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Abstract

Cardiovascular disease is the leading cause of death worldwide, causing a global
health and financial burden. The first chapter of this dissertation highlights the needs for
scalable, clinically relevant production of human pluripotent stem cell-derived cardiac
tissue and provides an introduction to cardiac tissue engineering. The first project (Chapter
2) presents a rapid, scalable, and single-cell handling approach for the production of 3D
functional cardiac tissue microspheres directly differentiated from encapsulated hiPSCs.
Encapsulation occurred using a custom microfluidic system, which provides tight control
over size and shape of the microspheres both between and within batches. The
microspheres supported efficient cardiac differentiation, and the resulting CMs had
appropriate temporal changes in gene expression and response to pharmacological and
electrical stimuli. This microsphere direct differentiation platform using microfluidic
encapsulation of hiPSCs was expanded in Chapter 3 to demonstrate ECT microsphere
production with a variety of sizes and in chemically defined conditions. Chapter 4
highlights the flexibility of the microfluidic encapsulation system to produce ECT
microspheroids with varying sizes and axial ratios (AR) with initial diameters ranging from
400-1000 pm with ARs from 1-9, and the impact of these parameters along with initial
cell and PEG-fibrinogen concentrations on cardiac differentiation outcomes was assessed.
Furthermore, initial scale-up studies were performed showing that microspheroids can be
cultured and differentiated in shaker flasks, producing over 40 million cells per batch with

consistent cardiac differentiation efficiencies. Photocrosslinking of PEG-fibrinogen for



ECT production using the photoinitiator, LAP, which is commonly used in bioprinting, is
demonstrated in Chapter 5. Two light sources were used for photocrosslinking of LAP,
which was compared with the established Eosin Y crosslinking system. There were no
differences in cardiac differentiation efficiency or cell numbers from the resulting ECTs
photocrosslinked with the three light sources. Photocrosslinking with LAP allowed for
non-destructive monitoring of action potentials using a genetically encoded voltage
indicator cell line. Finally, the thalidomide induced changes to cardiac tissue formation,
differentiation, and function were investigated in Chapter 6, showing that drug-induced
changes during cardiac differentiation from hiPSCs could be detected. Overall, the results
here demonstrate advancements in production of ECTs directly differentiated from
encapsulated hiPSCs towards scalable, clinically relevant production with potential for use

in high-throughput drug screening, bioprinting, and regenerative medicine.
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Chapter 1: Introduction to Cardiac Tissue Engineering

Cardiovascular Disease

Cardiovascular disease (CVD) is the leading cause of death in the world. Globally from
2007-2017, 21% of all deaths were caused by CVD (Virani et al. 2020), which
encompasses any disease or disorder that involves the heart or blood vessels, including
arrhythmias, congenital heart defects, and coronary artery disease (CAD). Arrhythmias are
irregular beating patterns in the heart that can entail the heart beating too slow
(bradycardia), too fast (tachycardia), or irregularly. Congenital heart defects are structural
problems in the heart or blood vessels that occur during development; these are the most
common type of birth defects that affect over 40,000 infants each year in the United States
(Mozaffarian et al. 2016). CAD is the most prevalent type of CVD and occurs because of
the build-up of plaque, consisting of cholesterol, fatty substances, cellular waste, calcium,
and fibrin, along the inner walls of the arteries. This build-up leads to a decrease in the
blood flow, which can eventually lead to a myocardial infarction, or heart attack, and/or
stroke. Approximately 965,000 Americans have a myocardial infarction each year,
accounting for 46% of all CVD-related deaths (Mozaffarian et al. 2016).

Current treatments for CVD consist of medications and surgery; however, these
options only treat the side effects and cannot restore function due to the inability of the
heart to regenerate after damage is caused. A combination of medications, a pacemaker, or
cardiac defibrillation is used for the treatment of arrhythmias; pacemakers can malfunction
and be damaged or interfered. Following a heart attack caused by CAD, treatments include

medications, a coronary angioplasty, or a coronary artery bypass. There are limitations and
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challenges to these treatments. Medications only treat the symptoms and decrease the risk
of further problems, and surgeries can be unsuccessful and come with an increased risk of
infection. In severe cases, a heart transplant can be performed to restore and improve
function. However, there are not enough transplants available for the number of people
waiting on the transplant list, and even with a heart transplant, patients must remain
immunosuppressed, leading to an increased risk for other diseases, including certain types
of cancers and kidney disease. Furthermore, the life expectancy following a heart transplant
is only 18-20 years (Politi et al. 2004). Due to the inability for current treatments to restore

function and structure to damaged myocardium, new methods for treating CVD are needed.

Human Heart Development and Cardiomyocyte Function

Heart development is a complex process relying on precise cell signaling and mechanical
cues. During embryogenesis, germ line specification occurs during gastrulation, and the
heart originates from the lateral plate mesoderm containing two cardiac populations, the
first and second heart fields. The first heart field forms the primitive heart tube, and the
heart is formed from the primitive heart tube and slowly differentiating second heart field
cells between embryonic days 22 and 56 in humans (Marchiano, Bertero, and Murry 2019).
Cells in the left ventricle originate in the first heart field, while the second heart field
contributes to the left and right atria, right ventricle, and outflow tract. The heart is a four
chambered organ responsible for pumping blood throughout the body and consists of a
variety of cell types, primarily cardiac muscle cells, or cardiomyocytes (CMs), as well as
fibroblasts and endothelial cells. Deoxygenated blood from the body is pumped into the

right atrium from the superior vena cava. From there, the blood is pumped into the right
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ventricle where it travels in the pulmonary arteries to the lungs for oxygenation. The
oxygenated blood flows back into the left atrium and then to the left ventricle in the
pulmonary veins. The oxygenated blood leaves the heart through the aorta where it then
travels through the veins throughout the body. The heart pumps blood at an average of 60—

100 beats per minute, resulting in over 30 million beats in a year.

Nodal

®
Atrial

®
Ventricular

40 mv

250 ms

Figure 1.1 Cardiac action potentials for the major types of CMs: ventricular, atrial,
and nodal.

The cardiac action potential is the change in voltage of the CMs due to the influx of sodium,
potassium, and calcium ions in and out of the cell. Action potentials are initiated in the
sinoatrial node, composed of nodal cells. Ventricular action potentials are characterized by

the long plateau phase. Figure reprinted with permission from (Mummery et al. 2012).

Successful function of the heart requires synchronous function as a whole organ,
including the different classes of cardiomyocytes and the resulting cell types. There are

three major classes of cardiomyocytes in the heart: nodal, atrial, and ventricular. The
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electrical impulses, called action potentials, originate in the sinoatrial node, travel
throughout the heart, resulting in physical contraction of the heart to pump blood; the cells
capable of generating these action potentials are called nodal or pacemaker CMs.
Ventricular and atrial type cardiomyocytes differ by their location in the heart as well as
having different functions, morphology, and electrophysiological and contractile properties
(S.Y. Ng, Wong, and Tsang 2010). Figure 1.1 shows the difference in action potentials
between nodal, atrial, and ventricular cardiomyocytes. Action potential propagation is
initiated by sodium ions entering the CMs, causing a rapid increase in membrane potential
and initiating the opening of potassium channels, allowing for a rapid decrease in
potassium ions out of the cell. Calcium ions flow into the CMs, initiating cardiac
excitation-contraction coupling, the process between the electrical signals and the physical
contraction of the CMs. Compared to atrial CMs, ventricular CMs have a lower resting
membrane potential, -85 mV and -90 mV, respectively, as wells as having a longer plateau
following the upstroke and transient repolarization. After the plateau, rapid repolarization
is the driving force for returning the membrane potential to its resting state. The build-up
of plaque in the arteries causes impaired blood flow and can cause a myocardial infarction,
resulting in the loss of millions of these contractile CMs. During a myocardial infarction,
primarily ventricular CMs are lost; therefore, methods for generating ventricular are

needed for successful cardiac regeneration.

Cardiac Tissue Engineering
Tissue engineering holds immense promise for treating CVD; the goal of tissue engineering

is to create an engineered product from cells and/or biomaterials that can be used for
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regenerative medicine, using the cells and tissues as the therapeutic to restore function and
structure to the diseased or damaged heart (D.A. Dunn, Hodge, and Lipke 2014).
Furthermore, tissue engineering can be employed to establish disease models and drug-
testing platforms as well as for studying cardiac development (Figure 1.2). In order for
these products to be successfully translated for clinical applications, complexity of
production will need to be minimized while still recapitulating the key aspects of tissue
formation and function.

Previous animal studies have shown that stem cell-derived cardiomyocytes can
improve function to damaged myocardium, or heart tissue (Chong et al. 2014; Carpenter
et al. 2012; Chow et al. 2017; Wang et al. 2016; L. Gao et al. 2018). There is great
excitement for the utilization of these tissue engineered products for therapeutic use, and
initial studies in a human clinical trial using cardiovascular progenitor cells has been
completed (Menasche et al. 2018). Beyond cell therapy, engineered cardiac tissue can be
used for studying development and for high-throughput pharmaceutical candidate
screening (Mordwinkin, Burridge, and Wu 2013; H.F. Lu et al. 2017). Of the
pharmaceuticals withdrawn from the market between 1953 and 2013, 14% were recalled
due to their undesirable side effects to the heart due to insufficient preclinical testing
(Onakpoya, Heneghan, and Aronson 2016). Current models for assessing the effects of
candidate pharmaceuticals on the human heart are primarily focused on cardiac toxicity
and generation of arrhythmias using model (non-CM) cell lines and small animal testing.
The current small animal model for the human heart is mice; however, the human and
rodent hearts have different physiology and characteristics (Rajamohan et al. 2016), and

rodent models have failed at predicting cardiac toxicity in the past, as with the drug
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thalidomide (Vargesson 2015; Ito, Ando, and Handa 2011). Incorporating human-derived
CMs, such as engineered cardiac tissues (ECTs), provides significant advances for

enhanced recapitulation of the in vivo environment for drug-testing.

Pathological
Inputs

Understanding
Development

Drug Testing/
Toxicology

Figure 1.2 Tissue engineering can be used for drug testing, regenerative medicine,

Therapeutic
Interventions

Mechanisms
of Disease

and studying development and disease.
The goal of tissue engineering is to create a product that combines cells, biomimetic
materials, and bioactive factors that can be used for mimicking the in vivo environment for

in vitro studies. Figure reprinted with permission from (A.J. Hodge et al. 2013).

Cell Sources for Cardiac Regeneration

CMs isolated from adult tissue are nearly impossible to culture long-term in vitro
due to their low turnover rate and highly specialized function (Feric and Radisic 2016b).
Therefore, another cell source must be considered when designing engineered cardiac
tissue (ECT) products. Stem cell-based models can be used for cell therapy and for creating
human cardiomyocytes due to their ability to mimic the human developmental process as

well as their ability to proliferate indefinitely (Thomson and Marshall 1998). There are
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several different types of stem cells including: mesenchymal stem cells, embryonic stem
cells (Thomson et al. 1998), and induced pluripotent stem cells (Wilson and Wu 2015).
Mesenchymal stem cells (MSCs) are adult stem cells that can only be differentiated into
certain cell types such as osteoblasts, chondrocytes, myocytes, and adipocytes (Ullah,
Subbarao, and Rho 2015). These cells have limited capability to be differentiated into
cardiomyocytes (Mathur et al. 2016); however, MSCs have been shown to improve cardiac
function following a myocardial infarction, likely due to paracrine signaling (Sun and
Nunes 2015; Mirotsou et al. 2011). Pluripotent stem cells (PSCs) consist of both embryonic
stem cells (ESCs) and human induced pluripotent stem cells (hiPSCs). ESCs are obtained
from an embryo and have the most differentiation potential, but there are ethical issues
associated with the process of obtaining them. HiPSCs are stem cells that can be obtained
by lentiviral reprogramming of adult somatic cells using a combination of transcription
factors (Takahashi and Yamanaka 2006; Sommer et al. 2010). HiPSCs have immense
potential for cell therapy and drug-testing due to their ability to differentiate into almost
any cell type, maintained pluripotency after prolonged culture, and the limited ethical
concerns. One advantage that hiPSCs have over ESCs is the possibility of an autologous
treatment, or patient-specific cells. Autologous treatments may cause less of an immune
reaction, potentially increasing the likelihood for successful cell delivery and engraftment.

Protocols for differentiating CMs from hiPSCs involve the activation and
subsequent inhibition of the Wnt signaling pathway using either growth factors or small
molecules (Mummery et al. 2012). Traditional methods for generating pluripotent stem
cell-derived cardiomyocytes (PSC-CMs) without a biomaterial include two-dimensional

(2D) cell sheets and embryoid bodies. Initial cardiomyocyte differentiation studies used
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embryoid bodies (EBs), small clumps of pluripotent stem cells grown in suspension culture
(Boheler 2002; Kehat et al. 2001). The size and shape of EBs can be difficult to control
leading to inherent variability in aggregate size, resulting in cardiac differentiation
variability between cell lines and batches from the same cell line (Osafune et al. 2008).
EBs can be formed by printing, seeding into specialized microwell plates, shaker flasks,
stirred-flask bioreactors, or by patterning (Henning Kempf, Andree, and Zweigerdt 2016).
For 2D cell sheets, PSCs are seeded on a material such as Matrigel and then differentiated
into CMs (Laflamme et al. 2007). 2D sheets can be used to obtain CMs up to 98% purity
(Lian et al. 2012; Burridge et al. 2014), likely due to uniform diffusion of small molecules
and growth factors without a concentration gradient. However, 2D monolayers fail to
adequately mimic the in vivo three-dimensional (3D) microenvironment, has limited
scalability, and CMs obtained from this method need further processing to become mature,
functional cardiomyocytes. Traditional methods for the formation of ECTs involve
assembling dissociated pluripotent stem cell-derived CMs (PSC-CMs) with a biomaterial;
this process can result in cell loss and disruption of important cell-cell junctions. However,
previous work in the Lipke group established a direct differentiation platform in which the
PSCs were combined with biomaterial and then differentiated in a 3D microenvironment
for formation of ECTs (P. Kerscher, Turnbull, et al. 2016; Petra Kerscher, Kaczmarek, et

al. 2016).

Biomaterials in Cardiac Tissue Engineering
Due to the variability, low viability, and engraftment of human pluripotent stem

cell-derived cardiomyocytes (hPSC-CMs), biomaterials can be used to aid in cell delivery
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and direct differentiation by providing physiological and biological cues to cells. The
cellular microenvironment can be tightly controlled using biomaterials, providing a similar
microenvironment each time. Biomaterials are beneficial in tissue engineering due to the
ability to tune their mechanical, chemical, and biological properties as well as promote cell
adhesion and engraftment in the body. For scalable production, biomaterials help provide
protection from shear stress to cells during scalable culture systems and during and after
implantation in the body (D.A. Dunn, Hodge, and Lipke 2014).

There are three types of biomaterials: natural, synthetic, and hybrid. A natural
biomaterial is a polymer derived from a living organism. Natural biomaterials are
biocompatible with a low host response, enzymatically degradable, and contain ligands
that support cell growth and adhesions (Bajaj et al. 2014). However, the synthesis of these
materials can be costly, their properties cannot be adjusted, and these materials come with
a risk of microbial contamination. The most common natural materials used in cardiac
tissue engineering include collagen and gelatin which are derived from commonly found
proteins in the extracellular matrix (ECM) of the heart (Huyer et al. 2015). Other natural
biomaterials used include: fibrin (Wendel et al. 2014), hyaluronic acid (Yoon et al. 2009),
alginate (Landa et al. 2008), Matrigel (Laflamme et al. 2007), chitosan (W.N. Lu et al.
2009), and decellularized ECM (Singelyn and Christman 2010). Synthetic biomaterials are
polymers that can be synthesized in the lab. These materials are desirable to use due to
their reproducibility, cost-effective synthesis, and ability for tuning the material properties.
The mechanical properties, topography, structure, and chemistry can be altered to obtain
the desired properties. However, these materials are not as biocompatible as natural

biomaterials and have no cell adhesion sites as well as possibly cytotoxic degradation
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products.

poly(acrylamide), poly(2-hydroxy ethyl methacrylate) (PHEMA), poly(e-caprolactone),
polyurethane, polylactic acid, and polyglycolic acid (Reis et al. 2016; Domenech et al.
2016; Z. Li and Guan 2011). More recently, biomaterials that combine a natural and a
synthetic element, hybrid biomaterials, have been used for cardiac tissue engineering
(Giusti et al. 1994; Ellis and Lipke 2018). These materials combine the advantages of
natural and synthetic biomaterials with the goal of creating a reproducible, biocompatible,
cost-effective material that promotes cell adhesion and growth with tunable mechanical
properties. This project used PEG-fibrinogen— a hybrid biomaterial with natural
component, fibrinogen, covalently crosslinked to synthetic polymer, poly(ethylene glycol)
diacrylate (PEGDA) (Almany and Seliktar 2005). PEG-fibrinogen is photocrosslinkable,

exhibits high biocompatibility, and has cell attachment and degradation sites provided by

Common natural
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Figure 1.3 PEG-fibrinogen supports direct formation of cardiac tissue.

PEG-fibrinogen is a hybrid biomaterial composed of fibrinogen covalently bound to PEG.

This biomaterial can be photocrosslinked to form a 3D polymer network. Figure reprinted

with permission from (Almany and Seliktar 2005).




Engineered Cardiac Tissue Formation and Delivery

Different matrix fabrication methods have been investigated for production of
functional ECT including: electrospinning, phase separation, 2-photon polymerization,
decellularization, bioprinting, and hydrogel formation (Mathur et al. 2016; Boffito, Sartori,
and Ciardelli 2014; Hinderer, Brauchle, and Schenke-Layland 2015). Electrospinning,
thermally induced phase separation, 2-photon polymerization, and decellularization
involve fabrication of the scaffolds and then seeding of the CMs and other cell types.
Electrospun matrices can be uncontrollable, and the resulting pore size is not sufficiently
large enough for cell migration (Badrossamay et al. 2014; G. Zhao et al. 2015), which is
needed to produce a completely cellular tissue and to promote action potential propagation.
Thermally induced phase separation fabrication techniques have restricted control of
scaffold architecture and are often difficult to reproduce. Decellularization requires
complex washing steps, sacrificial tissue, and may have immunogenicity issues. All of
these techniques traditionally require differentiation of CMs, often in cell sheets or
embryoid bodies, and then incorporation with the fabricated matrix such as with a cardiac
patch (Shadrin et al. 2017; L. Gao et al. 2018); this CM dissociation step disrupts important
cell-cell junctions and typically results in a loss of cells. Other methods such as bioprinting
and hydrogel formation are being investigated for the formation of engineered cardiac
tissue that incorporates a cell source during production; however, bioprinting involves
complex instrumentation, often has long preparation processes that can be damaging to
cells and is limited by the viscosity of materials and cells (Lee et al. 2016; Kupfer et al.

2020). The work presented here produced ECTs directly differentiated from hiPSCs
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encapsulated in a photocrosslinkable biomaterial, overcoming the need for multiple cell
handling steps and CM dissociation for tissue formation.

The desired ECT geometry is dependent on the resulting application. For example,
in high-throughput screening, distribution is important, making a spheroidal tissue
geometry beneficial. For therapeutic use, the delivery method plays an important role in
determining appropriate fabrication technique to obtain the desired cell composition, size,
and shape. Delivery of ECT can be done through open heart surgery or using an injectable
suspension (Radisic and Christman 2013; C.P. Jackman et al. 2015). Open heart surgery
requires fracturing the breastbone for the surgeon to access the heart and perform surgery;
this is one of the most invasive surgeries and comes with the risk of infection, blood clots,
and pneumonia as well as a substantial recovery time. A cardiac patch requires open heart
surgery and can be attached without sutures or surgical glues (Miki et al. 2012). An
injectable suspension has the possibility of being delivered via catheter so that surgery is
not required. One limitation of this method is lower cell retention and engraftment in the
heart; research has shown cell retention and engraftment is improved in direct injection of
cardiac microtissues to the myocardium compared to delivery through intracoronary or
intravenous injections or using an epicardial tissue patch (Don and Murry 2013; Gerbin et

al. 2015).

Cardiomyocyte Maturity
One challenge for generating functional cardiac tissue differentiated from hPSCs is the
maturity of the resulting CMs. CMs undergo many structural and functional changes during

cardiac development from the fetal to adult cardiomyocyte phenotype. Compared to adult
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cardiomyocytes, hPSC-derived CMs (hPSC-CMs) exhibit more fetal like properties
(Scuderi and Butcher 2017; Feric and Radisic 2016a; Karbassi et al. 2020). Adult CMs are
rod shaped with organized sarcomeres and are approximately 25% binucleated (Olivetti et
al. 1996). Comparatively, hPSC-CMs are round or triangular shaped, mononucleated, and
have disorganized sarcomere alignment, similar to fetal CMs. CMs derived from PSCs
have proliferation capabilities, while adult CMs do not (Yang, Pabon, and Murry 2014).
The presence of transverse tubules, also called T-tubules, is an important structure for adult
CMs, and are not regularly seen in hPSC-CMs, although our research group has previously
seen the presence of T-tubules in 3D-ECT differentiated from encapsulated hiPSCs (P.
Kerscher, Turnbull, et al. 2016). Compared to adult CMs, hPSC-CMs have decreased
conduction velocity, upstroke velocity, excitation-contraction coupling, and a higher
resting membrane potential, indicating a more fetal-like phenotype (Sun and Nunes 2017).
Adult CMs primarily use fatty acid metabolism for energy generation while fetal-like CMs,
such as hPSC-CMs, depend on glycolysis (Lopaschuk and Jaswal 2010).

There is ongoing research in promoting maturity of hPSC-CMs using methods such
as mechanical stimulation, electrical stimulation, incorporation of other cell types, as well
as delivery of microRNAs (miRNAs), chemicals, and ECM components. Mechanical and
electrical stimulation is used to replicate the in vivo stresses that occur during formation
that are critical for heart development (Sun and Nunes 2017). These mechanical stresses
induced in vitro such as cyclic stretch have been shown to improve expression of gap
junctions, ion channels, and sarcomeric proteins as well as improved calcium handling
(Mihic et al. 2014). Electrical stimulation has been shown to improve conduction velocity,

cardiomyocyte size, and calcium handling (Nunes et al. 2013). Due to their regulatory role
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during heart development, the overexpression of miRNAs has been used to promote
maturation towards adult-like CMs (White, Pang, and Yang 2016). Delivery of ECM
components and other chemicals such as thyroid hormone 3 has been used to induce
maturation of engineered cardiac tissues; thyroid hormone 3 has been shown to induce
more adult-like CM size, sarcomeric length, contractile force, calcium handling kinetics,
and metabolism (Yang et al. 2014). Incorporation of other cell types such as cardiac
fibroblasts, endothelial cells, and smooth muscle cells has been shown to increase the
functionality and maturation of CMs due to the ability of these cell types to remodel the
ECM and exert paracrine effects for the remodeling and maturation of CMs (Ou et al. 2011;

Liau et al. 2011; Tulloch et al. 2011; Giacomelli et al. 2020).

Biomanufacturing of Engineered Cardiac Tissues

Multiple functional and safety parameters must be considered for engineered cardiac tissue
production, including resulting CM phenotype and maturity, electrical coupling and
electrophysiology, biocompatibility, delivery method, and scalability of tissue engineered
product. It has been estimated that billions of CMs will be needed to restore function and
structure to the damaged myocardium (R. Zweigerdt 2009); therefore, the production and
subsequent CM maturation must be scalable. Furthermore, for clinical translation, the ECT
must also be able to be manufactured in a clinical-grade setting using good manufacturing
practices, such as xeno-free production of CMs. Typically, cell culture formulations use
animal-derived serum and/or other animal components, and chemically defined products
without human or animal components, xeno-free, are needed for clinical translation.

Previous work has shown successful cardiac differentiation in chemically defined
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conditions (Burridge et al. 2014; Halloin et al. 2019). Production of CMs will need to
utilize bioreactor culture in order to produce a clinically relevant number of cells.
Bioreactors have been well established in the production of bacterial cells and antibodies
(Chu and Robinson 2001), resulting in a foundational understanding of the critical
parameters and potential challenges in process scale-up. Large-scale production of CMs
has been previously reported using the formation of self-aggregated EBs (Halloin et al.
2019; H. Kempfet al. 2015; Chen et al. 2015; Fonoudi et al. 2015) and microcarriers (Laco
et al. 2020) in stirred-tank bioreactors. Homogenous mixing occurs in a stirred-tank
bioreactor, allowing for even distribution of oxygen and nutrients. Furthermore, these
bioreactor systems can be coupled with instrumentation for continuous monitoring of
culture conditions such as pH, dissolved oxygen, and cell metabolism (dos Santos et al.
2013). However, other types of bioreactors are being employed in cell and tissue
production, such as perfusion, wave, and packed-bed bioreactors (Portner et al. 2005).
Beyond scalable tissue production, biomanufacturing design considerations include tissue
packaging, storage and preservation, and appropriate transfer of cell and therapy products

from the manufacturing facility to the location of use (Roh, Nerem, and Roy 2016).
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Chapter 2: Engineered Cardiac Tissue Microsphere Production through Direct

Differentiation of Hydrogel-encapsulated Human Pluripotent Stem Cells

Introduction

Cardiovascular disease is the leading cause of death worldwide due to the limited
ability of damaged myocardium to efficiently regenerate (Del Alamo et al. 2016; Y. Zhang,
Mignone, and MacLellan 2015). It has been estimated that billions of cardiac muscle cells,
cardiomyocytes (CMs), will be needed for cell therapy to be effective in treating
myocardial disease (Stevens and Murry 2018). Because of the inability to culture and
expand adult CMs, pluripotent stem cell-derived cardiomyocytes (PSC-CMs) are a critical
cell source for prevention and treatment of human cardiovascular disease (Gwathmey,
Tsaioun, and Hajjar 2009). Human induced pluripotent stem cells (hiPSCs) provide an
option for production of specialized cells, such as cardiomyocytes (CMs), that are difficult
to obtain from native tissue and cannot be cultured long-term in vitro (Rajamohan et al.
2013; Takahashi et al. 2007). Therefore, further advancements in the scalable production
of SC-CMs are needed to revolutionize their application in regenerative medicine,
including treatment of heart failure patients, preclinical drug-testing, and studying disease
mechanisms while overcoming interspecies and donor variation.

Currently 2D hiPSC monolayers are widely utilized for CM differentiation
(Burridge et al. 2014; Lian et al. 2013b); however, this approach requires large surface
areas, inherently limiting its scalability. Multiple emerging strategies employ suspension
culture and differentiation of hiPSCs for scalable production of CMs, as recently reviewed

by Kempf et al. (Henning Kempf, Andree, and Zweigerdt 2016). In particular, bioreactor-
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based formation of self-aggregated hiPSC embryoid bodies (EBs) is advantageous because
of the single step approach, scalability, and elimination of the need for microcarrier
removal (Fonoudi et al. 2015; H. Kempf et al. 2014; Halloin et al. 2019). Although these
strategies possess great potential, efficiency of cardiac differentiation between pluripotent
stem cell lines and even between batches of the same line can be highly variable (Rajala,
Pekkanen-Mattila, and Aalto-Setala 2011; Kehat et al. 2001; Burridge et al. 2007; Osafune
et al. 2008). Furthermore, the size and shape of EBs can be difficult to control and the self-
aggregation process is shear rate dependent and lacks control over the resulting cell density
and cellular microenvironment. Incorporating hiPSCs within a photocrosslinkable
biomaterial can be used to enhance initial spheroid uniformity, provide a homogeneous
cellular microenvironment, guide stem cell differentiation, and provide localized
physiological and biochemical cues to cells. Biomaterials have tunable mechanical,
chemical, and biological properties as well as the ability to provide protection from shear
stress, justifying their use in CM production from hiPSCs.

To meet the needs for bioreactor-based hiPSC derived CM (hiPSC-CM)
production, encapsulation materials must be degradable, while still providing the
consistency, ease and speed of handling necessary for commercial scale-up. Natural
biomaterials, including Matrigel (Laflamme et al. 2007), collagen, gelatin (Huyer et al.
2015), alginate (Landa et al. 2008), and fibrin (Wendel et al. 2014) have long been used
for formation of engineered cardiac tissue post-hiPSC differentiation, but have inherent
limitations for use in rapid cell encapsulation and bioreactor culture. Incorporating a
synthetic component to create a hybrid biomaterial overcomes these challenges, providing

a reproducible, rapidly photocrosslinkable, and tunable microenvironment (D.A. Dunn,
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Hodge, and Lipke 2014). Previously, the hybrid biomaterials — poly(ethylene glycol)-
fibrinogen (PEG-fibrinogen) and gelatin methacryloyl (GeIMA) — have proven successful
in the encapsulation and direct differentiation of hiPSCs to form 3D cardiac tissues (P.
Kerscher, Turnbull, et al. 2016; Petra Kerscher, Kaczmarek, et al. 2016). These materials
provide essential structural and biological components necessary for the production of 3D
cardiac tissues from hiPSCs (Almany and Seliktar 2005) while enabling rapid
photocrosslinking, which is necessary for scale-up and automatable process development.

Generation of 3D engineered cardiac tissues for use in regenerative medicine and
drug-testing applications typically involves dissociation of CMs into single cells for further
processing and assembly (Jenkins and Farid 2015). This requirement for CM dissociation
creates challenges for cardiac tissue production and clinical translation due to the loss of
cells and disruption of cell-cell junctions caused by the multiple cell-handling steps and
the need for complex instrumentation and protocols. Rather than assembling tissues using
pre-differentiated CMs, stem cell encapsulation and subsequent direct differentiation
within supporting biomaterial scaffolds provides an alternative approach for reproducible
and scalable production of functional human cardiac tissue and can eliminate multiple cell-
handling steps that otherwise limit the potential for process automation and production
scale-up.

Previously, our group produced 3D cardiac tissues through hiPSC encapsulation
and direct differentiation in PEG-fibrinogen (P. Kerscher, Turnbull, et al. 2016) and
GelMA (Petra Kerscher, Kaczmarek, et al. 2016) microislands. Whereas there are multiple
advantages to this platform over 2D monolayer differentiation, including observation of T-

tubule formation (P. Kerscher, Turnbull, et al. 2016) and the use of a clinically relevant
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material (Trattnig et al. 2015), the microisland tissue geometry is not the optimal shape for
use in suspension bioreactor culture, high-throughput drug screening, or injectable cell
therapy. Therefore, to translate our approach to meet these needs, we a microfluidic system
to rapidly encapsulate hiPSCs in hydrogel microspheres was established using a modified
microfluidic water-in-oil emulsion technique.

Building on work initiated by Petra Kerscher and Wen Seeto, together with Yuan
Tian, here these results producing functional cardiac tissue microspheres through direct
differentiation of encapsulated hiPSCs within a PEG-fibrinogen hydrogel in a single unit
operation are described. Our custom microfluidic system can produce approximately
45 hiPSC microspheres per minute with a cell density of 25 million cells/mL, an
approximate diameter of 900 um, and tight control over roundness. Encapsulated hiPSCs
remained viable in a PEG-fibrinogen hydrogel and continued to proliferate and grow to
form larger and denser microspheres. Microspheres consistently showed initial areas of
contraction on day 8 of differentiation, with high cardiac differentiation efficiency and
reproducibility by day 10. Engineered cardiac microspheres showed appropriate functional
responses to pharmaceutical stimuli isoproterenol and propranolol. Furthermore,
microsphere CMs responded to outside pacing frequencies up to 6.0 Hz. Microspheres
developed cell-cell junctions and displayed aligned myofibrils (day 60) and were
maintained in culture long-term (over 3 years). These results demonstrate our ability to
reproducibly fabricate hiPSC-laden microspheres in an automatable and scalable manner

with high CM yield and functionality, necessary for future applications in cell-therapy.
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Materials and Methods

HiPSC expansion and maintenance

IMR-90 Clone 1 and 19-9-11 cell lines were obtained from WiCell. The hiPSC line
SCVIS5 was obtained from Joseph C. Wu MD, PhD at the Stanford Cardiovascular
Institute, and the cell line, Un-Arc 16 Facs II (Shinnawi et al. 2015), was graciously
provided by Dr. Lior Gepstein at Technion — Israel Institute of Technology. HiPSCs were
cultured on hESC qualified Matrigel (Corning) using mTeSR-1 medium (Stem Cell
Technologies) or E8 and passaged into cell clusters using Versene (Invitrogen). E§ media
consisted of ascorbic acid (64 mg/L, Sigma), sodium selenite (14 pg/L, Sigma), sodium
bicarbonate (543 mg/L, Sigma), insulin (20 mg/L, Sigma), transferrin (10.7 mg/L, Sigma),
basic fibroblast growth factor (100 pg/L, Peprotech), and transforming growth factor-beta
(2 pg/L, Peprotech) in DMEM/F12 (Gibco). For 24 h after passaging, hiPSCs were
maintained in mTeSR-1 (IMR90, 19-9-11, UA16F2) or E8 (SCVI55) medium

supplemented with rock inhibitor (5-10 uM, RI, Y-27632, Stem Cell Technologies).

PEG-fibrinogen synthesis

All chemicals were purchased from Sigma-Aldrich unless specified otherwise.
Poly(ethylene glycol)-diacrylate (PEGDA) was formed by acrylating PEG (10 kDa) as
described previously (DeLong, Moon, and West 2005). PEG-fibrinogen was prepared as
previously described (Dikovsky, Bianco-Peled, and Seliktar 2006). Briefly, bovine
fibrinogen (300 mg) was dissolved in PBS with 8§ M urea and tris (2-carboxyethyl)
phosphine hydrochloride (TCEP-HCI, 22.53 mg) was added to the fibrinogen solution

(7 mg/mL). Next, PEGDA (1.9392 g) was reacted with fibrinogen (4:1 molar ratio) for 3 h,
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precipitated in acetone, and dissolved in PBS with 8 M urea. The reacted PEG-fibrinogen
was dialyzed against PBS at 4 °C for 24 h. To characterize the PEGylated product,

fibrinogen content was measured using Pierce BCA assay (Thermo Scientific).

PDMS microfluidic device fabrication

The frame for fabricating the microfluidic device was made by 3D printing an acrylonitrile
butadiene styrene bracket and then attaching a glass bottom and metal spacers to form the
channels in the mold. The glass bottom was treated with Rain-X® for removal of the PDMS
mold from the frame following curing of the PDMS. PDMS was synthesized using a
Sylgard 184 silicone elastomer kit (Dow Corning) and poured into the frame, degassed,

and cured at 60 °C for 2 h.

HiPSC microspheres production and cardiac differentiation

PEG-fibrinogen precursor solution was prepared by combining PEG-fibrinogen with
triethanolamine (1.5 v/v%, TEOA), N-vinyl pyrrolidone (0.39 v/v%, NVP), and Eosin Y
(0.1 mM, Fisher Scientific) photoinitiator (in PBS). HiPSCs were resuspended in PEG-
fibrinogen precursor solution at 25 million cells/mL. The PEG-fibrinogen-cell mixture was
added to one inlet of the custom-built microfluidic device. In parallel, mineral oil was
added to the other inlet of the microfluidic device which, when combined with the PEG-
fibrinogen-cell mixture, causes the formation of spherical droplets (Figure 2.1A).
Flowrates for the PEG-fibrinogen-cell mixture and mineral oil were set at 1 mL/h and
10 mL/h, respectively. A light source (Prior) was used for photocrosslinking the liquid

PEG-fibrinogen-cell mixture to form cell-laden microspheres. Microspheres were
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collected by washing down with mTeSR-1 medium, removed from the oil phase and spent
media, and cultured in mTeSR-1 medium + RI (5-10 uM) for 24 h (day -3). Microspheres
were then cultured for an additional 48 h in mTeSR-1 medium with daily media changes
(days -2 and -1).

Three days after microsphere production (day 0), cardiac differentiation (Lian et al.
2013b) was initiated by changing medium from mTeSR-1 to RPMI/B27 minus insulin
(4 mL, RPMI/B27-1, Thermo Fisher) supplemented with CHIR (10-12 uM, Stem Cell
Technologies) per well. On day 1 (24 h after CHIR addition), medium was changed to
RPMI/B27-1 (4 mL). 48 h after that (day 3), 2 mL old media was combined with 2 mL
fresh RPMI/B27-1 supplemented with IWP2 (5 uM, Stem Cell Technologies). On day 5,
media was replaced with RPMI/B27-1 (4 mL) and on day 7, RPMI/B27-1 was changed to
RPMI/B27 medium (Thermo Fisher). RPMI/B27 medium was replaced every three to four

days following differentiation.

Self-aggregated EB formation and cardiac differentiation

To form the self-aggregated EBs (day -3), hiPSCs were dissociated using Versene and
collected in a single-cell suspension. One million cells were added to 4 mL of mTeSR + RI
(5 M) in a 6-well plate and placed on a shaker plate (Infors) at 70 rpm in a 5% CO>
incubator. EBs formed overnight, and daily media changes occurred prior to initiation of
cardiac differentiation on day 0. Cardiac differentiation followed the same protocol as the

microspheres.
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DNA quantification

The DNA was quantified using a DNA Quantification Assay (Sigma-Aldrich) according
to the manufacturer’s instructions utilizing bisbenzimide H 33258 (Hoechst 33258).
Individual microspheres were dissociated in Collagenase-B (I mg/mL in PBS) for 10
minutes at 37 °C and resuspended in bisbenzimide H 33258 solution (1 pg/mL) for
measurement on a plate reader (BIO-TEK Synergy HT). The data is reported as the mean
* standard deviation of 5 individual batches with a minimum of 2 microspheres per batch

at each timepoint.

Microsphere diameter, roundness, and early growth quantification
Daily phase contrast images of microspheres were taken from the time of encapsulation
(day -3) until initiation of cardiac differentiation (day 0). Microsphere diameter and size of
eight individual batches were determined 24 h after encapsulation. Autofluorescence of the
photoinitiator Eosin Y in PEG-fibrinogen microspheres was captured using long
acquisition times with the FITC filter on a fluorescence microscope at low magnification.
Images were analyzed using ImagelJ with standard plugins.

Microsphere growth prior to the initiation of spontaneous contraction was
determined by analyzing phase contrast images on days -3, 0, 3, and 7 of differentiation by

manual outlining of microspheres using ImageJ (n = 10).

HiPSC viability and immunofluorescence staining
24 h after encapsulation, hiPSC viability within PEG-fibrinogen microspheres was

assessed using a LIVE/DEAD® viability kit (Invitrogen) and images were taken using a
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fluorescent microscope (Nikon). Alexa Fluor 568-Phalloidin (Invitrogen) was used as
described by the manufacturer’s protocol to visualize actin filaments in encapsulated cells.
Whole, dissociated, or sectioned cell-laden microspheres were immunostained with Ki67
(Abcam), a-sarcomeric actinin (aSA, Sigma Aldrich), cardiac troponin T (cTnT,
Invitrogen), and connexin 43 (Cx43, Sigma Aldrich). Microspheres were first rinsed with
PBS and fixed in paraformaldehyde (4%, Electron Microscopy Sciences) or ice-cold
acetone/ethanol (50/50) (Cx43) for 20 min at room temperature (RT) or -20 °C,
respectively. Samples were rinsed with PBS and blocked with FBS (3%) overnight at 4 °C
or 1 h at RT. Then, the cardiac microsphere samples were incubated in primary antibodies
overnight at4 °C or 1 h at RT followed by the addition of Alexa Fluor 488 and Alexa Fluor
568 secondary antibodies. Nuclei were counterstained with 4°,6-diamidino-2-phenylindole
(DAPI, Molecular Probes) or Bisbenzimide Hoechst 3342 (MilliporeSigma). All samples

were visualized using a Nikon A1R laser-scanning confocal microscope.

Cryosectioning

Microspheres were frozen and sectioned using a Microtome Cryostat HM 505E for
immunostaining. The microspheres were embedded within Optimal Tissue Cutting
Compound (TissueTek) in a square dish and frozen in methylbutane (EMD) that was kept
cold using liquid nitrogen for 15-20 s. The frozen blocks were stored at -80 °C until
sectioned. The cryostat was used to cut the blocks into 100-200 um sections which were
added to positively charged slides. The sections were then used for immunostaining and

confocal imaging.
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XTT assay

To verify hiPSC proliferation within PEG-fibrinogen hydrogels after encapsulation, cell
activity on days -2 and -1 were determined using XTT assay (Biotium). One microsphere
was placed in each well of a 96-well plate. Media was combined with XTT working
solution and the well plate was incubated for 18 h at 37 °C; following incubation, the

absorbance was measured using a Microplate Reader (Biotek).

Microsphere cardiomyocyte dissociation

Microspheres were washed with PBS followed by the incubation in dissociation solution
containing collagenase type 2 (1 mg/mL, Worthington) at 37 °C for 2 h or Collagenase B
(Sigma-Aldrich) for 10 min. The dissociation solution contained NaCl (120 mM), KCI
(5.4 mM), MgSO4 (5 mM), Na-pyruvate (5 mM), glucose (20 mM), taurine (20 mM), and
HEPES (10 mM, pH 6.9) supplemented with CaCl, (30 uM) and rock inhibitor (5 uM).
Microspheres were centrifuged, resuspended in trypsin EDTA (0.25%, Corning) and
incubated at 37 °C for 5 min. Trypsin was neutralized using RPMI20 (FBS (20%) in
RPMI1640 medium); cells were resuspended in RPMI20 with rock inhibitor (5 uM).
Dissociated cells were plated on fibronectin coated (25 pg/mL, ThermoFisher) substrates

(PDMS-coated glass coverslips or MEA) and incubated for three days.

Scanning electron microscopy
For SEM, microspheres were rinsed with PBS and fixed in paraformaldehyde (4%) and

glutaraldehyde (2%) in PBS for 15 min. The microspheres were rinsed with PBS and then
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osmium tetraoxide (2%) was added for 1.5 h. After further PBS rinses, the microspheres
were flash frozen using liquid nitrogen and then lyophilized. Dried microspheres were
mounted on aluminum stubs, sputter-coated with gold (Pelco SC-6 sputter coater) and

imaged using JEOL JSM-7000F scanning electron microscope.

Parallel plate mechanical testing

Day -2, 5, 8, and 17 microspheres were compressed using a micron-scale mechanical
testing system (Microsquisher, CellScale) (Kinney et al. 2014) to determine their
mechanical properties using a Tungsten cantilever beam (modulus = 411 GPa, diameter =
203.2 um). All microsphere samples were analyzed in PBS at 37 °C. Young’s modulus
was calculated at 10% deformation using the previously published method (K. Kim, Cheng,
etal. 2010). The force at 10% deformation was determined from a linear regression of force

versus displacement (n = 8 microspheres per condition).

cDNA synthesis and RT-qPCR

RNA was isolated using a Nucleospin RNA XS kit (Machery-Nagel) from hiPSC
microspheres as well as engineered cardiac microspheres on day 10, 20, and 30. Tissues
were frozen in liquid nitrogen and stored at -80 °C until time for analysis. The cells were
thawed and lysed by vortexing. The lysate was filtered to remove large cell particles and
debris. The RNA was bound to the RNA XS column and the DNA was digested using a
DNase. After a series of washes, the pure RNA was eluted and collected. The concentration
of the RNA was determined using a NanoDrop 1000 UV-Spectrophotometer

(ThermoFisher).
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A SuperScript III Platinum One-Step RT-qPCR kit (Invitrogen) was used for gPCR
analysis with 25 ng of RNA sample. A Bio-Rad CFX96 thermal cycler was used to run the
samples at 50 °C for 15 min for cDNA synthesis followed by a 95 °C incubation for 3 mins.
The genes of interest were amplified using 45 cycles 95 °C for 15 s followed by 55 °C for
30 s. Detection of amplification was done using Tagman probes along with forward and
reverse primers (Table 1). Three biological replicates were analyzed in duplicate for each
time point. The fold change in gene expression was determined from the 22 method in
which ACt is the difference between the Ct from the sample and Day 10 Ct (or hiPSCs for
Oct4). Statistical analysis was performed on the Ct values using a one-way ANOVA with
Tukey’s test for post-hoc analysis for samples with equal variance, and Games-Howell test

for samples with unequal variances. A value of p < 0.05 was used for statistical

significance.
Gene Forward Primer Reverse Primer Probe
Oct4 CCT GGG GGT CCA CCC ACT /56-FAM/ CAA ACG
TCT ATT TGG GA TCT GCA GCA A ACC/ZEN/ATC TGC CGC
TTT GAG/3IABKFQ/
MLC2v GGG CGG AGT CCC GGC TCT /56-FAM/AGT GCT GGG/
GTGGAATICTT CTITCTITTGCTT ZEN/TCC TTT CCA CCA
T/3IABKFQ/
oaMHC ACC AAC CTG TTG CTT GGC /56- FAM/AGC ATG
TCC AAG TTCCG ACC AAT GTC AGC/ZEN/TGG ATG AGG
AC CAG AG/3IABKFQ/
BMHC CAC AGC CAT CAG GCA CGA /56-FAM/CCT ACC
GGG AGA TTC AGA CAT CCT TGC/ZEN/GCA AGT CAG
GG TCT AGA AGG/3IABKFQ/

Cx43 TGA GCA GTC CCA GAA GCG /56-FAM/ ACA CTC
TGCCTTTCGTT CACATG AGA AGC/ZEN/AAC CTG GTT
GA GTG AAA/3IABKFQ/

Table 2.1 Primer sequences for RT-qPCR.
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Flow cytometry

After tissue dissociation, a cell pellet was collected through centrifugation. After washing
with PBS, the cells were labeled with Zombie Dye (Biotium) for 30 min at 4 °C. Cells were
then washed with Blocking Buffer (bovine serum albumin (1%, BSA, Sigma), fetal bovine
serum (10%, FBS, Atlanta Biologics) in PBS), and then fixed with Foxp3 Transcription
Factor Staining Buffer Set (eBioscience) overnight at 4 °C. The cells were then filtered

using a 70 um cell strainer (Scienceware Flowmi) and permeabilized with FACS buffer
(BSA (1%), FBS (10%) in 1x Permeabilization Buffer (eBioscience)) at RT for 30 mins.
The primary antibodies (cTnT (1:400, Invitrogen), MF20 (1:200, DSHB), TE-7 (1:100,
Sigma), MYL11 (1:100, Sigma), PDGFRa. (20 pL/1x10° cells, BD), Ki67 (1:200, Abcam),
and/or P4HB (1:200, Abcam)) were then incubated with the cells for 1 4 at RT or 4°C
overnight. After incubation in the primary antibody, washing occurred with
Permeabilization Buffer. The secondary antibodies (1:300, AlexaFluor 488 goat anti-rabbit
IgG and AlexaFluor 647 goat anti-mouse IgG (ThermoFisher)) were added for 30 mins at
RT. The cells were then washed with Permeabilization Buffer and resuspended in Blocking
Buffer for analysis. An Accuri C6 or Beckman Coulter CytoFlex LX was used for sample
analysis. At least 10,000 cells were recorded for analysis. Isotype controls (Anti-Mouse
IgG1 and Anti-Rabbit IgG (ThermoFisher)) were used to ensure there was not any non-

specific binding.

Masson’s Trichrome Staining
Microspheres were fixed in Bouin’s fixative for 1 h, washed with water three times for 10

min each, 70% ethanol two times for 10 min each, 80% ethanol for 10 min, 95% ethanol
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for 10 min, 100% ethanol two times for 5 min, and 3 times with XS-3 (StatLab); all washing
steps were done with agitation. Microspheres were paraffin embedded, sectioned at a
thickness of 5 um, and heated in a 58°C oven for 10 min. Masson’s trichrome staining
(Poly Scientific R&D) was performed according to the manufacturer’s instructions.

Microsphere sections were imaged using a ScanScope CS (Leica).

Multielectrode array

Day 20 and 50 dissociated microsphere CMs were seeded onto a fibronectin coated S2 type
MEA200/30-Ti-gr (Multichannel Systems) and cultured for at least 24 h. Adhering
microsphere CMs were perfused with Tyrode’s solution, composed of CaCl, (1.8 mM),
glucose (5 mM), HEPES (5 mM), MgCl, (I mM), KCI (5.4 mM), NaCl (135 mM), and
NaH>PO4 (0.33 mM) at pH 7.4 and 37 °C. Once stabilized, field potentials of spontaneous
contractions were recorded at a sampling frequency of 10 kHz. Drug response of day 20

microsphere CMs was tested by adding the (3-adrenergic agonist isoproterenol (1 uM) and

antagonist propranolol (1 uM). Day 50 microsphere CMs were exogenously paced from

0.5-6.0 Hz.

Optical mapping of calcium transients

A high-speed camera (Andor iXon+ 860 EMCCD) was used to take calcium recordings of
at least 1600 pixels of plated engineered cardiac tissue microspheres using our previously
established optical mapping system (A. J. Hodge, Zhong, and Lipke 2016). The

cardiomyocytes were stained with Rhod-2 AM dye (5 uM, Invitrogen) with Pluronic F-

127 (0.02%) in Tyrode’s Solution for 30-120 min with blebbistatin (10 uM, EMD).
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Tyrode’s solution was prepared by combining calcium chloride (1.8 mM) and glucose (5.0
mM) with HEPES (5.0 mM), magnesium chloride (1.0 mM), potassium chloride (5.4 mM),
sodium chloride (135 mM), and sodium phosphate (0.33 mM) and adjusting the pH to 7.4
with sodium hydroxide. Warm Tyrode’s Solution was perfused through the optical
mapping chamber before adding the sample. The plated engineered cardiac tissue
microspheres were added to the chamber and recordings were taken with and without
electrical pacing. A custom MATLAB script was used for analysis in which the change in
fluorescence was used to calculate the calcium transient duration (CTD) at each location

in a recording.

Statistical Analysis

Unless otherwise noted, statistical analysis was performed using Minitab statistical
software where results are presented as mean + standard deviation. One-way ANOVA was
performed with Tukey’s test for post-hoc analysis for samples with equal variance, and the
Games-Howell test was performed for samples with unequal variances. A value of p <0.05

was used for statistical significance.

Results

Rapid, one-step microfluidic encapsulation system produced uniform hiPSC
microspheres

A microfluidic cell-encapsulation system was developed to rapidly produce uniform
spherical hydrogels using a modified microfluidic water-in-oil emulsion technique. The

central component of the system is a device made of polydimethylsiloxane (PDMS), which
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has two inlets, an outlet, and a modified T-junction (Figure 2.1A). Within this system, a
suspension of hiPSCs in aqueous PEG-fibrinogen precursor solution — the discrete phase
— was pumped through the top inlet of the PDMS microfluidic device. In parallel, mineral
oil — the continuous phase — was pumped through the bottom inlet of the device; the two
inlet streams come together at the device T-junction. Microspheres were formed through
emulsification and traveled through the perpendicular outlet channel where they were
photocrosslinked. Crosslinking occurred rapidly, with a light exposure time of 1.6 seconds
per microsphere, and crosslinked microspheres were collected from the end of the outlet
channel using a continuous downward flow of cell culture media, removed from the oil
phase and washing media, and transferred to a well-plate.

Encapsulation of hiPSCs occurred on day -3 of cardiac differentiation. Following
encapsulation, hiPSCs (25 x 10° cells/mL PEG-fibrinogen) maintained high viability
(Figure 2.1B), and as a result of the high cell density, hiPSCs were tightly packed
throughout the microsphere, displaying a round morphology with some cells being exposed
beyond the PEG-fibrinogen hydrogel boundary (Figure 2.1F). Approximately 45 hiPSC
microspheres were produced per minute with tight control over size and roundness
(Figure 2.1C-E). Each microsphere contained approximately 9500 hiPSCs; this equates to
an encapsulation rate of 420,000 cells/min. Therefore, a clinically relevant number of cells,
8 million, as used in our previous large animal wound healing study (Seeto et al. 2017) can
be encapsulated using this system in less than 20 minutes, and enough spheres to fill a 384-
well plate for high-throughput screening assays can be produced in less than 10 minutes

with one microfluidic device.
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Batch Ave. Diameter CV (diameter) Roundness CV (roundness) n=

1 850 £ 32 um 3.76 0.979 £ 0.01 1.02 46
2 883 £ 55 um 6.23 0.966 + 0.03 3.11 32
3 952 + 93 um 9.77 0.933 £ 0.04 4.29 58
4 936 + 46 um 491 0.940 £ 0.02 2.13 65
5 921 + 34 uym 3.69 0.973 £0.01 1.03 72
6 936 + 46 um 491 0.947 £0.02 2.11 91
7 854 +£36 um 4.22 0.967 £0.02 2.07 66
8 900 + 46 um 5.11 0.944 + 0.03 3.18 55

Table 2.2 Size and shape of microsphere batches.
The average + standard deviation is presented for microsphere diameter and roundness for

8 batches along with the coefficient of variance (CV) and sample size (n).

This microfluidic system reproducibly produced uniform microspheres with highly
consistent size and shape not only within a batch, but also between batches. For 8 batches,
the average diameter of the microspheres ranged from 850-952 um and the average
roundness was above 0.933 with low variance within a batch (diameter coefficient of
variance (CV) < 10%, roundness CV < 5%, n > 32 microspheres per batch, Table 2.2).
Furthermore, variance between batches was also low; on the day of encapsulation (day -3,

Figure 2.1C), average initial microsphere diameter was 908 + 40 um (CV = 4.4%, Figure
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2.1D) and roundness was 0.956 £0.02 (CV = 2.1%, Figure 2.1E, n = 8 independent
batches).

HiPSC microspheres continued to proliferate and grow prior to initiation of cardiac
differentiation. Following encapsulation (day -3), cells first grew within the original
hydrogel boundaries, maintaining the initial microsphere diameter. Encapsulated hiPSCs
were evenly distributed within the PEG-fibrinogen hydrogels with high cell density
throughout the microspheres as shown by immunofluorescent labeling of the nuclei in
cryosections (Figure 2.1G). HiPSCs were cultured in their pluripotent state for three days
before cardiac differentiation was initiated on day O (Figure 2.1). Previously, it was
demonstrated that three days was sufficient for hiPSCs to adapt to their new 3D hydrogel
microenvironment and initiate cell growth within the hydrogel, forming a continuous tissue
over time (P. Kerscher, Turnbull, et al. 2016; Petra Kerscher, Kaczmarek, et al. 2016).
HiPSC microspheres behaved similarly, occupying the majority of the spherical volume by

day O (Figure 2.1F).
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Figure 2.1 Rapid, highly reproducible hiPSC-encapsulation process to produce
uniform cardiac tissue microspheres.

(A) HiPSCs suspended in aqueous hydrogel precursor solution (25 million cells mL-!,
discrete phase) were infused through a custom PDMS mold opposite an oil phase
(continuous phase) to produce uniform cell-laden microspheres. Microspheres formed at

the junction of the PDMS device and then traveled through the outlet channel where
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photocrosslinking occurred for 1.6 seconds, resulting in a cell encapsulation rate of
420,000 cells per minute. (B) Encapsulated hiPSCs maintained high cell viability as
visualized using a Live/Dead Assay with live cells shown in green and dead cells in red.
Dashed white line indicates microsphere perimeter. (C) Microspheres were highly uniform
as visualized at 24 h post-production using long acquisition times to detect the Eosin Y
autofluorescence. (D—E) Microsphere diameter and circularity were consistent both within
a batch and between batches as shown in the violin plots. Each color represents an
individual batch while each measured microsphere is represented by a black dot.
Microspheres were (D) 908 £ 40 um in diameter and (E) were highly circular (0.956 +
0.02) (n = 8 individual batches, 485 spheres analyzed). (F) HiPSCs were successfully
encapsulated in microspheres and maintained in suspension culture prior to cardiac
differentiation initiation, as visualized here in daily phase contrast images. (G)
Cryosections from day 0 show uniform distribution of cells throughout the hydrogel based
on number of Hoechst-labeled (blue) nuclei per cross sectional area. Inset schematic shows

slice location based on measured diameter.

Encapsulated hiPSCs grew to form continuous cell-laden microspheres

After initiation of cardiac differentiation (day 0), the cells continued to grow within and
then beyond the initial microsphere boundaries to produce denser and larger tissues with
decreasing roundness (Figure 2.2A). For two different lines of encapsulated hiPSCs,
IMR90 and 19-9-11, XTT assay results confirmed higher metabolic activity on day -1 than
on day -2 (n = 5 microspheres, Figure 2.2B), which combined with visual phase contrast

data (Figure 2.2A) and Ki67 staining (Figure 2.2C), confirms an increase in the number of
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viable and proliferative cells. By differentiation day 3, microsphere diameter had increased
by a factor of 1.27 £+ 0.22 when compared to day 0 and had further increased to 1.7 £ 0.11
times by day 7 (n = 10, Figure 2.2D). The total number of cells increased throughout
differentiation with a significantly higher number of cells by day 7. The number of cells
per encapsulated hiPSC on day -3 was 0.96 £ 0.55, 1.43 + 0.70, and 2.8 + 0.54 on days 0,
3, and 7 (n = 5 individual batches). Additionally, the ratio of DNA on days 3 and 10 with

respect to day 0 was 1.32 +0.49 and 1.40 + 0.41, respectively (n = 5 individual batches).
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Figure 2.2 Cell-laden PEG-fibrinogen microspheres grew to form uniform tissues.
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(A) During differentiation, the cells within the microspheres continued to proliferate and
remodel their provided PEG-fibrinogen microenvironment as seen in phase contrast images
throughout the time course of cardiac differentiation. (B) Prior to cardiac differentiation,
cell proliferation for two hiPSC lines was verified by XTT assay, which showed an increase
in optical density between day -2 and day -1 (n = 5 microspheres per condition, *p < 0.05),
indicating continued proliferation and growth of the cells. (C) The hiPSCs maintain their
proliferative phenotype following cell encapsulation as shown by positive expression of
Ki67 (green) on day -1. (D) From the onset of cardiac differentiation (day 0), microsphere
size increased by a factor of 1.27 by day 3 and 1.7 by day 7 (n = 10, *p < 0.05). (E) Prior
to initiation of cardiac differentiation, hiPSCs grew as rounded colonies within the
microspheres as visualized on day 0 (3 days post-encapsulation) through labeling of F-
actin filaments (red). Dashed white line indicates microsphere perimeter. (F) Following
cardiac differentiation, cells are more elongated, indicative of cardiomyocyte phenotype.
(G) The PEG-fibrinogen provides an initially soft microenvironment (< 250 Pa), and a
significant increase in stiffness occurs during cardiac differentiation (n = 8 microspheres

per condition, *p < 0.05).

Encapsulated hiPSCs differentiated into engineered cardiac tissue microspheres

HiPSC-laden microspheres were successfully differentiated into spontaneously contracting
engineered cardiac tissue. Suspension cultured microspheres initiated spontaneous
contractions by day 8 of differentiation, with approximately 78% of microspheres
contracting by day 10 (n = 90 microspheres). Differentiation efficiency on day 10 was

consistently high between batches with approximately 75% total CMs (75.1 £ 6.7 %
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cTnT+, 75.2 £ 7.1 % MF20+, n = 16 individual batches, Figure 2.3A); this corresponds to
efficiency previously achieved with our differentiation protocol (P. Kerscher, Turnbull, et
al. 2016) and hiPSC lines using 2D sheet differentiation (Lian et al. 2012) and is
significantly higher than self-aggregated EBs using the same protocol (20.8 + 19.3 %
cTnT+). Further examination showed 3.3 £ 2.9% of the cells were positive for fibroblast
marker, TE-7, 7.36 = 5.75% were positive for cardiac fibroblast marker, PDGFRa, and
10.3 £2.7% were positive for smooth muscle marker, MYL11 (Figure 2.3B); this indicates
that the non-CM cell population was comprised mostly of fibroblasts and smooth muscle
cells, similar to previously published work using this differentiation protocol (Shadrin et
al. 2017). Following differentiation, 5.8 + 1.2 million CMs were obtained per batch
yielding 2.0 = 0.34 CMs per encapsulated hiPSC on day -3; although comparable cell
numbers were obtained per batch in the EBs on day 10 (6.3 + 1.4 million cells), only 1.4 +
1.3 million of those cells were CMs, due in part to the large variability in differentiation
efficiency. EB differentiation yielded 1.4 & 1.3 CMs per hiPSC with larger variability than
in the engineered cardiac tissue microspheres. The cell population was maintained through
at least day 20, with 71.6 + 8.4% CMs, 7.1 + 1.7% proliferative CMs (cTnT+/Ki67+), and
8.41 + 6.5% of the cells positive for P4HB, a fibroblast marker (» = 3 individual batches).
Cell density increased during cardiac differentiation from day O (initiation of
differentiation, Figure 2.1G) through day 12 (Figure 2.3C). CM distribution and
morphology in both whole microspheres and sections was observed through

immunostaining for cardiac markers, cardiac troponin T (¢TnT) and a-sarcomeric actinin

(aSA), and functional protein Cx43 (Figure 2.3C, I-K). Sarcomere alignment and
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organization increased with progressing culture time, and engineered cardiac microspheres
expressed gap junction protein, Cx43 (Figure 2.31-K).

Microspheres displayed appropriate temporal expression of initially pluripotent and
then later cardiac genes, which was quantified using RT-qPCR (primer sequences can be
found in Table 2.1). During cardiac differentiation, an expected decrease occurred in the
expression of pluripotency gene, OCT4 (Figure 2.3D). Expression of MLC2v, a ventricular
CM gene, and BMHC, a cardiac gene, significantly increased from day 10 to day 30 (Figure
2.3E, G). These results, along with an increase in the ratio of PMHC/aMHC expression
from day 10 to day 30, are consistent with expression patterns during CM development and
maturation. Expression of aMHC increased from day 10 to day 20 and then decreased from
day 20 to 30 (Figure 2.3F). Additionally, days 10, 20, and 30 cardiac microspheres had

similar expression of functional gap junction protein Cx43 (Figure 2.3H).
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Figure 2.3 3D cardiac microsphere differentiation enabled high CM yield and
reproducibility between batches with appropriate gene expression.

(A) For two different cell lines, IMR90 and SCVI5S5, 75.2 £ 7.1% and 75.1 + 6.7% were
positive for cardiac markers, MF20 and ¢cTnT, respectively, on day 10 (n = 16 individual
batches). Each dot represents an individual batch. (B) Additional cells were primarily

fibroblasts and smooth muscle cells, with 3.3 + 2.9% positive for fibroblast marker, TE-7,
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7.36 £ 5.75% positive for cardiac fibroblast marker, PDGFRa., and 10.3 £ 2.7% positive
for smooth muscle marker, MYL11. (C) CM morphology and distribution on the surface
of a microsphere visualized by positive expression of cTnT (green) and Hoechst (blue) on
day 12. (D-H) The resulting engineered cardiac microspheres exhibited appropriate
temporal changes in gene expression, including a decrease in pluripotency gene, Oct4, as
well as appropriate changes in cardiac genes MLC2v, aMHC, and BMHC. The expression
of functional protein Cx43 remained constant between day 10 and day 30. (n = 3 biological
replicates in duplicate, *p < 0.05) (I-J) From day 21 to day 50, the sarcomeres become
more aligned, a feature of maturing CMs, shown by positive expression of aSA (red) and
Hoechst (blue) within cryosections. (K) Cardiac tissue microspheres express the gap

junction protein Cx43 (green, day 250) with nuclei labeled (blue).

Engineered cardiac microspheres showed dynamic remodeling of their PEG-
fibrinogen microenvironment

With progressing culture time, encapsulated cells completely remodeled their PEG-
fibrinogen microenvironment and differentiated into maturing cardiac tissues. Examining
sequential cryosections from microspheres in culture for over a year, cardiomyocytes were
present throughout the entire cardiac tissue microsphere, based on positive aSA
expression; representative sections from the middle of the microsphere are shown in Figure
2.4A—C. ECT microspheres secreted extracellular matrix (ECM), including an increase in
collagen deposition from day 28 (Figure 2.4D) to day 98 (Figure 2.4E) throughout the
microsphere and around the edge as visualized by Masson’s trichrome staining on cardiac

microsphere sections (Figure 2.4D-E). Some sections of the cardiac microspheres
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contained cells with highly organized structure and alignment, reminiscent of native
cardiac tissue structure (Figure 2.4F). Scanning electron microscopy (SEM) of
microspheres showed a smooth cell-based surface (Figure 2.4G), demonstrating cellular
remodeling of the matrix during cardiac differentiation. At higher magnification,
tightlyconnected cells and ECM deposition were observed on the microsphere surface
(Figure 2.4H). Day 120 microspheres showed aligned cells (Figure 2.4H) on the
microsphere surface, with neighboring cells forming cell-cell junctions (Figure 2.4I).
Additionally, day 60 microspheres appeared to have aligned myofibril arrangement (Figure
2.4]), similar to SEM images of native human heart tissue (Figure 2.4K) (Saunders and
Amoroso 2010). Understanding CM functionality and maturity on both a tissue and single-
cell level is often desired. Engineered cardiac microspheres can be dissociated into single
CMs, with CMs spontaneously contracting after dissociation. CMs attached to unpatterned
PDMS surfaces with elongated cell morphology, which is normal for maturing CMs (P.
Kerscher, Turnbull, et al. 2016). Dissociated, plated CMs displayed defined sarcomere
structures with internal alignment and length of 1.85 um (Figure 2.4L) which falls between
the range for fetal (1.8 um) and adult (2.0-2.2 um) CMs, and is greater than typical hPSC-
CMs (1.6-1.7 um); an organized sarcomere arrangement improves the mechanical

contractile output and is indicative of cardiomyocyte maturation (Feric and Radisic 2016a).
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Figure 2.4 Engineered cardiac tissue microspheres displayed features of maturing
cells.

Cardiac tissue microspheres were maintained long-term in culture. (A—C) A representative
cryosection from the middle of the microsphere showing that cardiac differentiation
occurred throughout the entire engineered cardiac microsphere volume (cardiac marker
aoSA (red), nuclei Hoechst (blue)). (D-F) As visualized by Masson’s trichrome staining,
CMs remodeled their microenvironment and deposited ECM; an increasing amount of
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collagen (blue) was detected during culture time with minimal collagen detected on (D)
day 28 with increasing collagen deposition by (E) day 98. (F) ECT microsphere sections
on day 98 contained areas of cell alignment and organization similar to native cardiac
tissue. Scanning electron microscopy (SEM) images show (G) the cells remodeled their
PEG-fibrinogen microenvironment to form dense cardiac tissue microspheres with (H)
aligned cells along the edge and ECM deposition on the microsphere surface. (I) At higher
magnification, junctions between two adjoining cells could be visualized. (J) Myofibril
structure was observed on the edge of day 60 microspheres, similar to (K) human cardiac
tissue samples (Saunders and Amoroso 2010) (Figure reprinted with permission). (L)
Dissociated CMs show highly aligned sarcomeres (red) indicating progression of CM

maturation, as visualized by positive aSA expression.

Microsphere CMs responded to drug treatment and electrical stimuli

For the successful translation of engineered cardiac tissues towards regenerative medicine
and drug-screening applications, the appropriate response to pharmacological and
electrical stimuli is essential. Response to these stimuli indicates functionality and maturity
of the resulting CMs. Using a multielectrode array (MEA) (Figure 2.5A—C), we evaluated
the response of our day 20 engineered cardiac microspheres to pharmacologic stimuli
including the B-adrenergic agonist, isoproterenol, and the [-adrenergic antagonist,
propranolol. Isoproterenol increases the frequency of contraction, while the subsequent
addition of propranolol slowed down the rate of contraction (Figure 2.5B). In addition to
drug-testing, we also investigated the response of engineered cardiac microspheres to

electrical pacing. Day 50 microsphere CMs exhibited 1:1 capture up to 6.0 Hz when paced
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on the MEA (Figure 2.5C). Ion exchange of calcium, sodium, and potassium through the
CMs is responsible for the contractile motion of these cells; a key difference between fetal
and adult CMs is the rate at which ions are transported throughout the CMs. The calcium
transients through plated engineered cardiac tissue microspheres were visualized using an
optical mapping platform in which a calcium dye, Rhod-2, was employed to quantify the
calcium transient duration (CTD). The CTD at 50% and 80% repolarization for these
engineered cardiac tissue microspheres was 450 ms and 680 ms for samples paced at 1 Hz
(n =2 recordings) and 380 ms and 500 ms at 1.5 Hz, respectively (n = 3 recordings, Figure
2.5D). Contraction analysis was performed using a custom MATLAB script (Huebsch et
al. 2015) in which videos were converted into a set of tiff files for macroblock tracing to
detect the frequency of contraction as well as the contraction and relaxation velocities.
Microspheres contracted at a frequency of 16.6 = 5.9, 13.8 + 2.3, and 25.6 £1 0.8 beats per
minute on days 20, 30, and 60 respectively (n > 11, Figure 2.5E). The contraction and
relaxation velocities were 110 + 49, 161 + 69, and 175 = 112 um s™! on days 20, 30, and
60 with relaxation velocities of 70 + 36, 106 + 42, and 146 + 88 um 5!, respectively (n >
11, Figure 2.5F); a representative trace can be seen in Figure 2.5G. Appropriate response
to drug treatment and electrical pacing, both on the MEA and in an optical mapping
platform, along with increasing contraction and relaxation velocities indicate functionality

of the resulting CMs within the engineered cardiac tissue microspheres.
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(A—C) Microspheres were dissociated and plated on the MEA. (B) Day 20 CMs responded
to B-adrenergic agonist, isoproterenol (Iso), increasing the contraction rate. The subsequent
addition of propranolol (Prop), a -adrenergic antagonist, reversed the initial increase in
contraction rate caused by isoproterenol. (C) In addition to appropriate response to drug
treatment, day 50 microsphere CMs showed 1:1 capture in response to exogenous pacing
frequencies up to 6.0 Hz. (D) Optical mapping was used to visualize calcium transients in
plated cardiac microspheres tissues (day 74); recordings showed an expected decrease in
calcium transient duration (CTD) with increased frequency of electrical pacing (n =
minimum 3200 locations, *p < 0.05). The CTD was 430 ms and 350 ms for 50%
repolarization and 680 ms and 500 ms at 80% repolarization for 1 Hz and 1.5 Hz pacing,
respectively. (E) Analysis of engineered cardiac microsphere tissues showed a contraction
rate of 16.6 £ 5.9, 13.8 = 2.3, and 25.6 £ 10.8 beats per minute on days 20, 30, and 60,

respectively (n = minimum 11 per condition). (F) Cardiac microsphere contraction
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velocities were 110 + 49, 161 + 69, and 175 £ 112 um/s on days 20, 30, and 60 with
relaxation velocities of 70 + 36, 106 + 42, and 146 + 88 um/s, respectively; a representative

trace is shown in (G) (n = minimum 11 samples per condition).

Discussion

High-throughput production of 3D cardiac tissues is necessary for applications in
drug-testing and clinical translation of regenerative therapies. Engineered cardiac tissue
production must be reproducible, cost-effective, and scalable to become a viable treatment
option for cardiovascular disease. Building on spherical CM production using self-
aggregated EBs, here the ability to produce spheroidal tissues for hiPSC differentiation
while simultaneously controlling the cellular microenvironment and tissue geometry
through the incorporation of a cellular responsive biomaterial, PEG-fibrinogen is shown.
A custom microfluidic system has been implemented to rapidly encapsulate approximately
420,000 cells per minute, forming highly uniform hiPSC microspheres for direct
differentiation into functional engineered cardiac tissue microspheres.

Following encapsulation using this microfluidic system, hiPSCs were evenly
distributed throughout the PEG-fibrinogen microspheres and maintained high viability;
cell density within the constructs began to increase shortly after encapsulation based on
visual observation and metabolic activity analysis. Cell proliferation was observed
throughout the time course of cardiac differentiation with cells initially filling the original
hydrogel construct and then continuing beyond, resulting in tissue growth and a decrease
in roundness of the tissues. Spontaneous contractions consistently started by day 8 of

differentiation, and engineered cardiac tissue microspheres were composed of over 75%
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CMs on day 20, achieving similar efficiency to small molecule 2D monolayer
differentiations using the same hiPSC lines and differentiation protocol (Lian et al. 2013Db).
Contraction and relaxation velocities increased over time and microsphere CMs responded
appropriately to pharmacologic stimuli, including [p-agonist, isoproterenol, and
-antagonist, propranolol. Furthermore, engineered cardiac microspheres exhibited 1:1
capture for external pacing up to 6.0 Hz. During culture, proliferating and differentiating
cells remodeled their provided PEG-fibrinogen microenvironment while depositing their
own ECM proteins. Results demonstrate hiPSC differentiation, cardiac tissue formation,
and electromechanical function of microsphere CMs, making this a promising cardiac
tissue model for cell-therapy and drug-testing.

Production of spherical cardiac tissue structures has been studied for years, starting
with self-aggregated EBs (Kehat et al. 2001), the initial stem cell differentiation approach
to form spontaneously contracting CMs. Successful EB cardiac differentiation relies on EB
size and intercellular interactions; however, due to inherent variability in these processes,
low CM differentiation efficiency and poor reproducibility can result (Bratt-Leal,
Carpenedo, and McDevitt 2009). To improve control, microwell plates (Pettinato, Wen,
and Zhang 2014; Branco et al. 2019), centrifugation (E.S. Ng et al. 2005; Ungrin et al.
2008), hanging droplet formation (Beauchamp et al. 2015), and vortexing (Pradhan et al.
2017) have been used for production of more uniform cell-laden spheroids. However, these
modified methods can be tedious, relatively low-throughput, and/or have a high potential
for variability and low reproducibility between laboratories. Recent work in large-scale
production of CMs has demonstrated that the formation of pluripotent stem cell aggregates

from a single-cell suspension can be controlled by bioreactor culture system operating
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parameters (H. Kempf et al. 2014). This has proven successful for large-scale production
of CMs, although optimization is still needed to obtain consistency in terms of CM yield
and differentiation efficiency. In all cases, post-differentiation processing, consisting of
CM dissociation and encapsulation within a biomaterial scaffold, is typically required to
obtain a functional 3D engineered tissue.

By directly differentiating the hiPSCs within the PEG-fibrinogen matrix, the need
for this post-differentiation processing can be overcome using a single cell-handling step
for the formation of engineered tissues cardiac microsphere. PEG-fibrinogen is a hybrid
biomaterial that is currently undergoing clinical trials for the repair of cartilage tissue
(Trattnig et al. 2015). The use of biomaterials in cell and tissue production offers an
additional tool to overcome challenges inherent to self-aggregated hiPSC EB formation
and cardiac differentiation and maturation. Biomaterials can be employed not only to
provide a controlled 3D supporting microenvironment (Jing, Parikh, and Tzanakakis
2010), such as for a cardiac patch (Shadrin et al. 2017; Madden et al. 2010), but also to
protect encapsulated cells from shear in bioreactor culture or during injection (D.A. Dunn,
Hodge, and Lipke 2014; Seeto et al. 2017; Tulloch et al. 2011; Reis et al. 2016; Habib et
al. 2011). Biomaterials can be used to manipulate multiple aspects of the cellular
microenvironment including: guiding cell-cell and cell-material interactions through
inclusion of cell adhesion and degradation sites, controlling cell density and engineered
tissue size and shape, and recapitulating mechanical and biological cues present in the in
vivo systems of interest (Shao, Sang, and Fu 2015; Guyette et al. 2016; Bratt-Leal et al.
2011). Previous studies show biomaterials can promote consistency and drive CM

phenotypical and functional maturation using nitric oxide (A. J. Hodge, Zhong, and Lipke
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2016), electrically conductive materials (Spearman et al. 2015; Shin et al. 2013; Paul et al.
2014), patterning and topography (D.H. Kim, Lipke, et al. 2010; Sugiura et al. 2016), and
mechanical and electrical stimulation (Nunes et al. 2013; Ronaldson-Bouchard et al. 2018).
We take advantage of material cues to provide uniformity to the initial stem cell
microenvironment, support CM differentiation, and push CM maturity.

Recapitulating embryonic and fetal cardiac properties has been previously shown
to be effective in driving cardiac tissue formation and maturation, particularly with regard
to electrical stimulation (Nunes et al. 2013). Prior studies have shown that 2D substrates
with similar stiffness to the native adult heart (10 kPa) are beneficial to enhancing CM
function and maturation following cardiac differentiation (Young and Engler 2011;
Hazeltine et al. 2014). Developing cardiac tissues are much softer; the stiffness of chick
embryo hearts increases 9-fold, from 900 Pa to 8.2 kPa, between 36 to 408 hours post-
fertilization (Young and Engler 2011). However, prior to germ layer specification during
gastrulation, embryos are much softer than either the adult heart or developing cardiac
tissues with elastic moduli reported as low as 5 Pa for frog embryonic tissue (Davidson and
Keller 2007); therefore, we hypothesize that a softer microenvironment, similar to that of
an embryo, is critical for success of cardiac differentiation of hiPSCs within a biomaterial
scaffold. Our results here demonstrating successful differentiation of CMs from hiPSCs
within a PEG-fibrinogen matrix, as well as in our previous study within GeIMA (Petra
Kerscher, Kaczmarek, et al. 2016), support further investigation of this relationship; in both
cases, constructs with a low initial elastic modulus (less than 250 Pa) supported efficient

cardiac tissue formation.
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For engineered cardiac tissues to be useful for downstream applications such as
regenerative medicine or drug screening, they must reasonably mimic the adult cardiac
electrophysiology. Engineered cardiac tissues have potential to make an immediate impact
on the improving preclinical testing of new drug candidates; current methods of preclinical
testing rely on in vitro assays using oversimplified immortalized cell lines and in vivo small
animal testing platforms. These do not reliably mimic human electrophysiology or
accurately predict cardiotoxicity of newly developed drugs on the adult heart, resulting in
large numbers of Phase I clinical trial failures and post-approval drug withdrawals from
the market (Ferri et al. 2013). The ability to recapitulate adult cardiac electrophysiology
and accurately predict cardiotoxicity in vitro would provide measurable cost and time
saving benefits to the pharmaceutical industry (Fermini, Coyne, and Coyne 2018). In this
study, the engineered cardiac tissue microspheres appropriately responded to exogeneous
pacing up to 6 Hz and drug testing with B-adrenergic agonist, isoproterenol, and the -
adrenergic antagonist, propranolol. Furthermore, optical mapping showed an expected
decrease in CTD with increased frequency of electrical pacing. The engineered cardiac
microspheres maintained their spontaneous contractile phenotype in culture with velocity
of contraction trending upward over time. These results show appropriate response to
external stimuli, displaying features of maturing CMs and potential for use in in vivo
studies for regenerative medicine and drug-testing. Our tissues do not fully recapitulate the
mature adult CM phenotype; however, they fall within the range of other hiPSC-CM
platforms (Burridge et al. 2011; Feric and Radisic 2016a; Pioner et al. 2019), and further

maturation may be achieved using external mechanical or electrical stimulation.
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Once large quantities of CMs are produced for cell therapy, the engineered cardiac
tissue must be successfully delivered and engraft to the infarcted myocardium, which has
proven challenging; research has shown that direct injection of cardiac microtissues to the
myocardium results in better CM retention and engraftment than delivery through
intracoronary or intravenous injections or using an epicardial tissue patch (Don and Murry
2013; Gerbin et al. 2015). Pre-clinical studies infusing or transplanting hPSC-CMs
(Carpenter et al. 2012; Chong et al. 2014; Lundy et al. 2014) into the heart have shown
cell-therapy can increase cardiac function; although mechanisms for these observed
improvements are not yet fully understood, electrical coupling and engraftment, as well as
paracrine signaling, are thought to be involved (Laflamme et al. 2007; Mirotsou et al. 2011;
Hodgkinson et al. 2016). PSC-derived cardiac progenitor cells (Blin et al. 2010) or hPSC-
CMs (Chong et al. 2014) have successfully been used alone and in combination with fibrin
(Bellamy et al. 2015) or collagen (Joanne et al. 2016) for small animal models and non-
human primate trials. A human clinical trial using hPSC-derived cardiovascular
progenitors has been initiated (Menasche et al. 2018); Dr. Menasche provides a detailed
review on previous and ongoing cell therapy trials (Menasche 2018). The microfluidic cell
encapsulation system employed here has been previously used to encapsulate cells for
injectable cell delivery in large animal pre-clinical wound healing studies (Seeto et al.
2017). The engineered cardiac tissue microspheres produced using the microfluidic
encapsulation system and differentiation method established in this study hold promise for
use in injectable cardiac cell therapy. Current studies are ongoing to increase efficiency of
cardiac differentiation and clinical relevance through adaption of xeno-free cell production

methods (Burridge et al. 2014).
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Uniform and precise 3D cell-material constructs can now be produced by emerging
technologies including bioprinting (El-Kirat-Chatel et al. 2015; Kang et al. 2016; Ouyang
etal. 2015; Y. Ma, Ji, et al. 2015) and microfluidic systems (Seeto et al. 2017; Chan, Zhang,
and Leong 2016; X. Zhao et al. 2016; Jiang et al. 2017). The custom microfluidic system
presented here can be used for scalable microsphere production that provides a
reproducible 3D microenvironment while leveraging an EB-like differentiation approach.
Currently in the field of tissue engineering, hydrogel-based microsphere size is limited to
100-200 um (Chan, Zhang, and Leong 2016; X. Zhao et al. 2016) due to standard soft-
lithography fabrication techniques (Rossow, Lienemann, and Mooney 2017); microspheres
with larger diameters are often more difficult to produce with high uniformity and
roundness. Stability constraints typically limit microfluidic systems to single cell
encapsulation, and do not support encapsulation of small cell clusters, such as the post-
dissociation hiPSCs employed here (Seeto et al. 2019). Testing has shown hiPSCs are
sensitive to suspension in oil; therefore, the limiting light and oil exposure time were key
factors during system design. In-line photocrosslinking and washing were critical for
system success and maintaining cell viability, as compared to batch photocrosslinking
(Chang et al. 2020b). Recently published work from our group showed successful hiPSC
encapsulation and differentiation within PEG-fibrinogen and GeIMA hydrogels to produce
3D-dhECT microislands (P. Kerscher, Turnbull, et al. 2016; Petra Kerscher, Kaczmarek,
et al. 2016). In these studies, a | mm wide ring of dense cardiac tissue consistently formed
around the edge of the microislands. Based on this finding, the desired initial microsphere
diameter was chosen to be approximately 1 mm, and thus the resulting sphere diameter

using our microfluidic system was 908 pum (n = 485 microspheres, 8 individual batches);
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however, this microfluidic system enables modulation of size and shape, as well as initial
cell seeding density. The tight control demonstrated here over size and shape of
microsphere tissues both within a batch and between batches is critical for cell production
and downstream applications.

In this study, a custom microfluidic system to rapidly encapsulate hiPSCs within a
clinically relevant biomaterial, PEG-fibrinogen, was utilized to produce uniform
microspheres in size and shape with high cell viability and maintained proliferative and
pluripotent phenotype. Remodeling their PEG-fibrinogen microenvironment, these hiPSC
microspheres were subsequently differentiated into functional engineered cardiac tissue
microspheres with high CM yield that responded appropriately to outside electrical and
pharmacological stimuli and could be maintained in culture long-term with maintenance
of spontaneous contraction (over 3 years). The microspheres were cultured in static
suspension conditions; however, a bioreactor or similar dynamic culture system could be
used to improve mass transfer and scale-up production (H. Kempf et al. 2014). This
microfluidic system has the potential to be leveraged in combination with a bioreactor
system for scalable hiPSC differentiation by parallelization of PDMS devices for increased
production in order to obtain commercially relevant numbers of engineered cardiac tissues

for clinical translation and high-throughput drug testing applications.
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Chapter 3: Towards Clinically Relevant Production of Engineered Cardiac Tissue

Microspheres

Introduction
Following a myocardial infarct, as many as 1 billion cardiomyocytes (CMs) can die as a
result of necrosis caused by impaired blood flow; these CMs cannot regenerate, resulting
in scar tissue formation and loss of function following damage. There are currently no
clinically available treatments for restoring CM function following disease or damage,
leading to increased risk for further complications and other severe cardiac events.
However, regenerative medicine, particularly through the use of cell therapy and
engineered cardiac tissue (ECT) products differentiated from pluripotent stem cells (PSCs),
has shown promise for the regeneration of function in the myocardium (Shiba et al. 2016).
However, it has been estimated that billions of cells will be needed for each treatment to
restore function in the myocardium, resulting in the need for large scale production of CMs
(Robert Zweigerdt et al. 2011). In order for cell therapy to be a clinically approved
treatment option, the production of cardiac tissue must be scalable, cost-effective, and able
to be manufactured in a good manufacturing practices (GMP) setting. A key component in
GMP production of cell and tissue products for regulatory approval requires that the culture
of the cells occur in “xeno-free” conditions, employing chemically defined products
without animal or human components.

Traditional methods for production of pluripotent stem cell-derived
cardiomyocytes (PSC-CMs) utilize two-dimensional cell monolayers or self-aggregated

embryoid bodies, both of which typically require further downstream processing for ECT
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formation and to optimize functionality and maturation of cardiomyocytes. Monolayer
technologies do not permit a feasible, cost-effective solution for scalable production of
engineered tissues; therefore, bioreactors must be leveraged for large-scale production of
CMs and cardiac tissues. Bioreactors are well-established for bacterial production and
other cells in the production of products such as proteins and antibodies (Chu and Robinson
2001). Multiple types of bioreactors are currently being investigated for the production of
cell and tissue products, including stirred-tank, perfusion, wave, and packed-bed
bioreactors (Portner et al. 2005). Stirred tanks, or spinner flasks, are the most common type
of bioreactor due to their ability for homogeneous mixing and distribution of nutrients and
oxygen, and a spherical geometry for cell and tissue products is most conducive for
utilization in these bioreactor systems. Current studies for the expansion of hiPSCs and
cardiac differentiation in large-scale involve the formation of self-aggregated EBs in
stirred-tank bioreactors (H. Kempf et al. 2014; H. Kempf et al. 2015; Chen et al. 2015;
Fonoudi et al. 2015).

Formation of spheroidal tissues can be done either by self-aggregation, as hanging
droplets (Beauchamp et al. 2015), vortexing (Chang et al. 2020a), through the aid of
microcarriers (Ting et al. 2014; Laco et al. 2020), well plates (Branco et al. 2019), or
incorporation within a biomaterial (Jing, Parikh, and Tzanakakis 2010). Self-aggregated
EBs are formed by introducing a single cell suspension in either a stirred tank or shaker
environment, and the shear stress of the spinning results in aggregate formation.
Previously, Chen et al. investigated the differentiation of CMs in 125, 500, and 1000-mL
spinner flasks and found a set of critical parameters including cell aggregate size, agitation

rate, CHIR concentration, and IWP induction timing; however, the efficiency of
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cardiomyocyte differentiation was found to be largely dependent on volume of reactor
(Chen et al. 2015). The size and shape of the resulting EBs are hard to control, and it has
been shown that the EB size can affect cardiac differentiation, with CM contents ranging
from 26-90% in a bioreactor (H. Kempf et al. 2014). Microcarriers offer slightly more
control over the size and shape of the microspheres but can still have a large degree of
heterogeneity due to aggregation of the PSCs as well as attachment to the microcarriers.
Furthermore, the microcarriers may have to be removed prior to clinical use (Kaitlin K.
Dunn and Palecek 2018). Here, a direct differentiation platform was utilized, which
includes encapsulation of the hiPSCs within a hybrid biomaterial, which provides cell
adhesion sites and is enzymatically degradable, leveraging the ability for tight control of
size and shape of tissue production.

Previously, our group established a platform for production of ECT microspheres
directly differentiated from human induced pluripotent stem cells (hiPSCs), and this study
demonstrates that this direct differentiation platform can be used to produce ECT
microspheres in chemically defined conditions, both for hiPSC culture and cardiac
differentiation. A custom-built microfluidic system was used to rapidly encapsulate hiPSCs
in PEG-fibrinogen with tight control over initial microsphere size and shape. Efficient
cardiac differentiation was achieved through continuous Wnt signaling with spontaneous
contractions occurring by day 10; the resulting cardiomyocytes (CMs) responded
appropriately to external pacing, indicating functionality. Furthermore, it is shown that
hiPSC encapsulation in PEG-fibrinogen microspheres can produce a larger number of CMs

per input hiPSC compared to the standard self-aggregated embryoid bodies (EBs). Taken
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together, these results indicate that this platform has potential for scalable production of

ECTs for clinical applications.

Materials and Methods

HiPSC expansion and maintenance

The hiPSC cell line, Un-Arc 16 Facs II (Shinnawi et al. 2015), was used for this study and
graciously provided by Dr. Lior Gepstein at Technion — Israel Institute of Technology.
HiPSCs were cultured on Geltrex (Gibco) with E§ media. E8 media was made with
DMEM/F12 (Gibco) supplemented with ascorbic acid (64 mg/L, Sigma), sodium selenite
(14 pg/L, Sigma), sodium bicarbonate (543 mg/L, Sigma), insulin (20 mg/L, Sigma),
transferrin (10.7 mg/L, Sigma), basic fibroblast growth factor (100 pg/L, Peprotech), and
transforming growth factor-beta (2 pg/L, Peprotech). The hiPSCs were passaged into
single cells with Accutase (Innovative Cell Technologies). For one day after passaging,
hiPSCs were maintained in E8 supplemented with rock inhibitor (5-10 uM, Y-27632, Stem

Cell Technologies).

PEG-fibrinogen synthesis

All chemicals were purchased from Sigma-Aldrich unless specified otherwise. PEG-
fibrinogen was prepared as previously described (Dikovsky, Bianco-Peled, and Seliktar
2006; P. Kerscher, Turnbull, et al. 2016). Briefly, bovine fibrinogen (300 mg) was
dissolved in PBS with 8 M urea, and tris (2-carboxyethyl) phosphine hydrochloride
(TCEP-HCI, 22.53 mg) was added to the fibrinogen solution (7 mg/mL). Next, PEGDA

(1.9392 g) was reacted with fibrinogen (4:1 molar ratio) for 3 h, precipitated in acetone,
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and dissolved in PBS with 8 M urea. The reacted PEG-fibrinogen was dialyzed against
PBS at 4 °C for 24 h. To characterize the PEGylated product, fibrinogen content was

measured using Pierce BCA assay (Thermo Scientific).

HiPSC encapsulation using microfluidic system

PEG-fibrinogen precursor solution was prepared by combining PEG-fibrinogen with
triethanolamine (1.5 v/v%, TEOA), N-vinyl pyrrolidone (0.39 v/v%, NVP), RI (12.5 uM)
and Eosin Y (0.1 mM, Fisher Scientific) photoinitiator (in PBS). HiPSCs were resuspended
in PEG-fibrinogen precursor solution at 30—60 million cells/mL. The PEG-fibrinogen-cell
mixture was added to one inlet of a custom-built microfluidic device. In parallel, mineral
oil was added to the other inlet of the microfluidic device which, when combined with the
PEG-fibrinogen-cell mixture, causes the formation of spherical droplets. Flowrates for the
PEG-fibrinogen-cell mixture and mineral oil were adjusted as previously described to
maintain consistent crosslinking times and spherical geometry (Tian and Lipke 2020). A
light source (Prior) was used for photocrosslinking the liquid PEG-fibrinogen-cell mixture
to form cell-laden microspheres. Microspheres were collected by washing down with E8
media supplemented with 10 uM RI, removed from the oil phase and spent media and were
cultured in E8 media + rock inhibitor (10 uM) for 24 h (day -3). Microspheres were then

cultured for an additional 2 days in E8 media with daily media changes (days -2 and -1).

Diameter, axial ratio, and early growth quantification of microspheres and EBs
Phase contrast images of microspheres were taken from the time of encapsulation (day -3)

through cardiac differentiation (day 10) using an Andor Luca S camera attached to a Nikon
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Eclipse Ti microscope. Microsphere diameter and size of thirteen individual batches were
determined after encapsulation and prior to initiation of cardiac differentiation. The
autofluorescence of the photoinitiator Eosin Y in PEG-fibrinogen microspheres was
captured using long acquisition times with the FITC filter on the Nikon Eclipse Ti
fluorescence microscope at low magnification. EB size and shape were determined from

daily phase contrast images. Standard plugins in ImageJ were used for quantification.

HiPSC viability and immunofluorescence staining

On day -2, the viability of the hiPSCs in PEG-fibrinogen microspheres was assessed using
a LIVE/DEAD® viability kit (Invitrogen), and images were taken using a fluorescent
microscope (Nikon). Dissociated CMs were immunostained o-sarcomeric actinin (o.SA,
Sigma Aldrich). For immunostaining, engineered cardiac tissue microspheres and EBs
were dissociated using 1mg/mL Collagenase-b (Roche) and 0.05 mg/mL DNase in PBS
for 10-30 minutes at 37 °C and were plated on Matrigel (Corning) coated coverslips for 2-
4 days. The cells were rinsed with PBS and fixed in paraformaldehyde (4%, Electron
Microscopy Sciences) for 20 min at room temperature (RT). Samples were rinsed with PBS
and blocked with fetal bovine serum (FBS) (3%) overnight at 4 °C or 30 min at RT. Then,
the dissociated CMs were incubated in the primary antibody (aSA) overnight at 4 °C or
1 h at RT followed by the addition of Alexa Fluor 488 or Alexa Fluor 568 secondary
antibody. Nuclei were counterstained with Bisbenzimide Hoechst 3342 (MilliporeSigma).

Samples were visualized using a Nikon A1R laser-scanning confocal microscope.
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Cardiac Differentiation

Chemically defined cardiac differentiation media (CDM3) contained RPMI 1640
(Gibco) supplemented with 500 pg/mL recombinant human albumin (ScienCell) and 213
pg/mL ascorbic acid. To initiate cardiac differentiation on day 0, CHIR99021 (5-7.5 uM,
STEMCELL Technologies), was added to the media; exactly 24 h later, the media was
exchanged for CDM3 supplemented with 5 uM IWP2 (STEMCELL Technologies). Fresh
CDM3 was added on days 3, 5, 7, and 10; following day 10, the ECTs were cultured with
CDM3 or RPMI/B27 (Gibco) for selected batches, and the media was exchanged every 3—

4 days.

Flow cytometry

On day 10, the engineered cardiac tissue microspheres and EBs were dissociated by
incubation at 37 °C for 1015 minutes with Collagenase-b (1 mg/mL, Roche) and DNase
(0.05 mg/mL, Worthington) in PBS. After tissue dissociation, a cell pellet was collected
through centrifugation. After washing with PBS, the cells were labeled with Zombie Dye
(Biotium) for 30 min at 4 °C. Cells were then washed with Blocking Buffer (bovine serum
albumin (1%, BSA, Sigma), fetal bovine serum (10%, FBS, Atlanta Biologics) in PBS),
and then fixed with Foxp3 Transcription Factor Staining Buffer Set (eBioscience)
overnight at 4 °C. The cells were filtered using a 40 um cell strainer (Scienceware Flowmi)
and permeabilized with FACS buffer (BSA (1%), FBS (10%) in 1x Permeabilization
Buffer (eBioscience)) at RT for 30 mins. The primary antibodies (1:200, cTnT (Invitrogen)
and MF20 (DSHB)) were then incubated with the cells for 1 h at RT. After incubation in

the primary antibody, washing occurred with Permeabilization Buffer. The secondary
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antibodies (1:300, AlexaFluor 647 goat anti-mouse IgG (ThermoFisher)) were added for
30 mins at RT. The cells were then washed with Permeabilization Buffer and resuspended
in Blocking Buffer for analysis. A Beckman Coulter CytoFlex LX was used for sample
analysis. At least 10,000 live cells were recorded for analysis. Anti-Mouse IgG1 isotype

control (ThermoFisher) was used to ensure there was not any non-specific binding.

Contraction Analysis

Contraction analysis was done using motion tracking software in which
macroblocks were tracked between frames to determine the beat rate in beats per minute
(BPM), time interval in seconds, maximum contraction velocity in pm/s, and maximum
relaxation velocity in um/s. Videos of contractions, 10 s in length, were taken using an
Andor Luca S camera attached to the microscope, converted to a series of tiff files, and

imported into the Motion GUI in the open source MATLAB code (Huebsch et al. 2015).

Optical Mapping

Optical mapping recordings were taken using a high-speed camera (Andor iXon+ 860
EMCCD) attached to a fluorescent microscope (Nikon Eclipse Ti) with a Prior Lumen 200
light source. Voltage recordings of CMs were captured using the established optical
mapping system in our lab. The hiPSC cell line used in this study has a green fluorescent
voltage reporter that decreases in fluorescent intensity during membrane depolarization
that can be visualized immediately prior to tissue contraction. The videos of voltage
transients were taken using the FITC filter in either Tyrode’s solution or media. Tyrode’s

solution was prepared by combining 1.8 mM calcium chloride and 5.0 mM glucose with
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5.0 mM HEPES, 1.0 mM magnesium chloride, 5.4 mM potassium chloride, 135 mM
sodium chloride, and 0.33 mM sodium phosphate; the pH was adjusted to 7.4 with sodium
hydroxide. The samples were heated to 37 °C by perfusion of warm Tyrode’s solution
through the optical mapping system or through the use of a stage-top incubator (In Vivo
Scientific) for non-destructive recordings in media or Tyrode’s solution. When electrically
paced, pacing starting at 0.5 Hz and continually increased by 0.5 Hz until 1:1 capture was
no longer observed. Recordings were analyzed using a custom MATLAB script in which
the change in fluorescence were used to calculate the action potential duration (APD) and

conduction velocity.

Self-aggregated EB Formation and Differentiation

To form the EBs, a single cell suspension of hiPSCs in E8 with rock inhibitor (10 uM) was
added to a shaker flask or a well plate containing E§ with rock inhibitor (10 uM). The
shaker flask or well plate was placed on a shaker plate (Infors) at 70 rpm in a 5% CO>
incubator to allow for self-aggregation. Prior to initiation of cardiac differentiation, daily
media changes occurred in which one-half of the spent E§ was exchanged for fresh ES. On
day 0, cardiac differentiation was initiated. For the shaker flask/plate platform, the cells
were collected, counted, and distributed in 6-well plates for cardiac differentiation. To
initiate differentiation in the shaker flask and well plate only platforms, the media was
removed, and day 0 differentiation media was added. Cardiac differentiation followed the
same protocol as the microspheres with 5 uM CHIR addition on day 0 and 5 uM ITWP2

addition on day 1.
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Statistical Analysis

Unless otherwise noted, statistical analysis was performed using Minitab statistical
software where results are presented as mean + standard deviation. One-way ANOVA was
performed with Tukey’s test for post-hoc analysis for samples with equal variance, and the
Games-Howell test was performed for samples with unequal variances. A value of p <0.05

was used for statistical significance.

Results and Discussion

To produce the engineered cardiac tissue microspheroids, hiPSCs were
encapsulated in a clinically relevant material, PEG-fibrinogen, and photocrosslinked using
a custom microfluidic system developed in our lab (Seeto et al. 2019) in which spheroid
formation occurred through a modified water-in-oil emulsion technique (Figure 3.1B).
Dissociated hiPSCs were combined with the polymer precursor solution in liquid form at
high cell concentrations (30—-60 million cells/mL) and were infused through a custom
PDMS device opposite of mineral oil. The microspheres formed at the junction and
traveled down the outlet channel for photocrosslinking. This microfluidic system was
successfully used to encapsulate hiPSCs dissociated in both clusters and single cells. PEG-
fibrinogen is currently undergoing clinical trials in Europe and in the United States for
cartilage repair, making it a suitable choice in the transition to clinically relevant
production of ECT microspheres (Trattnig et al. 2015). This microfluidic system has tight
control over size and shape both within a batch and between batches, and through
modulation of system parameters such as flow fraction and narrowing ratio, we can

produce microspheres at a variety of sizes (Tian and Lipke 2020). Here, we show that we
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can produce microspheres ranging from 400 to 800 um in diameter (Figure 3.1C). The
coefficient of variance (CV) within a batch was < 10% for all the batches (n = 13 batches,
> 82 microspheres per batch). Furthermore, the axial ratio (AR), ratio of axial diameter to
radial diameter, was consistently 1.0 with an average of 1.04 £ 0.02 with a CV = 1.54%
between batches; furthermore, the CV was < 5% for each batch (n = 13 batches, > 82
microspheres per batch). Encapsulated hiPSCs maintained high cell viability (Figure 3.1H)
and appropriate phenotype. The rounded morphology, indicative of hiPSC colony
formation, can be visualized through labeling with Phalloidin (Figure 3.1J). The hiPSCs
continued to proliferate and grow in the hydrogel microenvironment, visualized through
labeling with proliferative marker, Ki67 (Figure 3.1K), and through daily phase contrast
images (Figure 3.1F—G, Figure 3.2A) for three days prior to initiation of cardiac

differentiation.
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Figure 3.1 Production of engineered cardiac tissue microspheres in chemically
defined conditions.

(A) For production of engineered cardiac tissue (ECT) microspheres, hiPSCs were
encapsulated on day -3 with daily E8 media changes until day 0 when cardiac
differentiation was initiated by the addition of CHIR in CDM3. On day 1, the media was
exchanged and CDM3 supplemented with IWP2 was added to the microspheres for 48 h.
The media was exchanged with fresh CDM3 on days 3, 5, and 7. On day 10, the CM content

was determined using flow cytometry. (B) A custom-built microfluidic system was used
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for hiPSC encapsulation in PEG-fibrinogen. Microspheres were formed at the junction of
a PDMS device, the central component of the microfluidic system, through a water-in-oil
emulsion and photocrosslinked using high intensity visible light. Microspheres were
collected at the outlet for further experiments. (C) This microfluidic system can be used to
produce microspheres with initial diameters of 400-800 um (n = 31 batches). (D-G) The
microspheres had an axial ratio of 1.04 £ 0.02 (n = 31 batches); furthermore, hiPSCs were
encapsulated at a high cell density (30—60 million cells/mL precursor solution) and were
highly uniform within a batch. (H-I) Following encapsulation, the hiPSCs maintained high
cell viability and maintained the appropriate phenotype including (J) rounded colony
formation and (K) expression of proliferative marker, Ki67. Figure created with

biorender.com.

Advances in cardiac differentiation protocols have found that subsequent activation
and inhibition of the Wnt signaling pathway through the use of small molecules can be
used for highly efficient cardiac differentiation with a high degree of reproducibility (Lian
et al. 2012). In this protocol, the Wnt pathway is activated by the presence of CHIR for 24
hours; after 24 hours (day 1), the CHIR is removed. 48 hours after the removal of CHIR
(day 3), a Wnt inhibitor, IWP2, IWR1, or C-Wnt59, is added for 48 h (Lian et al. 2013Db).
This method involves the use of RPMI/B27 differentiation media, which is composed of
RPMI media supplemented with L-glutamine that is combined with a B27 supplement.
However, the B27 supplement is not chemically defined and is produced using 21
components, some of which are animal-derived. Burridge et al. systematically assessed the

B27 components and found two critical components for cell viability and CM
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differentiation: albumin and ascorbic acid (Burridge et al. 2014). Through the use of
recombinant protein production, a fully defined differentiation protocol was developed
using chemically defined differentiation media with three components (CDM3): RPMI
1640, ascorbic acid, and recombinant human albumin; in this protocol, the authors found
that 48 h of CHIR supplementation immediately followed by 48 h of Wnt inhibition led to
the highest percentage of CMs. Building on these protocols, Halloin et al. found that
continuous Wnt control with early Wnt inhibition (day 1) was critical for the success of
some hiPSC lines in CDM3 to differentiate to the cardiac lineage (Halloin et al. 2019).
These results have been further expanded with the B27 differentiation showing that
maintaining the Wnt pathway activation through a low dose of CHIR during the 48 h
between the removal of the initial dose of CHIR and the addition of the Wnt inhibitor led
to a more robust protocol in which both percentage and yield of CMs was increased for

hiPSC lines derived from various origins (M. Zhao et al. 2019).
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Figure 3.2. Engineered cardiac tissues with high CM content can be achieved with
CDMa3 differentiation.

(A) Throughout differentiation, the hiPSC colonies continued to increase in size and
formed a dense, continuous tissue by day 7. (B) To initiate cardiac differentiation, a CHIR
concentration of 5 or 7.5 uM was used, and the resulting CM content was 71.9 £ 16.8 and
60.7 £ 18.5% for 5 and 7.5 uM, respectively (n = 25, 6 batches). (C) A high cell density
was critical for success of differentiation leading to a CM content of 70.0 £ 21.4, 71.9 £+
16.0,78.0 £ 14.1, and 65.9 + 23.1% CMs from ECT microspheres encapsulated at an initial

cell density of 30, 40, 50, and 60 million cells/mL differentiated with 5 uM CHIR (n = 3,
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13, 5, 4 batches, respectively). (D) After cardiac differentiation, the resulting number of
CMs per input hiPSC was 2.23 + 1.98, which was highly variable and influenced by CM
content (the color of each data point is representative of CM content); however, as many

as 6.9 CMs per hiPSC could be obtained (n = 19 batches).

Three days post-encapsulation, cardiac differentiation was initiated (day 0) using
chemically defined media and the continuous Wnt control protocol established by Halloin
et al. (Halloin et al. 2019). To initiate cardiac differentiation, a Wnt activator, CHIR, was
supplemented in CDM3 at concentrations of 5 and 7.5 uM. Exactly 24 hours later (day 1),
the media was exchanged and supplemented with 5 uM IWP2, a Wnt inhibitor, and
microspheres were maintained in this media for 48 h. Cardiac specification continued to
occur as the media was exchanged with fresh CDM3 on days 3, 5, and 7. On day 10, the
efficiency of differentiation, or CM content (% CMs), was quantified using flow cytometry
(Figure 3.1A). Cardiac differentiation successfully occurred using this chemically defined
differentiation protocol with CM contents of 71.9 + 16.8% and 60.7 £ 18.5% at 5 and
7.5 uM CHIR concentrations, respectively. Furthermore, a high initial cell density was
critical for success in this differentiation platform. Initial cell densities from 30—60 million
cells/mL could be used in this platform, resulting in CM contents of 70.0 + 21.4, 71.9 £+
16.0, 78.0 £ 14.1, and 65.9 + 23.1% for 30, 40, 50, and 60 million cells/mL, respectively
for microspheres differentiated with 5 uM CHIR (Figure 3.1C, n = 3, 13, 5, 4 batches).
Differentiation occurred similarly across these conditions with no statistically significant
differences in CM content at these CHIR and initial cell concentrations. Using the CDM3

protocol, we can effectively get higher CM contents than we could using the RPMI/B27
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differentiation protocol, as high as 95% CMs. However, there is a larger variability in the
percentage, with some batches as low as 37%. For biomanufacturing and clinical
translation, not only is the CM content important, but also the number of CMs, or yield.
Using this differentiation platform, as many as 6.9 CMs per input hiPSC can be obtained;
however, this result is highly variable with an average of 2.23 + 1.98 CMs per hiPSC for
18 batches differentiated with 5 uM CHIR (Figure 3.1D). As expected, this is influenced
by CM content on day 10 and cell loss prior to initiation of cardiac differentiation as well
as throughout differentiation. Microspheres could not be maintained in CDM3 media long-
term post-differentiation; therefore, the media was changed to RPMI/B27 with insulin on
day 10 for long-term culture. This direct differentiation platform of ECTs could be utilized
for efficient cardiac differentiation in chemically defined conditions; however, further
classification of non-CM cell types along with increasing reproducibility between batches,
particularly with regard to CM content and number of CMs per hiPSC will be needed for
downstream applications.

ECT microspheres successfully differentiated into spontaneously contracting
tissues using a chemically defined differentiation protocol with continuous Wnt pathway
control. The onset of contraction started between day 7 and day 10. On day 10, the
spontaneous contraction frequency was 46.6 + 13.9 beats per minute (BPM) with a time
interval of 0.267 £ 0.082 s (Figure 3.3A—B). The maximum contraction and relaxation
velocities were 157 £ 42.3 and 120 £ 42.7 um/s, respectively (Fig 3.3C-D, n = 5 batches).
The resulting CMs from dissociated ECT microspheres showed the presence of well-
defined sarcomeres forming with increased expression of gap junction protein, connexin

43 (Cx43), over time (Fig 3.3J-L). A genetically encoded voltage indicator (GEVI) was
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used for optical mapping of the action potential (Fig 3.3E-F). Day 28 dissociated CMs in
a monolayer could be electrically paced with 1:1 capture from 0.5 to 1.5 Hz. The
spontaneous action potential at 50% and 80% repolarization was 349 + 106 and 487 +
113 ms, respectively, with a conduction velocity of 1.43 £ 0.19 cm/s (Figure 3.3G—I, n =
8 recordings). When electrically paced, the action potential duration (APD) at 50%
repolarization decreased to 311 £ 16.0, 304 £ 6.8, and 283 ms and the APD at 80%
repolarization decreased to 467 £ 15.6, 463 + 5.1, and 430 ms for 0.5, 1.0, and 1.5 Hz
electrical pacing, respectively (Fig 3.3G-H). Furthermore, the conduction velocity was
1.31 £ 0.08, 1.21 £ 0.06, and 0.86 cm/s for 0.5, 1.0, and 1.5 Hz paced samples (Fig 3.3I).
Appropriate functional properties, including spontaneous contraction and response to
electrical pacing, indicate appropriate functionality of the ECT microspheres; however,
further assessment of functional properties will be needed to ensure the appropriate

maturity for downstream applications.
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Figure 3.3 ECT microspheres spontaneously contract with appropriate changes in
functionality.
(A-D) ECT microspheres started to spontaneously contract between days 7—10, and on day

10 the frequency of contraction was 46.6 = 13.9 beats per minute (BPM) with a time

interval of 0.267 + 0.082 seconds. The (C) maximum contraction and (D) relaxation
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velocities were 157 £+ 42.3 and 120 £+ 42.7 um/s, respectively (n = 5 batches). (E-F) A
custom MATLAB code was used for analysis of the high-frame rate fluorescent recordings.
(G-I) Dissociated CMs from ECT microspheres with a genetically encoded voltage
indicator (GEVI) responded appropriately to electrical pacing with 1:1 capture up to 1.5
Hz. (G) The APD at 50% repolarization was 349 + 106, 311 + 16.0, 304 £ 6.8, and 283 ms
and (H) 487 £ 113, 467 + 15.6, 463 £ 5.1, and 430 ms for 80% repolarization for
spontaneous (SP), 0.5, 1.0 and 1.5 Hz pacing, respectively (n = 8, 2, 2, 1 recordings). (I)
The conduction velocity was 1.43 £ 0.19, 1.31 £ 0.08, 1.21 £ 0.06, and 0.86 cm/s for SP,
0.5, 1.0, and 1.5 Hz paced samples (n =8, 2, 2, 1 recordings). (J-L) Resulting CMs has the
presence of well-defined sarcomeres (aSA, red), with organization and the Cx43 (green)

expression increasing over time.

This microsphere direct differentiation platform was compared to self-aggregated
EB differentiation, the current state-of-the-art for biomanufacturing of CMs. Formation of
EBs occurs from seeding a single cell suspension in a stirred-tank bioreactor or shaker
flask, resulting in limited control of resulting size and shape. Three different differentiation
platforms for EB seeding and differentiation were employed: seeding and differentiation
in a shaker flask (F), seeding and differentiation in a well plate (P), and seeding in a shaker
flask and differentiation in a well plate (F/P). Shaker flasks are regularly used for scale-up
studies prior to stirred-tank bioreactor experiments and provide a similar scale to the
batches of ECT microspheres reported here. In the shaker flask platform (F), 3 million
hiPSCs were seeded, and the number of cells on day 0 was used for differentiation without

adjusting the cell density, cells per volume of media. The well plate platform (P) was
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similar in that the number of cells on day 0 was used for differentiation without any
adjustments prior to initiation of differentiation with CDM3 supplemented with CHIR. For
the F/P platform, 3 million cells were seeded in the shaker flask, and on day 0, the cells
were collected, a sample was counted, and the remaining EBs were distributed to provide
a known cell density on day 0. The EBs had an average diameter of 194 £+ 20.0, 200 + 3.80,
264 +40.2, 247 £ 37.1, 232 £ 45.2, and 246 £ 71.5 um with AR of 1.15 £ 0.04, 1.15 £
0.07, 1.35 £ 0.06, 1.29 £ 0.07, 1.33 £ 0.05, and 1.36 £ 0.03 on days O, 1, 3, 5, 7, and 10,
respectively (Figure 3.4A, E-F, n = 3 batches, minimum of 22 EBs per batch). The CV for
diameter on day O for the three batches of EBs was 26.1, 16.1, and 11.2%, which is higher
than the CV for the microspheres on day -2, which was less than 10% for all 31 batches;
furthermore, the CV for EB AR was higher than the microspheres at 23.8, 9.17, and 7.53%
on day 0 compared to the microspheres with < 5% CV on day -2. The EBs were
successfully differentiated using the same protocol with resulting CM content of 72.0 £
21.0,62.4 £25.0, and 49.3 £ 19.4% for F, P, and F/P platforms, respectively (Figure 3.4G,
n = 3, 4, 8 batches). Interestingly, the F/P platform had the lowest efficiency of
differentiation, although this platform had the most control on day 0 with regard to cell
density. This may occur as a result of an increased cell density on day 0 (0.2—0.5 million
cells/mL) compared to the flask, and that other uncontrolled parameters, such as integrin
and cadherin expression, may be instrumental for successful cardiac differentiations. Some
organization of the sarcomeres could be visualized by day 20 from aSA labeling of
dissociated hiPSC-CM EBs (Figure 3.4B—-D). The average number of CMs per input hiPSC
was 0.65+0.34,1.82 £ 2.10, and 0.24 £ 0.43 for F, P, and F/P, respectively, which is lower

than that the ECT microspheres with an average of 2.23 +/- 1.98 (Figure 3.4H,n= 3,4, 8
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batches, respectively). Additionally, the highest CM per input hiPSC obtained for the EBs
was 4.7, which is considerably lower than the highest value of 6.9 for the ECT

microspheres.
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Figure 3.4 Self-aggregated EB formation and differentiation.

Self-aggregated EBs were formed by seeding a single cell suspension in a shaker flask (F)
or well plate (P) on a shaker plate. Cardiac differentiation was initiated employing these
two platforms as well as EB seeding and formation in a flask followed by cardiac

differentiation in a well plate (F/P). (A) Successful self-aggregated EB formation occurred
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and changes in morphology can be seen in phase contrast images. (B—D) EBs could be
dissociated for visualization of sarcomere organization within individual CMs on (B—C)
day 20 and (D) day 30 with aSA (red). Self-aggregated EBs had diameters of (E) 194 £+
20.0, 200 £ 3.80, 264 + 40.2, 247 £ 37.1, 232 £ 45.2, and 246 £ 71.5 pum with (F) axial
ratios of 1.15 £ 0.04, 1.15+£0.07, 1.35 £ 0.06, 1.29 £ 0.07, 1.33 £ 0.05, and 1.36 + 0.03 on
days 0, 1, 3, 5, 7, and 10 (n = 3 batches of at least 22 EBs per timepoint). (G) The CM
content of the EBs on day 10 was 72.0 £ 21.0, 62.4 £ 25.0, and 49.3 £ 19.4% for F, P, and
F/P platforms, respectively (n = 3, 4, 8 batches). (H) The number of CMs obtained after
differentiation (day 10) per input hiPSC was 0.65 + 0.34, 1.82 £ 2.10, and 0.24 £ 0.43 for

F, P, and F/P, respectively (n = 3, 4, 8 batches)

Here, successful encapsulation of hiPSCs in PEG-fibrinogen microspheres and
subsequent cardiac differentiation in chemically defined conditions is demonstrated. ECT
microspheres could be efficiently differentiated using CDM3 with continuous Wnt control
with CM contents as high as 95%; furthermore, an average of 2.2 CMs was obtained per
input hiPSC, which is higher than for self-aggregated EBs. These ECT microspheres show
appropriate changes in cell phenotype throughout differentiation, and spontaneous
contractions could be visualized by day 10. The resulting CMs had the appropriate response
to electrical pacing and formation of well-defined sarcomeres. Chemically defined
conditions for cell culture and differentiation are critical for clinical translation of cell-
based therapies for cardiovascular disease; additionally, the protocols described here
provide substantial cost savings. The self-made E8 used here provides a 62% decrease in

price compared to mTeSR, which was previously used for production of ECT
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microspheres; similarly, the CDM3 is less than one-fourth the price of the RPMI/B27
media. This direct differentiation platform for the production of ECTs in chemically
defined, low-cost conditions shows potential for use in downstream applications such as

high-throughput drug testing and regenerative medicine.
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Chapter 4: Scalable Production of Engineered Cardiac Tissue Microspheroids with

Varying Size and Shape

Introduction

Engineered cardiac tissue (ECT) that accurately mimics the in vivo microenvironment is
needed for regenerative medicine and for drug-testing applications. It is well-known that
cells behave differently in 2D than 3D due to differences in cell-cell and cell-matrix
interactions; furthermore, certain cell types can lose their phenotype in 2D and exhibit
higher functionality in 3D (Fennema et al. 2013). Therefore, for production of the most
native-like tissue, a 3D-ECT platform is necessary. A spheroidal platform is advantageous
for the creation of 3D-ECTs from pluripotent stem cells (PSCs) because it mimics the stem
cell niche (Scadden 2006), is scalable and injectable. Spheroids can be used for suspension
culture which is vital for the scale-up processes needed for biomanufacturing. Finally, a
spheroidal tissue model can be used for direct injection for the treatment of cardiovascular
disease, which provides a less-invasive method of cell delivery over other options such as
a cardiac patch.

Current methods for generating spheroidal tissues include hanging droplet
formation, self-aggregation via spinner flask or bioreactor, microwell plates, liquid overlay
technique, vortexing, and microfluidics. For the formation of hanging droplets, a cell
suspension is pipetted in small amounts and the cells aggregate towards the bottom in the
drop to form a spheroid (Tung et al. 2011; Beauchamp et al. 2015). This method can be
tedious with a relatively low-throughput, produce variable sizes, and issues can result with

evaporation and subsequent osmolarity changes in media. The shear stress from stirring in
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spinner flasks or bioreactors causes aggregate formation and has been used for the
formation of hPSC aggregates (Abecasis et al. 2017; Chen et al. 2015; H. Kempf et al.
2015). EBs can also be formed using gravitational forces in microwell plates (Pettinato,
Wen, and Zhang 2014), centrifugation, (E.S. Ng et al. 2005) and vortexing (Jiang et al.
2017; Pradhan et al. 2017). Liquid overlay technique involves formation of spheroids by
seeding cells on a non-adherent surface causing cell aggregation (Yuhas et al. 1977).
Microfluidic devices have also been used for the formation of spheroidal embryoid bodies
of mouse ESCs within a channel (Torisawa et al. 2007). These methods discussed involve
the formation of spheroids without the addition of biomaterials. Microfluidic fabrication
techniques can be used for the formation of spheroids that incorporate biomaterials which
can provide protection to the cells as well as direct differentiation and provide mechanical
and biological cues.

Microfluidics involves the study and manipulation of fluids at the micron or
nanometer scale and is widely used in the biomedical field (Sackmann, Fulton, and Beebe
2014). A subcategory of microfluidics, droplet microfluidics, can be used for the
encapsulation of cells within a biomaterial, and has been used previously for the
encapsulation of yeast cells in alginate (Choi et al. 2007), breast cancer tumor cells in
alginate (Yu, Chen, and Cheung 2010), human lung adenocarcinoma epithelial cells in
PEGDA and PEG norbornene (Jiang et al. 2017), and human mesenchymal stem cells in
gelatin norbornene (F. Li et al. 2017). This technique uses immiscible fluids, such as an
aqueous solution and oil, to form uniform droplets (Anna, Bontoux, and Stone 2003). These
emulsions are characterized by their low Reynolds number in which the fluid flow is in the

laminar flow regime (Teh et al. 2008). Droplet formation occurs at a junction and is
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governed by the dimensionless capillary number (Ca) and fluid flow rates (Choi et al.
2007). Formation of the fabrication devices typically uses glass capillary devices or soft-
lithography fabrication techniques (Rossow, Lienemann, and Mooney 2017) which can be
expensive and require specialized equipment.

Previously, our group developed a novel, cost-effective microfluidic system for
rapid fabrication of highly uniform cell-laden microspheres using droplet microfluidics
(Seeto et al. 2019). This platform is highly flexible and can be used to encapsulate a variety
of cell types, including cancer cells, equine endothelial colony forming cells, and human
induced pluripotent stem cells (hiPSCs), in photocrosslinkable biomaterials. Following
hiPSC encapsulation in the microfluidic system, direct cardiac differentiation to produce
ECT microspheres was performed (Chapter 2) using RPMI/B27 differentiation as well as
in chemically defined conditions (Chapter 3). Recent work from our group has shown that
this microfluidic system can be used to produce microspheroid hydrogels with varying
sizes and axial ratios (ARs) by changing the capillary number through modulation of the
narrowing ratio and flow fraction (Tian and Lipke 2020).

One of the current limitations for successful translation and implementation of
ECTs utilizing PSC-CMs in the field of cardiac tissue engineering is the maturity of the
resulting CMs, particularly with ECTs that are spheroidal in geometry. Typically, PSC-
CMs have an immature phenotype compared to adult CMs, with key differences in
phenotype and morphology, metabolism, and functional properties (Feric and Radisic
2016a; Karbassi et al. 2020). Adult CMs are anisotropic and rod-like in shape with a surface

area of approximately 10,000 to 15,000 pm?; whereas PSC-CMs are much smaller (900—

1300 um?) with a variety of shapes ranging from circular to triangular to rectangular (Feric
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and Radisic 2016a). Adult CMs have a high degree of organization of their internal
components with aligned sarcomeres, the basic contractile unit of the CM, as the hallmark
feature. These sarcomeres have an average length of 2.2 pm?, whereas the sarcomere length
of PSC-CMs is approximately 1.6 um (Yang, Pabon, and Murry 2014). Typically, PSC-
CMs lack T-tubules; however, previous work from our group (P. Kerscher, Turnbull, et al.
2016) as well as from Dr. Vunjak-Novakovic’s (Ronaldson-Bouchard et al. 2018) show
evidence of the formation of these invaginations in the CM membrane located at the
adjacent sarcomeres. There are major differences in metabolic activity and mitochondria
biology; adult CMs rely on fatty acid oxidation for energy utilization, whereas fetal CMs
and PSC-CMs typically rely on glycolysis (Karbassi et al. 2020). Furthermore, because of
differences in calcium handling, the functionality of the PSC-CMs is lower than adult CMs
in terms of conduction velocity and contractile force. Advances in CM maturity following
differentiation may be needed for the use of ECTs in clinical applications for sufficient
electrical coupling and to prevent arrhythmias.

There have been significant efforts to enhance maturity of PSC-CMs through
mechanical and electrical stimulation (Ronaldson-Bouchard et al. 2018), co-culture with
other cell types (K. K. Dunn et al. 2019; Giacomelli et al. 2020; Pasquier et al. 2017),
utilization of maturation media (Feyen et al. 2020), inhibition of mTOR signaling (Garbern
et al. 2020), and delivery of miRNAs and hormones (White, Pang, and Yang 2016; C.
Jackman, Li, and Bursac 2018; Yang et al. 2014). Previous work has shown that the
geometry of ECTs can promote CM maturity, particularly when there is enhanced cell and
tissue alignment (Ding et al. 2020; Hirt et al. 2014; Khan et al. 2015; X. Ma et al. 2018;

Nunes et al. 2013; D. Zhang et al. 2013). Building on this work showing geometrical
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differences with ECT maturity, specifically tissue alignment, the objective of this study
was to produce ECT microspheroids with a variety of sizes and ARs, particularly those
with high ARs (> 2) through microfluidic encapsulation of hiPSCs in PEG-fibrinogen for
direct cardiac differentiation. Furthermore, an initial set of experiments was constructed to
assess the impact of these parameters as well as PEG-fibrinogen concentration and initial
cell concentration on resulting ECT differentiation and maturity (Figure 4.1B). Here,
successful encapsulation of hiPSCs in microspheroids ranging from 400-1000 pm in
diameter with initial AR from 1-9 is demonstrated. Following encapsulation, hiPSCs
maintained high cell viability and continued to proliferate and grow throughout cardiac
differentiation, forming a dense, continuous tissue. Cardiac differentiation occurred using
a chemically defined differentiation protocol, and the resulting CM content was quantified
on day 10. High CM contents and yield could be obtained, as high as 98% and as many as
6.9 CMs per hiPSC; however, there was large variability between batches. Feature
selection and data-driven modeling was performed to predict CM content on day 10. Initial
scale-up studies were performed using the microspheroids with a high AR (> 3), indicating

that this platform has potential for use in bioreactor production of ECT.
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Figure 4.1 Production of ECT with varying sizes and ARs in chemically defined

conditions.

(A) The diameter and axial ratio (AR) of microspheroids produced using a custom-built
microfluidic system can be controlled. Previous work has shown that adjusting the
narrowing ratio (NR) of the T-junction causes changes to the junction velocity, affecting
the capillary number. At high capillary numbers, microspheres are produced, and the size
of the microspheres can be changed by flow fraction. At lower capillary numbers, the
resulting radial diameter is limited by the outlet diameter, and the AR can be modulated by

changing the flow fraction. Figure reprinted with permission from (Tian and Lipke 2020).
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Copyright 2020 American Chemical Society. (B) This microfluidic system was used to
encapsulate hiPSCs in PEG-fibrinogen to produce microspheroids with varying sizes and
ARs. (C) Encapsulation occurs on day -3, and cardiac differentiation is initiated on day 0
using a chemically defined differentiation protocol. To assess ECT differentiation,
assessment of cell numbers and CM content occurred, and sarcomere staining was

performed on day 30.

Materials and Methods

hiPSC culture

The genetically encoded voltage indicator cell line, Un-Arc 16 Facs II (Shinnawi et al.
2015), was used for this study and graciously provided by Dr. Lior Gepstein at Technion
— Israel Institute of Technology. HiPSCs were cultured on Geltrex (Gibco) with E8 media.
E8 media was made with DMEM/F12 (Gibco) supplemented with ascorbic acid (64 mg/L,
Sigma), sodium selenite (14 pg/L, Sigma), sodium bicarbonate (543 mg/L, Sigma), insulin
(20 mg/L, Sigma), transferrin (10.7 mg/L, Sigma), basic fibroblast growth factor (100
ng/L, Peprotech), and transforming growth factor-beta (2 pg/L, Peprotech). The hiPSCs
were passaged into single cells with Accutase (Innovative Cell Technologies). For one day
after passaging, hiPSCs were maintained in E8 supplemented with rock inhibitor (5-10

uM, RI, Y-27632, Stem Cell Technologies).

HiPSC encapsulation using the microfluidic system
PEG-fibrinogen precursor solution was prepared by combining PEG-fibrinogen with

triethanolamine (1.5 v/v%, TEOA), N-vinyl pyrrolidone (0.39 v/v%, NVP), rock inhibitor
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(12.5 uM), and Eosin Y (0.1 mM, Fisher Scientific) photoinitiator (in PBS). HiPSCs were
resuspended in PEG-fibrinogen precursor solution at 30-60 million cells/mL. The PEG-
fibrinogen-cell mixture was added to one inlet of a custom-built microfluidic device. In
parallel, mineral oil was added to the other inlet of the microfluidic device which, when
combined with the PEG-fibrinogen-cell mixture, causes the formation of spherical
droplets. Flowrates for the PEG-fibrinogen-cell mixture and mineral oil were adjusted as
previously described to maintain consistent crosslinking times and for modulation of size
and AR (Tian and Lipke 2020). A light source (Prior) was used for photocrosslinking the
liquid PEG-fibrinogen-cell mixture to form cell-laden microspheroids. Microspheroids
were collected by washing down with E8 media supplemented with 10 uM RI, removed
from the oil phase and spent media, and were cultured in E8 media + RI (10 uM) for 24 h
(day -3). Microspheroids were then cultured for an additional 2 days in E8 media with daily

media changes (days -2 and -1).

Design of Experiments

The initial design of experiments was provided by Dr. Selen Cremaschi’s research group;
this initial test matrix was produced using maximum entropy and contained 11
experiments. This original test matrix was designed to investigate the ECT differentiation
and maturity through modulation of initial hiPSC concentration, PEG-fibrinogen
concentration, microspheroid diameter, and microspheroid AR. The initial design included
ranges of 20—60 million cells/mL precursor solution for initial hiPSC concentration, PEG-
fibrinogen concentrations of 8—12 mg/mL of fibrinogen, diameters between 450-1000, and

AR from 1-5 (Figure 4.4A).
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Diameter, axial ratio, and early growth quantification of microspheroids

Phase contrast images of microspheroids were taken from the time of encapsulation (day -
3) through cardiac differentiation (day 10) using an Andor Luca S camera attached to a
Nikon Eclipse Ti microscope. Microspheroid diameter and size of thirteen individual
batches were determined after encapsulation and prior to initiation of cardiac
differentiation. The autofluorescence of the photoinitiator Eosin Y in PEG-fibrinogen
microspheroid was captured using long acquisition times with the FITC filter on the Nikon
Eclipse Ti fluorescence microscope at low magnification. Aggregate size and shape were
determined from daily phase contrast images. Standard plugins in ImageJ were used for

quantification.

HiPSC viability and immunofluorescence staining

On day -2, the viability of the hiPSCs in PEG-fibrinogen microspheroids was assessed
using a LIVE/DEAD® viability kit (Invitrogen), and images were taken using a fluorescent
microscope (Nikon). Dissociated CMs were immunostained o-sarcomeric actinin (o.SA,
Sigma Aldrich). For immunostaining, engineered cardiac tissue microspheroids were
dissociated with 1 mg/mL Collagenase-b (Roche) and 0.05 mg/mL DNase in PBS for 10—
30 minutes at 37 °C and were plated on Matrigel (Corning) coated coverslips for 2—4 days.
The cells were rinsed with PBS and fixed in paraformaldehyde (4%, Electron Microscopy
Sciences) for 20 min at room temperature (RT). Samples were rinsed with PBS and blocked
with FBS (3—10%) overnight at 4 °C or 30 min at RT. Then, the dissociated CMs were
incubated in the primary antibody (aSA) overnight at 4 °C or 1 h at RT followed by the

addition of Alexa Fluor 488 or Alexa Fluor 568 secondary antibody. Nuclei were
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counterstained with Bisbenzimide Hoechst 3342 (MilliporeSigma). Samples were

visualized using a Nikon A 1R laser-scanning confocal microscope.

Cardiac Differentiation

Chemically defined cardiac differentiation media (CDM3) contained RPMI 1640
(Gibco) supplemented with 500 pg/mL recombinant human albumin (ScienCell) and 213
pg/mL ascorbic acid. To initiate cardiac differentiation on day 0, CHIR99021 (5-7.5 uM,
STEMCELL Technologies), was added to the media and the microspheroids were placed
on a shaker plate (Infors) at 70 rpm; exactly 24 h later, the media was exchanged for CDM3
supplemented with 5 uM IWP2 (STEMCELL Technologies). Fresh CDM3 was added on
days 3, 5, 7, and 10; following day 10, the ECTs were cultured with CDM3 or RPMI/B27

(Gibco) for selected batches, and the media was exchanged every 3—4 days.

Flow cytometry

On day 10, the engineered cardiac tissue microspheroids and EBs were dissociated by
incubation at 37 °C for 1015 minutes with Collagenase-b (1 mg/mL, Roche) and DNase
(0.05 mg/mL, Worthington) in PBS. After tissue dissociation, a cell pellet was collected
through centrifugation. After washing with PBS, the cells were labeled with Zombie Dye
(Biotium) for 30 min at 4 °C. Cells were then washed with Blocking Buffer (bovine serum
albumin (1%, BSA, Sigma), fetal bovine serum (10%, FBS, Atlanta Biologics) in PBS),
and then fixed with Foxp3 Transcription Factor Staining Buffer Set (eBioscience)
overnight at 4 °C. The cells were filtered using a 40 pum cell strainer (Scienceware Flowmi)

and permeabilized with FACS buffer (BSA (1%), FBS (10%) in 1x Permeabilization
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Buffer (eBioscience)) at RT for 30 mins. The primary antibodies (1:200, cTnT (Invitrogen)
and MF20 (DSHB)) were then incubated with the cells for 1 h at RT. After incubation in
the primary antibody, washing occurred with Permeabilization Buffer. The secondary
antibodies (1:300, AlexaFluor 647 goat anti-mouse IgG (ThermoFisher)) were added for
30 mins at RT. The cells were then washed with Permeabilization Buffer and resuspended
in Blocking Buffer for analysis. A Beckman Coulter CytoFlex LX was used for sample
analysis. At least 10,000 live cells were recorded for analysis. Anti-Mouse IgG1 isotype

control (ThermoFisher) was used to ensure there was not any non-specific binding.

Contraction Analysis

Contraction analysis was done using motion tracking software in which
macroblocks were tracked between frames to determine the beat rate in beats per minute
(BPM), time interval in seconds, maximum contraction velocity in pm/s, and maximum
relaxation velocity in pm/s. Videos of contractions, 10-20 s in length, were taken using an

Andor Luca S camera attached to the microscope, converted to a series of tiff files, and

imported into the Motion GUI in the open source MATLAB code (Huebsch et al. 2015).

Statistical Analysis

Unless otherwise noted, statistical analysis was performed using Minitab statistical
software where results are presented as mean + standard deviation. One-way ANOVA was
performed with Tukey’s test for post-hoc analysis for samples with equal variance, and the
Games-Howell test was performed for samples with unequal variances. A value of p <0.05

was used for statistical significance.
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Figure 4.2 Production of uniform hiPSC-laden microspheroids with high cell density
and high cell viability.

The custom microfluidic system can be used to produce hiPSC-laden microspheroids
ranging from 450-1000 pm in diameter with axial ratios (ARs) from 1-9 that are highly
uniform within a batch, with examples shown in (A—F). (G—I) This system can be used to

encapsulate hiPSCs at a high cell density, ranging from 30 to 60 million hiPSCs per mL of
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precursor solution. (J-L) Following encapsulation, the hiPSCs maintained high cell
viability in PEG-fibrinogen microspheroids in all the geometries with live cells (green)
growing in colonies throughout the microspheroids and dead cells (red) remaining as single

cells.

Results and Discussion

Production of hiPSC-laden microspheroids with varying sizes and ARs

Production of engineered cardiac tissue microspheroids with a variety of sizes and axial
ratios (AR) occurred through direct differentiation of encapsulated hiPSCs using a
microfluidic system previously established by our group. The AR is the ratio of the axial
diameter to the radial diameter. Previously, our group has shown that the modulation of
size and AR is primarily dominated by changes to the capillary number (Figure 4.1A),
which is the ratio of viscous drag forces (dynamic viscosity multiplied by the velocity) to
the surface tension forces (interfacial surface tension) (Tian and Lipke 2020). In this
system, Tian and Lipke showed that the junction velocity was important for determining
the outcome of the capillary number; this feature is controlled by the narrowing ratio (NR),
or the ratio of the diameter of the junction to the outlet channel diameter. Smaller NRs lead
to an increase in junction velocity, causing an increase in capillary number. At high
capillary numbers, the resulting shape is spherical (AR = 1), and the size of the
microspheres can be changed through flow fraction, the ratio of the precursor flow rate to
the total flow rate (oil + precursor) At larger NRs, the junction velocity is decreased,
leading to a decrease in capillary number. At low capillary numbers, the size of the

microspheroids is set by the outlet channel diameter and the AR can be controlled by flow
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fraction. At these low NRs, when the flow fraction is increased, the resulting
microspheroids become longer in length, leading to higher ARs. Tight control over size
and shape within a batch has been maintained, and here were report the utilization of this
microfluidic system for encapsulation of hiPSCs within PEG-fibrinogen hydrogels with
diameters ranging from 420-1000 um and ARs from 1-9. Furthermore, this system could
be used for encapsulating hiPSCs at high cell density, at initial cell concentrations of 30—
60 million cells per mL of precursor solution; example images for these varying conditions

are shown in Figure 4.2

A

.

Figure 4.3 Encapsulated cells proliferate and grow within PEG-fibrinogen

microspheroids throughout differentiation to form a continuous tissue.
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On day -3, hiPSCs were encapsulated within a PEG-fibrinogen matrix. Following
encapsulation, the hiPSCs continued to grow in their colonies, remodeling the provided

matrix and forming a dense continuous tissue by day 5.

The central component of the microfluidic system is a PDMS device with a
modified T-junction with two inlets connected to syringes with syringe pumps and an outlet
channel (Figure 4.1B). In this study, seven different PDMS molds were used with NRs
ranging from 0.37 to 0.79, based on the desired size and shape of the resulting cell-laden
hydrogels. The precursor solution containing hiPSCs and polymer precursor solution were
pumped in through the top inlet, and adjacently, mineral oil was pumped in through the
bottom inlet. The flow rates for the precursor solution and mineral oil were adjusted based
on the desired size and shape outcome, maintaining a constant total velocity in the
microfluidic outlet channel to ensure consistent crosslinking times. The flow rates for the
precursor solution and mineral oil were adjusted to ensure the velocity for each batch was
maintained between 0.4 and 0.8 cm/s. Microspheroids formed at the junction and traveled
down the outlet for rapid photocrosslinking. A syringe containing washing media was used
at the outlet to wash down the microspheroids for collection and use in further experiments.
Encapsulation occurred on day -3, and the hiPSC-laden microspheroids were cultured in
E8 until the onset of cardiac differentiation on day 0. Following encapsulation, high
viability was maintained in both the spherical geometry (Figure 4.2]) as well as in the

microspheroids with higher ARs (Figure 4.2K-L).
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Figure 4.4 ECT microspheroids can be produced with a wide range of size, AR, cell
concentration, and PEG-fibrinogen concentrations.

3D plots were generated to show the different conditions for each batch. CHIR
concentrations of (A) 5 uM and (B) 7.5 uM were used for initiation of differentiation on
day 0. Each dot represents an individual batch, and the color of the data point is based on

CM content (color bar on right) (n = 46, 18 batches for 5 and 7.5 uM, respectively).

ECT Microspheroid Directed Cardiac Differentiation

Cardiac differentiation was initiated three days post-encapsulation and occurred through
activation and inhibition of the Wnt signaling pathway using small molecules in chemically
defined differentiation media (CDM3, Figure 4.1C). To initiate differentiation (day 0), the

Wnt activator CHIR was added at 5 uM or 7.5 uM in CDM3. On day 1, the media was
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exchanged for CDM3 containing Wnt inhibitor, IWP2, for 48 h. Cardiac specification and
differentiation continued throughout differentiation, and the media was exchanged on days
3, 5, and 7 with fresh CDM3. Following hiPSC encapsulation and throughout cardiac
differentiation, cells continued to proliferate and remodel the provided PEG-fibrinogen
matrix; initially, hiPSCs can be seen in rounded cell colonies on day -2 and throughout
differentiation, the formation of dense, dark tissue occurs by day 5 (Figure 4.3). ECT
microspheroids began to spontaneously contract by day 10 of cardiac differentiation.
Following cardiac differentiation, the resulting CM content, percent CMs, and yield,
number of CMs per input hiPSCs, were quantified on day 10 using flow cytometry labeling

of cardiac antibodies MF20 and cardiac troponin T (¢TnT).

Design of Experiments

This microfluidic system is flexible with multiple adjustable input parameters;
therefore, an initial design of experiments was constructed with the aid of computational
collaborators to assess the impact of initial cell concentration, PEG-fibrinogen
concentration, size, and AR on CM differentiation efficiency and maturity. An initial
experimental campaign included 11 experiments with PEG-fibrinogen concentrations of
8—12 mg/mL of fibrinogen, initial hiPSC concentrations between 20—60 million cells/mL,
initial radial diameters from 450-1000 pum (size), and ARs from 1-5 (Figure 4.4A).
Initially, experiments from this test matrix were conducted as experimentally feasible, and
then more batches were produced to increase data for building the models (Figure 4.4). In
trying to complete this initial set of experiments, current limitations and future

opportunities for expansion of this microfluidic system were realized. Using this current
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system design and encapsulation and cardiac differentiation timeline, no successful
differentiations occurred at initial cell concentrations less than 30 million cells/mL
precursor solution. Increasing the time between encapsulation and initiation of
differentiation, allowing hiPSCs to expand in the microspheres for longer, could promote
cardiac differentiation and higher cell numbers, as seen previously with microcarriers
employing a 5-day expansion period prior to initiation of cardiac differentiation (Laco et
al. 2020). Furthermore, crosslinking was not successful below 10 mg/mL of PEG-
fibrinogen; and changes to polymer synthesis and/or crosslinking of microspheroids
utilizing a different light source may provide success of the system at those parameters.
Although some limitations were realized, microspheroids could be produced at the sizes
and ARs in the initial test matrix and even could be extended beyond the initial design of

experiments, such as with AR.
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Figure 4.5 High variability in efficiency of cardiac differentiation and resulting

number of cells among conditions.
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(A) The CM content was 65.2 £ 24.7 and 69.0 £ 18.6 for microspheroids differentiated
with 5 and 7.5 uM, respectively (n = 46, 18 batches). Microspheroids were divided into
three groups for diameter and AR for assessment of CM content (B—C) and cell yield (E-
F). (B) The CM content was for 76.1 £ 20.8 and 63.8 £ 12.8% (n = 5, 7 batches), 64.7 +
24.0 and 75.4 £ 20.6% (n = 35, 6 batches), and 59.1 + 32.4 and 68.7 £ 24.3% (n=6, 5
batches) for microspheroids with initial diameters of 400—600, 600—800, and 800—1000
differentiated with 5 and 7.5 uM CHIR, respectively. (C) Microspheroids with initial ARs
of 1, 2—4, and 4+ differentiated with 5 and 7.5 uM CHIR was 65.8 + 24.3 and 60.7 £ 18.5%
(n = 34, 6 batches), 68.1 £ 22.0 and 73.44 £ 24.0 (n = 7, 5 batches), and 56.5 £ 34.2 and
73.0 £ 14.4% (n = 5, 7 batches), respectively. (D) The number of CMs per input hiPSC
was 1.85 £ 1.76 and 2.2 + 1.61 for 5 and 7.5 uM CHIR, respectively (n = 32 batches, 9
batches). (E) For microspheroids at 5 and 7.5 uM, the average number of CMs/hiPSCs
obtained was 1.43 + 1.84 and 1.36 = 0.74 (n = 2, 4 batches), 1.93 = 1.79 and 3.06 + 2.49
(n =29, 3 batches), and 0.44 and 2.61 + 1.13 (n = 1, 2 batches), for radial diameters of
400-600 pum, 600—-800 um, and 800—1000 um, respectively. (F) The resulting yield, or
number of CMs/hiPSC, was 2.00 + 1.89 and 0.864 (n =26, 1 batches), 1.32 + 0.84 and 2.89

+2.06 (n=5,4and 0.44 and 1.85 £ 1.12 (n = 1, 4 batches).

Successful cardiac differentiation in ECT microspheroids
Preliminary results showed that the CHIR concentration was geometry dependent,
matching previously published results demonstrating the impact of CHIR concentration for

efficient cardiac differentiations based on geometry (M. Zhao et al. 2019), cell line (Halloin
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et al. 2019), and bulk cell density (H. Kempf et al. 2016), the number of cells per volume
of cell culture media; therefore, cardiac differentiation occurred at CHIR concentrations of
either 5 or 7.5 uM. For the 64 differentiations in this study, microspheroidal ECTs
differentiated at 5 uM CHIR resulted in a CM content of 65.2 + 24.7%, similarly 7.5 uM
CHIR resulted in CM contents of 69.0 £ 18.6% (Figure 4.5A, n = 46, 18 batches). The
resulting cell yield from ECT microspheroids differentiated at 5 and 7.5 uM CHIR was
1.85+1.76 and 2.2 £ 1.61 (Figure 4.5D, n = 32, 9 batches). ECT microspheroids initially
400-600 pm in diameter had CM contents of 76.1 + 20.8 and 63.8 £ 12.8% (Figure 4.5 B,
n =5, 7 batches) with resulting yield of 1.43 £ 1.84 and 1.36 + 0.74 CMs per hiPSCs for 5
and 7.5 uM CHIR, respectively (Figure 4.5E, n =2, 4 batches). Microspheroids with initial
diameters of 600—-800 um and 800—1000 um differentiated at 5 uM CHIR had CM contents
of 64.7 £ 24.0 and 59.1 £ 32.4% (Figure 4.5B) with yields of 1.93 £ 1.79 and 0.44 CMs
per hiPSC (Figure 4.5E, n = 29, 1 batches); for 7.5 uM CHIR, the resulting CM content
was 63.8 + 12.8 and 75.4 £ 20.6% for initial sizes between 600—800 um and 800—1000 pum,
respectively (Figure 4.5B, n = 6, 5 batches) with cell yields of 3.06 + 2.49 and 2.61 £ 1.13
CMs per hiPSC (Figure 4.5E, n = 3, 2 batches). The CM content for microspheroids
differentiated with 5 uM CHIR was 65.8 £ 24.3, 68.1 + 22.0, and 56.5 £ 34.2% for axial
ratios of 1, 2—4, and 4+, respectively (n = 34, 7, and 5 batches). For ARs of 1, 2—4, and 4+
with 7.5 uM CHIR differentiation, the CM content was 60.7 = 18.5, 73.44 £ 24.0, and 73.0
+ 14.4% (n = 6, 5, 7 batches). Additionally, for AR of 1 differentiated with 5 and 7.5 uM
CHIR, the resulting number of CMs/hiPSC was 2.00 £ 1.89 and 0.864 (n = 26, 1 batches);

the number of CMs/hiPSC for ARs of 2—4 was 1.32 £0.84 and 2.89 + 2.06 for 5 and 7.5 uM
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CHIR, respectively (n =5, 4 batches). For the longest AR (4+), the number of CMs/hiPSCs
differentiated with 5 and 7.5 uM CHIR was 0.44 and 1.85 £ 1.12 (n = 1, 4 batches). There
was large variability in the CM content and yield at each of the conditions, with CM
contents ranging from 3 to 98% and yields from 0.04 to 6.9 CMs per encapsulated hiPSC.
Although no statistical differences were found between the conditions for CM content or
cell yield, there appears to be a trend that higher CHIR concentration yield higher CM
contents for ECT microspheroids with larger diameters (600-1000 um) and ARs (2+),
while 5 uM CHIR is sufficient for smaller diameters (400-600) and microspheres
(AR=1).

Microspheroidal ECTs started to contract between days 7 and 10 of differentiation.
On day 30, microspheroids with an initial AR 2+ spontaneously contracted at 32.2 + 8.17
beats per min and had a time interval, the time between contraction and relaxation, of 0.32
+ 0.1 s. The maximum contraction and relaxation velocities were 172 + 61.5 and 147 *
70.8 um/s (n = 3 batches). Microspheroids were maintained for 60 days in culture; initial
experiments showed that CDM3 media was not sufficient for maintaining the contractile
phenotype long-term and promoting CM maturation and function. Therefore, for some of
the batches, media was changed to RPMI/B27 beginning on day 10. To investigate the CM
phenotype and maturity, microspheroidal tissues were dissociated and labeled with
antibody, a-sarcomeric actinin (aSA, Figure 4.6). The formation of well-defined
sarcomeres can be seen in CMs at each AR; however, there is heterogeneity within a batch
for sarcomere definition as well as the alignment and organization of the sarcomeres in the
CMs. Atan AR of 1 (Figure 4.6A—C), the CMs are larger in size compared to the ones with

higher ARs and are more circular in geometry (Figure 4.6D-I); as the AR increases, the
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cells become more elongated with increasing organization of the sarcomeres in the CMs.
Following cardiac differentiation, there are features of maturing CMs, such as the
formation of well-defined and organized sarcomeres, with more elongated cells present in

ECT microspheroids with higher initial ARs.
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Figure 4.6 CMs from dissociated from ECT microspheroids show the presence of

F

well-defined sarcomeres.
Day 30 microspheroids were dissociated and the sarcomeres were labeled with aSA (red)

and the nuclei were stained with Hoechst 33342 (blue). The presence of well-defined
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sarcomeres can be visualized in CMs at each of the axial ratios; however, there is quite a

bit of intra-batch heterogeneity in sarcomere definition and organization at each axial ratio.

Data-driven modeling to predict CM content on day 10

Previously, existing bioreactor data of PSC-CM production in self-aggregated EBs
throughout differentiation was used for constructing data-driven models to predict CM
content on day 10 (Williams et al. 2020). These models were able to predict whether a CM
differentiation would be “insufficient” by day 7 with a 90% accuracy and precision using
random forests and Gaussian process modeling. Cardiac differentiation from PSCs is
inherently complex, requiring tight control of the Wnt pathway through small molecule
dosing, and relying on several downstream autocrine and paracrine signaling for successful
differentiations. This work demonstrated that advantage of data-driven models to study
combinations of features and assess their impact on resulting cardiac differentiation
outcome.

Building on this work, feature selection and data-driven model development was
performed to predict resulting CM content on day 10 for the ECT microspheroids. Initially,
feature engineering was performed to obtain a set of potential inputs, or features, for
predicting CM content. The linear correlation between the continuous features and the CM
content was calculated (Figure 4.7). As expected, there were no strong linear correlations
between any of the features and resulting efficiency of cardiac differentiation; however,
there were strong correlations between some of the features. For the features that were
strongly correlated (> 0.9 correlation), only one of the features was used; this resulted in a

final feature set containing 12 features. The final features used for building the models
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were the number of cells, passage post-freeze, differentiation media, CHIR concentration,
cell concentration, PEG-fibrinogen concentration, microspheroid size, axial ratio,
surface area (S) divided by volume (V) divided by CHIR concentration, CHIR/S,
CHIR/S/V, and S/CHIR; principal component analysis was performed to reduce the
dimensionality of the feature set. Using the principal components as the inputs, a
classification model was trained using support vector machines to classify and predict CM
content as sufficient (> 65%) or insufficient (< 65%). This model performed with a 68%
accuracy, the proportion of batches correctly identified (Sokolova and Lapalme 2009), with
Matthew’s correlation coefficient of 0.31, a correlation statistic for binary classifications
(Matthews 1975). These results indicate that there are most likely features significantly
impacting cardiac differentiation outcomes that are not captured in the feature set, such as
biological components previously shown to impact cardiac differentiation such as cell
cycle (Laco et al. 2018), integrin expression (Santoro et al. 2019), and cell secreted factors
(H. Kempf et al. 2016). Additionally, the initial experiment campaign was designed to
assess ECT differentiation efficiency and CM maturity; studies to characterize the resulting

CM maturity and functionality for use in model development are ongoing.
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Figure 4.7 Linear correlation of ECT microspheroid production features.
Linear correlations between each of the continuous features and the resulting CM content

were calculated and are shown in the plot. Both size and color of each point indicates the

strength of correlation. Positive correlations are blue, and negative correlations are red.

Scalable production of ECT microspheroids

Producing clinically relevant cell numbers will require production of ECTs in large stirred-
tank bioreactors. Shaker flasks are standard for initial scale-up studies; here, the production

of microspheroidal ECTs from encapsulated hiPSCs is shown. For initial studies, a high
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AR and diameter were selected to try to maximize CM yield, or the number of CMs per
input hiPSCs. Microspheroids were produced with an initial diameter of 960 £ 11 pm and
AR of 4 £ 0.7 (n = 3 batches). Microspheroids were highly uniform within a batch and
between batches as shown in the violin plots for the diameter (Figure 4.8A) and AR (Figure
4.8B). Cardiac differentiation followed the same protocol as above; following
encapsulation on day -3, the cell-laden microspheroids were transferred to a shaker plate
and cultured for three days in stem cell media in static conditions. On day 0, cardiac
differentiation was initiated, and the shaker flasks were transferred to a shaker plate at
70 rpm. On day -3, 8.7 £ 1.3 million cells were encapsulated and between day -3 and day
0, the cell number slightly increased to 10 £ 1.1 million cells. Similar to previous
experiments in a well-plate, the hiPSCs continued to proliferate and remodel the hydrogel
matrix, and the total cell number increased to 34 + 15 million cells on day 5. On day 10,
each batch consisted of 27 £ 4.3 million cells (Figure 4.8C). On day 10, the normalized
cell number was 3.11 £ 0.61, normalized to the number of cells encapsulated on day -3;
this corresponds to approximately 250,000 cells per microspheroid on day 10. ECT
microspheroids efficiently differentiated in the shaker flasks with 75.7 £+ 4.6% MF20+ and
74.7 £ 4.5% cTnT+ (Figure 4.8D, n = 3 batches). This corresponds to a cell yield of 2.37
+ 0.52 CMs per hiPSC. The other supporting cell types obtained during cardiac
differentiation are known to play a role in CM function and maturation (Giacomelli et al.
2020), and the percent of fibroblasts was quantified by labeling with antibody TE-7. ECTs
were composed of 9.4 + 8.3% fibroblasts (Figure 4.8D); surprisingly, there was large
variability in the number of resulting fibroblasts between batches following cardiac
differentiation, especially with regard to the consistency of CM content in these studies.
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Overall, these results indicate that microfluidic encapsulation of hiPSCs in PEG-fibrinogen

microspheroids and direct cardiac differentiation is suitable for scalable production.
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Figure 4.8 Scalable Production of ECT-Microspheroids.

Initial scale-up studies indicate the microspheroid platform can be used to produce a large
number of CMs. A microfluidic system was used to encapsulate microspheroids with a (A)
diameter of 960 + 11 um and (B) AR of 4 £ 0.7 (n = 3 batches). These batches were highly
uniform within a batch and between batches as visualized in violin plots; each black dot
represents a microspheroid. (C) On day -3, 8.7 £ 1.3 million cells were encapsulated, and
the total cell numbers were 10 = 1.1, 34 £ 15, and 27 £ 4.3 million cells on days 0, 5, and
10, respectively. (D) Cardiac differentiation occurred efficiently in the microspheroids
differentiated in the shaker flask with 75.7 £ 4.6% MF20+ and 74.7 + 4.5% c¢TnT+, with

9.4 £ 8.3% fibroblasts (TE7).
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Conclusions

In this study, successful encapsulation of hiPSCs in microspheroids with varying sizes and
shapes is demonstrated. A custom, flexible microfluidic system was used for encapsulation
of the hiPSCs in microspheroids with high cell viability. Microspheroids were uniform
within a batch, and hiPSC-laden microspheroids could be produced with diameters
between 400—1000 um with ARs of 1-9. Encapsulated hiPSCs were used for chemically
defined direct cardiac differentiation, and the resulting CM content and yield were
quantified on day 10 using flow cytometry. High CM contents and resulting cell yields
could be obtained at each geometry, with CM contents as high as 98% CMs; however,
there was a large amount of variability between batches, and the reason for this variability
was not immediately clear from single-feature analysis. Feature selection was performed
to obtain a set of 12 features that were used to build data-driven models that could predict
CM content on day 10 with 68% accuracy. ECT microspheroids had defined sarcomeres
by day 30 and indication of progressing cell elongation and sarcomere organization in
microspheroids with higher ARs compared to microspheres (AR = 1). Future work to
assess the resulting CM functionality and maturity is ongoing to elucidate any initial
geometry, cell concentration, or PEG-fibrinogen concentration effects on CM maturity.
Furthermore, proof-of-concept scale-up studies were performed showing that ECT
microspheroids can be differentiated in shaker flasks, obtaining over 40 million cells per

batch, and have the potential for use in stirred-tank bioreactors.
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Chapter 5: LAP-Initiated Photocrosslinking of PEG-fibrinogen for ECT Formation from
Encapsulated hiPSCs

Introduction

Cardiovascular disease (CVD) is the leading cause of death in the United States and
globally today, accounting for approximately 800,000 deaths annually (Virani et al. 2020).
The large financial and health burden caused by CVD is due in part to the inability of the
myocardium to regenerate after disease or damage. Current treatments for CVD, other than
a full heart transplant, only treat the resulting side-effects, decrease the risk of further
problems, and are inadequate at restoring function. However, the use of pluripotent stem
cell-derived cardiomyocytes (PSC-CMs) has shown promise in regenerative medicine to
improve cardiac function following damage (Chong et al. 2014), for enhancing high-
throughput drug-screening (Mordwinkin, Burridge, and Wu 2013; H.F. Lu et al. 2017;
Mathur et al. 2015; Del Alamo et al. 2016), and for studying development and disease
(Kodo et al. 2016; Smith et al. 2017). Because adult CMs cannot be cultured long term in
vitro, stem cell differentiation is necessary, and human induced pluripotent stem cells
(hiPSCs) have shown success in ECT applications because of their ability to be maintained
long-term with maintained pluripotency and proliferation phenotypes, and the use of
hiPSCs offers the possibility of an autologous treatment option. Typically, ECT is
produced by combining dissociated PSC-CMs with a biomaterial following cardiac
differentiation in either monolayers or embryoid bodies (EBs). Previously in our lab, a
novel direct differentiation platform was established in which the PSCs are combined with
a biomaterial and directly differentiated to form 3D-ECT in an ontomimetic approach (P.

Kerscher, Turnbull, et al. 2016; Petra Kerscher, Kaczmarek, et al. 2016).
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Biomaterials that can undergo rapid polymerization to form a crosslinked network
are critical for successful production of engineered tissue products, particularly those
utilizing challenging cell types, including hiPSCs. The two primary methods for
crosslinking use modifications to physical properties or chemical structure. Physical
crosslinking involves changing material properties by changing temperature, pH, electric
field, or salt or ionic concentrations; whereas, chemical crosslinking occurs by changing
the chemical structure of the material, typically by the addition of functional groups (Yu
and Ding 2008). Photocrosslinking, one type of chemical crosslinking, is beneficial for use
in tissue engineering due to the ability for crosslinking to occur rapidly and at mild
conditions, such as physiological or ambient temperature and pH. During
photocrosslinking, a photoinitiator, a compound with high absorption in the ultraviolet
(UV) or visible light range, provides free radicals for polymerization. Key parameters for
photoinitiators are their biocompatibility, solubility in aqueous solutions, stability, and
cytotoxicity (Nguyen and West 2002). Free radical generation for photocrosslinking occurs
through either photocleaving, where two radicals are produced following light absorption
(Type 1), or through the hydrogen abstraction of a coinitiator (Type II). Certain molecules
with absorption in the light range with carbon—carbon, —chlorine, —oxygen, or —sulfur
bonds can be cleaved for the formation of radicals when exposed to light (Nguyen and
West 2002). During hydrogen abstraction, a ketyl radical is formed by the abstraction of
hydrogen from a donor molecule. Commonly used Type I photoinitiators in tissue
engineering are Irgacure 2959 (Mironi-Harpaz et al. 2012; Fedorovich et al. 2009) and
lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) (Fairbanks et al. 2009; Brooks

et al. 2018), and Eosin Y is the most commonly used Type II photoinitiator (Elbert and
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Hubbell 2001; Shih and Lin 2013; Cruise et al. 1998). There has been much interest in 3D
printing tissue structures, particularly through photocrosslinking with photoinitiators
Irgacure 2959 and LAP (Pereira and Bartolo 2015).

PEG-fibrinogen is a hybrid biomaterial consisting of a natural component,
fibrinogen, covalently crosslinked to a synthetic component, poly(ethylene glycol)
diacrylate (PEGDA); PEG-fibrinogen can be rapidly photocrosslinked (less than 30 s), has
tunable properties, and supports cardiac differentiation for production of 3D-ECT (Almany
and Seliktar 2005). In our previous work for the formation of 3D-ECT, photocrosslinking
of PEG-fibrinogen occurred through free-radical polymerization with Eosin Y. Although,
Eosin Y is water soluble, biocompatible, and absorbs light in the visible range, it requires
a coinitiator that can be mildly cytotoxic and has green autofluorescence that overlaps with
commonly used fluorophores in cell imaging assays. Previously, an hiPSC line has been
developed with a genetically encoded voltage indicator (GEVI) (Shinnawi et al. 2015);
however, the autofluorescence of Eosin Y in the green channel overlaps with this GEVI.
Therefore, this project investigates the ability to use a photocleavage (Type 1)
photoinitiator, LAP, for crosslinking of PEG-fibrinogen hydrogels for 3D-ECT production
and non-destructive monitoring of cardiac electrophysiology. The ability to non-
destructively monitor CM differentiation and function through incorporation of fluorescent
reporter cell lines in 3D would provide substantial improvements for utilization of ECT in
clinical applications.

Here, we present successful LAP-initiated photocrosslinking of PEG-fibrinogen for
production of 3D-ECT directly differentiated from encapsulated hiPSCs. LAP is a

cytocompatible photoinitiator with high water solubility that can be crosslinked with
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ultraviolet (UV) or blue (405 nm) light (Fairbanks et al. 2009). Here, two light sources
were used for crosslinking PEG-fibrinogen with LAP, including a UV lamp (365 nm) and
handheld, low-cost blue light flashlight (390—-410 nm); these hydrogels were compared to
our previously established method using Eosin Y with visible light photocrosslinking.
Successful crosslinking of PEG-fibrinogen with LAP occurred for both light sources, and
the mechanical properties of acellular hydrogels and cellular hydrogels were determined
using parallel plate compression. Encapsulated hiPSCs maintained high viability and
appropriate phenotype. Following encapsulation on day -3, cardiac differentiation was
initiated on day 0, and the growth of the tissues throughout cardiac differentiation was
quantified. Efficient cardiac differentiation occurred in the PEG-fibrinogen constructs
crosslinked with LAP, and cardiac tissue contraction could be visualized by day 8 of
differentiation, with synchronous contractions occurring by day 20. Finally, crosslinking
with LAP allowed for monitoring of the action potentials, and the ECTs displayed features

of maturing CMs over time.

Materials and Methods

HiPSC cell culture

Stem cell lines IMR-90 (WiCell) and Un-Arc 16 Facs I (UA16F2) were used in this study.
Cell line UA16F2 was kindly provided by Dr. Lior Gepstein at Technion — Israel Institute
of Technology and contained a GEVI (Shinnawi et al. 2015). The hiPSCs were maintained
in E8 or mTeSR (STEMCELL Technologies) media on a Matrigel (Corning) or Geltrex™
LDEV-Free Reduced Growth Factor Basement Membrane Matrix (Gibco) coated flask. E8

media consisted of ascorbic acid (64 mg/L, Sigma), sodium selenite (14 pg/L, Sigma),
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sodium bicarbonate (543 mg/L, Sigma), insulin (20 mg/L, Sigma), transferrin (10.7 mg/L,
Sigma), basic fibroblast growth factor (100 pug/L, Peprotech), and transforming growth
factor-beta (2 ng/L, Peprotech) in DMEM/F12 (Gibco). When the cells reached 70-90%
confluency, they were passaged with Accutase (Innovative Cell Technologies) or Versene
(Gibco) and resuspended in cell culture media containing 10 uM Y-27632 (rock inhibitor,

STEMCELL Technologies).

PEG-fibrinogen synthesis

All chemicals were purchased from Sigma-Aldrich unless otherwise specified. PEGDA
and PEG-fibrinogen were prepared as described previously (DeLong, Moon, and West
2005; Dikovsky, Bianco-Peled, and Seliktar 2006). Briefly, to synthesize PEG-fibrinogen,
denatured bovine fibrinogen (300 mg) was added to 8M urea (Lonza) in PBS (urea-PBS),
and the pH was adjusted to 7.4. Tris(2-carboxyethyl) phosphine (22.53 mg, TCEP) was
added to the solution, and the pH was adjusted to 8.0. PEGDA (1.94 g, 10 kDa) was
completely dissolved in urea-PBS, and the PEGDA solution (280 mg/mL) was added to
the fibrinogen solution (7 mg/mL) and allowed to react at room temperature (RT) for 3
hours. PEG-fibrinogen was precipitated using acetone (398 mL, BDH), collected, and then
dissolved in urea-PBS. The product was dialyzed against sterile PBS for 24 hours at 4°C
and stored long-term at -80°C. The protein content was determined using a Pierce BCA
protein assay kit (ThermoScientific), and the PEGylation percentage was determined by

lyophilization.
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PEG-fibrinogen hydrogel encapsulation and cardiac differentiation

Polymer precursor solutions were prepared by combining PEG-fibrinogen with 1.5% (v/v)
triethanolamine (TEOA, Acros), 0.39% (v/v) n-vinylpyrrolidone (NVP), 12.5 uM rock
inhibitor, and 0.1 mM Eosin Y (EY, Fisher Scientific) or by combining PEG-fibrinogen
with 2.5 mM LAP and 12.5 pM rock inhibitor. The hiPSCs were encapsulated using
previously published methods (P. Kerscher, Turnbull, et al. 2016; Petra Kerscher,
Kaczmarek, et al. 2016). Briefly, a polydimethylsiloxane (PDMS) mold with either circular
or rectangular holes was attached to an acrylated glass coverslip. The hiPSCs were
enzymatically detached and centrifuged to obtain a cell pellet; the cell pellet was combined
with the PEG-fibrinogen precursor solution containing either 0.1 mM Eosin Y and
coinitiators or 2.5 mM LAP. The precursor-hiPSC solution was pipetted into the holes of
the PDMS mold and photocrosslinked. Two light sources were used for photocrosslinking
with LAP: a UV Lamp (Cole-Parmer, 365 nm) and an LED visible light source (HOPDAY,
390-410 nm) for 30 s and 120 s, respectively.

Encapsulated cells were cultured for three days with daily media changes prior to
initiation of cardiac differentiation on day 0. Cardiac differentiation occurred using
previously published methods with RPMI/B27 (P. Kerscher, Turnbull, et al. 2016; Lian et
al. 2013b) and chemically defined media (CDM3, (Halloin et al. 2019; Burridge et al.
2014). Cardiac differentiation was directed through temporal control of the Wnt signaling
pathway, employing small molecules for subsequent activation and inhibition of the
pathway. For the RPMI/B27 differentiation, cardiac differentiation was initiated on day 0
by adding RPMI/B27 w/o insulin (Gibco) supplemented with 12 puM CHIR99021

(StemCell Technologies) to the hydrogels. After 24 hours, the media was changed to
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RPMI/B27 w/o insulin. On day 3 of differentiation, 2 mL of fresh RMPI/B27 w/o insulin
was combined with 2 mL of old media and was supplemented with 5 uM IWP2 (StemCell
Technologies) for 48 h. On day 5, the media was replaced and RPMI/B27 w/o insulin, and
on day 7 the media was replaced with RPMI/B27. Following the completion of cardiac
differentiation (day 7), the media was changed every 3—4 days with RPMI/B27.

CDM3 media contained RPMI 1640 (Gibco) supplemented with 500 pg/mL
recombinant human albumin and 213 pg/mL ascorbic acid. To initiate cardiac
differentiation on day 0, CHIR99021 (5-7.5 uM) was added to the media; exactly 24 h
later, the media was exchanged for CDM3 supplemented with 5 uM IWP2. Fresh CDM3
was added on days 3, 5, 7, and 10; following day 10, the ECTs were cultured with

RPMI/B27, and the media was exchanged every 3—4 days.

Viability assay

Cell viability was assessed using a Live/Dead Viability/Cytotoxicity Kit (Invitrogen). The
samples were washed with PBS, and then calcein AM, ethidium homodimer, and Hoechst
33342 in PBS were added to the samples for 30 mins at RT. The samples were washed
with PBS to remove any background and then were imaged using an Andor Luca S camera
attached to a Nikon Eclipse Ti fluorescence microscope. The FITC and TRITC filters were
used for imaging calcein AM labeled cells (live) and ethidium homodimer labeled cells
(dead), respectively, and the DAPI filter was used for imaging the cell nuclei labeled with

Hoechst 33342.
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Tissue growth analysis
Phase contrast images were taken prior to, during, and after cardiac differentiation, and
were imported into Image-J software and converted to a binary image for automated

quantification of tissue area using standard Image-J plugins.

Mechanical Testing using a Microsquisher

Parallel plate compression was used to determine the Young’s Modulus of the
hydrogels using a micron-scale mechanical testing system, Microsquisher (CellScale).
Measurements occurred in 37 °C PBS. The stress (o) and strain () were calculated from
the measured force, tissue compression area, and height. Young’s modulus was determined

from the linear range of the stress versus strain curve.

Flow cytometry

Tissues were dissociated by incubating with 1 mg/mL Collagenase-b (Roche) and 0.05
mg/mL DNase (Worthington) for 10—15 minutes at 37 °C, and a cell pellet was
collected through centrifugation. After washing with PBS, the cells were incubated with
Zombie Dye (Biotium) for 30 min at 4 °C. Cells were then washed with Blocking Buffer
(1% bovine serum albumin (BSA, Sigma), 10% fetal bovine serum (FBS, Atlanta
Biologics) in PBS), and then fixed with Foxp3 Transcription Factor Staining Buffer Set
(eBioscience) overnight at 4 °C. The cells were then filtered using a 40 um cell
strainer (Scienceware Flowmi) and permeabilized with FACS buffer (1% BSA, 10% FBS
in 1x Permeabilization Buffer (eBioscience)) at RT for 30 mins. The primary antibodies

(cTnT (1:400, Invitrogen), MF20 (1:200, DSHB), PDGFR-a (20 uL/1x10° cells, BD

129



Biosciences) and/or TE-7 (1:100)) were then incubated with the cells for 1 hour at RT or
4°C overnight. After incubation in the primary antibody, washing occurred with
Permeabilization Buffer. The secondary antibodies (1:300, AlexaFluor 488 goat anti-rabbit
IgG and AlexaFluor 647 goat anti-mouse IgG (ThermoFisher)) were added for 30 mins at
RT. The cells were then washed with Permeabilization Buffer and resuspended in Blocking
Buffer for analysis. A Beckman Coulter CytoFlex LX was used for sample analysis. At
least 20,000 live cells were recorded for analysis. Isotype controls (Anti-Mouse IgG1 and
Anti-Rabbit IgG (ThermoFisher)) were used to ensure there was not any non-specific

binding.

Immunostaining

Tissues were either dissociated following the dissociation protocol above or
immunostained whole. Following tissue dissociation, the cell solution was plated on
fibronectin-coated glass coverslips. After culturing at least 48 h following dissociation, the
dissociated cells or whole tissues were washed with PBS and fixed with 4%
paraformaldehyde (Electron Microscopy Sciences) in PBS for 20 min at RT. The cells were
then permeabilized with PBS-T (PBS + 1 % w/v bovine serum albumin (BSA) and 0.2%
v/v TritonX-100) three times for 10 min each. Blocking buffer was added for either 30
mins at RT or overnight at 4°C. The primary antibodies, sarcomeric o-actinin (aSA),
cardiac troponin T (cTnT), Ki67, Oct4, Connexin 43(Cx43), and/or Caveolin 3 (Cav3),
were added to the cells for 1 h at RT or overnight at 4°C. Following incubation with the
primary antibodies, the cells were washed with PBS-T minimally 4 times. The secondary

antibodies, 488-rabbit, 568-mouse (1:300), along with Hoechst 33342 (0.02 mg/mL) were
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added for 40 min at RT and then washed with PBS-T at least three times. A Nikon A1R

laser-scanning confocal microscope was used for imaging.

Contraction Analysis

Contraction analysis was done using motion tracking software in which
macroblocks were tracked between frames to determine the beat rate in beats per minute
(BPM), time interval in seconds, maximum contraction velocity in pm/s, and maximum
relaxation velocity in um/s. Videos of contractions, 10 s in length, were taken using an
Andor Luca S camera attached to the microscope, converted to a series of tiff files, and

imported into the Motion GUI in the open source MATLAB code (Huebsch et al. 2015).

Optical mapping of calcium and voltage transients

Optical mapping recordings were taken using a high-speed camera (Andor iXon+ 860
EMCCD) attached to a fluorescent microscope (Nikon Eclipse Ti) with a Prior Lumen 200
light source. Calcium and/or voltage recordings of CMs were captured using the
established optical mapping system in our lab. For calcium recordings, the cardiomyocytes
were stained with 5 uM Rhod-2 AM dye (Invitrogen) and 10 uM blebbistatin (EMD) for
30-120 mins. The GEVI cell line has a green fluorescent voltage reporter that decreases in
fluorescent intensity during membrane depolarization that can be visualized immediately
prior to tissue contraction. The videos of calcium and/or voltage transients were taken using
the FITC and TRITC filters, respectively, in either Tyrode’s solution or media. Tyrode’s
solution was prepared by combining 1.8 mM calcium chloride and 5.0 mM glucose with

5.0 mM HEPES, 1.0 mM magnesium chloride, 5.4 mM potassium chloride, 135 mM
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sodium chloride, and 0.33 mM sodium phosphate; the pH was adjusted to 7.4 with sodium
hydroxide. The samples were heated to 37 °C by perfusion of warm Tyrode’s solution
through the optical mapping system or through the use of a stage-top incubator (In Vivo
Scientific) for non-destructive recordings in media or Tyrode’s solution. When electrically
paced, pacing starting at 0.5 Hz and continually increased by 0.5 Hz until 1:1 capture was
no longer observed. Recordings were analyzed using a custom MATLAB script in which
the change in fluorescence were used to calculate the calcium transient duration (CTD),

heterogeneity index (HI), and conduction velocity.

Statistical analysis

Unless otherwise indicated, results are presented as mean * standard deviation. One-way
ANOVA with post-hoc analysis using Tukey’s test for samples with equal variance and
the Games-Howell test for unequal variances was performed using Minitab. Statistical

significance was determined when p < 0.05.
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Figure 5.1 Formation of ECT through LAP-initiated photocrosslinking.

For encapsulation, a cell pellet of hiPSCs was combined with the polymer precursor
solution, consisting of PEG-fibrinogen and the photoinitiator species. The hiPSC and
polymer precursor solution was pipetted into a PDMS mold on acrylated glass,
photocrosslinked, and transferred to a well plate for cardiac differentiation. Two different
light sources, a UV lamp (365 nm, 3 mW/cm?) and low-cost handheld blue light (405 nm,
28 mW/cm?) were used for photocrosslinking LAP hydrogels (2.5 mM). Eosin Y (0.1 mM,
64 mW/cm?) hydrogels were photocrosslinked using a handheld visible light source.
Photocrosslinking occurred for 1 minute, 2 minutes, and 30 seconds for the UV lamp (LAP
365), blue light (LAP 405), and Eosin Y (EY), respectively. Figure created with

Biorender.com

133



Results

Successful  encapsulation of PEG-fibrinogen  through  LAP-initiated
photocrosslinking

The photoinitiator, LAP, could be used for photocrosslinking of PEG-fibrinogen hydrogels
and for encapsulation of hiPSCs for directed cardiac differentiation. Formation of the cell-
laden hydrogels occurred as previously described (P. Kerscher, Turnbull, et al. 2016), in
which the hiPSCs were combined with the polymer precursor solution, pipetted into the
holes of a PDMS mold on acrylated glass, photocrosslinked, and transferred to a 6-well
plate with hiPSC media (Figure 5.1). Two different light sources were used for crosslinking
with the photoinitiator LAP for comparison to our previously published results using
Eosin Y initiation for photocrosslinking with a visible light source. LAP has a maximum
absorbance at 375 nm with absorbance from 340—400 nm (Fairbanks et al. 2009); therefore,
a UV lamp (365 nm) and a handheld, low-cost blue light flashlight (390-410 nm) were
used for photocrosslinking. The light intensities of the light sources used for
photocrosslinking were 3, 28, and 64 mW/cm? for the UV lamp (LAP 365), blue light (LAP
405), and visible light sources (EY), respectively. Crosslinking of the hydrogels
successfully occurred with a LAP concentration of 2.5 mM and Eosin Y concentration of
0.1 mM at crosslinking times of 1 min, 2 min, and 30 s for LAP 365, LAP 405, and Eosin
Y, respectively. Acellular hydrogels were prepared to assess the mechanical properties, and
the elastic moduli were 540 + 158, 266 + 36.9, and 521 + 113 Pa for LAP 365, LAP 405,
and Eosin Y, respectively, quantified using parallel-plate compression (Figure 5.4N, n > 7
hydrogels). Hydrogels crosslinked with LAP 405 were significantly softer than those

crosslinked with LAP 365 and EY, with no significant difference between LAP 365 and
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EY hydrogels (p < 0.05). Furthermore, the LAP hydrogels exhibited no autofluorescence
following encapsulation, overcoming the primary limitation of Eosin Y, enabling long-

term tracking with a genetically encoded voltage indicator.

A

LAP 365 LAP 405

Figure 5.2 HiPSCs maintain high viability following photocrosslinking with UV, blue,
and visible light.
(A) Following encapsulation of hiPSCs in PEG-fibrinogen with LAP and Eosin Y (EY)

initiated photocrosslinking, cells maintain high cell viability with live cells in (green) and
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dead cells in (red) with (B) appropriate morphology of hiPSCs in rounded colonies at a

high cell density (> 50 million cells/mL).

Pluripotent stem cells maintain high viability and appropriate phenotype in LAP-
photocrosslinked hydrogels

The hiPSCs were encapsulated in PEG-fibrinogen to form cell-laden hydrogels with both
microisland and rectangular geometries. The microislands were disk shaped in geometry,
with an initial diameter of 3.7 mm and height of 0.8 mm; the rectangular molds had an
initial length of 6.4 mm, width of 2.1 mm, and were 0.85 mm in height. Encapsulation
occurred on day -3, and the cells were cultured for 3 days prior to initiation of cardiac
differentiation. Following encapsulation, the hiPSCs maintained high viability (Figure
5.2A), and cell-laden hydrogels crosslinked with LAP exhibited less background compared
to Eosin Y when using a Live/Dead viability kit, demonstrating the decrease in
autofluorescence. The hiPSCs were encapsulated at a high cell density (= 50 million
cells/mL), a critical parameter for the success of this direct differentiation platform (Figure
5.2B). Rounded colonies of hiPSCs can be visualized on day -2, a characteristic of hiPSC
viability and proliferation following encapsulation (Figure 5.2B). To confirm the hiPSCs
maintained appropriate phenotype after LAP-initiated photocrosslinking with a UV lamp
(365 nm) and a blue light (405 nm) prior to initiation of cardiac differentiation, cell-laden
hydrogels were immunostained with Ki67, a proliferation marker, and Oct 4, a pluripotency
marker, with nearly all of the hiPSCs within these LAP hydrogels expressing both Ki67

and Oct4 (Figure 5.3).
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Figure 5.3 Following photocrosslinking of PEG-fibrinogen with LAP, hiPSCs
appropriately express Ki67 and Oct4.

Prior to initiation of cardiac differentiation, hiPSCs encapsulated in PEG-fibrinogen
photocrosslinked with LAP maintain appropriate (A) proliferative (Ki67, green) and (B)

pluripotent (Oct4, red) phenotypes.
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Cardiac differentiation of hiPSCs within LAP-photocrosslinked PEG-fibrinogen
hydrogels

Cardiac differentiation was initiated on day O using previously published small molecule
differentiation protocols invoking small molecule directed control of the Wnt pathway
(Lian et al. 2013b; Burridge et al. 2014; Halloin et al. 2019). Cardiac specification occurred
by subsequent activation and then inhibition of the Wnt pathway using CHIR, a Wnt
activator, and IWP2, a Wnt inhibitor. Throughout cardiac differentiation, the cell colonies
continued to increase in size, visualized through phase contrast images (Fig 4), forming a
dense, continuous ECT by day 7 (Figure 5.4J-L). The overall change in tissue area
increased from 1.00 on day 0 to 1.03 £ 0.03, 1.16 £ 0.17, and 1.34 + 0.28 on days 1, 3,
and 7 for LAP 365 (Figure 5.4M, n > 31 tissues, normalized at each day to the day 0 area);
furthermore, the tissue area increased from 1.00 on day 0 to 1.06 £ 0.05, 1.28 + 0.16, and
1.41+£0.22 on days 1, 3, and 7 for the LAP 405 photocrosslinked tissues (Figure 5.4M, n >
30 tissues, normalized at each day to the day 0 area). In comparison, the Eosin Y tissues
decreased from 1.00 on day 0 to 0.99 + 0.04 on day 1 and then increased to 1.13 £ 0.17 and
1.25£0.23 on days 3 and 7, respectively (Fig 5.4M, n > 23 tissues, normalized at each day
to the day 0 area). Although EY tissues were significantly smaller than LAP 405 on day 3
and day 5, there was no significant difference in tissue area between any of the samples on
day 7. Furthermore, there was a significant increase in tissue area from day 1 to day 7 for
all conditions, indicating that tissue growth occurs similarly over the time course of cardiac

differentiation.
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Figure 5.4 Dense continuous ECT formation following directed cardiac

differentiation.
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(A-L) Throughout cardiac differentiation, the cell colonies in LAP 365, LAP 405, and
Eosin Y (EY) hydrogels continue to increase in size forming a dense, continuous tissue by
day 7. (M) This increase in cell colony area is accompanied by an increase in overall tissue
area. The tissue area for individual tissues throughout differentiation was quantified, and
the relative area was calculated by normalizing tissue area at each time point to its area on
day 0. The relative area of LAP 365 and LAP 405 tissues increased from 1.00 on day 0 to
1.03 £ 0.03 and 1.06 £ 0.05 on day 1, 1.16 £ 0.17 and 1.28 = 0.16 on day 3, and 1.34 +
0.28 and 1.41+ 0.22 on days 1, 3, and 7, respectively. The EY tissues decreased from 1.00
on day 0 to 0.99 £ 0.04 on day 1 and then increased to 1.13 £ 0.17 and 1.25 £ 0.23 on days
3 and 7, respectively (n > 23 tissues). (N) The elastic modulus of LAP 405 acellular
hydrogels was 266 + 36.9 Pa, which is significantly lower than LAP 365 (540 £ 158 Pa),
and EY (521 £ 113 Pa) (n > 7 hydrogels, p < 0.05). (O) On day -2, the elastic modulus of
LAP 365 and LAP 405 cell-laden hydrogels was 218 + 147 and 259 + 49.4 Pa, and 140 *
24.0 and 329 £ 131 Pa on day 8 (n > 3 hydrogels). A value of p < 0.05 was used for

significance; samples that do not share a letter are significantly different.

On day 10, the percentage of CMs, or CM content, was determined through positive
expression of MF20 and quantified with flow cytometry. There were no significant
differences in the CM content or normalized cell number following differentiation for
IMRO90 hiPSCs, and the resulting CM content was 50.3 + 11.4, 47.4 + 6.97, and 49.1
4.95% for LAP 365, LAP 405, and Eosin Y, respectively (Figure 5.5A, n > 3 batches). The
normalized cell number, the number of cells on day 10 per number of starting hiPSCs, was

2.15 £ 0.69, 2.19 + 1.82, and 1.03 + 0.53 for LAP 365, LAP 405, and Eosin Y ECTs,
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respectively (Figure 5.5B, n > 3 batches). Furthermore, the CM content for UA16F2
hiPSCs was 39.8 £ 0.82 for ECTs photocrosslinked with LAP 365. The elastic modulus
was quantified for the LAP 365 and LAP 405 tissues on day -2 and day §; the LAP 365
tissues were 218 + 147 Pa on day -2 and 140 + 24 Pa on day 8; the elastic modulus of the
LAP 405 tissues was 259 + 49.4 on day -2 and 330 + 131 on day 8 (Figure 5.40, n > 3
tissues). CMs could be visualized throughout the LAP hydrogels, visualized with positive
expression of aSA (Figure 5.5C); to confirm cardiac differentiation and for visualization
of individual CMs, ECTs were dissociated and labeled with cardiac marker, cTnT (Figure
5.5D). ECT formation and differentiation occur similarly for all three conditions; although
not statistically significant, tissues photocrosslinked with LAP, both with the 365 and
405 nm light sources, had a higher trend of normalized cell numbers on day 10 compared
to those photocrosslinked with the visible light source. This indicates that the exposure to
the UV and blue light used for rapid crosslinking (1-2 min) does not cause any differences
in hiPSC viability and proliferation and resulting cardiac tissue formation and

differentiation in PEG-fibrinogen hydrogels compared to photocrosslinking with Eosin Y.
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Figure 5.5 Successful cardiac differentiation in ECTs photocrosslinked with LAP.

(A) The CM content on day 10 was 50.3 £ 11.4,47.4 £ 6.97, and 49.1 £ 4.95% for LAP
365, LAP 405, and EY, respectively. (B) The number of cells on day 10 normalized to the
starting number of hiPSCs was 2.15 £ 0.69, 2.19 £ 1.82, and 1.03 £ 0.53 for LAP 365, LAP
405, and EY ECTs on day 10. (C) CM differentiation occurred throughout the tissues
photocrosslinked with LAP 365, visualized by positive expression of aSA (red). (D)
LAP 365 ECTs were dissociated for confirmation of cardiac differentiation and

visualization of individual CMs through labeling with ¢TnT (red).
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Synchronous contraction and functionality of resulting 3D-ECT

ECTs began to spontaneously contract between days 7—10 of cardiac differentiation, with
synchronous, whole tissue contractions occurring by day 20. After initiation of spontaneous
contraction, contractile analysis could be performed, and on day 11, the frequency of
spontaneous contraction was 50.9 £ 11.5, 43.0 £ 4.33, and 56.1 + 12.5 beats per minute
(BPM) for LAP 365, LAP 405, and Eosin Y ECTs, respectively. The time between
contraction and relaxation, or time interval, for LAP 365, LAP 405, and EY was 0.196 *
0.011, 0.178 + 0.023, and 0.168 + 0.032, respectively. Furthermore, for LAP 365, LAP
405, and Eosin Y, the maximum contraction velocity was 42.1 £ 12.9, 30.3 + 6.19, and
56.5+ 10.9 pum/s and the maximum relaxation velocity was 23.6 + 11.9, 12.2 £ 5.51, and
32.0 + 5.40, respectively (n = 6, 6, 4 tissues for LAP 365, LAP 405, EY). On day 22, the
frequency of spontaneous contraction was 32.5 + 14.8, 34.4 £ 17.7, and 27.7 £ 12.3 beats
per minute (BPM) for LAP 365, LAP 405, and Eosin Y ECTs. The maximum contraction
and relaxation velocities were 153 +£37.7 and 93.8 +30.5, 115+ 17.7 and 64.0 + 12.8, and
86.6 + 54.5 and 46.6 £ 30.7 um/s for LAP 365, LAP 405, and Eosin Y, respectively,
quantified using an open-source MATLAB code (Huebsch et al. 2015). The time interval
for the spontaneous contractions of the LAP 365, LAP 405, and Eosin Y ECTs was 0.334
+ 0.034, 0.380 = 0.035, and 0.345 £ 0.081, respectively (n = 6 tissues). Because the
photoinitiator LAP does not have any green autofluorescence, the action potentials of ECTs
were monitored using an hiPSC line with a GEVI. Recordings of spontaneous action
potentials were acquired using a high-speed camera attached to a fluorescence microscope
(Figure 5.6D-E). A custom MATLAB code was used for analyzing the fluorescent

recordings to quantify the action potential duration (APD) and conduction velocity. The
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APD at 50 and 80% repolarization was 314 + 42.0 and 452 £+ 57.4 for LAP 365; similarly,
the APD at 50 and 80% repolarization was 296 + 40.7 and 397 + 42.5 for LAP 405. The

speed at which the propagation traveled across the tissue, or conduction velocity, was 1.54

1 0.46 and 1.43 + 0.93 for LAP 365 and LAP 405, respectively (n = 3 recordings).
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Figure 5.6 Photocrosslinking of LAP allows for non-destructive recording of action
potentials using a GEVI.

(A) The ECTs began to spontaneously contract by day 10 of differentiation, and the
spontaneous contraction frequency on day 11 and 22 was 50.9 £ 11.5,43.0 £ 4.33, and 56.1
+12.5and 32.5+14.8,34.4 £ 17.7, and 27.7 + 12.3 beats per minute (BPM) for LAP 365,

LAP 405, and Eosin Y (EY), respectively. (B) ECTs for LAP 365, LAP 405, and EY had
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time intervals of 0.196 £ 0.011, 0.178 £ 0.023, and 0.168 + 0.032 s on day 11 and 0.334 £
0.034, 0.380 £ 0.035, and 0.345 £ 0.081 s on day 22. (C) The maximum contraction
velocities were 42.1 £12.9, 30.3 £ 6.19, and 56.5 £ 10.9 um/s and 153 £ 37.7, 115+ 17.7,
and 86.6 = 54.5 um/s in ECTs photocrosslinked with LAP 365, LAP 405, and EY on days
11 and 22, respectively. (D) ECTs had a maximum relaxation velocity of 23.6 £ 11.9, 12.2
+5.51,and 32.0 £ 5.40 on day 11 and 93.8 £+ 30.5, 64.0 + 12.8, and 46.6 £ 30.7 um/s on
day 22 for LAP 365, LAP 405, and EY. (E-I) An optical mapping system was used for
acquiring electrophysiological recordings of the action potentials using a fluorescent
microscope, and a custom MATLAB code was used for data processing and analysis, with
example traces shown in (E-F). (G) The action potential duration (APD) at 50%
repolarization was 314 £+ 42 and 296 + 41 ms for LAP 365 and LAP 405, respectively. (H)
Similarly, the APD at 80% repolarization was 452 + 57.4 and 397 £ 42.5 ms for LAP 365
and LAP 405. (I) The conduction velocity for LAP 365 and LAP 405 ECTs was 1.54 £
0.46 and 1.43 + 0.93 cm/s. A value of p < 0.05 was used for significance; samples that do

not share a letter are significantly different.

Discussion

There is great potential for clinical applications employing ECT; for advancement of ECT
utilization in downstream applications, the ability to non-destructively monitor CM
functionality could provide substantial cost and time savings. Here, it is demonstrated that
LAP-initiated photocrosslinking can be employed to encapsulate hiPSCs with a GEVI in
PEG-fibrinogen for direct differentiation to produce 3D-ECTs and monitor the action

potentials non-destructively over time. The photoinitiator LAP has absorbance from 340—
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400 nm; therefore, two light sources were used for photocrosslinking of PEG-fibrinogen
for hiPSC encapsulation. The PEG-fibrinogen was photocrosslinked using a UV lamp with
a wavelength of 365 nm for 1 min and with a handheld low-cost blue flashlight with
wavelength 390410 nm for 2 minutes. LAP-initiated photocrosslinking of PEG-
fibrinogen for encapsulation and subsequent direct cardiac differentiation was compared
to our previous method using Eosin Y with visible light photoinitiation for
photocrosslinking. Hydrogels produced with LAP 365 and Eosin Y had similar mechanical
properties, while hydrogels produced with LAP 405 were significantly softer. Following
encapsulation with LAP, the hiPSCs maintained high viability and appropriate proliferative
and pluripotent phenotypes. Three days after encapsulation, cardiac differentiation was
initiated through small molecule control of the Wnt pathway. During differentiation, the
cells remodeled the provided PEG-fibrinogen matrix, and the overall tissue area increased.
In all three conditions, cardiac differentiation occurred similarly both in terms of
differentiation efficiency and the resulting number of cells. Furthermore, spontaneous
contractions initiated by day 7 and the maximum contraction and relaxation velocities
increased with time, a feature of maturing CMs. Photocrosslinking with LAP overcame the
autofluorescence encountered with Eosin Y, allowing for monitoring of the action
potentials using the GEVI. Taken together, these results indicate that photocrosslinking
with LAP overcomes the autofluorescence issues of Eosin Y and can be used for
encapsulation of hiPSCs and direct differentiation for the production of ECT.
Photocrosslinking is beneficial for cell encapsulation for the creation of 3D tissues
due to its rapid polymerization times and ability for crosslinking at physiological

conditions, such as temperature and pH. Photocrosslinking occurs through a two-step
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process; first, light is absorbed, causing excitation, followed by the chain reaction of
polymerization. This polymerization occurs through free-radical or ionic chain
polymerization. Commonly used photoinitiators include compounds with peroxides,
ketones, quinones, and azo groups due to their ability to form radicals for free-radical
polymerization (Fisher et al. 2001). Some of the commonly used photoinitiators require
lengthy crosslinking times and exposure to UV light; however, Eosin Y can be crosslinked
rapidly (< 40 s) using visible light (Petra Kerscher, Kaczmarek, et al. 2016; P. Kerscher,
Turnbull, et al. 2016). Eosin Y has autofluorescence in the green channel, limiting its use
in some cell imaging assays, and this study demonstrates the ability to utilize the
photoinitiator LAP for photocrosslinking of PEG-fibrinogen with no autofluorescence.
LAP is a type I photoinitiator established by Fairbanks et al., with absorbance
between 340 and 400 nm with the maximum occurring at 375 nm; this photoinitiator
demonstrated success in neonatal fibroblast encapsulation when crosslinked for 5 minutes
at a LAP concentration of 2.2 mM with a 405 nm light source with an intensity of
10 mW/cm? (Fairbanks et al. 2009). Furthermore, LAP has previously been used for
photocrosslinking of PEG or gelatin-based hydrogels for hepatocyte differentiation
(Greene et al. 2017), 3D printing a chambered cardiac organoid (Kupfer et al. 2020), and
for studying breast cancer dormancy (Pradhan and Slater 2019). In these studies, the
concentration of LAP ranged from 4 mM to 17 mM with a minimum crosslinking time of
1 min. Furthermore, LAP has been used for photocrosslinking of synthetic ECM composed
of PEG and biomimetic peptides with cancer cell lines at a concentration of 2 mM with a
365 nm light source (10 mW/cm?). Preliminary studies showed that PEGDA hydrogels

were successfully crosslinked using a 365 nm UV-light with an intensity of 3 mW/cm?
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with a minimum crosslinking time of 30 s at a LAP concentration of 5 mM and 60s for
LAP concentrations of 1.5, 2.0, and 2.5 mM. The final concentration of 2.5 mM LAP was
chosen to keep the volume of precursor solutions similar between the LAP and Eosin Y
initiated photocrosslinking. Furthermore, using the 365 nm light source for crosslinking
I min produced hydrogels with the same stiffness as crosslinking with Eosin Y; this is
similar to previously published results showing that 4 mM LAP and 0.1 mM Eosin Y had
similar shear moduli when photocrosslinked with a halogen cold light lamp (400—700 nm,
equivalent to 10 mW/cm?) for 5 minutes (Greene et al. 2017). This was chosen to directly
compare the effect of the light source and photoinitiator only without introducing other
variables. The time for crosslinking with the 405 nm light source was chosen based on the
desire to find the minimum amount of time for crosslinking since the hiPSCs are without
media during the crosslinking process.

It has previously been shown that a stiff microenvironment is beneficial for
promoting maturation of CMs (Young and Engler 2011; Hazeltine et al. 2014); however,
in previous work, it is demonstrated that an initial soft microenvironment is suitable for
production of 3D-ECT with high efficiency of differentiation and features of CM maturity
over time. Similar to previous results from our lab with GelMA (Petra Kerscher,
Kaczmarek, et al. 2016) and with ECT microspheres, there is a decrease in elastic modulus
after incorporation of the cells on day -2. The role of stiffness during in vitro 3D cardiac
differentiation has yet to be studied; although there were no significant differences from
day -2 to day 8 of cardiac differentiation in LAP 365 and LAP 405 ECTs, this platform
provides the opportunity for a more in-depth investigation of the effect of stiffness on

resulting ECTs because of the different photoinitiators and light sources established in this
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study. Further experiments are needed to fully elucidate the effect of 3D microenvironment
stiffness on resulting ECT properties.

For utilization of ECTs in regenerative medicine applications, the resulting CMs
will need to have the appropriate phenotype and maturity for engraftment, electrical
coupling, and enhanced function. Typically, PSC-CMs have an immature phenotype
compared to adults CMs, particularly in terms of morphology, metabolism, and functional
properties, including electrophysiology and calcium handling (Feric and Radisic 2016a),
and recent efforts have been made in improving the maturity of PSC-CMs through
mechanical and/or electrical stimulation (Ronaldson-Bouchard et al. 2018; Nunes et al.
2013), maturation media (Feyen et al. 2020), T3 growth hormone supplementation (C.
Jackman, Li, and Bursac 2018; Yang et al. 2014), pulsatile flow, cyclic strain, extended
culture time (Shen et al. 2017), and addition of miRNAs (White, Pang, and Yang 2016).
Furthermore, the differentiation process is costly, both in terms of time and materials, and
taken together with the potential need to enhance cardiac maturation following
differentiation, there is a great opportunity for assay development that can measure ECT
properties, specifically electrophysiology, non-destructively over time. One important
parameter for assessing maturity and function of ECT is through electrophysiological
recordings of the action potential, or change in voltage, that occurs as a result of calcium,
sodium, and potassium ion transport through the CMs, resulting in the contractile motion
of the cardiac tissue. Typically, voltage or calcium indicator dyes are used for analyzing
action potentials, which can only be used at one time point, and are costly and easily
photobleached. Previously, the Gepstein lab created a hiPSC line containing a genetically

encoded voltage indicator (GEVI) with a green fluorescent protein (Shinnawi et al. 2015),
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and the use of a GEVI overcomes these challenges and provides substantial improvements
for non-destructive analysis of action potentials over time. Here, that established hiPSC
line was utilized for the formation of ECTs photocrosslinked with LAP and Eosin Y, and
a high-speed camera attached to a fluorescent microscope was employed for non-
destructive analysis of ECTs photocrosslinked with Eosin Y. The APD and conduction
velocity of the ECTs was determined, and the conduction velocities were 1.54 and
1.43 cm/s for LAP 365 and LAP 405, respectively. Although these are considerably lower
than mature adult cardiac tissue (Feric and Radisic 2016a), they are within the range of
PSC-CMs, and there are indications of CM maturity including increasing contraction and
relaxation velocities over time. Full characterization of the resulting CM maturity and ECT
properties will be needed prior to clinical translation; however, this initial proof-of-concept
study demonstrates the ability to produce 3D-ECT without autofluorescence for non-
destructive monitoring of a GEVIL

This study demonstrates the ability to rapidly fabricate and produce 3D-ECT
through LAP initiated photocrosslinking of PEG-fibrinogen. Successful photocrosslinking
of PEG-fibrinogen hydrogels using the photoinitiator LAP occurred with two different light
sources. A UV-lamp and low-cost handheld blue light were successfully employed to
encapsulate hiPSCs with high viability and appropriate phenotype following encapsulation.
ECTs could be directly differentiated from PEG-fibrinogen encapsulated hiPSCs, and this
platform was used for non-destructive monitoring of action potentials using a genetically
encoded voltage indicator cell line. This study shows the ability to overcome the
autofluorescence of Eosin Y using LAP with similar mechanical properties. Importantly,

this work provides the foundation for future studies with other fluorescent indicator cell
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lines. This 3D direct differentiation platform employing LAP initiated photocrosslinking
demonstrates potential for future use in a 3D bioprinter and for use in our custom

microfluidic encapsulation system for scalable production of ECT microspheroids.
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Chapter 6: Thalidomide-Induced Changes to 3D Human Pluripotent Stem Cell Derived

Cardiac Tissue Formation

Introduction

Congenital heart defects (CHDs) are the most common type of birth defect worldwide
(Gelb et al. 2013), with occurrences between 2.4 and 13.7 per 1000 live births (Virani et
al. 2020). Moreover, CHDs are the leading cause of infant deaths (Dean, Udelsman, and
Breuer 2012). However, the underlying causes are only partially understood, particularly
those caused by drug-induced mutations during organ development. Although great
progress has been shown, many cardiac defects, like ventricular septal defects (VSDs),
must be repaired by open heart surgery (Limperopoulos et al. 1999), or in severe cases,
with pediatric heart transplantation. Even when treated, CHDs can cause developmental
delays, long-term cardiac complications, shortened life expectancy, and increased risk for
certain cancers (Mandalenakis et al. 2019; Mussatto et al. 2015).

In 1957, Thalidomide ((%)2-(2,6-Dioxo-3-piperidinyl)-1H-isoindole-1,3(2H)-
dione) (Kumar et al. 2012), a sedative drug prescribed for morning sickness in pregnant
women, was launched in many European countries. Originally, thalidomide was
considered a “wonder drug” due to its non-lethal effects when overdosing in mice and was
publicized immediately after small animal experimentations (Smithells and Newman
1992). Insufficient testing of thalidomide prior to its release led to formation of birth
defects in more than 10,000 children (Smithells and Newman 1992). Although thalidomide
exposure caused a variety of birth defects, this drug is primarily affiliated with symmetrical

limb deformation (Therapontos et al. 2009). Approximately 6% of affected infants had
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CHDs including VSDs and atrial septic defects (ASDs). 30-40% of those affected died due
to severe defects (Smithells and Newman 1992), and an unknown number of miscarriages
occurred in the aftermath of thalidomide treatment (Ito, Ando, and Handa 2011). Studies
now show that thalidomide’s interactions during organogenesis are species-dependent,
bringing awareness to obstacles for effectively screening candidate drugs (Parman, Wiley,
and Wells 1999; Stephens 1988).

The thalidomide incident revealed the need for more thorough testing of candidate
pharmaceuticals and led to significant changes in the testing required for the regulatory
approval process, particularly for drugs prescribed during pregnancy. However, current
methods for developmental toxicity studies primarily focus on small animal models, which
do not fully recapitulate human heart development and can result in false information on
the safety and efficacy of potential, new pharmaceuticals on the developing organ.
Attempts have been made to incorporate in vitro assays with in vivo animal models for
pharmaceutical testing, but current state-of-the-art drug-screening platforms for
identification of teratogenic compounds continue to primarily employ animal subjects,
which are expensive and time-consuming, and can result in misleading outcomes due to
interspecies variability (T.W. Kim, Che, and Yun 2019; Grimm et al. 2018; Caspi et al.
2009; Meseguer-Ripolles et al. 2018). Furthermore, due to the fact that adult
cardiomyocytes (CMs) cannot be cultured long-term in vitro, these studies are carried out
using other cell types. The preclinical assays for determining cardiac side-effects typically
only involve the use of immortalized cell lines with an overexpression of a particular ion
channel. However, recent advances in stem cell differentiation provide the ability to mimic

human developmental processes in vitro to better understand heart development and

153



enhance drug discovery and toxicology (Caspi et al. 2009; Grimm et al. 2018). In vitro
specification and differentiation of cardiac cells from human induced pluripotent stem cells
(hiPSCs) follow pathways analogous to those seen in in vivo heart development (van den
Heuvel et al. 2014). Stem cell biologists have drawn upon developmental biology to
establish high-efficiency protocols for cardiac differentiation of hiPSCs (Lian et al. 2013a;
Burridge et al. 2014; Burridge et al. 2011; Kuo et al. 2020), which can now be employed
to mimic development and better predict cardiac toxicity of pharmaceuticals. Small
molecule-based differentiation using Wnt/B-catenin signaling has proven efficient,
resulting in mesoderm formation and cardiogenesis (Lian et al. 2012). Human induced
pluripotent stem cell-derived CMs (hiPSC-CMs) provide a powerful option to enhance
preclinical testing and developmental toxicity screening by providing a CM cell source,
while simultaneously overcoming the interspecies variations (Adler et al. 2008).
Currently, there are no established in vitro assays to assess the effect of compounds
on human 3D developing heart tissues; in vitro cardiac toxicity screening with PSCs has
been focused on the use of pre-differentiated hiPSC-derived CMs, which has limitations
for use in mechanistic studies and in screening of potential cardiac teratogens. Although
existing 2D differentiation systems are highly effective for CM production, they provide
limited ability to study mechanical, structural, and functional properties of cardiac tissue
development; previously published work suggests 3D biomaterial encapsulation and
subsequent differentiation is advantageous for mesoderm teratogen screening (Belair et al.
2020). Mechanical and structural cues, provided primarily by the 3D microenvironment of
surrounding cells and matrix material, are important in guiding embryogenesis. Without

recapitulation of the 3D microenvironment present during development, even basic
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questions concerning the impact of teratogen exposure or genetic variants on developing
human cardiac tissue properties, particularly extracellular matrix (ECM) composition and
tissue function, cannot be investigated.

Previously, our group established the first 3D platform for direct cardiac
differentiation of hiPSCs encapsulated within a biomaterial matrix (Petra Kerscher,
Kaczmarek, et al. 2016; P. Kerscher, Turnbull, et al. 2016), and the objective of this study
was to determine if these 3D developing engineered cardiac tissues (3D-dECT) could be
used to identify drug-induced congenital heart defects with thalidomide treatment during
and after cardiac differentiation. Starting directly with human induced pluripotent stem
cells (hiPSCs), rather than pre-differentiated cardiomyocytes, a 3D-dECT model enables
investigation of cardiac tissue properties both in the early stages of cardiac specification
and in later stages of cardiac differentiation. Here, hiPSCs were encapsulated in hybrid
biomaterial PEG-fibrinogen on day -3 and were allowed to adjust to their new
microenvironment prior to initiation of cardiac differentiation on day 0. Prior to drug
treatment, we first verified that there were no changes to short term hiPSC viability,
proliferation, and mitochondria distribution after thalidomide exposure. Beginning on day
1 of cardiac differentiation, thalidomide was administered to 3D-dECTs at 0 uM (drug
solvent), 10 uM, and 70 uM. In our 3D-dECT model, we detected changes in tissue
architecture and efficiency of cardiac differentiation. Differences in mitochondria
distribution and sarcomere alignment were visualized in thalidomide-treated CMs
compared to control CMs. Importantly, we studied functional properties of the 3D-dECT

and saw thalidomide induced changes in ECM composition and gene expression. Overall,
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our findings show that our 3D-dECT model of the developing heart is a robust 3D model

that can be used to detect drug-induced changes during development.

Materials and Methods

HiPSC culture

Human induced pluripotent stem cells (hiPSCs, IMR-90 Clone 1, WiCell) were cultured
on hESC qualified Matrigel (Corning) using mTeSR-1 medium (Stem Cell Technologies).
HiPSCs were passaged using Versene (Life Technologies) and cultured in mTeSR-1
medium supplemented with 5 uM rock inhibitor (Y-27632, Stem Cell Technologies) for

24 h after passaging.

Cell viability and immunofluorescence staining

HiPSC viability and proliferation were assessed 24 h after thalidomide addition using a
LIVE/DEAD viability kit (Molecular Probes) and immunofluorescence staining with
proliferating cell nuclear antigen (PCNA, Millipore) and 4’,6-diamidino-2-phenylindole
(DAPI, Molecular Probes) (n = 3 per condition). The percentages of viable and
proliferating cells were calculated as the number of viable and PCNA positive cells divided

by total cell number.

2D monolayer formation
For 2D monolayer differentiations, hiPSCs were dissociated using Accutase (Innovative
Cell Technologies) and seeded on Matrigel coated PDMS coverslips in a 12-well plate

(0.5 x 10° hiPSCs per well). Cells were cultured in mTeSR-1 medium supplemented with
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5 uM rock inhibitor for 24 h (day -4), followed by a daily mTeSR-1 medium exchange

until the initiation of cardiac differentiation on day O.

3D developing engineered cardiac tissue (3D-dECT) formation process

All chemicals were purchased from Sigma-Aldrich unless reported otherwise. PEG-
fibrinogen was synthesized as previously described (Almany and Seliktar 2005). In short,
tris (2-carboxyethyl) phosphine (TCEP, Acros Organics) was mixed with 7 mg/ml
fibrinogen in 8 M urea-PBS. Next, PEGDA was reacted with fibrinogen for 3 h,
precipitated in acetone, and dissolved in 8M urea-PBS. The reacted PEG-fibrinogen was
dialyzed in PBS for 24 h at 4 °C.

For 3D encapsulation, hiPSCs were dissociated with Versene, and the cell pellet was
combined with liquid PEG-fibrinogen precursor solution containing 1.5% (v/v)
triethanolamine (TEOA), 0.39% (v/v) N-vinyl pyrrolidone (NVP), and 0.1 mM Eosin Y
(Fisher Scientific) at a cell density of 55 + 8.5 x 10° hiPSCs/ml of PEG-fibrinogen. 8 pl of
this mixture was transferred into a circular PDMS mold on acrylated glass (P. Kerscher,
Turnbull, et al. 2015) and photocrosslinked with visible light for 30 s. Following
photocrosslinking, the PDMS mold was removed, and cell-laden hydrogels attached to the
acrylated glass were cultured in mTeSR-1 medium supplemented with 5 uM rock inhibitor

for 24 h. On day -2 and day -1, mTeSR-1 medium was changed daily.

Cardiac differentiation and thalidomide treatment
Media components and timeline of cardiac differentiation followed the previously

published protocol (Lian et al. 2013a). Briefly, on day 0 of differentiation, media of 2D
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monolayers and 3D-dECTs was changed to RPMI/B27 without insulin (Life Technologies)
+ 12 uM CHIR99021 (Stem Cell Technologies) for 24 h. Media was exchanged with
RPMI/B27 without insulin for an additional 48 h. On day 3 of differentiation, an equal
volume of old media was combined with RPMI/B27 without insulin and supplemented
with 5 uM IWP2 (Stem Cell Technologies) for 48 h. On day 5, the media was exchanged
with fresh RPMI/B27 without insulin. On day 7, media was replaced with RPMI/B27 (Life
Technologies); the media was changed every three to four days with RPMI/B27.

Thalidomide (MP Biomedicals) was dissolved in dimethyl sulfoxide (DMSO) and stored
at 4 °C. To determine the effect of thalidomide on cardiac differentiation, the drug vehicle
(0 uM), 10 uM, and 70 uM thalidomide were added to the media beginning on day 1 of

differentiation (Figure 6.1A).

Early growth progression of differentiating 3D-dECTs

Low magnification images of whole tissues from day -2 to day 7 were acquired using an
Andor Luca S camera attached to a phase contrast microscope (Ti Eclipse, Nikon). The
lateral surface area of control, 10 uM, and 70 uM thalidomide treated 3D-dECTs were
analyzed using Image] software with standard analysis plugins (n = 9 tissues per
condition). Each tissue was normalized to its area on day 1 of differentiation (the first day

of thalidomide treatment).

Enzymatic cardiac tissue dissociation
Tissues were dissociated with collagenase Type 2 (1 mg/mL, Worthington) in dissociation

solution supplemented with 30 uM CaCl, and 5 puM rock inhibitor at 37 °C for 2 h.
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Dissociation solution was composed of 120 mM NaCl, 5.4 mM KCIl, 5 mM MgSOs,
5 mM Na-pyruvate, 20 mM glucose, 20 mM taurine, and 10 mM HEPES in PBS (pH 6.9).
Cells were further dissociated with 0.25% Trypsin EDTA (Corning) at 37°C for 5 min. All
cells were resuspended in RPMI20 medium (RPMI 1640 medium (Gibco) with 20% fetal
bovine serum (FBS, Atlanta Biologics)) supplemented with 5 uM rock inhibitor and plated

onto fibronectin coated PDMS glass coverslips.

Flow Cytometry

On day 15 of differentiation, control (0 uM), 10 uM, and 70 uM 3D-dECTs were
dissociated into single cells as described above. Singularized cells were transferred to
RPMI20 media (RPMI +20% FBS) and centrifuged at 200 g for 5 min. Cells were prepared
for cell counting using flow cytometry, using previously described methods (P. Kerscher,

Turnbull, et al. 2015).

Immunocytochemistry and sarcomere length quantification

Following dissociation and seeding on coverslips, hiPSCs and dissociated tissues were
fixed using 4% paraformaldehyde (Electron Microscopy Sciences), permeabilized using
PBS-T (PBS with 1% bovine serum albumin (BSA) and 0.2% Triton X-100) and blocked
in 3% FBS in PBS (blocking buffer). Primary antibody a-sarcomeric actinin (aSA) and
secondary antibody Alexa Fluor 488 (Invitrogen) were then added consecutively. All
samples were counterstained with DAPI and visualized using a Nikon A1R laser-scanning

confocal microscope.
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On day 38 of differentiation, dissociated 3D-dECTs were labeled with aSA for
quantification of sarcomere length. Images were acquired using a 60X plan apochromat
oil-immersion objective on the confocal microscope. All images were imported to Image J,
where fast Fourier transform and intensity profiles of drawn paths along well-defined, in-
plane sarcomeres were collected. Data from intensity profiles were used to perform fast
Fourier transform. A minimum of ten sarcomeres per treatment group were selected based

on continuity of sarcomeres in the field of view.

Mitochondria localization and analysis of thalidomide-treated hiPSCs and 3D-dECT
CMs

The mitochondria in HiPSCs and dissociated 3D-dECT cells for all treatment groups were
visualized using MitoTracker Red (Invitrogen) diluted to a final concentration of 1 nM in
cell culture media. The MitoTracker Red working solution was added to all wells and
incubated at 37 °C for 30 min. Cells were rinsed with PBS, fixed, permeabilized, and
blocked with blocking buffer. 3D-dECT cells were also stained with aSA to identify
mitochondria of CMs, and samples were counterstained with DAPI. The number and area
of mitochondria per CM were quantified using Mitochondrial Quantification using
MATLAB (MQM), a custom MATLAB script (P. Kerscher, Bussie, et al. 2015), from

three images per well with areas of similar confluency.

Contraction Analysis and Optical Mapping
Videos of spontaneously contracting tissues were acquired on days 11, 14, 17, and 42 using

a phase contrast microscope with Andor Luca S camera. The videos were converted to tiff
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files and imported into an open-source motion tracking software for quantification of
frequency (Hz), time interval (s), maximum contraction velocity (um/s), and maximum

relaxation velocity (um/s) (Huebsch et al. 2015).

Day 17 cardiac monolayers were incubated in the calcium sensitive dye Rhod-2
(Invitrogen) for 30 min followed by thorough rinsing with Tyrode’s solution (1.8 mM
CaCly, 5 mM glucose, 5 mM HEPES, 1.0 mM MgCl,, 5.4 mM KCI, 135 mM NaCl, and
0.33 mM NaHPOs, pH 7.4) before experimentation. To study calcium transient durations,
2D monolayers were optically mapped; duplicate recordings were taken in multiple tissue
regions per sample using an Andor iXon+ 860 EMCCD camera and results were analyzed

in a custom MATLAB code.

Gene expression
Two-step RT-qPCR was performed on control, 10 uM, and 70uM 3D-dECTs on days 0,
10, and 30 of differentiation. RNA was isolated from each tissue using a NucleoSpin RNA
kit (Machery-Nagel). cDNA was synthesized using a SuperScript™ IV First-Strand
Synthesis System (Thermo Fisher Scientific).

RT-gqPCR was conducted on a QuantStudio™ using SYBR™ Green PCR Master
Mix (Thermo Fisher Scientific) with KiCqStart® SYBR® Green Primers (Sigma Aldrich)
or TagMan™ Fast Advanced Master Mix with previously designed primers. SYBR Green
reactions contained 5 ng of cDNA and 500 nM of forward and reverse primer. Tagman
reactions were run in duplex with 5 ng cDNA, 200 nM forward and reverse primer

(GAPDH and gene of interest), and 100 nM probe (HEX and FAM). Primers were annealed
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at 58 and 55 °C for SYBR green and Tagman, respectively. Gene expression values were

normalized to GAPDH, and the fold change was quantified using the 2C*4¢Y method.

Enrichment for ECM proteins in microtissues
Proteomics analysis was performed by Bre Duffy and Dr. Lauren Black at Tufts University.
Three tissue samples from each treatment group were used for proteomics analysis. Half
of each microtissue was used for proteomics analysis. Tissues were decellularized using
0.05% sodium dodecyl sulfate (SDS), 2 mL per tissue, on an inverter at room temperature
for 30 minutes. Samples were then washed with deionized water with gentle agitation on
an inverter at room temperature for 30 minutes, repeated once. Decellularized tissues were
dried by lyophilization and frozen at -20°C until digestion.

Dried samples were precipitated using 2 mL cold acetone for 60 minutes at -20 °C,
centrifuged at 13,000 g for 10 min, and the supernatant removed. Acetone precipitation

was repeated once to remove any remaining SDS and PEG.

Microtissue sample digestion into peptides

Microtissue samples were solubilized and disulfide bonds were reduced in 8M urea, 50
mM DTT, 50 mM TrisHCL (pH 8.5). Samples were minced with microscissors to aid in
solubilization of the matrix and incubated at 37°C on an orbital shaker for 30 min. Free
cystines were alkylated by adding iodoacetamine at a final concentration of 100 mM for
15 min in the dark at room temperature. Samples were diluted to 2M urea with 50 mM
TrisHCL with 1 mM calcium chloride (pH 8.5) and digested with trypsin (Sigma) at 1:50

protease:protein (wt:wt) for 13 hours at 37°C with agitation. Digestion was stopped by
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decreasing the pH to 2-3 using formic acid. Any particulates were removed with
centrifugation at 10,000 rpm for 10 min, and the supernatant was removed and stored at -

20 °C until liquid chromatography-mass spectrometry (LC-MS) analysis.

Liquid Chromatography-Tandem Mass Spectrometry (LC-MS/MS)

Untargeted LC-MS/MS analysis was performed using a TripleTOF 5600 System (SCIEX,
Framingham, MA) coupled to a 1260 Infinity liquid chromatography system (Agilent,
Santa Clara, CA). 100 pL of peptide solution was injected with an aqueous solvent of
LCMS grade water with 0.1% LCMS grade formic acid (Sigma-Aldrich) and separated on
Ascentis Express Peptide ES-C18 column (MilliporeSigma, St. Louis, MO) of 15 cm
length, 2.1 mm inner diameter, and 2.7 um particle size. Peptides were eluted with a 65
min gradient from 2-45% acetonitrile with 0.1% formic acid. Information Dependent
Acquisition was performed from 300-1250 Da with charge states from 2-5. Up to 50
candidate ions exceeding 100 cps were selected per cycle, with a 15 second exclusion after

1 count, for fragmentation with rolling collision energy.

Protein identification and data analysis for microtissue samples

Raw files were searched against a UniProt KB protein database for homo sapiens updated
February 10, 2016 using ProteinPilot software’s Paragon algorithm (AB SCIEX). Search
settings included trypsin specificity, urea denaturation, thorough ID search effort, and 0.05
(10.0%) detected protein threshold. Proteins matching the reversed database or

contaminants were removed.
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Relative quantification was obtained by spectral counts of peptides with at least
95% confidence normalized by total ECM spectral counts. Relative quantification across
samples was obtained by spectral counts using a custom MATLAB script. Peptides
identified with < 95% confidence and proteins not associated with the extracellular matrix
were removed. Peptides associated with each protein were counted and normalized to the
total ECM spectral counts from the sample.

The results were analyzed with Prism (GraphPad, San Diego, CA) and the mean +
SD normalized to control tissues was reported. In order to perform statistical analysis,
proteins which were not identified in at least 2 biological replicates of 2 conditions were
removed. Within each protein, data was analyzed by one-way ANOVA with Tukey’s
multiple comparisons test. A value of p < 0.05 was considered statistically significant for

all tests.

Statistics

Data are presented as mean + SD, and statistical analysis was performed using Minitab 19
unless otherwise specified. The assumptions for normality and equal variances were
confirmed, and one-way analysis of variance (ANOVA) was performed with Tukey’s test

for post-hoc analysis. A value of p < 0.05 was considered statistically significant.

Results
Thalidomide influenced the cardiac tissue formation process
In this proof-of-concept study, we investigated if our 3D developing engineered cardiac

tissues (3D-dECTs) directly differentiated from PEG-fibrinogen encapsulated hiPSCs
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could be used for identification and quantification of changes in tissue properties in
response to drug exposure. Thalidomide, a known teratogen, whose mechanisms for defect
formation are largely unknown (Ito, Ando, and Handa 2011), was used as a drug candidate
to determine if 3D-dECTs uncover information about disease manifestation and
progression, compared to standard 2D monolayer cardiac differentiation. Before evaluating
the effect of thalidomide on cardiac differentiation from hiPSCs in a 3D microenvironment,
short term effects of the drug-carrier, DMSO, and the highest thalidomide concentration
(70 uM) were tested to verify that the drug and its carrier did not cause abnormal changes
in cell viability and proliferation at the selected concentrations (X. Gao, Sprando, and
Yourick 2015). Monolayer hiPSCs were treated with the drug-carrier control (0 pM) and
70 uM thalidomide for 24 h; the hiPSCs maintained high viability and proliferation
capacity after treatment. (Figure 6.1B—C). Furthermore, the mitochondria area and
location, with respect to the nuclear membrane, of control and thalidomide-treated hiPSCs
were evaluated using our custom developed MQM code (P. Kerscher, Bussie, et al. 2015).
No significant differences in mitochondria distribution were detected between treatment

groups.
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Figure 6.1 HiPSC differentiation timeline to form 3D developing engineered cardiac
tissues (3D-dECTs) and 2D monolayers for thalidomide drug-testing.

(A) HiPSCs were combined with aqueous PEG-fibrinogen precursor solution,
photocrosslinked to form 3D-dhECTs, and cultured for three days before initiation of
cardiac differentiation. For 2D monolayer differentiation, hiPSCs were seeded onto a
Matrigel coated 12-well plate and cultured for four days prior to initiation of cardiac
differentiation on day 0. 3D and 2D differentiations were assigned to thalidomide treatment

groups, consisting of control (0 uM drug carrier), 10 uM, and 70 uM thalidomide, on days
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1, 3, 5, 7, and every three days after that. Figure reprinted with permission from (P.
Kerscher, Turnbull, et al. 2016). Thalidomide treatment for 24 h did not influence hiPSC

(B) viability or (C) proliferation, determined by percentage of PCNA+ cells (n = 3).

To produce the 3D-dECTs, hiPSCs were encapsulated within a hybrid biomaterial,
PEG-fibrinogen on day -3. For encapsulation, hiPSCs were collected in a cell pellet and
combined with the polymer precursor solution, pipetted into PDMS molds on acrylated
glass, and photocrosslinked using visible light. Cardiac differentiation was initiated three
days later (day 0) through activation subsequent inhibition of Wnt signaling using
previously established protocols (P. Kerscher, Turnbull, et al. 2016; Petra Kerscher,
Kaczmarek, et al. 2016; Lian et al. 2013a). For drug-treatment, thalidomide was
administered at 0, 10, and 70 uM in the culture media on days 1, 3, 5, 7, and every 3 days
thereafter with media changes (Figure 6.1A). These concentrations were chosen for this
study because thalidomide doses of 10 and 70 uM previously showed significant changes
during 2D hESC differentiation in transcriptomic and proteomic profiles (Meganathan et
al. 2012). During cardiac differentiation, changes in tissue formation progression were
observed in thalidomide treated samples. In all treatment concentrations, an increase in
lateral surface area was observed from day 1 to day 5 (Figure 6.2). On day 5, control tissues
displayed a significant increase in size compared to treatment groups at 1.33 + 0.03, 1.23
+0.04, and 1.17 = 0.02 times the day 1 tissue size for 0, 10, and 70 uM thalidomide treated
tissue, respectively (Figure 6.2B, n = 9 tissues per group, *p < 0.05); this change in tissue
growth was accompanied by the presence of an increased amount of cell debris surrounding

the 10 and 70 uM thalidomide-treated tissues (Figure 6.2A). In comparison, control 3D-
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dECTs (0 uM) exhibited more defined edges throughout differentiation (Figure 6.2A). A
2D monolayer differentiation approach was attempted to study thalidomide-induced effects
for comparison to the 3D microenvironment in the 3D-dECTs. However, 2D differentiation
in the presence of 70 uM thalidomide did not result in contracting monolayers and had
substantial cell loss and insufficient cardiac differentiation. This was expected due to the
direct drug exposure in the 2D environment, and limited samples were able to be used for

assessment of CM properties.
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Figure 6.2 Thalidomide influenced the early tissue formation process and growth.
(A) After PEG-fibrinogen encapsulation, hiPSCs grew within the hydrogel. Edges of 0 uM

(control), 10uM, and 70 uM thalidomide tissues started to differ on day 3 of differentiation,
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with more cell debris and less dense tissue formation in 70 uM thalidomide treated tissues.
(B) Relative tissue area increased from day 1 to day 5 for all groups. Control tissues showed
a greater in increase in tissue area compared to thalidomide treated tissues on days 5 and 7

(n = 9 tissues per group, *p < 0.05).

Thalidomide influenced cardiac differentiation and resulting CM phenotype
Following cardiac differentiation, the efficiency of cardiac differentiation was assessed by
positive expression of ¢TnT and quantified with flow cytometry. Cardiac differentiation
efficiency showed a dose dependent response with control 3D-dECTs having the highest
percentage of CMs followed by 10 and 70 uM thalidomide-treated 3D-dECTs (Figure
6.3D); the percentage of cTnT+ cells on day 10 was 41.2 + 2.57,30.9 + 1.91, and 25.1 £
1.29 for 0, 10, and 70 puM, respectively, and 36.8 £ 2.57, 38.1 £ 11.2, and 33.0 + 3.34
percentage on day 20 (n = 3 tissues per treatment group, *p < 0.05). On day 17, the total
cell number in control and thalidomide-treated 3D-dECTs was similar compared to control
samples (0 uM: 1.00 £ 0.072, 70 uM: 0.896 =+ 0.061 cells, Figure 6.3C).

To further investigate the CM population, cell size and sarcomere length were used
as indicators of initial CM structural development and maturity. On day 38 of
differentiation, 3D-dECTs from all three treatment groups were dissociated into single cells
and replated to observe CM size and sarcomere length using positive expression of aSA.
The area of CMs from 3D-dECTs treated with 10 um thalidomide was 2150 + 991 pum?,
which is significantly smaller in size compared to control CMs (3450 + 898 um?) (n > 11
tissues per treatment group, Figure 6.3A). Sarcomere length was 2.02 £+ 0.16 and 1.88 *

0.21 pm in control and 70 uM thalidomide-treated CMs, respectively (Figure 6.3B), which
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is within the range for native adult CM sarcomere length (2.0-2.2 um) for the control CMs
(Feric and Radisic 2016a). Furthermore, the sarcomeres of control 3D-dECT CMs
appeared to be more defined and organized compared to thalidomide treated CMs;
sarcomere organization is an indicator of CM structural maturity (Figure 6.3E). In the
70 uM thalidomide treated samples, a high number of cells did not express aSA, a

cardiomyocyte antibody, indicating a presence of non-CM cell types.
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Figure 6.3 Thalidomide influenced cardiac differentiation and CM phenotype.

(A) On day 38, the 3D-dECTs were dissociated, and CMs treated with 10 uM thalidomide
were significantly smaller compared to control CMs; 70 uM thalidomide-treated CMs also
showed a trend in smaller cell size compared to control (n > 11 cells per condition, *p <
0.05). (B) Sarcomere spacing was similar in 70 uM thalidomide treated tissues compared

to age-matched controls (r > 10 cells per condition). (C) On day 17, quantification of total
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cell number per tissue showed a similar number of cells in thalidomide-treated tissues (n =
3 tissues per condition). (D) A lower percentage of CMs were detected in thalidomide-
treated tissues compared to control, suggesting less efficient CM differentiation in the
presence of thalidomide (n = 3 tissues per condition, *p < 0.05). (E) Sarcomeres (green)
were more defined and organized in control CMs when compared to thalidomide-treated
CMs; furthermore, the mitochondria (red) evenly distributed throughout the cytoplasm of

control CMs but were clustered in thalidomide-treated CMs.

Following thalidomide treatment during cardiac differentiation, there were
differences in mitochondria structure and distribution in thalidomide treated CMs
compared to controls. Mitochondria are the primary organelle responsible for energy
production within the cell and are an important component influencing normal heart
development and contractile function. During early stages of CM development,
mitochondria are only a small portion within the cytoplasm of the cell and are structurally
visible in a reticular arrangement, while in adult CMs, mitochondria occupy approximately
20-40% of the total CM volume because of the high energy requirements needed for
contraction; at this stage, mitochondria exhibit a regular distribution with a “crystal-like
lattice pattern” (Schaper, Meiser, and Stammler 1985). To visualize mitochondria
distribution, control and 70 uM thalidomide treated CMs were stained with MitoRed
(Figure 6.3E). In control CMs (0 uM), mitochondria were evenly distributed throughout
the entire cell, including overlapping with areas with well-defined sarcomeres. The
mitochondria structure, morphology, and location in the cytoplasm were visually different

in thalidomide-treated cells, showing a clustered pattern (Figure 6.3E). In immature CMs,
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a large quantity of mitochondria is normally located close to the nucleus, which was seen

in both treatment-group cells (0 and 70 pM).

Thalidomide-treated 3D-dECTs showed slower spontaneous contraction than age-
matched controls

Here, our control 3D-dECTs also showed first areas of spontaneous contraction on day 7,
similar to our previously published results (P. Kerscher, Turnbull, et al. 2016); however,
thalidomide-treated 3D-dECTs started to contract one or two days later (day 8 or day 9).
Although contractions started later for thalidomide treated 3D-dECTs, there were no
significant differences in the frequency of spontaneous contraction between control and
thalidomide-treated 3D-dECTs. On day 11, the time interval between contraction and
relaxation was significantly longer in 70 uM tissue compared to control (n = 3 tissues per
condition. *p < 0.05). This trend continued on day 14 where both 10 and 70 uM tissues
showed prolonged time intervals compared to control (Figure 6.4A). From day 17 to 42,
control and 10 uM thalidomide-treated 3D-dECTs showed significant increases in
contraction and relaxation velocity, whereas 70 uM thalidomide-treated tissues did not
(Figure 6.4B, C, n = 3 tissues per condition. p < 0.05).

To evaluate the influence of thalidomide on calcium transient duration and
conduction velocity, optical mapping of day 17 2D cardiac monolayers was performed
(Figure 6.4D-E). Both control and 70 pM thalidomide monolayers displayed spontaneous
calcium propagation. Calcium transient durations in thalidomide-treated 2D monolayers
were significantly longer for both 50 and 80% repolarization at 546 + 176 ms and 874 +

321 ms for control compared to 1212 £ 61 ms and 2162 + 158 ms for 70 uM tissues (Figure
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6.4D, n = 3 tissues per condition. *p <0.05). Additionally, the calcium conduction velocity
was slower when compared to age-matched controls at 1.58 + 0.07 and 1.05 = 0.199 cm/s
for control and 70 uM tissues, respectively (Figure 6.4E, F, G). Calcium transient duration
is important in the function and maturation of CMs. Our lab previously showed that nitric
oxide-treated SC-CMs had a positive effect on CM differentiation; treated CMs also
exhibited faster calcium transient durations compared to untreated controls (A. J. Hodge,
Zhong, and Lipke 2016). Here, thalidomide, which negatively impacts CM function, had a

detrimental impact on calcium transient duration.
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Figure 6.4 Thalidomide treatment induced differences in contractility and calcium

(A) Significant differences in time interval between contraction and relaxation for control
and 70 uM thalidomide-treated tissues were observed on days 11 and 14 (n > 3 tissues per
condition). (B, C) Control and 10 uM tissues significantly increased contraction and
relaxation velocity from day 17 to day 42 compared to 70 uM thalidomide treatment groups

(n > 3 tissues per condition). Representative isochrone maps and traces of (F) Control and

174



(G) 70 uM calcium wave propagation showed significantly longer (D) CTD at both 50 and
80% repolarization and (E) slower conduction velocity in thalidomide treated samples

compared to control (n = 3 monolayers per condition, *p < 0.05).

Thalidomide treatment induces changes in gene expression and ECM production

The direct mechanism by which thalidomide damages cardiac tissue is not fully and clearly
established. Previous studies have indicated a potential target of thalidomide on genes that
regulate ECM production (Choe et al. 2010). Several cardiac and ECM related genes were
explored in this study using RT-qPCR to further elucidate differences in gene expression
following treatment with the known teratogen. Expression of cardiac specific genes GJAS,
MYH6, and MYH7 were similar in all treatment groups and changed appropriately over
time (Figure 6.5A). MYH7 expression increased significantly between each timepoint in
all groups, as expected. ECM related gene expression including FN1, COL1A1, and
POSTN increased over time in all groups as the cells began to produce their own ECM
proteins. On day 10, POSTN expression was significantly higher in both thalidomide-
treated samples compared to control (Figure 6.5D, n = 3 tissues per condition, *p < 0.05).
The impact of thalidomide exposure on SALL4 and TBX20 expression has been explored
in previous studies (Donovan et al. 2018; Khalil et al. 2017; Papaioannou 2014); here,
SALL4 expression was downregulated over time and TBX20 expression was upregulated
after differentiation with no significant differences between treatment groups (Figure

6.5A).
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Figure 6.5 Thalidomide treatment impacts gene expression.

(A) A heat map comparing gene expression of various cardiac and ECM-related genes for
each treatment group on days 0, 10, and 30 was produced. (B) Expression of cardiac gene
MYH?7 showed temporally appropriate upregulation in all groups over time. (C) Gene
expression of COL1AI increased in all groups from day O to day 10. (D) Periostin

expression was higher in thalidomide treated samples on day 10. (E) From day 10 to day
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30, TGF-P expression was maintained in 70 pM tissues compared and downregulated in
control tissues (n = 3 samples per treatment group per timepoint, data is normalized to

GAPDH and day 0 using 2¢*4¢Y method, *p < 0.05).

The ECM composition was characterized on day 20 by decellularization of the 3D-
dECT, digestion of the protein into peptides, and quantification using untargeted LC-MS;
protein identification occurred using a UniProt KB database. Relative quantification was
obtained by spectral counts of peptides with at least 95% confidence normalized by total
ECM spectral counts. To examine the deposited ECM proteins, the fibrinogens were
removed from the analysis, as these were provided by the biomaterial, PEG-fibrinogen.
Deposited ECM components included fibrillin, fibronectin, perlecan, collagen, vitronectin,
EMILIN-2, laminin, and periostin (POSTN) (Figure 6.6A), with significant differences in
collagen alpha-1(I) chain (COL1A1), collagen alpha-1(II) chain (COL2A1), and fibrillin-
1 deposition (Figure 6.6B). COL2A 1 was significantly higher in control samples compared
to 10 and 70 puM thalidomide treated 3D-dECTs. The ECM characterization showed
increased levels of COL1AIl in 70 uM thalidomide treated samples compared to control
(Figure 6.6B), but there was not a significant increase in COL1A1 gene expression in 70
uM day 30 3D-dECTs (Figure 6.5C). The increase in COL1A1 can potentially be explained
by changes in TGF-B expression over time. From day 10 to day 30, TGF-B expression
remained upregulated in 70 uM samples compared to control tissues, where TGF-3
expression was downregulated to pre-differentiation levels. Previous studies have shown
an increase in TGF-B stimulates ECM protein production (Hanna and Frangogiannis 2019)

and inhibits collagenase secretions resulting in a buildup of ECM proteins over time

177



(Bowers, Banerjee, and Baudino 2010). Through utilization of a 3D-dECT model,
thalidomide induced changes to ECM composition and gene expression changes from the

pluripotent state through cardiac tissue formation and differentiation could be quantified.
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Figure 6.6 Thalidomide treatment impacts ECM composition.

(A) The ECM composition was characterized using LC-MS. The percent of secreted ECM
spectra are shown for 0, 10, and 70 uM samples on day 20, with over 50% of the secreted
ECM coming from fibrillin-2 and fibronectin in all treatment groups. The total ECM
composition includes fibrillin, fibronectin, perlecan, collagen, vitronectin, periostin and
others. (B) 70 uM ECM had significantly higher presence of collagen alpha-1(I) chain.
Additionally, control ECM had significantly higher collagen alpha-1(Il) chain compared

to thalidomide treated groups (n=3 tissues, fold change is percent compared to control, (A)
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one-way ANOVA, * = p < 0.05, ** = p < 0.01. (B) Tukey’s multiple comparisons test

within each protein, * = p < 0.05, ** =p <0.01).

Discussion

In this proof-of-concept study, we show that our 3D developing engineered cardiac
tissues (3D-dECTs) can be used to study drug-induced changes to cardiac tissue properties
caused by thalidomide treatment during and after 3D cardiac differentiation. These
developing cardiac tissues are directly differentiated from hiPSCs, allowing for
examination of the cumulative effect of teratogen exposure on the cardiac tissue properties
as well as during differentiation as the cells progress from pluripotent cells to cardiac tissue.
Although thalidomide is a widely studied pharmaceutical, less is known about its
interactions during development, particularly with differentiating hiPSCs. We first verified
that thalidomide did not change short term hiPSC viability, proliferation, and mitochondria
distribution compared to control groups. Thalidomide-treatment groups were administered
to 3D-dECTs starting from day 1 of cardiac differentiation and showed effects after initial
dosage administration. Tissue growth in thalidomide-treated 3D-dECTs was significantly
less on days 5 and 7 when compared to control 3D-dECTs. In our 3D-dECT model we
detected changes in tissue architecture and efficiency of cardiac differentiation on day 10
between the three treatment groups. Tissues began to spontaneously contract in all
treatment groups; however, in the 70 uM thalidomide treated 3D-dECTs, contractions
initiated later than age-matched controls. Initial contraction time intervals of thalidomide-
treated 3D-dECTs were significantly longer and tissue formation was not as apparent as

controls. When dissociated, thalidomide treated CMs contained localized and clustered
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mitochondria while control CMs developed more evenly distributed mitochondria
throughout the cytoplasm. Although most 2D monolayers did not result in contracting
sheets when treated with thalidomide, some electrophysiological results could be obtained
with this 2D approach. During optical mapping of control and thalidomide-treated 2D
cardiac monolayers, calcium transient durations were longer and there was a slower
conduction velocity in the thalidomide-treated samples compared to the control. By
providing a 3D microenvironment throughout the timeline of stem cell differentiation,
developmental changes and abnormalities that cannot be studied in 2D were identified in
3D-dECTs. Changes in ECM deposition were detected between the treatment groups;
notably, thalidomide treated samples had a larger amount of collagen alpha-1(I) chain and
fibrillin-1, and smaller amount of collagen alpha-1(II) chain; additionally, there were
significant differences in nidogen-2 production. Appropriate changes in cardiac gene
expression were detected in all three treatment groups, and there were significant
differences in periostin and TGF-B1 expression between the treatment groups. Here we
show that thalidomide negatively influences cardiac tissue formation, contractile function,

mitochondria development, ECM composition, gene expression, and electrophysiology.

Historically for studying the formation of human CHDs, animal models (Ho et al.
1991), culture of explanted developing myocardium (Rivera-Feliciano and Tabin 2006),
and 2D cell culture models with control and diseased cell lines have been employed.
Animal models provide the ability to study the systemic development in vivo; however,
because of the high cost and recommendations to minimize animal testing, they are not
conducive for use in high-throughput screening assays; furthermore, they do not always

accurately detect human-specific developmental defects, such as with the drug thalidomide
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(Giacomotto and Segalat 2010). Explanted myocardium can provide relevant biological
insights such as structural changes in tissue formation and changes in gene expression;
however, there are a limited number of samples available and cannot be maintained long-
term in vitro. Although in vitro models will always be an imperfect representation of the
in vivo reality, reduction in the number of variables in the system can provide insights that
would otherwise be clouded by systemic complexity. Previously, gene expression profiles
of differentiating hPSCs treated with thalidomide significantly downregulated a variety of
genes, including genes important for cell differentiation and organ development (Mayshar,
Yanuka, and Benvenisty 2011; Meganathan et al. 2012), indicating that an in vitro hPSC-
derived model may successfully recapitulate key aspects of development and provide
insight in thalidomide-induced cardiac defect formation.

Utilizing temporal addition of small molecules has resulted in recent improvements
in cardiac differentiation efficiency in 2D monolayer differentiation systems, which
provides better reproducibility between experiments and allows for more accurate drug-
testing; however, to achieve high yields of CMs and reproducible results, a critical
component for success is the initial cell seeding density and cell proliferation (Lian et al.
2012; Lian et al. 2013a). Drug exposure impacts adherent cell concentration, making 2D
differentiation challenging for systematically assessing the effects of teratogens. Previous
work has been done using hPSCs as model systems to detect thalidomide induced changes,
but these still rely on platforms that are only based on cells (Mayshar, Yanuka, and
Benvenisty 2011; Xing et al. 2015; Z. Ma, Wang, et al. 2015). Alternatively, the approach
of assembling of ECTs after CM differentiation does not allow for investigation of

teratogen-induced changes that can occur during heart development. Particularly with
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thalidomide-induced genetic mutations, an in vitro 3D direct differentiation tissue model
is advantageous to study the impact of the drug-treatment throughout the process of cardiac
tissue differentiation and formation. Because cardiac development is a 3D process, creating
a reproducible and straight-forward 3D developing engineered cardiac tissue (3D-dECT)
platform for developmental pharmacology provides the opportunity to be able to detect
changes that will influence the developing 3D tissue that cannot be detected in 2D.
Thalidomide, which was tested in high concentrations on mice and rats, did not
show any teratogenicity; years later researchers discovered that the teratogenic effects of
thalidomide are species specific. This species specificity emphasizes the importance of
human based in vitro studies (Parman, Wiley, and Wells 1999). Previous research has
suggested that thalidomide is anti-angiogenic (Therapontos et al. 2009), with effects on
chondrogenesis, DNA intercalation, and cell survival and proliferation (Stephens, Bunde,
and Fillmore 2000). Thalidomide is known to bind to CRBN, potentially explaining the
limb deformities because of the resulting inhibition of E3 ubiquitin ligase function (Ito,
Ando, and Handa 2011); more recently, it has been shown that thalidomide can bind to
Tbx5 (Khalil et al. 2017) and promote degradation of SALL4 (Donovan et al. 2018),
potentially explaining the resulting cardiac phenotype. Additionally, thalidomide was
previously shown to induce oxidative stress due to free radical production; in rabbits,
thalidomide generates reactive oxygen species (ROS) that carry out DNA oxidation and
inhibits fibroblast growth factor expression (Parman, Wiley, and Wells 1999; Hansen and
Harris 2004). Knobloch ef al. showed that thalidomide induced oxidative stress enhances
Bmp signaling (i.e. up-regulation of Bmp) and inhibition of Wnt/B-catenin signaling

pathways (Knobloch, Shaughnessy, and Ruther 2007). The upregulation of Bmp
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downregulates Akt signaling; the Aktl gene is essential for angiogenesis in the heart
(Shiojima and Walsh 2006). Both Bmp and Wnt signaling pathways are important in
cardiac development, particularly in small molecule guided stem cell differentiation (Lian
et al. 2013a; Lian et al. 2012); furthermore, these pathways play a critical role in cell
survival, proliferation, and death (Vargesson 2015). This perturbation in these
developmental signaling pathways could therefore lead to thalidomide-induced CHDs and
potentially explain the reason for lower efficiency of differentiation and resulting size of
CMs in thalidomide treated samples in this study along with the noticeable differences in
tissue growth and architecture.

The ECM composition of the resulting 3D-dECTs were quantified, and deposited
ECM included fibrillin, fibronectin, perlecan, collagen, vitronectin, EMILIN-2, laminin,
and periostin, with significant differences in COL1A1, COL2A1, fibrillin-1, and nidogen-
2 deposition between thalidomide-treated 3D-dECTs and the control. Thalidomide has
been previously investigated for improving the inflammatory response after heart failure;
in these studies, thalidomide was found to decrease the collagen content (Yndestad et al.
2006). In addition, type I collagen production was significantly inhibited in cultured human
lung fibroblasts exposed to thalidomide (Tseng et al. 2013). Interestingly, the effects of
thalidomide on (ECM) production during heart development in our 3D-dECT platform
showed opposite effects of type 1 collagen, with significantly more COL1IA1 ECM
deposition in thalidomide treated samples, which can potentially be explained by increased
TGF-B production. Furthermore, there was a significant decrease in COL2A1 ECM

production in thalidomide treated samples.
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Mitochondria are complex organelles that are important in ATP production and cell
signaling (Dorn, Vega, and Kelly 2015), and differences in mitochondria distribution and
structure could were observed following thalidomide administration. The thalidomide-
treated 3D-dECTs contained CMs with clustered mitochondria that were not distributed
evenly throughout the cytoplasm of cells. In comparison, control CMs contained
mitochondria close to the cell nuclei, throughout the cytoplasm, and close to and between
sarcomeres, which is common in healthy muscle cells (Hom and Sheu 2009). Differences
in mitochondria morphology and volume are often associated with increased reactive
oxygen species (ROS) production and apoptosis (Parra et al. 2008), a proposed mechanism
of thalidomide treatment; however more experiments are needed to fully elucidate the
mechanism for the clustering of mitochondria in thalidomide treated CMs.

Thalidomide forever changed the field of drug testing procedures and regulations,
especially for those who are pregnant; however, thalidomide was eventually approved by
the FDA in 1998 for treating multiple myeloma and leprosy, although major warnings and
routine screenings are a requirement to ensure that patients do not become pregnant while
taking this drug (Rehman, Arfons, and Lazarus 2011). Here, we used this known teratogen
as a proof-of-concept to demonstrate that the 3D-dECT model can be used to detect
differences in tissue properties caused by drug administration during cardiac development.
Because the successful production of contracting 3D-dECTs is not closely dependent on
the initial seeding density and cell proliferation, all of our thalidomide-treated 3D-dECTs
showed some degree of spontaneous contraction, which potentially would not have resulted
in contracting CMs in other cell-based studies, particularly those carried out in 2D. Overall,

this platform can be used to identify important differences between control and thalidomide
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treatment groups, including differences in tissue formation and architecture, cardiac
differentiation, contractile function, mitochondrial distribution, ECM deposition, and gene
expression profiles. This study revealed that the 3D-dECT platform can be used to study
drug induced changes to tissue properties during cardiac development and has the potential

to be used in high-throughput drug screening applications and disease modeling.
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Chapter 7: Overall Summary and Conclusions

Engineered cardiac tissues that can be directly produced from human induced pluripotent
stem cells (hiPSCs) in scalable, suspension culture systems are needed to meet the demands
of cardiac regenerative medicine. In the first project (Chapter 2), successful production of
functional cardiac tissue microspheres through direct differentiation of hydrogel
encapsulated hiPSCs is demonstrated. To form the microspheres, hiPSCs were suspended
within the photocrosslinkable biomaterial, PEG-fibrinogen, and were encapsulated at a rate
of 420,000 cells/minute using a novel microfluidic system. Even at this high cell density
and rapid production rate, high intra-batch and batch-to-batch reproducibility were
achieved. Following microsphere formation, hiPSCs maintained high cell viability and
continued to grow within and beyond the original PEG-fibrinogen matrix. These initially
soft microspheres (< 250 Pa) supported efficient cardiac differentiation using the
established RPMI/B27 protocol; spontaneous contractions initiated by differentiation day
8, and the microspheres contained > 70% cardiomyocytes (CMs). CMs responded
appropriately to pharmacological stimuli and exhibited 1:1 capture up to 6.0 Hz when
electrically paced. Over time, cells formed cell-cell junctions and aligned myofibril fibers;
engineered cardiac microspheres were maintained in culture over 3 years. The capability
to rapidly generate uniform cardiac microsphere tissues is critical for advancing
downstream applications including biomanufacturing, multi-well plate drug screening, and
injection-based regenerative therapies.

A key component for clinical translation of ECTs is the need for production to occur

using clinically relevant culture conditions. In Chapter 3, ECT microsphere production
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using chemically defined conditions, including stem cell media (E8) and cardiac
differentiation media (CDM3), is established. The custom microfluidic cell encapsulation
system was used to encapsulate hiPSCs in PEG-fibrinogen microspheres ranging from
400-1000 pm in diameter. High cell viability and phenotype were maintained following
microfluidic encapsulation. Microspheres were highly spherical and were uniform within
a batch. Three days after encapsulation, cardiac differentiation was initiated through
continuous control of the Wnt signaling through supplementation with small molecules.
Efficient cardiac differentiation occurred, and this differentiation protocol could be used to
achieve CM contents greater than with the RPMI/B27 differentiation protocol; however,
there was larger variability in differentiation outcomes. ECT microspheres spontaneously
contracted between day 7 and day 10 of differentiation and responded to electrical pacing
up to 1.5 Hz. Resulting CMs had the presence of well-defined sarcomeres, and the
expression of gap junction protein, Cx43, increased with culture time. Current
biomanufacturing of CMs in large scale bioreactors involves the formation and
differentiation of self-aggregated EBs; therefore, the resulting CM content and cell yield
of microspheres were compared to self-aggregated EBs. Three different platforms for EB
formation and differentiation were utilized: formation and differentiation in a shaker flask
and well plate, and formation in a shaker flask and differentiation in a well plate. CM
differentiation efficiency and resulting number of CMs were similar between the ECT
microspheres and EBs; however, there were indications that a higher number of CMs could
be obtained with the microspheres. Future studies will include a more in-depth
investigation of the differences between the microspheres and the EBs, particularly with

regard to CM formation and maturation.
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Building on this work, the production of ECT microspheroids from encapsulated
hiPSCs with varying size and shape is presented in Chapter 4. Through microfluidic system
parameter modulation, such as PDMS device design and flow fraction, microspheroids
with sizes ranging from 400—-1000 um in diameter with axial ratios (ARs) of 1-9 could be
achieved. An initial design of experiments was produced to systematically investigate the
impact of initial cell concentration, PEG-fibrinogen concentration, microspheroid size, and
AR on cardiac differentiation and maturity. Encapsulated hiPSCs maintained high cell
viability at each of the geometries and continued to proliferate and grow, forming a
continuous tissue following chemically defined cardiac differentiation. ECT
microspheroids began to spontaneously contract between days 7 and 10 of differentiation.
The CM content was assessed on day 10 and there was large variability in cardiac
differentiation efficiencies. Single analysis investigation did not reveal any significant
differences between these features and CM content or cell yield, the number of CMs per
input hiPSC; therefore, feature engineering and data-driven modeling were performed to
investigate these features in combination. A classification model using support vector
machines was developed that could predict CM content with an accuracy of 68% and
Matthew’s correlation coefficient of 0.31. Resulting CMs had the presence of well-defined
sarcomeres by day 30, with indications that microspheroids with higher AR (> 2) resulted
in increased CM elongation and sarcomere organization. Initial scale-up studies
demonstrated the ability to culture and differentiate the microspheroids in shaker flasks,
and over 40 million cells per batch were obtained with high reproducibility in efficiency of
differentiation between batches. Future work will involve further characterization of CM

functionality and maturity by quantification of sarcomere length, sarcomere organization,
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cell size, and cell circularity throughout long-term culture; furthermore, future
characterization will include gene expression of structural and maturity genes and optical
mapping for electrophysiological characterization of action potentials and quantification
of conduction velocity. These results will be used to continue to build and improve the
data-driven models for predicting cardiac differentiation and functionality.

The ability to non-destructively monitor CM differentiation and function in ECTs
would provide advancements in biomanufacturing. One way to monitor CM function is
through electrophysiological recordings of action potentials, and Dr. Gepstein’s research
group previously established an hiPSC line with a genetically encoded voltage indicator
(Shinnawi et al. 2015). Previous research in the Lipke Lab involved the direct
differentiation of ECTs from PEG-fibrinogen encapsulated hiPSC photocrosslinking with
Eosin Y (P. Kerscher, Turnbull, et al. 2016; Petra Kerscher, Kaczmarek, et al. 2016).
Although Eosin Y is water soluble, biocompatible, and can be photocrosslinked with
visible light, it exhibits green autofluorescence that overlaps with common fluorophores
used in cell-imaging assays and the genetically voltage indicator. In Chapter 5, the ability
of the photoinitiator lithium phenyl-2,4,6-trimethlybenzoylphosphinate (LAP) to support
crosslinking of PEG-fibrinogen hydrogels and generate ECTs without autofluorescence
was demonstrated. Two light sources were used for photocrosslinking with LAP, a 365 nm
UV lamp (LAP 365) and a 405 nm hand-held blue light (LAP 405); these were compared
to the previously established crosslinking method using a visible light source for
crosslinking with Eosin Y. Hydrogels crosslinked with LAP 405 were significantly softer
than those photocrosslinked with LAP 365 and EY. A microisland and rectangular

geometry were used for hiPSCs encapsulation in PEG-fibrinogen; encapsulated hiPSCs
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maintained high cell viability and appropriate proliferative and pluripotency phenotype
following LAP-initiated photocrosslinking. Encapsulated hiPSCs could be differentiated
to form a dense, continuous ECT. These ECTs spontaneously contracted with increasing
contraction velocities over time, a feature of maturing CMs. There were no significant
differences in the CM differentiation efficiency or cell number on day 10 between samples
crosslinked with LAP 365, LAP 405, or EY. ECTs photocrosslinked with LAP could be
used for non-destructive monitoring of the action potentials. This study shows the ability
to overcome the autofluorescence of Eosin Y using LAP, and this platform can be used for
monitoring of hiPSCs with a genetically encoded voltage indicator (GEVI) and shows
potential for the use of the direct differentiation system in a 3D bioprinter.

In the last study (Chapter 6), the ability to use the previously established 3D
developing ECT (3D-dECT) model to detect drug-induced changes to cardiac tissue and
formation was demonstrated using the known teratogen, thalidomide. HiPSCs were
encapsulated in PEG-fibrinogen microislands and were cultured for three days prior to
initiation of cardiac differentiation. On day 0, cardiac differentiation was initiated; the
media was supplemented with thalidomide in three concentrations 0 uM (drug carrier), 10
uM, and 70 uM, beginning on day 1 and continued throughout the time course of
differentiation and 3D-dECT culture. Thalidomide treatment impacted tissue formation
and growth in a dose-dependent matter, with statistical differences in tissue area by day 5.
This significant decrease in tissue area in thalidomide treated samples was accompanied
by a subsequent increase in cell debris. On day 10, the percentage of CMs was significantly
lower in thalidomide treated samples compared to the control. Furthermore, there were

differences in function and electrophysiology between the thalidomide treated samples and
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the control. 3D-dECTs from all treatment groups demonstrated appropriate temporal
change in cardiac gene expression. The secreted ECM was quantified using LC-MS, and
thalidomide treatment impacted the composition of secreted ECM, most notably collagen
I, which may be due in part to the upregulation of TGF-3 gene expression. These results
indicate that the direct differentiation platform can be used for drug-testing, particularly
studying the cumulative effect of drugs throughout cardiac differentiation.

Taken together, these results indicate that the 3D direct differentiation platform can
be used to produce functional ECT microspheres from encapsulated hiPSCs using a custom
microfluidic system; furthermore, the flexibility of this system can be utilized to produce
ECT microspheroids with a range of geometries, initial cell concentrations, and PEG-
fibrinogen concentrations using a chemically defined differentiation protocol. This direct
cardiac differentiation platform was extended to be wused in LAP-initiated
photocrosslinking of PEG-fibrinogen for non-destructive monitoring of action potentials
using a genetically encoded voltage indicator. Finally, the ability for this direct
differentiation platform to detect drug-induced changes during development was
demonstrated. These results demonstrate the potential for the use of the 3D direct
differentiation microspheroid platform for scalable production, 3D printing, and high-

throughput drug-screening.
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