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Abstract 
 
 

In the field of tissue engineering, the use of human induced pluripotent stem cells 

(hiPSCs) has proven extremely valuable based on their ability to differentiate into almost 

any cell type within the human body, but keep their inherent biological origin. Until now, 

human physiology, disease modeling and regeneration, as well as organ development are 

not well understood due to the lack of available human-based tissues for experimentation 

and cell therapy. These challenges are used as the ultimate goal in cardiac tissue 

engineering, and are sought to be overcome by using hiPSCs to create authentic 3D 

developing heart tissue in vitro. HiPSCs can be differentiated into contracting 

cardiomyocytes, following natural pathways of human heart development.  

Here we created a highly-reproducible, single-cell handling step procedure to 

encapsulate hiPSCs in PEG-fibrinogen hydrogels to generate functional and maturing 3D 

developing human engineered cardiac tissues (3D-dhECTs) in the geometry of 

immobilized microislands. This single-cell handling procedure not only reduced 

processing steps, but also allowed cells to form important cell-cell and cell-material 

interactions. The feasibility of differentiating hiPSCs within PEG-fibrinogen to create 

3D-dhECT microislands was compared to an already published, highly efficient cardiac 

differentiation procedure which produced 2D cardiac monolayers. After validation of our 

novel 3D model, 3D-dhECTs were exposed to the known teratogen thalidomide, which
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microislands were used to detect differences in tissue growth, frequency of contraction, 

total cell number and percent CMs, as well as CM size, sarcomere distance, and 

mitochondria distribution between control and thalidomide-treated CMs. Next, 3D 

cardiac microspheres were produced by applying our single-cell handling approach. 

Microspheres were created by encapsulating hiPSCs within PEG-fibrinogen and formed 

by a water-in-oil emulsion technique in a custom microfluidic device. Once encapsulated, 

hiPSCs grew and differentiated into contracting cardiac microspheres with CMs 

responding to drug treatment and outside electrical pacing. Finally, we wanted to evaluate 

the suitability of other biomaterials to create a favorable microenvironment for hiPSC 

encapsulation and cardiac differentiation. Gelatin methacryloyl (GelMA) was used due to 

its successful implementation in other tissue engineering and bioprinting applications. 

GelMA was synthesized and characterized using NMR; acellular GelMA hydrogels 

successfully degraded in the presence of collagenase. Once hiPSCs were encapsulated, 

cells grew and degraded the hydrogel over time. HiPSCs differentiated into CMs to 

produce GelMA developing human engineered cardiac tissues (GEhECTs), with 

frequency and velocity of contraction increasing over time. GEhECT CMs developed 

defined and aligned sarcomeres; CMs also responded to outside pacing and drug 

treatment.
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1. INTRODUCTION 

Cardiac disease is the number one cause of death worldwide, accounting for 

approximately 40% of the accumulated mortality rate, with an estimated 25 million 

people suffering from heart failure each year (Bui, Horwich and Fonarow 2011). CMs are 

highly specialized cells and have limited ability to regenerate after a myocardial infarct. 

Following myocardial injury, available treatment options include pharmacological 

therapies (e.g. angiotensin-converting enzyme (ACE) inhibitors or β-blockers) to 

decrease work load (Dobner et al. 2009), interventional therapies (e.g. implantation of 

pacemaker) to inhibit arrhythmias (Hawkins et al. 2006), and total heart transplants, 

which are rare and only a small fraction of patients receive the required organ on time. 

Currently, researchers have the ability to generate autologous human CMs in vitro which 

could restore cardiac function within a short turnover time after the infarct and without 

immune rejection. Cellular function, transplantation, and integration into the native heart 

are obstacles that need to be understood and tested in the future (Nelson et al. 2011) to 

make cell therapy a possible treatment option.  

 

1.1 Stem cells sources for CM production  

The ultimate goal of regenerative medicine is to repair damaged or degenerated tissue. 

Stem cells, with their ability to self-renew in a pluripotent state and differentiate into any 

somatic cell type within the human body, are strong candidates for these regenerative 

applications. Several stem cell sources have been investigated for their potential 

applications; some of which include: fetal stem cells (from terminated fetuses), perinatal 

stem cells (from amniotic fluid, placenta, umbilical cord) (de Lazaro, Yilmazer and 
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Kostarelos 2014, Phinney and Prockop 2007), and embryonic stem cells. Although great 

knowledge has been collected from hESCs since 1998 (Thomson et al. 1998), ethical 

controversy has shadowed the stem cell collection from destroyed human embryos. In 

2006, Dr. Shinya Yamanaka and coworkers revolutionized the field of regenerative 

medicine with their concept to reprogram fibroblasts via nuclear transfer mediated 

reprogramming (viral gene transfer of pluripotency transcription factors), from mouse 

(Takahashi and Yamanaka 2006) and human (Takahashi et al. 2007) cells, producing so 

called induced pluripotent stem cells. Until now, fibroblasts (skin cells) have been used 

excessively due to their availability and ease to harvest (Lowry et al. 2008). In addition to 

overcoming ethical issues, hiPSCs have several other advantages over hESCs, which 

include: production of autologous cell types for personalized treatment options (Ebben et 

al. 2011) and maintenance of genetic inheritance for personalized medicine and disease 

modeling (Yazawa and Dolmetsch 2013, Matsa, Burridge and Wu 2014) while still 

having their ability to efficiently differentiate into all somatic cell types of the human 

body, including functional CMs (Zhang et al. 2009), which is of upmost importance for 

this work (Fig. 1.1) (Burridge et al. 2012).  
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Fig. 1.1. Production of hiPSCs through reprogramming provides human CMs for 

regenerative medicine applications. Somatic cells from adult patients can be used to 

obtain hiPSCs (reprogramming) which can be differentiated into cells of all three germ 

layers (ectoderm, endoderm, and mesoderm). Differentiation of hiPSCs into CMs 

(mesoderm) can be used for disease modeling, drug discovery, and myocardial repair. 

Courtesy: Burridge et al., Cell Stem Cell. 2012;10:16-28. 
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1.2 Cardiac differentiation of hPSCs 

Worldwide, heart disease is the number one cause of death, mainly caused by heart 

attacks or myocardial infarcts resulting in cell death of over 1 billion CMs (Murry, 

Reinecke and Pabon 2006) in the left ventricle alone. With their limited ability to 

regenerate, CM production for myocardial repair is one of the leading research areas in 

the field of regenerative medicine. Three differentiation methods have been shown to 

successfully produce stem cell-derived cardiomyocytes (SC-CMs): EB formation in 

suspension culture with the addition of serum-based media (Zwi et al. 2009, 

Gherghiceanu et al. 2011), EB formation via forced aggregation using serum-based or 

fully defined media (Burridge et al. 2011, Elliott et al. 2011), and 2D monolayer 

production with fully defined media supplemented with small molecules (Hazeltine et al. 

2012, Zhang et al. 2012, Lian et al. 2012). Production of 2D cardiac monolayers using 

temporal addition of small molecules has shown that >98% pure CMs can be produced, 

making it a popular differentiation approach for tissue engineering while providing a 

good CM differentiation platform for more in-depth experimentation and future 

applications.  

  

1.3 Current and future implementations of SC-CMs 

Heart repair of the damaged human myocardium is the ultimate goal of cardiac 

regenerative engineering and therefore focuses on the implementation of SC-CMs 

towards in vivo translation. However, before cell therapy for myocardial diseases 

becomes a reality, there is still a lot to be learned. For now, researchers focus on the 
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translation of SC-CMs for drug-testing applications and disease modeling, as well as pre-

clinical in vivo testing.  

In vitro drug-testing models still rely on primary cells (Lu et al. 2008), which 

have several limitations and disadvantages due to their animal origin, including expense 

of large numbers of animals, time-consuming isolation procedures, animal variability, 

species-variations, and limited culture lifespan in vitro. The use of human SC-CMs can 

overcome these obstacles and in addition provide the potential for personalized medicine 

and disease modeling.  

Several studies have focused on testing SC-CMs and their responses to well-

known and widely studied active pharmaceutical ingredients. Two major questions arise 

when developing new drug-testing platforms for more accurate drug-screening using SC-

CMs. First, how can we produce large-scale experimental platforms that better mimic 

cell-cell and cell-material interactions similar to the native heart; second, can we use 

patient-derived hiPSCs for disease modeling? The production of heart tissues as reliable 

drug-testing platform has been studied by producing engineered heart tissues (EHTs) 

where isolated neonatal rat cardiac cells or SC-CMs were combined with a fibrin-based 

matrix (Schaaf et al. 2011, Hansen et al. 2010) and were tested for their changes in 

calcium handling, electrophysiological properties, and force of contraction in response to 

certain pharmaceuticals. Their automated drug-testing assembly method has been shown 

to provide a sensitive tool for detecting drug-induced changes. Although multiple reviews 

mention the use of 3D cardiac models for drug-testing and screening applications (Wang 

et al. 2014b), only a few selected groups have shown proof-of-concept.  
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In addition to the use of SC-CMs for drug-testing, first attempts have been made 

to produce patient-derived hiPSCs from healthy patients and patients with inherent 

arrhythmogenic heart disorders, such as long QT syndrome, familial hypertrophic 

cardiomyopathy, dilated cardiomyopathy, and mitochondrial cardiomyopathy (Liang et 

al. 2013, Wang et al. 2014a, Han et al. 2014). Recent studies have shown that a library of 

patient-derived hiPSCs can be produced and further applied for CM differentiation while 

exhibiting disease-related electrophysiological differences. Current and future challenges 

involve the production of patient-specific heart tissues instead of only 2D sheets. A 

suitable 3D microenvironment during cell culture can provide a favorable 3D 

architecture, develop tight cell-cell junctions, and enhance CM function and maturation, 

all of which is not achieved in 2D cardiac differentiation. 

The translation from in vitro to in vivo of SC-CMs for myocardial repair are 

currently studied in animal subjects (Ong et al. 2015, Plotkin et al. 2014). Initially, when 

CM differentiation protocols were inefficient, significant differences in CM purity 

slowed down in vivo related research (Kehat et al. 2001, Snir et al. 2003); the goal of cell 

therapy was far from reach. Now, cardiac differentiation protocols using small molecules 

and their ability for upscale CM production, as well as pro-survival factors to reduced 

cell death post-implantation imply hope (Laflamme et al. 2007). While successful graft 

integration with the host tissue has proven successful (Kehat et al. 2004, Li et al. 1999, 

Kutschka et al. 2006), a new set of questions and challenges have evolved, which 

include: in vivo electrophysiological and electromechanical integration and behavior, as 

well as the need for larger, reproducible implantable tissues (Tambara et al. 2003, Pouzet 

et al. 2001) using human SC-CMs. Strategies to overcome these potential issues will 
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include bioengineered matrixes for improved cell survival, CM alignment and 

mechanical and electrical integration with the host tissue post-implantation (Wendel et al. 

2015, Pecha, Eschenhagen and Reichenspurner 2016).   

 

2. INVESTIGATING HUMAN HEART DEVELOPMENT 

2.1 Role of ECM in Cardiac Development 

The ECM plays an important role throughout development of the heart. The physiology 

of heart development is highly complex and involves a variety of different components 

which interact both with each other and with their surroundings (Fig. 2.1) (McCulley and 

Black 2012). Mechanical and structural cues are important in guiding embryogenesis and 

are highly influenced by the cell’s ECM. Furthermore, ECM is known to be essential for 

cell survival, proliferation, morphology, differentiation, as well as for mechanical 

properties and structural support of cardiac tissues (Daley, Peters and Larsen 2008). 

Therefore, interactions between cardiac cells, ECM, and proteoglycans play a vital role in 

heart development. Additionally, understanding the role of different transcription factors 

and transforming growth factors, including activation of their genetic and biochemical 

partners and the resulting responses, is essential to understanding normal and abnormal 

heart development.  
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Fig. 2.1. Key events during the development of the heart. Courtesy: McCulley DJ and 

Black BL, Current Topics in Developmental Biology. 2012;100:253-77. 

 

The developing heart tube is arranged as an EC layer surrounded by myocardial cells, 

with an acellular matrix composed of proteoglycans, collagens, and glycoproteins 

(Bursac et al. 2007). This matrix serves to maintain tube structure and proper regulation 

of flow during embryologic heart development. Overall, these different ECM components 

play essential roles during heart development; they provide and enable cell signaling 

(mechanical, electrical, and chemical), structural support, myocyte connections, 

contractile alignment, force transmittance, tensile strength, and gene expression changes 

(Bowers, Banerjee and Baudino 2010, Brown 2005).  

Collagen is a primary component of the heart’s ECM, playing an important role in 

regulating the stiffness and compliance of the heart (Norton et al. 1997). Multiple types 

of collagen are present in the heart, with collagen type I and type III being the most 

abundant. Both collagen type I and type III influence developmental changes during 

embryogenesis (Liu et al. 1997). Expression of the different collagen types is tightly 
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regulated both in terms of location and in terms of time, thereby regulating the regional 

stiffness and valve structure and function required for proper heart tissue development 

(Peacock et al. 2008). Collagen crosslinking by the structural protein hydroxypyridinium 

(HP) increases during development and throughout life and, thereby, also plays a role in 

determining the local mechanical microenvironment experienced by developing heart 

cells (Gosselin et al. 1998). Alteration in expression of collagen type I and type III can 

lead to serious congenital heart defects (CHDs) (Liu et al. 1997, Glesby and Pyeritz 

1989) (Table 2.1). Therefore, studying different biomimetic materials that can support 

stem cell encapsulation, survival, and cardiac differentiation is desired to understand how 

collagen in influencing the developing human heart.  

Versican, a chondroitin sulfate proteoglycan, is very important for normal heart 

development (Qu et al. 2008, Kruithof, Krawitz and Gaussin 2007, Kern et al. 2007, Kern 

et al. 2006, Henderson and Copp 1998, Yamamura et al. 1997) (Table 2.1). Throughout 

embryogenesis different cell types express versican at different concentrations; for 

instance, it has been shown that versican concentrations increase during the course of 

cardiac differentiation (Chan et al. 2010). This proteoglycan requires the β-catenin/T-cell 

factor complex present at its active site for it to be active (Rahmani, Carthy and 

McManus 2012). Disrupting the versican gene is fatal to the mouse embryo starting at the 

midpoint of development. Finally, recent studies regarding the NDRG4 gene, a gene that 

regulates versican expression, have shown that down regulation of NDRG4 reduces CM 

proliferation, which may ultimately result in cardiac hypoplasia (Qu et al. 2008). Taken 

together, understanding the role of essential ECM proteins during development is critical 

for engineering healthy heart tissue. Additionally, modification of ECM protein 
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expression may offer a venue for creation of engineered cardiac tissue with certain 

disease phenotypes.  

 

Table 2.1. A list of genes and ECM proteins which contribute to the formation of 

congenital defects. 

Gene/ECM 
Material 

Associated cardiac structures Associated congenital 
heart defects 

Ref. 

Nkx2.5  Cardiac progenitor 
differentiation, 
proliferation, specification 

 Heart chamber 
development 

 First degree AV block 
 Idiopathic AV block 
 Atrial septal defect  
 Tetralogy of Fallot 

(Benson et al. 
1999, Schott 
et al. 1998) 

Gata4  Cardiovascular lineage 
 Atrium and ventricle 

division 
 AV node gap junctions 

 Atrial fibrillation 
 Cardiac septal defect  

(Rojas et al. 
2008, Garg et 

al. 2003, 
Posch et al. 

2010, Munshi 
et al. 2009) 

Collagen  
type I, III 

 Fibrillogenesis 
 AV heart valve remodeling 

 Ehlers-Danlos 
syndrome 

 Osteogenesis 
Imperfecta 

(Liu et al. 
1997, Peacock 

et al. 2008, 
Glesby and 

Pyeritz 1989) 
Versican  Cardiomyocyte 

proliferation 
 Cardiac cushion formation 
 AV development 
 Ventricular septation 
 Outflow tract development 

 Ventricular septal 
defect 

 AV canal defect 
 Atrial septal defect 
 Double outlet right 

ventricle defect 

(Qu et al. 
2008, 

Kruithof et al. 
2007, Kern et 
al. 2007, Kern 

et al. 2006, 
Henderson 
and Copp 

1998, 
Yamamura et 

al. 1997) 
 

In summary, ECM components, including collagen and versican play critical roles 

both in cardiac development and in adult heart disease. Biomimetic material design for 

cardiac tissue engineering applications can be informed by these physiological changes in 

ECM protein expression. 
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2.2 Role of Transcription Factors in Cardiac Development 

As research advances, the importance of transcription factors during heart development 

are increasingly better recognized and understood. Transcription factors important for 

directing proper cardiac development include Nkx2.5, Gata4, and T-box; mutations or 

changes in expression levels of these genes have been implicated in the formation of 

CHDs. 

Nkx2.5, an important transcription factor in embryogenesis overall, is a NK-2 

homeobox gene that is important for cardiogenesis (Benson et al. 1999). Mutations in 

Nkx2.5 during heart development can result in a range of heart defects, including 

atrioventricular (AV) block (Schott et al. 1998), atrial septal defect (ASD) (Schott et al. 

1998), tetralogy of Fallot (TOF), as well as many others (Schott et al. 1998, Benson et al. 

1999) (Table 2.1). This list of CHDs shows that Nkx2.5 is essential in AV node 

formation and conduction as well as atrial, ventricular, and conotruncal septation (Benson 

et al. 1999).  

T-box genes are transcription factors with a DNA-binding domain which have 

also an important part in heart development. T-box genes Tbx1 - Tbx5, Tbx18, and 

Tbx20, are involved in proper valve and heart chamber formation, and cardiac lineage 

(Plageman and Yutzey 2005). T-box plays an important part in heart development, with 

expression initiated even before valve development happens, to ensure proper 

morphological development and cardiac conduction system (due to the interaction with 

Nkx2.5) of the developing embryo (Suzuki et al. 2004, Liberatore et al. 2002, Lien et al. 

1999, Lien et al. 2002). The concentration of T-box genes within the heart is closely 

dependent on growth factors, primarily Nkx2.5, which have the ability to induce them 
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(Hatcher and Basson 2001). Tbx5 is the most studied T-box gene due to its important role 

in guiding embryogenesis and forming a functional myocardium by interacting with other 

transcription factors which are also essential for normal heart development (Table 2.1). 

The lack of Tbx5 results in insufficient atria development and heart tube formation which 

can cause atrial septal and ventricular defects (ASD and VSD) as well as AV block. 

Expression levels must be tightly controlled, however; Tbx5 overexpression prevents 

ventricular maturation (Liberatore, Searcy-Schrick and Yutzey 2000). Insufficient 

expression of Tbx5 within the human heart was first detected in Holt-Oram syndrome 

patients (Li et al. 1997) (Holt-Oram syndrome is a limb abnormality due to upper limb 

formation and conduction system abnormalities). Given the connection between T-box 

genes and developmental abnormalities, implementation of growth factors which impact 

the expression of T-box genes is an important consideration in the development of 

biomimetic materials for cardiac regeneration. 

In addition to their individual roles, interactions of multiple transcription factors 

are also critical to proper heart development. Cardiac septal defects (CSDs) are common 

defects in the congenital heart. During abnormal development caused by Gata4 

mutations, the cardiac atrium and ventricle are not dividing in a proper manner to form 

left and right chambers of the heart. As a consequence, oxygenated and deoxygenated 

blood cannot be separated which causes a life threatening dysfunction for the infant and 

can only be resolved by open heart surgery. Recently, the origin of CSDs started to be 

understood by researchers focusing on mutations in the transcription factor genes Gata4, 

Nkx2.5, and Tbx5 (Garg et al. 2003). This defect is present in mice at E15.5 where 

insufficient development of the ventricular myocardium is a consequence of the lack of 
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interactions between these transcription factor genes. Gata4 not only interacts with Tbx5 

and Nkx2.5, but also with many other transcription factors essential for normal heart 

development, which makes Gata4 a very important component throughout embryogenesis 

(Rojas et al. 2008, Posch et al. 2010) (Table 2.1). Furthermore, insufficient formation of 

these interactions will result in the lack of gap junction proteins in the AV node. These 

gap junctions are important to have contractile delay between atrial and ventricular 

chambers (Munshi et al. 2009). 

Many different ECM proteins and transcription factors play vital roles in heart 

embryogenesis; however, changes in expression and interactions among proteins and 

transcription factors has made the monitoring of each factor, as well as identification of 

each factor’s importance, a challenging endeavor. Temporal differences in expression 

vary by species as do the relative expression levels. Studies investigating the role of these 

proteins and signaling molecules have been performed predominantly in small animals, 

such as mice or zebrafish; furthermore, the ability to examine the molecular signaling 

activity of these effectors in the context of human development is non-trivial. Biomimetic 

materials offer an important tool in investigating the role of these molecules in human 

development and in cardiac regeneration. 

Differentiation of hPSCs into CMs mirrors, at least to some extent, the process of 

human heart development. Therefore, ECM proteins and growth factors reported above 

are critical for normal heart development and can influence stem cell differentiation. 

Additional ECM proteins, growth factors, and signaling pathways play important roles in 

human heart development as well, even if not directly implicated in causing 

abnormalities, and are therefore also essential to deriving CMs from hPSCs. To mimic 
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embryonic heart development throughout stem cell differentiation, specific cues are given 

to the cells through temporal manipulation of the culture environment and media 

composition. Across all the major cardiac differentiation protocols, including 

spontaneous EB formation (Zwi et al. 2009, Yang et al. 2008, Laflamme et al. 2007), 

forced aggregation (Burridge et al. 2011, Elliott et al. 2011), and direct monolayer 

differentiation (Zhang et al. 2012, Lian et al. 2012, Hazeltine et al. 2012, Lian et al. 

2013), promoting and silencing specific signaling pathways (e.g. promoting Wnt/β-

Catenin signaling pathways during early development/differentiation) (Naito et al. 2006, 

Ueno et al. 2007) via supplementation with growth factors is essential. These facts raise 

high potential of using hPSCs as tools to mimic human heart development. 

Using materials, in combination with hPSCs, which can mimic the heart’s natural 

microenvironment during development, will positively influence cell fate and maturation. 

Modulating delivery and expression of transcription factors using biomimetic materials 

can be used not only to study human heart development, but also to produce mature 

human CMs in vitro for heart regeneration. 

 

3. BIOMATERIALS FOR CARDIAC TISSUE ENGINEERING 

The dynamic, developing heart grows primarily due to CM proliferation during the 

embryonic and fetal stage of development (Li et al. 1996), which changes significantly 

after birth (Mollova et al. 2013). Although the heart continues to grow, post-fetal growth 

is primarily caused by hypertrophy (CM enlargement) (Laflamme and Murry 2011) in 

response to increased mechanical load (Russell, Motlagh and Ashley 2000, Frey and 

Olson 2003). Size and shape of CMs is important due to the influence of its capacity to 
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propagate electrical impulses and contractile force (Spach et al. 2004). Adult CMs have a 

length-to-width ratio of 7 to 9.5 (Gerdes et al. 1992) with a rod-shaped structure (Louch, 

Sheehan and Wolska 2011, Zhang et al. 2009); these features, in addition to others, can 

be used to distinguish between immature and mature CMs in vitro. Finally, the adult 

myocardium is composed of aligned, elongated CMs, which provides extreme challenges 

when using 2D culture systems (sheet differentiation); cells don’t self-align in 2D culture 

and therefore produce myocyte disarray.  

After birth, the heart’s stiffness significantly increases and plays an important role 

in normal heart development and CM function (Jacot, Martin and Hunt 2010, Prakash et 

al. 1999). Numerous 2D studies, including the culture of hPSCs, neonatal rat CMs, and 

SC-CMs on material substrates that mimic physiological stiffness of the heart 

(~10-50 kPa), showed significant changes in stem cell pluripotency (Musah et al. 2012, 

Sun et al. 2012), differentiation (Engler et al. 2007, Engler et al. 2006), CM maturation 

and sarcomere alignment (Hazeltine et al. 2014, Hazeltine et al. 2012), and more uniform 

and stronger mechanical contractile force. On the contrary, stiffer substrate materials 

worsen CM function (Hazeltine et al. 2012). It has been shown that, during EB formation 

for SC-CM differentiation, EB size plays an essential role for successful cardiac 

differentiation due to the experienced force upon cells. Studies of encapsulated EBs  in 

elastin-like hydrogels ranging between 0.45-2.4 kPa was shown successful; these 

EB-hydrogels were also electrically paced (Chung et al. 2012b). Contracting CMs 

cultured in medium (4 kPa) and stiff (up to 100 kPa) polyacrylamide hydrogels showed 

significant changes in contractile function and time of culture (up to 2 months) (Hazeltine 

et al. 2012). 
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Biomaterials are designed to mimic features of the native tissue 

microenvironment, provide 3D architecture, and enable tight cell-cell junctions to 

generate a better model platform of the human heart (Fig. 3.1). Additionally, biomaterials 

should support cell survival and proliferation while facilitating the production of 

reproducible and large-scale tissues for myocardial repair and providing specific 

environmental cues similar to native ECM proteins and stiffness found in the heart. 

Currently, several key aspects should be considered when using and designing new 

biomaterials: Will the biomaterial promote cell survival, adhesion, proliferation, and 

migration? Will the biomaterial degrade to allow cells to form a fully integrated tissue, 

and if so, will these degradation products cause toxic side-effects? And, will the 

biomaterial cause an inflammatory response to the host tissue? While many different 

biomaterials are currently investigated, some researchers attempt to form scaffold-free 

3D tissues, using isolated rat or chick embryonic CMs (Shimizu et al. 2002b, Shimizu et 

al. 2002a) as well as hESC-CMs (Stevens et al. 2009), to overcome potential in vivo 

complications.  
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Fig. 3.1. Biomimetic approaches for in vitro cardiac tissue formation. Courtesy: 

Zimmermann WH and Cesnjevar R, Pediatric Cardiology. 2009;30:716-23. 

 

Biomaterials, also called “biomimetic materials” are specifically designed and 

chosen to mimic the microenvironment of the tissue of interest. Materials for tissue 

engineering applications can be divided into three categories: natural, synthetic, and 

hybrid. Several examples include, but are not limited to: 

Natural biomaterials: collagen, elastin, gelatin, hyaluronic acid, matrigel, laminin, 

fibrin(ogen) 

Synthetic biomaterials: PEG, poly(lactic) acid, poly(vinyl) alcohol 

Hybrid biomaterials: PEGylated proteins (e.g. PEG-fibrinogen) 

 

Several key aspects are important to consider when creating a physiologically 

relevant model of the human heart: functional, synchronously contracting CMs, 3D tissue 

architecture, and cell alignment and maturation. Anisotropic tissue properties aids 

synchronous contraction of CMs by cell elongation and unidirectional calcium drift 

throughout samples. Several approaches using biomaterials have enhanced CM alignment 
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and elongation by topographical changes of the substrate surface, e.g. surface patterning 

(Chen et al. 2014, Kim et al. 2010) and microcontact-printing (McDevitt et al. 2002, 

Bray, Sheehy and Parker 2008), cyclic mechanical stretch (Mihic et al. 2014), electrical 

pacing, or a combination of more than one (Mansour et al. 2004) (Fig. 3.2).   

While biomaterials can be used as a substrate for 2D cell culture, improve cell 

alignment and CM function, a 3D architecture is essential to enhance cell-cell and cell-

material interactions in vitro, therefore allowing for more accurate drug-testing and 

myocardial repair applications.  

 

 

Fig. 3.2. Biomaterials enhance cell function by providing advanced 

microenviromental cues. Courtesy: Dunn et al., Wiley Interdisciplinary Reviews 

Nanomedicine And Nanobiotechnology. 2014;6:15-39. 

 

Natural biomaterials present an interesting option for tissue engineering 

applications. Natural biomaterials have several advantages and disadvantages 

(Table 3.1), which should be considered based on the tissue of interest and future 

applications. Overall, biomaterials are rarely used alone, but in combination with others 

(mostly natural-natural or natural-synthetic) during 3D in vitro cell culture.  
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Table 3.1. Advantages and disadvantages of natural biomaterials.   

Advantage Disadvantage 

No “foreign material” immune response Poor mechanical properties 

Provide “natural environment” in vitro  Variations in physical properties 

 Animal-based origin 

 Protein sterilization 

 

Table 3.2. Advantages and disadvantages of synthetic biomaterials. 

Advantage Disadvantage 

Easy to process and manufacture, highly 

tunable 

Non-degradable materials inhibit tissue 

ingrowth and nutrient supply 

Readily available  

Biocompatible and biodegradable  

Tunable and reproducible mechanical and 

physical properties 

 

 

 

Matrigel/Collagen Biomaterials 

Matrigel, a basement membrane protein mixture secreted by mouse sarcoma cells 

(Hughes, Postovit and Lajoie 2010), has a very low shear modulus of about <35 Pa 

(Georges and Janmey 2005) and is commonly used as substrate to culture and expand 

hPSCs as well as differentiate them into 2D cardiac sheets (monolayer differentiation) 

(Lian et al. 2013, Zhang et al. 2012) but is not used as biomaterial for 3D tissue 
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production. Collagen, the most abundant protein in the human body, on the other hand, 

has been shown incapable to be used alone without conjunction of a secondary 

biomaterial (Gonen-Wadmany, Gepstein and Seliktar 2004), structural support 

(Serpooshan et al. 2013), or decellularized ECM (Duan et al. 2011). Collagen-based 

biomaterials used in cardiac tissue engineering are often in combination with Matrigel. 

Collagen/Matrigel biomaterials have been shown to enhance CM survival post-

transplantation where implanted tissues lead to improved left ventricular function 

(Kutschka et al. 2006). Additionally, collagen/Matrigel biomaterials are used successfully 

to assemble engineered cardiac tissues (Turnbull et al. 2014, Zimmermann et al. 2002) or 

so called “biowires” (Nunes et al. 2013) providing an enhanced microenvironment for 

improved tissue function and maturation. Some key characteristics of this assembling 

technique are the extended polymerization time (~2 h) and the compaction of cell-laden 

tissues over time (Fig. 3.3).  
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Fig. 3.3. Creation of human engineered cardiac tissues using a collagen/matrigel 

biomaterial. PDMS mold with removable inserts and integrated, deflecting posts (A). 

Side-view of an engineered heart tissue during contraction (visible post-deflection, B). 

Seeded SC-CM/collagen/matrigel cocktail can be evenly seeded into the desired mold 

where it compacts to form a dense, uniformly contracting cardiac tissue over time (C-E). 

Courtesy: Turnbull et al., FASEB. 2014;28:644-54. 

 

Hyaluronan 

Hyaluronan (HA), a glycoaminoclycan protein essential during embryonic development 

as well as CM performance (Chopra et al. 2012, Young and Engler 2011), is a widely 

used biomaterial in cardiac tissue engineering due to its ease for chemical modification 

(Shu et al. 2002, Burdick et al. 2005) that can be applied to mimic different stages of 

cardiac development. Once crosslinked, HA hydrogels can have stronger mechanical 

properties (elastic modulus ~10 kPa) than other natural biomaterials, like collagen. HA-

based hydrogels have been used successfully for hESC (pre-aggregated cell masses) 
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growth in their pluripotent state (Gerecht et al. 2007) and to mimic mechanical cues 

during heart development (Young and Engler 2011).  

 

Gelatin methacryloyl (GelMA) hydrogels 

Gelatin, a water-soluble protein obtained from collagen (acid or alkaline hydrolysis), can 

be substituted with methacryloyl groups to form GelMA (Fig. 3.4 A, B) (Nichol et al. 

2010). GelMA can be photocrosslinked with the addition of a photoinitiator to form 3D 

hydrogels. Gelatin is inexpensive and can be obtained in its denatured form from a large 

number of sources, still keeping important cell binding motifs (Galis and Khatri 2002, 

Van den Steen et al. 2002). GelMA can be prepared with varying methacryloyl 

substitution degrees (20%-80%) which directly influenced hydrogel stiffness and 

swelling properties (Nichol et al. 2010), important for 3D differentiation. Additionally, 

low gelatin methacryloyl substitution shows low elastic moduli (Fig. 3.4 C), which might 

be desired for cardiac differentiation in 3D GelMA hydrogels. It has been shown that 3T3 

fibroblast cells (Nichol et al. 2010, Aubin et al. 2010) can be encapsulated into GelMA 

where cells remained viable, elongated and migrated within the hydrogel (Nichol et al. 

2010). Finally, cells can degrade the hydrogel over time, where time of degradation 

depends on the methacryloyl substitution, cell type, and cell seeding density. 

Additionally, gelatin based substrates have been shown to improve CM maturation and 

enabled long-term culture (Lundy et al. 2013). 
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Fig. 3.4. Synthesis of gelatin methacryloyl and its mechanical properties. (A) Gelatin 

macromeres in affiliation with amine groups are reacted with methacrylic anhydride. (B) 

GelMA can form a hydrogel construct by the addition of a photoinitiator and light 

exposure. (C) Representative stress-strain curves of various degrees of methacrylated 

gelatin. Adopted from Nichol et al., Biomaterials. 2010;31:5536-44. 

 

Fibrin and Fibrinogen-based hydrogels  

Fibrin has successfully been used in cardiac tissue engineering, e.g. creating cardiac 

tissue patches (Tao et al. 2014), 3D cardiac tissues (Schaaf et al. 2011, Hansen et al. 

2010, Schaaf et al. 2014) in combination with a bioreactor designs (Morgan and Black 

2014). The natural biomaterial is also used in affiliation with the synthetic biomaterial 

PEG.  

PEG conjugated proteins have normally different biological characteristics than 

their unconjugated counterparts due to variations after coupling, which adds challenges 

when using PEGylated hydrogels. However, fibrinogen-based hydrogels have been 

shown successful in wound healing and other surgical procedures, where PEG is 
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covalently coupled to fibrinogen (Fig. 3.5), which allows for cell attachment and 

controlled biodegradation of the material. The fibrinogen monomer has three potential 

integrin binding sites and other non-integrin binging sites that enhance cell adhesion 

when encapsulated. Based on the desired speed of degradation, PEG and fibrinogen 

contents can be varied to achieve fast (25:1), intermediate (100:1), or slow (150:1) 

biodegradation. Degree of biodegradation might also play an essential role when 

integrated into the host species for successful tissue integration on site (depending on the 

healing characteristics of the tissue) (Peled et al. 2007). Liquid PEG-fibrinogen precursor 

solution has the ability to form a gel-like hydrogel using non-toxic photoinitiators 

(Mironi-Harpaz et al. 2012) which accelerate the crosslinking process. It has been shown 

that PEGylation of various proteins can influence their biological activity and biophysical 

characteristics leading to undesired effects, like cell death, when combined and 

crosslinked with cells. Fibrin is one of the most abundant and widely used ECM proteins 

in the field of tissue regeneration. The precursor to fibrin is called fibrinogen, fibrin is 

part of the coagulation cascade, where fibrinogen is cleaved from thrombin after injury to 

form fibrin (fibrin is the most abundant component of blood clots). It has been shown that 

fibrinogen cleavage products during coagulation are bioactive. Fibrin gels have limited 

control over mechanical properties, unregulated biodegradation, and a tendency to 

become highly compacted by cellular remodeling. PEG-fibrinogen hydrogels have been 

proven successful in producing cell-laden tissues using smooth muscle cells (Almany and 

Seliktar 2005), NRVMs (Fig. 3.6) (Shapira-Schweitzer and Seliktar 2007), hESC-CMs 

(Shapira-Schweitzer et al. 2009), and others. Currently, PEG-fibrinogen is in clinical 
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trials in Europe, making it a desirable hybrid biomaterial for tissue engineering 

applications.  

 

 

Fig. 3.5. PEG-fibrinogen hydrogel assembly. PEG is covalently conjugated to 

fibrinogen by unpaired thiols; PEG-fibrinogen also contains natural enzyme cleavage 

sites and can assemble to form a hydrogel by photoinitiation of unreacted PEG-DA. 

Courtesy: Almany L and Seliktar D., Biomaterials. 2005;26:2467-77. 
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Fig. 3.6. PEG-fibrinogen hydrogels support NRVM culture. Tissue morphology of 

encapsulated NRVMs in PEG-fibrinogen (a), H&E staining of cardiac tissue 7 days post-

encapsulation (b), fluorescently labeled tissue construct with the cardiac marker αSA on 

day 1 (c) and day 7 (d) show tissue formation over time. Additionally, Cx43 expression 

was visible on day 1 (e) and day 7 (f) of culture. Courtesy: Shapira-Schweitzer et al., 

Journal of Molecular And Cellular Cardiology. 2009;46:213-24. 
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4. SUMMARY OF CHAPTERS 

4.1 Chapter 5 

Human engineered heart tissues have potential to revolutionize cardiac development 

research, drug testing, and treatment of heart disease; however, implementation is limited 

by the need to use pre-differentiated cardiomyocytes (CMs). By providing a 3D 

poly(ethylene glycol)-fibrinogen hydrogel microenvironment, direct differentiate of 

human pluripotent stem cells (hPSCs) into contracting heart tissues was achieved with 

high reproducibility. This straight-forward, ontomimetic approach, imitating the process 

of development, requires only a single cell-handling step, provides reproducible results 

for a range of tested geometries and size scales, and overcomes inherent limitations in 

cell maintenance and maturation, while achieving high yields of CMs with 

developmentally appropriate temporal changes in gene expression. This study 

demonstrated that hPSCs encapsulated within this biomimetic 3D hydrogel 

microenvironment develop into functional cardiac tissues composed of self-aligned CMs 

with evidence of ultrastructural maturation, mimicking heart development, and enabling 

investigation of disease mechanisms and screening of compounds on developing human 

heart tissue. 

 

4.2 Chapter 6 

Drug-induced changes of the developing human heart are unpredictable and difficult to 

understand due to the lack of available in vitro platforms of human based CMs. In this 

study we hypothesize that contributing factors leading to the formation of congenital 

heart defects can be identified by analyzing changes during hiPSC differentiation in 
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response to cardiac mutagens, including the known teratogen thalidomide. Thalidomide 

caused congenital birth defects in more than 10,000 newborns and is known to act in a 

species-dependent manner, making it an interesting model-drug to study with the help of 

our in vitro 3D developing human engineered cardiac tissue (3D-dhECT) model. The 

production of 3D-dhECTs is used as a model system of the developing heart to determine 

thalidomide-induced changes in a human-based in vitro model. In this chapter we showed 

that our 3D-dhECT platform is robust and can be used to identify thalidomide-induced 

changes during stem cell differentiation. Thalidomide and control treatments were 

administered to 3D-dhECTs starting on day 1 of differentiation. Early during 

differentiation, changes in tissue formation and tissue growth were detected between 

thalidomide-treated and control tissues. All control and thalidomide-treated 3D-dhECTs 

started to spontaneously contract, although initial areas of contraction were visualized 

one or two days later in thalidomide-treated 3D-dhECTs than age-matched controls and 

the frequency of contraction was consistently slower than control 3D-dhECTs. 

Differences in tissue architecture, cell number per tissue, as well as sarcomere and 

mitochondria development were also detected in 3D-dhECTs, which had not yet been 

reported. We demonstrated that our 3D-dhECT approach can efficiently detect early and 

late stage thalidomide-induced changes, making it a suitable developmental drug-testing 

platform to screen future pharmaceuticals. 

 

4.3 Chapter 7 

The use of human CMs for regenerative medicine applications is limited by their 

immature nature, as well as low viability and poor integration once injected into the host 
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myocardium. We developed a reproducible, high-throughput microsphere production 

approach using hiPSC encapsulation in PEG-fibrinogen hydrogels. Our single-cell 

handling approach allows us to manufacture hiPSC-laden microspheres in a custom-built 

microfluidic device, followed by direct differentiation of encapsulated hiPSCs to form 

cardiac microspheres with high efficiency. HiPSC grew within and beyond the PEG-

fibrinogen hydrogel boundaries, producing soft (<40 Pa) tissues that started spontaneous 

contraction on day 8 of differentiation, even after applied shear stress. Cardiac 

differentiation was efficient (>70%), with microsphere CMs responding to the β-

adrenergic agonist isoproterenol, antagonist propranolol, and receptor blocker sotalol. 

CMs also responded to outside pacing frequencies up to 6.0 Hz, which was higher than 

what we previously detected with 3D-dhECTs. Over time, cells remodeled their provided 

PEG-fibrinogen hydrogel and produced their own ECM proteins, while forming cell-cell 

junctions and aligned myofibril structures. This study demonstrated the successful 

production of hiPSC-laden microspheres using a scalable tissue fabrication approach that 

resulted in high CM yield and cells surviving applied shear, making it a favorable 

platform for myocardial regeneration cell production.   

 

4.4 Chapter 8 

Direct stem cell encapsulation and cardiac differentiation within supporting biomaterial 

scaffolds are critical for reproducible and scalable production of the functional human 

tissues needed in regenerative medicine and drug-testing applications. Producing cardiac 

tissues directly from pluripotent stem cells rather than assembling tissues using pre-

differentiated cells can eliminate multiple cell-handling steps that otherwise limit the 
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potential for process automation and production scale-up. This objective focused on the 

translation of the previous tissue production process using poly(ethylene glycol)-

fibrinogen hydrogels towards other widely used biomaterials. The naturally modified, 

photocrosslinkable, widely used, and printable gelatin methacryloyl (GelMA) biomaterial 

was chosen for this study. The presented studies demonstrate that low density GelMA 

hydrogels can be formed rapidly using visible light (<1 min) and successfully employed 

to encapsulate human pluripotent stem cells (hPSCs) while maintaining high cell 

viability. GelMA supported tissue growth and dynamic remodeling and facilitated high 

efficiency cardiac differentiation (>70%) to produce spontaneously contracting GelMA 

human engineered cardiac tissues (GEhECTs). GEhECTs showed first spontaneous 

contractions on day 8 of differentiation, with synchronicity, frequency, and velocity of 

contraction increasing over time. GEhECT cardiomyocytes displayed well-defined and 

aligned sarcomeres spaced at 1.85 ± 0.1 µm and responded appropriately to drug 

treatments, including the β-adrenergic agonist isoproterenol and antagonist propranolol, 

as well as to outside pacing up to 3.0 Hz. Overall results demonstrate that GelMA is a 

suitable biomaterial for the production of developing cardiac tissues and has the potential 

to be employed in scale-up production and bioprinting of GEhECTs. 
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5. ENCAPSULATION AND DIFFERENTIATION OF HIPSCS IN 

3D PEG-FIBRINOGEN HYDROGEL SCAFFOLDS 

5.1 Introduction and Motivation 

Limited access to samples of human cardiac tissue severely impedes cardiology research, 

drug testing, and clinical cardiac regeneration efforts. Predicting cardiac toxicity and the 

triggering of arrhythmias represents a major hurdle for pharmaceutical compound 

development, resulting in 20-30% of drugs receiving a black box warning or being 

withdrawn from the market (Lasser et al. 2002, Frank et al. 2014) and having devastating 

economic and societal consequences. Human pluripotent stem cells (hPSCs) provide the 

potential to produce large quantities of physiologically relevant, species-specific and 

even patient-specific cardiomyocytes (CMs) in vitro through directed differentiation. 

Engineered human heart tissues created from such cells can address the challenge of 

widespread cardiac tissue access, thereby providing the ability to study normal and 

abnormal human heart development, as well as revolutionizing high-throughput drug 

screening, modeling of human cardiac diseases, and the field of regenerative medicine. 

However, these tissues must develop structural and functional properties representative of 

the native human myocardium (Yang, Pabon and Murry 2014). In addition, their 

fabrication needs to be straightforward, automatable, scalable, and highly reproducible 

(Bertassoni et al. 2014). Achieving these goals has proven difficult.  

Originally, hPSC differentiation protocols used cell aggregation to create 3D 

embryoid bodies (EBs) (Zwi et al. 2009, Kattman et al. 2011), which facilitated hPSC 

differentiation into spontaneously beating stem cell-derived cardiomyocytes (SC-CMs). 

To overcome the issues of inefficient CM production and irregular reproducibility using 
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this EB cardiac differentiation protocol, researchers have recently focused on modulating 

the chemical environment of differentiating SC monolayers. Through the temporal 

introduction of soluble factors, this approach strives to replicate the cues directing native 

heart development (Lev, Kehat and Gepstein 2005, Kattman et al. 2011). These highly 

efficient 2D differentiation protocols have revolutionized CM production from hPSCs 

(Lian et al. 2013, Burridge et al. 2014); however, this monolayer-based approach does 

not replicate the fundamental 3D nature of myocardial development.  

Tissue engineering offers a 3D solution to the 2D cell culture problem. The 

established paradigm for creation of engineered heart tissues requires a source of CMs, 

either isolated from rodent hearts or pre-differentiated from PSCs. Following 

dissociation, the CMs are combined with a biomaterial scaffold and re-assembled into 

cardiac tissues (Nunes et al. 2013, Turnbull et al. 2014, Zhang et al. 2013, Schaaf et al. 

2011, Tulloch et al. 2011). Although this approach has been successful in creating human 

cardiac tissue, the required pre-differentiation and subsequent dissociation of 

spontaneously contracting SC-CMs precludes direct production of mature cardiac tissues 

from hPSCs. This hinders the investigation on the importance of a cellular 

microenvironment during early human cardiac development. The multiple cell-handling 

steps involved create processing and fabrication challenges, and limit the ability for tissue 

biomanufacturing. They also disrupt important cell-cell junctions, and cause a high 

degree of cell loss. Establishing a simple workflow that reduces the number of 

cell-handling steps and provides a 3D microenvironment throughout differentiation 

would transform the fabrication of human cardiac tissues, which will be critical for their 
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successful utilization in developmental biology research, high-throughput pharmaceutical 

screening, and generation of mature SC-CMs for basic science and clinical applications. 

Natural biomaterials (e.g., fibrin, gelatin, Type-I collagen) have been frequently 

used to support classic engineered cardiac tissue formation (Schaaf et al. 2011, Nunes et 

al. 2013, Mihic et al. 2014) but present limitations due to their inherent batch-to-batch 

variability, lack of immediate structural support, and the degradation of contractility 

during long-term cardiac tissue maintenance in vitro. In comparison, synthetic materials 

are completely defined and rapidly crosslinkable with tunable properties, but typically 

lack biological components inherent to natural scaffolds. Hybrid biomaterials, having 

both natural and synthetic components, provide unique advantages for tissue engineering 

applications. Particularly relevant to forming cardiac tissues, hybrid biomaterials have 

tunable mechanical properties combined with natural sites to support cell survival, 

adhesion, proliferation, and differentiation, as well as degradation and remodeling of the 

scaffolds (Shapira-Schweitzer and Seliktar 2007, Mironi-Harpaz et al. 2012). Therefore, 

hybrid biomaterials, such as poly(ethylene glycol)-fibrinogen (PEG-fibrinogen), enable 

properties of both components to be exploited in guiding hPSC differentiation and the 

process of human engineered cardiac tissue formation (Table 5.1). 

Here we asked whether it is possible to directly create a 3D tissue construct 

emulating key stages of cardiac embryologic development, growth, and maturation in an 

ontogeny-mimicking (i.e., ontomimetic) model of human heart muscle. We found that 

human induced pluripotent stem cells (hiPSCs) can successfully be differentiated into 

contracting CMs while encapsulated within PEG-fibrinogen hydrogels, thereby directly 

forming functional 3D developing human engineered cardiac tissues (3D-dhECTs) with a 
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single cell-handling step during the cell-encapsulation process. For the first time, we have 

successfully encapsulated and differentiated hiPSCs within a controlled biomimetic 

hydrogel microenvironment, achieving developmentally-appropriate temporal changes in 

gene expression, high CM yield, and calcium handling properties similar to age-matched 

CMs produced using high-efficiency 2D monolayer differentiation. Furthermore, CMs 

within our 3D-dhECTs became progressively anisotropic without external 

electromechanical stimuli and developed ultrastructural features characteristic of mature 

CMs. These results demonstrate that providing a 3D architecture during and after hiPSC 

differentiation without disturbing cell-cell junctions and providing continuous 3D cell-

cell and cell-material interactions is advantageous for creating an ontomimetic model of 

native human myocardium. 
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Table 5.1. 3D encapsulation and maintenance of stem cells and stem cell-derived cardiomyocytes. 
 

Author Type of Hydrogel/ 
 3-D matrix material 

Encapsulated / 
suspended cells 

End stage cells CM 
differentiation 
after 
encapsulation  

CM 
differentiation 
protocol 

Characterization of CM 
differentiation 

Longest time 
reported for 
encapsulated 
cells  

(Bearzi et al. 
2014) 

PEG-fibrinogen miPSC Mouse iPSC-
derived CM 

Yes (Rizzi et al. 
2012)  

Immunofluorescence: αSA and 
Cx43 
PCR: Mhy6 and cTnnI 

14 days 

(Shapira-
Schweitzer et 
al. 2009) 

PEG-fibrinogen hESC-CM (Kehat et 
al. 2001)(hESC H9.2 
line) 

Human embryonic 
stem cell-derived 
CM 

No N/A Immunofluorescence: αSA and 
CX43  
TEM  
Functional: contractile displacement 
amplitude, drug treatment. 

14 days 

(Liu, Collins 
and Suggs 
2006) 

PEG-fibrinogen R1 murine ESC R1 murine 
embryonic stem 
cells EBs 

No (Liu and Roy 
2005) 

 

PCR: brachyury 12 days 

(Geuss et al. 
2015) 

PEGylated fibrin 
hydrogels 

Mouse HL-1 CMs 
(Claycomb et al. 
1998) 
 

Mouse HL-1 CMs No N/A Immunofluorescence: αSA and 
Cx43 
Functional: contractile activity (loss 
of activity) 

14 days 

(Ruan et al. 
2015) 

Type I collagen plus 
basement membrane 
proteins (Tulloch et al. 
2011) 

HESC (H7 line) and 
hiPSCs (IMR90 and 
IBJ line) 

Tripotential 
cardiovascular 
progenitor (CVP) 
population (CMs, 
endothelial cells 
and smooth 
muscle-like cells) 
 

Yes (Yang et al. 
2008) (Kattman 
et al. 2011)  
(Paige et al. 
2012) 

Immunohistochemistry: Nkx 2.5 
and cTnT 
Flow cytometry, Western: cTnT  
PCR: αMHC, βMHC and Nkx2.5. 
Functional: calcium transients and 
contractility 

14 days 

(Ban et al. 
2014) 

PA-RGDS 
 

mESC (J1)-CM 
(EBs) 

Mouse embryonic 
stem cell (J1) 
derived CM 

No N/A Live/dead stain. Flow cytometry for 
cardiac markers 

14 days 

(Zhao et al. 
2014) 

Microcapsules with an 
alginate hydrogel core or 
sodium carboxymethyl 
cellulose for microcapsules 
with a liquid core. 

Murine ESCs Murine ES-derived 
CM (beating 
aggregates) 

Yes DMEM+BMP-4, 
bFGF for 3 days, 
followed by 
DMEM w/ 20% 
FBS 

PCR: brachyury, Nkx2.5, and cTnT  
Functional: counting beating focci 

14 days 

(Bauwens et 
al. 2005) 

Agarose hydrogel 
microcapsules (Ryan, 
Nguyen and Sullivan 
1995) inoculated into 
spinner flasks 

mESCs 
 

Mouse ES-derived 
CM  

Yes (Zandstra et al. 
2003) 

PCR: MLC2v and αMHC. 
Immunoflorescence: α-actin (MF20 
and EA 53) 

14 days 

Current PEG-fibrinogen hiPSC (IMR90-1 line 
from WiCell) 

Human iPSC-
derived CMs 

Yes (Lian et al. 2013)  Flow cytometry, PCR, 
Immunofluorescence, TEM 
Functional: Calcium transient, drug 
treatment, MEA 

4 months 

Current 
 

PEG-fibrinogen hiPSC (19-9-11 line 
from WiCell) 

Human iPSC-
derived CMs 

Yes (Lian et al. 2013)  Flow cytometry: cTnT  
Functional: video analysis 

    >1 month 
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Abbreviations: 
CM: cardiomyocytes 
cTNT: cardiac troponin T 
iPSC: induced pluripotent stem cells 
PA-RGDS: Arg- peptide amphiphile (PA) Gly-Asp-Ser (RGDS) 
PEG: poly(ethylene glycol) 
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5.2 Materials and Methods 

5.2.1 HiPSC expansion and culture 

IMR-90 Clone 1 and 19-9-11 human induced pluripotent stem cells (hiPSCs) were 

purchased from WiCell and maintained at 37ºC, 5% CO2, and 85% relative humidity. 

HiPSCs were cultured as colonies on hESC qualified Matrigel (BD Biosciences) using 

mTeSR-1 medium (Stem Cell Technologies). HiPSCs were passaged using Versene (Life 

Technologies) and 5 µM ROCK inhibitor (Y-27632, R&D Systems) was added to the 

mTeSR-1 medium for 24 h post-seeding.  

 

5.2.2 Glass acrylation and PDMS mold preparation 

All chemicals were purchased from Sigma-Aldrich unless specified otherwise. In order to 

accurately track tissue development over time, microisland tissues were fabricated and 

immobilized on acrylated glass coverslips. Circular glass coverslips (21 mm, No. 1, 

Fisher Scientific) were cleaned using 30% hydrogen peroxide (H2O2) and 70% sulfuric 

acid (H2SO4), followed by thorough ethanol rinsing and air-drying prior to glass 

acrylation. Cleaned glass coverslips were incubated overnight using diluted acetic acid 

(9%), 3-(Trimethoxysilyl) propyl methacrylate, and 200-proof ethanol at 25°C. After 

incubation, the acrylated glass coverslips were rinsed in ethanol followed by air-drying.  

Polydimethylsiloxane (PDMS) molds were prepared by combining SLYGARD 184 

silicone elastomer curing agent and SLYGARD 184 elastomer base (Dow Corning 

Corporation). PDMS precursor solution was transferred onto a glass slide fixed with 200 

µm thick spacers on all edges. A second slide was placed on top and the entire assembly 

was bound together by binder clips. The assembly was transferred into an oven at 70ºC 
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for 2 h for curing of the PDMS. The cured PDMS was peeled off the assembly and three 

cylindrical holes with diameters of 6 mm were punched into the PDMS mold using a cork 

borer. The PDMS mold and acrylated glass coverslips were soaked in 70% ethanol for 24 

h followed by complete air-drying under UV-light for at least 24 h to ensure complete 

sterilization. Before use in cell encapsulation, the PDMS mold with three cylindrical 

holes for tissue production was placed on the circular, acrylated glass coverslips and 

pressed down firmly to prevent leakage. 

 

5.2.3 PEG-fibrinogen synthesis and precursor preparation 

PEG-fibrinogen was prepared as previously described (Dikovsky, Bianco-Peled and 

Seliktar 2006). First, poly(ethylene glycol)-diacrylate (PEG-DA) was prepared by 

reacting linear PEG-OH (10 kDa) with acryloyl chloride and triethylamine. The product 

was precipitated in ice-cold diethyl ether, followed by vacuum drying for 48 h. The 

degree of acrylation was quantified by proton 1H NMR.  

For PEG-fibrinogen synthesis, tris(2-carboxyethyl) phosphine hydrochloride 

(TCEP-HCl) was combined with 7 mg/ml fibrinogen in PBS with 8 M urea (1.5:1 TCEP 

to fibrinogen molar ratio). Next, for PEGylation of fibrinogen, PEG-DA was reacted with 

fibrinogen (4:1 molar ratio) for 3 h, precipitated in acetone and dissolved in PBS with 

8 M urea. The reacted PEG-fibrinogen was dialyzed against PBS at 4ºC for 48 h followed 

by lyophilization. To characterize the PEGylated product, fibrinogen content was 

measured using Pierce BCA assay (Thermo Scientific). 

Lyophilized PEG-fibrinogen powder was re-dissolved in PBS to obtain a final 

fibrinogen concentration of 10 mg/ml. PEG-fibrinogen precursor solution was prepared 
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by combining PEG-fibrinogen with 1.5% triethanolamine (TEOA), 3.96 µl/ml N-vinyl 

pyrrolidone (NVP), and 10 mM eosin Y (Fisher Scientific) photoinitiator (in PBS) 

(Franco, Price and West 2011). 

5.2.4 HiPSC dissociation and microisland formation 

HiPSCs were dissociated using Versene (cluster hiPSC encapsulation for IMR90-1 and 

19-9-11 hiPSC lines) or Accutase (single IMR90-1 hiPSC encapsulation, Innovative Cell 

Technologies) to form 3D developing human engineered cardiac tissue (3D-dhECT) 

microislands (day -3). Cluster or single hiPSCs were resuspended in mTeSR-1 medium 

and centrifuged for 5 min at 200 g. The supernatant was aspirated using a glass Pasteur 

pipette and complete aspiration was insured through inversion of the tube without 

disturbing the cell pellet. Cluster or single hiPSCs were resuspended uniformly at a 

density of 55 ± 8.5 × 106 hiPSCs/ml of PEG-fibrinogen precursor solution using a wide 

orifice pipette tip. 10 µl of this mixture was added to each of the three cylindrical holes in 

the PDMS mold on acrylated glass coverslips and crosslinked using visible light 

(intensity of 48 mW/cm2 at a distance 3 cm away) for 1 min. The PDMS mold 

surrounding the three crosslinked hydrogels (3D-dhECT microislands) was then carefully 

detached and the acrylated glass coverslip with covalently coupled microislands was 

transferred to a 12-well plate (three tissues per well) and cultured in 2 ml mTeSR-1 

medium supplemented with 5 µM ROCK inhibitor for 24 h (day -3). On the two days 

following encapsulation (day -2, day -1), 3D-dhECT microislands were cultured in 

mTeSR-1 medium with daily medium exchange. On the third day post-encapsulation 

(day 0), cardiac differentiation was initiated. All encapsulations resulted into successfully 

contracting cardiac tissues. 
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5.2.5 2D monolayer differentiation of hiPSCs 

For 2D monolayer differentiation of hiPSCs (IMR90-1 hiPSC line), the composition of 

the media and timeline of differentiation was based on a previously published method 

(Lian et al. 2013); 2D differentiating monolayers were used as controls. Briefly, hiPSCs 

were dissociated using Accutase, resuspended in mTeSR-1 medium, counted, and 

centrifuged. HiPSCs were seeded at 1 × 106 hiPSCs/well in a Matrigel coated 6-well plate 

with 4 ml mTeSR-1 medium + 5 µM ROCK inhibitor for 24 h (day -4). From day -3 until 

day 0, mTeSR-1 medium was replaced daily. On day 0 of differentiation, medium was 

changed to 4 ml RPMI/B27 without insulin (Life Technologies) + 12 µM CHIR99021 

(Selleckchem) for 24 h. Medium was changed to 4 ml RPMI/B27 without insulin for an 

additional 48 h. On day 3, 2 ml RPMI/B27 without insulin and 5 µM IWP2 (Tocris) were 

combined with 2 ml old RPMI/B27 without insulin (“combined medium”) and cells were 

cultured until day 5, when medium was changed back to RPMI/B27 without insulin. On 

day 7 and every three days thereafter, medium was replaced with RPMI/B27 (Life 

Technologies).  

 

5.2.6 3D cardiac differentiation of cluster and single hiPSCs in PEG-fibrinogen 

hydrogels 

Cluster and single encapsulated hiPSCs underwent differentiation following the same 

protocol used for the 2D monolayer differentiation of hiPSCs. On day 0 of 

differentiation, medium was changed from mTeSR-1 to 2 ml RPMI/B27 without insulin 

+ 12 µM CHIR99021 per well. After 24 h (day 1), medium was changed to 2 ml 

RPMI/B27 without insulin. On day 3 of differentiation, medium was replaced with 1 ml 
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fresh RPMI/B27 without insulin, 5 µM IWP2, and 1 ml old RPMI/B27 without insulin 

and cultured for an additional 48 h. On day 5, medium was switched back to 2 ml 

RPMI/B27 without insulin and followed by 2 ml RPMI/B27 medium on day 7, medium 

being replaced thereafter every three days.  

 

5.2.7 HiPSC viability and immunofluorescence 

HiPSC viability on day -2 (24 h post-encapsulation) was assessed using a LIVE/DEAD® 

viability kit (Molecular Probes) following manufacturer’s instructions. Confocal Z-stacks 

(step size = 5 µm) were taken through the entire tissue thickness at several randomly 

selected locations within each 3D-dhECT microisland (n = 3) using a Nikon A1R laser-

scanning confocal microscope and NIS Elements software (Nikon). To assess 3D-dhECT 

protein expression of proliferation markers proliferating cell nuclear antigen (PCNA) and 

Ki67, cardiac markers cardiac troponin T (cTnT) and sarcomeric α-actinin (αSA), and 

gap junction protein connexin 43 (Cx43), tissue samples were prepared for 

immunofluorescence. To assess the area and circularity of single CMs, dissociated 3D-

dhECT cells were immunostained using αSA and Caveolin 3 (T-tubules). First, samples 

were fixed using methanol for PCNA, 4% paraformaldehyde (Electron Microscopy 

Sciences) for Ki67, cTnT, αSA, and Caveolin 3, or 50/50 ice-cold acetone/ethanol for 

Cx43. Fixed tissues and dissociated cells were permeabilized with PBS-T (PBS with 1% 

bovine serum albumin (BSA) and 0.2% Triton X-100) and blocked (3% fetal bovine 

serum (FBS, Atlanta Biologicals) in PBS). Samples were consecutively incubated in 

primary and secondary antibody (Table 5.2). All primary and secondary antibodies were 

applied for at least 24 hours at 4ºC. Cell nuclei were stained with 4’,6-diamidino-2-
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phenylindole (DAPI, Molecular Probes). All fluorescently labeled samples were 

visualized using a Nikon A1si confocal microscope. For subsequent characterization 

studies and comparisons to 2D monolayers, cluster encapsulated 3D-dhECTs were used. 

 

5.2.8 Tissue area growth 

Throughout the initial stages of hiPSC encapsulation, images of entire tissues from both 

hiPSC lines were acquired daily at low magnification using a phase contrast microscope 

(Ti Eclipse, Nikon) equipped with an Andor Luca S camera. Tissue edges were identified 

and the lateral surface area of 3D-dhECTs was analyzed in ImageJ with standard analysis 

plugins (n = 3-4 tissues per hiPSC line). Tissue growth was based on normalized day 0 

tissue surface area.  

 

5.2.9 Flow cytometry 

On day 20, 2D monolayers were washed with PBS and incubated in 0.25% trypsin 

(EDTA, Mediatech) at 37ºC for 5 min. Age-matched 3D-dhECTs from both hiPSC lines 

were washed with PBS followed by 2 h incubation at 37ºC on a rotator (Boekel Orbitron 

Rotator, Model 260250, Boekel Scientific) with collagenase Type 2 (1 mg/ml, 

Worthington) in 120 mM NaCl, 5.4 mM KCl, 5 mM MgSO4, 5 mM Na-pyruvate, 20 mM 

glucose, 20 mM taurine, and 10 mM HEPES (pH 6.9) supplemented with 30 µM CaCl2, 

followed by incubation in 0.25% trypsin (EDTA) at 37ºC for 5 min. All cells (in 2D 

monolayers and 3D-dhECTs) were then singularized by pipetting (using a 1000 µl 

pipette), transferred to a centrifuge tube with RPMI20 medium (RPMI 1640 medium with 

20% FBS) and centrifuged for 5 min at 200 g. The supernatant was removed and the cell 
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pellet was resuspended in 4% paraformaldehyde and incubated for 20 min at 25°C. Cells 

were centrifuged for 5 min at 200 g, supernatant was aspirated and the cell pellet was 

resuspended in 90% cold methanol and incubated at 4ºC for 15 min. The fixed cells were 

blocked with 5% BSA in PBS for 5 min and centrifuged for 5 min at 200 g. After 

washing two more times with 5% BSA in PBS, cells were incubated in 100 µl primary 

antibody (Table 5.2) diluted in 0.5% BSA and 0.1% Triton X-100 in PBS. To analyze 

CMs, proliferating cells, and fibroblasts, the primary antibody combinations cTnT/Ki67 

and cTnT/P4HB were chosen. After incubation at 4ºC overnight, cells were washed with 

0.5% BSA and 0.1% Triton X-100 in PBS, which was repeated twice. Cells were further 

incubated in 100 µl secondary antibody (Table 5.2) diluted in 0.5% BSA and 0.1% 

Triton X-100 in PBS for 30 min at room temperature, protected from light. Finally, cells 

were washed with 0.5% BSA and 0.1% Triton X-100 in PBS three times and resuspended 

for analysis in 500 µl 5% BSA in PBS. Samples were run on a BD Accuri C6 (BD 

Biosciences) and were analyzed using FlowJo V10.  

 

5.2.10 Reverse transcription quantitative PCR 

Total RNA was extracted from hiPSCs, 2D monolayers, and 3D-dhECTs on 

days 0, 10, 20, and 30 of differentiation (n = 3 independent differentiations) using 

Nucleospin RNA kit (Macherey-Nagel). Reverse transcription quantitative PCR (RT-

qPCR) was performed using SuperScript III Platinum One-Step RT-qPCR kit 

(Invitrogen) in conjunction with Taqman probes (Integrated DNA Technologies). Equal 

amounts of RNA (50 ng/19 µl) were used for each measurement. The RT-qPCR protocol 

consisted of 1 cycle at 50 ºC (15 min), 1 cycle of 95ºC (3 min), 45 cycles of 95ºC (15 s) 
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and 55ºC (30 s). Gene expression levels were normalized to the housekeeping gene 

GAPDH using the 2-ΔCt method. Duplex RT-qPCR was used for Oct4, MYL2v, and Cx43 

genes; αMHC, βMHC, and GAPDH were quantified separately (Table 5.3). 

 

5.2.11 Frequency of contraction 

Video recordings of spontaneously contracting 3D-dhECTs were acquired on a phase 

contrast microscope (Ti Eclipse, Nikon) using a high speed camera (Andor Luca S) to 

determine frequency of contraction. The number of contractions per minute at early 

(day 8-11), intermediate (day 20-25), late (day 30-33, n = 3 independent differentiation 

batches), and long-term (days 50, 60, and 90, n = 2 tissues) time points were analyzed 

using NIS Elements and ImageJ software. Contractility differences between single and 

cluster encapsulated hiPSCs were determined by video analysis of the relative changes in 

transmitted light intensity of spontaneously contracting cardiac tissues on day 14 of 

differentiation.  

 

5.2.12 Sarcomere alignment and spacing in 3D cardiac tissues 

Throughout the differentiation process, sarcomere alignment of days 20, 30, and 124 

αSA-stained cardiac tissues was analyzed using ImageJ software version 1.48q (NIH) in 

affiliation with the fast Fourier transform (FFT) analysis tool. Images were imported into 

ImageJ, and sarcomere pattern formation over time was assessed by increasing 

periodicity, alignment, and pattern convergence in the FFT output spectra.  Sarcomere 

alignment and spacing was also determined by manually drawn linear paths along visible 

sarcomeres. In addition to sarcomere alignment, day 124 αSA-stained CMs were used to 
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quantify sarcomere spacing; for this, manually drawn linear paths along well-defined 

sarcomeres (n = 200 CMs) were used to collect an intensity profile for each chosen CM 

where distances between peaks were analyzed using Microscoft Excel. Sarcomeres 

chosen for alignment and spacing were selected based on continuity of sarcomeres in a 

single field of view. 

 

5.2.13 3D-dhECT CM size, circularity, length-to-width ratio and Caveolin 3 

immunofluorescence staining 

For size and circularity measurements, day 52-60 tissues were dissociated into single 

cells (see tissue dissociation section in Flow Cytometry) and re-plated onto fibronectin 

coated PDMS coverslips. After three days, cells were immunofluorescently stained and 

imaged. Cells were analyzed for their cell area and circularity using ImageJ software with 

standard analysis plugins (n = 32 CMs). These samples were also used for αSA/Caveolin 

3 staining. Four month old 3D-dhECTs were enzymatically dissociated and seeded onto 

fibronectin-coated well plates. 24 hrs after dissociation, phase contract images were taken 

of three separately dissociated tissues. Length and width of 60 cells were measured using 

ImageJ and the ratio was calculated. Cell clusters of two or more cells were excluded for 

this analysis.  

 

5.2.14 Calcium handling 

To immobilize cells for proper calcium transient acquisition, glass coverslips (21 mm, 

No. 1, Fisher Scientific) were coated with PDMS using a WS-400-6NPP spin coater 

(Laurell Technologies Corporation). Briefly, SLYGARD 184 silicone elastomer curing 
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agent was mixed with SLYGARD 184 elastomer base (Dow Corning Corporation) at a 

ratio of 1:10, applied on the glass coverslips and evenly spin-coated to obtain PDMS 

coated coverslips. These were cured at 60ºC for several hours, sterilized using 

70% ethanol, and then dried under sterile conditions for at least 24 h. In order for 

successful single CM attachment, 25µg/ml fibronectin in ice-cold ultrapure water was 

applied on PDMS coated coverslips and incubated for at least one hour at room 

temperature. 

Day 14 2D monolayers and 3D-dhECTs were dissociated using 0.25% trypsin 

(EDTA) at 37ºC for 5 and 8 min, respectively. Cells were singularized by pipetting, 

added to RPMI20 medium (Lian et al. 2012), and centrifuged for 5 min at 200 g. 

Singularized cells were resuspended in RPMI20 + 5 µM ROCK inhibitor and transferred 

onto fibronectin-coated PDMS-glass coverslips. Cells were incubated for 48 h to ensure 

uniform cell attachment. Medium was then switched to RPMI/B27 and cells maintained 

for 3 to 5 days. CM calcium transient recordings were obtained using an IonOptix 

Myocyte Calcium and Contractility Recording System. Samples were incubated in 5 µM 

Fura-2AM dye (Molecular Probes) in 37ºC warm Tyrode’s solution (1.8 mM CaCl2, 

5 mM glucose, 5 mM HEPES, 1 mM MgCl2, 5.4 mM KCl, 135 mM NaCl, and 0.33 mM 

NaH2PO4, pH 7.4) for 30 min. CMs were paced at frequencies from 0.5 - 2.0 Hz (0.5 Hz 

increments) and stimulated at 30 V; maximum capture rate was defined as the highest 

pacing frequency for which there was a 1:1 correspondence between exogenous pacing 

and cell response. Calcium transients were recorded 100 frames per second and calcium 

transient duration at 50% and 80% time to baseline was measured. In addition to 

responses to outside electrical stimuli, spontaneously contracting 3D-dhECT CM 
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response to 0.5 µM isoproterenol (Molecular Devices) was examined. Representative 

calcium transient traces were processed by temporal averaging of five time steps.    

 

5.2.15 Multielectrode array (MEA)  

Day 20 3D-dhECTs were dissociated for 2 hrs in collagenase solution (as previously 

described for flow cytometry), resuspended in RPMI20 medium supplemented with 5 µM 

ROCK inhibitor, and cultured on a S2 type MEA200/30-Ti-gr (Multichannel Systems) 

for at least 24 hrs. Spontaneously contracting CMs were perfused with Tyrode’s solution 

at 37 ºC using a MEA system with Multichannel Systems 1060-Inv-BC amplifier. When 

stabilized, baseline field potential recordings were acquired at a sampling frequency of 

10 kHz. CMs were exogenously paced at 0.5, 1, 2, and 3 Hz. To assess drug response, 

1 µM isoproterenol was added with a subsequent addition of 1 µM propranolol 

(Molecular Devices). Drugs were washed out to recover the baseline field potential 

profile.  

5.2.16 Transmission electron microscopy (TEM) 

Day 24 and day 124 3D-dhECTs were fixed in 3% glutaraldehyde (Electron Microscopy 

Science) at 4ºC before shipping to the pathology core at Icahn School of Medicine at 

Mount Sinai, NY. Tissue samples were sectioned (50 - 60 nm) and stained with Uranyl 

Acetate Solution and Reynold’s Lead Citrate Solution. Processed tissue slices were 

examined using a transmission electron microscope (H-7650, Hitachi High 

Technologies).  
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5.2.17 Quantification of sarcomere structure 

The prevalence of H-zones and I-bands were measured to quantify the sarcomere 

structural features. The numerical ratio of H-zones to sarcomeres, and the ratio of I-bands 

to Z-lines were analyzed from TEM images from day 124 3D-dhECTs using ImageJ 

software version 1.49v (NIH) with the Plot Profile analysis tool. Each image was 

imported into ImageJ and a linear region of interest was manually drawn across the 

length of a selected sarcomere; a 25-pixel line width was used to improve signal to noise, 

with the live plot option allowing real-time evaluation of the gray scale intensity pattern. 

The variation in gray scale values was used to identify Z-lines (pronounced decrease in 

the gray scale value), I-bands (pronounced increase in the gray scale value bordering the 

Z-lines) and H-zones (increase in gray value in the central region between each pair of Z-

lines).  A total of 101 sarcomeres and 142 z-lines were measured from 3 TEM images at 

2-2.5K magnification. 

 

5.2.18 Statistics 

Results were analyzed from a minimum of three replicates for each experiment using 

Minitab 16.  All values presented are mean ± SD. Data were compared using one-way 

analysis of variance (ANOVA) followed by Tukey’s test, P < 0.05 was considered 

statistically significant.  
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Tables 5.2. Primary and secondary antibodies for immunofluorescence (IF) and flow cytometry 
(FC) 
Antibody Specification Dilution 
Sarcomeric alpha actinin Mouse IgG1/Sigma-Aldrich/A7811 1:200 (IF) 
Connexin 43 Rabbit IgG/Sigma-Aldrich/C6219 1:200 (IF) 
Proliferating cell nuclear 
antigen 

Mouse IgG2a/Millipore/MAB1691 1:200 (IF) 

Caveolin 3 Rabbit IgG/Abcam/ab2912 1:200 (IF) 
Cardiac troponin T Mouse IgG1/Thermo Scientific/MA512960 1:200 (IF), 1:20 (FC) 
Ki67  Rabbit IgG/Abcam/ab92742 1:200 (IF), 1:100 (FC) 
P4HB Rabbit IgG/Abcam/ab137110 1:100 (FC) 
Caveolin 3 Rabbit IgG/Abcam/ab2912 1:200 (IF) 
Mouse isotype control Mouse IgG1/Thermo Scientific/MA110406 1:100 (FC) 
Rabbit isotype control Rabbit IgG/Thermo Scientific/PA523090 1:50 (FC) 
Secondary antibody Alexa 488 Goat anti-Rabbit IgG/A-11008 1:200 (IF), 1:1000 

(FC) 
Secondary antibody Alexa 568 Goat anti-Mouse IgG/A-11004 1:200 (IF) 
Secondary antibody Alexa 647 Goat anti-Mouse IgG/A-20990 1:1000 (FC) 
 
Table 5.3. Primer and Taqman probe sequences for RT-qPCR 
Name Product Sequence Citation 
  F: CCCCTTCATTGACCTCAACTACA (Lian et al. 

2012) GAPDH GAPDH R: TTGCTGATGATCTTGAGGCTGT 
  P: /5Cy5/AAATCCCATCACCATCTTCCAGGAGC/3IAbRQSp/  
  F: CCTGGGGGTTCTATTTGGGA (Zwi-

Dantsis et al. 
2013) 

POU5F1 Oct4 R: CCACCCACTTCTGCAGCAA 

  P: /56-FAM/CAAACGACC /ZEN/ATCTGCCGCTTTGAG 
/3IABkFZ/ 

 

  F: GGGCGGAGTGTGGAATTCTT (Lian et al. 
2013) MYL2  MYL2v R: CCCGGCTCTCTTCTTTGCTT 

  P: /56-FAM/AGTGCTGGG /ZEN/TCCTTTCCACCAT 
/3IABkFQ/ 

 

  F: ACCAACCTGTCCAAGTTCCG (Lian et al. 
2013) MYH6 αMHC R: TTGCTTGGCACCAATGTCAC 

  P: /56-FAM/AGCATGAGC /ZEN/TGGATGAGGCAGAG 
/3IABkFQ/ 

 

  F: CACAGCCATGGGAGATTCGG (Lian et al. 
2013) MYH7 βMHC R: CAGGCACGAAGACATCCTTCT 

  P: /56-FAM/CCTACCTGC /ZEN/GCAAGTCAGAGAAGG 
/3IABkFQ/ 

 

  F: TGAGCAGTCTGCCTTTCGTT (Lian et al. 
2013) GJA1 Cx43 R: CCAGAAGCGCACATGAGAGA 

  P: /56-
FAM/ACACTCAGC/ZEN/AACCTGGTTGTGAAA/3IABkFQ/ 

 

 
F: forward primer, R: reverse primer, P: Taqman probe 
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5.3 Results 

5.3.1 PEG-fibrinogen hydrogels support stem cell survival and proliferation 

HiPSCs are frequently cultured and passaged in multi-cellular clusters, which has been 

reported to enhance cell viability and maintenance of pluripotency when compared to 

single cell dissociation (Beers et al. 2012). On the other hand, the inherent variability in 

cluster size might present a challenge for creating highly reproducible 3D-dhECTs from 

hiPSCs. In this work we established the ability to create 3D tissues using both cluster and 

single dissociated hiPSCs. In both cases, a cell suspension of (55 ± 8.5) × 104 hiPSCs per 

tissue was combined with aqueous PEG-fibrinogen precursor solution and 

photocrosslinked using visible light to create 200 µm thick 3D “microisland” tissues (Fig. 

5.1). Both cluster and single hiPSCs were uniformly distributed throughout the 3D-

dhECT microislands (Fig. 5.2 A, F); tissues formed using single hiPSCs appeared more 

homogeneous compared to cluster encapsulated hiPSCs (Fig. 5.3 A). HiPSC viability 24 

h post-encapsulation (day -2, Fig. 5.2 B, G) was comparable to standard hiPSC passage 

and culture (Nie et al. 2014).  

Encapsulated cluster and single dissociated hiPSCs grew and proliferated within 

the PEG-fibrinogen hydrogels both prior to (day -2 to day 0, Fig. 5.3 A) and following 

initiation of differentiation (day 0), which resulted in an expanded microisland lateral 

surface area of 20.1 ± 8.0% (IMR90-1 hiPSC line) and 25.5 ± 8.0% (19-9-11 hiPSC line) 

percent area increase by day 5 of differentiation (Fig. 5.3 B). Cell proliferation on day 10 

was observed by immunostaining for proliferating cell nuclear antigen (PCNA, 

Supplementary Movie 5.1), with the high numbers of proliferating cells located on the 

tissue edges (Fig. 5.3 C). During early stages of cardiac differentiation, cluster 
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dissociated hiPSCs continued to grow as aggregates. Cells occupied the entire hydrogel 

volume quickly (Fig. 5.2 C-E) and tissues exhibited more growth at the edges than in the 

center. Tissue thickness increased from ~200 µm to 300 µm between days 3 and 5, with a 

dense tissue ring forming around the perimeter of the microisland (Fig. 5.3 D). In 

comparison, encapsulated single hiPSCs first formed small colonies and then 

subsequently formed interconnected tissue structures (Fig. 5.2 H-J). 
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Fig. 5.1. Schematic of hiPSC encapsulation to produce 3D cardiac microislands. 

HiPSCs are combined with liquid PEG-fibrinogen precursor, added into a PDMS mold 

(not shown) on acrylated glass, and photocrosslinked under visible light to form 

microislands. All encapsulated hiPSCs are maintained in their pluripotent state for three 

days, followed by induction of cardiac differentiation to produce uniform contracting, 

cardiac tissues. Illustration by Brennen Reece. 
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Fig. 5.2. Cluster and single encapsulated hiPSCs remained viable and proliferated in 

PEG fibrinogen hydrogel to form 3D cardiac tissues over time. Encapsulated (A) 

cluster and (F) single hiPSCs formed “microisland” tissues (images taken on day 0 of 

differentiation). (B, G) HiPSCs remained viable (green) 24 h post-encapsulation (n = 3 

tissues) and (C-E, H-J) proliferated during early stages of cardiac differentiation. E, J 

represent Supplementary Movies 5.3 and 5.4. 
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Fig. 5.3. Cluster and single encapsulated hiPSCs grew and proliferated in PEG-

fibrinogen hydrogels. (A) Higher numbers of cluster hiPSCs proliferated on tissue 

edges, while encapsulated single hiPSCs grew independent of tissue location. (B) 

Initially, cells grew and occupied void spaces within the pre-existing tissue footprint, 

followed by a tissue growth beyond the original microisland boundaries which resulted in 

a lateral surface area increase of 20.1 ± 8.0 % for IMR90-1 hiPSC encapsulations and 

25.5 ± 8.0 % for 19-9-11 hiPSC encapsulation between days 0 and5 of differentiation (n 

= 3-4 tissues). (C) Z-stack slice of day 10 PCNA-stained cluster encapsulated tissue edge 

indicated a high number of proliferating cells on the edge of the tissue. Cell nuclei were 

counterstained with DAPI. Star is on side of tissue edge. (D) High magnification phase 

contrast images of cluster encapsulated hiPSCs on day 5 and day 30 revealed differences 

in tissue density, leading to a dense tissue ring around the microisland perimeter. White 

arrows indicate locations with higher cell density. 

 

5.3.2 Encapsulated hiPSCs form uniformly contracting, functional cardiac 

tissues  

This direct encapsulation and cardiac differentiation process resulted in uniformly 

contracting cardiac tissues with a high degree of repeatability, while requiring only one 

cell-handling step. All 3D-dhECTs were observed to spontaneously contract, with 

contraction initiating consistently on day 6 for the cluster 19-9-11 hiPSC line 

encapsulations (n = 3 independent differentiations, Supplementary Movie 5.2), day 7 for 

all cluster IMR90-1 hiPSC line encapsulations (n > 40 independent differentiations), and 

between days 9-11 for all single encapsulated hiPSCs (n = 3 independent 
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differentiations), which compares to day 8-9 for control 2D monolayers (n > 20 

independent differentiations). The number of spontaneously contracting areas and 

synchronicity of contraction increased over time for both cluster and single cell 3D-

dhECTs, consistently resulting in essentially uniform contracting tissues by day 14 

(Supplementary Movies 5.3 and 5.4). Frequency of spontaneous contraction for cluster 

3D-dhECTs was slowest during early differentiation (0.60 ± 0.21 Hz, days 8-11) and 

increased throughout the differentiation process to 1.37 ± 0.04 Hz by days 30-33 (n = 3 

separate differentiations, Fig. 5.4). During long-term culture, the spontaneous contraction 

rate reached its highest frequency (2.2 ± 0.1 Hz) on day 50 (n = 2 tissues) and then began 

to decrease, stabilizing at 1.35 ± 0.05 Hz at day 90 (Fig. 5.4). Frequency of contraction 

for single cell 3D-dhECTs tended to be slower than for cluster 3D-dhECTs (0.48 ± 0.50 

Hz, n = 2 vs. 0.60 ± 0.21 Hz) during early stages of differentiation, and contractility did 

not appear to be as strong as that of age-matched cluster 3D-dhECTs (Fig. 5.5). Cluster 

hiPSC encapsulation was chosen for all subsequent experiments due to the higher 

batch-to-batch consistency of cluster 3D-dhECTs, particularly with respect to the time 

point for initiation of contraction, as compared to single cell 3D-dhECTs. 
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Fig. 5.4. Contraction properties of 3D-dhECTs. Frequency of spontaneous contraction 

increased in cluster encapsulation cardiac tissues over time, ranging from 0.60 ± 0.21 Hz 

(Early) to 0.92 ± 0.16 Hz (Intermediate) to 1.37±0.04 Hz (Late). n = 3 independent 

differentiation batches. Mean ± s.d. During long-term culture, frequency of contraction 

increased to 2.2 ± 0.1 Hz (day 50) followed by a subsequent decrease to 1.78 ± 0.16 Hz 

(day 60) and 1.35 ± 0.05 Hz (day 90). n = 2 3D-dhECTs. Mean ± s.d. 
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Fig. 5.5. 3D-dhECTs formed with cluster hiPSCs resulted in stronger contracting 

tissues than single hiPSCs. Microislands formed using cluster encapsulated hiPSCs 

displayed higher contractility (vs. single hiPSC microislands) based on video analysis of 

spontaneously contracting cardiac tissues on day 14 of differentiation (see corresponding 

Supplementary Movies 5.3 and 5.4). Y-axis represents the change in transmitted light 

intensity obtained from bright field microscopy as an index of contractility. Valleys 

correspond to the relaxed state, and peaks indicate contraction. AU (arbitrary units). 

 

5.3.3 3D-dhECTs demonstrate differentiation efficiency and cardiac gene 

expression similar to 2D monolayers  

Cardiac differentiation within the 3D-dhECTs resulted in high CM yield and temporal 

changes in gene expression that were analogous to those in age-matched 2D monolayers. 

To determine the efficiency of cardiac differentiation within 3D-dhECTs, the percentage 

of cells expressing cardiac troponin T (cTnT, cardiac specific marker) was evaluated by 
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flow cytometry and immunofluorescence on day 20. The 3D-dhECTs were composed of 

72.5 ± 3.2% (IMR90-1 hiPSCs) and 75.65 ± 1.8% (19-9-11 hiPSCs) cTnT positive cells, 

of which 8.4 ± 0.7% also expressed the proliferation marker Ki67 (IMR90-1 hiPSCs, Fig. 

5.6 A); cardiac differentiation was similar to age-matched 2D monolayers which had 

74.3 ± 4.4% cTnT positive cells, 26.6 ± 0.5% of which also expressed Ki67 (IMR90-1, 

Fig. 5.6 B). Immunofluorescence of 3D-dhECTs also confirmed the expression of cTnT 

and Ki67 (Fig. 5.6 C). Of the remaining 3D-dhECT cells, 5.24 ± 2.72% were fibroblasts 

(P4HB positive, Fig. 5.7) and 2.96 ± 1.98% expressed Ki67 (Fig. 5.6 A). 

 

 

Fig. 5.6. 3D-dhECTs enabled efficient cardiac differentiation. (A) Representative 

flow cytometry results from day 20 3D-dhECTs. (B) 3D-dhECTs and aged-matched 2D 

monolayers (control) showed comparable differentiation efficiency on day 20 of 

differentiation. n = 3-5 biological replicates per group. Mean ± s.d. ANOVA P < 0.05, ** 

vs. 2D (C) Cardiac marker cTnT and proliferation marker Ki67 were also observed using 

immunofluorescence staining of day 20 cardiac tissues. 
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Fig. 5.7. Isotype control and supplementary flow cytometry results. (A) Isotype 

control and (B) cTnT (cardiac marker) and P4HB (fibroblast marker) stained 3D-dhECT 

cells resulted in 72.5 ± 3.2% CMs (n = 5 tissues) and 5.24 ± 2.72 % fibroblast positive 

cells (n = 3 tissues). 

 

Temporal changes in pluripotency and cardiac gene expression in 3D-dhECTs 

paralleled that of age-matched control 2D monolayers. Three days post-encapsulation 

(day 0), expression of the pluripotency gene Oct4 continued to be similar to hiPSCs 

(day -3) in both culture systems, as assessed by RT-qPCR. By day 10 of differentiation, 

Oct4 expression had decreased significantly compared to hiPSCs and remained low 

(Fig. 5.8 A). The decrease in pluripotency was paired with a simultaneous upregulation in 

cardiac and functional gene expression. MLC2v, an early cardiac marker, increased in 

both 2D monolayers and 3D-dhECTs from day 10 to day 30 of differentiation (Fig. 5.8 

B). Cardiac development was also tracked through assessment of αMHC and βMHC 

expression, where βMHC is the predominant isoform in the healthy adult human ventricle 

(Lowes et al. 1997). 2D monolayers and 3D-dhECTs expressed αMHC from day 10 
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through day 30. Expression of αMHC in 3D-dhECTs did not change significantly 

between days 10-30 whereas βMHC expression increased by day 30 (Fig. 5.8 C, D). This 

increase in βMHC gene expression by day 30 of differentiation suggests that cardiac 

maturation occurs over time within the 3D-dhECTs, similar to 2D differentiation. 

Expression of the Cx43 gene, which encodes for a gap junction protein important for 

cardiac function, increased significantly from day 20 to day 30 in 3D-dhECTs and control 

2D monolayers and could contribute to maturation of cell-cell junctions between adjacent 

CMs (Fig. 5.8 E).  
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Fig. 5.8. 3D-dhECTs express cardiac genes similar to control 2D monolayers. (A) 

Pluripotency gene Oct4 decreased following initiation of differentiation, while cardiac 

genes (F) MLC2v, (C) αMHC, (D) βMHC, as well as (E) the functional gene Cx43 

showed trends towards CM maturation over time. All mRNA levels were normalized to 

the housekeeping gene GAPDH. n = 3 biological replicates per group. Mean ± s.d. 

ANOVA P < 0.05, # vs hiPSCs and day 0; * vs. earlier time point. Y-axis represents gene 

expression relative to the housekeeping gene GAPDH.  

 

5.3.4 3D-dhECT CMs exhibit similar calcium handling to CMs from 2D 

cardiac monolayers 

In addition to 3D-dhECTs demonstrating high CM yields and appropriate cardiac gene 

expression profiles similar to age-matched 2D monolayers, CMs from both systems had 

similar contractile function and calcium handling properties, which are critical features of 
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differentiating CMs (Itzhaki et al. 2011). To study these properties, CMs were 

enzymatically dissociated from 3D-dhECTs and 2D monolayers at day 14. Isolated CMs 

continued to contract spontaneously and also responded to exogenous pacing, exhibiting 

a maximum 1:1 capture rate of 1.5 Hz for both 3D- and 2D-differentiated CMs Calcium 

transient durations for 3D-dhECT CMs were similar to those of control 2D monolayer 

CMs (Fig. 5.9 A-C). Calcium transient duration decreased in response to increased 

pacing frequency for both groups of CMs, mimicking the frequency-dependent 

physiological response of healthy myocardium (Lou et al. 2011). CMs also responded 

appropriately to treatment with isoproterenol (0.5 µM for 3 min), a β-adrenergic agonist; 

the frequency of spontaneous contraction increased by 1.2-fold and calcium transient 

duration shortened significantly (Fig. 5.10 A, B). The frequency of 3D-dhECT 

spontaneous contraction slowed significantly after the addition of the β-adrenergic 

antagonist propranolol. First, 1 µM isoproterenol was administered to whole tissues, 

which caused a significant increase in contraction frequency. As previously observed 

from isolated cells (Planat-Benard et al. 2004, Matsuura et al. 2004), the addition of 

propranolol reversed this initial increase in beats per minute, demonstrating that our 3D-

dhECTs respond to beta agonists and antagonists (Fig. 5.10 C). These responses to 

exogenous pacing and β-adrenergic agonist and antagonist were further verified using 

MEA analysis (Fig. 5.11). Dissociated day 20 3D-dhECTs responded to outside pacing 

frequencies up to 3.0 Hz (Fig. 5.11 A) and spontaneously contracting CMs increased in 

response to isoproterenol and was reversed after the addition of propranolol (Fig. 5.11 B).  
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Fig. 5.9. 3D-dhECT CMs responded to exogenous pacing. During exogenous pacing, 

time to baseline (t to bl) (A) 50% and (B) 80% were similar for 2D and 3D cultured CMs 

(day 14). (C) Representative calcium transient traces of 2D and 3D cultured cells at 1 Hz 

pacing frequency. 
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Fig. 5.10. Beta adrenergic agonist and antagonist drug treatment influenced calcium 

transient duration and frequency of contraction. (A) Addition of 0.5 µM isoproterenol 

shortened spontaneously contracting 3D-dhECT CM calcium transient t to bl 50% and 

80%, suggesting that the chronotopic response to β-adrenergic signaling is operational. 

(B) In these early stage 3D-dhECT CMs, isoproterenol increased the rate of spontaneous 

contraction. n = 3. Mean ± s.d. ANOVA P < 0.05, * vs. Pre-Isoproterenol. (C) Rate of 

3D-dhECT spontaneous contraction increased after the addition of isoproterenol (1 µM) 

and decreased after subsequent addition of the β-adrenergic antagonist propranolol (1 

µM). # vs. earlier condition. 
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Fig. 5.11. MEA recordings of 3D-dhECTs responding to exogenous pacing and beta-

adrenergic agonist and antagonist drug treatment. (A) Day 20 3D-dhECTs responded 

to exogenous pacing up to 3 Hz (at 37ºC). (B) Representative traces of 3D-dhECT 

spontaneous activity showing changes in field potential duration of baseline, following 1 

µM isoproterenol addition, subsequent 1 µM propranolol addition, and after washout. 

 

5.3.5 3D-dhECT CMs develop mature structural features over time 

3D-dhECTs were able to be maintained long-term, with CMs developing aligned and 

more defined sarcomeres over time and establishing mature ultrastructural features. Cells 

within the 3D-dhECTs self-aligned, particularly on tissue edges, by day 30 of 

differentiation; immunofluorescence staining for the cardiac marker sarcomeric α-actinin 

(αSA) on days 10, 20, and 30 revealed progressive sarcomere development with better 

defined and aligned sarcomeres by day 30 of differentiation (Fig. 5.12 A). This result was 

unexpected; extrinsic stimuli, such as mechanical stretching (Zimmermann et al. 2002, 
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Fink et al. 2000, Nunes et al. 2013, Tiburcy et al. 2011) or electrical pacing (Nunes et al. 

2013, Radisic et al. 2004a, Hirt et al. 2014), have often been used to enhance the ability 

of CMs to mature, align, and uniformly contract within engineered cardiac tissues 

assembled using pre-differentiated SC-CMs. However, the temporal upregulation of 

cardiac gene expression and increased organization of cardiac proteins suggested CM 

maturation within 3D-dhECTs was progressing spontaneously, which led us to further 

investigate CM organization and ultrastructural development during long-term tissue 

culture. Based on 2D fast Fourier Transform (FFT) analysis of immunofluorescence 

images from day 20, 30, and 124 3D-dhECTs, sarcomeres became more defined over 

time (Fig. 5.13 A-C). Some discrete sarcomere structure was observed during early 

stages of differentiation (day 20); by day 124 3D-dhECT CMs had aligned, organized, 

well-defined sarcomeres with an average relaxed length of 1.8 ± 0.1 µm (Fig. 5.13 D, n = 

200 cells), similar to mature human CM sarcomere structure (Bird et al. 2003, Zhang et 

al. 2013). Following extended in vitro culture (day 52-60), tissue dissociation into single 

CMs revealed a wide range of cell sizes (400-5,800 µm2, mean = 2,163 µm2) and 

circularities (0.10-0.86, mean = 0.43) (Fig. 5.12 B, C). When maintained long-term, 3D-

dhECTs CMs showed features of mature CMs (Fig. 5.14 A) and 3D-dhECTs continued 

to have higher cell density on the tissue edges with CMs growing outward from the tissue 

onto the supporting substrate (Fig. 5.14 B, C). Cellular organization within the long-term 

cultured 3D-dhECTs (day 124) exhibited large cell nuclei (Fig. 5.12 D) and developed 

characteristics of mature electromechanically anisotropic cardiac tissues, including 

aligned CMs with the gap junction protein connexin 43 (Cx43) located on the transverse 

ends (Fig. 5.12 E) of adjoining cells. When dissociated, 3D-dhECT CMs exhibited an 
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elongated, anisotropic morphology with a length-to-width ratio of 6.2±2.2 (n = 60 CMs), 

similar to morphologies expected in mature CMs (Gerdes et al. 1992, Yang et al. 2014, 

Hirt et al. 2014).  

 

 

Fig. 5.12. Ontogenetic tissue development generating well-defined and aligned 

sarcomeres over time. (A) Sarcomere definition and alignment became more 

pronounced with culture time. Immunofluorescence staining with cardiac marker αSA on 

days 10, 20, and 30 of differentiation showed increased sarcomere definition and 
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alignment in 3D-dhECT CMs. (B) Day 52-60 dissociated 3D-dhECT CM area and 

circularity ranged from 400-5,800 µm2 (mean = 2,163 µm2) and 0.10 – 0.86 (mean = 

0.43), respectively (n = 32). Blue highlighted data points indicate medians. (C) 

Representative day 52 dissociated CMs stained with αSA (red) and Caveolin 3 (green) for 

T-tubule development. Long-term cultured 3D-dhECT (day 124) CMs (D) developed 

highly aligned sarcomeres and contained large and elongated cell nuclei. (E) 

Additionally, these CMs expressed Cx43 on their transverse ends between adjoining 

cells. 
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Fig. 5.13. Development of discrete sarcomere structure during ontomimetic cardiac 

differentiation. (A-C) 2D FFT analysis of selected αSA-stained 3D-dhECTs provided 

evidence to an increase in sarcomere alignment and definition over time, represented by 

the transition from no visible rings (day 20) to visible, full rings (day 30) to more defined, 

aligned (direction of sarcomeres) rings (day 124). (D) Sarcomere distance of day 124 3D-

dhECT CMs was quantified by generated intensity plots (increased gray scale represents 

existing sarcomere). 
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Fig. 5.14. CMs within the dense 3D-dhECTs continue to develop during extended in 

vitro culture. (A) Day 52 dissociated 3D-dhECT CMs exhibited an elongated 

morphology and stained positive for Caveolin 3, providing a first indication of T-tubule 

development. (B, C) In long-term cultured cardiac tissues, an area of increased cell 

density was observed on tissue edges as well as tissue outgrowth onto the acrylated glass; 

this tissue outgrowth contained CMs that exhibited a less mature phenotype with less 

defined sarcomeres and Cx43 distributed in a punctate pattern along the borders of the 

cells. Images are focused to visualize the bottom 2D tissue outgrowth (B) and overall 
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tissue structure (C). Arrows indicates tissue edge. (D) Example subregion of TEM image 

(day 124) and (E) plot of grayscale intensity profile for identification and counting of Z-

lines (Z), neighboring I-bands (I), and H-zone (H). 

 

To further investigate 3D-dhECT CM maturation, cardiac ultrastructural features 

were visualized using TEM. Day 24 cardiac tissues showed the presence of Z-lines and 

mitochondria (Fig. 5.15 A), reflecting early developmental stages of functional CMs. 3D-

dhECTs maintained long-term (day 124) were composed of CMs with ultrastructural 

features approximating those of mature CMs. TEM images revealed numerous 

mitochondria, and myofibrils with well-defined sarcomeric Z-lines, I-bands, and H-

zones, with a H-zone to sarcomere ratio of 0.257 and an I-band to Z-line ratio of 0.669 

(Fig. 5.14 D). Other features of 3D-dhECT CMs included intercalated discs on the 

transverse edges of CMs with adjacent gap junctions (Fig. 5.15 B), caveolae in the 

plasma membrane, and presence of basement membrane. Most notably, 3D-dhECT CMs 

exhibited transverse tubules (T-tubules) which were structurally aligned with Z-lines 

(Fig. 5.15 C); up until now, T-tubules have only been observed in primary CMs isolated 

from postnatal and adult mammalian hearts (Ziman et al. 2010), but have not been 

reported in any other in vitro human SC-CM study (Knollmann 2013, Robertson, Tran 

and George 2013, Priori et al. 2013).  
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Fig. 5.15. Ontomimetic environment resulted in 3D-dhECT CMs exhibiting mature 

ultrastructural features. (A) Day 24 3D-dhECT CMs developed first characteristics of a 

muscle cell including mitochondria (m) and Z-lines (Z). (B) Ultrastructural images of 124 

day old 3D-dhECT CMs showed sarcomere structures, including Z-lines (Z), I-bands (I), 

H-zones (H), intercalated discs (ID), gap junctions (GJ), and mitochondria (m). (C) 

Additionally, CMs contained caveolae (C) adjacent to basement membrane (bm), 

mitochondria with well-defined cristae, and T-tubules (T) adjacent to Z-lines, a key 

component of functional mature CMs. Insert: magnified view processed to highlight T-

tubules. 
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5.3.6 Multiple geometries support cardiac tissue formation through direct 

hydrogel encapsulation  

This straightforward 3D-dhECT formation process was extended to fabricate cardiac 

tissues across multiple size scales and geometries, demonstrating our ability to create 

tissues exploitable for a wide range of possible applications (Fig. 5.16). Furthermore, 

immobilization of the 3D-dhECTs through covalent attachment to the glass coverslips 

was found not to be necessary for cardiac tissue formation; 3D-dhECTs in suspension 

culture also formed contracting tissues that were consistently maintained for multiple 

months. In addition to the immobilized microislands (Fig. 5.16 A) described above, 

tested geometries included macrotissues (Fig. 5.16 B) and microspheres (Fig. 5.16 C). 

Macrotissues (Fig. 5.16 B) of varying lengths, thicknesses of 800-900 μm and widths 

greater than 2 mm were formed and cultured in suspension. Analogous to the 

microislands, contracting areas were first observed in the macrotissues on day 7 of 

differentiation, resulting in robust, uniform contraction early in the differentiation process 

(day 12) and appearing strong over the entire culture period (Supplementary Movie 5.5). 

Similarly, suspension culture of 3D-dhECT microspheres of diameter 280 ± 70 μm 

(n = 25, Fig. 5.16 C) resulted in uniformly contracting spheres that again could be 

maintained over extended time periods (Supplementary Movie 5.6). Finally, all cardiac 

tissue geometries were successfully dissociated into individual CMs (Fig. 5.16 D), 

enabling subsequent single-cell experiments or collection and re-suspension as might be 

required for delivery as a cell therapy. 
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Fig. 5.16. Using this single cell-handling approach, different tissue sizes and 

geometries of 3D-dhECTs can be formed. Uniformly contracting tissues, in addition to 

(A) immobilized microislands, included: (B) macrotissues and (C) microspheres, all of 

which were able to be used to obtain (D) 3D-dhECT-dissociated single CMs. (E) Tissue 

sizes and geometries can be varied based on desired future applications, e.g., 

microislands for high-throughput drug-screening, macrotissues for large-scale mechanical 

testing and cardiac patches, injectable cardiac tissue spheroids, or single CMs post-tissue 

digestion for automated patch clamping. 
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Fig. 5.17. Initial cell-seeding density can be varied to produce contracting 3D-

dhECTs. (A-D) Original cell-seeding density (60 million/ml) and (E-H) 50% of original 

cell-seeding density (30 million/ml) was compared during early stages of tissue 

formation. Increase in cell number (darkening effect) over time was observed for both 

cell-seeding densities. 

 

5.4 Discussion  

Differentiation of encapsulated hiPSCs to directly produce cardiac tissues in vitro opens a 

wide range of possibilities in the field of cardiac tissue engineering. In this work we 

established that hiPSCs can be readily and efficiently encapsulated within PEG-

fibrinogen hydrogels and directly differentiated to produce uniformly contracting 3D-

dhECTs. Gene expression, CM yield, and calcium handling were similar to hiPSC 

differentiation using the current gold-standard, high efficiency 2D monolayer 

differentiation. Moreover, using 3D-dhECTs to produce cardiac tissues has distinct 

advantages over 2D monolayer differentiation (Lundy et al. 2013): it enables long-term 
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CM culture and maturation without having to disrupt pre-differentiated SC-CMs, and it 

does not require the re-formation of functionally critical cell-cell junctions, which is 

notoriously problematic for CMs, particularly as they mature. The minimal cell-handling 

requirements and applicability of this cardiac tissue production technique to a wide range 

of tissue sizes and geometries facilitates high-throughput and cost-effective formation of 

human cardiac tissue for an array of future applications. PEG-fibrinogen can be rapidly 

photocrosslinked using a non-toxic photoinitiator and visible light, creating a controlled 

3D microenvironment for encapsulated cells with potential for automation of the tissue 

production process using bioprinting of structurally organized microislands and other 

printed 3D tissue geometries (Murphy and Atala 2014, Stanton, Samitier and Sanchez 

2015) or microfluidics for microsphere production (Workman et al. 2007, Chung et al. 

2012a). Previous studies have optimized the initial mechanical properties of the PEG-

fibrinogen hydrogels for neonatal CM encapsulation16, pre-differentiated SC-CMs 

encapsulation (Shapira-Schweitzer and Seliktar 2007, Shapira-Schweitzer et al. 2009), or 

SC-CMs seeded onto PEG-fibrinogen hydrogels (Bearzi et al. 2014) (Table 5.1). 

However, encapsulation and maintenance of hiPSCs within PEG-fibrinogen, and their 

direct differentiation in the presence of PEG-fibrinogen, had not previously been 

investigated. The encapsulation procedure established in this study allows for hiPSC 

survival with maintenance of pluripotency for at least three days within this optimized 

PEG-fibrinogen hydrogel formulation. Maintenance of encapsulated hiPSC pluripotency 

during extended culture periods has not been investigated; however, other biomaterials 

have previously been used for large-scale hPSC culture and expansion (Lei and Schaffer 

2013, Amit et al. 2011, Zweigerdt et al. 2011).   
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Even when varying the initial hiPSC seeding density, cell proliferation and 

contracting cardiac tissue formation was attainable in PEG-fibrinogen hydrogels (Fig. 

5.17). In contrast, the successful production of 2D cardiac monolayers can only be 

achieved within a narrow range of initial cell-seeding densities (Lian et al. 2013). We 

believe the biomimetic microenvironment provided by the hydrogel plays a central role in 

successful hiPSC 3D culture, proliferation, and cardiac differentiation, while initial cell-

seeding density may influence the uniformity of contraction within the cardiac tissue over 

time. Both microenvironment and seeding density directly influence the rate of 

degradation and temporal remodeling of PEG-fibrinogen hydrogels, thereby allowing 

cells to secrete ECM proteins and form a continuous tissue.  

During initial stages of SC differentiation, we have seen a steady increase in 

frequency of spontaneous contraction over time (day 8-50), which could be due to the 

temporal development of cell-cell junctions and calcium handling capabilities of 

maturing SC-CMs. 3D-dhECT contraction frequency decreased from its maximum of 2.2 

± 0.1 Hz on day 50 to 1.35 ± 0.05 Hz on day 90. A reduction in the rate of spontaneous 

contraction is anticipated when modeling the developing human heart; human heart rate 

in vivo slows down significantly during maturation (~3.0 Hz during fetal stage to 

1.0-1.5 Hz in adults) (Arduini 1995). Based on published results using the small molecule 

protocol employed in this study (Lian et al. 2013), our 3D-dhECTs are likely composed 

of a distribution of ventricular, atrial, and nodal CM subtypes, which is appropriate for 

mimicking heart development. To enrich for ventricular myocytes, recently published 

small molecule differentiation protocols (Burridge et al. 2014, Weng et al. 2014) could 

potentially be adapted for use with our 3D-dhECT system.  
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CM proliferation and hyperplasia is a phenomenon seen during fetal heart growth 

and early post-natal development (Li et al. 1996), after which it diminishes over time 

(Laflamme and Murry 2011, Mollova et al. 2013). On day 20 of cardiac differentiation, 

both 2D monolayers and 3D-dhECTs were composed of a similar percentage of CMs. 

However, the percentage of proliferating CMs in 2D was higher than that in the 3D-

dhECTs. This difference in CM proliferation was also seen previously between 

engineered “biowires” and embryoid bodies (Nunes et al. 2013). Alternatively, 

considering the low rates of CM proliferation during in vivo development (Mollova et al. 

2013, Bensley et al. 2010) and that cell proliferation rates generally differ in 2D versus 

3D culture (Mann and West 2002), the observed lower CM proliferation might be a 

consequence of a more physiologic microenvironment in the 3D-dhECTs. 

Having a platform that replicates key features of ontogenic CM maturation will 

enable new opportunities for investigating this critical process, and thereby could provide 

important insights about how developing human heart tissue remodels after birth. 

Furthermore, achieving CM maturation within an in vitro 3D environment will provide 

more physiologically relevant tools for toxicology screening and disease modeling using 

patient-specific hiPSCs (Liang et al. 2013, Doyle et al. 2015, Yazawa et al. 2011) to 

engineer mature cardiac tissues (Yang et al. 2014) that current differentiation systems 

cannot provide. In addition, there is a high demand for cardiac tissues that can be used in 

patients for myocardial repair (Chong et al. 2014); to avoid induction of deadly 

arrhythmias, clinical applications require CMs that can achieve appropriate mechanical 

and electrical integration with native tissues. Balancing the needs for both CM plasticity 

and suitable maturation to achieve this goal is an area of intense research (Dunn, Hodge 
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and Lipke 2014); we have demonstrated that 3D-dhECTs can be used to produce CMs 

from early time points in stem cell differentiation through ultrastructural maturation, 

providing the flexibility to meet future specifications for optimizing cardiac cell therapy. 

T-tubule formation and other mature ultrastructural features that are important in 

excitation-contraction coupling (Lieu et al. 2009, Wei et al. 2010) have been detected in 

our long-term cultured 3D-dhECT CMs; day 52-60 dissociated CMs showed Caveolin 3 

positive staining, indicating the development of T-tubule formation. Neonatal rat 

ventricular myocytes incorporated into engineered heart tissues have previously shown to 

support formation of T-tubules (Shapira-Schweitzer et al. 2009). However, T-tubule 

formation in SC-CMs has not been previously reported (Lundy et al. 2013, Lieu et al. 

2009, Baharvand et al. 2005, Nunes et al. 2013, Priori et al. 2013). Initiation of 

differentiation and long-term culture within an in vitro 3D environment may better 

support CM maturation, which is important for establishment of more physiologically 

relevant tools for toxicology screening and disease modeling of adult human myocardium 

(Yang et al. 2014).  

Although immobilized microislands are advantageous for high-throughput 

applications, this tissue size and geometry also have some drawbacks. At the tested 

diameter of 6 mm, cell growth and proliferation resulted in non-uniform tissue thickness 

and the generation of CMs with a range of levels of maturity. Since these regional 

differences in cell growth were observed prior to the onset of contraction, space 

limitations at the microisland center could potentially be a contributing factor; in 

comparison, hiPSCs on tissue edges grew both upwards and radially outwards from the 

original hydrogel boundaries. In a previous study, a similar tissue morphology (scaffold-
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free tissue patch) showed higher levels of cardiac maturation and CM purity on tissue 

edges compared to tissue centers (Stevens et al. 2009). Additional testing will be required 

to determine whether observed regional differences in microisland 3D-dhECTs are also 

observed at smaller diameters or when using alternative fabrication techniques, such as 

microprinting, versus molds.  

Our study reveals the first 3D ontomimetic model of human heart development, 

enabling hiPSC growth and cardiac differentiation in a controlled 3D microenvironment. 

3D-dhECTs have been used to produce CMs from early time points in SC differentiation 

through ultrastructural maturation, providing the flexibility to meet future specifications 

for optimizing cardiac cell therapy. Translatable to a variety of tissue sizes and 

geometries, this robust approach will ease and improve the cardiac tissue formation 

process, thereby impacting the ability to produce human heart tissue for a range of 

applications from investigating the role of 3D microenvironmental cues in human heart 

development to advancing clinical treatments for heart disease.  
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6. DEVELOPING HUMAN CARDIAC TISSUE CAN DETECT 

DRUG-INDUCED CONGENITAL HEART DEFECTS 

6.1 Introduction  

Congenital heart defects (CHDs) are the most common kind of birth defect worldwide 

(Pediatric Cardiac Genomics et al. 2013), with approximately 1.35 million infants born 

with a CHD each year (van der Linde et al. 2011). Moreover, CHDs cause the majority of 

infant deaths (Dean, Udelsman and Breuer 2012). However, the underlying causes are 

only partially understood, particularly in the absence of drug-induced mutations during 

organ development.  Although great progress has been shown, many cardiac defects, like 

ventricular septal defects (VSDs), must currently be repaired by open heart surgery 

(Limperopoulos et al. 1999), or in severe cases, by pediatric heart transplantation. These 

procedures, even when successful, can cause developmental delays, long-term cardiac 

complications, and shorter life expectancy. Developmental toxicity studies have primarily 

focused on small animal models, which do not recapitulate human heart development and 

might result in false information on the effect of potential, new pharmaceuticals on the 

developing organ. Although attempts to incorporate stem cell technology into 

pharmaceutical testing have been made (Caspi et al. 2009), current state-of-the-art drug-

screening platforms for developmental toxicology identification still employ a wide range 

of animal subjects, which are not only expensive and time-consuming, but also raise 

concern due to interspecies variability which can result in false-positive and false-

negative results.  

Thalidomide ((±)2-(2,6-Dioxo-3-piperidinyl)-1H-isoindole-1,3(2H)-dione) (Kumar et 

al. 2012), a sedative drug launched in 1957 (Smithells and Newman 1992), caused birth 
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defects in more than 10,000 children and is a key example of the limitations of animal 

testing. Approximately 6% of affected infants showed CHDs including VSDs and ASDs, 

30-40% diseased after birth due to severe defects (Smithells and Newman 1992), and an 

unknown number of miscarriages were the aftermath of thalidomide (Ito, Ando and 

Handa 2011). Although thalidomide caused several different kinds of birth defects, the 

drug is mainly affiliated with limb deformation (Therapontos et al. 2009). Thalidomide 

was considered a “wonder drug” due to its non-lethal effects when overdosing (Smithells 

and Newman 1992) and was publicized immediately after small animal experimentations. 

Studies now show that thalidomide’s interactions during organogenesis are species-

dependent, which brought about severe obstacles to effectively screen future candidate 

drugs. Although thalidomide changed the field of drug testing procedures and 

regulations, thalidomide’s power to cure and impair sever illnesses, such as multiple 

myeloma and leprosy, led to its FDA approval in 1998 (Jenkins et al. 2007). Due to its 

significance and known effects, thalidomide was chosen as a model drug for 

demonstrating the applicability of the in vitro 3D developing human engineered cardiac 

tissue model to detect adverse pharmaceutical effects during human heart development.  

Stem cell-based in vitro models with the ability to mimic human developmental 

processes can be used to better understand heart development but also enhance drug 

discovery and toxicology. This is a powerful option to significantly change the field of 

pediatric cardiology and revolutionize developmental toxicity screening by improving 

patient safety and eliminate errors resulting from interspecies variations during 

pharmaceutical testing (Adler et al. 2008). Specification and differentiation of cardiac 

cells from human induced pluripotent stem cells (hiPSCs) in vitro follow pathways 
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analogous to those involved during development of the heart in vivo (van den Heuvel et 

al. 2014). Stem cell biologists have drawn upon developmental biology to establish high-

efficiency protocols for differentiation of hiPSCs into cardiomyocytes (CMs) which now 

can be employed to mimic development and to study and better predict cardiac toxicity of 

pharmaceuticals. Small molecule-based differentiation using Wnt/β-catenin signaling has 

proven efficient; in recent studies it has been shown that β-catenin is essential for 

mesoderm formation and cardiogenesis (Lian et al. 2012).  

Here we study thalidomide-induced developmental changes during the cardiac 

differentiation process of hiPSCs to produce 3D developing human engineered cardiac 

tissues (3D-dhECTs). By providing a 3D microenvironment throughout the timeline of 

stem cell differentiation, thalidomide-induced developmental changes and abnormalities 

were identified in 3D-dhECTs. Although thalidomide is a widely studied pharmaceutical, 

less is known about its interactions with differentiating hiPSCs.  

We applied our previously developed single-cell handling approach to create hiPSC-

laden hydrogels that develop into ontomimetic 3D-dhECTs over time (Kerscher et al. 

2015b) and tested whether it can be used to identify thalidomide-induced changes which 

have not been previously detected in any other in vitro drug-testing models. During initial 

studies we verified that 70 µM thalidomide did not change short term hiPSC viability, 

proliferation, and mitochondria distribution when compared to control groups. 

Thalidomide-treatment groups were administered to 3D-dhECTs starting from day 1 of 

cardiac differentiation and showed effects after initial dosage administration. Tissue 

growth in thalidomide-treated 3D-dhECTs was less on days 3 and 5 when compared to 

control 3D-dhECTs. In our 3D-dhECT model we detected changes in tissue architecture 
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and total cell number per tissue early after onset of spontaneous contraction. Contraction 

frequencies of thalidomide-treated 3D-dhECTs were significantly slower and the 

formation of a dense tissue was less apparent than in control tissues. When dissociated, 

thalidomide-treated CMs contained localized and clustered mitochondria while control 

CMs developed more evenly spread out mitochondria throughout the cytoplasm. Overall, 

findings show that our 3D-dhECT model of the developing heart is a robust 3D 

developmental tissue platform to detect human-specific drug-induced changes during 

development. We showed that thalidomide negatively influenced cardiac tissue 

formation, contractile function, mitochondria development, and calcium transient 

duration.  

 

6.2 Materials and Methods 

6.2.1 HiPSC culture and maintenance 

Human induced pluripotent stem cells (hiPSCs, IMR-90 Clone 1, WiCell) were cultured 

on hESC qualified Matrigel (Thermo Scientific) using mTeSR-1 medium (Stem Cell 

Technologies). HiPSCs were passaged using Versene (Life Technologies) and cultured in 

mTeSR-1 medium supplemented with 5 µM ROCK inhibitor (Y-27632, Stem Cell 

Technologies) for 24 h.  
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6.2.2 3D developing human engineered cardiac tissue (3D-dhECT) formation 

process 

All chemicals were purchased from Sigma-Aldrich unless reported otherwise. PEG-

fibrinogen was synthesized as previously described (Dikovsky et al. 2006, Kerscher et al. 

2015b). In short, tris (2-carboxyethyl) phosphine (TCEP, Acros Organics) was mixed 

with 7 mg/ml fibrinogen with 8 M urea. Next, PEGDA was reacted with fibrinogen for 

3 h, precipitated in acetone and dissolved in PBS with 8 M urea. The reacted PEG-

fibrinogen was dialyzed in PBS for 48 h. The fibrinogen content was measured to be 

12.5 mg/ml using Pierce BCA assay (Thermo Scientific).  

HiPSCs were collected using Versene and combined with liquid PEG-fibrinogen 

precursor solution (10 mg/ml fibrinogen) containing 1.5v/v% triethanolamine (TEOA), 

3.96 µl/ml N-vinyl pyrrolidone (NVP), and 10 mM eosin Y (Fisher Scientific) 

photoinitiator at a cell density of (55 ± 8.5) × 106 hiPSCs/ml of PEG-fibrinogen. 8 µl of 

this mixture was transferred into a circular PDMS mold on acrylated glass (Kerscher et 

al. 2015b) and photocrosslinked using visible light (203 mW/cm2) for 20 s. Following 

photocrosslinking, the PDMS mold was removed and cell-laden hydrogels on acrylated 

glass were cultured in mTeSR-1 medium supplemented with 5 µM ROCK inhibitor for 

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

 

6.2.3 Thalidomide treatment 

To determine thalidomide’s effect on cardiac differentiation, the drug vehicle (highest 

solvent concentration), 10 µM, and 70 µM thalidomide were added to the differentiation 

medium from day 1 to day 40 of differentiation (Fig. 6.1 A).  
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6.2.4 Cell viability and immunofluorescence staining 

HiPSC viability and proliferation 24 h after thalidomide addition were assessed 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.  

 

6.2.5 Early growth progression of thalidomide-treated tissues 

Low magnification images of whole tissues were acquired using a phase contrast 

microscope (Ti Eclipse, Nikon) and Andor Luca S camera from day -2 to day 5. The 

lateral surface area of designated edges of control, 10 µM, and 70 µM thalidomide treated 

3D-dhECTs were analyzed using ImageJ with standard analysis plugins (n = 3 tissues). 

The area of all day 1 tissues was normalized and the subsequent increase in tissue area 

was calculated based on a tissue-by-tissue comparison.  

 

6.2.6 Frequency of contraction 

24 h after medium exchange including thalidomide treatment groups, videos of 

spontaneously contracting tissues were acquired using a phase contrast microscope (Ti 

Eclipse, Nikon) equipped with an Andor Luca S camera. Frequency of contraction on 

days 11, 14, and 17 were analyzed using NIS Elements (Nikon) and ImageJ software.  
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6.2.7 Enzymatic cardiac tissue dissociation 

Tissues were incubated at 37 ºC for 2 h with collagenase Type 2 (1 mg/ml, Worthington) 

in 120 mM NaCl, 5.4 mM KCl, 5 mM MgSO4, 5 mM Na-pyruvate, 20 mM glucose, 

20 mM taurine, and 10 mM HEPES (pH 6.9) supplemented with 30 µM CaCl2 and 5 µM 

ROCK inhibitor. Cells were further dissociated with 0.25% trypsin (EDTA) at 37ºC for 

5 min. All cells were resuspended in RPMI20 medium (RPMI 1640 medium with 20% 

FBS) supplemented with 5 µM ROCK inhibitor and plated onto fibronectin coated 

PDMS glass coverslips. 

 

6.2.8 Immunocytochemistry of control and thalidomide-treated developing 3D-

dhECTs 

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% fetal bovine serum (FBS, Atlanta 

Biologicals) in PBS. Primary antibody α-sarcomeric actinin (αSA) and secondary 

antibody Alexa Fluor 488 (Invitrogen) were then added consecutively. All samples were 

counterstained with 4’,6-diamidino-2-phenylindole (DAPI, Molecular Probes) and 

visualized using a A1si confocal microscope (Nikon).  

 

6.2.9 Quantification of total cell number in control and thalidomide-treated 

3D-dhECTs 

On day 15 of differentiation, control and 70 µM 3D-dhECTs were dissociated into single 

cells as described before. Singularized cells were transferred to RPMI20 media (RPMI + 
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20% FBS) and centrifuged at 200 g for 5 min. Cells were prepared for cell counting using 

flow cytometry, similar as described before (Kerscher et al. 2015b).  

 

6.2.10 Sarcomere spacing 

On day 38 of differentiation, 3D-dhECT CMs stained with αSA were analyzed with fast 

Fourier transform (FFT). Images were acquired using a Nikon A1si confocal microscope. 

All images were imported to Image J, where FFT and intensity profiles of drawn paths 

along well-defined, in-plane sarcomeres were collected. Data from intensity profiles were 

used to perform FFT. A minimum of ten sarcomeres per treatment group were selected 

based on continuity of sarcomeres in one field of view. 

 

6.2.11 Mitochondria localization and analysis of thalidomide-treated hiPSCs 

and 3D-dhECT CMs 

HiPSCs and dissociated 3D-dhECT cells of all treatment groups were stained for 

mitochondria (n = 3 per condition). Mitochondria were visualized using MitoTracker Red 

(Invitrogen) diluted to a final concentration of 1 nM in cell culture media. 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. 3D-dhECT cells were also 

stained with αSA to identify mitochondria of CMs only. All samples were counterstained 

with DAPI. Three images per well (areas with similar confluency) will be acquired and 

analyzed using MQM (Kerscher et al. 2015a), a custom developed MATLAB script, and 

will be used as previously described to determine number and area of mitochondria per 

cell. 



90 
 

6.2.12 Statistics 

The reported results were analyzed with Minitab 17 and the mean ± SD was reported of 

all replicates. First, normality was checked and data with equal variance and sample size 

was analyzed by one-way analysis of variance (ANOVA) with Turkey’s test. P < 0.05 

was considered statistically significant.  

 

6.3 Results 

6.3.1 Thalidomide influenced the cardiac tissue formation process 

Thalidomide previously showed significant changes at 10 and 70 µM during hPSC 

differentiation (Meganathan et al. 2012). Recent improvements in cardiac differentiation 

efficiency through a 2D monolayer differentiation system accompanied by the temporal 

addition of small molecules provides better reproducibility between experiments and 

allows for more accurate drug-testing due to that. To achieve high yields of CMs and 

reproducible results, a key aspect to success is the initial cell seeding density and cell 

proliferation (Lian et al. 2012, Lian et al. 2013). Ma et. al. investigated the effects of 

thalidomide with this small molecule differentiation system on a PEG substrate (Ma et al. 

2015b). Although changes in chamber height, frequency of contraction and velocity were 

determined, significantly less constructs, which were treated with thalidomide, started to 

contract.  

In our study, we first produced 2D monolayers on Matrigel coated 12-well plates and 

determined the feasibility of using this differentiation approach to study thalidomide-

induced effects. The majority of monolayers formed with 70 µM thalidomide did not 

result in contracting monolayers and were not pursued further for this study (data not 
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shown). Before evaluating thalidomide’s effects on differentiating hiPSCs, short term 

effects of the drug-carrier, DMSO, and the highest thalidomide concentration (70 µM) 

were tested to verify that the drug and its carrier did not cause abnormal changes in cell 

viability and proliferation at the selected concentrations (Gao, Sprando and Yourick 

2015). HiPSC viability and proliferation 24 h after treatment-group addition did not show 

any changes between control and 70 µM thalidomide treated cells (Fig. 6.1 B, C and 

Fig. 6.2 A, B). We also evaluated mitochondria area and location in control and 

thalidomide-treated hiPSCs by using our custom developed MQM code (Kerscher et al. 

2015a) which was used to obtain unbiased differences in control and thalidomide-treated 

cells. No significant differences in mitochondria distribution were detected between 

treatment groups (Fig. 6.2 C). 

During the initial days of drug administration, changes in tissue formation 

progression were observed. Thalidomide treatment was administered during early stages 

of tissue development on days 1, 3, 5, and 7 (Fig. 6.1 A). A trend of increased lateral 

surface area was observed in control, 10 µM, and 70 µM thalidomide over time (Fig. 6.3 

A). This change in tissue growth was accompanied by visual cell debris surrounding the 

70 µM thalidomide-treated tissues. In comparison, control microislands formed tissues 

with more defined edges (Fig. 6.3 B). 
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Fig. 6.1. HiPSC differentiation timeline to form 3D developing human engineered 

cardiac tissues (3D-dhECTs) 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 initiating 

differentiation. For 2D monolayer differentiation, hiPSCs were seeded onto a Matrigel 

coated 12-well plate and cultured for four days, followed by initiation of cardiac 

differentiation on day 0. 3D and 2D differentiations obtained thalidomide treatment 

groups, consisting of control (drug carrier), 10 µM, and 70 µM thalidomide, on days 1, 3, 

5, 7, and every three days after that. (B, C) 24 hour drug treatment group addition to 

hiPSCs did not influence hiPSC viability or proliferation. 
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Fig. 6.2. Thalidomide exposure did not cause decreased hiPSC viability, 

proliferation, and mitochondria distribution. (A) Percentage of viable cells exceeded 

90% for control and 70 µM thalidomide conditions. (B) Proliferating cell nuclear antigen 

(PCNA) staining confirmed greater than 98% cells for all tested conditions. All samples 

were counter stained with DAPI. Scale bar, 20 µm. (C) Total area of mitochondria and 

distance to nuclear membrane did not change significantly between control and 70 µM 

thalidomide treatments.   
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Fig. 6.3. Thalidomide influenced the early tissue formation process and growth. (A) 

After PEG-fibrinogen encapsulation, hiPSCs grew within the hydrogel to form a 

continuous tissue. Tissue growth was seen after day 1 of differentiation and continued 

until day 5 for all treatment groups, with a trend of less tissue growth in 70 µM 

thalidomide tissues when compared to controls. n = 3 tissues per group. Mean ± s.d. 

ANOVA  P < 0.05, * vs. age-matched Control, # vs. Day 1 condition. (B) Edges of 

control and 70 µM thalidomide tissues started to differ on day 3 of differentiation, with 

more cell debris and less dense tissue formation in thalidomide treated tissues.  
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6.3.2 Thalidomide-treated 3D-dhECTs showed slower spontaneous contraction 

than age-matched controls 

In a recent study we showed that 3D-dhECTs show first areas of contraction on day 7 of 

differentiation. Here, our control 3D-dhECTs also showed first areas of spontaneous 

contraction on day 7, while thalidomide-treated 3D-dhECTs started to contract one or 

two days later (day 8 or day 9). When comparing the frequency of spontaneous 

contraction in control, 10 µM, and 70 µM thalidomide 3D-dhECTs, significant changes 

were observed between days 11 and 14 of differentiation (Fig. 6.4 A). On day 17, 70 µM 

thalidomide-treated 3D-dhECTs showed significantly slower spontaneous contraction 

compared to age-matched controls (0.50 ± 0.03 Hz vs. 0.20 ± 0.03 Hz, respectively). 

Accompanied by the slower frequency of contraction was a high level of monolayer cell 

outgrowth surrounding the initial tissue footprint in 70 µM thalidomide-treated tissues, 

which contracted but failed to form a dense, 3D tissue (Fig. 6.4 B). Results showed that 

early tissue growth and tissue formation was hindered during and after the cardiac 

differentiation process. On day 17, we quantified the total cell number in control and 

thalidomide-treated 3D-dhECTs and detected significantly less cells in 70 µM 

thalidomide-treated tissues (Fig. 6.4 C). 
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Fig. 6.4. Thalidomide-induced differences in tissue architecture influenced 

spontaneous frequency of contraction. (A) Significant differences in frequency of 

spontaneous contraction between control and thalidomide-treated tissues were observed 

on days 11, 14, and 17, with most differences seen on day 14. n = 3 tissues per condition. 

Mean ± s.d. ANOVA P < 0.05, * vs. same day Control, # vs. same day other conditions. 

(B) Control 3D-dhECTs developed a dense and clean tissue edge compared to 

thalidomide-treated 3D-dhECTs (images taken on day 17 of differentiation). (C) On day 

17, quantification of total cell number per tissue showed a significantly lower number of 

cells in thalidomide-treated tissues. n = 3 tissues per condition. Mean ± s.d. ANOVA P < 

0.05, * vs. Control. 

 

6.3.3 CM number and sarcomere structure were influenced by thalidomide 

When investigating the functionality and maturity of SC-CMs in vitro, certain parameters 

like cell size and sarcomere definition and spacing are used as indicators. On day 38 of 

differentiation, 3D-dhECTs of all treatment groups were dissociated into single cells and 

re-plated to observe CM size, sarcomere distance, and percent CMs. CMs from 3D-
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dhECTs treated with 10 µm thalidomide were significantly smaller in size compared to 

control 3D-dhECT CMs (Fig. 6.5 A). 70 µM thalidomide-treated CMs only showed a 

trend of smaller cell size compared to age-matched controls. Similarly, sarcomere 

spacing in 70 µM thalidomide-treated 3D-dhECT CMs was significantly less 

(1.88 ± 0.19 µm) compared to control CMs (2.03 ± 0.16 µm) (Fig. 6.5 B). After the 

dissociation process, significantly more CMs were detected in control 3D-dhECTs than 

thalidomide-treated 3D-dhECTs (Fig. 6.5 C, D). A high number of cell nuclei were not 

counterstained with αSA, indicative of a non-CM cell type. In addition to significantly 

shorter sarcomere spacing and smaller CM size when compared to controls, sarcomeres 

of control 3D-dhECT CMs appeared to be more defined than thalidomide treated CMs 

(Fig. 6.5 E).  
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Fig. 6.5. Sarcomere distance and total number of CMs were influenced by 

thalidomide. (A) Day 38 dissociated 3D-dhECT CMs treated with 10 µM thalidomide 

were significantly smaller compared to control CMs, and 70 µM thalidomide-treated 

CMs showed also a trend of smaller cell size. (B) Sarcomere spacing was significantly 

less in 70 µM thalidomide treated tissues compared to age-matched controls. (C, D) Less 

αSA positive (green) cells were detected after cardiac tissue dissociation in thalidomide 
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groups compared to control, suggesting less efficient CM differentiation when 

thalidomide was administered. (E) Sarcomeres were more defined and organized in 

control CMs when compared to thalidomide-treated CMs. 

 

6.3.4 Mitochondria in thalidomide-treated CMs were clustered  

Mitochondria are the primary organelle responsible for energy production within the cell. 

Mitochondria are an important component influencing normal heart development and 

contractile function. During early stages of CM development, mitochondria are only a 

small portion within a cell’s cytoplasm and are structurally visible in a reticular 

arrangement (Yang et al. 2014), while in the adult CM, mitochondria occupy 

approximately 20-40% of the total CM volume due to 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). We stained control and 70 µM 

thalidomide-treated 3D-dhECT CMs with MitoRed to visualize mitochondria. In 

immature cells, a large quantity of mitochondria is normally located close to the nucleus, 

which was also the case in both treatment-group cells. In control CMs, mitochondria 

were evenly distributed throughout the entire cell, also covering areas close to well-

defined sarcomeres (Fig. 6.6 A). But, mitochondria structure, morphology, and location 

in the cytoplasm were visually very different in thalidomide-treated cells, showing a 

clustered pattern (Fig. 6.6 B).   
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Fig. 6.6. Thalidomide treatment caused changes in mitochondria development. (A) 

Control and (B) 70 µM thalidomide CMs show differences in mitochondria on day 38 of 

differentiation. Mitochondria in control CMs were evenly distributed in the cytoplasm 

while thalidomide treated CMs showed a trend of clustered mitochondria. CMs were 

stained with αSA (green), MitoRed (red), and DAPI (blue).  
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6.4 Discussion 

To understand 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 comparing control versus diseased cell lines has been used historically. 

Although in vitro models will always be an imperfect representation of the in vivo reality, 

by reducing the number of variables in the system, insights that would otherwise be 

clouded by complexity become apparent. Furthermore, animal models are not conducive 

to the development of high-throughput screening assays (Giacomotto and Segalat 2010) 

and in cases like thalidomide, cannot detect human-specific developmental defects. On 

the other hand, development is a 3D process; cell behavior in 2D culture systems varies 

greatly from that in 3D. Research groups that focus on detecting changes caused by 

thalidomide have started to use human pluripotent stem cells as model systems, but still 

rely on platforms that are only based on cells (Mayshar, Yanuka and Benvenisty 2011, 

Xing et al. 2015, Ma et al. 2015b). By creating a reproducible and straight-forward 3D 

developing human engineering cardiac tissue (3D-dhECT) platform for developmental 

pharmacology, we want to open up the opportunity to be able to detect changes that will 

influence the developing 3D tissue, but cannot be detected in 2D.  

When looking into hPSC differentiation into all three germ layers, the number of up- 

and down regulated genes significantly increased with thalidomide treatment, with more 

genes being downregulated (Meganathan et al. 2012), including genes important for cell 

differentiation and organ development (Mayshar et al. 2011). Gene expression influences 

the function of developing cells and can play an important role in the contractile function, 

cell-cell coupling, and ECM production. The known cardiac mutagen, thalidomide, has 
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been 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). Although the effects of 

thalidomide on ECM production during heart development are still unknown, we believe 

that our 3D-dhECT platform can be used to identify important differences that can further 

explain our findings, including thalidomide-induced differences in tissue formation, 

contractile function, and mitochondrial development.   

Thalidomide, which was tested in high concentrations on mice and rats, did not show 

any teratogenicity; years later researchers discovered that thalidomide’s teratogenic 

effects are species specific. This species specificity underlines the importance of human 

based in vitro studies (Parman, Wiley and Wells 1999). Additionally, thalidomide was 

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. Knobloch et al. showed that thalidomide induced 

oxidative stress enhances Bmp signaling (e.g. up-regulation of Bmp) and inhibition of 

Wnt/β-catenin signaling pathways (Knobloch, Shaughnessy and Ruther 2007). Both Bmp 

and Wnt signaling pathways are important in cardiac development and are of upmost 

importance in stem cell differentiation (Lian et al. 2013, Lian et al. 2012). The 

perturbation of important developmental signaling pathways could therefore lead to 

thalidomide-induced CHDs, and might have been the reason for fewer CMs in 3D-

dhECTs treated with thalidomide. Furthermore, upregulation of Bmp downregulates Akt 
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signaling; the Akt1 gene is essential for angiogenesis in the heart (Shiojima and Walsh 

2006).  

Mitochondria are complex organelles that are important in ATP production and cell 

signaling (Dorn, Vega and Kelly 2015). Our 3D-dhECTs contained CMs with clustered 

mitochondria, which were not distributed in the cytoplasm of cells. In comparison, 

control CMs contained mitochondria close to 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), but more experiments to understand the clustering of mitochondria in thalidomide-

treated CMs have to be performed.  

This study revealed that our 3D-dhECT platform is a robust drug-testing platform to 

detect thalidomide-induced changes during cardiac development. We detected changes in 

tissue formation during early stages of development as well as changes in total cell and 

CM number. Because the successful production of contracting 3D-dhECTs is not closely 

dependent on the initial seeding density and cell proliferation, all our thalidomide-treated 

3D-dhECTs showed some degree of spontaneous contraction, which might have not 

resulted in any contracting CMs in other cell-based studies.  
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7. SCALABLE CARDIAC MICROSPHERE PRODUCTION 

USING HUMAN PLURIPOTENT STEM CELL 

ENCAPSULATION AND DIFFERENTIATION  

7.1 Introduction  

Heart disease is the leading cause of death due to the inability for damaged myocardium 

to efficiently regenerate (Mercola, Ruiz-Lozano and Schneider 2011, Zhang, Mignone 

and MacLellan 2015). Human cardiomyocytes (CMs) for myocardial repair are difficult 

to obtain in large quantities, to deliver efficiently through transplantation, and to achieve 

the necessary integration with the host myocardium (Hartman, Dai and Laflamme 2016). 

Current differentiation systems of human pluripotent stem cells (hPSCs) are obtained 

through 2D monolayers which require large surface areas during in vitro culture and an 

additional cell-handling step post-differentiation to achieve CM maturation and advanced 

functionality (Jenkins and Farid 2015). Tissues can be formed by combining dissociated 

CMs with different biomaterials that enhance cell-cell and cell-material interactions; 

other approaches include the self-assembly of 3D cell aggregates generated by 

centrifugation (Burridge et al. 2011, Burridge et al. 2007) or the stacking of multiple cell 

monolayers to create a 3D architecture (Shimizu et al. 2003, Nagase, Kobayashi and 

Okano 2009). Using these tissue fabrication approaches for cell therapy applications 

brings problematic translational difficulties due to the multiple cell-handling steps and 

technical difficulties required to form 3D cardiac tissues. 

Cell therapies based on human induced pluripotent stem cells (hiPSCs) can facilitate 

an enhanced and autologous approach to personalized medicine (Zhao et al. 2015) 

compared to other available treatment options, including syngeneic and allogenic 
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therapies (Garbern and Lee 2013). HiPSCs can be cultured and expanded in vitro for an 

extended period of time and differentiated into cell types of all three germ layers, 

including cells like CMs that are normally difficult to obtain and cannot be cultured long 

term. These stem cell-derived cardiomyocytes (SC-CMs) can then be used for drug-

testing and regenerative medicine applications to overcome interspecies and donor 

variations. Once large quantities of CMs are produced for cell therapy, the successful 

delivery of cells to the infarcted myocardium presents another hurdle in the field. It is 

believed that the “ideal” cell type for the repair of a chronically damaged myocardium is 

a cell phenotypically similar to the host tissue (Li et al. 2012, Oskouei et al. 2012, Citro 

et al. 2014). Cardiosphere-derived cells (CDCs), which are composed of cardiac stem 

cells, are commonly used in myocardial repair (Sousonis, Nanas and Terrovitis 2014). 

Clinical studies in animals (Cheng et al. 2014, Suzuki et al. 2014) and humans (Makkar et 

al. 2012, Welt et al. 2013, Tarui et al. 2015) showed that injected CDCs improved cardiac 

function and reduced scar tissue. HPSCs have also successfully been used alone (Chong 

et al. 2014), in combination with fibrin (Menasche et al. 2015) or collagen (Joanne et al. 

2016), to produce SC-CMs for non-human primates, cardiac progenitors for human 

clinical trials, or SC-CMs in small animal models, respectively. Current clinical trials that 

infused or transplanted cells showed the positive effect of cell therapy. Although the 

mechanism of improvement is unclear, it is thought to involve endogenous repair 

mechanisms (Tarui et al. 2015). The reason for this theory involves the poor survival and 

integration of implanted cells into the host (Tarui et al. 2015, Malliaras et al. 2012).     

Biomaterials are not only used to provide a 3D supporting microenvironment, they 

have also been shown effective for protecting encapsulated cells from shear (Li et al. 
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2011). Uniform and precise 3D cell-material constructs can now be produced by 

emerging technologies like bioprinting (Du et al. 2015, Kang et al. 2016, Ouyang et al. 

2015, Ma et al. 2015a) and microfluidic systems (Chan, Zhang and Leong 2016, Zhao et 

al. 2016). The production of spherical cardiac tissue structures has been studied for years, 

starting with self-aggregated embryoid bodies (EBs) (Kehat et al. 2001), the initial stem 

cell differentiation approach to form spontaneously contracting CMs.  

Here we describe a fast, uniform one-step hiPSC microsphere encapsulation approach 

to produce developing cardiac microspheres in a single unit operation. Our custom build 

microfluidic system can produce at least 60 hiPSC-encapsulated microspheres per minute 

with an approximate diameter of 917 µm and great control over circularity (0.96). 

Encapsulated hiPSCs remained viable in PEG-fibrinogen microspheres and grew to form 

larger and dense microspheres. Mechanical compression testing showed low elastic 

moduli on day 5 of cardiac differentiation, which we believe contributed to cell survival 

and high-efficiency cardiac differentiation. Microspheres consistently showed initial 

areas of contraction on day 8 of differentiation, with high differentiation efficiency by 

day 20. Microspheres that were sheared through 18 and 23 gauge needles, at a shear rate 

of 287 and 4,310 s-1, respectively, on day 6 started to spontaneously contract by day 9 of 

differentiation. Produced cardiac microspheres showed appropriate functional responses 

to drugs including isoproterenol and propranolol. Furthermore, microsphere CMs 

responded to outside pacing frequencies up to 6.0 Hz. Microspheres were maintained in 

culture long term and developed tight cell-cell junctions and displayed aligned 

myofibrils. Finally, we showed that our microsphere production approach can be applied 

to the widely used biomaterial, gelatin methacryloyl (GelMA). These results demonstrate 
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our ability to produce reproducible hiPSC-laden microspheres in a high-throughput 

manner with high CM yield and functionality, necessary for future applications including 

to cell-therapy. 

 

7.2 Materials and Methods 

7.2.1 HiPSC expansion and maintenance 
HiPSC lines IMR-90 Clone 1 and 19-9-11(WiCell) were cultured on hESC qualified 

Matrigel (Corning) using mTeSR-1 medium (Stem Cell Technologies). HiPSCs were 

passaged using Versene (Invitrogen) and culture in mTeSR-1 medium supplemented with 

5 µM ROCK inhibitor (RI, Y-27632, Stem Cell Technologies) for 24 h.  

 

7.2.2 HiPSC microspheres production and cardiac differentiation 

Liquid PEG-fibrinogen precursor solution was prepared by combining PEG-fibrinogen 

with 1.5 v/v% triethanolamine (TEOA), 3.96 µl/ml N-vinyl pyrrolidone (NVP), and 

10 mM eosin Y (Fisher Scientific) photoinitiator (in PBS). Cells were resuspended in 

PEG-fibrinogen precursor solution at 25 million cells/ml. The PEG-fibrinogen-cell 

mixture was added to one inlet of a custom built microfluidic system. In parallel, mineral 

oil (BioXtra) was added to the other inlet of the microfluidic system which, when 

combined with the PEG-fibrinogen-cell mixture, causes the formation of spherical 

structures due to immiscibility of PEG-fibrinogen and mineral oil (Fig. 7.1 A). 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 to photocrosslink the liquid PEG-fibrinogen-

cell mixture to form cell-laden microspheres. Microspheres were collected, washed with 

mTeSR-1 medium, and cultured in mTeSR-1 medium + 5 µM RI for 24 h (day -3). 
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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. 

2013) was initiated by changing medium from mTeSR-1 to 4 ml RPMI/B27 w/o insulin 

(RPMI/B27-I, Thermo Fisher) supplemented with 12 µM CHIR (Stem Cell 

Technologies) per well. On day 1 (24 h after CHIR addition), medium was changed to 

4 ml RPMI/B27-I. 48 h after that (day 3), 2 ml old media was combined with 2 ml fresh 

RPMI/B27-I supplemented with 5 µM IWP2 (Stem Cell Technologies). On day 5, media 

was replaced with 4 ml RPMI/B27-I and on day 7, RPMI/B27-I was changed to 

RPMI/B27 medium (Thermo Fisher). RPMI/B27 medium was replaced every three days 

after that.  

 

7.2.3 Microsphere diameter, circularity, 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). After that, phase contrast 

images were acquired every other day.  

Microsphere diameter and size of three individual batches were determined 24 h after 

encapsulation. Autofluorescence of the photoinitiator eosin Y in PF microspheres was 

captured on a fluorescence microscope at low magnification. Images were analyzed using 

ImageJ 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).  
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7.2.4 Parallel plate mechanical testing 

Day 5 microspheres formed using IMR90 and 19-9-11 hiPSCs were tested for their 

compressive mechanical properties using a micron-scale mechanical testing system 

(Microsquisher, CellScale). Force was calculated via cantilever beam deflection in 

response to user-defined displacement (17% displacement) with compression rate of 

4 µm/s. All samples were tested in PBS at 34 ºC. The cantilever beam was composed of 

Tungsten (modulus = 411 GPa) with a diameter of 304.8 µm. Stress-strain characteristics 

of acellular and cellular tissues were obtained and the elastic modulus was directly 

obtained within the 5% strain range.  

 

7.2.5 XTT assay and shear study 

To verify hiPSC proliferation within PEG-fibrinogen hydrogels after encapsulation, cell 

activity on days -2 and -1 were determined using XTT assay (ATCC). One microsphere 

was placed in each well of a 96-well plate. The assay was performed by following the 

company’s instructions.  

On day 6 of differentiation, microspheres were submerged in fetal bovine serum 

(FBS), and sheared through a 18 gauge (inside diameter = 0.84 mm) or 23 gauge (inside 

diameter = 0.34 mm) syringe needle at 1 ml/min, resulting in a shear rate of 287 and 

4,310 s-1, respectively. Sheared microspheres were compared to age-matched, unsheared 

controls. Results for XTT assay were collected 24 hr after the experiment.  
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7.2.6 Cardiac microsphere 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. The dissociation 

solution contained 120 mM NaCl, 5.4 mM KCl, 5 mM MgSO4, 5 mM Na-pyruvate, 

20 mM glucose, 20 mM taurine, and 10 mM HEPES (pH 6.9) supplemented with 30 µM 

CaCl2 and 5 µM ROCK inhibitor. Microspheres were centrifuged, resuspended in trypsin 

(EDTA) and incubated at 37°C for 5 min. Trypsin was neutralized using RPMI20 (20% 

FBS in RPMI1640 medium); cells were resuspended in RPMI20 with 5 µM ROCK 

inhibitor. Dissociated cells were plated on fibronectin coated (25µg/ml, Thermo Fisher) 

PDMS coverslips and incubated for three days.  

 

7.2.7 Multielectrode array 

Day 20 and day 50 cardiac microspheres were dissociated for 2 hrs in collagenase 

solution (as previously described), resuspended in RPMI20 medium supplemented with 

5 µM ROCK inhibitor, and cultured on a S2 type MEA200/30-Ti-gr (Multichannel 

Systems) for at least 24 hrs. Spontaneously contracting CMs were perfused with Tyrode’s 

solution at 37 ºC using a MEA system with Multichannel Systems 1060-Inv-BC 

amplifier. When stabilized, baseline field potential recordings were acquired at a 

sampling frequency of 10 kHz. CMs were exogenously paced from 1.0 to 6.0 Hz. To 

assess drug response, 1 µM isoproterenol was added with a subsequent addition of 1 µM 

propranolol (Molecular Devices). Drugs were washed out to recover the baseline field 

potential profiles. Finally, 5 µM sotalol (Molecular Devices) was added and field 

potential recordings were analyzed.  
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7.2.8 Scanning electron microscopy 

Microspheres were collected for SEM. First, microspheres were rinsed with PBS and 

fixed in 4% paraformaldehyde and 2% glutaraldehyde in PBS for 15 min. Then the 

microspheres were rinsed with PBS and 2% osmium tetraoxide was added for 1.5 h. After 

further PBS rinses, the microspheres were subjected to quick freeze with liquid nitrogen 

and then lyophilized (Labconco). 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. 

 

7.2.9 Statistics 

To analyze the reported results, Minitab 17 was used and the mean ± SD was reported of 

all replicates. After checking for normal distribution, one-way analysis of variance 

(ANOVA) with Turkey’s test was used for all studies with equal variance and equal 

sample size. If equal variance did not apply, the Games-Howell test was used. P < 0.05 

was considered statistically significant.  

 

7.3 Results 

7.3.1 Fast, one-step microfluidic encapsulation device produced uniform and 

circular hiPSC microspheres 

Within the microfluidic device, the combination of liquid PEG-fibrinogen precursor 

solution and hiPSCs was joined with an oil phase to form spherical structures that were 

photocrosslinked to form microspheres (Fig. 7.1 A). The aqueous PEG-fibrinogen-hiPSC 

mixture was traveling with a constant flow rate through the microfluidic device while 
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achieving sufficient crosslinking in less than 1 s to form a crosslinked microsphere. 

Encapsulated hiPSCs displayed a round morphology with some cells being exposed 

beyond the PEG-fibrinogen hydrogel boundary (Fig. 7.1 B). The device can produce 

about 60 hiPSC-encapsulated microspheres per minute with control over size and 

circularity (Fig. 7.1 C-E). Autofluorescence of the photoinitiator, eosin Y, was used as a 

fluorescence indicator to measure cell-laden microsphere diameter and circularity 

(Fig. 7.1 C). On the same day of encapsulation (day -3), the initial microsphere diameter 

was 917.2 ± 68.9 µm (Fig. 7.1 D) and circularity was 0.96 ± 0.03 (Fig. 7.1 E, n = 524 

microspheres, 3 independent batches). HiPSC-encapsulated micrsosphere hydrogels 

displayed well-defined boundaries with cells being distributed within the PEG-fibrinogen 

hydrogel. HiPSCs were cultured in their pluripotent state for three days before cardiac 

differentiation was initiated on day 0. Previously (Kerscher et al. 2015b), three days was 

shown to be sufficient for hiPSCs to adjust to their new, 3D hydrogel microenvironment 

and to initiate cell growth within the hydrogel to form a more continuous tissue over 

time. Microspheres also projected the same trend in tissue growth compared to 3D-

dhECTs, with cells initially growing within the borders of the PEG-fibrinogen hydrogel, 

occupying the majority of the spherical volume (Fig. 7.1 F).   
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Fig. 7.1. HiPSC encapsulated microspheres can be formed with a custom-built 

microfluidic device. (A) HiPSCs suspended in hydrogel aqueous-precursor solution were 

combined with an oil phase to produce uniform cell-laden microspheres. The cell-

polymer solution was infused through the tubing at 1 ml/hr and each microsphere was 

photocrosslinked for less than 1 s. (B) Microspheres were maintained in their pluripotent 
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state for three days before initiating cardiac differentiation on day 0. During this time, 

hiPSCs adapted to their new 3D microenvironment and were exposed beyond the PEG-

fibrinogen boundary. (C) Microsphere diameter and circularity were determined by 

quantifying eosin Y’s autofluorescence 24 h after photocrosslinking. (D) Microspheres 

were 917 µm in size and were highly circular (n = 3 batches, 524 spheres analyzed, 3 

independent batches). 

 

7.3.2 HiPSC-laden microspheres possessed soft mechanical characteristics 

which contributed to microsphere growth  

Before culture medium was switched to initiate cardiac differentiation on day 0, hiPSCs 

grew within the initial microsphere boundaries (Fig.7.1). After day 0, differentiating cells 

continued to grow within and beyond the initial microsphere boundaries to produce 

denser and larger tissues with decreasing circularity (Fig. 7.2 A). At an initial cell 

encapsulation density of ~25 x 106 hiPSCs per ml, cells initially grew within the original 

hydrogel boundaries, maintaining their original diameter. To verify cell proliferation 

prior to initiation of differentiation on day 0, XTT assay 24 (day -2) and 48 (day -1) hrs 

after encapsulation was run for each tested hiPSC line (IMR90 and 19-9-11). This 

confirmed that cells from both hiPSC lines were more active on day -1 than 24 hr prior 

(Fig. 7.2 C). By day 3, microsphere diameter increased 1.3 times when compared to day 

0, and further increased to 1.7 times by day 7 of differentiation (Fig. 7.2 B). Furthermore, 

both hiPSC lines were also used to study the mechanical properties before the onset of 

spontaneous contraction. On day 5 of differentiation, the elastic modulus of IMR90 and 

19-9-11 encapsulated hiPSCs was 37 ± 4 Pa and 38 ± 7 Pa, respectively (Fig. 7.2 D).  
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Fig. 7.2. Soft hiPSC microspheres grew to form dense tissues. (A) Phase contrast 

images throughout the time course of cardiac differentiation visually showed the 

progression of differentiating cells in PEG-fibrinogen microspheres. (B) Before cardiac 

differentiation, cell proliferation for two hiPSC lines was verified by XTT assay, which 

showed an increase in cell activity between day -2 and day -1 (n = 5 microspheres per 

condition). (C) From the onset of cardiac differentiation (day 0), microsphere size 

increased significantly by day 3, and continued to grow until day 7. (D) The elastic 

modulus of day 5 microspheres for both hiPSC lines was less than 40 Pa.  
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7.3.3 3D hiPSC-laden hydrogels become cardiac microspheres 

Our microfluidic device was successfully used to produce hiPSC encapsulated 

microspheres in a high-throughput manner that resulted in spontaneously contracting 

cardiac microspheres over time. Microspheres were cultured in suspension and under 

stagnant conditions; due to the spherical architecture, internal cell alignment and uniform 

cell growth was difficult to achieve with increasing culture time, which we saw when 

studying the shape and cell arrangement of cardiac microspheres. Dense microspheres 

(Fig. 7.3 A) repeatedly started to spontaneously contract on day 8 of differentiation, with 

about 78% microspheres contracting by day 10 (n = 90 microspheres, Supplementary 

Movie 7.1). Differentiation efficiency was consistently high between batches, with 

71.6 ± 8.4 % total CMs (cTnT+), 7.1 ± 1.7 % proliferating CMs (cTnT+/Ki67+), and 

8.41 ± 6.5% fibroblasts (P4HB+) (n = 3 individual batches, Fig. 7.3 B). During the 

cardiac microsphere development, organoid-like structures formed with high nuclear 

density and αSA expression (Fig. 7.3 C). When sectioned, we detected areas with high 

cell density, holes, and pockets of epithelial-like cell arrangements (Fig. 7.3 D). 
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Fig. 7.3. 3D cardiac differentiation enabled high CM yield in microspheres. (A) 

Uncontrolled cell growth formed less uniform, but spontaneously contracting 

microspheres. (B) Day 20 microspheres were composed of 71.6 ± 8.4 % CMs (cTnT+), 

with 7.1 ± 1.7 % proliferating CMs (cTnT+/Ki67+). Microspheres were also contained of 

8.41 ± 6.5% fibroblasts (P4HB+, n = 3 individual batches). (C) Whole tissue staining 

with cardiac marker αSA (red) and DAPI (blue) revealed an organoid-like structure with 

areas of high nuclear density. (D) Microsphere section showed areas of high cell density 

and regions similar to epithelial-like cells.  
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7.3.4 Microspheres survived shear and started to contract spontaneously with 

maintenance of their structure 

The spherical tissue architecture has been shown beneficial for approaches including cell 

delivery through injection (Feyen et al. 2016). Here we investigated if microspheres, 

before the onset of spontaneous contraction, will survive shear stress and spontaneously 

contract afterwards. Two needle sizes, 18 gauge and 23 gauge, were used for this 

experiment and microspheres were sheared at a rate of 287 and 4,310, respectively and 

compared to unsheared, age-matched controls. The spherical structure after shear was 

maintained (Fig. 7.4 A) and microspheres from all groups attached to TCPS. One day 

after shearing, cell activity was highest in unsheared controls and decreased with 

increasing needle gauge (Fig. 7.4 B). The outer structural architecture appeared to be 

different in unsheared versus sheared microspheres. SEM images showed a smooth 

surface in the control (Fig. 7.4 C), while 18 gauge sheared microsphere exposed their 

internal ultrastructure (Fig. 7.4 D). As mentioned earlier, unsheared control microspheres 

spontaneously contracted on day 8; sheared spheres showed isolated areas of contraction 

on day 9 of differentiation (three days after shearing, Supplementary Movie 7.2). 
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Fig. 7.4. Needle shear did not hinder microspheres from spontaneously contracting 

and maintaining their structure. On day 6 of differentiation, microspheres were 

sheared through a 18 or 23 gauge needle and compared to unsheared control 

microspheres. (A) After shearing, microspheres adhered to well-plates and started to 

spontaneously contract on day 9 (one day later than control microspheres, see 

Supplementary Movie 7.2). (B) Cell activity of sheared microspheres decreased with 

increase in needle gauge (n = 5 microspheres). (C) Unsheared day 6 microspheres 

showed a smooth outer surface with cells being exposed, while (D) architecture of 

sheared microspheres was shown on the tissue surface, but structural integrity was 

maintained.  
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7.3.5 Microsphere CMs responded to drug treatment and electrical stimuli 

For the successful translation of engineered cardiac tissues towards regenerative medicine 

and drug-screening, the response to pharmacological and electrical stimuli is important to 

study. Using MEA analysis (Fig. 7.5 A, Supplementary Movie 7.3), we evaluated the 

response of our 20 day old cardiac microspheres to drugs including the β-adrenergic 

agonist, isoproterenol, β-adrenergic antagonist, propranolol, and the β-adrenergic 

receptor blocker, sotalol. Isoproterenol increases the frequency of contraction, while the 

subsequent addition of propranolol slowed down the rate of contraction (Fig. 7.5 B). 

Additionally, we studied the contraction pattern after sotalol administration. Sotalol, 

when compared to baseline field potentials, showed a change in contraction pattern (Fig. 

7.5 C), associated with the blockage of potassium channels. In addition to drug-testing, 

we also investigated the response of microspheres to electrical pacing. Day 50 

microspheres on MEA were paced up to 6.0 Hz. Microsphere CMs responded to this 

outside pacing up to 6.0 Hz (Fig. 7.5 D), which is much higher than what we previously 

achieved with 3D-dhECT microislands (Kerscher et al. 2015b).  
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Fig. 7.5. Microsphere CMs responded to pharmacological and electrical stimuli. (A) 

Microspheres were dissociated and plated onto the MEA chip (Supplementary Movie 

7.3). (B) Day 20 CMs responded to the β-adrenergic agonist, isoproterenol (Iso), 

increasing the contraction rate. The subsequent addition of propranolol (Prop), a β-

adrenergic antagonist, reversed the initial increase in contraction rate caused by 

isoproterenol. (C)  The addition of the non-selective β blocker, sotalol, altered the field 

potential pattern when compared to baseline field potentials. (D) In addition to 

appropriate response to drug treatment, day 50 microsphere CMs showed 1:1 

correspondence to outside pacing frequencies up to 6.0 Hz.  
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7.3.6 Cardiac microspheres showed dynamic remodeling of their PEG-

fibrinogen microenvironment 

With progressing culture time, encapsulated cells remodeled their PEG-fibrinogen 

microenvironment by producing ECM proteins and differentiating into contracting 

cardiac tissues. Phase contrast microscopy and SEM of microspheres showed a smooth 

cell-based surface (Fig. 7.6 A, B). At higher magnification, a combination of tightly-

connected cells and ECM deposition was revealed to be present on the microsphere 

surface (Fig. 7.6 C). Day 60 microspheres cells showed some aligning cells (Fig. 7.7 A), 

with neighboring cells forming junctions cell-cell junctions (Fig. 7.7 B). Understanding 

CM functionality on a tissue and single-cell level is often desired. We have successfully 

dissociated cardiac microspheres into single CMs, with CMs spontaneously contracting 

after dissociation (Supplementary Movie 7.4). CMs attached to unpatterned PDMS 

surfaces with elongated cell morphology (Fig. 7.7 C), which is normal for maturing CMs 

(Kerscher et al. 2015b). Dissociated cells were also immunofluorescently stained with the 

cardiac marker αSA to visualize and quantify developed sarcomeres. CMs displayed 

defined sarcomere structures with internal alignment and uniform spacing of 1.85 µm 

(Fig. 7.7 D). Organized sarcomere arrangement influences the mechanical contractile 

output and is indicative of maturation. Additionally, day 60 microspheres contained 

aligned myofibril arrangement, similar to SEM images of native human heart tissue 

(Saunders and Amoroso 2010). 

 



123 
 

 

Fig. 7.6. Cells remodel their PEG-fibrinogen microenvironment to form dense 

cardiac microspheres. (A) Phase contract image of a cardiac microsphere showed a 

uniform surface (Supplementary Movie 7.5). SEM supported the observation from 

phase contrast microscopy, revealing (B) a smooth microsphere surface (C) with ECM 

deposition.  
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Fig. 7.7. Encapsulated CMs displayed features of maturing cells. (A) Aligned cells 

were visual on the surface with ECM deposition. (B) Higher magnification SEM image 

showed junctions between two adjoining cells. (C) Once dissociated, individual CMs 

showed an elongated morphology and spontaneous contraction (Supplementary Movie 

7.4). (D) CMs stained positive for the cardiac marker αSA (green) and displayed well 

defined sarcomeres. Samples were counterstained with DAPI (blue). (E) Aligned 

myofibril structure was detected in day 60 microspheres, similar to human cardiac tissue 

samples.  

 

7.3.7 One-step microfluidic microsphere production can be expanded to gelatin 

methacryloyl 

Biomaterials that are photocrosslinkable and possess advantageous mechanical and 

biological properties for stem cell encapsulation and cardiac differentiation are hard to 

find. PEG-fibrinogen has been used for a variety of applications (Fuoco et al. 2012, 
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Appelman et al. 2009), including the use in cardiac tissue engineering (Plotkin et al. 

2014, Shapira-Schweitzer et al. 2009). Our group has shown that PEG-fibrinogen is not 

only suitable for CM encapsulation, but also for direct hiPSC differentiation to produce 

larger 3D-dhECTs (Kerscher et al. 2015b) that were not injectable. The limited 

applicability led to this high-throughput microsphere production approach. Our lab has 

also experience with another biomaterial, gelatin methacryloyl (GelMA), which is widely 

used for tissue engineering and bioprinting applications. In a recent study we showed that 

our single-cell handling approach to encapsulate and differentiate hiPSCs within a 

biomimetic material is applicable to soft (22% methacryloyl substitution degree) GelMA 

hydrogels. Initial proof-of-concept studies showed that our custom microfluidic device 

can produce acellular GelMA (Fig. 7.8) microspheres with ultrastructural features 

commonly seen in GelMA hydrogels (Xiao et al. 2011). Future studies will include in-

depth cellular comparison studies between the two biomaterials.  

 

 

Fig. 7.8. Acellular GelMA hydrogel microspheres can be produced in our 

microfluidic device. GelMA hydrogels showed large pores indicative of GelMA 

hydrogels  
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7.4 Discussion 

The high-throughput production of 3D cardiac tissues with only a single-cell handling 

step opens up the field of cardiac tissue engineering and its applications towards drug-

testing and regenerative medicine. Here we show the successful implementation of our 

custom microfluidic device to produce about 60 hiPSC encapsulated microspheres per 

minute with high uniformity and circularity. HiPSCs were evenly distributed within PEG-

fibrinogen hydrogels and grew within hours after encapsulation. Cell proliferation within 

the original microsphere boundary and beyond was observed throughout the time course 

of cardiac differentiation. Although cardiac microspheres became less circular over time, 

spontaneous contraction consistently started on day 8 of differentiation and was over 70% 

efficient. Microspheres survived applied shear, maintained their structure, and 

spontaneously contracted only one day after age-matched unsheared controls. In addition 

to spontaneous contraction, microsphere CMs responded appropriately to isoproterenol, 

propranolol, and sotalol. Furthermore, engineered microspheres responded to outside 

pacing frequencies up to 6.0 Hz, all of which makes these microspheres a suitable and 

functional tissue platform for cell-therapy. Over the time course of culture, proliferating 

and differentiating cells remodeled their provided PEG-fibrinogen microenvironment 

while depositing their own ECM proteins. We also showed that in addition to PEG-

fibrinogen, we can also produce GelMA microspheres which are similar in ultrastructural 

architecture and seem to be a promising biomimetic material to expand our existing 

study.  

In the field of tissue engineering, hydrogel-based microsphere size typically ranges 

between 100-200 µm (Chan et al. 2016, Zhao et al. 2016); microspheres with larger 
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diameter are more difficult to produce with high uniformity and circularity. Our recently 

published work showed successful hiPSC encapsulation and differentiation within PEG-

fibrinogen hydrogels to produce 3D-dhECT microislands (Kerscher et al. 2015b). These 

microislands displayed uneven growth patterns due to the multiple millimeter-size tissue 

diameter. When studying the 3D-dhECT microisland growth pattern, we detected a dense 

tissue ring of about 1 mm in size formed on the surrounding 3D-dhECT microisland 

edge. Based on this observation, the desired initial microsphere diameter was chosen to 

be less than 1 mm.   

The use of biomaterials in tissue engineering is sought to improve multiple 

parameters, including cell-cell and cell-materials interactions as well as recapitulating 

mechanical and biological cues present in the in vivo system of interest (Shao, Sang and 

Fu 2015, Guyette et al. 2016). The use of biomaterials for 2D cell culture is common, but 

less is known about the same material and how it will influence encapsulated cells in 3D. 

The heart has a known stiffness of 10 kPa and multiple studies have proven that 2D 

substrates with similar stiffness than the heart is beneficial to CM function and 

maturation (Young and Engler 2011). Cardiac differentiation was historically done on 

TCPS or by forming cell-based embryoid bodies (EBs). Studies showed that ridged TCPS 

does not represent the physiological stiffness of the heart, but that a softer substrate is 

beneficial for 2D cardiac differentiation (Hazeltine et al. 2014). EB formation drives on 

the nature of EB size and cellular interactions formed between cells; if these conditions 

were not met, insufficient CM differentiation and poor reproducibility were the outcome. 

Our high-throughput microsphere production process allows for a soft, reproducible 3D 

microenvironment while providing an EB-like production approach.  



128 
 

A bioreactor setup or similar dynamic culture conditions can provide a more uniform 

environment for cell and tissue growth compared to stagnant culture (Kempf et al. 2014). 

Fluid flow and dynamic stirring can improve nutrient and waste transport in and out of 

3D tissues, providing optimal growth conditions for developing cardiac tissues (Kempf et 

al. 2015). Even though these facts are well-known, numerous parameters have to be 

optimized for ideal tissue production in a bioreactor setup. In this study we wanted to 

show the possibility to produce uniform hiPSC encapsulated microspheres that 

subsequently were differentiated to form cardiac microspheres. Although our final 

cardiac microspheres were not fully consistent in size and circularity, a high percentage 

of microspheres showed similar growth patterns and differentiation efficiencies. We 

believe that a more even cellular growth pattern can be achieved in a bioreactor setting. 
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8. DIRECT PRODUCTION OF HUMAN CARDIAC TISSUES BY 

PLURIPOTENT STEM CELL ENCAPSULATION IN 

GELATIN METHACRYLOYL 

8.1 Introduction 

Given that the demand for human cardiac tissue greatly exceeds the supply (Noseda, 

Abreu-Paiva and Schneider 2015), straight-forward, automatable in vitro generation of 

functional cardiac tissues is critical for driving advances in applications ranging from 

drug testing and clinical cardiac regeneration to mechanistic investigation of heart 

development and disease (Kempf et al. 2015, Jeziorowska et al. 2015). With the 

advancement of patient-specific human induced pluripotent stem cell (hiPSC) line 

derivation, improvements in cellular engineering and genomic editing (Hotta and 

Yamanaka 2015), and establishment of highly efficient differentiation protocols, 

autologous cell- and tissue-therapies possess great future medical potential, including for 

cardiac tissue regeneration. When engineering these developing cardiac tissues with 

differentiating hiPSCs, it is beneficial to mimic the physiological conditions in the native 

heart and enable positive interactions between cells and their surrounding extracellular 

matrix (ECM). Providing a suitable microenvironment to encapsulated cells can promote 

and support tissue formation by sustaining initial cell viability, facilitating subsequent 

proliferation, directing differentiation, and promoting cellular function (Hodge et al. 

2014, Trosper et al. 2014, Burdick and Vunjak-Novakovic 2009). Hydrogel matrices can 

provide the necessary biomimetic microenvironment while simultaneously facilitating 

scalable tissue production.  
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Standard protocols for three-dimensional (3D) cardiac tissue production have been 

limited to the use of cardiomyocytes (CMs) obtained through pre-differentiation of stem 

cells (Lian et al. 2012, Nguyen et al. 2014, Turnbull et al. 2014, Schaaf et al. 2011) or 

direct isolation from the heart (Bian et al. 2014, Shapira-Schweitzer and Seliktar 2007). 

To form engineered cardiac tissues, the CMs are then dissociated and encapsulated within 

a biomaterial that provides a connective tissue-like 3D microenvironment (Masumoto et 

al. 2014, Zhu and Marchant 2011). This tissue production process involves multiple cell-

handling steps, negatively impacting CM viability and disrupting essential cell-cell 

junctions and ongoing developmental processes. If, however, pluripotent stem cells are 

directly differentiated within a 3D hydrogel, it is possible to generate developing and 

functional cardiac tissues with a high CM yield and only one cell-handling step (Kerscher 

et al. 2015b). This ability to directly produce 3D cardiac tissues from hPSCs in an 

ontomimetic manner has been successfully demonstrated using the biosynthetic material 

poly(ethylene glycol)-fibrinogen (PEG-fibrinogen) (Kerscher et al. 2015b) as the support 

matrix for hPSC encapsulation and differentiation, which we called 3D developing 

human engineered cardiac tissues (3D-dhECTs). Understanding the potential of 

additional hydrogel materials to enable direct, ontomimetic cardiac tissue production is 

important in leveraging this approach for a range of future applications (Hodge et al. 

2014).  

Collagen is an abundant ECM protein in the adult human heart (Stoppel, Kaplan and 

Black 2015, Caulfield and Borg 1979) and, therefore, may possess potentially beneficial 

properties as a matrix material for supporting temporal differentiation of hPSCs into 

contracting CMs. However, collagen alone cannot form mechanically tunable and 
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photocrosslinkable hydrogels and is associated with significant batch-to-batch variability 

(Kumar et al. 2014). Therefore, to mimic properties of the native heart ECM while 

improving control over material properties, we selected gelatin methacryloyl (GelMA) 

for this study and tested whether it could support the growth, differentiation, and function 

of stem cell-derived cardiomyocytes (SC-CMs). GelMA is a degradable hydrogel 

composed of gelatin (denatured collagens) that has been tunably substituted with 

methacryloyl groups; different degrees of methacryloyl group substitution can be 

achieved to obtain a range of different structural and functional characteristics of the 

hydrogel, including cell-responsiveness from gelatin and polymerization capabilities 

from methacryloyl groups (Nichol et al. 2010). In particular, GelMA can be 

photocrosslinked to form a relatively soft hydrogel, which we have found to be 

advantageous for hiPSC survival and maintenance (Lutolf, Gilbert and Blau 2009, 

Banerjee et al. 2009).  

Here we report for the first time the successful production of GelMA human 

engineered cardiac tissues (GEhECTs) by direct hiPSC encapsulation and differentiation 

within soft GelMA hydrogels. GelMA was first synthesized GelMA with a methacryloyl 

group substitution degree of 22% and then produced acellular GelMA hydrogels by 

visible-light photocrosslinking to study the enzymatic hydrogel degradation. Cellular 

GelMA hydrogels were formed by incorporating hiPSCs within the liquid GelMA 

precursor solution followed by photocrosslinking for less than one minute. HiPSC 

viability after encapsulation was maintained and cardiac differentiation efficiency was 

validated by flow cytometry. First isolated areas of spontaneous contraction were 

consistently observed on day 8 of differentiation, with uniformly contracting tissues 
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forming by day 14. Cells remodeled their 3D microenvironment and became more 

elongated, with larger and more elongated cell nuclei, over time. The proliferating and 

differentiating cells formed a connected tissue, allowing for a temporal increase in 

frequency and velocity of contraction. GEhECT CMs were evaluated by α-sarcomeric 

actinin staining with subsequent sarcomere spacing and alignment quantification. CM 

functionality was verified by appropriate response to drug treatments and outside pacing. 

These results showed that hiPSCs can be directly differentiated in GelMA hydrogels 

using a straight-forward, single cell-handling approach to produce GEhECTs.   

 

8.2 Materials and Methods 

8.2.1 HiPSC culture and maintenance  

IMR-90 Clone 1 and 19-9-11 human induced pluripotent stem cells (hiPSCs) were 

purchased from WiCell and cultured on hESC qualified Matrigel (BD Biosciences) in 

mTeSR-1 medium (Stem Cell Technologies). HiPSCs were passaged using Versene (Life 

Technologies) and mTESR-1 medium supplemented with 5 μM ROCK inhibitor (RI, Y-

27632, Stem Cell Technologies).  

 

8.2.2 PDMS mold preparation 

All chemicals, unless otherwise noted, were purchased from Sigma-Aldrich. A precursor 

solution for the polydimethylsiloxane (PDMS) molds was created as previously described 

(Kerscher et al. 2015b). Shortly, SLYGARD 184 silicone elastomer curing agent and 

SLYGARD 184 elastomer base (1:10 ratio, Dow Corning Corporation) were mixed, 

poured onto a glass slide, and cured at 70 °C. PDMS was peeled off and a cork borer was 
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used to create circular holes (4 mm in diameter). PDMS molds were soaked in 70% 

ethanol and exposed to UV-light. The mold was transferred to the bottom of a well of a 6-

well plate prior to the encapsulation process. 

 

8.2.3 Gelatin methacryloyl (GelMA) synthesis and precursor preparation 

Gelatin methacryloyl (GelMA) was synthesized following previous protocols (Nichol et 

al. 2010, Van Den Bulcke et al. 2000) with modifications. Briefly, gelatin (Type B, 

bovine) was mixed at 5% (w/v) into phosphate buffered saline (PBS, Gibco) at 60 °C 

with constant stirring until fully dissolved. Methacrylic anhydride (MA) was slowly 

added until the target concentration was reached (15% w/v) and reacted at 60 °C for 2 h. 

The reaction was stopped with PBS; gelatin methacryloyl was dialyzed for seven days 

and lyophilized for five days. Lyophilized GelMA was dissolved in deuterium oxide 

(Fisher Scientific) for NMR analysis. 1HNMR spectra were collected using a Bruker 

NMR spectrometer. Before integration, phase and baseline corrections were applied to 

ensure accurate methacryloyl group addition calculations. 

To prepare the precursor solution, lyophilized GelMA was re-dissolved into PBS 

at 80 °C at a concentration of 15mg/ml and combined with 1.5v/v% triethanolamine 

(TEOA), 3.96 μl/ml N-vinyl pyrrolidone (NVP) and 10 mM eosin Y (Fisher Scientific) 

photoinitiator (Franco et al. 2011). For degradation studies, acellular GelMA hydrogels 

(20 μl) were crosslinked for 60 s and incubated in PBS or 5 U/ml collagenase Type 2 

(Worthington) at 37 °C. Hydrogel weights were recorded at 0, 3, and 6 h (n = 3 

hydrogels).  
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8.2.4 Fabrication of GelMA human engineered cardiac tissues (GEhECTs)  

To form GelMA tissues, hiPSCs were dissociated using Versene, centrifuged, and re-

suspended at 26 ± 4.1 x 106 hiPSCs/ml GelMA. The GelMA cell suspension precursor 

solution was pipetted into a circular PDMS mold and photocrosslinked using visible light 

(203 mW/cm2) for 40 s (Fig. 8.1 A). After crosslinking, the PDMS mold was removed 

and newly formed tissues were suspended in mTeSR-1 medium with 5 μM RI and 

cultured for 24 h (day -3, three tissues per well). For the next two days, (days -2 and -1) 

mTeSR-1 medium was changed daily. Cardiac differentiation was initiated on the third 

day after encapsulation (day 0). 

Three days after hiPSC encapsulation (day 0), cardiac differentiation was initiated 

using a well-established protocol (Lian et al. 2013, Kerscher et al. 2015b). MTeSR-1 

medium was replaced with 4 ml per well of RPMI/B27 without insulin (RPMI/B27-Ins, 

Invitrogen) supplemented with 12 μM CHIR99021 (Stem Cell Technologies); 24 h later 

(day 1), the medium was replaced with 4 ml RPMI/B27-Ins. After 48 h (day 3), half of 

the old media was combined with an equal amount of fresh RPMI/B27-Ins supplemented 

with 5 µM IWP2 (Stem Cell Technologies). On day 5, the media was exchanged for 4 ml 

of RPMI/B27-Ins, followed by a change with 4 ml RPMI/B27 (Invitrogen) on day 7. 

RPMI/B27 medium was replaced every three days thereafter. 

 

8.2.5 Parallel plate mechanical compression testing  

Acellular and cellular (IMR90-1 and 19-9-11 hiPSCs) GelMA hydrogels were tested for 

their compressive mechanical properties 48 h after tissue formation (day -1) using a 

micron-scale mechanical testing system (Microsquisher, CellScale) (Kinney et al. 2014). 
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The force was calculated via cantilever beam deflection in response to user-defined 

displacement. All samples were tested in PBS at room temperature. The cantilever beam 

was composed of Tungsten (modulus = 411 GPa) with a diameter of 304.8 µm. Stress-

strain characteristics of acellular and cellular tissues were obtained and the elastic 

modulus was directly obtained within the linear 10-20% strain regime (n = 3 samples). 

 

8.2.6 Scanning electron microscopy (SEM)  

Day -1 tissues (19-9-11 hiPSCs) were prepared for SEM. Tissues were rinsed with PBS, 

fixed with 3% glutaraldehyde (Electron Microscopy Science) for 2 hrs at room 

temperature, rinsed again with PBS and further fixed with 2% osmium tetroxide 

(Electron Microscopy Science) for 2 hrs at room temperature. After fixation tissues were 

dehydrated with a serial ethanol dilutions followed by hexamethyldisilazane overnight. 

All tissues were then sputter-coated with gold and imaged.  

 

8.2.7 Tissue dissociation and re-plating 

For assays requiring dissociated cells, tissues were incubated in a dissociation solution 

containing collagenase type 2 (1 mg/mL, Worthington) at 37 °C for 2 h. The dissociation 

solution also contained 120 mM NaCl, 5.4 mM KCl, 5 mM MgSO4, 5 mM Na-pyruvate, 

20 mM glucose, 20 mM taurine, and 10 mM HEPES (pH 6.9) supplemented with 30 μM 

CaCl2. After incubation, the tissues were centrifuged and re-suspended in 0.25% trypsin 

(EDTA, Mediatech) and incubated at 37 °C for 5 min. Finally, the cells were 

singularized, centrifuged, resuspended in RPMI20 medium (RPMI 1640 medium with 
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20% FBS, Atlanta Biologicals) with 5 μM RI and plated on fibronectin (25µg/ml) coated 

PDMS glass coverslips. 

 

8.2.8 Viability and immunofluorescence of 3D cultured cells 

A LIVE/DEAD ® viability kit (Molecular Probes) was used to assess hiPSC viability one 

day after encapsulation (day -2). Staining was performing following manufacturer’s 

instructions; fluorescent Z-stacks were taken randomly within each tissue (n = 3 tissues). 

Protein expression within GelMA tissues was characterized through 

immunofluorescence staining. Whole tissues on day 0 and day 22 were stained with 

Phalloidin (actin filaments, Invitrogen) and dissociated tissues were stained with the 

cardiac marker α-sarcomeric actinin (αSA). The cells were fixed using 4% 

paraformaldehyde (Electron Microscopy Sciences), permeabilized with PBS-T (PBS with 

1% bovine serum albumin (BSA) and 0.2% Triton X-100), and blocked with 3% FBS in 

PBS. The samples were then successively incubated in primary and secondary (Alexa 

Fluor 488) antibodies for 24 h at 4 °C. All samples were counterstained with 4’ 6-

diamidino-2-phenylindole (DAPI, Molecular Probes). Fluorescently labeled samples 

were visualized with a Nikon A1si confocal microscope. 

GEhECT cells’ nuclear circularities and cross-sectional areas were analyzed on 

day 0 and day 22 using ImageJ by manually outlining DAPI-stained nuclei (n = 30 nuclei 

per time-point). Sarcomere spacing and alignment from dissociated GEhECT samples 

were analyzed using standard ImageJ plugins.  Sarcomere spacing was determined by 

drawing a perpendicular line through visible sarcomeres and obtaining its intensity 

profile to observe the intersecting sarcomere location (n = 20 CMs) (Kerscher et al. 
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2015b). Sarcomere alignment was determined by first drawing a perpendicular line 

through multiple sarcomeres within each cell. Then, a second line was created overlaying 

one sarcomere at a time. The angle between the perpendicular line and the sarcomere line 

was recorded for at least five sarcomeres per cell (n = 36 CMs).  

 

8.2.9 Early GEhECT growth  

In order to track early tissue growth, phase contrast images of whole tissues were 

acquired daily from day -2 to day 7 of differentiation (Ti Eclipse, Nikon equipped with an 

Andor Luca S camera). Tissue edges were manually tracked and the lateral surface area 

of whole tissues was quantified using standard plugins in ImageJ (n = 3 tissues).  

 

8.2.10 Contraction analysis of GEhECTs 

Contractions of whole GEhECTs were characterized using motion tracking software 

(Huebsch et al. 2015). Videos of spontaneously contracting GEhECTs were recorded on 

days 14, 17, and 40 (n = 3 tissues per time point). Every video frame was converted into a 

separate image and the motion between images was calculated. The DataEvaluation 

interface was used to generate a plot of average maximum contraction and relaxation 

velocities and to determine the frequency of contraction.  

 

8.2.11 Flow cytometry 

On day 27, cardiac tissues were dissociated as described above. Instead of re-plating, the 

cells were resuspended in 4 % paraformaldehyde and incubated at 25 °C for 20 min. The 

cells were then centrifuged, 90% cold methanol was added and cells were incubated at 
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4 °C for 15 min. Fixed cells were blocked with 5% BSA in PBS for 5 min, washed, and 

labeled by incubation with  100 μl of primary antibody (cTnT, Thermo Scientific; Ki67, 

Abcam; CD90, Abcam) diluted in 0.5% BSA and 0.1% Triton X-100 PBS. After 

washing, 100 μl of secondary antibody (Alexa Fluor 488/647, Invitrogen) diluted in 0.5% 

BSA and 0.1% Triton X-100 in PBS was added. The cells were again washed and 

analyzed on a BD Accuri C6 (BD Biosciences).  

 

8.2.12 Multielectrode array and drug-response 

Day 30, GEhECTs were dissociated with collagenase (as described above) and plated on 

a S2 type MEA200/30-Ti-gr (Multichannel Systems) in RPMI20 + RI. After 24 h, MEA 

was perfused with Tyrode’s solution (1.8 mM CaCl2, 5 mM glucose, 5 mM HEPES, 1 

mM MgCl2, 5.4 mM KCl, 135 mM NaCl, and 0.33 mM NaH2PO4, pH 7.4) at 37 °C. The 

MEA setup contained a Multichannel Systems 1060-Inv-BC amplifier and field potential 

recordings were acquired at a sampling frequency of 10 kHz. GEhECT CMs were 

exogenously paced from 0.5 – 3.0 Hz.   

The β-adrenergic agonist isoproterenol (Molecular Devices) and antagonist 

propranolol (Molecular Devices) were introduced to spontaneously contracting GEhECTs 

and their drug-response was analyzed using video analysis. Isoproterenol (1 μM) was first 

added to GEhECTs with a subsequent addition of 1 μM propranolol. After that, drugs 

were washed out and baseline contraction frequencies were achieved. GEhECT CMs 

from both IMR90-1 and 19-9-11 hiPSCs were analyzed.  
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8.2.13 Statistics 

Minitab 17 was used to analyze the reported results and the mean ± SD was reported of 

all replicates. After checking for normal distribution, one-way analysis of variance 

(ANOVA) with Turkey’s test was used for all studies with equal variance and equal 

sample size. If equal variance did not apply, the Games-Howell test was used. P < 0.05 

was considered statistically significant.  

 

8.3 Results 

8.3.1 GelMA forms photocrosslinked hydrogels that enzymatically degrade 

GelMA hydrogels have been successfully used to encapsulate and culture multiple cell 

types to form engineered tissues (Benton et al. 2009, Xiao et al. 2011, Paul et al. 2014, 

Aubin et al. 2010). In the present study we show that GelMA can be used to encapsulate 

hiPSCs and support 3D differentiation to form uniformly contracting cardiac tissues. 

Previous work has shown that low crosslinking density GelMA (~20% methacrylation) 

forms soft hydrogels, while high crosslinking density GelMA (~80% methacrylation) 

forms stiff hydrogels (Nichol et al. 2010). Based on our previous experience with PEG-

fibrinogen, GelMA with a low methacryloyl substitution degree was chosen for this study 

to produce soft hydrogels and successfully used to create GelMA human engineered 

cardiac tissues (GEhECTs). Synthesized GelMA was lyophilized to form a sponge-like 

solid. Using NMR, a substitution percentage of 22% was calculated (Fig. 8.2 B) by 

dividing methacryloyl group peaks (located at 5.3 ppm and 5.5 ppm) and gelatin’s free 

amine group peak. 

Initial studies confirmed that GelMA hydrogels could be successfully formed by 

visible light photocrosslinking using the photoinitiator eosin Y. Hydrogel stability and 



140 
 

temporal enzymatic degradation was validated; chemically modified gelatin can be 

enzymatically degraded by cells, enabling cell migration and proliferation within the 

provided matrix to form physiologically relevant tissues. To demonstrate that our GelMA 

was enzymatically degradable, acellular hydrogels were incubated in either PBS or 

collagenase solution at 37 °C and temporal changes in mass were quantified. Whereas 

hydrogels in PBS alone maintained their mass after the expected initial increase as a 

result of swelling, hydrogels in collagenase decreased in mass over the first 6 h, 

suggesting successful, temporal GelMA degradation (Fig. 1C). Within 24 h, hydrogels in 

collagenase solution degraded completely, illustrating the feasibility of cell-mediated 

enzymatic degradation of the GelMA, a critical feature for enabling encapsulated cells to 

remodel their microenvironment to form a continuous tissue in subsequent experiments.  

 



141 
 

 

Fig. 8.1. GelMA hydrogels were successfully used to produce GEhECTs. (A) HiPSCs 

were collected and combined with a liquid GelMA precursor solution; this mixture was 

then added into a circular PDMS mold and photocrosslinked for 40 s using visible light. 

(B) NMR spectrum showed synthesized GelMA with a methacrylation degree of 22% 

(signals of methacrylate double bonds at 5.3 and 5.5 ppm). (C) Photocrosslinked GelMA 

hydrogels initially swelled in the presence of PBS and degraded when incubated in 

collagenase, with over 50% mass loss by 6 h (n = 3 tissues). 
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8.3.2 GelMA hydrogels support hiPSC survival, growth, and cardiac 

differentiation 

In the present study, we produced hiPSC encapsulated GelMA hydrogels using visible 

light photocrosslinking for less than one minute to reproducibly form cell-laden GelMA 

hydrogels. Mechanical testing of acellular and cellular hydrogels verified that our low 

crosslinking density GelMA hydrogels with and without cells formed soft constructs; 

GelMA stiffness has been shown to play an important role in successful cell 

encapsulation and function (Engler et al. 2006, Engler et al. 2007, Nichol et al. 2010). 

The stiffness of cellular hydrogels on day -1 (two days after encapsulation) for both 

hiPSC lines were similar, with elastic moduli of 360 ± 40 Pa (IMR90, n = 3 tissues) and 

470 ± 7.0 Pa (19-9-11, n = 3 tissues). Cellular hydrogels were softer than acellular 

GelMA hydrogels, which had an elastic moduli of 830 ± 220 Pa (Fig. 8.2 A, n = 4 

hydrogels).  

Following encapsulation, hiPSCs were uniformly distributed (Fig. 8.2 B, C) and 

remained viable within GelMA hydrogels (>75% survival, Fig. 8.2 D). Three days post-

encapsulation (day 0, Fig. 8.2 E), hiPSCs had begun to grow beyond the original GelMA 

hydrogel boundaries, resulting in an increase in lateral surface area. Even with this 

enlargement in tissue size, hiPSCs maintained a round cell morphology, visualized by 

Phalloidin staining (F-actin, Fig. 8.2 F), through initiation of differentiation (day 0).  
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Fig. 8.2. GelMA encapsulated hiPSCs formed soft cell-laden hydrogels with hiPSCs 

surviving the encapsulation process to produce GEhECTs. (A) Acellular GelMA 

hydrogels exhibited an elastic modus of 830 ± 220 Pa (n = 4 hydrogels); in comparison, 

cellular GelMA tissues formed with IMR90-1 and 19-9-11 hiPSCs two days after 

encapsulation (day -1) were softer, with elastic moduli of 360 ± 40 Pa and 470 ± 7.0 Pa, 

respectively. n = 3 tissues per group. Mean ± s.d. ANOVA P < 0.05, * vs. GelMA 

hydrogel. (B) SEM image of cell-laden tissue 24 h after encapsulation (day -1) showed 

small cells in colonies growing in GelMA hydrogels. (C) Phase contrast image showed 

circular 3D cell-laden hydrogel 24 h after encapsulation (day -2) with (D) the majority of 

hiPSCs surviving the encapsulation process (green = viable, red = dead). (E) Three days 
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after encapsulation (day 0), hiPSCs formed growing clusters, (F) displaying a round cell 

morphology (F-actin filaments visualized by Phalloidin, red) with cells expanding 

beyond the original footprint of the hydrogel.  

 

Cell proliferation and growth both prior to and during cardiac differentiation was 

most pronounced at the GEhECT edges (Fig. 8.2, Fig. 8.3 A), resulting in a darkening of 

phase contract images as a result of higher cell density and an increase in tissue surface 

area. From day -2 to day 5 of differentiation, the tissue surface area increased by 

13.1 ± 1.7%, followed by a decrease of 2.8% between day 5 and 7 (Fig. 8.3 B, n = 3 

tissues). This observed decrease in tissue area was then followed by initiation of 

GEhECT spontaneous contraction; first spontaneous contraction within GEhECTs was 

consistently detected by day 8 of differentiation. Flow cytometry on day 27 of 

differentiation verified successful cardiac differentiation of 3D encapsulated hiPSCs. 

GEhECTs contained 70.4 ± 1.6% CMs (cTnT+), of which were 10.6 ± 2.6% proliferating 

CMs (cTnT+, Ki67+), and 8.4 ± 0.3% fibroblasts (CD90+, Fig. 8.3 C, n = 3 tissues). 
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Fig. 8.3. Encapsulated hiPSCs grew and differentiated to form a continuous tissue 

over time. (A) After the onset of cardiac differentiation (day 0), cells continued to grow 

within the original GelMA construct, forming a more connected tissue over time. (B) 

Circular surface area of tissues increased by 13.1 ± 1.7% by day 5 and decreased 

somewhat thereafter to form a dense tissue by day 7 (n = 3 tissues). First initial 

contractions were observed consistently on day 8. n = 3 tissues. Mean  ±  s.d. ANOVA P 

< 0.05, # vs. Day -2, * vs. Day 0. (C) On day 17, differentiated cardiac tissues contained 

approximately 70% CMs (cTnT+), of which 11% were proliferating (cTnT+, Ki67+), and 

8% fibroblasts (CD90+) (n = 3 tissues).  

 

8.3.3 Uniformly contracting GEhECTs showed increased frequency and 

velocity of contraction over time 

GelMA hydrogels were successfully used to facilitate direct hiPSC encapsulation and 

cardiac differentiation to form GEhECTs. Cardiac tissues showed first spontaneously 
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contracting areas by day 8 of differentiation, with more areas initiating contraction over 

time, resulting into uniformly contracting tissues by day 14 (Supplementary Movie 8.1).  

Once individual areas joined and contracted uniformly, the frequency and average 

maximum contraction and relaxation velocity increased over time, with tissues visually 

deforming between contracted and relaxed states (Supplementary Movie 8.2). The 

frequency of spontaneous contraction increased significantly between day 14 (0.2 Hz) 

and day 40 (0.8 Hz, Fig. 8.4 A). The maximum contraction velocity increased from 

75 ± 45 µm/s (day 14) to 360 ± 17 µm/s (day 40, Fig. 8.4 B). Similarly, the maximum 

relaxation velocity increased from 74 ± 55 µm/s (day 14) to 400 ± 28 µm/s (day 40, Fig. 

8.4 C), all of which resulted into strong contracting tissues over time.  

 

 

 

 

 

 

 



147 
 

 

Fig. 8.4. Frequency of spontaneous contraction and contractile velocity increased 

with GEhECT culture time. (A) GEhECTs formed uniformly contracting tissues by day 

14, with frequencies of spontaneous contraction increased significantly between days 14 

and 40. (B, C) In addition to the increase in contraction frequency, average maximum 

contraction and relaxation velocities also increased from day 14 to day 40 of 

differentiation. This increase in contraction and relaxation velocity corresponded with 

visual observations of stronger contracting tissues. n = 2-3 tissues. Mean ± s.d. ANOVA 

P < 0.05, * vs. Day 14, # vs. Day 17.  

 

8.3.4 Cellular remodeling and development of CMs in GEhECTs 

It is expected that cells remodel the surrounding microenvironment and actively change 

their size and morphology during development (Auman et al. 2007). Observed changes in 

actin filament morphology as well as nuclei morphology and size between day 0 and day 

22 of differentiation confirmed intracellular as well as microenvironmental remodeling, 

thereby contributing to the formation of a connective and uniformly contracting tissue. 

Confocal images of fluorescently stained cell-laden tissues on day 0 of differentiation 
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(Fig. 8.2 F) showed encapsulated cells with round (0.8 ± 0.1 circularity) and small 

(91.2 ± 30.5 µm2) cell nuclei. After 22 days, GEhECT cells displayed elongated actin 

filaments (Fig. 8.5 A)  with more elongated (0.7 ± 0.1 circularity) and larger 

(149 ± 52.4 µm2) nuclei of 3D cultured cells (Fig. 8.5 B, C, n = 30), an expected trend 

during stem cell differentiation (Dambrot et al. 2011).  

In addition to flow cytometry and video microscopy of visually contracting 

GEhECTs, immunofluorescence verified successful cardiac differentiation within GelMA 

hydrogels, showing defined and aligned sarcomeres. Contracting GEhECTs were 

successfully dissociated, re-adhered, and continued to synchronously contract (day 22, 

Supplementary Movie 8.3). While maintained in 2D culture, GEhECT CMs displayed 

well-defined (Fig. 8.5 D) and aligned (Fig. 8.5 E, n = 36) sarcomeres, spaced at 

1.85 ± 0.1 μm (n = 20 cells). 
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Fig. 8.5. GEhECT CMs remodeled their microenvironment and showed 

morphological differences expected from differentiating cells. (A) Day 22 tissues 

contained areas of high cell density primarily on the edges of GEhECTs where cells 

showed elongated F-actin filaments (Phalloidin, red). (B, C) Day 0 (hiPSCs) encapsulated 

cells displayed more circular and smaller nuclei compared to day 22 (CMs) cells. n = 30 

nuclei per condition. Mean ± s.d. ANOVA P < 0.05, * vs. HiPSC. (D) Following tissue 

dissociation, GEhECT CMs continued to spontaneously contract (Supplementary Movie 

8.2) and locally self-aligned with each other, displaying defined sarcomeres (αSA, green) 

with (E) high intracellular alignment (n = 36). 
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8.3.5 GEhECT CMs responded to extrinsic stimuli 

To evaluate the potential of these GEhECT-derived SC-CMs to be used for future clinical 

applications or drug testing, the functionality of CMs was evaluated by pharmacological 

and electrical stimulation. Spontaneously contracting GEhECTs were exposed to the β-

adrenergic agonist isoproterenol (1 µM), which caused an expected increase in frequency 

of contraction by ~0.2 Hz. Subsequently, propranolol (1 µM), a β-adrenergic antagonist, 

was added to GEhECTs which caused the frequency of contraction to slow down by 

~0.36 Hz (n = 3 tissues, Fig. 8.6 A). Although GEhECTs initial frequency of contraction 

varied between tissues, changes caused by the administered drugs were consistent, even 

with different hiPSC lines. GEhECTs were also successfully dissociated and plated onto 

a MEA chip (Fig. 8.6 B). Spontaneously contracting GEhECT CMs were electrically 

paced from 0.5 Hz to 3.0 Hz; field potential recordings showed 1:1 correspondence to 

outside pacing up to 3.0 Hz.  
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Fig. 8.6. Cardiac tissues responded to drug treatment and outside pacing. Cardiac 

tissues responded to drug treatment and outside pacing. (A) GEhECTs produced with 

IMR90-1 and 19-9-11 hiPSC lines responded to the β-adrenergic agonist isoproterenol 

(Iso) and β-adrenergic antagonist propranolol (Prop); 1 µM Iso increased the frequency 

of spontaneous contraction, the subsequent addition of 1 µM Prop slowed down the 

contraction. (B) Day 30 dissociated tissues (from IMR90-1 hiPSCs) were cultured on 

MEA (Supplementary Movie 8.4) and (C) extrinsically paced. GEhECT CMs responded 

to outside pacing frequencies up to 3.0 Hz. 
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8.4 Discussion 

In this study we show that GelMA is a suitable biomaterial for hiPSC encapsulation, 

culture, and cardiac differentiation to form uniformly contracting GelMA human 

engineered cardiac tissues (GEhECTs). GelMA is an ECM-based biomaterial that enables 

cell-responsive hydrogel degradation and subsequent remodeling of the cellular 

microenvironment. Soft GelMA hydrogels surrounding encapsulated hiPSCs were 

produced using GelMA with a methacryloyl substitution degree of 22%, which results in 

the formation of gels with a low crosslinking density. The elastic modulus of GelMA 

hydrogels can be altered by changing the methacryloyl substitution degree during 

synthesis and the exposure time and light intensity during photocrosslinking, in addition 

to being influenced by temperature (Kolesky et al. 2014). During compression testing, 

acellular GelMA hydrogels showed a higher elastic modulus than GelMA hydrogels 

containing encapsulated hiPSCs, suggesting that acellular hydrogels are stiffer than their 

cellular counterparts, but still remain softer than 1 kPa. GelMA having a  high degree of 

methacryloyl substitution, which would have resulted in gels with increased elastic 

modulus, was not chosen for this project based on its slower degradation rate and 

reported inhibition of cell spreading (Frisman, Seliktar and Bianco-Peled 2011). 

Although lineage specification is influenced by matrix stiffness (Engler et al. 2006), 

microenvironmental cues exerted on cells by biomaterials exploited in 2D or 3D culture 

(Nichol et al. 2010) have to be carefully distinguished and evaluated separately.  

Identifying suitable biomaterials to produce developing human cardiac tissues using 

only a single cell-handling step is challenging; success depends on a variety of 

parameters, including but not limited to mechanical properties, rate and mode of material 
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degradation, crosslinking density, initial cell-seeding density, and potential to support cell 

maintenance and differentiation processes. Biomimetic material design to facilitate 

cardiac tissue production and cardiac regeneration is the subject of significant research 

efforts (Hodge et al. 2014) and incorporation of additional biomimetic cues may further 

enhance GEhECT function and maturation (Shin et al. 2013, Kerscher et al. 2015b). In 

the past, natural materials such as Matrigel, collagen, or fibrin have been used to create 

cardiac tissues (Nunes et al. 2013, Radisic et al. 2004b, Yuan Ye, Sullivan and Black 

2011, Stoehr et al. 2014), recapitulating aspects of the native ECM composition. In order 

to better control and tune the properties of hydrogels, purely synthetic materials have also 

been used for 3D cell culture (Loessner et al. 2010). However, these systems frequently 

require the addition of bioactive sites necessary for the survival, adhesion, and growth of 

cells, as well as for the cell-responsive and temporal degradation of the material, and 

have generally not been amendable to formation of robust engineered cardiac tissues.  

Based on the drawbacks of purely synthetic or natural biomaterials alone, hybrid and 

functionally modified natural biomaterials that possess suitable mechanical, biological, 

and physical characteristics necessary for cell survival, attachment, and growth have 

unique advantages and are becoming more widely used in tissue engineering, bioprinting, 

and microfluidic applications (Mironi-Harpaz et al. 2012, Wang et al. 2015). Hybrid and 

functionally modified natural biomaterials, including PEG-fibrinogen and GelMA, are 

therefore advantageous for the direct production of developing human cardiac tissues, as 

reported here. We recently showed that PEG-fibrinogen is a favorable biomaterial for 

hiPSC encapsulation and ontomimetic cardiac differentiation (Kerscher et al. 2015b). 

PEG-fibrinogen has previously been tested for use in a range of biomedical applications, 



154 
 

including cardiac regeneration (Bearzi et al. 2014, Plotkin et al. 2014) and in clinical 

trials for cartilage repair (Trattnig et al. 2015). However, although PEG-fibrinogen has 

high potential, it has not yet been assessed in bioprinting applications, which would 

facilitate the transition from bench top research to biomanufacturing and advancements in 

cell-therapy. GelMA has also been used alone and in combination with other materials 

(Du et al. 2015, Kolesky et al. 2014) to successfully produce tissues for a range of 

applications. In addition, methacryloyl-containing biomaterials, including GelMA, have 

been used for bioprinting 3D tissues (Kolesky et al. 2014, Ma et al. 2015a), a technology 

with high potential for advancing the field of biomanufacturing (Ozbolat 2015).  

Bioprinting not only allows for fast production of 3D cell-laden hydrogels, but also 

for increased reproducibility and production speed. Experimentation with printing of 

hPSCs has been challenging due to the fragile nature of this cell type. Nevertheless, 

pluripotent stem cells have been successfully printed with high viability and maintenance 

of pluripotency (Ouyang et al. 2015, Faulkner-Jones et al. 2015). Printing hPSCs in 

combination with a hybrid or naturally modified biomaterial followed by subsequent 

cardiac differentiation has not yet been investigated, but, based on our results, could have 

high potential for the fabrication of engineered heart tissues. To manufacture the high 

number of cells necessary for cell-therapy and other regenerative applications, 

microcarriers or hydrogel encapsulation to support cell attachment and survival can be 

advantageous in bioreactor setup; GelMA hydrogels containing hPSCs could be 

fabricated to meet this need. By employing only a single cell-handling step and direct 

differentiation approach, our reported GEhECT platform has advantages for use in both 
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bioprinting and scalable cell production to obtain functional human cardiac tissues for 

drug testing and regenerative medicine applications.  

CM function and mechanical contraction are physical characteristics of healthy 

cardiac tissues that can be monitored easily throughout in vitro development and 

maturation. Without the necessity of tissue dissociation, changes in frequency, 

contraction and relaxation velocities of spontaneously contracting GEhECTs were 

monitored and showed significant increases with culture time. GEhECTs were 

maintained in suspension without physical constraints or applied load. Contraction and 

relaxation velocities at early time points (day 14) were of the same magnitude as other 

hPSC-CMs cultured 2D monolayers on solid substrates (Huebsch et al. 2015). Starting on 

day 17, as CMs within GEhECTs developed robust cell-cell connections, tissues 

physically contracted faster and with greater tissue-scale deformation; this continual 

increase in contraction and relaxation velocities progressed through at least day 40 of 

differentiation. Differences in frequency of contraction can be linked to the level of 

maturation of cultured cells and can also differ between tissues in suspension culture 

versus those mechanically anchored to a substrate or other outside support (Tulloch et al. 

2011). Although GEhECTs increased in their frequency of spontaneous contraction with 

culture time, the rate of contraction was slower than other human cardiac tissues cultured 

in vitro with mechanical load applied by a stiff substrate (Kerscher et al. 2015b) or 

mechanical posts.  Overall, tissues showed regular contraction patterns and uniform 

frequency of contraction, properties which have previously been correlated to uniform 

cell distribution in contracting tissue areas and cell alignment (Tsang et al. 2015). The in 
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vitro functional responsiveness of these developing cardiac tissues is critical for use in 

future drug testing and regenerative medicine applications.  
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9. CONCLUSIONS 

This research focused on the production of a novel 3D model of the developing human 

heart to better understand human heart development and research factors contributing to 

congenital heart defects, create better in vitro drug-testing platforms to screen novel 

pharmaceuticals, and enable patient-specific drug-screening to minimize severe cardiac 

side effects. With our scalable cardiac microsphere production approach we have also 

developed a procedure for implementing our single-cell handling approach for cell-

therapy applications. Finally, with this research we want to show the advantages of 

providing a suitable 3D microenvironment throughout hPSC differentiation by 

incorporating photocrosslinkable and degradable biomaterials and how it benefits tissue 

formation in vitro. 

The presented results show our ability to create a suitable 3D microenvironment 

to support hiPSC encapsulation, culture, and differentiation. PEG-fibrinogen and GelMA, 

with their ability to photocrosslink using visible light to form soft cell-laden hydrogels 

seem to be advantageous for successful stem cell culture.  

The first encapsulation technique focused on the production of 3D developing 

human engineered cardiac tissue (3D-dhECT) microislands on acrylated glass using 

cluster and single dissociated hiPSCs. 3D-dhECTs formed synchronously contracting 

cardiac tissues (> 70% cTnT+) with gene expression and electrophysiological properties 

similar to 2D monolayers. 3D-dhECTs also showed the ability for long-term culture, 

which resulted in cells with features of mature CMs.  

2D monolayers and 3D-dhECTs were then used to investigate their applicability 

to detect species-specific developmental abnormalities during CM development caused 
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by thalidomide. Reproducible results in control and thalidomide-treated 3D-dhECTs were 

detected, while thalidomide-treated 2D monolayers did not always result in contracting 

sheets. Our improved 3D platform of the developing human heart detected thalidomide-

induced changes in tissue formation and growth, CM differentiation efficiency and total 

cell numbers per tissues. Frequencies of contraction were significantly slower in 

thalidomide-treated tissues compared to age-matched controls, sarcomere development 

was detained, and mitochondria morphology and distribution in thalidomide-treated CMs 

was visually different compared to control CM mitochondria. Overall, our 3D-dhECT 

platform proved applicable to detect difficult to study drug-induced congenital heart 

defects. 

In addition to drug-testing applications, stem cell-derived cardiomyocytes are 

sought to be used in cell-therapy for myocardial repair. Immobilized 3D-dhECT 

microislands, although advantageous for their applicability in drug-testing, cannot be 

used for injectable cell therapy. We therefore translated our single-cell handling approach 

to produce cardiac microspheres. About 60 hiPSC-laden microspheres per minute were 

produced in our custom-built microfluidic device and efficiently differentiated to form 

cardiac microspheres. Appropriate responses to drug-treatment and outside pacing 

confirmed CM functionality and SEM images revealed the remodeling of the PEG-

fibrinogen hydrogel to form dense spheres with cells producing their own ECM proteins. 

The cell and structural survival after shear also proved the applicability of our cardiac 

microspheres for cell-therapy applications. 

Finally, we wanted to expand our studies with PEG-fibrinogen and find another 

favorable biomaterial for stem cell encapsulation, survival, and cardiac differentiation. 
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Gelatin methacryloyl (GelMA) with a low methacryloyl substitution degree (22%) was 

successfully synthesized and formed acellular and cellular hydrogels by 

photocrosslinking with the photoinitiator eosin Y and visible light for less than 1 min. 

Our approach allowed for high hiPSC survival and cardiac differentiation to produce 

GelMA developing human engineered cardiac tissues (GEhECTs).  

Taken together, these studies showed the first successful hiPSC differentiation 

within biomimetic materials to form functional cardiac tissues with mature features. Our 

tissues were successfully used to detect thalidomide-induced congenital heart defect and 

produced in high-throughput for potential uses in regenerative medicine.   
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APPENDIX A 

Materials 

Store all reagents at 4 ºC and pre-warm to room temperature before use (unless indicated 

otherwise). Perform all cell culture and staining procedures under sterile conditions using 

a laminar flow hood.  

1.1             hiPSC culture and maintenance 

1.1.1 6-well plates (tissue culture polystyrene treated) (Corning). 

1.1.2 CO2 incubator: 37 ºC, 5% CO2, and 85% relative humidity. 

1.1.3 Human induced pluripotent stem cells (e.g. IMR-90 Clone 1, 

WiCell). 

1.1.4 Human embryonic stem cell (hESC) qualified Matrigel (BD 

Bioscience) (see Note 1). 

1.1.5 DMEM-F12 (Thermo Scientific). 

1.1.6 mTeSR-1 media (Stem Cell Technologies). 

1.1.7 ROCK inhibitor (Y-27632, R&D Systems): Combine 6.24 mL 

PBS with 10 mg ROCK inhibitor. Aliquot and store at -20 ºC (see 

Note 2).  

1.1.8 Versene (Gibco). 

1.2             Differentiation of hiPSCs to CMs 

1.2.1 12-well or 6-well plate (Corning). 

1.2.2 CO2 incubator: 37 ºC, 5% CO2, and 85% relative humidity. 

1.2.3 Human embryonic stem cell (hESC) qualified Matrigel (BD 

Bioscience) (see Note 1).  
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1.2.4 DMEM-F12 (Thermo Scientific). 

1.2.5 Accutase (Innovative Cell Technologies). 

1.2.6 0.25% Trypsin (EDTA, Mediatech). 

1.2.7 mTeSR-1 media (Stem Cell Technologies). 

1.2.8 ROCK inhibitor (Y-27632, R&D Systems) Combine 6.24 mL PBS 

with 10 mg ROCK inhibitor. Aliquot and store at -20 ºC (see Note 

2). 

1.2.9 RPMI 1640 media (Gibco). 

1.2.10 B-27 supplement without insulin (Gibco) (see Note 3). 

1.2.11 B-27 supplement (Gibco) (see Note 4). 

1.2.12 CHIR99021 (Selleckchem): Add 1.49 mL DMSO to 25 mg 

CHIR99021. Aliquot and store at -20 ºC.  

1.2.13 IWP-2 (Tocris): Add 4.28 mL DMSO to 10 mg IWP2. Incubate at 

37 ºC for 10 minutes or until IWP2 is in solution. Aliquot and store 

at -20 ºC. 

1.2.14 Fetal Bovine Serum (FBS, Atlanta Biologicals) (see Note 5).  

1.3 Preparation of glass coverslips for cell seeding 

1.3.1 Glass coverslips (21 mm, #1, Fisher Scientific). 

1.3.2 Polydimethylsiloxane (PDMS) precursor: Mix SLYGARD 184 

silicone elastomer curing agent and SLYGARD 184 elastomer 

base (Dow Corning Corporation) at a ratio of 1:10. Add PDMS 

precursor onto glass coverslips and evenly coat glass by spin 

coating using a WS-400-6NPP spin coater (Laurell Technologies 
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Corporation) at 3,000 RPM for 10 seconds. PDMS coated glass 

coverslips are dried at 60 ºC for several hours (see Note 6) and 

sterilized using 70% ethanol and UV light.  

1.3.3 Fibronectin (40X, Thermo Scientific): Add 25 µL fibronectin to 

975 µL ice cold, sterile ultrapure water.  

1.4 Fluorescent labeling of mitochondria 

1.4.1 MitoTracker Red working solution (1 µM, Molecular Probes): 

Dilute 1 µL MitoTracker Red stock solution (1 mM) in 1 mL 

mTeSR-1 (hiPSCs) or RPMI/B27 (CMs).  

1.4.2 Phosphate buffered saline without calcium and magnesium (PBS, 

10X, Lonza): Add 10 mL 10X PBS into 990 mL ultrapure water. 

Filter sterilize.  

1.4.3 Filter for sterilization: polyethersulfone filter, pore size 0.22 µm 

(VWR International). 

1.4.4 Blocking buffer: Combine 3 mL FBS with 97 mL 1X PBS. Filter 

before use.   

1.4.5 Paraformaldehyde (16%, Electron Microscopy Sciences): Add 

10 mL 16% paraformaldehyde to 30 mL 1X PBS.  

1.4.6 PBS-T: Add 25 mL 10X PBS, 225 mL ultrapure water, 2,500 mg 

bovine serum albumin (BSA, Fisher Scientific), and 0.5 mL Triton 

X-100 (Fisher Scientific). Filter sterilize. 

1.4.7 4’,6-diamidino-2-phenylindole (DAPI, Molecular Probes) 

(1:36000 of primary stock in 1X PBS). 



206 
 

1.4.8 50% ethanol: Combine 25 mL DI water with 25 mL ethanol. 

1.4.9 70% ethanol: Combine 15 mL DI water with 35 mL ethanol. 

1.4.10 95% ethanol: Combine 2.5 mL DI with 47.5 mL ethanol.  

1.4.11 ProLong Gold antifade reagent (Life Technologies).   

1.4.12 Rectangular glass coverslide: e.g. 25x75 mm, 1 mm thick (VWR 

International).  

1.4.13 Clear nail polish (e.g. Electron Microscopy Science).  

1.5 Image Acquisition 

1.5.1 Confocal microscope (Nikon A1): 40X-100X oil objective, TRITC 

(Ex/Em: 561/595 nm) and DAPI (Ex/Em: 405/450 nm) filter sets. 

1.5.2 Imaging acquisition software (e.g. NIS Elements). 

1.6 Image Analysis using MQM 

1.6.1 Windows 7 or higher, or equivalent operating system.  

1.6.2 MATLAB 12 or higher with Statistics Toolbox (Mathworks, Inc.). 

1.6.3 MQM script: function files MitoMAT and Measurements are 

available for download from MATLAB Central, the Lipke Lab 

website or by request from the corresponding author. 

1.6.4 Microsoft Excel 2007 or higher. 

 

Methods 

Current state of the art stem cell culture and differentiation change rapidly and in depth 

training is available through WiCell and many major research institutions. Based on 

selected hiPSC cell lines, differentiation parameters might have to be adjusted (Lian et 
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al. 2013). Parameters influencing current state-of-the-art SC-CM differentiation have 

been covered in detail by Lian, X. et al. (Lian et al. 2013). 

1.7             hiPSC Maintenance and Expansion 

1.7.1 Culture hiPSCs as colonies on Matrigel coated 6-well plates in 

mTeSR-1 with daily media exchange until passage.  

1.7.2 Passage cells of a confluent well using Versene. Aspirate off old 

mTeSR-1, rinse and incubate cells in Versene at 37 ºC for 

4 minutes. Aspirate off Versene and resuspend cells in 1 mL 

mTeSR-1 + RI. Passage cells (e.g. 1:10 ratio) into a new Matrigel 

coated well containing 2 mL mTeSR-1 + RI.  

1.8            hiPSC dissociation for mitochondria labeling 

1.8.1 Rinse hiPSCs of a confluent well with 1X PBS and incubated in 

1 mL Accutase at 37 ºC for 8 minutes.  

1.8.2 Combine cells with mTeSR-1 and centrifuge cells at 200 g for 

5 minutes.  

1.8.3 Aspirate off supernatant and resuspend cells in 1 mL mTeSR-1 + 

RI and plated onto a Matrigel coated PDMS glass coverslip (see 

Note 7).  

1.8.4 Culture hiPSCs for two days in mTeSR-1 before fluorescently 

labeling cells. 

1.9 CM differentiation of hiPSCs 

1.9.1 Rinse confluent well of hiPSCs using 1X PBS.  

1.9.2 Incubate hiPSCs in Accutase at 37 ºC for 8 minutes. 
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1.9.3 Combine cells with mTeSR-1, centrifuge at 200 g for 5 minutes.  

1.9.4 Resuspend cells in 3 mL mTeSR-1 + RI (1 x 106 cells/mL) and add 

1 mL into each well of a Matrigel coated 12-well plate.  

1.9.5 After 24 hours, replace media with 2 mL mTeSR-1. Repeat this 

step twice. 

1.9.6 Replace media with 2 mL RPMI/B27 without insulin + 0.67 µL 

CHIR99021. 

1.9.7 After 24 hours, replace media with 2 mL RPMI/B27 without 

insulin. 

1.9.8 After 48 hours, apply combined media (1 mL old RPMI/B27 

without insulin and 1 mL new RPMI/B27 without insulin + 2 µL 

IWP2).  

1.9.9 After 48 hours, replace media with 2 mL RPMI/B27 without 

insulin. 

1.9.10 After 48 hours, change media to 2 mL RPMI/B27. Replace 

RPMI/B27 every three days until use.  

1.10 CM dissociation for mitochondria labeling 

1.10.1 Rinse and incubate spontaneously contracting CMs in 0.25% 

Trypsin (EDTA) at 37 ºC for 5 minutes.  

1.10.2 Singularize cells using a P1000 pipette tip, combine with RPMI20, 

and centrifuge cells at 200 g for 5 minutes.  
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1.10.3 Aspirate off supernatant and resuspend cells in 1 mL RPMI20 + RI 

(see Note 8) and plate cells onto fibronectin coated PDMS 

coverslips (see Note 7). 

1.10.4 Culture cells for three days post dissociation to allow cells to 

adhere and re-establish their phenotypic cell morphology and 

function before fluorescently labeling the cells (see Note 9).  

1.11 Fluorescence labeling of cells (see Notes 10 - 12)  

1.11.1 Rinse cells with 1X PBS. 

1.11.2 Add sufficient MitoTracker Red working solution into each well 

and incubate at 37 ºC for 30 minutes.  

1.11.3 Rinse three times with 1X PBS.  

1.11.4 Add 4% paraformaldehyde, incubate cells at room temperature for 

10 minutes. 

1.11.5 Rinse with 1X PBS. 

1.11.6 Incubate cells in PBS-T at room temperature for 10 minutes. 

Repeat this step twice.  

1.11.7 Block cells in blocking buffer at 4 ºC over night.  

1.11.8 Remove blocking buffer and add DAPI to all wells. Incubate at 

room temperature for 30 minutes. 

1.11.9 Rinse off DAPI with 1X PBS. Repeat this step twice. 

1.11.10 Dehydrate all samples using 50%, 70%, 95%, and 100% ethanol 

for 5 minutes each.  

1.11.11 Air dry all samples until completely dry. 
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1.11.12 Apply small drop of ProLong Gold to each sample, invert sample 

onto a rectangular glass coverslide (see Note 13).  

1.11.13 All samples should be dried over night, sealed using nail polish, 

and stored at 4 ºC. 

1.12 Image Acquisition 

1.12.1 Follow appropriate procedure to turn on and start up confocal 

microscope. 

1.12.2 While using the scanning feature, adjust the scanning time and size 

of the image to be captured to at least 1/8 frame/sec and 1024 

pixels, respectively (see Note 14). Also adjust the confocal laser 

settings and pinhole to ensure clear, bright, and crisp images of the 

mitochondria and nuclei (see Note 15). 

1.12.3 Capture and save the image as both .nd2 and separate .png, .jpg, or 

.tiff files in a location to be retrieved for later image analysis (see 

Note 16).  

1.13 Image analysis using MQM 

1.13.1 Start MATLAB by clicking on the MATAB icon on the start menu 

or by opening the MQM files, MitoMAT and Measurements. 

1.13.2 Copy and import all image files to be analyzed to the same folder 

containing the MQM files.  

1.13.3 Prepare for analysis by running the Measurements function file by 

clicking the green play button at the top of the home screen in 
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MATLAB. Switch between files by clicking on the different 

function file tabs within MATLAB.  

1.13.4 Press the green play button at the top of the home screen when the 

MitoMAT file is on the editor screen to begin the analysis (Fig. 

6.16).  

1.13.5 When prompted, enter information about the images to be 

analyzed, i.e. image name, image magnification (in µm/pixel), and 

cell type for a label, if desired. 

1.13.6 In the user-interface, select the types of results to be collected and 

specify a name for the Excel results file. After verifying this 

information, press continue (see Note 17).  

1.13.7 An image of the fluorescently labeled mitochondria will appear. 

Click around the edges of the cell to be analyzed (see Note 18 - 

21). 

1.13.8 Data can be analyzed in Excel (or similar software, e.g. Minitab, 

Origin) (Fig. 1).   



212 
 

 

 

Fig. 1. Number and total area of mitochondria per cell increases during hiPSC 

differentiation. Mitochondria play an essential role in actively contracting CMs and need 

to be analyzed at different stages of development. Mitochondria (red) of hiPSCs and SC-

CMs are processed and analyzed using a custom MATLAB script to detect number of 

mitochondria and area of mitochondria per cell. Few mitochondria were present in 
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hiPSCs with locations close to the cell nucleus. On the other hand, SC-CMs showed 

increased number of mitochondria which was spread out throughout the cell.  

 

Notes 

1. Matrigel coated 6-well and 12-well plates: Remove Matrigel 

aliquot from -80 ºC freezer and transfer into a sterile tissue 

culture hood. Resuspend Matrigel aliquot in 1 mL cold DMEM-

F12 and transfer to a 15 mL centrifuge tube. Add additional 

11 mL cold DMEM-F12, mix, and add 1 mL Matrigel solution 

into each well of a 6-well plate (0.5 mL into each well of a 12-

well plate). Incubate Matrigel solution for 30 minutes at room 

temperature. Add an additional 1 mL DMEM-F12 to each well 

and store at 37 ºC. 

2. mTeSR-1 + RI: Add 50 µL 5 mM ROCK inhibitor to 50 mL 

mTeSR-1 media, mix well.  

3. RPMI/B27 without insulin: Combine 500 mL RPMI1640 media 

with 10 mL B-27 supplement without insulin, mix well and 

store at 4 ºC. 

4. RPMI/B27: Combine 500 mL RPMI1640 media with 10 mL B-

27 supplement, mix well. 

5. RPMI20: Combine 40 mL RPMI1640 media with 10 mL FBS. 

Filter sterilize. 
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6. PDMS-coated coverslips can also be dried at room temperature 

overnight, or until dry.  

7. Seeding density of cells used for imaging experiments must be 

uniform across all groups to eliminate cell density effects as a 

source of variation in mitochondrial dynamics.  

8. RPMI20 + RI: Add 50 µL 5 mM ROCK inhibitor to 50 mL 

RPMI20, mix well.  

9. CMs can be multinucleated; for the MQM module needed to 

analyze cells with more than one nucleus, email the 

corresponding author. 

10. If necessary, adjust immunostaining protocol to ensure bright, 

clear, images with no unspecific antibody binding or 

background fluorescence – it impossible to analyze the 

mitochondria if the staining is not clear. 

11. After MitoTracker Red working solution is applied, cells have 

to be handled in the dark to avoid photobleaching.  

12. All staining procedures should be done under sterile conditions.  

13. Any glass coverslide that fits onto an available confocal 

microscope stage holder can be chosen.  

14. Images can be acquired at slower scan speed (e.g. 1/16 

frame/sec) and higher resolutions (e.g. 2048 pixels), if desired.  

15. Making meaningful comparisons between samples requires that 

all images must be acquired at the same magnification and using 
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identical image capture methods. Data from confocal images 

will not be comparable to those from non-confocal fluorescence 

images due to unequal contributions from nonfocal planes. 

Similarly images from different magnifications will have 

unequal amounts of pixel bleeding from adjacent areas of the 

sample. 

16. In order to be able to access the image files of interest, files 

must be stored in the same folder as the MQM files.  

17. MATLAB is unable to write to an Excel document while it is 

open. Therefore it is important to make sure that all Excel result 

files are closed during analysis.  

18. Currently, MQM can only analyze one cell at a time.  

19. Analysis time is between 2-4 minutes per cell, with time 

decreasing with use. 

20. If the experimenter decides to reject the data from a particular 

cell, if there was inconsistency with labeling or a general error 

in use, the user must delete the data written in the Excel file 

associated with that run.  

21. Label cell membrane to make it easier to identify which 

mitochondria belongs to which cell. 
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APPENDIX B 

Motivation 

We anticipate that the exposure of known mutagens, in particular thalidomide, will cause 

identifiable changes in gene expression, ECM production, and electrophysiological 

characteristics of differentiating hiPSCs. The selected experiments for this project will 

answer fundamental questions about hiPSCs’ ability to detect thalidomide-induced 

changes in electrophysiological function of these developing heart cells when exposed to 

the known cardiac teratogen thalidomide. HiPSCs have successfully been used to 

determine drug-induced changes, but this specific 2D monolayer differentiation 

procedure with small molecule addition has yet to be explored in more details. Although 

thalidomide is a widely studied pharmaceutical, less is known about its interactions with 

differentiating hiPSCs. The overall outcomes of this project will be the determination of 

mutations known to cause CHDs, especially changes in ECM composition secreted by 

hiPSCs during cardiac differentiation. Additionally, gene and protein expression, 

mitochondria organization and number, as well as electrophysiological changes during 

cardiac differentiation will be assessed. This 2D monolayer cardiac differentiation 

protocol is used as a simplified model system, but will provide great insights into 

physiological changes. Once these changes are successfully determined, a more relevant 

3D engineered developing heart model will be applied for in-depth studies on ECM 

production and mechanical changes during thalidomide treatment.  

This simplified developing human heart model will enhance our understanding of 

CHD formation and explore hiPSC’s efficacy for detecting anticipated mutations caused 

by thalidomide, opening up more in-depth studies for the future.  
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Materials and Methods 

HiPSC culture and maintenance 

IMR-90 Clone 1 hiPSCs were purchased from WiCell and maintained at 37 ºC, 5% CO2, 

and 85% relative humidity. HiPSCs were cultured as colonies on hESC qualified 

Matrigel (BD Biosciences) using mTeSR-1 media (Stem Cell Technologies). HiPSCs 

were passaged using Versene (Life Technologies) and 5 µM ROCK inhibitor (Y-27632, 

R&D Systems) was added to the mTeSR-1 media for 24 h post-seeding.  

 

Thalidomide preparation, storage, and stability 

Thalidomide (MP Biomedicals), was dissolved (stock solution 55 mg/ml) in DMSO, and 

stored at 4 ºC in the dark until use. Due to adverse effects on cell viability, total volume 

percent DMSO is kept as low as possible, while maintaining thalidomide’s stability when 

exposed to cell culture media. Thalidomide’s stability in cell culture media was tested by 

measuring absorbance using a UV-vis spectrophotometer (Genesys 10S). Tested groups 

included: DMSO, 1 µM, 70 µM, and 250 µM thalidomide in RPMI/B27 without insulin, 

which is the primary media component used throughout cardiac differentiation. Total 

DMSO percentage was held constant at 0.2% or 0.5%. 

  

2D monolayer differentiation for highly reproducible and efficient cardiac 

differentiation 

For 2D monolayer differentiation of hiPSCs, the composition of the media and timeline 

of differentiation was similar to that in a previously published protocol(Lian et al. 2013). 

Briefly, hiPSCs were dissociated using Accutase, resuspended in mTeSR-1 media, 
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counted, and centrifuged. HiPSCs were seeded at 0.5 × 106 hiPSCs/well of a Matrigel 

coated 12-well plate in 2 ml mTeSR-1 media + 5 µM ROCK inhibitor for 24 h (day -4). 

From day -3 until day 0, mTeSR-1 media was replaced daily. On day 0 of differentiation, 

media was changed to 2 ml RPMI/B27 without insulin + 12 µM CHIR99021 

(Selleckchem) for 24 h. Media was changed to 2 ml RPMI/B27 without insulin for an 

additional 48 h. On day 3, 1 ml RPMI/B27 without insulin and 5 µM IWP2 (Tocris) were 

combined with 1 ml old RPMI/B27 without insulin (“combined media”) and cells were 

cultured until day 5, when media was changed back to RPMI/B27 without insulin. On 

day 7 and successively every three days, media was replaced with RPMI/B27. 

 

Substrate selection for 2D sheet differentiation 

For accuracy, our goal is to minimize cell handling and cell dissociation steps. Before 

starting any drug-testing experiments, an alternative culture platform base for cardiac 

differentiation has to be found. 2D cardiac monolayers are historically produced in 12-

well plates, which significantly limit our ability to image fluorescently labeled samples or 

to detect calcium traces at high resolutions due to a thick plastic bottom; this method 

thereafter requires a cell dissociation step to transfer SC-CMs onto a thin coverslip. This 

process significantly influences cell-cell interactions and CM viability post-dissociation. 

Therefore, PDMS coated glass (circular glass coverslips, 21 mm, No. 1, Fisher Scientific) 

and plastic coverslips which can easily be added to and extracted from a standard 12-well 

plate, will be UV/ozone treated (PSD Benchtop UV/Ozone System, Novascan 

Technologies) followed by additional sterilization under UV-light. Matrigel coating, cell 

seeding, and differentiation on PDMS glass and plastic coverslips will not change 
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compared to previously optimized conditions (see “2D monolayer differentiation for 

highly reproducible and efficient cardiac differentiation”). Every 24 h, images will be 

taken to observe differences in cell attachment and ability to differentiate and contract.  

 

2D cardiac sheet differentiation of hiPSCs and thalidomide treatment 

With the knowledge that thalidomode’s mean steady state concentration ranges between 

1-10 µM(Kodama et al. 2009, Chung et al. 2004) and that significant gene expression 

changes occurred at 1 and 70 µM during hPSC differentiation(Meganathan et al. 2012), 1 

and 70 µM thalidomide concentrations will be investigated in future studies. In summary, 

control, control (carrier), 1 µM, and 70 µM thalidomide treatment groups will be used for 

all experiments throughout this project. Treatments will be added to differentiating 

hiPSCs of 3 wells per condition every 48 hours, from day 1 to day 15 (in addition to 

differentiation media). Equal volumes of the drug carrier (final volume percent: 0.2% 

DMSO) will be used in control (carrier), 1 µM, and 70 µM thalidomide treatment groups.  

 

Mitochondria localization and analysis of thalidomide-treated SC-CMs 

Mitochondria are the primary organelle responsible for energy production within the cell. 

This is the reason why it is important to understand how a drug influences mitochondria 

quantity, organization, and localization throughout the developmental process, from a 

stem cell until a functional CM. Mitochondria are an important component influencing 

normal heart development and contractile function. During early stages of CM 

development, mitochondria are only a small portion within a cell’s cytoplasm and are 

structurally visible in a reticular arrangement(Yang et al. 2014), while in the adult CM, 
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mitochondria occupy approximately 20-40% of the total CM volume due to high energy 

requirements needed for contraction; at this stage mitochondria exhibit a regular 

distribution with a “crystal-like lattice pattern”(Schaper et al. 1985).  

Cells of all treatment groups will be stained for mitochondria on days 0, 15, and 

30 of differentiation (n=3 per condition). Mitochondria will be visualized using 

MitoTracker Red (Invitrogen) diluted to a final concentration of 1 nM in cell culture 

media. MitoTracker Red working solution will be added to all wells and incubated at 37 

°C for 30 min. Cells will be rinsed with PBS, fixed, permeabilized, and blocked. Cells 

will be counterstained with 4’,6-diamidino-2-phenylindole (DAPI, Molecular Probes). 

Three images per well (areas with similar confluency) will be acquired and analyzed 

using MQM, a custom developed MATLAB script, and will be used as previously 

described (Appendix A) to determine number and area of mitochondria per cell in an 

effective, unbiased, and reproducible manner. 

 

Immunofluorescent staining of thalidomide treated SC-CMs 

To assess changes in protein expression and localization of age-matched thalidomide 

treated and untreated SC-CMs, cardiac markers αSA, cTnT, and Nkx2.5, proliferation 

marker Ki67, as well as versican, collagen Type I, and elastin will be visualized using 

confocal microscopy. In addition to age-matched comparisons, internal protein 

development will be compared over time, specifically on days 10, 20, and 30 of 

differentiation.  
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Wavefront propagation and calcium transient velocity of control and thalidomide 

treated SC-CMs 

Day 17 2D cardiac monolayers were incubated in the calcium sensitive dye Rhod-2 

(Invitrogen) for 30 min followed by thorough rinsing with PBS before experimentation. 

To study calcium transient durations, 2D monolayers were optically mapped; recordings 

were taken using an Andor iXon+ 860 EMCCD camera and results were analyzed in 

MATLAB. recordings will be taken using an Andor iXon+ 860 EMCCD camera. Optical 

mapping data will be processed using custom written MATLAB scripts to measure 

velocities of wavefront propagation and durations of calcium transients and APs. 

 

Results 

Thalidomide remains stable in cell culture medium 

When testing thalidomide’s stability in cell culture media (RPMI/B27 without insulin), 

absorbance spectra revealed that both 0.2% and 0.5% total volume of DMSO stabilizes 

thalidomide (1-250 µM, Fig. 2). For this reason, 0.2% total volume percent will be used 

to stabilize thalidomide.  
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Fig. 2. Thalidomide at 1 - 250 µM remains stable in cell culture media with 0.2% 

and 0.5% total volume percent DMSO. Thalidomide has an absorption peak at 300 nm. 

UV-vis absorbance of thalidomide stabilized with 0.2% and 0.5% total DMSO did not 

show a peak shift or a significant decrease in absorbance value (a). Absorbance vs. 

concentration did not show a difference in slope when comparing 0.2% and 0.5% total 

DMSO for thalidomide stabilization up to 250 µM (b). Note: minor changes in 

absorbance peak height is most likely due to pipetting errors. 

 

Thalidomide significantly decreased EB diameter during cardiac differentiation. 

During initial stages of this project, a different cardiac differentiation protocol was used 

to produce SC-CMs (Zwi et al. 2009). Preliminary results of thalidomide’s effects on 

hiPSC differentiation were investigated using the formation of EBs (Fig. 3). Control, 

control (0.5% DMSO), 1 µM, and 70 µM thalidomide treatments were added on days 0 

and 3 of differentiation after cells have been dissociated and transferred to a non-coated 

60 mm culture dish where cells are allowed to self-aggregate to form EBs within 10 days. 

EB diameters were recorded and measured on day 3 and day 5 of differentiation for all 
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treatment groups. The carrier (0.5% DMSO) did not significantly influence EB diameter 

compared to the control (as expected), whereas 1 and 70 µM thalidomide showed 

significant decrease in EB diameter on both days (Fig. 4, 5).  

 

Fig. 3. Initial hiPSC differentiation method using EB suspension culture produced 

CMs in an inefficient and unreproducible way. HiPSCs were cultured, dissociated, and 

transferred to a non-coated culture dish. Within 10 days of suspension culture, cells 

aggregate to form EBs. EBs (~5-10%) start contracting between days 10-15 of 

differentiation.  
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Fig. 4. Thalidomide did cause a decrease in EB diameter during cardiac 

differentiation. (a, b) Phase contrast images showed that the addition of thalidomide on 

day 0 and day 3 of differentiation caused a change in EB diameter of thalidomide 

treatment groups. Additionally, thalidomide treated samples showed more cell debris in 

culture dishes. Scale bar = 500 µm. 
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Fig. 5. Thalidomide caused a significant decrease in EB diameter on day 3 and day 5 

of cardiac differentiation. On day 3, EB diameter decreased from 180±51.4 µm 

(control) to 129 ± 37.7 µm (1 µM thalidomide) and 126 ± 35.2 µm (70 µM thalidomide). 

Consequently, on day 5, EB diameter varied from 190 ± 65.1 µm (control) to 161 ± 43.2 

µm (1 µM thalidomide) and 146 ± 52.6 µm (70 µM thalidomide). *P < 0.05 when 

compared to control, #P < 0.05 when compared to control (carrier).  

 

Due to the high batch-to-batch variability and low efficiency of cardiac 

differentiation, this EB formation protocol will not be used in future studies. Overall, we 

believe that the significant decrease in EB diameter is due to the lack of ECM proteins 

essential for tight cell-cell interactions, but further experiments have to be conducted to 

confirm this theory. As mentioned previously, due to fast and exciting developments to 

improve stem cell differentiation, a more efficient and reproducible differentiation 

protocol was adapted from Lian et al (Lian et al. 2013).  
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HiPSCs can be differentiated into contracting CMs using a 2D monolayer 

differentiation protocol. 

During preliminary results of normal 2D monolayer differentiation (no thalidomide 

treatment), we have found that the stem cell line IMR90-1 can successfully be 

differentiated into a fully contracting 2D cardiac sheet (Fig. 6). Efficiency of CM 

production was determined to be 74.3±4.4% (Fig. 7). CMs expressed αSA and Nkx2.5 

(Fig. 8) which are important cardiac proteins. Furthermore, changes in versican 

localization (Fig. 9), area of mitochondria, and mitochondria localization in hiPSCs and 

CMs (Fig.10) were investigated during hiPSC differentiation without thalidomide.  

 

Fig. 6. 2D monolayer differentiation produces fully contracting cardiac sheets. 2D 

monolayer differentiation protocol is used as a simplified model of heart development 

and to determine initial effects of thalidomide on differentiating cells. For all 

differentiations, first areas of contractions are expected to occur within the first 10 days 

of differentiation.  
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Fig. 7. Quantitative analysis of CM differentiation efficiency. Day 20 2D cardiac 

monolayers were used for flow cytometry and analyzed. (a) Isotype controls and (b) 

cTnT/Ki67 stained samples of three separate cardiac tissues were quantified. 2D 

monolayer differentiations produce 74.3±4.4% cTnT and 26.6±0.5% Ki67 positive cells 

by day 20.  

 

 

Fig. 8. 2D monolayer differentiation results in CMs that express cardiac markers. 

Dissociated monolayer CMs express (a) αSA and (b) Nkx2.5 located in cell nuclei. (c) 

Samples were counterstained using DAPI. 
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Fig. 9. Versican expression changes with hiPSC differentiation and is critical in 

heart development. Preliminary data shows, versican (green) in hiPSCs (top row) is 

primarily located within the cell nucleus, whereas versican (green) in SC-CMs (bottom 

row) is located in the cell nucleus and cytoplasm. Samples were counterstained with 

DAPI (blue).  
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Fig. 10. Mitochondria can be tracked throughout stem cell differentiation. While SC-

CMs increase in size and develop more defined sarcomeres (green), mitochondria (red) 

number increases and location spreads when CMs mature.   

 

Wavefront propagation of dissociated SC-CMs can be captured and analyzed. 

Preliminary optical mapping results using spontaneously contracting monolayers of 

hiPSC derived CMs show successful capture and processing of calcium transient 

wavefront propagation. 
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Fig. 11. Calcium handling can be captured of dissociated SC-CMs. HiPSC-CMs 

support uniform wavefront propagation with a calcium transient velocity of 

approximately 8 cm/sec (at 25ºC). Yellow indicates wavefront during upstroke. 

 

 

Fig. 12. Optical mapping results showed longer calcium transient traces in 

thalidomide-treated 2D cardiac monolayers. Calcium transients of control 2D 

monolayers exhibited faster time to baseline when compared to day 17 age-matched 

70 µM thalidomide-treated CMs.  
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Conclusion 

The question arises if it was safe to launch thalidomide to the market without knowing 

exact mechanisms on how it interferes with the developing and adult body. 

Understanding exact mechanisms which were involved in limb formation and internal 

organ defects could aid chemists design a similar medication or antagonist drug which 

can bind to thalidomide and minimize its interference with essential signaling pathways 

and protein production to minimize serious side effects. Up until now we have shown that 

the drug carrier (DMSO) and thalidomide did not cause any significant effects on hiPSC 

viability, proliferation, and mitochondria number and location. During initial stages of 

this project, an inefficient and highly variable cardiac differentiation protocol was used as 

a model platform of the developing human heart. Although insights in initial thalidomide-

induced changes in EB diameter during cardiac differentiation were detected, due to high 

variability between batches, this differentiation protocol is not applicable for accurate 

drug-testing. For this reason, a highly efficient and reproducible cardiac differentiation 

protocol was adapted and has proven sufficient in combination with the available hiPSC 

line. The essential skill set of successful cardiac differentiation, determination of 

differentiation efficiency using flow cytometry, immunostaining with cardiac marker 

αSA and Nkx2.5, as well as versican and mitochondria visualization and quantification 

were accomplished. Future results including thalidomide-treated SC-CMs may include: a 

possible decrease of CM production, downregulation of versican, and changes in 

mitochondria compared to age-matched control groups are highly possible due to 

thalidomode’s interference with the Wnt signaling pathway which is also involved in the 

cardiac differentiation process.  


