and to support localized delivery of growth factors (Gobin
and West 2003), therapeutics (Tulis, Bohl Masters et al. 2002), and/or signaling
molecules (Lipke and West 2005). For example, the creation of a poly(ethylene glycol)
(PEG)-vinylsulfone based hydrogel containing the peptide RGDSP, which emulates the
integrin signaling found in early stage cardiogenesis, was shown to increase expression of
cardiac markers Nkx2.5 and MHC in embryonic carcinoma cells by 1.5- and 6-fold
respectively in comparison to cells cultured in suspension (Kraehenbuehl, Zammaretti et
al. 2008). Regulation of spatial presentation of bioactive factors can also direct local
cellular response; for example, by covalently immobilizing the growth factor bFGF in a
hydrogel scaffold, cells preferentially aligned in the direction of the gradient (DeLong,
Moon et al. 2005). Materials that provide localized delivery of factors for retaining stem
cell pluripotency or for guiding cardiac differentiation can be used to reduce
concentration gradients of these bioactive molecules, improving homogeneity (Bratt-
Leal, Carpenedo et al. 2009) and potentially reducing the overall cost. Other work has
examined the potential of sustainable release platforms for long-term delivery of drugs
and growth factors for promoting expansion or differentiation of stem cells (Sahoo, Ang

et al. 2010). Electrical activity has also been shown to play a role in directing stem cell
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differentiation (Serena, Figallo et al. 2009, Limpitikul, Christoforou et al. 2010); for
example, providing electrical signaling through exogenous pacing has been shown to
reduce the heterogeneity of stem cell-derived cardiomyocytes (Limpitikul, Christoforou
et al. 2010), which is important prior to the use of these cells for clinical applications.
Acquiring the enormous cell numbers required for cardiac regenerative therapy
necessitates the creation of novel cellular expansion platforms, capable of promoting
proliferation while directing cardiac differentiation and maturation (Fig. 2.7). Whether
the goal of the system is maintenance of pluripotency or tightly controlled differentiation
into cardiac lineages, definition and fabrication of a cell niche, the microenvironment
containing sources of mechanical, electrical and chemical stimuli, is necessary to
promote the desired behavior for a given cell type (Bratt-Leal, Carpenedo et al. 2009).
Bioreactor culture of anchorage dependent cells, such as those for cardiac
regeneration, typically relies on the cells having a carrier system to provide support and
potentially to manipulate cellular microenvironment (Fig. 2.6) (Carpenedo, Bratt-Leal et
al. 2010, Jing, Parikh et al. 2010). Stirred-flask bioreactors are the platform most
commonly implemented for large scale-cell production. The use of bioreactor platforms
for the production of both undifferentiated cells and cardiomyocytes has been well
reviewed (Kehoe, Jing et al. 2010). A number of platforms have been developed to direct
cardiogenesis within specialized scalable bioreactor culture systems (Kehoe, Jing et al.
2010). Success in directing cardiogenesis within a bioreactor depends greatly on the cell
line utilized, the concentration of oxygen in the system, the substrate for expansion

(whether or not one exists), and the concentration of nutrients, growth factors, and other
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signaling molecules in the environment and timing of all these characteristics (Burridge,

Thompson et al. 2011).

—
Agarose Gelatin

Figure 2.7. Biomimetic materials for the differentiation of cardiomyocytes.

Biomimetic materials have been used to enhance yields of cardiac cells by
controlling cell microenvironment during bioreactor culture. For example, embryoid
bodies (EBs) created on micropatterned Matrigel surfaces were shown to tightly regulate
aggregate size prior to inoculation into bioreactor culture, allowing for up to a 6-fold
increase in contraction in EBs compared to static culture (Niebruegge, Bauwens et al.
2009). ESCs aggregated with gelatin and PLGA microparticles (Fig. 2.7) in a rotary
orbital culture platform were shown to exhibit greater spatial homogeneity in sarcomeric

a-actinin (a marker for cardiac muscle) expression than ES cells aggregated without
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incorporating the microparticles (Bratt-Leal, Carpenedo et al. 2011). Stem cell
encapsulation in alginate beads has also been used to direct cardiac differentiation in
bioreactor cultures, with higher percentages of cells encapsulated in liquid core alginate
beads expressing cardiac markers than those encapsulated in solid beads (Lock and
Tzanakakis 2009, Kehoe, Jing et al. 2010). A micro-scale bioreactor system containing
electrodes on a patterned substrate was shown to increase beating focal areas in EBs by
10% with a two-fold increase the presence of connexin-43 in adipose-derived stem cells
(Tandon, Marsano et al. 2010). Development of carrier systems capable of producing the
cells needed for cardiac regeneration will be substantially advanced by using the toolbox

of approaches available for biomimetic material design.

2.6.  Biomimetic materials for cardiac tissue patches

Material requirements for cardiac tissue patches

The use of engineered patches for cardiac regeneration requires incorporation of
biomimetic facets to direct the creation of physiologically-accurate tissues. A number of
considerations must be addressed in the creation of cardiac patches for organ
regeneration, including structural integrity, electrical propagation, and flexible integration
in native myocardium. Engineered patches should facilitate development of new cardiac
tissue which integrates appropriately with native myocardium. In the context of the
growing heart, patches used for correcting congenital heart defects must conform to the
needs and changes associated with developing cardiac tissue (Mirensky and Breuer 2008,
Pok and Jacot 2011). Cardiac patches should include cues for controlling cellular

maturation and structural organization, while also supporting vascularization to support
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the significant nutrient requirements of cardiac tissue. Nutrient transport can be facilitated
by the incorporation of angiogenesis factors (Miyagi, Chiu et al. 2011) and through the
development of high-perfusion bioreactors (Koch, Vrij et al. 2010). For long term
implants, patch materials should be degradable, producing non-toxic byproducts which
do not generate an immune response (Lutolf, Lauer-Fields et al. 2003). Several materials
have been identified for use in cardiac patches, including naturally occurring polymers,
synthetic polymers, and natural-synthetic hybrid materials (Wang and Guan 2010, Pok
and Jacot 2011). One alternative to traditional materials is the use of decellularized heart
tissue, which has demonstrated the capacity to transform stem cells into cardiomyocytes
(Duan, Liu et al. 2011). A different approach involves layering functional cardiac cell
layers, which can be coupled directly to native cell types (Stevens, Kreutziger et al. 2009,

Haraguchi, Shimizu et al. 2011).

Biomimetic materials for cardiac tissue patches

Tissue engineered patches for cardiac regeneration employ biomimetic principles
in their design to direct the formation of mechanically and electrically functional tissues
(Fig. 2.8). Cardiac patches are necessary to address some causes of cardiac dysfunction,
including repair of congenital heart defects (Pok and Jacot 2011). However, even the
decellularized biological patches currently used as surgical interventions for pediatric
congenital heart defects suffer from insufficient capacity to grow with the patient and
suboptimal durability (Mirensky and Breuer 2008). Numerous materials have been tested
for use in cardiac patches, including naturally occurring polymers such as collagen,
collagen-glycosaminoglycan chitosan, fibrin, alginate and gelatin; synthetic polymers

such as polycaprolactone (PCL), poly(glycolic acid) (PGA), poly-4-hydroxybutyrate
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(P4HB), poly(lactic acid) (PLA) and poly(lactic-co-glycolic acid) (PLGA),
poly(glycerol-sebacate) (PGS) (Fig. 2.8), poly(trimethylene carbonate—co-lactide),
polyester urethane urea (PEUU) (Fujimoto, Tobita et al. 2012) and polyurethane; and co-
polymers of natural and synthetic materials (Martin and Williams 2003, Maidhof,
Marsano et al. 2010, Wang and Guan 2010, Pok and Jacot 2011). Recently, tissue-
engineered patches have also been employed for cell therapy to overcome limitations of
poor cell engraftment and survival using cell injection strategies. In one study, patch
material made from PEGylated fibrin gel was used as a delivery vehicle for improving
viability of mesenchymal stem cells after delivery to infarcted myocardium (Zhang,
Wang et al. 2006). Mechanical support provided by cardiac patches to the heart wall at
the site of infarct may also improve cardiac function (Fig. 2.8) (Fujimoto, Tobita et al.
2007).

Biomimetic strategies for improving on the current surgical patches utilize
scaffold materials onto which cells are seeded or matrices within which cells can be
incorporated. These cardiac patches typically include cues for cellular maturation and
structural organization, while also supporting vascularization for ample nutrient transport.
Biomimetic cardiac patches, whether natural or synthetic, should be degradable,
generating byproducts which do not damage surrounding tissue or elicit a systemic
immune response or inflammation (Lutolf, Lauer-Fields et al. 2003). Degradation needs
to take place on the same time scale as cells replace the patch material with ECM;
biomimetic synthetic materials can achieve this through the incorporation of
enzymatically degradable segments in the patch material (Lutolf, Lauer-Fields et al.

2003, Patterson and Hubbell 2010). Nutrient transport in cardiac tissue patches has been
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enhanced by culture in perfusion bioreactor systems (Koch, Vrij et al. 2010) or by
incorporation of angiogenesis factors to elicit vascularization (Miyagi, Chiu et al. 2011).
Mechanical stretch or electrical pacing has been used to guide tissue formation and
alignment (Eschenhagen, Didie et al. 2002, Zimmermann, Schneiderbanger et al. 2002)
and electrical conduction (Limpitikul, Christoforou et al. 2010). Incorporation of gold
nanoparticles (You, Rafat et al. 2011) or gold nanowires (Dvir, Timko et al. 2011) into
cell-seeded scaffolds for patch fabrication led to enhanced -electrical/conductive
properties. Materials with micro- and nanotopography and structure have also been used
to direct the alignment of cardiomyocytes within the engineered tissue, such that the
organization of these tissues resembles that of native cardiac tissue and that they exhibit
similar anisotropic electrical conduction (Bursac, Loo et al. 2007, Kim, Lipke et al. 2010,
Liau, Christoforou et al. 2011, Parrag, Zandstra et al. 2012). The use of decellularized
cardiac tissue has been examined as an alternative to synthetic polymer scaffolds (Ott,
Matthiesen et al. 2008) and has been shown to facilitate differentiation of stem cells into
cardiac cell types (Duan, Liu et al. 2011). Cell sheet engineering (Haraguchi, Shimizu et
al. 2011), which utilizes electrically and mechanically coupled layers of cells without
exogenous scaffold materials, has also been examined as an alternative to scaffold-based
tissues (Fig. 2.8) (Stevens, Kreutziger et al. 2009), allowing for engraftment of functional
cells without sutures or vascularization (Sekine, Shimizu et al. 2006). A large number of
studies have been published investigating discrete aspects of cardiac tissue patch design
and function. As future research provides combinatorial blends of these approaches,

barriers to the clinical use of cardiac tissue patches will be overcome.
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Figure 2.8. Examples of cardiac patches for the restoration of the myocardium.
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2.7.  Biomimetic materials for injectable cardiac therapies

Material requirements for injectable cardiac therapies

Biomimetic materials are also needed to support cells during and following cell
injection procedures. Direct injection of cells into diseased myocardium as a medium for
cardiac regeneration is crippled by high incidence of cell mortality (Aguado,
Mulyasasmita et al. 2012) coupled with consistently low cell retention (Terrovitis,
Lautamaki et al. 2009). Cell injection technology is benefitting from advances in
biomimetic materials which are able to provide a carrier system to aid in the delivery of
cells and then form a scaffold architecture in situ. In the context of injectable cardiac
patches, biomimetic materials may be incorporated to improve cellular viability (Zhang,
Wang et al. 2006), increase cell retention within native myocardium, and provide a
suitable environment for cardiomyocyte integration and development (Singelyn,
DeQuach et al. 2009). Materials that have been used to support cells during injection

include: fibrin, collagen, alginate and chitosan (Gupta, Walthall et al. 2011).

Biomimetic materials for injectable cardiac therapies

Biomimetic materials have the potential to support cells during injection for
cardiac regeneration, aid in the retention of the injected cells at the desired location, and
facilitate incorporation of the cells by providing a supportive microenvironment
following injection. Materials that have been used to support cells during injection
include fibrin, collagen, self-assembling peptides, Matrigel, alginate and chitosan (Gupta,
Walthall et al.). Although application of these materials may improve cellular

survivability and promote angiogenesis, multiple factors must be addressed in order to
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facilitate regeneration of damaged cardiac tissue. In particular, materials used in cell
injection must approximate the native physical and chemical environment and be able to
deliver or propagate physiological stimuli in order to better direct cell differentiation and
engraftment; furthermore, the materials must have slow degradation rates to allow the
delivered cells to electrically couple with existing tissue (Wang and Guan 2010).

In order to address problems with in vivo cellular injection, a number of
techniques have been developed to facilitate cellular viability, differentiation and
engraftment by use of biomimetic materials (Bursac 2009, Balasubramanian,
Prabhakaran et al. 2011, Prabhakaran, Venugopal et al. 2011). One common method for
improving viability involves mixing cells directly with a soluble gel prior to injection. In
one study, cardiomyocytes derived from human ESCs were delivered using Matrigel
mixed with immunosuppressant drugs and pro-survival growth factors (Laflamme, Chen
et al. 2007). Injection of the resulting product was shown to reduce the incidence of
apoptosis in injected cells while producing grafts four times larger in infarcted rat hearts
than injections of cells with Matrigel alone. Additionally, alginates, which degrade
readily in sodium-rich solutions, have been utilized for a number of encapsulation
techniques. In one recent report, human umbilical vein endothelial cells that were
encapsulated using an alginate solution demonstrated a 20% increase in cell viability after
ejection through a syringe needle (Aguado, Mulyasasmita et al. 2012). Likewise,
injection of MSCs encapsulated in peptide-modified alginate resulted in 15% smaller
infarct sizes compared to PBS injected controls (Yu, Du et al. 2010). Other novel
encapsulation materials, including a chitosan-collagen hydrogels containing a conjugated

angiopoietin-1 peptide (Reis, Chiu et al. 2012) and degradable PEG-based hydrogels
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(Franco, Price et al. 2011, Habib, Shapira-Schweitzer et al. 2011), have been developed
and tested as platforms for cellular injection. Cell encapsulation using degradable
materials, both natural and synthetic, is a promising technique for providing protection to

a number of different cell types during injection.

2.8.  Use of Nanotechnology for Cardiac Regeneration

The potential of engineered scaffolds for tissue regeneration has been
significantly advanced by nano- and micro-fabrication techniques (Dvir, Timko et al.
2011). Creation of biomimetic materials for use in cardiac tissue engineering has
benefitted from advancements in nanotechnology, allowing for manipulation of surfaces
to influence behavior of individual cells. Nanoscale cues regulate the structure and
function of macroscopic cardiac tissue constructs (Kim, Kim et al. 2006) and the
application of micro-patterned surfaces containing functional moieties (Badie, Scull et al.
2012). A recent review on micro- and nano-fabrication approaches in cardiac tissue
engineering has identified goals for nanotechnology-mediated functionality, including
surface-mediated cell assembly, scaffold engineering, and functional vascularization
(Zhang, Xiao et al. 2011).

Advancements in the field of nanotechnology have permitted researchers to
manipulate cell behavior and differentiation, for example, by triggering cardiogenic
signaling pathways, and also to track the differentiation of non-committed cells into the
cardiomyocyte lineage. Superparamagnetic iron oxide nanoparticles have been
investigated for tracking cell development (Au, Liao et al. 2009) and migration (Hoshino,
Ly et al. 2007) in vivo through magnetic resonance imaging (Cromer Berman, Walczak

et al. 2011). Differences in gold nanoparticle uptake within embryoid bodies have been
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used to identify individual stages of cardiac differentiation by characterizing unique
response signatures through surface-enhanced Raman scattering (Sathuluri, Yoshikawa et
al. 2011). Additionally, the use of specialized binding moieties has allowed for detection
of stem cells expressing specific cardiac markers; for example, NaYF4 nanocrystals with
near-infrared emission spectra were conjugated to primary antibodies, detecting cellular
gap junction proteins in vitro (Nagarajan and Zhang 2011).

Knowledge of nanoscale cell-substrate interactions has furthered the development
of biomimetic materials capable of manipulating complex signaling pathways necessary
for control of cellular behavior. Nanoscale topographical features have been used to
direct the structure and function of engineered cardiac tissues on the cellular and tissue
levels (Fig. 2.9) (Elloumi-Hannachi, Yamato et al. 2010, Hosseinkhani, Hosseinkhani et
al. 2010, Luna, Ciriza et al. 2011). The native ECM matrix is a nanostructured substrate,
which is responsible for the direction of cellular function and tissue organization
(Kelleher and Vacanti 2010). Mimicking the nanostructure of native cardiac tissue ECM
can therefore play an important role in guiding the formation of engineered cardiac tissue.
Nanotopography has the ability to direct not only the alignment of cardiomyocytes, but
also cytoskeletal organization and the expression of gap junctions (Fig. 2.9) (Kim, Lipke
et al. 2010).

Photolithography, electrospinning, and peptide self-assembly are commonly used
techniques for generating substrate materials with features on the nano-scale. Polymer
supports created from photolithographic molds have been used to enhance alignment of
cardiac cell types through the formation of nanotopography (Kim, Lipke et al. 2010).

Non-photolithographic approaches have also been utilized for creating molds with nano-
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scale features. A soft lithography mold was created by sputter-coating gold-palladium
particles on a polystyrene sheet (Luna, Ciriza et al. 2011). PDMS substrates created from
the molds were shown to directly influence the orientation of junction proteins connexin-

43 and N-cadherin in stem cell-derived cardiomyocytes.

ridge: 150 nm
groove: 50 nm
height: 200 nm

250 um

Figure 2.9. Biomimetic materials with features on the nano-scale are capable of directing
alignment of cardiomyocytes.
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The use of electrospun fibers in the production of bioactive scaffold systems is a
topic of active research and has been reviewed extensively (Szentivanyi, Chakradeo et al.
2011). Methods have been developed to augment electrospun nano-structures with drug-
eluting materials, functionalized surfaces, and polymer blends with specified mechanical
and chemical properties to influence cellular behavior. A specialized scaffold system
containing PEG-PLA-CPLA nanofibers demonstrated a two-fold increase in the
expression level of the cardiac structural marker a-myosin heavy chain by mouse ES cell-
derived cardiomyocytes compared to cells grown without a scaffold (Gupta, Walthall et
al. 2011). Nanofibers have also been produced using rotary extrusion, a similar approach
to electrospinning. Neonatal rat ventricular myocytes cultured on PLA fibers generated
from this system demonstrated strong sarcomeric alignment in the direction of the
material nanofibers (Fig. 2.9) (Badrossamay, Mcllwee et al. 2010).

Incorporation of bioactive molecules into nanostructured materials can have a
marked phenotypic effect. Self-assembling peptides are amphiphilic materials which
spontaneously develop into nanofiber niches; these peptides may be modified to elicit
bioactive signals capable of directing cellular differentiation and other events. A biotin-
streptavidin system was developed which created in vivo nanostructures capable of
delivering insulin growth factor-1, a protein shown to promote cardiomyocyte growth and
survival (Davis, Hsieh et al. 2006). As a method for promoting angiogenesis in damaged
myocardium, materials containing nanoscale filaments of vascular endothelial growth
factor (VEGF)-mimicking peptide were injected into mouse models and shown to
significantly increase circulation in damaged tissue (Webber, Tongers et al. 2011).

Aligned peptide amphiphile nanofibers have been shown to direct cell alignment,
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including cardiac cells (Fig. 2.9) (Zhang, Greenfield et al. 2010). Biomimetic material
design will continue to exploit advances in nanotechnology to better recreate the cellular
microenvironment and advance cardiac regeneration.

While the development of techniques for incorporating nanotopography or
influencing molecular arrangement of materials has provided new platforms in the
context of cardiac regeneration, the field as a whole remains in its infancy. Common
protocols for influencing nanoscale cellular behavior are often limited by the creation of
materials with few cell-signaling moieties or structural components, which do not fully
replicate the complex environment of the cell niche on the micro- and nano-scale.
Furthermore, imaging technologies incorporating nanoscale features may be limited by
issues associated with lack of specificity to cardiac tissue types or retention of these
components when used in vivo. Future progress in this area will require the development
of biomimetic materials which can accurately replicate cellular microenvironments to
enhance engraftment and accuracy of imaging elements or, in the context of cardiac

regeneration, enhance the development of physiologically suitable tissue.

2.9.  Ongoing Challenges for Cardiac Tissue Regeneration

Given the degree of complexity associated with heart physiology and heart
disease pathology, successful cardiac regeneration strategies require innovation in
overcoming challenges associated with the incorporation of new, functioning tissue.
Fibrotic scar tissue, which develops post-infarction, may need to be denuded prior to
transplantation to allow for efficient engraftment of donor cells. As seen with the various
cell delivery platforms, successful delivery and engraftment of cells is often

compromised by low cellular viability. Because diseased hearts lose the function of
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potentially billions of cardiomyocytes, creating the numbers of cells necessary for
therapy through in vitro sources is difficult (Yoshida and Yamanaka 2011). Generating a
tissue patch containing multiple cell types that will couple with the electrical, mechanical
and vascular networks of the surrounding tissue requires a novel engineering platform.
Whereas using cells and materials to improve heart function through changes in heart
wall stiffness or formation of new blood vessels has been well-established, it is much
more difficult to achieve functional coupling of cells or grafts with the native
myocardium such that they actively contribute to mechanical force generation and
increasing cardiac output. In the post-myocardial infarction heart, success of implanted
materials is dependent on the ability of a these materials to promote cardiomyocyte
differentiation, survival and/or functional coupling with surrounding tissue while
maintaining structural integrity of the heart. While multiple material properties are
important in influencing cardiac function, their comparative value, as well as the
importance of interactions between these material properties remain to be fully
characterized. In addition, successful incorporation of donor cells often requires an
immunosuppressant to prevent rejection. Similarly, tissue prepared using animal-derived
products, such as Matrigel, may also elicit a pyrogenic response. Furthermore, depending
on the progression of the disease, certain treatments may prove to be insufficient for

reversing tissue damage.

2.10. The Need for Electrophysiological Characterization of Cardiac Tissue
The analysis of cardiomyocytes, either derived from pluripotent cell types or
isolated from primary tissue sources, in an in vitro culture environment is a complex

process which requires expertise in many academic areas and techniques. In the past,
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characterization of cardiac differentiation has relied extensively on the use of microscopy
techniques; phase contrast, brightfield, fluorescence, confocal, SEM and TEM
microscopy have all been utilized in the identification of cardiomyocyte structure.
Quantification of cardiomyocyte gene and protein expression has relied heavily on: PCR,
Western blot, flow cytometry, and similar techniques. Quantification of cellular
metabolism, either through direct mitochondrial analysis or through measurements of
oxygen consumption and lactate production, has also been investigated to provide
information about extent of cardiomyocyte development and cellular activity (Dedkova
and Blatter 2012, Robertson, Tran et al. 2013). While these techniques (and others)
provide insight into the composition and organization of cultured cells, knowledge about
these properties reveals little about the functionality of cardiomyocytes and cardiac
tissue. Techniques that evaluate contractile strength and cardiac electrophysiology offer
valuable insight into the potential performance of in vitro cultured cardiomyocytes in
clinical or diagnostic applications.

As a biological pump, the main function of the heart is to supply oxygenated
blood and nutrients to the body’s tissues while returning deoxygenated blood to the lungs.
To this end, the heart relies on the myocardium, with cardiomyocytes acting as individual
functional units, to engage in precise excitation-contraction coupling in response to
external electrical stimulation, a process which requires cardiomyocytes with well-
defined mechanical properties. A number of techniques have been developed in order to
assess the mechanical strength of cardiomyocytes grown in vitro. One popular method for
stress-strain determination involves the implementation of glass pipet or a stainless steel

needle attached directly to the cardiomyocyte using vacuum or silicone adhesive (van der

43



Velden, Klein et al. 1998). This probe acts as a cantilever, relaying the signal to a
mechanical transducer, such as a semiconductor strain gauge, as well as a piezoelectric
translator, such as a motor (Sugiura, Yasuda et al. 2003, Malkin, Kramer et al. 2005).
This technique, often utilized as an endpoint determination of cardiomyocyte strength,
has been incorporated into a bioreactor platform to record stress and strain of cultured
cardiomyocytes over a period of multiple weeks (Kensah, Gruh et al. 2011). While
measurement of contraction strength of individual cardiomyocytes provides unique
information into the functionality of these cell types, this analysis fails to capture function
of the myocardium as a whole. In the context of cardiac tissue mechanical analysis,
incorporation of cantilevers can lead to inaccuracies in force measurement due to pre-
loading forces and incomplete fixation within the myocardium (Malkin, Kramer et al.
2005). Furthermore, this form of data collection provides no information on the electrical
activity of the underlying cardiomyocyte or myocardial tissue. Improvements on this
design have consisted of electromechanical sensors which detect both electrical activity
and force generation. Another unique approach for mechanical assessment consists of
seeding cardiomyocytes directly onto polymer micro-cantilevers which can be translated
and quantified using imaging techniques (Park, Ryu et al. 2005). Similarly, atomic force
microscopy has been utilized to directly evaluate elasticity of myocardial tissue
(Hiesinger, Brukman et al. 2012). Despite these advancements in monitoring technology,
direct acquisition of mechanical force data from cardiomyocytes or cardiac tissue remains
an ongoing challenge.

The electrophysiology of the heart, which is correlated with the excitation-

contraction coupling process, is perhaps the most important functional property of
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cardiomyocytes considered for tissue engineering. In addition to identifying
physiologically-healthy cells, electrophysiological analysis can be used to identify certain
pathologies, including the formation of deadly arrhythmias. In practice, the
electrophysiology of cardiomyocytes can be evaluated using several different techniques,
each containing their own benefits and drawbacks; these will be examined in greater

detail.

2.11. Techniques for measuring electrophysiology in cardiomyocytes

While many techniques exist for monitoring the electrical activity of
cardiomyocytes and cardiac tissue (either in vitro or in vivo), a small number of
approaches have emerged as popular methods for evaluating electrophysiology. Herein, a

brief overview of some of these techniques will be presented and discussed.

Calcium transient analysis

While not directly measuring electrophysiology in its own right, the evaluation of
calcium transients has been utilized by researchers to assess functionality of
cardiomyocytes. In healthy myocardium, initiation of muscle contraction begins with a
sudden, rapid increase in cytosolic calcium ion concentration. This begins when electrical
signaling triggers opening of L-type calcium channel proteins, forming a local elevated
concentration of cytosolic calcium (Shacklock, Wier et al. 1995). In turn, this local
increase in calcium triggers the opening of ryanodine receptor, releasing large stores of
calcium from the sarcoplasmic reticulum (SR). As the cardiomyocyte relaxes, calcium is
pumped back into the SR using the SERCA protein complex or outside of the cell using

the sarcolemma sodium-calcium exchange (Bers 2000). The magnitude and duration of
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this calcium transient must be tightly controlled in order to maintain cardiac output and
increase force of contraction when necessary (Eisner, Choi et al. 2000). Issues in this
signaling pathway have been implemented in a number of cardiac pathologies.

Because the duration of these calcium transients lasts on the order of tens of
milliseconds, a number of unique approaches have been devised in order to detect the
rapid changes in intracellular calcium. A number of fluorescent calcium-indicating dyes,
such as fura-2, indo-1, and rhod-2, have been proven effective in detecting intracellular
calcium within myocytes. The combination of fluorescent indicator with an exogenous
electrical signal and a photometric detector, such as a photodiode, photomultiplier, or
CCD camera, has been used to acquire data on intracellular calcium concentrations
(Vergara, DiFranco et al. 1991). Together, this approach represents a simple, minimally-

invasive technique for evaluating the calcium-handling capabilities of cardiomyocytes.

Patch clamping

While calcium transient analysis provides insight into the calcium handling of
cardiomyocytes or cardiac tissue, it does not directly provide information about the
electrophysiology of the cell. In order to quantify the currents generated from single or
multiple ion channels, a technique called patch clamping has been developed and applied
to cardiomyocytes (Cerbai, Sartiani et al. 2000). In principle, this technique utilizes a
glass microelectrode filled with an electrolyte solution which is connected to a recording
device, such as an oscilloscope. A small “patch” of cell membrane is electrically isolated
by using suction to attach the microelectrode flush against the membrane surface

(Bebarova 2012). Using different combinations of microelectrode positioning and
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electrolyte solution presentation, measurements may be recorded on individual ion
channels or on net current generation from the entire cell (whole cell patch clamp).

Patch clamp is useful for its specificity in measuring the currents from multiple
independent ion channels as well as currents from specific types of ion channels. This
technique, however, is limited by its ability to measure currents only from individual
cardiomyocytes. Patch clamping is a time-consuming, labor-intensive technique with
large technician variability. Furthermore, progressive dialyzation of the cellular cytosol
with the electrolyte solution limits the time in which data can be acquired from samples;

this can also limit the use of patched samples for other analytical purposes.

Microelectrode Array

Given the invasiveness of patch clamp technique in recording
electrophysiological data from cardiomyocytes, additional techniques have been
developed to allow for extracellular acquisition of electrical activity. The microelectrode
array (MEA) is a variant on the patch design which allows for extracellular acquisition of
changes in membrane potential. Electrically-active cells or tissue is placed on top of an
MEA containing hundreds of individual electrodes spaced within tens of microns apart.
These specially-designed chips can be mounted on microscope stages to visualize
cardiomyocytes or neurons during the course of acquisition (Spira and Hai 2013).
Additionally, efforts have been made to implement electrodes on MEASs that protrude the
cell membranes, allowing for intracellular recordings. MEAs have many inherent
advantages compared to patch clamping apparatuses, including the ability to: select and

record data from multiple locations simultaneously within a sample, establish a control
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electrode in stimulation experiments, and record voltage data over an extended period of
time.

MEAs, while providing a unique platform for detecting cardiomyocyte
electrophysiology, require careful consideration before implementation. MEAs are often
limited by low spatial resolution compared to other techniques. Electrical interference,
particularly in cases of exogenous electrical stimulation, can exacerbate the signal-to-
noise ratio, increasing the complexity of data analysis (Spira and Hai 2013). Depending
on the cell type, maintaining close contact between the cell membrane and the electrodes
is potentially problematic. Because the cardiomyocytes must be plated onto the MEA
prior to recording, this technique is not suitable for measuring electrical activity of
cardiomyocytes in or on novel materials. Additionally, the high cost of implementing

MEAs can also be a limiting factor in their use.

Optical mapping

Given the problems associated with electrical artifacts and invasive equipment
when implementing microelectrode-based techniques, optical mapping has emerged as a
popular technique for characterizing electrophysiology of cardiomyocytes. Unlike other
techniques which rely on electrodes to directly record current or voltage, optical mapping
utilizes calcium or voltage-sensitive fluorescent dyes which bind to intracellular calcium
or membrane-bound proteins. Voltage-sensitive dyes record transmembrane potential;
this data can be used to evaluate cellular depolarization, spatial distribution of action
potential duration, or repolarization events (Malkin, Kramer et al. 2005). In addition to
these analyses, calcium wave propagation can be visualized using photodiodes,

photomultiplier tubes, laser scanning systems, and CCD cameras at high spatial temporal
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resolution (Herron, Lee et al. 2012). Taken together, optical mapping systems represent a
valuable approach for visualizing both conduction velocities and action potential

durations of cardiomyocytes.
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Figure 2.10. An example schematic of an optical mapping setup with all associated
equipment (Image from Weinberg, 2010).

One major limitation of the optical mapping approach for electrophysiological
characterization is the incompatibility of simultaneous electrical and mechanical
mapping. Motion artifacts can arise from the movement of contractile cell types; changes
in fluorescence intensity due to re-positioning of tissue can lead to challenges in the
analysis of acquired signal (Brandes, Figueredo et al. 1992). Motion artifacts due to
contraction can be mitigated in part through the use of pharmaceutical agents (Pertsov,
Davidenko et al. 1993); however, ratiometric analysis has also been considered for
optical mapping of moving tissues (Grynkiewicz, Poenie et al. 1985). Additionally,

imaging of multilayered tissues can lead to photon scattering effects by which multiple
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interfering signals are acquired over the thickness of the sample (Baxter, Mironov et al.
2001). Given the potential for issues to arise during the mapping process, many
considerations must be addressed in the fabrication of an optical mapping platform; these

concepts will be explored in greater detail.

2.12. Considerations for the design of an optical mapping platform

Optical mapping requires a complex set of equipment to support the viability of
the cardiac sample while correctly filtering and acquiring the signal from the fluorescent
dye. Perhaps the most important pieces of equipment in an optical mapping setup are the
photodetector and light source. Because the propagating electrical impulse from cardiac
tissue produces a short-lived weak signal via a fluorescent reporter dye, a detector-
illuminator combination that can successfully capture transient, low light is required for
mapping applications. Selecting a correct filter which can block out background light
from the illuminator is important in reducing the signal-to-noise ratio of the acquired
data. Selecting a stimulator that can maintain exogenous electrical pacing of the cardiac
sample is critical for reducing noise from spontaneous depolarizations. Cost
considerations in the acquisition of these components must also be addressed. In
successfully maintaining the cardiac sample as to maximize signal acquisition and
minimize cell death, many considerations must be made in the design of the pacing
chamber and apparatus. These design parameters include maximizing perfusion of
Tyrode’s solution (without causing motion artifacts from turbulence), maintaining
physiological temperature of Tyrode’s solution, and minimizing motion artifacts from the
surrounding environment. Together, these challenges require thoughtful design and

consideration to successfully acquire mapping data.
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2.13. Conclusions

Heart disease continues to be the leading cause of death worldwide. This fact
underscores the need for new clinical developments to treat a wide range of
cardiovascular conditions. Since the majority of current therapies treat the symptoms of
heart disease rather than repairing the damaged tissue, the long-term goal of
cardiovascular clinicians and researchers is development of novel therapeutic modalities
with cardiac regeneration as their hallmark. Thus, there is a great need for future
regenerative therapies involving biomimetic materials. In order to reverse the pathologic
changes that occur in heart disease, conditions which mimic native healthy tissue must be
present, allowing endogenous or exogenous cells to populate the diseased area and form
functional tissue. The past decade has led to intense investigation into methods for
cardiac regeneration, addressing challenges in replacement cell source and expansion,
material design of scaffolds on which to grow these cells, and construct delivery. The
selection of cell types for a given therapy, as well as the technique(s) for their expansion,
requires the development of platforms capable of producing the billions of
cardiomyocytes and other cell types required for myocardial and valvular repair. The
choice of materials for scaffold design must provide the mechanical and electrical
environment necessary for cardiac function. The method of construct delivery to a
diseased tissue site requires a vehicle which aids in maintaining cellular viability and
functional engraftment. Additionally, the electrophysiological of the resulting
cardiomyocytes or cardiac tissue must be determined before the samples can be employed

in clinical or diagnostic research applications.
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Various biomimetic materials have demonstrated potential for achieving cardiac
regeneration. Biomimetic materials have been designed to direct differentiation and
maturation of cardiomyocytes in vitro, providing a basis for large-scale production of
clinical-grade cells. Scaffolds have been created imparting functional features
incorporating biological (stretch, bioactive peptides, signaling molecules and cell
adhesion sites) and physical (surface topography, shape, electrical conductivity, three-
dimensional structure and stiffness) properties that are important in directing the
formation and alignment of functionalized tissue. Injectable scaffold systems designed
for in situ tissue formation have been tailored to enhance cell targeting and viability.
Also, design of enzymatically degradable materials has opened the door for scaffolds
capable of being completely replaced by the regenerating functional tissue. While these
accomplishments have laid the groundwork for many exciting future developments, the
field of cardiac tissue engineering remains in its infancy. Although many of the existing
materials for cardiac tissue regeneration show promise, they are currently still limited in
scope, incorporating few cardiogenic factors and producing tissue with immature
properties. Future advancement in this area will require incorporation of multiple stimuli
(mechanical, electrical, and biological) into novel substrates to further control the fate of
differentiating cells and promote material integration into native tissue. Continuing
investigation into the design and implementation of biomimetic materials promise to
move us ever closer to the reality of making regenerative medicine therapies available to
the multitudes of people suffering from heart disease.

In the following chapters, a novel study will be described which investigates the

connection between biomaterials and maturation of cardiomyocytes for use in different
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applications. First, the method for constructing and optimizing an optical mapping
platform for quantifying the electrophysiological properties of cardiomyocytes will be
described. Next, a series of experiments will be described which show how different

biomimetic materials can be employed to promote maturation of cardiomyocytes.
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3. DEVELOPMENT OF AN OPTICAL MAPPING PLATFORM FOR
ELECTROPHYSIOLOGICAL ANALYSIS OF CULTURED
CARDIOMYOCYTES

3.1.  Introduction

The creation of functioning engineered cardiac tissue remains an ongoing
challenge as demand for clinical solutions for heart disease and diagnostic research
applications continues to increase. Pluripotent stem cells, either embryonic or induced
pluripotent in origin, have been routinely differentiated into robust, contracting
cardiomyocytes using a combination of different strategies (Takahashi, Lord et al. 2003,
Zwi, Caspi et al. 2009, Lian, Zhang et al. 2013). While these approaches provide methods
for the generation of cardiomyocytes for different applications, the cells produced using
these techniques are often lacking the functional properties that are observed among cells
in mature adult myocardium (Harding, Ali et al. 2007, Yang, Pabon et al. 2014, Bedada,
Wheelwright et al. 2015). The inability to generate functionally-mature cardiomyocytes,
including cells which have adult-like electrophysiology or calcium handling properties,
can lead to the formation of arrhythmias when implanted in vivo, disqualifying their use
in clinical applications.

To address this need for functional quantification, a range of methods and
platforms have been established over several decades for the assessment of
cardiomyocyte and cardiac tissue properties and function. These systems include
electrophysiological (Herron, Lee et al. 2012, Becker, Stoelzle et al. 2013), mechanical
(Malkin, Kramer et al. 2005), and metabolic assays (Malkin, Kramer et al. 2005,
Dedkova and Blatter 2012, Robertson, Tran et al. 2013). Initially, these systems were

utilized and optimized for the evaluation of whole heart tissue or adult cardiomyocytes
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(Wang, Lee et al. 2015); however, these systems have been further refined for
characterization of cell-derived cardiomyocytes. Among these, characterization of
cardiomyocyte electrophysiological properties remains a critical step for assessing cell-
cell connectivity and for predicting the formation of arrhythmias.

In general, the electrophysiological properties of cardiomyocytes can be evaluated
using several different techniques, including microelectrode arrays (MEAs), whole cell
patch clamp, and optical mapping. Patch clamp and MEA systems have been effective
means for evaluating individual ion channel currents and cell membrane potential;
however, electrical artifacts, invasive equipment, and cellular inaccessibility in situ are
potential drawbacks when implementing microelectrode-based techniques. Patch
clamping, which provides detailed information about individual cellular electrical
activity, is not suitable for assessment of multicellular systems. While MEAs are suitable
for evaluating electrophysiological properties of cellular monolayers or cardiac tissues,
cardiomyocytes must be cultured directly on specialized glass substrates with embedded
electrodes; this severely limits the overall feasibility (and potentially total spatial
resolution) of this technique when evaluating signal propagation between adjacent
cardiomyocytes cultured on biomimetic materials or within engineered tissues. To
address these shortcomings, optical mapping has emerged as a valuable technique for
characterizing electrophysiological properties of cardiomyocyte monolayers and cardiac
tissue. In contrast to techniques which rely on electrodes to directly record current or
voltage, optical mapping utilizes calcium or voltage-sensitive fluorescent dyes which
bind to intracellular calcium or membrane-bound proteins or genetically-induced reporter

proteins to obtain recordings. Voltage-sensitive dyes enable visualization of changes
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intransmembrane potential; this data can be used to evaluate cellular depolarization,
spatial distribution of action potential duration, or repolarization events (Malkin, Kramer
et al. 2005). Calcium-sensitive dyes, in contrast, bind to intracellular calcium, allowing
for determination of calcium transients during excitation-contraction coupling. In
addition to identifying and quantifying functionality of cardiomyocytes and cardiac
tissue, optical mapping analysis can also be used to identify reentrant waves among
cardiomyocytes which could lead to arrhythmias after clinical implantation.

A number of optical mapping platforms have been previously developed and
optimized for acquisition of data from specific kinds of samples; these include whole
hearts (Laurita, Chuck et al. 2003, Efimov, Nikolski et al. 2004, Nygren, Baczko et al.
2006), cardiac tissue (Radisic, Fast et al. 2009, Blazeski, Kostecki et al. 2015) and
cardiomyocyte monolayers (Bursac, Parker et al. 2002). While these systems are highly
efficacious for their individualized applications, a growing need persists for mapping
systems which can acquire data from a variety of engineered platforms; such samples
require mapping systems that are adaptable to different shapes, sizes, and structures. For
example, the ability to acquire signals at either the macro- or microscopic size ranges
(from 0.5 to 10+ mm) at high spatial and temporal resolution may be valuable when
evaluating either a small region or an entire engineered heart construct; however, this
setup typically requires specialized, often costly, hardware solutions. Given the extensive
differences in optics, illumination, and other acquisition hardware required to attain
signal capture at macro- and microscopic ranges, extending a system to accommodate
mapping at both size scales is a formidable endeavor. Additionally, engineered cardiac

platforms which utilize different materials of varying optical clarity (from transparent to
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opaque) and those with varying structures and shapes present their own unique challenges
in the context of signal acquisition. Thus, the ability to evaluate electrical or calcium
signaling of cardiomyocytes incorporated in engineered biomaterial systems on either the
microscopic and macroscopic scales would be advantageous.

Herein, the authors have described a method for creating an adaptable multi-scale,
multi-platform optical mapping system leveraging frequently-available research
hardware. Development of a flexible, relatively inexpensive optical mapping system to
effectively quantify fluorescent signals from cardiomyocyte layers would provide a
valuable research apparatus for investigators attempting to characterize complex samples
prepared on a wide array of different size scales and platforms; this tool also facilitates
for investigation of local and global electrophysiological activity on the same sample.
The described platform is capable of capturing and quantifying cardiac electrical and
calcium signals at the micro- (approximately 100-200 pum) and macro-scales (>1 cm).
This platform provides a method for quantifying a diverse range of cardiac samples
cultured on a range of different materials. Furthermore, this system employs hardware

which can be leveraged for use in other laboratory applications.

3.2. Materials and methods
Design of optical mapping chamber

In order to support cell viability throughout the mapping experiments, a chamber
was designed to support a high rate of perfusion (greater than 5 mL/min) of Tyrode’s
solution while minimizing imaging artifacts associated with mixing or moving liquid.
Furthermore, In designing the internal chamber geometry, it was required that the total

volume of the chamber would be sufficient to support optical measurement of whole
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cardiac tissue constructs. Additionally, the geometry of the chamberAdditionally, in the
designing of the external chamber geometry, it was required to that the shape be
compatible with both the macroscopic mapping apparatus stage as well as the
fluorescence microscope stage. A design for the mapping chamber was initially prepared

using Solidworks software (Fig. 3.1).
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Figure 3.1. Optical mapping chamber design.

Fabrication of the optical mapping chamber was carried out using a CNC milling
machine (EZ Trak-SX, Bridgeport); the main structure of the chamber was fabricated
from a solid polycarbonate billet in order to form a durable, chemically-resistant cellular
environment. In order to visualize the sample, a circular area was hollowed out in the
center of the chamber; the resulting void space that was sealed using a 35 mm cover glass
fixed on top of a rubber gasket. An aluminum base was fabricated and bolted into the
polycarbonate chamber to form a leak-free seal around the glass coverslip. A compatible

top was fabricated using high quality glass, which was selected to minimize motion
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imaging artifacts as well as auto-fluorescence. An array of 1 mm sized holes was drilled
evenly over the area of the glass to allow for electrical point stimulation and temperature
monitoring at multiple sites within the chamber. An image of the completed chamber

design is shown in Figure 3.2.

Figure 3.2. Fabricated optical mapping chamber.

Macroscopic imaging apparatus

A macroscopic imaging apparatus was assembled to allow for optical mapping of
samples greater than 0.5 cm. The primary structure of the apparatus was fashioned from a
vertical rail (X95, Thor Labs), which was attached to a magnetic base (Model 200,
Newport Corporation). To minimize vibrational artifacts, a desktop air table (Benchmate
2212, Warner Apparatus) was selected for the bottom of the device. To allow for flexible
positioning of the mapping chamber on the apparatus, sliding mechanical rail supports
(Thor Labs) were incorporated to facilitate movement of hardware in order to improve

spatial resolution of the sample (Fig. 3.3). When mounting the mapping chamber onto the

74



sliding rail, it was considered how to implement X-Y control of the sample location to
ensure that the chamber was always within the camera viewing range. A novel solution to
this problem was to retrofit a microadjuster-containing microscope stage (Nikon) with a
custom-made bracket for holding the chamber. An aluminum bracket was fabricated and
fixed to the mechanical features of the microscope stage. A second aluminum block was
designed an attached to the stage to allow the mechanism to be mounted to the sliding rail

mount.

Figure 3.3. Optical mapping setup containing bench-top air table, magnetic base, and
sliding rail.

In order to illuminate the cardiac sample and capture the fluorescence signal, a

light source, filter, and camera set were selected to coincide with the parameters of the
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apparatus. A Prior Lumen 200 metal halide fiber optic illuminator was selected as the
light source for the setup due to its broad spectrum of emitted wavelengths and strong
light intensity, allowing for illumination of multiple types of fluorescent dyes. A liquid
light guide (Edmund Optics) was purchased and mounted onto the rail to position the
illuminating light directly at the sample. An attachable C-mount lens was purchased for
the light guide with the capacity of incorporating interchangeable filters, allowing for
illumination of the sample at specific wavelengths to coincide with excitation band of the
fluorescent dye.

An Andor iXon Ultra DU897 CCD camera (Andor) was selected for signal
capture due to the high frame rate of the device and sensitivity to low light. To further
increase the frame rate of the camera, an Optomask system was equipped to the device
which allows for adjustable shortening of the CCD sensor. Focal adjustment was
addressed by attaching a Xenon .95/17 mm lens (Schneider Optics) containing an
emission filter mount to the Optomask system. Video recordings were acquired using the
Elements (Nikon) software package.

In order to maintain temperature and constant perfusion within the mapping
chamber, a pump and heating system were selected to fit the geometry of the system. A
peristaltic pump (MS Regalo, Ismatic) was fitted with Easy Load 2 pump heads with size
14 Tygon tubing (Cole-Parmer); this tubing has an inside diameter of 1.6 mm and
provides a volumetric flow rate of 1.3 to 130 ml/min, providing a wide range of flow
rates compatible with the optical mapping system. In order to maintain a constant
temperature of 37°C within the chamber, a TC-324B temperature controller and an SH-

27B inline heater (Warner Apparatus) was incorporated into the tubing inlet. Removal of
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liquid was carried out using a glass pipet attached to a vacuum line. Generation of
exogenous pacing was controlled using a Grass stimulator (SD9) via platinum electrodes
that were fixed within the chamber to allow for field pacing across the entire area of the
sample. Additional platinum electrodes were fabricated to allow for placement through
the top of the chamber to supply point stimulation at multiple locations throughout the

sample. An image of the full macroscopic mapping system is shown in Figure 3.4.

Figure 3.4. Macroscopic imaging apparatus containing the optical mapping chamber.

Microscopic imaging apparatus

A micro-scale mapping system was developed to allow for optical mapping of
samples less than 0.5 cm. A Nikon Ti inverted microscope was converted to allow for
positioning of the optical mapping chamber within the microscope stage (Fig. 3.5).

Visualization of the sample was carried out using a Plan Apo 2x objective (NA 0.10).
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The iXon Ultra CCD camera containing the Optomask was fitted onto the microscope
using a 0.5x relay lens. The light source, computer, and perfusion setup was consistent

between the microscopic and macroscopic systems.

Figure 3.5. Micromapping imaging apparatus containing the mapping chamber.

Optimization of acquisition parameters

In order to maximize the spatiotemporal resolution acquired from the CCD
camera, a series of recordings were used to benchmark the camera performance using a
number of hardware and software settings. Videos were recorded on both the microscopic
and macroscopic imaging systems with and without the Optomask system; microscopic
recordings were taken using a 2x, 4x, and 10x objective. The field of view was adjusted

to incorporate recordings using: the full CCD chip resolution (for the microscopic setup),
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the full mapping area (for the macroscopic setup), or horizontally- or vertically-masked
regions of the sample. Vertical shift speed of the CCD was adjusted between 0.5 ps and
0.3 ps; a +1 overclock setting was used in combination with 0.3 ps vertical shift speed in
order to stabilize the acquired signal. The CCD sensor was maintained at -70°C during all
recordings to minimize temperature-dependent effects associated which could negatively
impact acquisition speed. All camera settings were controlled using the Nikon Elements

software package.

Cell culture

HL-1 atrial myocytes, a cell line derived from adult mouse atria, were obtained
from Dr. William Claycomb (Louisiana State University Health Sciences Center, New
Orleans, LA) for use in evaluating the performance of the optical mapping system. HL-1
cells were cultured in vitro using Claycomb media (Sigma-Aldrich) supplemented with
10% fetal bovine serum (Sigma-Aldrich), 0.1 mM norepinephrine (Sigma-Aldrich), 2
mM L-glutamine (Lonza), and 100 pg mL-1 penicillin-streptomycin (Lonza). HL-1 cells
were expanded and passaged onto 22 mm PDMS-coated glass cover slips and allowed to

expand for 72 hours prior to mapping analysis.

Optical mapping of cells

Optical mapping was performed on confluent HL-1 cell monolayers 72 hours
post-seeding on PDMS-coated cover slips. A working concentration of Rhod-2 AM
(Invitrogen) intracellular calcium staining dye was prepared by combining 5 ul of 1 mM

Rhod-2 AM stock solution, 5 pl of 1% Pluronic F-127 into 1 ml of Tyrode’s solution.
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Samples were incubated in calcium indicator solution at room temperature for 20 min and
subsequently rinsed with Tyrode’s solution prior to imaging.

Recordings of calcium wave propagation across the HL-1 cell sheets were
acquired using the microscopic and macroscopic imaging systems. Propagating calcium
waves were recorded in Tyrode’s solution at room temperature (22 °C) in the presence
and absence of exogenous stimulation (i.e., spontaneous wave propagation). For each
film, a minimum of three recordings were taken with an average length of 10 sec at a rate
of approximately 500 frames per second. Data was analyzed using a modified version of
a previously established MATLAB (MathWorks, Natick, MA) script. Using this script,
calcium transient velocity, calcium transient duration (time to 50% recovery), and

calcium wave frequency were quantified for each condition.

3.3.  Results
Evaluation of system efficacy

As an initial determination of equipment performance, samples of HL-1
cardiomyocytes were evaluated using the microscopic and macroscopic imaging systems.
Recordings of HL-1 monolayers collected using the microscopic apparatus show capture
of 5.8 x 5.8 mm? samples at 108 frames per second. Incorporation of the Optomask lens
system in conjunction with the CCD camera allowed for capture of calcium waves within
smaller sample areas using greater acquisition speeds. The acquisition hardware also
demonstrated efficacy within the macroscopic system, which supported capture of

calcium signaling for samples of 3.8 x 1.2 mm? at 503 frames per second.
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Optimization of system parameters

In order to maximize the spatiotemporal resolution of the mapping system, a
series of video recordings were collected for different conditions using the macroscopic
and microscopic imaging systems. In the evaluation of the macroscopic apparatus, videos
were captured using the full field of view of the sample area (2.75 x 2.75 cm) and using a
representative area (2 x 1 cm) which was masked either horizontally or vertically (Fig
3.6). Full field of view recordings demonstrated a non-multiplicative increase in FPS
when the binning was increased from 0x to 2x to 4x (109.2, 207.9, and 377.0 FPS,

respectively).
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Figure 3.6. Macroscopic imaging apparatus acquision rate at varying masking
orientations and binning sizes.

The masking orientation demonstrated a pronounced effect on total FPS captured with
each recording; videos captured using a horizontally-positioned mask contained frame
rates that were over 19% greater than equivalent videos captured with a vertically-

positioned mask (567.0 vs. 475.5 FPS). This disparity in frame rate between horizontally-
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and vertically-oriented acquisitions was further exacerbated when increasing the binning
to 4x (a 51.8% difference was observed between conditions). Increasing the vertical shift

speed (from 0.5 to 0.3 ps) was able to partially ameliorate the disparity between masking

conditions (Fig. 3.7).
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Figure 3.7. Percentage increase in FPS when using horizontal over vertical masking.

While the horizontally-masked videos demonstrated a 2.5-8.5% (0x to 4x bin) increase in
FPS, the vertically-masked videos showed a 7.3-19.6% increase in FPS by increasing the

vertical shift speed (Fig. 3.8).
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Figure 3.8. Percentage increase in FPS when using 0.3 over 0.5 ps shift speed.

Because an equivalent acquisition system was utilized for both imaging platforms,
it was anticipated that similar trends involving masking orientation and shift speed would
be observed for videos captured using the microscopic apparatus. To better identify
additional trends in capture rate, a series of recordings were taken at different size
intervals, at different masking orientations, and utilizing different objectives. Capturing
the full field of view yielded frame rates of 55.5 to 201.7 FPS as the binning was
increased from Ox to 4x (Fig. 3.9); little change in frame rate was observed through
adjustment of the vertical shift speed (55.9 to 210.8 FPS for Ox to 4x bin). However, on a
per pixel basis, videos acquired at the full field of view using the 4x bin provided only

22% as much data as videos captured using Ox bin setting (Fig. 3.10).
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Figure 3.9. Full field FPS captured using the microscopic imaging apparatus at different
shift speeds and bin settings.
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Figure 3.10. Full field pixels per second captured using the microscopic apparatus at
varying shift speeds and bin settings.

Videos captured using a 2x objective at different size scales demonstrated the

effects of masking and vertical video height on the total speed of acquisition. As
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expected, videos captured using horizontal masking contained consistently higher FPS
than vertically-masked videos of equivalent measureable area (with the exception of 3x1

mm) (Fig. 3.11).

2000 -
1800 -
1600 -
1400 -
1200 -
1000 -
800 -

600 -

400 -

200 - ﬂ " "

o /m B [H N '’ |®”B |8
5x2 5x1 4x2 4x1 3x1 3x05 2x1 2x0.5

Viewing Area (mm)

OHorizontal Mask
m Vertical Mask

2x Objective FPS

Figure 3.11. Effect of masking orientation on frame rate at different viewing areas.

However, it was observed that the frame rates of horizontally-masked recordings were
dependent almost entirely on the number of vertical pixels; these videos produced the
same frame rates independently of the number of horizontal pixels (for horizontal sizes

5x1, 4x1, and 3x1 mm, and for 5x2 and 4x2 mm) (Fig. 3.12).

85



0x bin
= 2x bin
1000 - m 4x bin

2x Objective FPS

5x2 5x1 4x2 4x1  3x1 3x05 2x1 2x05
Viewing Area (mm)

Figure 3.12. Effect of viewing area and bin setting on horizontally-masked frame rate.

Adjusting the objective size to accommodate the same visualized area (0.5x1 mm)

produced the expected pixel number-dependent reduction in FPS as the objective was

changed between 2x to 4x to 10x (Fig. 3.13).
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Figure 3.13. Effect of masking orientation and objective size on frame rate. Videos were
acquired from a 1 x 0.5 mm region.

Optical mapping of cardiomyocytes

In order to evaluate the efficacy of the optical mapping platform, calcium wave
propagations were captured from HL-1 cardiomyocyte monolayers using the microscopic
and macroscopic imaging systems. Spontaneously propagating calcium waves captured
using the microscopic system demonstrated similar transient velocities in comparison to
those captured using the macroscopic system (0.26 £ 0.03 vs. 0.62 £ 0.67 cm/s).
Furthermore, the calcium transient duration at 50% (604.8 + 102.5 ms) and 80% (767.2 +
117.6 ms) acquired using the microscopic system was also consistent with values
obtained using the macroscopic system (50%: 418.7 £ 242.3 ms, 80%: 480.0 + 288.8
ms). HL-1 cardiomyocytes were able to be successfully paced up to 1 Hz using

exogenous stimulation in both systems.
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3.4.  Discussion

The purpose of this work was to create an adaptable multi-scale, multi-platform
optical mapping system using frequently-available research hardware. This equipment
represents a viable alternative to other custom or commercially available platforms,
capable of quantifying mapping data from a range of different cardiac samples at macro-
or micro-scale size ranges. Furthermore, fabrication of this system was carried out using
laboratory equipment that is frequently available, with the addition of a relatively small
number of easily-attainable components. Together, the ability to fabricate an optical
mapping platform with these parameters provides not only a tool to acquire data from a
wide gamut of different samples, but also offers an affordable means for researchers who
want to enter into the field of optical mapping.

Existing optical imaging platforms, while effective at obtaining mapping data, are
often limited to specific applications, such as acquisition of a single data type from a
particular kind of sample. To address this limitation, additional work by others has led to
the creation of more complex mapping systems capable of acquiring multiple data types,
including capture of dual calcium-voltage data (Lee, Klos et al. 2012, Scull, McSpadden
et al. 2012) and simultaneous voltage-mechanical movement data (Bourgeois, Bachtel et
al. 2011). However, the creation of an existing optical mapping system into a flexible
platform capable of acquiring data from a diverse range of sample types is a relatively
novel concept in practice. In contrast, the described mapping system provides a means for
quantifying electrophysiology for samples that were not previously compatible with a
number of existing systems. The Andor iXon Ultra 897 CCD camera was selected

specifically for this setup because it maintains high sensitivity to emitted light and
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supports adjustable resolution at high frame rates via Optomask-assisted sensor cropping.
Furthermore, the ability to mount the camera in a large-scale platform (in addition to a
microscope port) allows for sampling from a wide range of different scales.
Benchmarking of the acquisition equipment validates the flexibility of the
mapping system for obtaining data from a range of sample sizes. The engineered
macroscopic mapping apparatus is capable of obtaining frame rates of the entire internal
chamber (2.75x2.75 cm) in excess of 400 FPS (using 4x binning at 0.3 ps vertical shift
speed). Furthermore, horizontally- and vertically- masked sections (2 x 1 cm) were
capable of acquiring videos in excess of 500 FPS without the loss of resolution through
binning. The authors established this size scale (184 x 92 pixels) as the minimum
working resolution for the macromapping system due to challenges associated with
analysis of smaller resolutions at this physical size scale. Because some samples could
require sampling using a specific orientation, it was important to establish the
relationship between masking direction and frame rate. Since CCD cameras are designed
to scan horizontally, it was expected that horizontal masking would allow for faster data
acquisition in comparison to vertically-masked videos. This increase in speed was
between 19 and 52% depending on the binning conditions. This disparity in frame rate
can be reduced by increasing the vertical shift speed; adjusting the vertical shift speed
was able to increase the total frame rate by 7.3 to 19.6% for vertically-masked videos. In
order to stabilize the signal at a higher vertical shift speed, the camera voltage was
overclocked using the smallest setting available (+1); higher overclock settings are not
recommended, as this will cause signal distortion between adjacent pixels, reducing the

accuracy of the data analysis.
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Evaluation of the acquisition system using the micro-scale apparatus revealed
similar trends in FPS and masking orientation. In general, horizontally-masked videos
contained higher frame rates than vertically-masked videos of the same size. Adjusting
the vertical shift speed increased the FPS, with a greater improvement observed among

vertically-masked videos.

5 x 1 mm Acquisition

1200 - - 1.40E+07
1000 - - 1.20E+07
- 1.00E+07
800
600
— 6.00E+05 —®=FPFS
400
- 4.00E+06
200 1 - 2. 00E+06
0 - . . . L 0.00E+00
0x bin 2% bin 4x bin ¥
2 x 1 mm Acquisition
2000 - - 1.00E+07
1800 - - 9.00E+06
1600 - - 8.00E+06
1400 - T.00E+06
1200 - - 6.00E+06
——FPS
1000 - - 5.00E+06
——PPS
800 - - 4.00E+06
600 - - 3.00E+06
400 - - 2. 00E+06
200 - - 1.00E+06
0 - L 0.00E+00

Ox bin 2x bin 4x bin

Figure 3.14. Frame rates (left, FPS) and total pixel acquisiton rates (right, PPS) from
videos collected with a 2x objective. Dashed line represents a 500 FPS cut-off speed.

While adjusting the physical acquisition area, it was observed that video FPS was almost

entirely dependent on the number of vertical pixels; this allows for the acquisition of
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videos of large, narrow regions without significant loss in frame rate. For this reason, a 5
x 1 mm (448 x 90 pixels) and a 2 x 1 mm (180 x 90 pixels) region of interest (using a 2x
objective) are recommended as the optimal size ranges depending on the sample and
required rate of acquisition (Fig. 3.14).

A series of recordings taken of a specific physical range (1 x 0.5 mm) highlights
the relationship between lost frame rate and increased resolution when progressing from a
2x to a 10x objective (Fig. 3.15). More importantly, this ability to acquire data with
multiple objectives allows for fine-tuning of system parameters depending on the

required resolution and inherent conditions of each sample (Fig. 3.16).
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Figure 3.15. Relationship between FPS (left, bars) and resolution (total pixels, dots) when
acquiring the same sized samples using different objectives.
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Figure 3.16. Images of HL-1 cardiomyocytes taken at different objective and bin settings.
Scale bar represents 0.1 mm.

Analysis of calcium transients captured using the macroscopic and microscopic
imaging systems demonstrates the range of sample sizes that can be processed using the
novel mapping apparatus. A comparison of calcium transients recorded using each
system reveals consistency among calcium transient velocities and calcium transient
durations of HL-1 cardiomyocyte monolayers; analysis shows values of calcium transient

velocities and durations to be on the same order of magnitude when data is collected from
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either system. A small increase in calcium transient velocity was observed among
recordings collected using the macroscopic system in comparison to those collected using
the microscopic apparatus. While this change may be attributed to inherent variability
among samples, the ability to evaluate larger areas of the HL-1 cardiomyocyte monolayer
may have also contributed to this measured difference in calcium transient velocity. This
ability to acquire and quantify data among larger sample areas underlines the value of the

macroscopic apparatus and may be necessary for accurate evaluation of certain sample

types.

3.5.  Conclusions

The goal of this work was to develop a flexible optical mapping platform capable
of acquiring data from samples of different size scales. Furthermore, it was of interest to
construct this apparatus using commonly utilized laboratory equipment, making the
construction of the system feasible for a wide range of research groups. A CNC-
fabricated mapping chamber was fabricated to operate between a microscopic and
macroscopic imaging apparatus. A CCD camera used in conjunction with an Optomask
relay lens provided a method for acquiring video recordings at varying size scales and
frame rates. Together, this device provides a novel system for capturing optical mapping

data.
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4. ENHANCED STEM CELL-DERIVED CARDIOMYOCYTE
DIFFERENTIATION IN SUSPENSION CULTURE BY DELIVERY OF
NITRIC OXIDE USING S-NITROSOCYSTEINE

4.1. Introduction

Heart disease has emerged as the leading cause of mortality among people living
in developed nations, with coronary heart disease being responsible for approximately
one in six deaths in the United States alone (Go, Mozaffarian et al. 2013). Chronic
shortages of donor organs, coupled with the questionable long-term reliability of artificial
hearts and ventricular assist devices have prompted the development of alternative
treatments, such as novel cell therapies, to augment current methods for treating patients
with heart disease. Interest in creating functional engineered heart tissue has led to further
advancements in the design of cardiac constructs capable of integrating or repairing
damaged myocardium in vivo, or emulating specific diseased phenotypes for in vitro
diagnostic testing of pharmaceutical drug efficacy and toxicity (Wang and Guan 2010,
Itzhaki, Maizels et al. 2011, Park, Larson et al. , Pok and Jacot 2011, Nunes, Miklas et al.
2013). Despite these developments, the ability to generate the quantities of functional
cardiomyocytes necessary for clinical and diagnostic research applications remains an
elusive goal. Pluripotent stem cells, with their ability to replicate indefinitely while
maintaining the potential to differentiate into cell types from all three germ layers, hold
promise in a multitude of tissue engineering applications, including myocardial repair
(Zimmermann, Schneiderbanger et al. 2002, Serena, Figallo et al. 2009, W. Limpitikul
2011, Christoforou, Liau et al. 2013). While pluripotent stem cells have been heralded as
a promising solution for treatment of heart disease, cardiomyocytes created from these

cells often exhibit electromechanical properties which are markedly different from those
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in native tissue; such differences would effectively disqualify the use of these cell types
for regenerative cardiac clinical therapies and limit their usefulness as a diagnostic
platform (Liau, Zhang et al. 2012). However, the ability to manipulate the behavior of
these cell types during differentiation, such as through the induction of cardiogenic
signaling pathways, may provide a platform for influencing the maturation of stem cell-
derived cardiomyocytes (SC-CMs), vyielding populations of cells which exhibit
physiologically-relevant electromechanical properties. Enhanced electrical conduction,
preferably anisotropic in nature, resilient mechanical structure and elongated shape of in
vitro-derived cardiomyocytes would ultimately reduce the risk of arrhythmia formation
and increase cardiac output post-implantation.

Although a number of methods have been utilized to differentiate pluripotent cells
down the cardiomyocyte lineage (Burridge, Keller et al. 2012, Zwi-Dantsis and Gepstein
2012, Kadari, Mekala et al. 2014), many of these approaches are not readily scalable and
the resulting cells are generally electrophysiologically immature. Immature
cardiomyocytes may be characterized by a rounded and undersized morphology,
incomplete calcium handling, and circumferential gap junction expression or organization
resulting in reduced cell-cell coupling and slower calcium transient and electrical
propagation (Robertson, Tran et al. 2013, Yang, Pabon et al. 2014). The use of electrical
pacing or mechanical stretching of cells (W. Limpitikul 2011, Wang, Wang et al. 2013)
and the use of chemical stimulation (Mummery, Zhang et al. 2012, Lian, Zhang et al.
2013, Lieu, Fu et al. 2013) to activate signaling pathways through supplementation of
soluble growth factors, have shown beneficial effects for directing non-fated cells toward

specific cardiac cell types, and, more importantly, for enhancing cardiomyocyte maturity
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(Nunes, Miklas et al. 2013). Methods used by others to guide cardiac differentiation
include: exposure to hypoxia (Millman, Tan et al. 2009, Niebruegge, Bauwens et al.
2009), mechanical stimulation (Schmelter, Ateghang et al. 2006), electrical pacing (W.
Limpitikul 2011, Wang, Wang et al. 2013), or the introduction of signaling factors such
as BMP-4 and ascorbic acid (Lieu, Fu et al. 2013). While these previous studies have
demonstrated the efficacy of directed electromechanical and chemical stimulation, these
approaches face significant challenges in scale-up due to implementation and cost
constraints. Therefore, creation of an inexpensive, suspension-based cardiogenesis
platform is crucial for advancing the capabilities of large-scale cell culture vessels for
cardiac tissue engineering (Niebruegge, Bauwens et al. 2009, Sargent, Berguig et al.
20009, Jing, Parikh et al. 2010).

Whereas many of the described techniques are effective at cardiac differentiation
in static culture environments, cell signaling via electrical and mechanical pacing or
growth factor delivery is often limited by lack of homogeneity in cell stimulation, poor
diffusivity of soluble factors, and high implementation cost in larger suspension culture
systems. One potential option for inducing cardiac differentiation of stem cells, by
overcoming these drawbacks, is through the delivery of nitric oxide (NO)-donating
compounds. NO, a free radical gas with a relatively short half-life, is a potent signaling
molecule responsible for a multitude of physiological operations including: vasodilation,
neurotransmission, inflammation, inhibition of platelet activation, and direction of
developmental and stem cell differentiation processes (Pelster, Grillitsch et al. 2005,
Conti, Russomanno et al. 2013). Additionally, NO is known to play important roles in the

pathology of certain diseases, while also simultaneously controlling several aspects of
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healthy cardiovascular physiology. NO is synthesized naturally by the catalytic oxidation
of L-arginine via upregulation of nitric oxide synthase (NOS) in response to changes in
physical stress, intracellular ion concentrations, and extracellular matrix signaling.
Binding of NO to the heme complex within the enzyme soluble guanylyl cyclase (sGC)
leads to the conversion of guanosine triphosphate (GTP) into cyclic guanosine
monophosphate (cGMP). In turn, cGMP further regulates gene expression, ion channel
activity, and other signaling pathways (i.e. phosphate kinase G (PKG)) within the
developing cardiomyocyte. Evidence has shown that inhibition of the NO-sGC signaling
pathway leads to a marked decrease in the number of cardiomyocytes generated through
differentiation (Kanno, Kim et al. 2004), further demonstrating the importance of the
pathway in proper cardiomyocyte development. Previous studies have correlated the
increase in spontaneous contraction of SC-CMs or embryoid bodies (EBs) with treatment
from NO-donating compounds or sGC activators (Kanno, Kim et al. 2004, Mujoo, Sharin
et al. 2008); however, these experiments did not examine the effects of NO on cardiac
function and maturation. Further investigation is required to determine whether NO-
donating compounds can be used to direct stem cells into electrophysiologically-
consistent cardiac phenotypes, particularly in suspension culture systems.

The overall goal of this study was to establish the effects of NO donor addition on
the yield and function of SC-CMs. We hypothesized that the addition of an NO donor
during the course of differentiation would lead to higher yields of cardiomyocytes with
well-developed structural and electrical properties. The concentration dependent effect of
NO donor addition was quantified through changes in spontaneous contractile activity.

Immunostaining, quantitative PCR, and calcium transient analysis were performed to
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characterize the effects of the NO donor supplementation on the structural and functional

phenotypes of these differentiated cell types.

4.2.  Materials and Methods
All materials were obtained from Sigma-Aldrich (St. Louis, MO) unless labeled

otherwise.

Expansion and differentiation of embryonic stem cells

A D3 mouse embryonic stem cell (mESC) line (kind gift of Drs. L. Tung and J.
Gearhart), genetically modified for neomycin resistance on an a-MHC promoter, was
used in all experiments (Klug, Soonpaa et al. 1996, W. Limpitikul 2011). Cultures of
undifferentiated mESCs were expanded and maintained on mouse embryonic fibroblast
(mEF) feeder layers (mitotically inactivated using gamma irradiation) in mESC culture
medium containing: DMEM (Lonza, Walkersville, MD) with 10% (v/v) ESC-defined
fetal bovine serum (FBS, Atlanta Biologicals, Norcross GA), 2 mM Glutamax (Gibco,
Life Technologies, Grand Island, NY), 100 uM non-essential amino acids (Gibco), 1 mM
sodium pyruvate (Gibco), 50 pg/mL gentamicin sulfate (Lonza), 55 uM B-
mercaptoethanol (Gibco), and 103 U/mL leukemia inhibitory factor (LIF, Millipore,
Billerica, MA). Prior to initiating differentiation, feeder layers were removed and
mESCs were further expanded on gelatin-coated plates. Embryoid bodies (EBs) were
formed via hanging drop method (at ~1000 cells per EB); after 48 hours EBs were
collected and transferred into poly(hydroxyl)ethyl-methacrylate (poly(HEMA))-coated
dishes. Ascorbic acid (at a working concentration of 570 uM) was added to culture media

to facilitate cardiac differentiation. Media without ascorbic acid (non-treated control) was
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used for all flow cytometry experiments so as to not bias results. Media was replaced in

each dish after 96 hours of culture time.

Preparation and treatment of NO donor

A soluble NO donor was created and administered as the source of NO for use in
cell signaling during differentiation. S-nitrosocysteine (CysNO) was prepared by
adjusting a solution of L-cysteine and sodium nitrite in HEPES buffered saline (HBS) to
pH 2 at 37°C for 30 min. A sterile-filtered, working stock of CysNO was adjusted to a pH
7.4 and administered at two different concentrations (50 uM and 100 uM) to separate
populations of EBs in cell culture media; the volume of HBS added to each cell group

was kept equal.

Selection of SC-CMs | | No-donor adion |
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SRR RN T
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Day 2: Day 25-27:
Transfer EBs Calcium mapping of
to suspension Day 8: dissociated SC-CMs
Dissociation of EBs;

formation of monolayers for
Day O: calcium mapping
Formation of
EBs via hanging
drop method

Day 18:
RNA isolation for PCR

Figure 4.1. Timeline of CysNO delivery and experiments.
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To assess release of NO, CysNO was also added to HBS and incubated at 37°C; release
of NO was characterized via Griess assay (Kushwaha, Anderson et al. 2010), a
colorimetric assay which detects the presence of organic nitrites; results were quantified
using a plate reader at an absorbance of 540 nm. EBs were treated with CysNO every 48
hours through day 18 in culture (Fig. 4.1). To block endogenous NO production by
cGMP, a solution containing NOS inhibitor L-NAME (1 mM) was prepared in HBS and
used in the treatment of one group of EBs. Treatment with HBS alone was also included

as a control group.

Assessment of cell viability in response to CysNO treatment

Following CysNO treatment, the viability of differentiated cells was assessed; this
is relevant due to the fact that, NO acts as a cell signaling molecule at low concentrations
and is cytotoxic at high concentrations. On day 21, EBs from each treatment condition
were incubated in Live/Dead® reagent (Invitrogen, Carlsbad, CA), containing calcein-
AM and ethidium homodimer-1, for 30 minutes. Live cells are characterized by
intracellular esterase activity which cleaves the calcein-AM to form fluorescent green
calcein. Dead cells are identified by presence of red fluorescent ethidium homodimer-1,
which enters the cytosol through the ruptured cell membrane and binds to nucleic acids.
EBs were imaged using an inverted fluorescence microscope (Nikon Eclipse Ti-U) and
an Andor Luca S camera. Viability of EBs was quantified using the 3D Object Counter
plugin in ImageJ software (NIH). For each condition, a minimum of 5 EBs were assessed

to determine viability.
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Characterization of spontaneous contractile activity, size, and morphology of EBs
Spontaneous contractile activity assessment provides the ability to track cardiac
differentiation (Niebruegge, Bauwens et al. 2009). EBs in suspension culture were
observed for spontaneous contractile activity using visual microscopy. At each time
point, data was collected prior to media change and the addition of fresh CysNO, thereby
eliminating the effects of any actively released NO during observations. Measurements
were carried out over days 8 through 14 and percentage of spontaneously contracting
EBs, as well as the frequency of contractions, were recorded for each condition. For each
condition, a minimum of 3 differentiation batches, each containing at least 30 EBs, were
assessed at each time point to determine percentage of contracting EBs. Frequency of
contraction was assessed by examining video recordings of contracting EBs and
averaging the number of contractions over a 30 s period; a minimum of 8 EBs per day per
condition were quantified from at least 4 differentiation batches. To determine the effect
of CysNO treatment on EB morphology, phase contrast images were taken of EBs on
days 5, 10 and 14. EB size and sphericity was quantified using ImageJ; a minimum of 30

EBs per condition were quantified from at least 3 differentiation batches.

Analysis of cardiomyocyte population with flow cytometry

On day 8, EBs were dissociated into single cells for use in flow cytometry
analysis. Samples of EBs underwent a 90 min incubation in a defined dissociation
solution containing: potassium chloride (5.4 mM), magnesium sulfate (5 mM), sodium
pyruvate (5 mM), glucose (20 mM), taurine (20 mM), HEPES (10 mM), type 2
collagenase (Worthington, 1 mg/mL), and calcium chloride (30 uM) (pH 6.9), followed

by 5 minute incubation in 0.25% trypsin; all cells were singularized by pipetting.
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Approximately 5x10° cells were incubated in 1 pL Zombie-NIR viability dye
(BioLegend) for 15 min prior to neutralization using a 10% FBS solution. Dissociated
cells were then incubated in 4% (vol/vol) paraformaldehyde (Electron Microscopy
Sciences) for 20 minutes at room temperature. Cells were subsequently incubated in 90%
(vol/vol) cold methanol (Fisher Scientific) at 4 °C for 15 minutes. Cells were washed with
10% (vol/vol) FBS in PBS, followed by incubation in primary antibody (cardiac troponin
T (cTnT), Thermo Fisher Scientific) diluted in 1% (vol/vol) FBS and 0.1% (vol/vol)
Triton X-100 in PBS at 4 °C overnight. Cells were then washed with 1% (vol/vol) FBS
and 0.1% (vol/vol) Triton X-100 in PBS and incubated in 100 uL secondary antibody
(Alexa Fluor 488 goat anti-mouse, Invitrogen) diluted in 1% (vol/vol) FBS and 0.1%
(vol/vol) Triton X-100 in PBS for 30 minutes at room temperature. Labeled cells were
washed with 1% (vol/vol) FBS and 0.1% (vol/vol) Triton X-100 in PBS and resuspended
in 10% (vol/vol) FBS in PBS. Analysis was carried out using BD Accuri and FlowJo

software.

Dissociation of stem cell-derived cardiomyocytes

Dissociation of EBs was performed to create monolayers of SC-CMs for
immunocytochemistry and calcium transient analysis (Kehat, Kenyagin-Karsenti et al.
2001). Briefly, PDMS-coated glass coverslips were prepared using a spin coater and
sterilized overnight in ethanol. After drying the coverslips with a nitrogen gun, a solution
of PBS containing fibronectin (25 pL/mL) was added on the coverslips and incubated at
room temperature for 1 hour. EBs from control and CysNO-treated populations were
rinsed with PBS; EBs were then agitated in dissociation solution in a 37°C water bath for

45 min. In order to maximize recovery of SC-CMs, the digested material was further
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agitated in a resuspension solution containing: potassium chloride (85 mM), potassium
phosphate dibasic (30 mM), magnesium sulfate (5 mM), EGTA (1 mM), magnesium-
ATP (2 mM), sodium pyruvate (5 mM), creatine (5 mM), taurine (20 mM), and glucose
(20 mM) for an additional 15 min. After centrifugation and resuspension in media, the
cell suspension was dispensed at approximately 1x10° SC-CMs per cm? onto the sterile,
PDMS-coated glass cover slips in well plates. To ensure cellular confluency on the
material surface, SC-CMs in concentrated suspension were allowed to adhere for four

hours prior to filling wells with additional media.

Analysis of protein expression with immunocytochemistry

Monolayers of SC-CMs were subjected to immunocytochemistry to identify
expression patterns of cardiac-specific proteins. Monolayers of SC-CMs were selected
for cardiomyocytes by addition of 16 pL/mL of G418 neomycin in culture media starting
at 48 hours and continued through 96 hours post-dissociation. Selected SC-CMs were
fixed using a 50:50 mixture of ethanol and acetone, permeabilized using a 0.1% Triton X-
100 solution in PBS, and blocked using a 10% solution of FBS in PBS. SC-CMs were
subsequently incubated with rabbit-anti-connexin-43 antibody (1:200, Sigma) and either
mouse-anti-a-sarcomeric-actinin (1:400, Sigma) or mouse-anti-cardiac troponin | (1:200,
Millipore) for 3 hours at room temperature. After washing, SC-CMs were incubated in
secondary antibodies, Alexa Fluor 488 goat-anti-rabbit (1:200, Invitrogen) and Alexa
Fluor 568 goat-anti-mouse (1:200, Invitrogen), for 2 hours at room temperature. SC-CMs
were counterstained with DAPI (1:36000 from stock, Invitrogen), dehydrated and
mounted in Prolong Gold (Life Technologies). Images were captured using confocal

microscopy (Nikon Al Confocal Scanning Laser Microscope).
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Quantification of gene expression with gPCR

To identify the effect of NO on the genetic phenotype of cell types resulting from
differentiation, populations of EBs were treated with CysNO as described previously.
RNA was isolated from 5 separate differentiation batches from day 18 EBs using
MicroElute Total RNA Kit (Omega Biosciences, Norcross, GA). Briefly, EBs were
physically disrupted in lysis buffer prior to homogenization (homogenization columns,
Omega Biosciences); RNA was isolated and purified according to the manufacturer’s
instructions. The concentration of diluted RNA was determined via spectroscopy
(NanoDrop, Thermofisher) prior to synthesis of cDNA (gScript cDNA SuperMix, Quanta
Biosciences, Gaithersburg, MD). Quantification of genes was carried out via gPCR using
a SYBR green amplification kit (PerfeCTa SYBR Green SuperMix, Quanta Biosciences).
Thermocycler settings for PCR were 95°C for 5 minutes, followed by 40 cycles of
amplification at 95°C for 10 seconds, and 53°C for 30 seconds. GAPDH was used as a
housekeeping gene for all trials. Analysis of gene expression was carried out using the

AACt method. A list of all primers used for quantification is available in Table 4-1.

Table 4-1. Primers for qPCR

Gene Forward Reverse

Cx43 GGTGGACTGCTTCCTCTCAC ATCGCTTCTTCCCTTCACG
oaMHC CTTCAACCACCACATGTTCG TGTCATACAGCTTGGCCTTG
BMHC GCCAAAACACCAACCTGTCCAAGTTC | CTGCTGGAGAGGTTATTCCTCG
Cavl.2 ATGATTCGGGCCTTTGTTCAG TGGAGTAGGGATGTGCTCG
Serca2a | AAGCTATGGGAGTGGTGGTG GCAATGCAAATGAGGGAGAT
GAPDH | GAAGGGCATCTTGGGCTAC GCCTCTCTTGCTCAGTGTCC
RyR2 TGAGTTCCTGCTGTCCTGTG CTCTGCCAACTCCAAGAAGG
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Assessment of calcium handling

To assess changes in the electrophysiological function of SC-CMs differentiated
in the presence of NO, calcium transients of SC-CMs were characterized (Ding, Zou et
al. 2006). Monolayers of SC-CMs were selected for cardiomyocytes by addition of 16
pL/mL of G418 neomycin in culture media starting at 48 hours and continued through 96
hours post-dissociation. Selected SC-CM monolayers were stained using 1 mM Fura-
2AM dye in DMSO (5 pL/mL media) for 30 minutes. Slides were immediately washed
with Tyrode’s Solution and transferred to an lonOptix Myocyte Calcium and
Contractility Recording System (lonOptix, Milton, MA). Cells were initially paced at the
minimum threshold voltage at 0.5 Hz; pacing frequency was increased until reaching the
maximum capture rate, the highest frequency at which a 1:1 correspondence between
pacing and cell response was observed. Recordings of contracting cells were taken over
a period of at least 60 seconds. A total of 12 calcium transients per condition were
assessed using samples from at least 3 separate differentiations.

Recordings of spontaneously propagating calcium waves of SC-CM monolayers
were acquired using optical mapping. The calcium dye was prepared by adding 5 pl of
100 uM Rhod-2 (Invitrogen) and 5 pl of Pluronic/ml to Tyrode’s solution. 1 ml of this
solution was added to each well and allowed to incubate at room temperature for 20
minutes before rinsing with Tyrode’s solution. Videos of propagating calcium waves
were recorded at room temperature (22°C) without exogenous stimulation (i.e.,
spontaneous contraction). After recording, the samples were analyzed using a modified
version of a previously described MATLAB (Mathworks, Natick, MA) script (Lim,

Maskara et al. 2006, Weinberg, Lipke et al. 2010). Using this script, samples were
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analyzed for calcium transient velocity, calcium transient duration (at 50% and 80%

repolarization), and calcium transient frequency.

Statistical analysis

All data is presented as means + standard deviations. Statistical analysis was
carried out using Minitab software (State College, PA). Multivariate differences between
groups were identified using 2-way ANOVA followed by Tukey’s test for multiple
comparisons. Univariate differences between groups were determined using a two-tailed,
unpaired Student’s t-test. The normality of each condition was determined using the
Anderson-Darling Normality Test; the assumption of normality was confirmed for
individual treatments at each time point for use in ANOVA. Significance was determined
in cases where p < 0.05. Unless otherwise noted, a minimum of 3 samples per condition
from at least 3 differentiation batches were evaluated. All figure error bars represent

standard deviations.

4.3. Results
Analysis of NO delivery from CysNO

Because NO has a half-life of only a few seconds when administered in a gaseous
form, a NO-donating compound was generated to extend the release time of the molecule
(Liu, Miller et al. 1998). CysNO, an S-nitrosothiol NO donor, was selected for this study,
to mimic the release characteristics of NO in native physiology; in vivo systems rely on
S-nitrosothiols for NO storage, transport, and metabolism, as well as mediation in NO-
signaling pathways (Seneviratne, Godoy et al. 2013). In order to evaluate duration,

release profile and total concentration of NO released, delivery of NO from CysNO was
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quantified by measuring changes in nitrite concentration using the Griess assay. NO
release curves for solutions of HBS containing 50 puM or 100 uM CysNO at 37°C are

shown in Figure 4.2.
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Figure 4.2. Profile and extent of nitric oxide release was characterized for 50 and 100 pM
CysNO solutions in HBS using the Griess assay.

Analysis of nitrite concentrations in solution via Griess assay indicated 90% to 95%
release of NO occurred within 90 minutes with the remaining NO released over the
course of 48 hours. Although this release profile is highly rapid, the effects of NO
released from similar soluble NO-donating compounds have shown lasting effects for 1-2

weeks in culture (Kanno, Kim et al. 2004).

Morphology and viability retained in CysNO-treated EBs

Smooth, dense, highly round EB morphologies have been associated with high
yields of contracting cells. Therefore, as a first assessment of EB response to CysNO
treatment, the size and morphology of EBs was observed over the course of

differentiation. EBs were formed using the hanging droplet method to ensure initial
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uniformity. To confirm consistency of EB morphology and size between treatment
conditions over time, EBs were visualized using phase contrast microscopy.
Representative images taken on day 7 are shown in Figure 4.3. EB size on days 5, 10, and

14 was quantified for the control and 100 uM CysNO-treated samples (Fig. 4.3).
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Figure 4.3. (i) CysNO treated EBs were morphologically-consistent with (ii) control EBs.
Scale bars represent 500 pum.
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Average EB size was consistent between control (D5: 0.180+0.090 mm? D10:
0.245+0.140 mm?, D14: 0.300+0.155 mm?) and CysNO-treated EBs (D5: 0.170+0.070
mm?, D10: 0.290+0.150 mm? D14: 0.350+0.220 mm?) on each day. Additionally, no
significant difference was observed for the sphericity of control EBs (D5: 0.940+0.030,
D10: 0.920+0.050, D14: 0.900+0.070) or CysNO-treated EBs (D5: 0.940+0.020, D10:

0.930+0.035, D14: 0.930+0.045) on each day (data not shown).

LIVE DEAD Overlay

100 uM
CysNO Control

1T mM
L-NAME

Figure 4.4. CysNO and L-NAME EB:s stained with LIVE/DEAD reagent. Scale bars
represent 200 pm.
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The effect of NO on cellular function is concentration and cell type dependent;
NO acts as an important cell signaling molecule at lower concentrations and as a
cytotoxin at higher concentrations. It was therefore important to determine whether
treatment with CysNO or the NOS inhibitor L-NAME resulted in differing numbers of
viable cells within EBs. After analysis of Live/Dead stained images, high cell viability
was observed for all treatment groups (Fig. 4.4) with no quantitative difference in
viability observed between CysNO- (94.4+4.6%) or L-NAME-treated EBs (94.1+2.4%)

and the control EBs (92.2+4.8%) (Fig. 4.5).
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Figure 4.5. CysNO and L-NAME treatment had no effect on cellular viability.

Spontaneous contractile activity increased in NO-treated EBs

The percentages of spontaneously contracting EBs and the frequencies of
contraction were evaluated for populations of suspension-cultured EBs treated with either
CysNO or L-NAME. The percentage of spontaneously contracting EBs was dependent

both on treatment condition and the time elapsed since initiation of differentiation. Some
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populations of EBs elicited spontaneous contraction as early as 6 days after the onset of
differentiation and every group demonstrated pronounced contraction by day 8. By day
14, many of the EBs within each treatment group demonstrated a reduction in
spontaneous contractile activity (or complete absence of contraction), as is typical in
static suspension culture (Shafa, Krawetz et al. 2011). NO treatment was able to partially
ameliorate this reduction in contractile activity of suspension-cultured EBs as detailed
below.

The percentage of EBs exhibiting spontaneous contraction on day 8, ranged from
70% to 85% depending on the treatment and the batch; a slightly higher percentage of
CysNO treated EBs contracted spontaneously (81.0+13.5% and 85.3+11.1% for 50 puM
and 100 pM, respectively) than for control (70.7+£15.1%) or L-NAME (71.4+20.3%)
treated EBs (Fig. 4.6). On day 10, the percentage of EBs exhibiting spontaneous
contraction remained similar to day 8 for all conditions. By day 12, however, the
percentage of EBs exhibiting spontaneous contraction was lower, particularly for control
and L-NAME treated EBs where only approximately 45% and 42%, respectively, still
exhibited spontaneous contraction. As alluded to above, the percentage of spontaneously
contracting EBs in CysNO treated groups did not decrease as rapidly with time. In
comparison to the control EBs, the percentage of spontaneously contracting EBs
receiving 50 uM or 100 uM CysNO treatment remained higher after 14 days in culture
(control: 42.2+10.7%; 50 uM: 53.5£10.0%; 100 uM: 64.7+17.0%, p*<0.05 compared to
control). The percentage of spontaneously contracting L NAME treated EBs was similar
to control at all time points, with an even slightly lower percentage of spontaneously

contracting EBs by day 14 (35.1+3.3%). On days 10, 12 and 14, the percentage of
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spontaneously contracting EBs in the 100uM CysNO-treated group was statistically
greater than the percentage in the L-NAME treated group and significantly greater than

the percentage of contracting EBs in the control group on day 12 (Fig. 4.6).
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Figure 4.6. Percentage of contracting EBs in culture by day.

Analysis of total cardiomyocyte number via flow cytometry revealed that CysNO-treated
EBs were composed of a significantly greater number of cardiac troponin T positive cells
(100 uM CysNO, 21.5+9.7%) as compared to non-treated control EBs (14.1+7.5%,
p*<0.05) on day 8 (Fig. 4.7). High standard deviations are the result of batch-to-batch
variability, which is typical for this type of static suspension differentiation technique;
however, when compared on a batch-wise basis, CysNO-treated EBs demonstrate a 70%

increase in total cardiomyocyte number over the non-treated control EBs (Fig. 4.8).
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Figure 4.7. Day 8 EBs contain a higher percentage of cardiac troponin T positive cells
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Figure 4.8. Normalized flow cytometry values show a 70% increase in cardiac troponin T
positive cells from EBs with CysNO treatment.

To better visualize time point specific differences in spontaneous contraction

between treatment groups, data from each time point was normalized batch-wise with

respect to control EBs. As shown in Figure 4.9, CysNO treatment during differentiation

resulted in a higher percentage of EBs exhibiting spontaneous contraction at each time
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point. The greatest differences were observed at late differentiation time points. At the
highest concentration CysNO treatment tested (100 pM), the normalized percentage of
spontaneously contracting EBs was significantly higher than that of control group on day
14 and that of L-NAME group on day 10 (1.19+0.14) and day 14 (1.53+0.08, p < 0.05).
Additionally, the 50 uM CysNO treated EBs also experienced a significantly larger
contraction percentage than control or L-NAME EBs on day 14 (1.42+0.03, p < 0.05).
Overall, CysNO treatment resulted in EBs maintaining spontaneous contraction at higher
percentages than controls throughout the course of this study; this increase in percentage

of contracting EBs with CysNO treatment was dose-dependent.
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Figure 4.9. Normalized percentages of contracting EBs by day.

In addition to CysNO treatment enhancing the percentage of spontaneously

contracting EBs, the average frequency of contraction for CysNO-treated EBs was higher
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than that for control or L-NAME treated EBs. As differentiation progressed, trends in the
frequency of contraction differed between treatment groups (Fig. 4.10). All groups
exhibited a similar frequency of contraction on day 8. From day 8 to day 14, the
frequency of contraction of control EBs decreased slightly from approximately 1.3 to 1.1
Hz. In contrast, the frequency of contraction for CysNO-treated EBs trended upward
with time. To make comparisons between conditions on a particular day of
differentiation, frequency of contraction data from each time point was again normalized

by batch against control values (Fig. 4.11).
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Figure 4.10. Frequency of EB contraction by day.

EBs treated with 50 UM and 100 uM CysNO exhibited significant higher spontaneous

contractile frequency on day 14 as compared to control (50um: 1.36+0.39; 100um:
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1.52+0.41). No significant difference was observed in normalized spontaneous contractile
frequency of EBs receiving L-NAME compared to control EBs (1.19+0.41).
Additionally, similar ranges of frequency of contraction were observed among each day
across all groups. In summary, CysNO treatment resulted in EBs exhibiting increased
spontaneous contraction frequencies as compared to control EBs after a period of

approximately two weeks.
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Figure 4.11. Normalized frequency of contracting EBs by day.

Expression of PMHC enhanced via treatment with CysNO
Monolayers of both 100uM CysNO-treated and control SC-CMs (day 18) showed
positive expression of cardiomyocyte proteins a-sarcomeric actinin, cardiac troponin I,

and connexin-43 (Cx43) (Fig. 4.12).

118



cTnl/Cx43/DAPI aSA/Cx43/DAPI

Control

100 uM CysNO

Figure 4.12. Immunocytochemistry images of day 18 SC-CMs. Scale bars represent
100pum.

In order to quantify changes in cardiac gene expression in response to CysNO treatment,
day 18 EBs were harvested and characterized via gPCR (Fig. 4.13). Expression of the gap
junction protein Cx43 as well as the myofibrillar protein aMHC did not change in
response to CysNO treatment. However, BMHC was significantly up-regulated among

CysNO-treated EBs in comparison to control EBs. Consequently, the ratio of MHC to
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aMHC was significantly increased for the CysNO-treated EBs. None of the cardiac genes
which regulate formation of calcium transporter proteins (RyR2, Serca2a, and CaV1.2)

demonstrated changes in expression level in response to CysNO treatment (Fig. 4.14).
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Figure 4.13. CysNO-treated EBs demonstrate significant increase in myosin heavy chain
(MHC) ratio.
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Figure 4.14. Functional gene expression remained unchanged after CysNO addition.
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NO-treated cardiomyocytes demonstrate reduced calcium transient duration

Calcium transients analyzed from day 25 SC-CMs revealed differences in calcium
handling properties in response to NO treatment during differentiation. Calcium traces
collected from SC-CMs (Fig. 4.15) were processed using lonWizard (lonOptix); calcium
transient durations were assessed by measuring the time to reach 50% (T50) and 80%
(T80) calcium transient ratio decline (Fig. 4.16). SC CMs from both control and
treatment populations demonstrated the expected reduction in calcium transient duration
in response to increasing pacing frequency. SC-CMs differentiated in the presence of 100
uM CysNO demonstrated a significant reduction in T80 (0.21+0.08 s) compared to
control SC-CMs (0.32+0.13 s) when paced at 0.5 Hz (Fig. 4.16); no difference in T80
was observed at higher pacing frequencies. NO-treated SC-CMs had an average
maximum capture rate of 1.83 + 0.86 Hz, which was not statistically different than the

maximum capture rate of control SC-CMs (1.32 £0.46 Hz, Fig. 4.17).
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Figure 4.15. Representative calcium transient traces of control and CysNO-treated SC-
CMs.
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Figure 4.16. Times to 50% and 80% calcium transient ratios.
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Figure 4.17. Maximum capture rates for control and CysNO-treated SC-CMs.

Comparisons of spontaneous calcium wave propagation across confluent sheets of
CysNO treated and control SC-CMs by optical mapping (Fig. 4.18) supported the data
found using the lonWizard system. Calcium transient durations were significantly shorter
among NO-treated monolayers (50%: 0.24+0.08 s; 80%: 0.25+0.09 s) in comparison to
control monolayers (50%: 0.40+0.11 s; 80%: 0.47+0.15 s, n=8 independent samples, Fig.
4.19). Calcium transient wave velocity was significantly higher across NO-treated
monolayers than control (Control: 2.43+1.56 cm/s; Treatment: 4.35+1.73 cm/s; n=8
independent samples, Fig. 4.20). Additionally, the frequency of the spontaneous wave
propagation was significantly greater among NO-treated monolayers relative to the
control (Control: 0.87+0.53 Hz; Treatment: 1.99+0.79 Hz; n=8 independent samples, Fig.

4.21).
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Figure 4.18. Calcium wave propagations from SC-CM monolayers. Scale bars represent
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Figure 4.19. Calcium transient durations (at 50% and 80%) of SC-CM monolayers.
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4.4.  Discussion

The purpose of this study was to establish the effects of NO donor addition on the
yield and maturation of pluripotent stem cell-derived cardiomyocytes. Incorporation of
CysNO into culture media had a pronounced effect on the spontaneous contractile
activity of EBs in suspension culture, resulting in significant increases in both the
percentage of spontaneously contracting EBs and the frequency of contraction. EBs
receiving CysNO treatment demonstrated significant up-regulation of BMHC with a
greater ratio of PMHC to aMHC. Superior calcium handling capabilities were observed
in CysNO-treated SC-CMs in comparison to control SC-CMs, as exhibited through
increased calcium transient velocities and reduced calcium transient durations.
Furthermore, these changes occurred without differences in EB size and cellular viability.
Taken together, these results indicate that CysNO, represents a potential component for

use in the creation of structurally- and electrically-mature SC-CMs.
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The results of this study provide new information on the effects of NO treatment
on the maturation of SC-CMs. Previous studies examining the effect of NO on the
differentiation of SC-CMs have not characterized calcium handling of resulting cells,
which is an important consideration for application of SC-CMs in cardiac regeneration
strategies. Additionally, the use of soluble NO donors for directing cardiac maturation
has distinct advantages over other mechanical, electrical, or biochemical factors in terms
of cost and ease of delivery, particularly for cells in scalable suspension culture systems.
While the experiments performed in this study provide a method for evaluating the
properties of maturing SC-CMs, certain necessary discrepancies in the handling of cells
between testing protocols may produce questions regarding the consistency of results. In
particular, differences in cell handling were necessary to carry out the calcium handling
analysis, in which some of the EBs were reconfigured into monolayers with high cell-cell
coupling and minimal viability loss. When analyzing the spontaneous contractile activity
of SC-CMs, whole EBs were treated with CysNO and characterized over a period of 18
days; however, SC-CMs that were used in calcium transient acquisition were dissociated
and purified using antibiotic selection starting on day 8 of differentiation. While
consistency was maintained when handling mESCs before and during differentiation,
large variances in spontaneous contractile activity were observed between differentiation
batches, as is typical for this type of differentiation protocol. Although these batch-to-
batch differences were present, they affected each treatment condition similarly and do
not change the overall conclusions in this study. Addition of control mechanisms to

tightly regulate EB formation and culture conditions throughout differentiation, such as
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EB formation through forced plate centrifugation, would significantly reduce the level of
batch-to-batch variation observed.

Previous investigation has identified important roles for NO signaling and NOS
activation in cardiac differentiation and development (Krumenacker, Katsuki et al. 2006).
NO has been identified as an important molecule in the upregulation of certain genes as
well as alteration of specific protein functions. The effects of NO on differentiation of
stem cells and development of cardiac systems in whole organisms has also been
investigated. NOS, the enzyme responsible for endogenous synthesis of NO, has three
identified isoforms: endothelial (eNOS), neuronal (nNOS), and inducible (iNOS) NOS.
The expression level of each isoform of NOS is dependent on timing during
differentiation or development, culture environment of cells (embryonic or in vitro
culture), and species. In mice and rats, INOS and eNOS have been detected in both atrial
and ventricular cardiomyocytes starting at E8.5 (Bloch, Fleischmann et al. 1999);
however, the concentrations of these two enzymes decline in ventricular tissue at E14.5
until birth (Sachinidis, Fleischmann et al. 2003). When mESCs are cultured in vitro, these
cell types also experience a unique, defined change in NOS expression during the course
of differentiation. Isolated mMRNA for eNOS and nNOS have been identified in
undifferentiated mMESCs, with scarce amounts of iINOS detected in these cells
(Krumenacker, Katsuki et al. 2006). Upon differentiation, expression levels of nNOS are
reduced substantially while eNOS and iNOS levels rise significantly (Krumenacker,
Katsuki et al. 2006), which is consistent with the observed levels of the respective NOS
isoforms in the developing mouse embryo. Bartsch, et al. observed an increase in

expression level of eNOS after the onset of differentiation with a decline in protein
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expression after 8 days (Bartsch, Bekhite et al. 2011). Similarly, NO produced via iNOS
has also been shown as a pertinent component of the signaling cascade involved in
cardiomyocyte differentiation (Bloch, Fleischmann et al. 1999). These previous findings
indicate that NO signaling, resulting from endogenous NO production, operates in a
controlled mechanism to direct cardiomyocyte formation. This data may also suggest that
exogenous supplementation of NO may facilitate the same signaling cascade to initiate
and direct cardiogenesis.

| have demonstrated the ability of NO delivery by donor compounds to drive
differentiation in vitro, similar to the developmental effects of NO, supplied by
endogenous production via NOS complexes, during in vivo development. Because
endogenous NO production in in vitro culture systems is inherently limited without shear-
induced production from endothelial cells (a major source of NO in the developing heart),
exogenous NO supplementation may be critical in NO-driven maturation of suspension-
cultured SC CMs. Another approach may include the overexpression of NOS isoforms to
increase endogenous NO production; incorporation of the iNOS gene into EB outgrowths
has been shown to induce cardiomyocyte formation (Kanno, Kim et al. 2004). Taken
together, the complex series of NOS activation and deactivation and subsequent NO
signaling is important in the process of cardiac development. By delivering an exogenous
NO donor to the differentiating stem cells over an extended time course, the results
reported here are initial steps in mimicking in vivo NO signaling during in vitro SC-CM
differentiation.

In the present study, mESCs differentiated as EBs were characterized for changes

in spontaneous contractile activity, cardiomyocyte-specific protein and gene expression,
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and calcium handing in response to CysNO treatment. Starting on day 8, the percentage
of spontaneously contracting EBs was higher when EBs were differentiated in the
presence of 100 uM CysNO,; this trend continued through 14 days in culture. Previous
work illustrates a similar trend when EBs treated with NO donor S-nitroso-N-
acetylpenicillamine (SNAP), experienced a significantly greater incidence of contraction
than non-treated controls after a period of 14 days in culture (Kanno, Kim et al. 2004).
However, the EBs treated with SNAP experienced a doubling in spontaneously
contracting outgrowths from days 7 to 14, whereas the percentage of spontaneously
contracting EBs treated with CysNO in the present study decreased by 20% over the
same period. This difference may be a result of ascorbic acid supplementation to EBs in
all treatment groups, which produced a marked increase in the overall number of
contracting EBs in comparison to the study by Kanno et al. (25% total incidence of
contraction at day 8 among NO-treated EBs in the previous study, as compared to
approximately 80% in the current study). In many conventional differentiation protocols,
EBs are removed from suspension culture after approximately 5 days and plated onto
gelatin, resulting in a general increase in spontaneous contraction over time (Mummery,
Ward et al. 2002, Taha and Valojerdi 2008). The addition of growth factors has been used
in other studies to enhance the duration of spontaneous contraction among adherent EBs;
for instance, a defined media containing FGF-2 and BMP-2 was shown to maintain large
populations of adherent contracting EBs over a 30-40 day period (Yamasaki, Nabeshima
et al. 2013). In contrast, this experiment maintained EBs for up to 18 days in suspension
culture with individual EBs showing a decrease in contraction after 8 to 10 days. This

result is similar to other studies operating solely in suspension culture; a reduction in the
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percentage of contracting EBs has been observed by others after 10 to 14 days in
suspension (Sargent, Berguig et al. 2009, Shafa, Krawetz et al. 2011). Furthermore,
while L-NAME did not significantly reduce the percentage of spontaneously contracting
EBs in the present study, Kanno et al. observed a reduction in the incidence of
contracting outgrowths with L-NAME treatment. This discrepancy may also have been as
a result of the ascorbic acid treatment.

In our study, SC-CMs expressed the cardiomyocyte-specific proteins, sarcomeric
a-actinin and cardiac troponin-I, and the gap junction protein Cx43. SC-CMs examined
using immunocytochemistry had undergone aMHC-dependent selection after being
dissociated into monolayers; therefore, the similarity in protein expression between NO-
treated and control SC-CMs is justified. In EBs that had not undergone selection, Cx43
gene expression was similar for control and NO-treated SC-CMs (Fig. 4.13). However,
differences were observed in MHC expression, as well as for the ratio of MHC to
aMHC expression. Because expression of aMHC and BMHC changes over the course of
differentiation, the relative expression levels of each myofibrillar protein type may be a
useful parameter for evaluating changes in maturation (Yang, Pabon et al. 2014). In the
context of mouse development, it is understood that expression of BMHC decreases after
birth while aMHC levels are increased, correlating with increased postnatal heart rate
(Yang, Pabon et al. 2014); however, expression of aMHC is expressed at high levels
among atrial cardiomyocytes while ventricular cardiomyocytes express higher levels of
BMHC beginning around E8 (Morkin 1993). In this study, CysNO treatment was found to
increase levels of BPMHC, as well as the ratio of BMHC to aMHC (Fig. 4.13). Changes in

differentiating mESC cardiac gene expression in response to NO donor treatment has
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been reported in previous studies as well, including increases in Nkx2.5 (Mujoo, Sharin
et al. 2008) and myosin light chain and cardiac troponin-I (Kanno, Kim et al. 2004).

SC-CMs often have immature calcium handling, leading to spontaneous
depolarization and slow calcium re-uptake, which could contribute to the formation of
arrhythmias in vivo. Whereas the effect of NO on SC-CM calcium handling has not been
previously reported, the effects of NO on calcium handling by mature cardiomyocytes are
better understood. Previous work has demonstrated that influential effects of NO on
mature cardiomyocytes are widespread in terms of cell signaling and protein modification
(Hammond and Balligand 2012). Critical ion channel proteins, such as those regulating
the function of mechanical gated potassium channels (Kazanski, Kamkin et al. 2010) and
ryanodine receptor (Wang, Viatchenko-Karpinski et al. 2010), have demonstrated
improved function from short-term NO exposure. The use of exogenous NO and nitrate
compounds has also been shown to improve calcium current and calcium cycling in
mature cardiomyocytes (Vandecasteele, Eschenhagen et al. 1998, Dulce, Yiginer et al.
2013). Extensive evidence has shown that NO acts in a cardio-protective manner after
ischemia-reperfusion injury, reducing oxidative damage on ion channel proteins. In turn,
the biochemical modifications made by NO have been suggested to both reduce the
incidence of calcium overload after injury as well as reduce calcium diffusion into
mitochondria (Hotta, Otsuka-Murakami et al. 1999, Stromer, de Groot et al. 2000,
Suessenbacher, Lass et al. 2002, West, Rokosh et al. 2008), thereby improving the
viability of cells within the injured tissue.

Despite the volume of evidence linking NO to improvement in calcium handling

in mature cardiomyocytes, the effects of NO on differentiating cardiomyocytes, both
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acute and chronic, have not yet been elucidated. The SC-CMs used in this study
demonstrate long-term improvement in maturity through treatment with CysNO during
differentiation. For instance, the CysNO-treated SC-CMs exhibited a significant decrease
in calcium transient duration (T80 at 0.5 Hz = 0.21£0.08 s) in comparison to controls
(T80 at 0.5 Hz = 0.32+0.13 s); this analysis was performed a week after the final CysNO
treatment. Calcium transient durations for spontaneously-depolarizing confluent SC-CM
monolayers were also reduced among CysNO-treated samples. Furthermore, CysNO-
treated SC-CM monolayers exhibited faster calcium wave propagation and increased
spontaneous wave frequency than the control monolayers (Fig. 4.20). This improvement
in calcium handling was observed one week following the final CysNO treatment. Thus,
these results suggest that the differences observed in calcium activity in CysNO-treated
SC-CMs may constitute changes in calcium-transporting proteins which regulate ion
presence in the intercellular space, cytosol, and sarcoplasmic reticulum, rather than being

a short-term direct effect of CysNO on the SC-CMs.

4.5.  Conclusions

Treatment of SC-CMs with the NO-donor CysNO resulted in an increased
percentage of spontaneously contracting EBs, increased frequency of contraction of EBs,
and increased expression of PMHC. CysNO-treated SC-CMs demonstrated increased
calcium transient velocity and spontaneous propagation frequency and reduced calcium
transient duration. The changes observed in calcium handling occur long after CysNO
treatment is discontinued. This study supports the notion that NO induces development of
SC-CMs and may prove valuable as a cardiogenic factor in large-scale suspension cell

production.
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5. NOVEL ELECTROACTIVE SUBSTRATE SUPPORTS GROWTH AND
PROLIFERATION OF HL-1 CARDIOMYOCYTES

5.1.  Introduction

Heart disease is the leading cause of mortality in the United States, accounting for
about 25% of all deaths in 2009 (Heron 2012). Better treatment options to enable true
cardiac regeneration are needed to augment total heart transplant, for which donor organs
are in chronic short supply. Engineered cardiac tissues having properties similar to native
myocardium have the potential to contribute to reaching this goal, both through their use
in drug-testing platforms for the identification of more effective pharmaceutical therapies
and directly in future clinical treatments. However, creating tissues in vitro that have the
electromechanical properties of adult native cardiac tissue remains an elusive goal. By
replicating microenvironmental cues present in native myocardium, biomimetic materials
may facilitate formation and maturation of functional engineered cardiac tissues (Dunn,
Hodge et al. 2014, Hodge 2014).

Electrical signaling and conductivity are important considerations in designing a
substrate that mimics the properties of native cardiac tissue. The propagation of electrical
signals through native myocardium trigger the organized contraction of the heart,
resulting in blood being pumped throughout the body. Improper conduction of electrical
signals can result in deadly arrhythmias. Electrical stimulation has been previously shown
to be important in directing the structure and electrophysiological properties of
cardiomyocytes and engineered cardiac tissue during in vitro culture. Electrical
stimulation of cardiac cell monolayers has been shown to increase alignment of neonatal
rat ventricular myocytes (Radisic, Park et al. 2004, Dvir, Timko et al. 2011), increase cell

coupling (Radisic, Park et al. 2004, Dvir, Timko et al. 2011), decrease the heterogeneity
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of conduction velocity (Limpitikul 2010), and increase the amplitude of cardiac construct
synchronous contractions (Radisic, Park et al. 2004). Shortened action potential durations
and decreased spontaneous contractile activity have also been reported in neonatal rat
ventricular myocytes undergoing electrical stimulation (Sathaye, Bursac et al. 2006). In
aligned cardiac tissues created using human pluripotent stem cell-derived
cardiomyocytes, electrical stimulation resulted in higher conduction velocities and
improved electrophysiological properties (Nunes, Miklas et al. 2013). Use of conductive
substrates, including the electrically conductive polymer scaffold polyaniline-
poly(glycerol-sebacate) (Qazi, Rai et al. 2014), has also resulted in enhanced engineered
cardiac tissue function.

Multiple avenues for creating conductive substrates for cell growth have been
explored, including the use of carbon nanotubes (Hu, Ni et al. 2004, McKenzie, Waid et
al. 2004, Webster 2004), use of homogenously dispersed gold particles (You, Rafat et al.
2011), and entirely polymer-based scaffolds incorporating electrically-conductive
polymers such as polypyrrole (PPy) (Bechara, Wadman et al. 2011, Hardy, Lee et al.
2013). The cost of gold nanoparticles may prohibit their large-scale application as
electroactive biomaterials, whereas the potential cytotoxicity of carbon nanotubes may
limit their use within biodegradable implantable scaffolds (Shvedova, Castranova et al.
2003). PPy has been used widely as an electrically conductive polymer for neural tissue
engineering applications (Lee, Bashur et al. 2009, Bechara, Wadman et al. 2011). The
selection of the dopant counterions during the synthesis of electroactive polymers has an
effect on the biocompatibility of the electroactive polymer (PPy) in vitro, with high

molecular weight dopants (typically polyanions such as polystyrene sulfonate) being
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attractive because they will not readily leach from the polyelectrolyte complex formed
with the (typically) polycationic PPy (Fonner, Forciniti et al. 2008, Guimard, Sessler et
al. 2009, Higgins 2012, Moulton 2012). Interestingly, in vivo studies of electroactive
scaffolds have been carried out and histological analyses of tissue surrounding
polypyrrole-based tissue scaffolds implanted subcutaneously or intramuscularly in rats
reveal immune cell infiltration comparable to FDA-approved poly(lactic acid-co-glycolic
acid) (Schmidt, Shastri et al. 1997) or FDA-approved poly(D,L-lactide-co-glycolide)
(Wang, Roberge et al. 2004). Likewise, no significant inflammatory response was
observed with polypyrrole-based sciatic nerve guidance channels implanted in rats after 8
weeks (Durgam, Sapp et al. 2010), polypyrrole-coated electrodes in rat brains after 3 or 6
weeks (George, Lyckman et al. 2005), or most pertinently, polypyrrole-based tissue
scaffolds implanted in the coronary artery of rats after 5 weeks (Mihardja, Sievers et al.
2008).  Although  differences in  the individual  studies (i.e.  the
chemical/mechanical/topological properties of the scaffolds, the site of implantation, and
the methodology used to evaluate the immune response) make it challenging to compare
the results of each study, PPy-based biomaterials exhibit levels of immunogenicity that
are comparable with other FDA-approved biomaterials and have potential for clinical
translation, in addition to use for cell growth in vitro.

Polycaprolactone (PCL) has previously demonstrated strong compatibility as an
underlying base material in the formation of conductive polymer substrates. Electroactive
composites of PCL and polyaniline have been previously shown to support the adhesion
and proliferation of H9c2 cells (derived from rat heart tissue) (Li, Guo et al. 2006) and

the differentiation of human mesenchymal stem cells towards cardiogenic outcomes
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(Borriello, Guarino et al. 2011), whereas electroactive composites of PCL and PPy were
demonstrated to support the adhesion and proliferation of primary rabbit cardiomyocytes
and the expression of cardiac-specific proteins (a-actinin, troponin-T, and connexin 43
(Cx43)) (Kai, Prabhakaran et al. 2011). Consequently, interpenetrating networks of PPy
and PCL (PPy-PCL) may offer a commercially viable, electrically conductive alternative
to existing materials used for culturing cardiac tissue monolayers and for cardiac
differentiation of pluripotent stem cells. PCL is a biodegradable polyester that has been
FDA-approved for use clinically in drug delivery devices and as a component of
biomaterials used for bone regeneration (Woodruff 2010). Interpenetrating networks of
PPy and PCL have demonstrated physiological levels of conductivity (Bechara, Wadman
et al. 2011), and copolymers of PPy and PCL have been shown to enhance neurite
outgrowth from rat PC12 cells (Durgam, Sapp et al. 2010), which, like cardiomyocytes,
respond to electrical stimuli. The conductivity of the PPy-PCL creates an environment
conducive to electrical stimulation, thereby mimicking conditions found in the heart.
Measurements of cardiac tissue resistivity vary, but are typically around 0.5 kQ cm
(Rush, Abildskov et al. 1963). Based on these properties, PPy-PCL-based materials are
interesting substrates for in vitro studies of cardiomyocytes and are of potential clinical
relevance for cardiac tissue engineering.

Conductive materials that provide an electrical environment which effectively
mimics the physiological conditions in the heart may enhance electrical signaling in
engineered cardiac tissues, similar to changes observed in response to exogenous
electrical pacing. Cx43 is a vital gap junction protein found within the myocardium

responsible for establishing electrical and chemical coupling between cardiomyocytes,
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and is therefore a critical feature in the formation of mature engineered heart tissue. For
instance, engineered heart tissue composed of anisotropically aligned cells and well-
organized Cx43 demonstrated improved twitch force relative to isotropic scaffolds
(Black, Meyers et al. 2009). Application of exogenous electrical pacing to condition
engineered heart tissue has been shown to improve Cx43 density and organization (Hirt,
Boeddinghaus et al. 2014). Exogenous electrical pacing has also been demonstrated to
influence electrical and calcium wave propagation and may also be implicated in reduced
heterogeneity of engineered heart tissue. Providing a more physiological electrical
environment for formation of engineered cardiac tissues may contribute to enhanced
Cx43 organization, improving electrical signal propagation in the engineered
myocardium.

The overall objective of this study was to determine the efficacy of the conductive
PPy-PCL interpenetrating networks for use as electroactive substrates for cardiomyocyte
culture. We first assessed the ability of PPy-PCL to support the adhesion and growth of
cardiomyocytes and thereafter the differences between cardiomyocyte monolayers
cultured on either PCL or PPy-PCL. A simple three step fabrication method was
established and the surface resistivity and hydrophobicity of the materials were
characterized. Cardiomyocyte cell sheets were formed on the PPy-PCL and PCL
substrates and cell adhesion, cell viability, cell size, cell morphology, and Cx43
expression and organization were quantified. Propagation of calcium transients across the
cardiomyocyte cell sheets was visualized through optical mapping; calcium transient
velocity, duration and frequency of spontaneous propagation were quantified. Comparing

cardiomyocyte phenotype and the resulting cardiac monolayer tissue properties on the
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non-conductive and conductive substrates allows us to assess the usefulness of

mimicking the inherent conductivity of native myocardium in an in vitro setting.

5.2.  Materials and methods
All materials were purchased from Sigma-Aldrich (St. Louis, MO) unless noted

otherwise.

Fabrication of PCL-Based Films
The fabrication process for NaOH-treated PCL, as well as for PPy-PCL, is

represented in Figure 5.1 and detailed below.
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Figure 5.1. Process for generating films of PCL and PPy-PCL.
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PCL Film Preparation

Heat-pressed PCL films were prepared by dissolving PCL beads (20 w/v%) in
dichloromethane (Acros Organics, Thermo Fisher Scientific, Waltham, MA), casting on a
flat surface and allowing the solvent to evaporate overnight. The solvent-cast PCL films
were flattened between 1/8” mirror finished 316 stainless steel sheets (McMaster-Carr,
Atlanta, GA) on a Wabash G30H hydraulic press (Wabash MPI, Wabash, IN) at 80°C
with 1 ton of force for five min. After cooling, films were cut out of the resulting PCL

sheet using a 20 mm diameter punch.

NaOH Treatment of PCL

To optimize PCL surfaces for cell adhesion, PCL films were subjected to NaOH
treatment (Serrano, Portoles et al. 2005, Wang, Teo et al. 2013). PCL films were treated
with 3 N NaOH for periods of 0, 1.5, 3, 24, or 48 h, rinsed in PBS (Lonza, Walkersville,
MD) and incubated in deionized water such that all samples were subjected to aqueous
conditions for a duration of 48 h. Samples were then dried using a nitrogen gun and
characterized or sterilized for cellular experiments. Hereafter these films are referred to
as PCL-0 (for PCL that was not exposed to NaOH), or PCL-1.5, PCL-3, PCL-24 or PCL-

48 respectively, depending on the duration of exposure to NaOH.

Preparation of conductive PPy-PCL

To generate conductive PCL-based materials, an interpenetrating network of PPy
was grown within PCL films by adaptation of a previously described polymerization
technique (Lee, Bashur et al. 2009, Bechara, Wadman et al. 2011). Briefly, a solution of

polystyrene sulfonic acid (70,000 MW, 15.98 g L-1) and pyrrole (5.99 g L-1, 0.084 M)
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was prepared in deionized (DI) water and mixed well. PCL films were added and the
solution was incubated at room temperature for 1 h. Subsequently, ferric chloride (37.0 g
L-1, 0.228 M) was added to the mixture. This final mixture was incubated at 4° C for 24
h, at which point the PPy-PCL samples were removed, rinsed with DI water, and air-

dried prior to testing.

Material Characterization
PCL and PPy-PCL material characterization included assessment of: water
contact angle (WCA), electrical resistivity, material hardness and elasticity, surface

chemistry, and imaging using scanning electron microscopy (SEM) as described below.

Water Contact Angle (WCA)

To assess the hydrophobicity of the treated films, the WCA of the PCL was
measured. The WCA of the NaOH-treated PCL and the PPy-PCL was quantified using a
ramé-hart contact angle goniometer and DROPimage software (ramé-hart, Succasunna,

NJ). Three separately prepared samples were tested for each treatment condition.

Nanoindentation

To determine the elastic modulus and stiffness for PCL and PPy-PCL films,
material mechanical analysis was carried out using nanoindentation. Samples were
loaded into an MTS Nanoindenter XP with a Berkovich diamond tip under continuous
stiffness operation. Parameters were set to include a harmonic displacement target of 2
nm and a minimum thermal drift rate of 0.05 nm/s. The samples were indented to a depth

of at least 2 um and the values of elastic modulus and hardness were continually recorded
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throughout displacement. Arrays of at least five indents were performed for each

experimental condition to obtain a statistical response.

Quantification of Surface Chemistry

To confirm surface modification of PCL films via NaOH treatment or PPy
synthesis, samples were evaluated using X-ray photoelectric spectroscopy (XPS). XPS
analyses were performed using AXIS Ultra DLD with monochromatic Al Ka radiation as
the X-ray source. Survey and high resolution spectra were recorded with a pass energy of
160 eV and 20 eV, respectively, at constant analyzer transmission energy mode. The

binding energy of the system was referenced to Ag 3d5/2 at 368.3 eV.

Scanning Electron Microscopy (SEM)

PCL and PPy-PCL samples, both with and without cells, were imaged using SEM
to observe the surface properties of the material. Briefly, samples with cells were fixed in
a solution of 3% paraformaldehyde for 2 h at room temperature, followed by incubation
in 2% osmium tetroxide for 2 h. Material samples were dried using serial dilutions of
ethanol followed by a chemical drying step in hexamethyldisilazane for 30 min. All
samples were allowed to dry completely in air prior to mounting on aluminum stubs and
sputter-coating using gold (EMS 550X Auto Sputter Coating Device, Electron
Microscope Services, Hatfield, PA). Gold-coated samples imaged using SEM (Zeiss

EVO 50 SEM, Carl Zeiss Microscopy, Jena, Germany).
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Surface resistivity

The surface resistivity of PCL and PPy-PCL films was determined with a
Keithley 4200-SCS Parameter Analyzer (Keithley, Cleveland, OH) and the four-point
probe method; this approach is optimal for flat materials such as those described herein
and helps to eliminate the influence of instrumentation internal resistance on the recorded
resistance. Four probes, spaced equidistantly from one another, were applied to the
surface of a sample. A known current was applied to the outer two probes while the inner
two probes were used to measure the voltage on the sample surface. Ohm’s Law was then
used to solve for the surface resistivity of each sample. The resistivity of each sample was

confirmed prior to sterilization and culture of cardiomyocytes.

Cell Culture
HL-1 Maintenance

HL-1 atrial myocytes, a cell line derived from adult mouse atria (Claycomb,
Lanson et al. 1998) were obtained from Dr. William Claycomb (Louisiana State
University Health Sciences Center, New Orleans, LA) and cultured in vitro using
Claycomb media supplemented with 10% fetal bovine serum (FBS), 0.1 mM
norepinephrine, 2 mM L-glutamine (Lonza), and 100 pg mL-1 penicillin-streptomycin
(Lonza). HL-1 cells were expanded and passed according to standard protocols

(Claycomb, Lanson et al. 1998) prior to use in all experiments.

HL-1 Cell Response to PCL-Based Films
PCL-based films were placed in a 12-well plate and sterilized by incubation in

70% ethanol (Pharmco-AAPER, Brookfield, CT) solution and exposure to UV light for 1
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h. The ethanol solution was aspirated and the films were washed with PBS and dried.
Films were incubated in a solution of (0.02 w/v%) gelatin-(5 x 10-6 g/mL) fibronectin for
at least 1 hr at 37°C to better promote cellular attachment to each surface. HL-1 cells
were then seeded on the film surface at a density of 1,300 cells mm 2. Cell culture

medium was exchanged every 24 h.

LIVE/DEAD Assay

A LIVE/DEAD assay (Invitrogen, Life Technologies, Grand Island, NY) was
used to quantify the viability of the cells on each surface 6 days post-seeding. Briefly,
cells were incubated at room temperature for 20 min in a solution of calcein-AM (2 mM)
and ethidium homodimer-1 (4 mM) in PBS. The solution was aspirated, cells were rinsed
with PBS and PBS was added prior to imaging using fluorescence microscopy. Live cells
were characterized by intracellular esterase activity which cleaves the calcein-AM to
form fluorescent green calcein. Dead cells were reported by the presence of red
fluorescent ethidium homodimer-1, which enters through the ruptured cell membrane and
binds to nucleic acids in the nucleus. HL-1 cells were imaged using a Nikon Eclipse-Ti
inverted fluorescence microscope (Nikon Instruments Inc., Melville, NY) and an Andor
Luca S camera (Andor, Belfast, UK). Viability of cells on three separate films per

condition was quantified using the cell counter plugin for ImageJ (NIH).

Analysis of Adherent Cell Density and Cellular Size
HL-1 cells were fluorescently labeled to quantify the density of adherent cells and
the average surface area of individual cells on the films 10 days post-seeding; PPy-PCL is

opaque, meaning cells are unable to be visualized under bright field microscopy. After
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fixation with a 50:50 acetone (Macron Chemicals, Center Valley, PA)/ethanol solution,
HL-1 cells were permeabilized using a 0.1% Triton X-100 solution in PBS, washed with
PBS and incubated in a 2.5 (v/v)% solution of Alexa Fluor® 488 Phalloidin (Invitrogen)
in PBS for 20 min at room temperature. HL-1 cells were then counterstained with DAPI
(Invitrogen, 1:36000 from stock) and samples were dehydrated and mounted in Prolong
Gold (Life Technologies). Images of HL-1 cells on the film surfaces were acquired using
a Nikon confocal microscope (Nikon Instruments Inc).

Morphological analysis was performed using ImageJ by outlining five to ten
individual cells in each of 3-4 images per film. The average cell size was determined for
each film and used for statistical analysis (n = 3 to 4). Analysis of adherent cell density
was carried out using ImageJ. All nuclei within each image were counted and then

divided by the unit area of each image to find the cell density (n = 3 films per condition).

Immunocytochemistry

Qualitative assessment of the expression and localization of the gap junction
protein Cx43 in HL-1 cells adhered on PCL-based films was achieved with
immunocytochemistry at 10 days post-seeding. HL-1 cells were fixed using a 50:50
acetone/ethanol solution for 10 min at -20°C. The HL-1 cells were then permeabilized
using a 0.1% Triton X-100 solution in PBS and blocked using a 3% solution of FBS in
PBS. Following blocking, samples were incubated in rabbit-anti-Cx43 antibody (diluted
1:200 in blocking buffer) for 2 h at room temperature. After rinsing, the secondary
antibody Alexa Fluor 488 goat-anti-rabbit (Invitrogen, diluted 1:200 in blocking buffer)
was added and incubated for 2 h at room temperature. To quantify the number of cells per

area, HL-1 cells were counterstained with DAPI (Invitrogen, 1:36000 from stock) and
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samples were dehydrated and mounted in Prolong Gold (Life Technologies). Images of
HL-1 cells on the film surfaces were acquired using a Nikon confocal microscope.

To eliminate the potential for bias, this analysis was carried out by a blinded
observer and automated image re-naming and order randomization was employed. Image
analysis was performed using the cell counter plugin for Imagel. For each image, the
number of cells with positive peripheral staining for Cx43 was counted. Then the number
of remaining cells, i.e. those without peripheral Cx43 expression, was counted. For each
individual film, three images were quantified; the percentage of cells with peripheral
Cx43 expression was then calculated and the average value used for statistical analysis (n

= 4 films per condition).

Analysis of Connexin-43 expression by qPCR

To quantify the effect of film type on gap junction gene expression, HL-1 cells
were evaluated using gPCR. Cells were seeded on PCL and PPy-PCL films. After 7 days
of culture, RNA was isolated using a MicroElute Total RNA Kit (Omega Bio Tek,
Norcross, GA). Cells were physically disrupted in lysis buffer prior to homogenization
(Homogenizer Spin Columns, Omega Bio Tek). The solution containing nucleic acid was
transferred to collection columns and treated according to the manufacturer’s
instructions; the concentration of diluted RNA was determined via spectroscopy
(NanoDrop, Thermo Fisher) prior to generation of a cDNA library (gScript cDNA
SuperMix, Quanta Biosciences, Gaithersburg, MD). Quantification of Cx43 (Forward:
GGTGGACTGCTTCCTCTCAC, Reverse: ATCGCTTCTTCCCTTCACG) was carried
out via gPCR using a SYBR green amplification kit (PerfeCTa SYBR Green SuperMix,

Quanta Biosciences) in an iCycler i1Q5 (Bio-Rad, Hercules, CA). PCR conditions were
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95°C for 5 min, followed by 40 cycles of amplification at 95 C for 10s, and 55°C for 30s.
GAPDH (Forward: GAAGGGCATCTTGGGCTAC, Reverse:
GCCTCTCTTGCTCAGTGTCC) was used as a housekeeping gene for all trials. Relative
quantification of Cx43 was determined using the AACt method; a total of n = 5 samples

were analyzed from each treatment group.

Optical Mapping

Optical mapping was performed on confluent HL-1 cell monolayers 10 to 12 days
post-seeding on PCL-based films. Tyrode’s solution was prepared as previously
described (Weinberg, Lipke et al. 2010). Rhod 2 (Invitrogen) calcium indicator was
prepared by first creating a 1 mM stock solution through addition of anhydrous
dimethylsulfoxide followed by sonication at 50° C for 30 min. To prepare the working
calcium indicator solution, 5 pl of I mM Rhod-2 stock solution and 5 pl of Pluronic F-
127 were added per 1 ml of Tyrode’s solution. Following removal of cell culture media, 1
ml of calcium indicator solution was added to each well and allowed to incubate at room
temperature for 20 min. After the incubation period, the wells were rinsed three times
with Tyrode’s solution prior to imaging.

Recordings of calcium wave propagation across the HL-1 cell sheets were
acquired using an iXon Ultra DU897 EMCCD camera (Andor) coupled to an Optomask
Adjustable Field Mask (Andor), which was utilized to enhance frame rate in cropped
sensor mode, and Nikon Elements software. Propagating calcium waves were recorded in
Tyrode’s solution at room temperature (22 °C) in the absence of exogenous stimulation
(i.e., spontaneous wave propagation). For each film, a minimum of three recordings were

taken with an average length of 10 sec at a rate of approximately 500 frames per second.
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Data was analyzed using a modified version of a previously established MATLAB
(MathWorks, Natick, MA) script (Weinberg, Lipke et al. 2010, Blazeski, Zhu et al. 2012,
Blazeski, Zhu et al. 2012). Using this script, calcium transient velocity, calcium transient
duration (time to 50% recovery), and calcium wave frequency were quantified for each

condition (n = 3 to 4).

Image and Statistical Analysis

As detailed above, quantification of cell viability, cell density, cell size, and Cx43
location was performed using ImageJ. Non-treated PCL was used as an initial control for
viability and cell density experiments comparing the effect of PCL NaOH pre-treatment
duration; NaOH-treated PCL films shown to support comparable cellular viability and
density to PPy-PCL were used as a control for gap junction and calcium handling
experiments. After quantification, the data was imported into MATLAB (MathWorks)
where statistical analysis was performed and plots were generated. Images from three to
four films were quantified for each treatment condition and averaged (n = 3 to 4). For
statistical analysis involving two treatment conditions, a two tailed, two sample t-test was
performed assuming equal variances. For statistical analysis involving more than two
conditions, one way ANOVA was performed and significant differences between groups
were identified using the Tukey-Kramer method. A p-value of less than 0.05 was

considered statistically significant. All error bars represent standard deviations.
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5.3. Results
NaOH Treatment of PCL Decreases WCA of Films

Based on previous studies, treatment with NaOH was anticipated to affect the
surface chemistry of PCL by hydrolysis of the ester group, yielding materials displaying
carboxylic acid and hydroxyl groups on their surfaces (Woodruff 2010, Oh and Lee
2013). NaOH treatment of PCL resulted in an exposure time-dependent decrease in

hydrophobicity, as demonstrated by the change in WCA measurements (Fig. 5.2).
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Figure 5.2. Water contact angle measurements taken from NaOH-treated PCL, PPy-PCL
samples.

PCL films that were treated with water alone (PCL-0) had an average contact angle of 78
+ 3°; values for WCA decreased incrementally as the time of NaOH treatment was
increased (denoted by PCL-hours of NaOH treatment: PCL-1.5: 64 £+ 5°, PCL-3: 58 * 8°,
PCL-24: 35 + 5°, PCL-48: 24 £ 5°). PPy-PCL showed super-hydrophilic characteristics,
consistent with previous studies (Zhong 2006); the water droplet spread across the

surface of the material upon contact giving an effective WCA of 0°.
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PCL and PPy-PCL Material Properties

XPS analysis confirmed the surface modification of NaOH-treated PCL and
polymerization of PPy-PCL (Fig. 5.3, Table 5-1). Treatment of the PCL with NaOH over
24 h period resulted in a shift of the carbon 1s peak, which is indicative of formation of
carbonyl and alcohol groups (via hydrolysis of the ester bond). Successful polymerization
of PPy within the PCL backbone was confirmed through identification of a nitrogen 1s

peak (at ~400 eV) which was not present in the PCL films.

Table 5-1. Analysis of XPS peaks
XPS Analysis of Carbon 1s Peak

Sample Peak (eV)

1 2 3
PCL-0 2851 2866 2892
PCL-24 2937 2971 3016
PPy-PCL 2848 286.3 2891

XPS Analysis of Nitrogen 1s Peak

Sample Peak (eV)
1 2
PPy-PCL 401.9 400.0
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Figure 5.3. XPS peaks for (A) PCL-0, (B) PCL-24, (C) PPy-PCL, (D) PPy-PCL high
energy.

Because material stiffness is known to affect phenotype of developing
cardiomyocytes, nanoindentation was used to evaluate the mechanical properties of PCL
after NaOH treatment and PPy polymerization. Both the PCL-24 and the PPy-PCL films
exhibited similar elastic modulus (1.07 £ 0.05 GPa, 0.93 + 0.19 GPa) and hardness (0.073

+0.008 GPa, 0.071 + 0.02 GPa)(Fig. 5.4).
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Figure 5.4. Modulus and hardness of (Top) PCL-24 and (Bottom) PPy-PCL films.

Conductive PPy-PCL Films Have Biomimetic Resistivity

Generation of an interpenetrating network of PPy within the non-conductive PCL
films produced materials with electrical resistivities that closely mimicked the resistivity
of native cardiac muscle. PCL and NaOH-treated films had infinite resistivity indicating
that they did not conduct electricity, while the interpenetrating networks of PPy-PCL had
an average resistivity of 1.0 £ 0.4 kQ cm (Table 5-2). In comparison, native cardiac
muscle has approximate resistivity of 0.5 kQ cm (Rush, Abildskov et al. 1963), which is
a factor of two lower than the PPy-PCL, and adipose tissue has approximate resistivity of
2.6 kQ cm (Rush, Abildskov et al. 1963), which is a factor of two higher than the PPy-

PCL films (Table 5-2). We therefore conclude that generation of an interpenetrating
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network of PPy within PCL generates films with resistivities that closely mimic that of

native cardiac muscle.

Table 5-2. Comparison of PPy-PCL, PCL resistivities to other materials

Material Composition R(isg';tc';/rgy Source
PCL-24 0 This study
PPy-PCL 1.00+0.40 This study
Body Tissue

Cardiac muscle 0.50 Rush et al, 1963
Skeletal muscle 0.70 Rush et al, 1963
Adipose tissue 2.60 Rush et al, 1963

Conductive Polymer Systems
PCL/PANi 80:20 12.50 Borriello et al, 2011

aniline-dimer end-
functionalized PU

100.00 Baheiraei et al, 2014

PANi/gelatin fibers 60:40 0.05 Li et al, 2005
PPy-PCL/gelatin 30:70 2.70 Kai et al, 2011
PLCL/PANi 70:30 >0.01 Jun et al, 2009
PANI/PLGA fiber matrix 0.5%/8% 0.32 Hsiao et al, 2013
PANI/PGS 30:70 0.06 Qazi et al, 2014

High Cell Viability Observed on all Films

HL-1 cells adhered and remained viable when seeded on the surface of PCL-
based films. PPy-PCL and PCL-24 surfaces were visualized both with and without cells
using SEM imaging (Fig. 5.5). PCL-based films were mostly smooth with the presence of
nano-scale cracks with respective thickness of 100-200 nm. The presence of an
interpenetrating network of PPy increased the surface roughness somewhat (Fig. 5.5)
with the thickness of the films increasing by less than 500 nm after generation of the PPy

network. PCL-24 supported the attachment of HL-1 cells with a combination of
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elongated and rounded morphologies; in contrast, HL-1 cells on PPy-PCL films appeared
more elongated with fewer rounded cells adherent to the underlying HL-1 cell

monolayer.

Material without HL-1s Material with HL-1s

f*;\zggﬁf

PCL-24

PPy-PCL

Figure 5.5. SEM images of PCL-24, PPy-PCL with and without HL-1 cells. Scale bars
represent 10 um (windowed scale bars represent 1 um).

The surface chemistry of the films was found to have no effect on the viability of
the cells (Fig. 5.6). Based on quantification following LIVE/DEAD staining, cell viability

was found to be approximately 90% on all films (Fig. 5.7).
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Figure 5.6. LIVE/DEAD images of HL-1 cells on PCL-24, PPy-PCL. Scale bars
represent 40 pm.
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Figure 5.7. HL-1 viability is independent of film material type.

NaOH Treatment of PCL Increases Cell Adhesion
Achieving high densities of adherent cardiomyocytes on film materials is

necessary in creating engineered cardiac tissues and can be challenging depending on the
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material. As NaOH treatment time of the PCL films was increased and hydrophobicity
decreased, there was a significant increase in the number of cells on the film surface per
unit area (PCL-0: 1,568 + 126 cells mm™, PCL-24: 2,880 + 439 cells mm™, PCL-48:
3,623 + 456 cells mm™, Fig. 5.8). Furthermore, increasing the NaOH treatment times led
to an overall decrease in the area of individual adhered HL-1 cells (PCL-0: 419 + 120

um?, PCL-24: 270 + 48 um?, PCL-48: 270 + 60 pm?, Fig. 5.8).
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Figure 5.8. (Top) HL-1 cell size and cells per area on different films. (Bottom)
Actin/nuclear stains of HL-1 cells on PCL-24 and PPy-PCL. Scale bars represent 40 pum.
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HL-1 adhesion and cell size on PPy-PCL was most similar to PCL-24, with PPy-PCL
films having 2,434 + 166 cells mm™ and the average area of HL-1 cells on PPy-PCL
being 279 + 15 um? PCL-24 was selected, therefore, for comparison with PPy-PCL in

functional and gene expression experiments.

Conductive PPy-PCL Films Encourage Peripheral Localization of Cx43
Cardiomyocyte growth on conductive PPy-PCL films resulted in a change in
intracellular location of the gap junction Cx43, but did not significantly alter Cx43 gene

expression.

Cx43 Cx43/DAPI

PCL-24

PPy-PCL

Figure 5.9. Immunocytochemistry images showing connexin-43/nuclei of HL-1 cells on
PCL-24, PPy-PCL. Scale bars represent 40 pum.

162



In HL-1 cells grown on the electrically-conductive PPy-PCL, the gap junction protein
Cx43 was frequently observed to be located around the cell periphery, whereas in HL-1
cells grown on PCL this was less frequently the case (Fig. 5.9). Based on analysis of
immunofluorescence imaging, when cultured on PPy-PCL films, 60 + 4% of HL-1 cells
expressed peripheral Cx43, whereas 47 + 6% of HL-1 cells expressed peripheral Cx43
when cultures on PCL-24 films (p<0.05, Fig. 5.10). No significant difference in Cx43
gene expression was observed between HL-1 cells cultured on PPy-PCL versus PCL-24

films based on gPCR analysis (Fig. 5.10).

1.5

Expression

Peripheral Cx43
Positive HL-1s [%]
Cx43 RNA Relative

PPy-PCL
PCL-24

Figure 5.10. (Left) Percentage of HL-1 cells with peripheral Cx43 expression. (Right)
Cx43 relative gene expression of HL-1 cells on PCL-24, PPy-PCL.

Calcium Transient Wave Propagation Improves on Conductive PPy-PCL Films
Growth of cardiac cell monolayers on conductive PPy-PCL films positively

influenced functional properties. HL-1 cell monolayers grown on PPy-PCL demonstrated
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an overall increase in the average velocity of calcium transient wave propagation in

comparison to cells grown on PCL-24 (Fig. 5.11).

Oms

PCL-24

PPy-PCL

Figure 5.11. Representative calcium transient propagations for HL-1 cells on PCL-24,
PPy-PCL films. Scale bars represent 100 pm.

Following 10-12 days of culture on the films, the average calcium transient wave velocity
across HL-1 cell monolayers on PPy-PCL (1612 + 143 um/s) was significantly higher
than that across HL-1 cell monolayers on PCL-24 (1,129 + 247 um/s, p<0.05, Fig. 5.12).
Moreover, HL-1 cells cultured on PPy PCL also demonstrated improved calcium
transient recovery relative to cells cultured on PCL 24; calcium transient durations,
specifically the time to reach 50% recovery, were significantly shorter for HL 1 cells on
PPy PCL (910 + 60 ms) relative to HL-1 cells on PCL-24 (1,130 £+ 20 ms, p<0.01, Fig.
5.12). Additionally, the frequency of spontaneous calcium transient propagation was
higher for HL-1 cell monolayers on PPy-PCL as compared to on PCL-24 (0.48 + 0.03 Hz

and 0.31 + 0.02 Hz, respectively, p<0.01 Fig. 5.13).
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Figure 5.12. Calcium transient wave velocity and duration of HL-1 cells on PCL-24, PPy-
PCL.
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Figure 5.13. Representative calcium transient traces for HL-1 cells on PCL-24, PPy-PCL
materials.
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5.4.  Discussion

The overall goal of this study was to determine the efficacy of conductive PPy-
PCL interpenetrating networks for use as electroactive substrates for cardiomyocyte
culture. To accomplish this goal, HL-1, a murine cardiomyocyte cell line, was employed
in this first study examining the potential of PPy-PCL films for use in cardiac tissue
engineering applications. Unlike primary cardiomyocytes, such as neonatal rat
cardiomyocytes, HL-1 cells are capable of being expanded in vitro. HL-1 cells have
previously been used in studies aiming to increase homogeneity of cardiomyocyte
contraction (White, Constantin et al. 2004, Smith, Segar et al. 2012). Additionally, HL-1
cells, in contrast to other contractile cell types, are often limited to spontaneous
contraction among isolated, independent clusters of cells. This provided a greater
opportunity to evaluate changes in response to culture on the electrically-conductive PPy-
PCL films, including changes in gene expression and functional properties, i.e. calcium
transient propagation and duration, related to calcium and electrical signal handling.
Future examination of other types of cardiomyocytes cultured on PPy-PCL will provide
additional insights into the usefulness of this material as a conductive cardiac tissue
engineering platform.

The resistivity of PPy-PCL films used in this study was 1.0 + 0.4 kQ c¢cm, which is
similar to the reported resistivity of cardiac tissue (approximately 0.5 kQ cm) (Rush,
Abildskov et al. 1963). A variety of methods for preparing PPy-PCL films were tested
including employing only solvent casting or heat pressing to prepare the PCL; however,
the most consistent method was found to be the one utilizing both solvent casting and a

heat press as described above. This method resulted in the creation of films with
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consistent topography and shape, as well as conductive substrates with reproducible
resistivities. Furthermore, the PPy-PCL films exhibit elastic moduli and hardness similar
to NaOH-treated PCL films (Fig. 5.4), as well as resistivities which are comparable to
those of other conductive polymer systems that have been synthesized for use in other
tissue engineering platforms (Table 5-2).

Changes in PCL surface chemistry as a result of NaOH treatment and PPy
polymerization may be important factors contributing to the significant increase in
numbers of cells (and concomitant decrease in the average size of cells) on each material
relative to the PCL-0. NaOH treatment of PCL was found to result in increased cell
adhesion to the PCL films, consistent with studies using a multitude of different cell
sources (Thapa, Webster et al. 2003, Serrano, Portoles et al. 2005, Yeo, Wong et al. 2010,
Wang, Teo et al. 2013). NaOH treatment causes hydrolysis of the ester bonds within the
PCL films, thereby exposing carboxylic acid and hydroxyl groups on the surface which
renders the surfaces more hydrophilic (Vance, Miller et al. 2004). Under physiologically-
mimetic conditions (i.e. PBS, pH 7.4), the carboxyl groups exposed after hydrolysis of
the PCL will be deprotonated and therefore negatively charged, as indeed would the
sulfonate groups displayed on the polystyrene sulfonate dopant for PPy. Although all
films were coated with a gelatin-fibronectin solution prior to HL-1 seeding, differing
electrostatic interactions could result in differences in the relative amount and distribution
of proteins adsorbed, particularly following one week in culture. Cell adhesion, which is
typically mediated by the cell-matrix interactions, is heavily dependent on the distribution
of different proteins that adsorb on the surface of a biomaterial (Higgins 2012). While

surface chemistry strongly influences cellular attachment, modifications to surface
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structure or topography via chemical polymerization or hydrolization may also contribute
to greater adherent cell numbers observed on PCL-24 and PPy-PCL films.

Inability to form a syncytium through poor re-formation of gap junctions is a
serious impediment to creation of engineered cardiac tissue from dissociated
cardiomyocytes. One potential reason for this lack of cellular interconnectivity is the
inability of the cells to sense each other electrically on the substrate. For instance,
junctional conductance is lower in developing neonatal rat cardiomyocytes compared to
adult rat cardiomyocytes, which may result from decreased expression or poor
organization of Cx43 (Fishman, Moreno et al. 1991). Cell adhesion to conductive
polymers is typically mediated via both integrin and non-integrin interactions with
surface-adsorbed proteins (Higgins 2012). Although the underlying material is likely
separated from the adherent cells by a layer of adsorbed and secreted proteins, conductive
polymers influence the electrical charge within a local cellular environment, which in
turn can result in changes in cell phenotype. Another issue that hinders the creation of
engineered cardiac tissue is the inability to induce synchronous contraction of cardiac
cells during in vitro culture. Induction of synchronous contraction of cardiac cells used to
create engineered cardiac tissue, either through electrical pacing or by mechanical
stimulation, has led to reduced heterogeneity (Limpitikul 2010) and improved maturation
(Radisic, Park et al. 2004), including maintenance of differentiated cell phenotypes
(Radisic, Park et al. 2004), elongation and alignment of cells (Radisic, Park et al. 2004),
and increased gap junction formation among cells (Radisic, Park et al. 2004, Sathaye,

Bursac et al. 2006).
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Some studies employing conductive substrates for cardiomyocyte culture have
demonstrated increased Cx43 gene expression, including neonatal rat cardiomyocytes
cultured in hydrogels containing gold nanoparticles (You, Rafat et al. 2011) or gold
nanowires (Dvir, Timko et al. 2011), whereas others have seen functional improvements
in engineered cardiac tissues without changes in Cx43 expression (Shin, Jung et al.
2013). In this study, analysis of Cx43 gene expression via gPCR did not reveal significant
differences between HL-1 cells cultured on PPy PCL versus on PCL. This finding
suggests that the functional differences observed between cells cultured on each film may
be due to improved organization and formation of gap junctions in HL-1 cells on the
PPy-PCL, which has been demonstrated through fluorescence image analysis of HL-1
cells stained for Cx43 (Fig. 5.9). Other studies support this observed correlation between
changes in cellular function and altered localization of Cx43. For instance, exogenous
electrical pacing, which has shown improvement in functional maturation of
cardiomyocytes, has resulted in increased presence of Cx43 structures within engineered
rat myocardium (Hirt, Hansen et al. 2014) as well as increased Cx43 along the
membranes of individual neonatal rat cardiomyocytes relative to non stimulated
myocardium (Lasher, Pahnke et al. 2012). Similarly, cyclical mechanical stretching of
cardiomyocytes has been shown to enhance overall Cx43 presence (Zhang, Wan et al.
2012), which can include increased gap junction expression at the poles of each cell
(Salameh, Wustmann et al. 2010). While the exact mechanism for cellular
communication on conductive surfaces hasn’t been elucidated, it has been postulated by
others that enhanced localization of connexins and formation of gap junctions is a

consequence of increased spontaneous depolarization which may be a result of cells
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detecting electrical signals from the local environment (You, Rafat et al. 2011).
Enhancing Cx43 expression and organization is also of particular importance for
differentiation of stem cell-derived cardiomyocytes from pluripotent stem cells and
results suggest employing a conductive polymer film may be an effective tool to aid in
this process.

Electrophysiological maturation, as evidenced through changes in ion channel
currents, electrical propagation, and calcium handling, is a fundamental characteristic for
assessing the efficacy of cardiac tissue models. In this study, optical mapping of calcium
waves demonstrated increased calcium transient velocities and decreased calcium
transient durations among HL-1 cells cultured on PPy-PCL in comparison to cells on
PCL alone (Fig. 5.12). These results are consistent with observations of maturation in
neonatal cardiomyocytes cultured in vitro for extended periods, resulting in reduction in
action potential duration (Guo, Kamiya et al. 1996). While fundamental knowledge
elucidating the mechanism by which conductive materials improve electrophysiology is
incomplete, parallels may be drawn between systems which subject in vitro
cardiomyocytes to exogenous electrical stimulation or mechanical stretch. In such cases,
improvements in conduction velocity and action potential duration are associated with
transient activity of specific ion channel currents, including ly, Inaca, and lca (Alseikhan,
DeMaria et al. 2002, Sathaye, Bursac et al. 2006). However, improvement in conduction
velocity, or calcium transient wave propagation, is also mediated by changes in cell cell
coupling which may be influenced by exogenous electrical or mechanical pacing. This
idea is consistent with the increased peripheral Cx43 presence observed among HL-1

cells cultured on PPy-PCL films (Fig. 5.10). Together, these data demonstrate the
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efficacy of conductive substrates to aid electrophysiological maturation of cells cultured
on their surfaces, which may be of clinical relevance for the future design and

manufacture of engineered heart tissues.

5.5.  Conclusions

This study demonstrated that conductive PPy-PCL films effectively support
cardiomyocyte culture and could be useful in enhancing the functional properties and
maturation of cardiomyocyte cell sheets. Treatment of PCL films with NaOH resulted in
decreased surface hydrophobicity, increased cardiomyocyte attachment and decreased
cell size. PPy-PCL substrates promoted cellular attachment at comparable densities and
cell areas relative to NaOH-treated PCL films and without a change in cellular viability.
Cx43 gene expression was similar for HL-1 cardiomyocytes grown on PPy-PCL and PCL
films. However, localization of Cx43 protein differed; when HL-1 cells were cultured on
PPy-PCL, Cx43 was more frequently observed to be along the cell periphery.
Additionally, HL-1 cells grown on conductive PPy-PCL films supported significantly
faster calcium transient velocities and significantly lower calcium transient durations
relative to HL-1 cells grown on control PCL films. These data encourage the use of
conductive materials as substrates for cardiac tissue engineering; providing enhanced
substrate conductivity, similar to that of native cardiac tissue, may constitute an important
component in achieving proper electrophysiological development of cardiac cell types,

and may have clinical relevance for cardiac tissue engineering applications.
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6. DIFFERENTIATION ON CONDUCTIVE POLYMERS FACILITATES
MATURATION OF STEM CELL-DERIVED CARDIOMYOCYTES

6.1.  Introduction

Creation of mature cardiomyocytes is a critical step towards the implementation
of cells in clinical or diagnostic research applications. In recent years, the field of cardiac
tissue engineering has focused on methods for directing functional maturation of stem
cell-derived cardiomyocytes (SC-CMs), which are typically similar to fetal or neonatal
cardiomyocytes (van den Berg, Okawa et al. 2015). The development of engineered
biomaterial platforms has led to the formation of SC-CMs in vitro with gene expression,
protein phenotypes, and functional properties that are more physiologically accurate than
cells created using standard differentiation protocols (Chun, Balikov et al. 2015).
Additionally, novel engineered substrates have been developed which generate cardiac
monolayers and tissue with well-defined structure, facilitating anisotropic electrical
propagation and mechanical stretch (Feinberg, Alford et al. 2012, Khan, Xu et al. 2015,
Pilarczyk, Raulf et al. 2016). Despite the advancements made in this area, the production
of physiologically-viable cardiomyocytes in vitro for cardiac regenerative therapies
remains a challenging endeavor. For instance, many novel materials are limited in their
capacity to actively facilitate cell-cell signaling, impeding the progression of electrical
signaling and increasing the likelihood of arrhythmias after engraftment into the diseased
myocardium.

Incorporation of mechanisms within the local cellular environment which
promote the formation of cell-cell coupling may comprise a necessary step for improving
electrical signaling within engineered cardiac tissue. Electrical propagation through the

myocardium is regulated strongly through the formation of gap junctions which localize
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along the intercalated discs of the cardiomyocytes; these low resistance pathways act to
regulate the synchronicity of action potentials (Ye and Black 2011). On average,
cardiomyocytes couple adjacently to 11 other cells, accomplished by the formation of
tight junctions, gap junctions, and integrin binding (Saffitz 1994, Stoppel, Hu et al.
2015). Together, these features not only ensure electrical signaling between
cardiomyocytes, but also help define anisotropic propagation through the myocardium
(Rohr, Fluckiger-Labrada et al. 2003). Connexins, the proteins which comprise the
structure of gap junctions, play complex roles in cardiomyocyte development, including
the development of conduction system of the heart (Salameh, Wustmann et al. 2010).
Differentiation strategies which actively promote the development of gap junctions (and
enhance expression of connexins) will be critical for the creation of functional
myocardium.

Implementation of exogenous electrical signaling has been utilized as a method
for improving cell-cell signaling among SC-CMs in vitro. Exogenous electrical pacing,
while demonstrating improvement in alignment and contraction strength of engineered
cardiac tissue by influencing the expression of gap junction proteins, is difficult to
transition into large scale culture of SC-CMs. The incorporation of conductive materials
into scaffolds may offer one alternative solution for increasing cell-cell signaling and
improved electrical conductivity through engineered tissues. A number of materials have
been employed previously in the creation of biomimetic conductive scaffolds, including
gold nanoparticles, carbon nanotubes, and semi-conductive polymers. Incorporation of
these conductive materials has led to increases in expression of Nkx2.5 (Mooney, Mackle

et al. 2012), connexin-43 (You, Rafat et al. 2011), and sarcomeric actinin (Dvir, Timko et
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al. 2011) utilizing different stem and cardiac cell types. However, employment of these
materials for large-scale cell culture or clinical applications may be hindered by high
costs and toxicity concerns. Polypyrrole (PPy), a semi-conductive polymer used in neural
tissue engineering applications, is known for having strong biocompatibility and
physiologically-relative conductive properties (Durgam, Sapp et al. 2010). Additionally,
PPy can be synthesized readily and constructed into different structures and geometries to
form scaffolds for tissue engineering (Hardy, Lee et al. 2013). The brittle mechanical
properties of PPy, in addition to being markedly different from native myocardium, make
the material difficult to work with outright; however, PPy can be doped or combined with
a more workable material, such as polycaprolactone (PCL), in order to create a material
suitable for tissue engineering applications. PPy-PCL scaffolds have demonstrated
effectiveness in neural and cardiac tissue applications, supporting the culture of primary
cardiomyocytes in a three-dimensional environment (Kai, Prabhakaran et al. 2011).

The use of PPy-PCL scaffolds in the differentiation of stem cells offers a novel
approach to directing the fate and maturation of SC-CMs. In this study, pluripotent stem
cells were differentiated and subsequently cultured on PCL or PPy PCL scaffolds using
previously investigated techniques. Viability, as well as protein expression of SC-CMs,
was assessed over the course of differentiation. Electrophysiological maturation of SC-
CMs was also assessed by quantifying calcium transients via optical mapping. This study
offers new insight into how developing cardiomyocytes behave on conductive polymer

systems.
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6.2.  Materials and Methods
Fabrication of PPy-PCL

Production of PPy-PCL constructs was performed using established protocols.
Briefly, solid PCL beads were dissolved in 3 wt% dichloromethane and poured into glass
petri dishes. After solvent evaporation, cast PCL disks were flattened using a melt press
and individual constructs were cut using a stainless steel punch. PCL scaffolds were
treated with 3M NaOH for 24 hours to adjust surface chemistry to allow for improved
cell attachment. PCL was doped with PPy using established protocols. All materials were
dried and sterilized prior to use. A solution of fibronectin (25 ng/uL) was used to coat

PCL and PPy-PCL constructs for 1 hour prior to experiments to promote cell attachment.

Culture and Differentiation of SC-CMs

A D3 mouse embryonic stem cell (mESC) line (kind gift of Drs. L. Tung and J.
Gearhart), genetically modified for neomycin resistance on an o-MHC promoter, was
used in all experiments (Klug et al. 1996; W. Limpitikul 2011). Cultures of
undifferentiated mESCs were expanded and maintained on mitotically inactivated mouse
embryonic fibroblast (mEF) feeder layers in mESC culture medium containing: DMEM
(Lonza, Walkersville, MD) with 10% (v/v) ESC-defined fetal bovine serum (FBS,
Atlanta Biologicals, Norcross GA), 2 mM Glutamax (Gibco, Life Technologies, Grand
Island, NY), 100 uM non-essential amino acids (Gibco), 1 mM sodium pyruvate (Gibco),
50 ug/mL gentamicin sulfate (Lonza), 55 uM B-mercaptoethanol (Gibco), and 103 U/mL
leukemia inhibitory factor (LIF, Millipore, Billerica, MA). Prior to initiating
differentiation, feeder layers were removed and mESCs were further expanded on

gelatin-coated plates. Embryoid bodies (EBs) were formed via hanging drop method (at
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~1000 cells per EB); after 48 hours EBs were collected and transferred into
poly(hydroxyl)ethyl-methacrylate (poly(HEMA))-coated dishes. Ascorbic acid (at a
working concentration of 570 pM) was added to culture media to facilitate cardiac
differentiation. On day 5 of differentiation, EBs were transferred into gelatin coated-
dishes to promote attachment. Media was replaced in each dish after 96 hours of culture

time.

Dissociation of stem cell-derived cardiomyocytes

Dissociation of EBs was performed to create uniform monolayers of SC-CMs on
the PCL and PPy-PCL films (Kehat et al. 2001). Briefly, PDMS-coated glass coverslips
were prepared using a spin coater and sterilized overnight in ethanol. After drying the
coverslips with a nitrogen gun, a solution of PBS containing fibronectin (25 pL/mL) was
added on the coverslips and incubated at room temperature for 1 hour. EBs from control
and CysNO-treated populations were rinsed with PBS; EBs were then agitated in
dissociation solution (potassium chloride (5.4 mM), magnesium sulfate (5 mM), sodium
pyruvate (5 mM), glucose (20 mM), taurine (20 mM), HEPES (10 mM), type 2
collagenase (Worthington, 1 mg/mL), and calcium chloride (30 uM) (pH 6.9)) in a 37°C
water bath for 45 min. In order to maximize recovery of SC-CMs, the digested material
was further agitated in a resuspension solution containing: potassium chloride (85 mM),
potassium phosphate dibasic (30 mM), magnesium sulfate (5 mM), EGTA (1 mM),
magnesium-ATP (2 mM), sodium pyruvate (5 mM), creatine (5 mM), taurine (20 mM),
and glucose (20 mM) for an additional 15 min. After centrifugation and resuspension in
media, the cell suspension was dispensed at approximately 1x105 SC-CMs per cm2 onto

the sterile, PDMS-coated glass cover slips in well plates. To ensure cellular confluency
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on the material surface, SC CMs in concentrated suspension were allowed to adhere for

four hours prior to filling wells with additional media.

Assessment of Viability

The viability of SC-CMs was monitored throughout differentiation to ensure
successful attachment and development of cardiac cells. At Day 10 and Day 14 of
differentiation, SC-CMs were stained using LIVE/DEAD Kit to determine viability. Live
cells are characterized by intracellular esterase activity which cleaves the calcein-AM to
form fluorescent green calcein. Dead cells are identified by presence of red fluorescent
ethidium homodimer-1, which enters the cytosol through the ruptured cell membrane and
binds to nucleic acids. SC-CMs stained with LIVE/DEAD were imaged using
fluorescence microscopy and viability was quantified using ImageJ.

A LIVE/DEAD assay (Invitrogen, Life Technologies, Grand Island, NY) was
used to quantify the viability of the cells on each surface 6 days post-seeding. Briefly,
cells were incubated at room temperature for 20 min in a solution of calcein-AM (2 mM)
and ethidium homodimer-1 (4 mM) in PBS. The solution was aspirated, cells were rinsed
with PBS and PBS was added prior to imaging using fluorescence microscopy. Live cells
were characterized by intracellular esterase activity which cleaves the calcein-AM to
form fluorescent green calcein. Dead cells were reported by the presence of red
fluorescent ethidium homodimer-1, which enters through the ruptured cell membrane and
binds to nucleic acids in the nucleus. HL-1 cells were imaged using a Nikon Eclipse-Ti
inverted fluorescence microscope (Nikon Instruments Inc., Melville, NY) and an Andor
Luca S camera (Andor, Belfast, UK). Viability of cells on three separate films per

condition was quantified using the cell counter plugin for ImageJ (NIH).
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Characterization of cardiac protein expression

In order to evaluate expression of cardiac-specific proteins, Day 15 SC-CMs were
subjected to immunocytochemistry. Cardiomyocytes were fixed using a 50:50
acetone/ethanol solution for 10 min at -20°C. The SC-CMs were then permeabilized
using a 0.1% Triton X-100 solution in PBS and blocked using a 3% solution of FBS in
PBS. Following blocking, samples were incubated in either mouse-anti-sarcomeric
actinin or mouse-anti-cardiac troponin | and rabbit-anti-Cx43 antibody (diluted 1:200 in
blocking buffer) for 2 h at room temperature. After rinsing, the secondary antibodies
Alexa Fluor 488 goat-anti-rabbit and Alexa Fluor 568 goat-anti-mouse (Invitrogen,
diluted 1:200 in blocking buffer) were added and incubated for 2 h at room temperature.
To quantify the number of cells per area, SC-CMs cells were counterstained with DAPI
(Invitrogen, 1:36000 from stock) and samples were dehydrated and mounted in Prolong
Gold (Life Technologies). Images of SC-CMs on the film surfaces were acquired using a

Nikon confocal microscope.

Electrophysiological analysis using optical mapping

Optical mapping was performed on confluent day 15 SC-CM monolayers on
PCL-based films. Rhod 2 (Invitrogen) calcium indicator was prepared by first creating a
1 mM stock solution through addition of anhydrous dimethylsulfoxide followed by
sonication at 50° C for 30 min. To prepare the working calcium indicator solution, 5 pul of
1 mM Rhod-2 stock solution and 5 pl of Pluronic F-127 were added per 1 ml of Tyrode’s
solution. Following removal of cell culture media, 1 ml of calcium indicator solution was

added to each well and allowed to incubate at room temperature for 20 min. After the
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incubation period, the wells were rinsed three times with Tyrode’s solution prior to
imaging.

Recordings of calcium wave propagation across the SC-CM were acquired using
an iXon Ultra DU897 EMCCD camera (Andor) coupled to an Optomask Adjustable Field
Mask (Andor), which was utilized to enhance frame rate in cropped sensor mode, and
Nikon Elements software. Propagating calcium waves were recorded in Tyrode’s solution
at room temperature (22 °C) in the absence of exogenous stimulation (i.e., spontaneous
wave propagation). For each film, a minimum of three recordings were taken with an
average length of 10 sec at a rate of approximately 500 frames per second. Data was
analyzed using a modified version of a previously established MATLAB (MathWorks,
Natick, MA) script (Weinberg, Lipke et al. 2010). Using this script, calcium transient
velocity, calcium transient duration (time to 50% and 80% recovery), and calcium wave

frequency were quantified for each condition.

6.3.  Results
Attachment of SC-CMs to PCL, PPy-PCL films

It was expected that incorporation of PPy networks in to the PCL polymer would
affect the attachment of SC-CMs to the material surface. To assess whether or not viable
cardiomyocytes would readily adhere to the PCL and PPy-PCL films, fluorescence
images were captured of day 12 SC-CMs labeled using a LIVE/DEAD stain (Fig. 6.1).
The resulting images confirm that large numbers of viable SC-CMs were attached to each
material 72 hours post-dissociation. A negligible percentage of dead cells were observed

for each condition.
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LIVE DEAD Overlay

PCL

PPy-PCL

Figure 6.1. LIVE/DEAD images taken of day 12 SC-CMs on PCL, PPy-PCL. Scale
represents 100 pum.

PPy-PCL, PCL facilitate formation of gap junctions

Monolayers of SC-CMs cultured on PCL and PPy-PCL films (day 15) showed
positive expression of cardiomyocyte proteins a-sarcomeric actinin, cardiac troponin I,
and connexin-43 (Cx43) (Fig. 6.2). While images of SC-CMs on each substrate
demonstrate positive expression of Cx43 along the membranes of adjacent cells, no
observable difference in total Cx43 organization was seen on either PCL or PPy-PCL

films (Fig. 6.3).
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a-Sarcomeric Actinin Connexin-43 Overlay w/DAPI

PCL

PPy-PCL

Figure 6.2. Immunocytochemistry images taken of day 15 SC-CMs. Scale represents 100
pm.

PCL PPy-PCL

Figure 6.3. Confocal images of SC-CMs on each material. Scale represents 100 um.
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Preliminary calcium transient data

In order to evaluate the effect of film type on SC-CM calcium handling, day 15
films were evaluated using optical mapping analysis. Spontaneous calcium transient
propagation was sparse and non-uniform throughout SC-CM monolayers on both film
types. Exogenous electrical stimulation resulted in signal capture among a limited
number of SC-CM monolayers.

In an effort to increase the Rhod-2 signal output on PCL and PPy-PCL films,
monolayers were augmented by seeding HL-1 cardiomyocytes (at 50,000 cells per film)
72 hours prior to optical mapping analysis. Although this adjustment resulted in calcium
transient data acquisition from additional samples, only a limited number of recordings
were collected from each condition. This preliminary data was insufficient to allow for
comparison of: calcium transient velocities (PCL: 4.00 £ 1.76 cm/s; PPy-PCL: 2.99 +
0.82 cm/s; n=2 independent cover slips, Fig. 6.4), calcium transient durations at 50%
(PCL: 649.8 + 511.5 ms; PPy-PCL: 687.8 = 18.9 ms) and 80% (PCL: 787.6 + 679.6 ms;
PPy-PCL: 900.2 + 4.5 ms) recovery (Fig. 6.5), or spontaneous propagation frequency
(PCL: 1.05 £ 0.98 Hz; PPy-PCL: 0.49 £ 0.04 Hz) (Fig. 6.6) for SC-CM/HL-1 monolayers

cultured on the PCL and PPy-PCL films.
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Figure 6.4. Calcium transient velocities of SC-CM/HL-1 monolayers on each material
evaluated via optical mapping.
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Figure 6.5. Calcium transient durations of SC-CM/HL-1 monolayers on each material
evaluated via optical mapping.
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Figure 6.6. Calcium transient frequencies of SC-CM/HL-1 monolayers on each material
evaluated via optical mapping.

6.4.  Discussion

The purpose of this experiment was to determine the outcome of mSC-CMs
undergoing cardiac differentiation on a conductive PPy-PCL substrate. Based on previous
work observing HL-1 cardiomyocytes on PPy-PCL, it has been determined that the
conductive PPy-PCL substrates are compatible with contractile cell types, supporting cell
densities and cellular viabilities comparable to NaOH-treated PCL substrates alone.
Furthermore, HL-1 cells grown on PPy-PCL scaffolds exhibited much higher Cx43
expression than HL-1 cells grown on PCL with high gap junction protein expression in
proximity to the cell membrane. Taken together, these findings suggest that
cardiomyocytes derived from stem cells grown on PPy-PCL could exhibit a significant
increase in gap junction protein expression, translating into significantly higher
conduction velocities than cardiomyocytes differentiated on PCL alone. The results of
this study provide novel insight into the development of stem cell-derived
cardiomyocytes on conductive materials and offer a new platform for creation of

electrophysiologically-mature cardiomyocytes for clinical and diagnostic applications.
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Significant evidence suggests that differentiating SC-CMs in materials containing
conductive elements improves the maturation state of cardiomyocytes. For instance,
culturing neonatal rat cardiomyocytes in a hydrogel containing gold nanoparticles
increased the expression of Cx43 by 1 to 4 orders of magnitude in comparison to
cardiomyocytes grown in hydrogels alone (You, Rafat et al. 2011). Similar results have
been observed in cell scaffolds prepared with carbon nanotubes (Meng, Stout et al. 2013,
Shin, Jung et al. 2013) and polypyrrole (Kai, Prabhakaran et al. 2011). Taken together,
these findings indicate that conductive materials can improve expression and
performance of maturing cardiomyocytes. In contrast, the effects of incorporating
undifferentiated or immature cell types into conductive materials are not well understood.

In this experiment, pre-differentiated SC-CMs were dissociated and cultured on
PCL and PPy-PCL films for a period of 7 days. LIVE/DEAD staining revealed that SC-
CMs on both materials demonstrate robust viability and qualitatively-similar cellular
adhesion. This result is consistent with a previous study utilizing HL-1 cardiomyocytes
on PPy-PCL and PCL films; HL-1 cardiomyocytes were shown to adhere at a similar
cellular density while maintaining over 90% viability in each case (Chapter 5).
Additionally, SC-CMs on both films developed cardiomyocyte structural protein (o-
sarcomeric actinin) and established circumferential gap junction proteins (Cx43), as
evidenced through immunocytochemistry. These findings provide evidence that
differentiating SC-CMs may be cultured and allowed to develop (and potentially mature)
on the novel film material.

It was expected that changes in calcium handling would be observed via culture

on conductive PPy-PCL films. In a previous study, HL-1 cardiomyocytes demonstrated
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an increase in calcium transient velocity and decrease in calcium transient duration when
cultured on PPy-PCL relative to a PCL control (Chapter 5). Initially, it was found that
day 15 SC-CMs cultured on PPy-PCL and PCL films generated limited observable
calcium transient activity. While the cause of this limited calcium transient activity is not
understood, the addition of HL-1 cardiomyocytes to each film was utilized to increase the
latent calcium transient activity on each sample. Preliminary calcium transient data
collected via optical mapping revealed no significant difference in transient velocities,
durations, or frequencies among SC-CM/HL-1 monolayers on PCL and PPy-PCL.
Because SC-CMs exhibit batch-to-batch variability in addition inherent differences in
individual sample preparation, evaluation of additional samples will be necessary to
elucidate any changes in calcium transient activity that results from maturation on PPy-

PCL films.

6.5.  Conclusions

The purpose of this study was to determine changes in maturation of
differentiating SC-CMs cultured on PPy-PCL films. This study demonstrates that SC-
CMs maintain high viability and attach to conductive PPy-PCL and PCL films. SC-CMs
grown on this material also develop cardiomyocyte structural proteins as well as gap
junctions as evidenced through the formation of Cx43. Preliminary data recorded using
optical mapping analysis revealed calcium transient activity present among
cardiomyocytes cultured on PPy-PCL and PCL; however, quantification of additional
samples is necessary to evaluate possible changes in calcium handling among

cardiomyocytes on the novel material. Future work in this area could help to elucidate the
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changes in maturation of SC-CMs which result from culture on conductive polymer

substrates.
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7. CONCLUSIONS

As the number one source of mortality in the United States, heart disease has far-
reaching costs in terms of: medical treatment expenses, reduction in quality of life, lost
economic potential, and loss of lives. The lack of current therapies for post-infarcted
patients has prompted the investigation into novel treatments for individuals with heart
disease; many of these approaches rely on engineered materials that provide biomimetic
cues to stem cells or differentiating cardiomyocytes. As such, understanding the role by
which specific stimuli contribute to the differentiation and development of
cardiomyocytes, in conjunction with the development of new materials which effectively
demonstrate these biomimetic qualities, is ultimately important for success in this area.
Furthermore, because the implantation of immature cardiomyocytes may lead to the
development of arrhythmias, the ability to quantify the functional maturation of these
cells and tissues is also a necessary step in the development of engineered myocardium.

In this document, | have described a set of studies which evaluate the effects of different
biomaterials on the maturation of cardiomyocytes. In order to quantify the functional
maturation of these cell types, | have fabricated an optical mapping platform capable of
recording propagating calcium waves through cardiac tissue and cardiomyocyte
monolayers. To accomplish this endeavor, | created a dual microscopic and macroscopic
imaging system which can acquire recordings from samples ranging in size from 21 mm
down to 100 um. The fabrication of a customized optical mapping chamber allowed for
perfusion of Tyrode’s solution over the sample at physiological temperature while
providing a mechanism for exogenous electrical stimulation of cardiomyocytes. The

implementation of specialized optical equipment allowed for acquisition from a range of
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different sample types. Together, the flexibility of this optical mapping platform was
critical in assessing the impact of my biomaterials on resulting engineered cardiac tissue
function.

As a small molecule with high diffusivity properties, nitric oxide (NO) has been
evaluated by others as a promoter of cardiac differentiation; however, the effects of nitric
oxide on cardiomyocyte maturation were not previously understood. Here | have shown
that treatment of developing embryoid bodies (EBs) with the nitric oxide donor S-
nitrosocysteine resulted in larger populations of cardiomyocytes with EBs demonstrating
greater spontaneous contractile activity. Furthermore, developing cardiomyocytes
receiving the NO donor demonstrated a more mature phenotype and improvement in
calcium handling relative to control samples, as evidenced by increased calcium transient
velocities and decreased calcium transient durations via optical mapping. Taken
together, these results indicate that NO may play an important role in the maturation of
stem cell-derived cardiomyocytes grown in large scale suspension culture platforms.

Cell-cell connectivity via formation of gap junctions between cardiomyocytes is
an important facet of cardiac maturation. Because conductive substrates have been known
to assist in the formation of these cellular structures, | selected a biocompatible, semi-
conducting polymer (polypyrrole-polycaptrolactone (PPy-PCL)) to study as a platform
for cardiac maturation. Cardiomyocytes cultured on the novel material demonstrated
viabilities and cell densities that were consistent with cells grown on control materials.
Cardiomyocytes cultured on PPy-PCL developed greater numbers of peripherally-located
gap junction protein (Cx43). Furthermore, cardiomyocytes cultured on the PPy-PCL

films developed increased calcium transient velocities and decreased calcium transient
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durations relative to controls. These results show the potential importance of mimicking
the conductivity of native myocardium in order to facilitate cardiac maturation.

The results of these studies demonstrate how engineering tools and systems can
be applied towards the goal of heart regeneration. Implantation of immature
cardiomyocytes can lead to the formation of deadly arrhythmias; the ability to drive
maturation of cardiomyocytes in vitro is an important step in the adaptation of these cells
into clinical or research applications. Through the use of a custom built mapping
platform, I have shown how two novel material systems can be implemented to facilitate
cardiomyocyte electrophysiological maturation in vitro. These findings contribute to our
overall knowledge of cardiac-promoting biomaterials and may assist in establishing

future cardiac regeneration technologies.
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APPENDIX A: INCORPORATION OF CARDIOGENIC NITRIC OXIDE-
RELEASING COMPOUNDS INTO THE CELLULAR NICHE IMPROVES
MATURATION OF ENCAPSULATED STEM CELL-DERIVED
CARDIOMYOCYTES

Introduction

Nitric oxide (NO) has been shown to increase the potential for cardiac
differentiation as well as cardiac maturation of stem cell-derived cardiomyocytes (SC-
CMs), as evidenced by improvements in contraction, protein and gene expression, and
calcium handling (Chapter 4). The use of exogenous NO in the form of soluble S-
nitrosocysteine (CysNO) has demonstrated improvement in spontaneous contraction
percentage and frequency of contraction of embryoid bodies (EBs), as well as reduction
in times to 50% and 80% calcium transient and increases in maximum capture rate
among MESCs differentiated in static suspension culture. These data highlight the
importance of NO as a cardiogenic signaling molecule with implications in scaled
production of SC-CMs.

One important consideration for the implementation of NO signaling in a
cardiogenic platform is the transient nature of NO delivery to the EBs and SC-CMs.
Soluble CysNO demonstrates rapid release kinetics, delivering over 90% of its NO
payload over the course of one hour. Since the biology of developing myocardium relies
on continuous signaling via nitric oxide synthase (multiple isoforms), this method of NO
delivery may not be successful in driving cardiac maturation in large scale culture
platforms. Furthermore, additional considerations may arise with the incorporation of
novel biomaterial-based cell carriers. It is not fully understood how mESCs differentiated
in such environments will respond to NO signaling. Therefore, identification of the

effects of exogenous NO signaling on pluripotent cells grown encapsulated in a
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biomaterial carrier is critical in the development of a platform for large scale production
of cardiomyocytes for clinical and diagnostic applications.

Polyethylene glycol- (PEG) based hydrogels have many properties which make
them conducive for tissue engineering applications. PEG-based hydrogels have a high
water content which is similar to naturally occurring tissue. The materials have easily
tunable mechanical properties, have controllable chemical formulation, and can be
readily formed into specific structures through rapid photopolymerization. PEG is also
easy to customize with bioactive factors, proteins, signaling molecules; this allows for
creation of a scaffold which promotes cell adhesion and accommodates growth with the
incorporation of enzymatically-degradable structures within the material. PEG-
fibrinogen, a natural-synthetic hybrid material, has been shown to support a number of
cardiac cell types, including neonatal rat ventricular myocytes and human embryonic
stem cell derived-cardiomyocytes (Habib, Shapira-Schweitzer et al. 2011). Additionally,
PEG-fibrinogen has the potential to incorporate cell signaling peptides for engineering
the microenvironment of synthetic tissues (Rufaihah, Vaibavi et al. 2013).

A hydrogel scaffold containing PEG-fibrinogen supplemented with exogenous
NO may provide an environment conducive to cardiac differentiation and maturation of
SC-CMs. In this study, mESCs were encapsulated in PEG-fibrinogen hydrogel and
allowed to differentiate; differentiation of SC-CMs was assessed in micro-island and
static microsphere culture. Viability and morphology of SC-CMs was assessed over the

course of differentiation.
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Materials and Methods
Culture of mESCs

A mouse D3 embryonic stem cell line was used for all experiments.
Undifferentiated mESCs were expanded on mouse embryonic fibroblast layers prior to
use. mESCs grown on feeder layers were enzymatically removed using a solution of

0.05% trypsin in EDTA, dispersed and counted using a hemocytometer.

Formation of PEG-fibrinogen (PEG-Fb) precursor

PEG-Fb precursor was prepared using established protocols (Shapira-Schweitzer,
Habib et al. 2009). Briefly, PEG-Fb powder dissolved in PBS (10 mg/mL) was combined
with N-vinylpyrrolidone, eosin Y (1 mM), and pluronic to form the hydrogel precursor

that was used in all following experiments.

Encapsulation of mESCs in PEG-Fb using PDMS Molds

mESCs were transferred into a new vial prior to encapsulation and all media was
be removed from the suspension. A volume of PEG-Fb precursor was added to the cells
such that a cell density of 90x10° cells/mL was achieved. Precursor was mixed well and
dispensed into custom-made PDMS molds on acrylated glass slides. Light was applied
for approximately 60 seconds to achieve crosslinking. Hydrogel scaffolds were

immediately transferred into culture media.

Encapsulation of mESCs in PEG-FB Microspheres
MESCs were transferred into a new vial prior to encapsulation and all media was
removed from the suspension. A volume of PEG-Fb precursor was added to the cells

such that a cell density of 90x10° cells/mL was achieved. Precursor was mixed well and
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dispensed into a glass tube containing mineral oil with 1-651 photoinitiator and NVP. The
colloidal suspension was vortexed for 2 seconds and crosslinked using light over a period
of 20 seconds. Oil was removed using 3 subsequent washing steps using DMEM before

transferring microspheres into culture media.

Analysis of Viability using LIVE/DEAD Assay

Following encapsulation, the viability of differentiated cells was assessed.
Encapsulated mESCs from each configuration were incubated in Live/Dead® reagent
(Invitrogen, Carlsbad, CA), containing calcein-AM and ethidium homodimer-1, for 30
minutes. Live cells are characterized by intracellular esterase activity which cleaves the
calcein-AM to form fluorescent green calcein. Dead cells are identified by presence of
red fluorescent ethidium homodimer-1, which enters the cytosol through the ruptured cell
membrane and binds to nucleic acids. EBs were imaged using an inverted fluorescence

microscope (Nikon Eclipse Ti-U) and an Andor Luca S camera.

Results

In this experiment, | was interested in indentifying the effect of soluble NO
treatment on the cardiogenic potential of MESCs encapsulated in PEG-Fb hydrogels. |
hypothesized that mESCs encapsulated in PEG-Fb in the presence of exogenous NO
would exhibit increased levels of cardiac protein and gene expression after two weeks in
culture. Furthermore, dissociated SC-CMs differentiated in the presence of NO were
expected to produce faster conduction velocities than SC-CMs not receiving the

exogenous signal. Taken together, the results of this experiment would provide insight
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into the nature of cardiomyocyte differentiation and maturation, producing a novel
biomimetic platform for production of cardiomyocytes in a large scale culture system.
Initial tests were been performed to evaluate mESC performance in PEG-Fb
hydrogel micro-islands. To optimize the cell encapsulation density and photoinitiator
combination in the micro-islands, PEG-Fb precursor was prepared using eosin-Y and
Igacure 2959 photoinitiators. mMESCs were encapsulated at either 30 or 60 million cells
per mL; mESCs were visualized using LIVE/DEAD stain after 72 hours in culture (Fig.

Al).

Figure A.1. SC-CMs in PEG-Fb. (Left) 60 million cells/mL, Eosin-Y. (Middle) 30
million cells/mL, Eosin-Y. (Right) 30 million cells/mL, Igacure-2959. (Top) Phase
contrast images of SC-CMs in PEG-Fb. (Bottom) LIVE (green)/ DEAD (red) images of
SC-CMs. Scale bars represent 100 um.

Qualitative analysis shows PEG-Fb hydrogels containing 60 million cells per mL cross-
linked using eosin-Y as the optimal condition parameters for the formation of micro-

islands.
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Formation of PEG-Fb microspheres containing mESCs has also been peformed.
Microspheres containing mESCs were fabricated according to the previously described
protocol (Fig. A.2). LIVE/DEAD analysis has shown that mESCs encapsulated in PEG-
Fb microspheres are subject to high cell death (Fig. A.3). Because encapsulation of cells
is a manually-intensive activity which requires high operator skill, additional work will

be required to improve the viability of encapsulated mESCs.

Figure A.2. Microspheres formed from PEG-fibrinogen containing mESCs. Scale bars
represent 200pm.
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Figure A.3. mESCs in PEG-fibrinogen microspheres were stained using LIVE/DEAD.
(Top) Phase contrast; (Bottom-Left) LIVE; (Bottom-Right) DEAD. Scale bars represent
200pm.

Discussion

The use of microcarriers and other biomaterial based cell transport systems is a
critical component to large scale cell culture and cell delivery systems. Cell encapsulation
for cardiac repair applications has been attempted by others using a variety of materials,
including Matrigel (Mayfield, Tilokee et al. 2014) and alginate (Levit, Landazuri et al.
2013). Others have utilized synthetic biomaterials, including PEG-based hydrogels, for
large scale cell culture of stem cells (Lei and Schaffer 2013). In the Lipke Lab, Samuel

Chang incorporated a technique using PEG based hydrogels to encapsulate mESCs in
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microspheres (Olabisi, Lazard et al. 2010). While Sam was successful in encapsulating
these cell types, his incorporation of ascorbic acid alone did not produce large numbers of
functional SC-CMs. These results indicate that more intricate cell signaling, by virtue of
modification of the cellular niche, may be required in order to drive cardiogenesis of

pluripotent cell types in this hydrogel environment.

Preliminary data show high cell death of mESCs encapsulated using the
microsphere protocol. This result may be a consequence of user variability; however, it
has also been postulated that increasing the encapsulation cellular density may be one
method for mitigating the damage inflicted onto the mESCs during the procedure.
Additionally, it has been suggested that incorporation pre-formed embryoid bodies into
the material may also support mESC proliferation and differentiation in the PEG-Fb

material (Wilson, Najia et al. 2014).
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