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III-ABSTRACT 
 

The heart can be considered the most important organ of our body, as it supplies 

nutrients to all the cells. When affected from injuries or diseases, the heart function is 

hampered, as the damaged area is substituted by a fibrotic scar instead of functional 

tissue. Understanding the mechanisms leading to heart failure and finding a cure for 

cardiac diseases represents a major challenge of modern medicine, since they are the 

leading cause of death and disability in Western world. Being the heart a vital organ it is 

difficult to have access to its cells, especially in humans. In order to model it or find 

therapeutic strategies many approaches and cell sources have been studied. For example 

cardiac stem cells, skeletal myoblasts, bone marrow-derived cells and peripheral blood 

mononuclear cells have been tested in pre-clinical and clinical trials, without significant 

tissue regeneration. Human pluripotent stem cells (hPSC) are thought to be the most 

promising cell type in the field, thanks to their unlimited capacity of self-renewal and 

retention of differentiation potency. Induced pluripotent stem cells (iPSC) are 

pluripotent cells derived through reprogramming from adult cells, easily accessible from 

patients, like keratinocytes. iPSC can be differentiated to cardiac cells, through stage-

specific protocols that reproduce embryonic development, offering a very useful 

platform for modelling diseases of patients with heart failure, for testing new drugs, and 

for cellular therapy in the future. However, properly mimicking cardiac tissue is very 

complex, since not only the correct cardiac cell type has to be reproduced, but also its 

overall cellular composition, architecture and biophysical functions. 

In order to study these aspects, we applied biotechnological strategies such as the use of 

transgenic cell lines for obtaining pure and scalable differentiated cells to be cultured in 

a 3D scaffold with a perfusion bioreactor. Although it is well known that iPSC can give 

rise to cardiomyocytes in vitro, not every cell line can be efficiently differentiated. Thus, 

a cell line-specific differentiation protocol has to be identified and optimized. We 

finally identified a fast and efficient stage-specific differentiation protocol suitable for 

the iPSC lines used in this work, derived from human keratinocytes. With this protocol, 

we can reproducibly obtain close to 50% cardiomyocytes after 15 days of differentiation. 

One important feature of currently available differentiation protocols is that the target 

cell type is obtained among a heterogeneous cell population. To track the cardiac 

population of interest we generated transgenic cell lines where the reporter protein GFP 
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follows the expression of different genes specific for stages of differentiation, such as T 

(Brachyury) for mesoderm; NKX2.5 for cardiac progenitors; and MHC for 

cardiomyocytes. Moreover, cardiomyocytes obtained from hPSC using currently 

available differentiation protocols are typically immature, mostly resembling embryonic 

or fetal cardiomyocytes, arguably because of the lack of mechanical and electrical 

stimuli that only a 3D environment can provide. In order to create a piece of tissue in 

3D we used a collagen and elastin-based scaffold, to mimic the structural proteins of 

endogenous extracellular matrix. We also built a perfusion bioreactor to culture the 

construct. After initial validation with primary cultures of rat neonatal cardiomyocytes, 

we tested iPSC-derived cardiac cells at different stages of differentiation. While early 

mesoderm or cardiac progenitors could not survive in our system, iPSC differentiated to 

cardiomyocytes, could be retained and maintained alive within the scaffold for at least 4 

days.  

In conclusion, in this work we combined biotechnological tools in order to obtain a test 

platform for studying the mechanisms underlying cardiac differentiation, maturation, as 

well as providing valuable in vitro systems for disease modelling, drug screening of 

patient-specific heart muscle cells and cell therapy. 

 

Words count: 597 words. 
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IV-RESUMEN 
 

El corazón es el órgano mas importante del cuerpo: impulsando la sangre, aporta 

oxigeno y nutrientes a cada célula del organismo. En caso de fallo cardiaco la función 

del corazón no puede recuperarse, ya que los cardiomiocitos son reemplazados por una 

cicatriz fibrosa no funcional. Las enfermedades cardiacas representan la mayor causa de 

muerte y enfermedad en el mundo occidental y entender los mecanismos de las 

patologías cardiacas, así como encontrar curas para ellas, es un desafío de primaria 

importancia para la medicina moderna. Siendo el corazón un órgano vital y difícilmente 

accesible, resulta imprescindible encontrar una fuente celular alternativa. Las células 

madre humanas con pluripotencia inducida (iPSC – induced pluripotent stem cells) 

parecen óptimas, porque se derivan de simples biopsias de piel de pacientes y se pueden 

diferenciar a cualquier tipo celular, cardiomiocitos incluidos. Aún así, diferenciar el 

tejido cardiaco es muy complejo: no solamente se debe de reproducir el tipo celular, 

sino también su composición celular, su arquitectura y sus funciones biofísicas. Para 

estudiar estos aspectos, por un lado obtuvimos tres líneas celulares de iPSC reporteras 

de genes específicos de diferentes estadios de diferenciación cardiaca (T para 

mesodermo, NKX2.5 para progenitores cardiacos y alpha-MHC para cardiomiocitos), y 

por otro desarrollamos un biorreactor adecuado para el cultivo de células cardiacas en 

3D. Utilizamos las líneas transgénicas como herramienta para seleccionar células en 

diferentes estadios de diferenciación y las co-cultivamos con fibroblastos en un andamio 

compuesto de colágeno y elastina (imitando la matriz extracelular cardiaca y la 

composición celular del corazón). En conjunto, este estudio revela que las iPSC pueden 

ser retenidas y cultivadas en nuestro sistema 3D. Mientras células de mesodermo 

temprano y progenitores cardiacos no completaron la diferenciación cardiaca, los 

cardiomiocitos derivados de iPSC con cultivo convencional y cultivados en el 

biorreactor pudieron ser mantenidos viables en el mismo al menos 4 días. La 

aproximación experimental aquí presentada representa una base para desarrollar 

plataformas de estudio in vitro paciente-especificas para modelar enfermedades 

cardiacas humanas y estudios de fármacos, así como ofrecer una herramienta de estudio 

de los mecanismos de la diferenciación y maduración cardiacas.  

        Recuento de palabras: 345 palabras. 
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1- INTRODUCTION 
 

1.1  Induced pluripotent stem cells (iPSC) 
 

 

1.1.1 Embryonic Stem Cells (ESC) and Induced Pluripotent Stem Cells (iPSC)  

 

Stem cells are cells that, together with the ability to self-renew through mitotic cell 

division and to remain undifferentiated, have the capacity to give rise to cell types 

different from its own. Proper stem cell maintenance and differentiation is critically 

dependent on the surrounding biochemical/biophysical environment.  

The ability of a cell to differentiate into other types is called potency.  

The potency of a cell specifies its differentiation potential and it is progressively 

restricted during development. According to this, cells are classified into (Figure 1.1): 

- Totipotent, if they can give rise to any cell type, embryonic and extra-embryonic, 

like spores or zygotes. 

- Pluripotent, if they can give rise to any cell type that forms an embryo. 

- Multipotent, when they can differentiate only into cells of a closely related family, 

like progenitor cells. 

- Oligopotent, if their differentiation potential is restricted to a few cells, like 

lymphoid or myeloid stem cells. 

- Unipotent, when they can only produce one cell type, but still have the property of 

self-renewal, like spermatogonial stem cells. 
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Figure 1.1: Stem Cell Potency 
Stem cell potency is the ability of a cell to differentiate into other cell types. The 
zygote (fusion of female and male gamete) is a totipotent cell, and can give rise to a 
whole organism. Pluripotent cells arise from totipotent cells, and differentiate to 
the cells that constitute the entire organism, which during development restrict 
their differentiation potential from multipotent to unipotent. 
Being ESC cells and iPSC cells pluripotent, they can be used in vitro to obtain 
different cell types. 
 

 

 

Pluripotent cells are normally found in early embryos, where they constitute the inner 

cell mass of the blastocyst. In the early 80’s and in the late 90’s, embryonic stem cells 

(ESC) lines were derived from mouse and human embryos, respectively (Evans & 

Kaufman, 1981), (Thomson et al., 1998). ESC are capable of unlimited proliferation and 

allowed to work in vitro with those cells. As well as native pluripotent cells, ESC can be 

differentiated into any cell type of the organism and they could be used in the treatment 

of diseases like diabetes or Parkinson’s diseases (Thomson et al., 1998). 

ESC cells opened great possibilities in research, but they imply the use of live embryos, 

which raises ethical concerns. Moreover in case of transplantation in patients there 

would be problems of tissue rejection.  

 

The discovery of induced pluripotent stem cells (iPSC) circumvented these issues, in 

addition to opening new views on personalized medicine and disease modelling. iPSC 

are pluripotent stem cells derived from adult cells through reprogramming.  The strategy 

was discovered and developed in 2006 by the Japanese laboratory of Yamanaka (K. 

Takahashi & Yamanaka, 2006).  
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To reprogram a cell to pluripotency means to reset an adult cell type to its pluripotent 

state by inserting a set of defined factors (Oct-4, Sox2, Klf4 and optionally cMyc), 

which was selected among an array of 24 genes highly expressed during pluripotency 

by the pioneers of the technique (K. Takahashi & Yamanaka, 2006). 

This discovery was made with mouse fibroblasts, then iPSC have also been derived 

from other species, proving that the mechanism is evolutionary conserved: examples are 

rats (W. Li et al., 2009), pigs (Z. Wu et al., 2009), rhesus monkeys (H. Liu et al., 2008), 

and importantly humans (K. Takahashi et al., 2007). Induced pluripotency can be 

achieved from all adult tissues, in fact beyond fibroblasts, other cell types that have 

been reprogrammed are keratinocytes (Aasen et al., 2008), neural progenitor cells 

(Eminli, Utikal, Arnold, Jaenisch, & Hochedlinger, 2008), stomach and liver cells (Aoi 

et al., 2008), melanocytes (Utikal, Maherali, Kulalert, & Hochedlinger, 2009) and 

lymphocytes  (Hanna et al., 2008). 

 

Differences and similarities between iPSC and ESC have to be considered for their 

research and clinical applications. iPSC and ESC are very similar in their morphology, 

feeder dependence (see 1.1.3 “Stem cells culture” paragraph), surface markers 

expression, and in vivo teratoma formation capacity (J. Yu et al., 2007) (K. Takahashi et 

al., 2007). Nevertheless iPSC demonstrated different in vitro differentiation potential in 

comparison with ESC. For example, they showed reduced and more variable efficiency 

in neural (Hu et al., 2010) and cardiovascular (Narsinh et al., 2011) differentiation, 

raising the question if iPSC are indeed functionally and molecularly equivalent to ESC.  

 In fact, iPSC genome expression profile is affected by residual transgene expression 

(Soldner et al., 2009), but this issue can be solved using transgene-free iPSC. Another 

important difference between iPSC and ESC is that the formers retain an “epigenetic 

memory” from the somatic cell of origin: epigenetic marks persist after reprogramming 

of fibroblasts, adipose tissue and keratinocytes (Polo et al., 2010) and affect the 

resulting iPSC gene expression. Indeed, even if DNA methylation patterns between 

human iPSC and ESC are similar, differentially methylated regions were identified 

(Lister et al., 2011). Nearly one half are due to a failure to reprogram the somatic cell 

epigenome (epigenetic memory), and the remaining half are specific to iPSC, meaning 

that they are not found in the somatic cell of origin or in ESC.  
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1.1.2 Reprogramming methods 

Since its discovery in 2006, the iPSC cell technology has evolved, being improved in 

terms of safety (integrative versus non-integrative methods) and efficiency (Rais et al., 

2013).  

 

1.1.2.1 Integrative methods 

Integrative methods of reprogramming are those methods that rely on the integration of 

the foreign trans-genes into the host genome. They were applied during the derivation 

of the very first iPSC cell lines, when retroviruses and lentiviruses were used to 

introduce foreign genes into the host genome of cells (K. Takahashi et al., 2007). Also 

the iPSC used in the experiments of this thesis are obtained through retroviruses 

infection. The integration of the Yamanaka factors into host genome leads to the 

overexpression of these exogenous genes. However, those viral strategies carry the 

major drawback of possible mutations and silencing of indispensable genes and/or the 

induction of tumorigenicity (Maherali & Hochedlinger, 2008). It has also been shown 

that the integrated provirus can alter expression of neighbouring host genes (Hanley, 

Rastegarlari, & Nathwani, 2010). Despite these limitations, lots of developments have 

been suggested and successfully proven to be viable. Examples are drug-inducible 

transgenic systems (Brambrink et al., 2008) (Sommer et al., 2009) (Stadtfeld, Nagaya, 

Utikal, Weir, & Hochedlinger, 2008) (Wernig et al., 2008) and the usage of 

reprogramming cassettes that can also be LoxP-flanked (Soldner et al., 2009) (Sommer 

et al., 2010). Other additional gene delivery systems have been described, like the 

piggyback (PB) transposon/transposase and the Sendai virus, a non-viral and viral 

system, respectively (Woltjen et al., 2009) (Yusa, Rad, Takeda, & Bradley, 2009) (Ban 

et al., 2011). They are useful strategies to deliver large genetic elements and to increase 

reprogramming efficiencies in mammalian cells (Kaji et al., 2009). 

 

1.1.2.2 Non-integrative methods 

With the potential to impact clinical applications, iPSC cell derivation strategies shifted 

from genome-modifying to that of non-integrative methods, including the use of 
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chemical compounds (Hou et al., 2013), proteins (D. Kim et al., 2009) (Zhou et al., 

2009) and plasmids (J. Yu et al., 2009) (Okita, Hong, Takahashi, & Yamanaka, 2010). 

In fact, somatic cell reprogramming does not require genomic integration or the 

continued presence of exogenous reprogramming factors. A fourth method for 

integration-free iPSC cell derivation was developed in 2010 (Warren et al., 2010) and 

then further optimized. It consists in applying synthetic modified mRNA molecules, 

each encoding the Yamanaka factors, to differentiated cells over an extended period of 

time. This novel method allows controlling stoichiometry of the Yamanaka factors in a 

timely manner. In addition, it opens up novel directed differentiation and trans-

differentiation procedures and addresses a critical safety concern for its possible use in 

regenerative medicine. 

 

1.1.3 Stem Cells Culture 

 

hESC and iPSC need special culture conditions to maintain their pluripotency, stable 

karyotype and phenotype. Apart from proper culture media, they can need feeder cells 

for attachment, nourishment and pluripotency maintenance. Originally hESC were 

derived and cultured on top of mouse embryonic fibroblast (MEF) feeder cells in a 

culture media containing fetal bovine serum (FBS) (Thomson et al., 1998) (Reubinoff, 

Pera, Fong, Trounson, & Bongso, 2000). Later on, human based feeders (Human 

Foreskin Fibroblasts, HFF) have been used to replace MEFs (Hovatta et al., 2003) 

(Inzunza et al., 2005) (Skottman & Hovatta, 2006) and KnockOut Serum Replacement 

(SR) (Invitrogen, Carlsbad, CA, USA) has replaced FBS in hESC culture medium. FBS 

contains unknown components and different serum batches vary in their capability to 

maintain pluripotency or even differentiate hESC, being a tricky reagent to be used. 

Although SR still contains animal-based components, it is more defined than FBS and 

has also beneficial effects on hESC proliferation (Koivisto et al., 2004). In addition to 

feeder-dependent methods, hESC and iPSC can be cultured on feeder-free culture 

systems (International Stem Cell Initiative et al., 2010) (Thomas et al., 2009) with 

commercially available Matrigel (BD Biosciences), laminin and fibronectin (Amit, 

Shariki, Margulets, & Itskovitz-Eldor, 2004) (Rosler et al., 2004) or similar components 

like Vitronectin TM. Commercially feeder-free media are also available, like mTeSRTM 

that assure batch-to-batch consistency and experimental reproducibility, since they are 
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chemically defined (Ludwig et al., 2006) (G. Chen et al., 2011).   

Passaging of hESC or iPSC is another challenging step in ESC maintenance in vitro. 

Pluripotent stem cells grow in colonies (Figure 1.2) and these colonies have to be 

broken either mechanically or enzymatically for passaging. Mechanical cutting of the 

colonies into smaller pieces is much more laborious but does not expose the cells to 

xenogeneic enzymes (e.g. trypsin or Accutase), which dissociate them in a more 

uniform way but at the same time disrupt their cell surface adhesion molecules and 

communication with other cells. Moreover, dissociation of hESC into single cells may 

lead to karyotype abnormalities (Brimble et al., 2004). 

 

 

Figure 1.2: Colonies of human iPSC 

Human embryonic stem cells grow as cell colonies. A: Colonies of iPSC growing on a 
Matrigel layer. B: Colony of iPSC cultured on a layer of HFF. (Scale Bar: 500 um)  

 

 

1.1.4 Differentiation Potential of iPSC and hESC 

 

The possibility to obtain, in vitro, a defined cell population from pluripotent stem cells 

in a clinically relevant number, offered exciting prospects for modelling mammalian 

development and regenerative medicine. Nevertheless, the other side of the coin of 

hESC plasticity is that it is regulated by fine mechanisms, which are extremely difficult 

to study and to reproduce or tune in experimental conditions. 

Many articles have been published describing differentiation protocols to defined cell 

types, such as cardiomyocytes, neurons, hematopoietic cells, hepatocyte-like cells, 

endothelial cells, retina, etc. But evaluating the effective differentiation potential of 

iPSC cell lines and if they are comparable to hESC is hard. In fact many variables have 

to be considered.   
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First of all, each laboratory adopts its differentiation protocol and uses different cell 

lines and culture conditions, so it is difficult to compare lines between different works. 

Then, each cell line behaves differently, making hard to compare results (Osafune et al., 

2008) (Cao et al., 2008). Finally, different approaches can be applied to evaluate the 

outcome of differentiation: counting the quantity of cells that express one desired 

differentiation marker to score the number of differentiated cells (like cardiac troponin 

T or I, alpha-sarcomeric actin or actinin) or proving the quality of the differentiation 

through fine functional testing of the cells obtained (such as evaluating the beating 

capacity of cardiac cells through visual analysis of spontaneously contracting 

outgrowths (Lian et al., 2012)).  So, in order to establish a standard of differentiation it 

is necessary to adapt all these variables to the cell line in use. Also, hESC response to 

differentiation stimuli might be different from that of iPSC. In addition to the extent of 

reprogramming, this could also be due to the fact that the majority of differentiation 

protocols have been established with hESC, and to the epigenetic memory of iPSC 

(Bilic & Izpisua Belmonte, 2012) (Hu et al., 2010).  

 

 

1.2 Cardiac development and cardiac stem cell differentiation 

 

 

1.2.1 Cardiac development in vivo and differentiation markers  

 

Since human life without heart is not possible, the ontogeny and phylogeny of this 

organ have attracted exceptional interest in research. Of the two large conduction 

systems that allow life in vertebrate bodies, the nervous system employs electric signals 

for its traffic to and from the brain, while the vascular system uses vessels to aid blood 

flow to and from the heart. And whereas the vertebrate brain presents variety of sizes, 

shapes, and forms, the scheme of cardiovascular system is uniform in all vertebrates and 

it is recapitulated equally during embryogenesis. The evolution of multi-cellularity and 

of complex body reflected into the evolution of the development of a complex 

cardiovascular system, in order to provide cellular nutrition and general physiological 

homeostasis. In vertebrates, the heart is the first organ to form and its circulatory 

function is essential for the viability of the embryo (Buckingham, Meilhac, & Zaffran, 

2005). Heart beating is triggered with spontaneous contractions in the first days of the 



Introduction 

	 8	

third week of gestation in humans. At the very beginning of embryo development, after 

the hollow cell cluster (blastula) begins the migration and invagination of cells 

(gastrulation), unspecialized cells create 3 germ layers: the endoderm, that forms lung, 

gut, liver and pancreas, the ectoderm (skin and nervous system), and mesoderm 

(muscles – cardiac, smooth and skeletal; bone; tendon and hematopoietic system). So, 

myocardial cells are derived from mesoderm, one of the three germ layers that form 

during gastrulation from the primitive streak. The initial form of the heart is the heart 

tube, shaped as a vessel. It then undergoes multi-phased looping and finally forms the 

four-chambered heart (Buckingham et al., 2005). Studies of early stages of heart 

differentiation are hampered by the lack of early stage cardiac cell markers (Lough & 

Sugi, 2000). Transient expression of T(Brachyury) is widely used to mark mesoderm 

and furthermore cardiac lineage formation (Kispert & Herrmann, 1994). Two cardiac 

progenitor cell lineages, called the heart fields, contribute to the formation of the heart 

(Buckingham et al., 2005). One population contributes to the formation of the left 

ventricle, partly the right ventricle, the atrio-ventricular canal and atria. The other 

lineage (named the second or secondary heart field) forms the outflow tract and the 

whole right ventricle and atria. It is marked by Islet-1 (Isl-1, Insulin Gene Enhancer 

protein gene) which expression plays an important role in the embryogenesis of 

pancreatic islets of Langerhans. The secondary field forms two thirds of the embryonic 

heart, including the cardiac muscle, smooth muscle and endothelial cells (Cai et al., 

2003). (The developmental steps in heart formation are illustrated in Figure 1.3). Other 

early markers for cardiac progenitors are mesoderm posterior 1 and 2 (MESP1 and 

MESP2), which are transiently expressed in newly formed mesoderm at the primitive 

streak (Kitajima, Takagi, Inoue, & Saga, 2000). In mammals, bone morphogenic 

proteins (BMPs), transforming growth factor betha superfamily (TGF-betha) and the 

fibroblast growth factors (FGFs) have been found to be essential for heart development. 

These factors regulate the activation of myocardial regulatory genes such as NK2 

transcription factor related gene, locus 5 (NKX2.5) and GATA binding protein-4 

(GATA4) (Brand, 2003).  
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Figure 1.3: Heart Development 
Scheme of developmental steps in heart formation. Embryonic stem cells in the epiblast 
can differentiate into cell types of all three germ layers: endoderm, mesoderm or 
ectoderm. Mesoderm is the origin of cardiac cells. Two cardiac progenitor cell 
populations, the heart fields, contribute to the formation of the heart. The left ventricle 
is formed only from the primary heart field, whereas the atria and the right ventricle 
are formed from both of the progenitor cell populations. The cartoon shows addition of 
second heart field progenitor cells (blue) to the arterial and venous poles of the heart 
tube, showing its contribution to heart development.  
 

 

1.2.2 Cardiac development in vitro  

 

Cardiac differentiation is possible nowadays thanks to the pioneer works with murine 

model, since they have generated a large part of the known factors and issues about 

human cardiomyogenesis (Doetschman, Eistetter, Katz, Schmidt, & Kemler, 1985; 

Gepstein, 2002). In vivo developmental stages are recapitulated in vitro in the murine 

and human models as described in Figure 1.3. The improvement of the protocols has 

derived from spontaneously differentiated beating clusters of a percentage of the 
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differentiating cells on a dish that resulted in nearly pure cardiomyocytes (CMs) culture. 

Data collected from experiments using both the Embryoid Bodies (EBs) and monolayer 

methodologies ( see paragraph 1.2.3 “Protocols for cardiac differentiation of human 

pluripotent stem cells”) revealed the major signalling pathways (families of proteins and 

growth-factors), which are thought to control early stages of mesoderm formation and 

cardiomyogenesis. Two key molecules that are added to experiments for in mesoderm 

induction in vitro, are the defined growth factors Activin A and BMP4. They are 

members of the transforming growth factor (TGF) betha superfamily and they act 

through downstream effectors (Smad proteins) depending on their function, referred as 

receptor regulated R Smads, co-mediator Co- Smads and inhibitory I-Smads. An 

alternative molecular pathway to follow in order to enhance cardiomyocytes generation, 

is to inhibit glycogen synthase kinase 3 (GSK3) pathway with small molecules 

inhibitors like CHIR99021, since it prepare for mesoderm specification (Lian, Zhang, 

Azarin, et al., 2013). 

Later during differentiation, Dickkopf-1 (DKK-1) or IWP4 can further enhance CMs 

differentiation by terminating the canonical wingless/INT proteins (Wnt) signal and 

direct mesoderm to cardiac mesoderm (Yang et al., 2008). During the subsequent period 

also, fibroblast growth factor (FGF) 2 and vascular endothelial growth factor (VEGF) 

are important mitogens (Noseda, Peterkin, Simoes, Patient, & Schneider, 2011). 

Nevertheless, optimal concentrations of those cytokines must be optimized individually 

for each cell line to induce efficient cardiac development (Lian et al., 2012) (Paige et al., 

2010). The signalling pathways have to be followed strictly: proteins of TGF-betha, 

Wnt inhibition and the FGFs all have highly specific temporal windows for 

effectiveness and genetic disruption of their signalling has dramatic effects on cardiac 

development (reviewed by Olson (Olson & Schneider, 2003)). 

Cardiac progenitor cells already form an extremely organized primary and secondary 

heart field, ready to form the heart tube and start the looping procedure. This 3D 

organization is important to follow the endothelial and CMs commitment of the cells, 

which is dependent on VEGF and FGF signalling along with the Wnt inhibition from 

the previous stage of development (S. M. Wu, Chien, & Mummery, 2008) (Yang et al., 

2008). Mesodermal specification has a very close contact to the hematopoietic and 

vascular lineages of the cardiovascular system. The resulting CMs in this stage are 
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immature and, in the early fetal stages of development; they exhibit spontaneous 

contraction, fetal-type ion channel expression (Beqqali, Kloots, Ward-van Oostwaard, 

Mummery, & Passier, 2006), and fetal-type electrophysiological signals (Davis, van den 

Berg, Casini, Braam, & Mummery, 2011). 

In the following paragraphs, molecular pathways involved in key steps of cardiac 

differentiation will be described. 

 

1.2.2.1 Bone morphogenetic protein and mesoderm formation 

The BMPs form a large part of the TGF-betha superfamily. In particular, BMP4 is a 

critical signalling molecule required for the early differentiation of the embryo and 

establishing the dorsal-ventral axis (D. Chen, Zhao, & Mundy, 2004). It is an inducing 

osteogenesis polypeptide that was originally identified in cartilage and bone 

development and it is one of the paracrine signals from endoderm cells (S. M. Wu et al., 

2008). Further on in the development, it is essential for the establishment of primary 

mesoderm, and thus of the cardiac differentiation pathway (P. Zhang et al., 2008). 

BMP4’ s downstream effectors (Smad1/5) play an essential role in human embryonic 

development; a simplified pathway is illustrated in Figure 1.4A. The signalling receptor 

has a serine–threonine kinase domain. Among other receptor subtypes, there are many 

type I receptors (Activin receptor-like kinases [ALKs]) which mediate BMP binding 

(Shi & Massague, 2003). The activated type I receptors directly phosphorylate Smad 

transcription factors (Smad1/5/8 for BMPs (Miyazono, Kamiya, & Morikawa, 2010); 

Smad2/3 for TGF-betha and Activin A), which then form a complex with a common 

partner or co-Smad (Smad4). They translocate to the nucleus, where they interact with 

other transcription factors (D. Chen et al., 2004). The aforementioned classes can be 

inhibited by inhibitory Smads (Smad6/7): accumulating in the nucleus, they regulate the 

transcriptional activity of their target genes. The inhibitory Smads are natural inhibitors 

of TGF-betha-induced Smad-mediated signalling (ten Dijke & Hill, 2004). Despite the 

origin of BMP4, its in vitro application in the cardiac differentiation protocols described, 

activate signalling pathways that induce formation of pre-cardiac mesoderm with the 

typical early cardiac marker NKX 2.5. Inhibition of the BMP pathway affects 

negatively cardiac differentiation decreasing the percentage of cardiac Troponin T 
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positive (cTNT) cells in a concentration-dependent manner in Danio (Hao et al., 2010). 

Furthermore, blocking BMP activity in serum with BMP antagonist enhances neural 

differentiation (Pera et al., 2004). 

 

1.2.2.2 Activin signalling pathway 

Activin and Nodal, like BMPs, are members of the TGF-betha family. The TGF-betha 

pathway integrates signalling from TGF-betha, BMP, nodal and Activin. Activin has 

three isoforms: Activin A, Activin B, and Activin AB. The Activin to Smad pathway is 

essential for normal embryonic and extra embryonic growth and differentiation (Noseda 

et al., 2011). A simplified pathway is illustrated in Figure 1.4B. Activin acts through 

Activin receptor-like transmembrane serine-threonine kinases, to specific intracellular 

kinase, in a complex with type I receptor (ALK4). The pathway is restricted to Smad-

dependent signalling. After ligand binding, activated ALK4 transduces the signal by 

phosphorylating Smad2 and Smad3. R-Smads interact with Smad4 and the R-

Smad/Smad4 complex then undergoes nuclear translocation and stimulates various 

target gene expression; it also promotes cooperative DNA binding by the fork head 

winged-helix protein FoxH1, which mediates many effects of the pathway (Kitisin et al., 

2007). Inibition of Activin A receptor-like kinase ALK5, and its relatives ALK4 and 

ALK7 block CMs specification (Inman et al., 2002). Activin was initially reported as a 

cardiomyocytes differentiation actor together with BMP4, with an important role in 

mesoderm formation (Sugi & Lough, 1995).  

 

1.2.2.3 Wnt family 

The Wingless-type Integration gene (Wnt) family takes its name from the Drosophila 

gene wingless (wg) and the orthologous int-1, an oncogene in mammary tumours 

activated by proviral insertion (Nusse et al., 1991). Cellular responses to these proteins 

are often categorized based on their utilization of betha-catenin, a co-activator of 

transcriptional effectors. Activity of the Wnt/betha-catenin “canonical” pathway 

maintains transcriptional programs that enable stem cells to remain multipotent (Cole, 

Johnstone, Newman, Kagey, & Young, 2008) (Van der Flier et al., 2007). Wnt 
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simplified pathways are illustrated in Figure 1.4C. Non-canonical Wnt signalling 

pathways in vertebrates are less well understood, but appear to have no certain function 

in heart development.  The pathway is started upon the binding of the Wnt protein to the 

frizzled receptor at the cell surface. In the absence of ligand, betha-catenin is targeted 

for proteasome degradation via its phosphorylation by glycogen synthase kinase 3-betha 

(GSK3-betha) and CK1 (casein kinase 1), in a destruction complex also including 

Axin1 and the adenomatous polyposis coli complex (APC axin) tumour suppressor 

protein. Inhibitors specific for canonical Wnts include the extracellular protein dickkopf 

homologue (Bao, Zheng, & Wu, 2012) and small molecule inhibitor of Wnt response, 

like IWP4. Wnt Inhibitor IWP-4 was identified in a high throughput screen for 

antagonists of the Wnt/betha-catenin pathway. Germ line mutations in the Wnt pathway 

cause several hereditary diseases, and somatic mutations are associated with cancer of 

the intestine and a variety of other tissues. Despite the pathway being active in the 

initial period of mesoderm differentiation, Wnt signalling inhibition is essential for 

cardiogenic activity in the phase of cardiac progenitor cells (Lanier et al., 2012). 

 

1.2.2.4 Fibroblast Growth Factors 

Fibroblast growth factors (FGFs) constitute a large family of signalling polypeptides 

that are expressed in various cell types from early embryos to adults. Across vertebrates, 

FGFs are highly conserved and promiscuously bind to four high-affinity trans- 

membrane receptor tyrosine kinases, known as FGFR1, 2, 3, and 4. During embryonic 

development, FGFs act in multiple biological processes like cell proliferation, 

differentiation, and migration (Bottcher & Niehrs, 2005). FGFR1 plays an essential role 

in early development, mainly in mesoderm patterning and cell migration during 

gastrulation, and it is also involved in cell differentiation at several levels during early 

stages of organogenesis (Dvorak et al., 2005) (Figure 1.4D). The signal cascade 

downstream of FGFRs involves tyrosine phosphorylation of the docking protein FRS2 

followed by recruitment of several Grb2 molecules. Activated Grb2 molecules bound to 

FRS2 recruit the nucleotide exchange factor SOS. The formation of FRS2-Grb2-SOS 

complexes results in activation of the Ras-Raf-p38 mitogen activated kinases (MAPK) 

signalling pathway followed by cell response. In parallel, phosphorylated FGFRs also 

activate phospholipase gamma, protein kinase C (PKC), and Grb2 molecule recruits the 
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docking protein Gab1 that activates the phosphatidyl-inositol 3 kinase (PI3K)-Akt cell 

survival pathway (Dvorak & Hampl, 2005). Human ESC express substantial levels of 

mRNAs coding for FGF2 and its three high-affinity receptors, FGFR1, FGFR3, and 

FGFR4. In addition, hESC express mRNA for the docking protein FRS2 that represents 

a major target of activated FGFRs (see Figure 1.4). The mitogen-activated protein 

kinase (MAPK) pathway was described as relevant for cardiac differentiation in later 

stages (Yook et al., 2011). Through the MEK-ERK pathway, the FGF-2 signalling 

pathway switches the outcome of the BMP4-induced differentiation of hESC by 

maintaining Nanog levels (P. Yu, Pan, Yu, & Thomson, 2011). FGF2 maintains 

pluripotency in hESC alone (Dvorak et al., 2005), or in combination with Activin A 

(Vallier, Alexander, & Pedersen, 2005). FGF2 with BMP4 cooperate to promote 

mesoderm induction during the initial part of the differentiation (Barron, Gao, & Lough, 

2000). Combined use of Activin A, FGF2, BMP4, and VEGF specifically promotes the 

formation of multipotent mesoderm-committed progenitor cells, able to generate all 

mesoderm cell types, including cardiomyocytes, smooth muscle cells, and endothelial 

cells (Evseenko et al., 2010). FGF2 has a complex role in the mesoderm specification 

along with FGF8 (Reifers, Walsh, Leger, Stainier, & Brand, 2000), being part of the 

highly conserved FGF pathway. 

 

Figure 1.4: Signal pathways that underlie cardiac differentiation of stem cells 

A: BMP Pathway; B: Actin and Nodal Pathway; C: Wnt Pathway; D: FGF Pathway. 
Circle indicates ligand; oval transcription factors; rectangle receptor ligand-binding 
and signalling domains (light and dark, respectively), square represents protein 
kinases; triangle G-proteins; hexagon scaffold protein. Adapted from Noseda et al. 
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1.2.3 Protocols for cardiac differentiation of human pluripotent stem cells 

The efficiency of the outcome of a differentiation protocol to obtain cardiomyocytes 

from hESC or iPSC depends, in part, on the individual cell line used and, also, on the 

methods used for propagation prior to differentiation. The differentiation methods that 

have been developed are based on three main techniques: spontaneous differentiation in 

EBs, differentiation in mouse visceral-endoderm-like cell (END2) co-culture and 

differentiation with defined factors. Apart from being differentiated from pluripotent 

cells, cardiomyocytes have been trans-differentiated directly from adult cell types. 

In 2001 the group of Kehat published the possibility of getting CMs from human ESC 

cells (Kehat et al., 2001). Human ESC (Wisconsin line H9.2) were dissociated using 

collagenase IV into small clumps (less than 20 cells) and grown for 7 – 10 days in 

suspension to form EBs. Then they were plated onto gelatin-coated culture dishes. 

Those started spontaneous contractions after 11–14 days (four days after plating). A 

maximum in the number of beating areas was observed at 27–30 days of differentiation, 

with 8.1% EBs scored as contracting. Spontaneous differentiation to CMs in aggregates 

was soon after observed by others, claiming better efficacy and using different cell lines 

(R. H. Xu et al., 2002) (Q. He, Li, Bettiol, & Jaconi, 2003). Counting beating EBs may 

not be accurate, as individual EBs may contain significantly different numbers of 

cardiac cells, and the temperature of the microscope counting stage may also vary, but 

still it is considered a method for evaluating the outcome of a protocol. 

First, a directed method for the derivation of CMs from the hESC cell lines has been 

described by Mummery et al. (Mummery et al., 2002) (Mummery et al., 2003) and 

(Passier et al., 2005). Beating areas were cultured in co-culture of hES[2] cells with 

END2. Endoderm secreted signals play an important role in the differentiation of 

cardiogenic precursor cells that are in the adjacent mesoderm during the embryonic 

development. Earlier co-culture of END2 cells with murine ESC had shown that beating 

areas appeared in aggregated cells and that culture medium conditioned by the END2 

cells contained cardiomyogenic activity (van den Eijnden-van Raaij et al., 1991). 

Mitotically inactivated END2 cells were co-cultured with the human ESC cell line hES2 

and gave beating areas after 12 days in co-culture. Later on, a third main way of 

differentiation was introduced in monolayer form, using the Matrigel-coated plates. The 

basic strategies for CMs differentiation are shown in Figure 1.5. 
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Figure 1.5: Cardiac differentiation cascade and differentiation methods 

From the top: Markers of different stages of cardiac differentiation, steps in cardiac 
differentiation and the differentiation methods. END-2 differentiation has two 
variables, hESC are either plated on top of END-2 cell layer or are cultured as EBs in 
suspension in END-2 conditioned medium. In EBs method, differentiation can be 
performed spontaneously or with differentiation inducing growth factors. Monolayer 
differentiation is initiated with feeder free hESC cultures. Culturing and differentiation 
of hESC are preformed on top of Matrigel.  

 

Different cytokine approaches were tested, in agreement with differentiation pathways 

discussed in the previous session. After initial spontaneous indirect pathways (Kehat et 

al., 2001) and non-selective endoderm-inducing conditions of END2 cells (Mummery et 

al., 2002), mesodermal induction with Activin A and BMP4 were approached. Early 

differentiation was accomplished by those two factors alone. But shortly after initial 48 

hours – 96 hours period, cells still express low levels of pluripotency markers such as 
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Oct4 and Nanog. This strategy resulted in the low amount of contracting colonies / EBs 

and various levels of cardio specific proteins in the samples. In order to specify more 

the mesodermal differentiation pathway, Wnt inhibitors (DKK1), VEGF and bFGF 

were studied and used as cardiac progenitor selective agents. So-called “small 

molecules” have various effects on cardiac differentiation. Among others, retinoic acid 

(RA) has been shown to accelerate hESC differentiation into CMs (Wobus et al., 1997). 

Enhancement was also seen using a retinoid X receptor agonist (Honda et al., 2005). RA 

is regulating the expression of NKX2.5, and has an effect on spatial organization of the 

primitive cardiac cells, as well as atria and ventricles organization in the animal model 

(Yutzey, Rhee, & Bader, 1994). Similarly, ascorbic acid (AA) has shown positive 

effects especially on EB based cultures (T. Takahashi et al., 2003), but the specificity of 

the AA and its possible pathway is discussed. 

Until 2008, serum has been present in the culture medium of all differentiation 

protocols. Serum was reported to be un-favourable to maintenance of primary CMs 

(Piper, Jacobson, & Schwartz, 1988). The switch to serum free methods eliminated the 

“batch bias” and was also required for possible clinical applications. A switch to a 

serum-free differentiation medium in mouse EBs resulted in a 4.5-fold increase in the 

percentage of beating clusters (Sachinidis et al., 2003). Similarly, insulin (originally in 

the differentiation media) was omitted without losing CMs yield and was further shown 

to have even a negative effect on cardiac differentiation (X. Q. Xu, Graichen, et al., 

2008). 

In addition to classical cardiac differentiation of pluripotent stem cells, cardiac cells 

have been obtained directly from other adult cell types. The direct trans-differentiation 

idea came from the observation that the generation of hiPSC had shown that a relatively 

small set of defined genes could epigenetically alter the global gene expression of a cell. 

If a somatic cell could be reprogrammed into a stem/progenitor cell, probably could 

undergo also direct cardiac reprogramming. A combination of three developmental 

transcription factors (referred as GMT) was shown to reprogram murine post-natal 

cardiac and dermal fibroblasts directly into differentiated cardiomyocyte-like cells 

[zinc-finger transcription factor recognizing the GATA motif – Gata4, myocyte 

enhancer factor 2C (Mef2c) and T-box transcription factor 5 (Tbx5)] (Szabo et al., 

2010) (Qian et al., 2012). This attitude stresses that cardiac fibroblasts comprise over 

50% of all the cells in the heart (Snider et al., 2009). Mouse tail-tip dermal fibroblasts 
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were also able to generate CMs (the same way as murine cardiac fibroblasts) (Szabo et 

al., 2010). More recently, direct reprogramming of human fibroblasts has also been 

achieved (Islas et al., 2012). Several studies showed that the murine direct 

reprogramming factors Gata4, Mef2c, and Tbx5 (GMT), or GMT plus Hand2 (GHMT), 

were insufficient to transform human fibroblasts into CMs (Nam et al., 2013) (Wada et 

al., 2013), indicating that the differences between mouse and human cardiovascular 

development need to be considered for optimal transdifferentiation to human CMs. 

Better results were obtained adding to the cocktail small-non coding RNA miR-1, and 

miR-133m that converted human adult dermal fibroblasts into induced cardiomyocyte-

like cells . The transduction of these factors promoted substantial cardiac troponin T 

expression in at least 9% of the source population (Nam et al., 2013). Shortly afterward, 

introduction of GMT plus Mesp1 and myocardin (GMTMM) was also shown to 

successfully convert human fibroblasts to iCMLs (Wada et al., 2013). Since then, 

alternative approaches have succeeded in generating human iCMs with gene expression 

profiles and functional characteristics similar to those detected in ESC-CMs (Fu et al., 

2013). 

 

1.2.4 Enrichment of differentiated cardiomyocytes 

 

Due to the inefficient differentiation, the resulting cell populations that arise from a 

differentiation protocol, are a mixture of different cell types and the yield of hES/iPSC-

CM cultures can be very low. EB differentiation in serum containing medium yields 

<1% and the more defined ActivinA/BMP-4 protocol yielded > 30% of cardiomyocytes 

(Laflamme et al., 2007). Therefore differentiation methods need considerable up-scaling 

and effective enrichment and purification methods should be developed before 

differentiated cardiomyocytes can undergo testing and clinical use in the future. 

For certain research purposes, it is adequate to enrich the hES/iPSC-CM by 

mechanically dissecting beating areas from the differentiation cultures (Kehat et al., 

2001) (Mummery et al., 2003).  

PercollTM gradient separation based on density gradient separation has been used in 

combination with the generation and maintenance of cardiac bodies (C. Xu, Police, 

Hassanipour, & Gold, 2006). After separation and 7 days of suspension maintenance, 

50% of the cultured EBs contained beating areas. However, this method has been 
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difficult for others to reproduce (van Laake, Hassink, Doevendans, & Mummery, 2006), 

and also in our hands. 

Transgenic selection is one technique to enrich cardiomyocytes from hESC 

differentiation cultures. This method utilizes transgenic hESC/iPSC lines where a gene 

of green fluorescent protein (GFP) or an antibiotic resistance gene is located under the 

control of a cardiac specific promoter (D. Anderson et al., 2007; Kolossov et al., 2005) 

(Huber et al., 2007) (X. Q. Xu, Zweigerdt, et al., 2008) (Kita-Matsuo et al., 2009). 

Although this method is efficient, genetic modification is neither easy for hESC or 

human iPSC cell lines nor suitable for possible future clinical use (Mummery, 2010) 

(Vidarsson, Hyllner, & Sartipy, 2010). In a study from 2009, they sorted 

cardiomyocytes from mixed cell populations by using the endogenously expressed 

surface marker activated leukocyte cell-adhesion molecule, ALCAM (CD166) (Rust, 

Balakrishnan, & Zweigerdt, 2009). And in 2011 SIRPA (CD172a) was found to be a 

marker for cardiac cells from a screening of 370 known CD antibodies (Dubois et al., 

2011). However, there is a lack of cardiac specific surface proteins and therefore a lack 

of antibodies to make sorting possible (Mummery, 2010). Nevertheless, fluorescence-

activated cell sorting (FACS) was successfully used in selection by utilizing the high 

mitochondria content of cardiomyocytes (Hattori et al., 2010).  

 

 

1.2.5 Characterization of differentiated cardiomyocytes 

 

1.2.5.1 Functional and structural analysis 

hES/iPSC-CM have the capacity to beat spontaneously (Kehat et al., 2001) (Mummery et 

al., 2003). Beating cells are at an early stage relatively small and round and situated in 

circular accumulations in the EBs. At later stages, EBs gradually develop to be larger and 

the cells turn to be more elongated in shape and tend to accumulate in strands. Electron 

microscopy studies reveal that cardiomyocytes contain myofibrils, which are first 

randomly and in a varying manner distributed throughout the cytoplasm. However, 

organized sarcomeric structures occur at later stages of differentiation with A, I and Z 

bands (see paragraph “1.3.2.2 Contractile apparatus” and figure 1.7). Mitochondria are 

also present close to the sarcomeres and cells have intercalated disks with gap junctions 

and desmosomes (Kehat et al., 2001) (Snir et al., 2003). 
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1.2.5.2 Expression of cardiac markers 

Gene expression profiles of the hESC/iPSC during cardiac differentiation (Beqqali et al., 

2006) (Synnergren et al., 2008) and the differentiated cardiomyocytes have been studied 

by DNA microarray (Cao et al., 2008) (Synnergren et al., 2008) (Kita-Matsuo et al., 

2009) (X. Q. Xu, Soo, Sun, & Zweigerdt, 2009). These studies reveal that the molecular 

signature of hESC-CM resembles the cardiomyocytes from the human heart (Vidarsson 

et al., 2010). hESC/iPSC-CM differentiation can be predicted by the transient 

expression of the early mesodermal marker T (Brachyury). T (Brachyury) expression 

peak is detected at the time point of 3 days in END-2 co-cultures (Beqqali et al., 2006), 

a day later in EBs (Bettiol et al., 2007) and at day 1 in GSK pathway inhibition based 

protocols on iPSC monolayers (Lian et al., 2012; Lian, Zhang, Zhu, Kamp, & Palecek, 

2013). T (Brachyury) belongs to the family of transcription factors, which are encoded 

by the T-box genes (Showell, Binder, & Conlon, 2004). This protein family plays roles 

in many developmental processes and has a sequence similarity with the DNA-binding 

domain, the T-domain (Showell et al., 2004). Brachyury T can be nominated as a classic 

transcription factor. It is localized in the nucleus and is an endogenous activator of 

mesodermal genes (Conlon et al., 1994) (Showell et al., 2004) (Kispert, Koschorz, & 

Herrmann, 1995). In the embryo, T (Brachyury) expression is suggested to be induced 

by TGF-beta and FGF signalling (Hemmati-Brivanlou & Melton, 1992) (Amaya, Stein, 

Musci, & Kirschner, 1993). Overall, very few direct targets for T-box genes have been 

identified. However, embryonic FGF (eFGF) (Casey, O'Reilly, Conlon, & Smith, 1998), 

has been suggested as downstream target for Brachyury T. Differentiation cascade can 

be further followed by the expression of cardiac regulatory transcription factors such as 

Islet-1 (Isl-1), Mesp 1, GATA4 and NKX2.5 (Graichen et al., 2008) (Yang et al., 2008). 

Cardiac troponin T (cTNT) is encoded by the TNNT2 gene (Thierfelder et al., 1994). It 

is the tropomyosin-binding subunit of the troponin complex and can therefore be used 

for characterizing hESC/hIPSC-CM. Troponin complex is located on the thin filament 

of striated muscles and regulates muscle contraction in response to alterations in 

intracellular calcium ion concentrations (Farah & Reinach, 1995) (Tobacman, 1996). In 

addition to cTNT, other cardiac specific structural proteins are used for confirming 

cardiac phenotype of the beating hES/iPSC-CM such as cardiac troponin I, myosin or 

cardiac alpha-actinin (Kehat et al., 2001) (Mummery et al., 2003). Also, proteins of 

contractile apparatus, like cardiac alpha actin, proteins of gap junctions and ion 
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channels can be used in characterization. Gap junctions are formed from connexin 

proteins and have an important role in signal transduction. Connexin 43 (Cx43) is the 

most common form in the ventricle, Cx40 predominates in the atria and Cx45 is found 

in both atria and ventricle (Gaborit et al., 2007). 

 

1.2.5.3 Electrophysiology and excitation-contraction coupling 

Human ESC as well as iPSC cell-derived cardiomyocytes exhibit heterogenic action 

potential (AP) morphologies which can be divided into nodal, atrial and ventricular 

subtypes according to the shape of AP (J. Q. He, Ma, Lee, Thomson, & Kamp, 2003) (J. 

Zhang et al., 2009) (Zhang et al., 2009). If compared to the human neonatal or adult 

atrial or ventricular cardiomyocytes, hESC-CM have relatively positive maximum 

diastolic potential and slow maximum rate of rise of the AP, and are therefore called 

embryonic atrial- and ventricular like cells (J. Q. He et al., 2003). Differentiated beating 

cells exhibit spontaneous APs and contractile activity and therefore express cardiac 

structural proteins and ionic currents (Kehat et al., 2001) (Mummery et al., 2003) (J. Q. 

He et al., 2003). During differentiation, the expression of some ion channel genes 

increases suggesting that hESC-CM reach a more mature state with time in culture 

(Sartiani et al., 2007). Traditionally, patch clamp has been used in analysing the action 

potential and also the electrophysiological properties of cardiomyocytes. Microelectrode 

array (MEA) technology provides another useful platform to study cell 

electrophysiology, especially ESC-derived cardiomyocytes (Hescheler et al., 2004) 

(Reppel et al., 2004). In MEA, cells are plated on top of electrodes in a cell culture well-

type platform and can be cultured and measured repeatedly for long periods of time.  

Regarding excitation-contraction coupling, hESC/iPSC-CM have functional, even if 

immature, calcium handling components when compared to adult cardiomyocytes 

(Dolnikov et al., 2006) (J. Liu, Fu, Siu, & Li, 2007) (Satin et al., 2008). For clinical 

applications, the calcium system should be functioning properly to hESC-CM to 

integrate properly after transplantation since poor integration to the host myocardium 

could have serious arrhythmias as a consequence. Nevertheless, a better understanding 

of calcium properties of the differentiated hESC-CM is needed. 
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1.2.6 Fetal vs. post-natal cardiomyocytes 

There are marked phenotypic differences between fetal and post-natal CMs, including 

age-dependent changes in protein kinase expression, betha-adrenergic signalling 

(Schaffer & Williams, 1986), contractile apparatus maturity, and the hyperplastic 

(Rybin & Steinberg, 1994) versus hypertrophic (Pandya, Santani, & Jain, 2005)
 

responses to mechanical stress. The accumulation of maturation specific isoforms of 

sarcomeric proteins including cardiac myosin heavy chain, sarcomeric actin and actinin, 

titin, cardiac troponin-T and -I, and the maturation of sarcolemmal and sarcoplasmic 

reticulum (SR) ion channels (Hagege & Menasche, 2000)
 

(Tenhunen et al., 2006)
 

(Assmus et al., 2002)
 
allow the functional characterization of cardiomyocytes identity 

and maturation. These characteristics determine the overall phenotypic appearance of 

CMs, which can differ depending on their location. 

Regarding stem cell derived-cardiomycytes, there is currently no standard to what a 

stem cell derived-CM is. Many groups use the expression of early cardiac genes: 

NKX2.5 or GATA4 and the presence of rhythmic beating. This is not necessarily 

sufficient because skeletal and smooth muscle also contracts. Also, it has been widely 

accepted that terminally differentiated mature cardiac muscle does not express proteins 

that are specific to skeletal muscle. However, studies have shown that several skeletal 

muscle specific proteins, such as skeletal muscle specific troponins or ion channels, are 

transiently present in the developing heart (Haufe et al., 2005)
 
(Saggin, Gorza, Ausoni, 

& Schiaffino, 1989). Similarly, “cardiac” and “skeletal” excitation-contraction coupling 

mechanisms co-exist in the developing skeletal muscle with the “cardiac” type 

dominant in the early phases of myogenesis and the “skeletal” dominating in more 

mature muscle (Cognard, Rivet-Bastide, Constantin, & Raymond, 1992). These studies 

suggest the co-existence of many cardiac and skeletal muscle specific proteins (MHCs, 

troponins, etc.) as well as excitation-contraction coupling mechanisms within the 

developing tissue, but also within cultured cells, especially those that are considered to 

be immature. Thus, the functional characterization of CMs for their research and 

clinical application is an important issue to be taken in account. 
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1.2.7 Applications for hESC or iPSC derived cardiomyocytes 

 

1.2.7.1 Functional and structural analysis 

Since the establishment of the first permanent hESC line (Thomson et al., 1998) there 

has been a great hope of replacing damaged heart tissue by hESC derived 

cardiomyocytes. However, many major problems need to be solved before hESC-CMs 

are usable in clinics. Before clinical use becomes a reality, it is likely that the derived 

cardiomyocytes will be applicable for drug discovery and safety pharmacology 

applications (Braam, Passier, & Mummery, 2009). Nevertheless, cardiac differentiation 

and the beating cells are already a useful tool for developmental biology and to study 

the pathophysiology of human cardiac diseases. In addition, iPSC technology enables 

the production of patient specific cell lines, which extends the potential use even further. 

 

1.2.7.2 Pathophysiology of cardiac diseases 

Many cardiac diseases are caused by gene mutations or gene-environment interactions. 

So far, these severe diseases have been studied in animal models, especially with 

transgenic mice. Even though mouse models can provide valuable information, 

differences between human and mouse physiology limit the applicability of the results, 

for example the much faster beating rate of the mouse may override the effects of 

arrhythmias which would be severe for humans (Freund & Mummery, 2009). 

Cardiomyocytes derived from genetically modified hiPSC could be used as a disease 

model. To derive a mutated hiPSC line and the disease model, it needs to be genetically 

manipulated. However, genetic manipulation of hESC has proven to be more 

challenging if compared to mouse ESC cells and only a few reports of successful gene 

targeting and manipulation have been published (Braam et al., 2008) (Giudice & 

Trounson, 2008). To obtain disease specific lines, the genetic manipulation step can be 

circumvented by deriving iPSC cell lines from patients with genetic diseases (Ebert et 

al., 2009; Freund et al. 2010; Park et al., 2008). The differentiation of these model iPSC 

cells to the desired cell type makes it possible to study the development and the 

pathophysiology of the disease. In addition, the factors affecting the development and 

the progress of the disease can be studied (Freund et al., 2010). 
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1.2.7.3 Safety pharmacology and drug discovery 

The heart has been proven to be very sensitive to the side effects of pharmaceutical 

compounds. Severe reactions, such as syncope, arrhythmia and sudden death, related 

polymorphic ventricular tachycardia, torsade de pointes (TdP), have led to the refusal of 

approval or the withdrawal from the market of many pharmaceutical agents (Roden, 

2004). In the absence of a complete understanding and direct analysis of TdP, the 

regulatory authorities have adopted the QT prolongation as a marker for the possible 

development of drug-induced TdP even though it is not a perfect marker for 

arrhythmogenesis (Finlayson, Witchel, McCulloch, & Sharkey, 2004). Prolongation of 

the QT interval resulting from a delay in ventricular repolarization, whether drug-

induced or, for instance, congenital arising from mutation of genes, may be associated 

with TdP (Roden, 2004) (Zareba & Cygankiewicz, 2008), although the relationship is 

complex (Shah & Hondeghem, 2005). However, the QT interval is the cornerstone of 

the guidelines for the assessment of new chemical compounds in regard to pro-

arrhythmic potential (Food & Drug Administration, 2005a) (Food & Drug 

Administration, 2005b). Currently, a number of preclinical models and assays have 

been employed by pharmaceutical companies (Carlsson, 2006; Pollard et al., 2008). 

These assays include in vivo QT assays, such as ECG of conscious dogs (Miyazaki et al., 

2005), and in vitro assays, such as repolarization assay, which detects changes in the 

action potential delay (APD) of cardiac tissues (isolated animal Purkinje fibres, 

papillary muscle or cardiac myocytes). 

Those methods are not fully adequate (Redfern et al., 2003) (Lu et al., 2008). In 

addition, the in vivo assays are ethically questionable because of the large number of 

animals used. Therefore there is a need for an in vitro method based on human cardiac 

cells that would bring additional value and reliability for testing novel pharmaceutical 

agents. Cardiomyocytes derived both from hESC and iPSC cells have many potential 

applications in the pharmaceutical industry including target validation, screening and 

safety pharmacology. These cells would serve as an inexhaustible and reproducible 

human model system and preliminary reports of the validation of hESC-CM system 

already exist (Braam et al., 2010). However, much optimization and development 

remains to be done, especially because of the immature phenotype of these cells and 
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problems due to the differentiation efficiency, heterogeneous hESC/iPSC-CM 

populations and enrichment methods (Braam et al., 2009). 

 

1.2.8 Regenerative medicine 

In principle, it would be possible to restore the function of the damaged heart by 

transplanting differentiated hESC or iPSC cells. However, this may be one of the most 

challenging tasks to put into practice. The needed number of transplantable cells is high 

and they should be immunocompatible. In addition, the transplanted graft should 

integrate into the host myocardium and receive blood flow to remain vital, couple with 

host myocardium and contract in synchrony in response to the conduction system 

(Braam et al., 2009). Using iPSC cells as source, immunomatched cells can be produced 

but reprogramming methods with viral vectors (K. Takahashi et al., 2007) (J. Yu et al., 

2007) preclude consideration of their use in transplantation medicine. To this aim, iPSC 

obtained with non-integrating methods have to be used. hESC-CM have been 

transplanted into healthy myocardium of rodents. Cells survived and proliferated but 

they were usually separated from the rodent myocardium by a layer of fibrotic tissue 

(Laflamme et al., 2005) (van Laake et al., 2007). When transplanted into infracted rat or 

mouse hearts, some beneficial effects for the function of the heart occurred (van Laake 

et al., 2007) (Laflamme et al., 2007). However, after longer follow-up the positive 

effects were no longer present (van Laake et al., 2007) (van Laake, Passier, Doevendans, 

& Mummery, 2008) (van Laake et al., 2009). The doubt is if these temporary benefits 

are due to the formed myocardium or paracrine effects. In addition to the above-

mentioned issues, the timing of cell therapy and the delivery methods still needs to be 

determined. Other attempts to stimulate in vivo the regeneration of injured cardiac 

tissues were pursued on animal models by: 1) injection of differentiated cells or stem 

cells (SCs) in situ (Hassink, Dowell, Brutel de la Riviere, Doevendans, & Field, 2003) 

(Hassink, Brutel de la Riviere, Mummery, & Doevendans, 2003); 2) mobilization of 

endogenous stem cells with cytokines (Orlic, Kajstura, Chimenti, Limana, et al., 2001); 

3) activation of cardiomyocytes cell cycle (Pasumarthi & Field, 2002) (Field, 2004) 

obtained, e.g., by inducing permanent coronary artery occlusion (Hassink et al., 2008) 

or performing apical ventricular resection (Kikuchi et al., 2010) (Porrello et al., 2011). 

However, the application of these strategies is still limited since providing cells with the 
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fundamental signalling without resorting to structural supports is challenging (Bilodeau 

& Mantovani, 2006). It is likely, therefore, that cells need supportive material during 

transplantation: biomaterial research is also needed before clinical studies can be 

properly designed (Passier, van Laake, & Mummery, 2008). 

 

1.3 Cardiac Tissue Engineering 
 

The innovative field of cardiac tissue engineering (TE) could represent an effective 

alternative to overcome the limitations of the current clinical therapies and research 

application of hiPSC derived cardiomyocytes. This strategy, in fact, has shown the 

potential to generate both functional cardiac tissue substitutes for use in the failing heart, 

and biological in vitro model systems to investigate the cardiac tissue-specific 

development and diseases, allowing to perform accurate and controlled in vitro tests for 

cell and tissue-based therapies, drug screening, predictive toxicology and target 

validation. In the last decade, a great deal of progress was made in this field due to new 

advances in interdisciplinary areas such as biology, genetic engineering, biomaterials, 

polymer science, bioreactor engineering, and stem cell biology. Each of these areas has 

contributed to the development of the three main components of the cardiac TE: cells, 

scaffolds and culture environment, that can be used individually or in combination: 1) 

cells synthesize the new tissue; 2) scaffolds provide physical support to cells and a 

structural and biochemical cue tailored to promote cell adhesion, migration, 

proliferation and differentiation; 3) biomimetic in vitro culture environments, designed 

to replicate the in vivo situations by using biologically mimicking requirements, 

influence and drive cells to differentiate towards the desired phenotype and to express 

their functions, promoting extracellular matrix formation and tissue maturation. 

 

1.3.1 Clinical motivation of cardiac tissue engineering 

Cardiac disease is the leading cause of morbidity and mortality in the Western World 

(Ptaszek, Mansour, Ruskin, & Chien, 2012) (Roger et al., 2012). The inability of fully 

differentiated, supporting cardiac tissues for in vivo regeneration, and the limitations of 

the current treatment therapies greatly motivate the urgent demand for more efficacious 
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treatments to heart disease and new methods to repair damaged cardiac tissue. Novel 

approaches being developed include cell and gene therapy, and cardiac TE strategies. 

Cell therapy, due to the inability of adult cardiomyocytes to proliferate and regenerate 

injured myocardium, has emerged as an alternative treatment option. Differentiated 

cardiomyocytes would be, therefore an ideal cell source for injection, since they contain 

a developed contractile apparatus and can integrate through gap junctions and 

intercalated discs with the host CMs (Radisic M, 2011). However, large numbers of 

clinically relevant autologous CMs are unavailable. Other alternatives for appropriate 

cell sources, useful for the regeneration of infarcted myocardium, have been tested in 

animal models by transplantation of skeletal myoblasts (Dorfman et al., 1998), as well 

as CMs derived from ESC (Klug, Soonpaa, Koh, & Field, 1996), and bone marrow-

derived mesenchymal stem cells (Toma, Pittenger, Cahill, Byrne, & Kessler, 2002). On 

the other hand, gene therapy approaches based on either delivering exogenous genes 

capable of expressing therapeutic proteins (Losordo et al., 1998) (Miao, Luo, Kitsis, & 

Walsh, 2000), or on blocking genes involved in the pathological process (Akhtar et al., 

2000) (Mann & Dzau, 2000), are becoming alternative strategies. 

However, current cell and gene therapeutic cardiac strategies have limitations. Cell 

therapy involves intramyocardial or coronary injection of cells suspended in an 

appropriate liquid (saline or culture medium). The main challenges associated with this 

procedure are poor survival of the injected cells (Muller-Ehmsen, Whittaker, et al., 

2002) and washout from the injection site (Reffelmann & Kloner, 2003). According to 

some estimates, around 90% of the cells delivered through a needle leak out of the 

injection site (Muller-Ehmsen, Whittaker, et al., 2002) (Muller-Ehmsen, Peterson, et al., 

2002). In addition, a significant number of cells die within days after injection (Muller-

Ehmsen, Whittaker, et al., 2002; M. Zhang et al., 2001). Thus, developing improved 

delivery and localization methods (for example hydrogels) and effective anti-death 

strategies, could significantly improve effectiveness of cell injection procedures. 

Similarly, gene therapy approaches for myocardial infarction (MI), especially acute MI, 

are limited by the available delivery techniques. In general, in fact, the time it takes for 

transcription and translation is too long for a successful intervention in acute MI (Melo 

et al., 2004). Moreover, targeting a single gene as most commonly used in gene therapy 

may have conceptual limitations as well. Most pathological processes are complex and 

involve expression or down-regulation of multiple genes. In many cases, this genetic 
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complexity is not well understood and thus is difficult to predict what the ultimate effect 

of overexpressing or blocking of a single gene will be. In this respect, combination of 

gene and cell therapy may be a preferred approach in the treatment of heart diseases 

(Radisic 2011). But, the innovative field of cardiac TE, aiming to generate cardiac 

muscle cell-constructs to be used as three-dimensional (3D) models for in vitro 

physiological and pharmacological studies and eventually for repair of damaged heart 

muscle in vivo, could represent an effective alternative to overcome the current clinical 

limitations. Mammalian hearts have a regenerative potential only for a brief period after 

birth that is lost during development (Porrello et al., 2011). On the contrary, in vitro 

tissue development was proven to be more effective and adaptive, with its three main 

components, (cells, scaffolds and culture environment) that can be used individually or 

in combination (Lyons, Partap, & O'Brien, 2008): 1) cells synthesize the new tissue; 2) 

scaffolds provide physical support to cells and a structural and biochemical cue tailored 

to promote cell adhesion, migration, proliferation and differentiation (e.g., allowing the 

application of physical stimuli on the engineered construct); 3) biomimetic in vitro 

culture environments, designed to replicate the in vivo milieu by using biologically 

inspired requirements, influence and drive cells to differentiate towards the desired 

phenotype and to express their functions, promoting extracellular matrix (ECM) 

formation and tissue maturation (Grayson, Martens, Eng, Radisic, & Vunjak-Novakovic, 

2009) (Egli & Luginbuehl, 2012). Due to the structural and functional complexity of 

cardiac tissues, for the effective production of organized and functional cardiac 

engineered constructs in vitro, two fundamental requirements need to be satisfied. First, 

cardiac TE implies the use of biomaterials that might present native-like tissue 

mechanical properties and/or topographical cues (D. H. Kim et al., 2010), as well as 

applying physiologic conditions such as perfusion (Radisic, Marsano, Maidhof, Wang, 

& Vunjak-Novakovic, 2008), electrical (Tandon et al., 2009) and mechanical 

stimulation (Fink et al., 2000) (Gonen-Wadmany, Gepstein, & Seliktar, 2004) (Birla, 

Huang, & Dennis, 2007) (Zimmermann, Schneiderbanger, et al., 2002) during cell 

culture (Massai et al., 2013). Consequently, a suitable dynamic environment is essential 

for applying these physiological conditions, and can be achieved and maintained within 

bioreactors, technological devices that, while monitoring and controlling the culture 

environment and stimulating the construct, attempt to mimic the physiological 

environment (Massai et al., 2013). 
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It has been demonstrated that the possibility to monitor and control the physicochemical 

environment, to provide a wide range of physical stimuli, and, eventually to adapt 

culture conditions to tissue maturation, allows to obtain engineered constructs with 

improved morphological and functional properties (Carrier et al., 1999) (Dumont et al., 

2002) (Bilodeau & Mantovani, 2006). Moreover, in recent years, several studies have 

shown that the use of bioreactors in industrial processes for TE is sustainable both 

clinically and economically (Archer & Williams, 2005) (Portner, Nagel-Heyer, 

Goepfert, Adamietz, & Meenen, 2005) (Olmer et al., 2012). In addition, cardiac TE has 

shown the potential to generate thick-contractile myocardium-like constructs that might 

be used as functional substitutes or as biological in vitro model systems (Bursac et al., 

1999) (Habeler et al., 2009) (Smits et al., 2009) (Hirt et al., 2012) to investigate the 

cardiac tissue-specific development and diseases, and to offer accurate and controlled in 

vitro tests for cell and cardiac tissue-based therapies (Tulloch & Murry, 2013), drug 

screening, predictive toxicology and target validation (Elliott & Yuan, 2011) (Hansen et 

al., 2010). Literature (Pok & Jacot, 2011) (Venugopal et al., 2012) reports also the 

beneficial effects of the use of patches for the injured myocardium. Within this scenario, 

the bioreactor described in this work, provide an example for generating a patch to be 

used as biological in vitro research model systems for assessing fundamental 

myocardial biology and physiology, and to be implemented for use in pharmacological 

research. 

 

1.3.2 Anatomy and properties of human heart 

The anatomy notions here mentioned are referred to (Weinhaus 2009). The mammalian 

heart is a muscular pump which serves two primary and vital functions: 1) collect blood 

from the tissues of the body and pump it to the lungs; and 2) collect blood from the 

lungs and pump it to all other tissues in the body. Human heart lies in the thorax, 

posterior to the sternum and costal cartilages, and rests on the superior surface of the 

diaphragm. It assumes an oblique position in the thorax, with two-thirds to the left of 

midline. It occupies a space between the pleural cavities called the middle mediastinum, 

defined as the space inside of the pericardium, the covering around the heart. This 

serous membrane has an inner and an outer layer, with a lubricating fluid in between. 

The fluid allows the inner visceral pericardium to ‘‘glide’’ against the outer parietal 
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pericardium. The internal anatomy of the heart reveals four chambers composed of 

cardiac muscle or ‘‘myocardium’’. The two upper chambers (or atria) function mainly 

as collecting chambers; the two lower chambers (ventricles) are much stronger and 

function to pump blood. The role of the right atrium and ventricle is to collect blood 

from the body and pump it to the lungs. The role of the left atrium and ventricle is to 

collect blood from the lungs and pump it throughout the body. There is a one-way flow 

of blood through the heart; this flow is maintained by a set of four valves. The 

atrioventricular or AV valves (tricuspid and bicuspid) allow blood to flow only from 

atria to ventricles. The semilunar valves (pulmonary and aortic) allow blood to flow 

only from the ventricles out of the heart and through the great arteries. During 

ventricular systole, AV valves close in order to prevent the regurgitation of blood from 

the ventricles into the atria. During ventricular diastole, the AV valves open as the 

ventricles relax, and the semilunar valves close. The semilunar valves prevent the 

backflow of blood from the great arteries into the resting ventricles.  

Although the heart is filled with blood, it provides very little nourishment and oxygen to 

the tissues of the heart. The walls of the heart are too thick to be supplied by diffusion 

alone. Instead, the tissues of the heart are supplied by a separate vascular supply 

committed only to the heart. The arterial supply to the heart arises from the base of the 

aorta as the right and left coronary arteries (running in the coronary sulcus). The venous 

drainage is via cardiac veins that return deoxygenated blood to the right atrium. The 

coronary arteries arise from the ostia in the left and right sinuses of the aortic semilunar 

valve, course within the epicardium, and encircle the heart in the AV (coronary) and 

interventricular sulci.  

A cross-section cut through the heart reveals a number of layers (Figure 1.6). From 

superficial to deep these are: 1) the parietal pericardium with its dense fibrous layer, the 

fibrous pericardium; 2) the pericardial cavity (containing only serous fluid); 3) a 

superficial visceral pericardium or epicardium; 4) a middle myocardium; and 5) a deep 

lining called the endocardium. The endocardium is the internal lining of the atrial and 

ventricular chambers, and is continuous with the endothelium of the incoming veins and 

outgoing arteries. It also covers the surfaces of the AV valves, pulmonary and aortic 

valves, as well as the chordae tendinae and papillary muscles. The endocardium is a 

sheet of epithelium called endothelium that rests on a dense connective tissue layer 

consisting of elastic and collagen fibers. These fibers also extend into the core of the 
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previously mentioned valves. 

 

 

 

Figure 1.6: Internal anatomy of the heart 

The walls of the heart contain three layers—the superficial epicardium, the middle 
myocardium composed of cardiac muscle, and the inner endocardium (Weinhaus and 
Roberts, 2009). 
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1.3.2.1 Cellular composition of the heart 

The bulk of heart tissue is the contractile myocardium, a highly differentiated tissue, 

around 1 cm thick in humans, with an asymmetrical and helical architecture (Buckberg, 

2002) (Akhyari, Kamiya, Haverich, Karck, & Lichtenberg, 2008) composed of tightly 

packed cardiomyocytes (CMs) that form myofibers. Together with cardiomyocytes, 

transmission and scanning electron microscopy have identified five types of non-muscle 

cells within the adult myocardium: endothelial cells, fibroblasts, pericytes, smooth 

muscle cells, and macrophages, which comprise approximately 65-70% of ventricular 

cells (C. A. Beltrami et al., 1994). CMs are highly metabolically active; therefore 

oxygen and nutrients are depleted within a relatively thin layer of viable tissue (Carrier 

et al., 2002a). They comprise only 20–40% of the total cells in the heart but they occupy 

80–90% of the heart volume (Nag, 1980). Morphologically, intact CMs have an 

elongated, rod shaped appearance.  

Fibroblasts, of mesenchymal origin, constitute the bulk of non-myocyte cell population 

(Souders, Bowers, & Baudino, 2009). Their main function is to secrete and maintain 

extra cellular matrix (ECM) components, including collagen, fibronectin, and laminin 

(see next paragraph). Unlike CMs and endothelial cells, fibroblasts are found natively in 

the stromal space and lack basement membranes. This feature gives them their unique 

ability to migrate and populate injury sites, such as a myocardial infarct, and quickly 

restore tissue volume and ECM proteins
 
(van den Borne et al., 2010). In the developing 

fetal heart, cardiac fibroblasts contribute to ECM rich structure including valves and 

atrial ventricular walls. As the heart matures, a 3D network of collagen and fibroblasts, 

known as the cardiac skeleton, begins to take shape. This network allows cardiac 

fibroblasts to exert forces on the myocytes, as well as, to respond to external stimuli 

through degradation and synthesis of ECM. These processes help to maintain the 

mechanical integrity of the heart through cell-cell and cell-ECM interactions. More 

importantly, cardiac fibroblasts forms heterotypic gap junctions with nearby CMs or 

fibroblasts, whereby the conductivity of these junctions can be modulated by the 

differential expression and coupling of connexins isoforms, including Cx45, Cx43 and 

Cx40
 
(Kohl, 2003) (Louault, Benamer, Faivre, Potreau, & Bescond, 2008). The cell-cell 

interaction between cardiac fibroblasts and cardiomyocytes helps to ensure the long 

range synchronization of myocardium contraction. Cardiac fibroblasts also play a 

pivotal role during cardiac repair. Residence fibroblasts can mobilize in response to 
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tissue damage and differentiate into smooth muscle-like cells called myofibroblasts 

(Tomasek, Gabbiani, Hinz, Chaponnier, & Brown, 2002). These are not true smooth 

muscle cell, but they are more contractile and active compared to fibroblast. The ability 

of myofibroblasts to contract collagen and produce new ECM helps stabilizing wound 

site and form scar tissue. In myocardial infarcts, these cells are responsible for the 

formation of granulation tissue. However, their eventual loss through apoptosis results 

in the weakening of the scar and the ultimately leads to heart wall thinning (van den 

Borne et al., 2010) (Kakkar & Lee, 2010). Therefore, the dynamic balance between 

fibroblast and myofibroblasts’ phenotype is a critical factor in wound healing outcome. 

 

1.3.2.2 Extracellular Matrix 

Extracellular matrix (ECM) refers to the non-cellular components found in tissues. It is 

a complex mixture of molecules including proteins such as collagen, elastin, laminin, 

fibronectin and polysaccharides such as glycosaminoglycans (GAG). The composition 

and architecture of ECM varies depending on the native tissue. The primary purpose of 

ECM is to provide structural integrity to tissues. However, it is now known that ECM 

components such as collagen and laminin also play a crucial role in functional cell 

signalling through ECM receptors, such as the integrins, on cell membranes (Baronas-

Lowell, Lauer-Fields, & Fields, 2004; Garlanda & Dejana, 1997; Ichii et al., 2001; 

Raines, 2000). The majority of ECM components in the heart are secreted by cardiac 

fibroblasts and myofibroblasts. They provide a wide range of ECM molecules for 

various functions, including fibrillar collagen and elastin for structural integrity, laminin 

and collagen IV for basement membrane maintenance, and proteoglycans for cell 

signalling modulation (Hutchings, Ortega, & Plouet, 2003; Orecchia et al., 2003). 

Moreover, these ECM components are able to transmit external stimuli to the myocytes 

and fibroblast and trigger intracellular signalling that can alter cellular functions. Ott et 

al. demonstrated that decellularized native cardiac tissue can be repopulated with 

cardiomyocytes and cardiac fibroblasts and give rise to functional tissue that possesses 

the microarchitecture of native tissue (Ott et al., 2008). This suggests that both the 

composition and organization of ECM molecules are important for proper tissue 

development.  
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1.3.2.2.1 Collagen 

It is the most abundant protein in the body and accounts for 20 to 30% of total body 

weight (Harkness, 1966). Collagen has a simple amino acid sequence consisting of 

tripeptide repeats. This leads to a high degree of homology among collagens from 

different species. For example, type I collagen from bovine and porcine skin has been 

demonstrated to be highly compatible with human cells (Prockop & Kivirikko, 1995). 

The abundance and compatibility of collagen makes it an ideal matrix substrate for 

tissue engineering applications. 

The widespread presence of collagen in the ECM is attributed to its unique micro and 

macro structure. Collagen is secreted mainly by fibroblasts, smooth muscle cells and 

enothelial cells, and it is present only in the ECM. The basic primary structure of 

collagen consists of repeating tri- peptide units of -Gly-X-Y-, where the amino acid X 

and Y are often represented by proline and hydroxyproline (Prockop & Kivirikko, 1995) 

respectively. Based on amino acid sequence, microstructure and functional attributes, 

collagen can be subdivided into several types. Type I collagen is the most abundant 

collagen. Together type I, II, III and V collagen share the same triple-helix structure and 

are referred to as fibrous forming collagens. In cardiac tissue, over 90% of collagen 

belongs to either type I or III (Espira & Czubryt, 2009). Other types of short fibrous 

collagen (type IX, XI, XII and XIV) serve as anchor fibers to secure cells and other 

ECM components to the larger, continuous collagen fibers. Type IV collagen is found 

in basement membrane and has unique globular structures along the triple-helix 

backbone
 
(C. H. Lee, Singla, & Lee, 2001) resulting in the formation of sheet-like 

structure. There are many characteristics that make collagen a desirable material for 

tissue engineering scaffolds. Collagen is an excellent substrate for cell attachment. 

Certain amino acid sequences found in collagen are targets for integrin receptor binding. 

Collagen can be readily remodelled by matrix metalloproteinase secreted from 

implanted cells or native tissues surrounding the implant. Various experimental and 

commercially available collagen products are designed to gradually degrade and be 

absorbed by peri-implant tissues.  

In the adult myocardium, the five most common types of collagen, in descending order 

of abundance, are type I, III, IV, V and VI. Collagen plays several essential roles in 

cardiac ECM. It mediates the fibrotic response of cardiac fibroblasts by forming 
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complexes with non-adhesive signalling protein, such as osteopontin, through the 

integrin receptors (Hsueh, Law, & Do, 1998). Type I collagen is the major component 

of the perimysium, a sheath-like connective tissue which surrounds and interconnects 

groups of myocytes to help maintain the ordered laminar structure of muscle bundles in 

the myocardium (LeGrice et al., 1995) (Pope, Sands, Smaill, & LeGrice, 2008). Each 

laminar layer consists of several fiber bundles stacked together. The layers are 

organized in varying directions depending on their locations. Fibers located on the 

epicardial and endocardial surfaces run in a base-apex orientation, whereas fibers in the 

mid-wall run in a circumferential orientation (Nielsen, Le Grice, Smaill, & Hunter, 

1991). This structure gives rise to the anisotropy of the myocardium and also magnifies 

the shorting of each fiber bundle into the whole ventricular wall thickening (Coppola & 

Omens, 2008). 

From a biomaterial perspective, collagen is a highly versatile material. It can be easily 

extracted from a wide variety of sources and can be processed into many different forms 

from sheets to discs, and hydrogel sponge to electrospun mesh. The amino acid residues 

on the collagen polypeptide backbone can be readily crosslinked or modified with 

synthetic polymers to modulate its mechanical and biological properties. For example, 

an interpenetrating network made from poloxamine, a synthetic hydrogel, and natural 

collagen fiber has been shown to improve the mechanical strength of the resulting 

composite hydrogel while maintaining cytocompatability (Sosnik & Sefton, 2005). 

 

1.3.2.2.2 Elastin and Other ECM Proteins 

Elastin fibers provide flexibility and elasticity to tissues such as blood vessels, skin and 

cardiac tissue. In arteries, elastin fibers constitute up to 50% of its dry weight and is 

secreted mainly by vascular smooth muscle cells (Alberts, 2002). Moreover, elastin 

fibers are long-lasting and have a low turnover rate, thus making it an important 

structural ECM component. Like collagen, elastin is synthesized in a soluble pro-protein 

form known as tropoelsatin. Tropoelastin is bound by a 67 kD galatolectin chaperone 

protein on the cell membrane to prevent premature coacervation (Hinek & Rabinovitch, 

1994). Tropoelastin consist of alternating Lys-Ala rich hydrophilic and Val-Pro-Gly 

rich hydrophobic domains (B. Li & Daggett, 2002). Unlike collagen, no proteolytic 
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processing of tropoelstin is required for elastogenesis. Instead, the lysine/alanine rich 

domain takes on the alpha-helix structure, where the lysyl residues are readily 

deaminated by extracellular lysyl oxidase to form translysyl crosslinkages (Debelle & 

Tamburro, 1999). On the other hand, hydrophobic domains from adjacent tropoelastin 

molecules form loose interpenetrating chain structures that are responsible for the 

elasticity of elastin fibers (Keeley, Bellingham, & Woodhouse, 2002). Once crosslinked, 

elastin forms an insoluble elastin fiber.  

Besides collagen and elastin, fibronectin (FN) is the next most abundant ECM 

component. FN molecules form homodimers and consist of several distinctive 

functional domains. FN exists in both insoluble and soluble forms. In its insoluble ECM 

form, FN associates with collagen fibers with its collagen-binding domain, while 

interacting with cell surface adhesion molecules such as integrin through its Arg-Gly-

Asp (RGD) domain. This bifunctional nature allows FN to serve as a biological 

crosslinker between cells and the ECM (Schwarzbauer, 1991). Also, by using integrin 

as a transmembrane adapter protein, the actin cytoskelekton exerts forces on 

extracellular FN fibrils to aid in its polymerization and organization. Soluble FN 

circulates through the blood stream and participates in thrombosis and wound healing. 

Another bifunctional ECM component is laminin (LM). Laminin is found associated 

with type IV collagen in the basal lamina. Like FN, laminin can bind to both ECM 

components and cell surface receptors and it is believed to influence cell attachment, 

migration and differentiation
 
(Alberts, 2002). 
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1.3.2.3 Contractile apparatus 

Contractile apparatus of cardiomyocytes consists of sarcomeres arranged in parallel 

myofibrils (Severs, 2000). So, sarcomere is the smallest functional, contractive unit of a 

myofibril. Sarcomeres occur as repeating units, extending from one Z line (Z for from 

the German "Zwischenscheibe", the disc in between the I bands) to the next along the 

length of the myofibril (Figure 1.7). The central bipolar thick filaments are composed 

primarily of myosin, with each thick filament surrounded by six parallel thin filaments 

originating from the Z-disc at both ends of the sarcomere. Thin filaments from adjacent 

sarcomeres are crosslinked by alpha-actinin at the Z-disc. Six giant titin proteins lie 

along the entire length of the thick filament and beyond, spanning the centre of the 

sarcomere to the Z-disc, where they interact with α-actinin (Kontrogianni-

Konstantopoulos, Ackermann, Bowman, Yap, & Bloch, 2009). A and I bands have been 

named for their properties under a polarizing microscope. A-band (A for anisotropic) is 

seen as a dark segment that corresponds to the thick filament, and the I-band (I for 

isotropic) is seen as a light segment, spanned by thin filaments and titin only (Hwang & 

Sykes, 2015). 

 

 

Figure 1.7:  Sarcomere Structure 

Z discs delimitate sarcomere units. Myosin forms the central thick filaments, and actin 
forms thin filaments originating from the Z-disc at both ends of the sarcomere. Thin 
filaments from adjacent sarcomeres are crosslinked by α-actinin at the Z-disc. Six 
giant titin proteins lie along the entire length of the thick filament and beyond, 
spanning the centre of the sarcomere to the Z-disc, where they interact with α-actinin. 
Surrounding the Z-line is the region of the I-band. I-band is the zone of thin filaments 
that is not superimposed by thick filaments. Following the I-band is the A-band. An A-
band contains the entire length of a single thick filament. 
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Electrical signals propagate through a 3D syncytium formed by CMs. Rapid impulse 

propagation is enabled by specialized junctions between cells, gap junctions, which are 

composed of different forms of connexin protein. The most abundant protein in 

ventricular CMs is connexin-43. Groups of specialized CMs (pace makers), which are 

located in the sinoatrial node, drive periodic contractions of the heart. The majority of 

the CMs in the myocardium are non-pace maker cells and they respond to the electrical 

stimuli generated by pace maker cells. Excitation of each cardiomyocyte causes an 

increase in the amount of cytoplasmic calcium, which triggers mechanical contraction. 

The result is an electrical excitation leading to a coordinated mechanical contraction to 

pump the blood forward (Odedra D, 2011). 

Therefore, the heart can be considered as a dynamic electromechanical system where 

the myocardial tissue undergoes mechanical stretch during diastole and active 

contraction during systole, consuming large amounts of oxygen. 

 

1.3.2.4 Physiological and electrical properties 

The physiological stimuli that affect the entire cardiac system submit it to continuous 

stresses that require an enormous strength, flexibility and durability of the structures, as 

well as a high degree of adaptive capacity to face changes due to growth, physical 

activity and pathological conditions (Bouten et al., 2011). In details, in the normal 

human heart during one cardiac cycle, the left ventricular pressure ranges between 10 

and 120 mmHg, and the cavity volume varies between 40 and 130 ml (Fortuin, Hood, & 

Craige, 1972) (Bouten et al., 2011), respectively. The right ventricle pressure ranges 

between 5 to 30 mmHg (Schneck, 2003), and the cavity volume changes from 24 to 

86.5 ml (Mahoney et al., 1987). Local mechanical loads can reach 50 kPa (Bouten et al., 

2011), with 22.9% longitudinal and 59.2% radial mean strain (Kuznetsova et al., 2008). 

However, exhaustive quantitative measures of the mechanical properties of human heart 

are still an open challenge.  

With regard to the electrical properties, tissue in general is surrounded by extracellular 

fluid with relatively high electrical conductivity (Durand, 2000). For vertebrates, the 

physiologically significant range of endogenously produced electrical field strengths is 

0.1-10 V/cm (Tandon et al., 2009). The electrical stimuli present in the heart can be 
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classified as: 1) direct current signals, which affect and direct cell migration during the 

development of the cardiac primitive streak and left-right asymmetry; and 2) the 

pulsatile signals implicated in the development of the cardiac syncytium (Nuccitelli, 

1992). In terms of frequency, the typical resting heart rate in adults is 60-100 beats per 

minute (bpm) that corresponds to 1-1.7 Hz (Schneck, 2008). In terms of pulse duration, 

1-2 ms is sufficiently long to excite heart tissue cells (Tandon et al., 2009). 

 

1.3.3 Functional cardiac tissue engineering approaches 

 

Cardiac morphogenesis depends on complex cell-cell and cell-matrix interactions within 

a dynamic four dimensional environment (three dimensional (3D) plus time). Previous 

studies have shown that close cell-cell interactions and 3D culture conditions are often 

necessary prerequisites for cardiomyocytes differentiation (Akins et al., 2007)
 
(P. A. 

Anderson et al., 2007)
 
(Steinberg, 1963)

 
and that cardiac cells within 3D cultured 

tissues display distinct features that are more representative of native tissues (Tobita et 

al., 2006)
 
(Zimmermann et al., 2000)

 
than are cells within 2D culture (Claycomb, 1983). 

3D growth of cells in aggregate spheres has been shown to direct and facilitate cell-cell 

interactions as well as to modify the differential expression of both morphogenic and 

angiogenic pathways in CMs (Akins et al., 2007). Cell aggregate culture has been 

shown to enhance cardiomyocytes gene expression patterns
 

(Akins et al., 2007), 

increase the synthesis and release of ECM components (Watzka et al., 2000), and 

accelerate cardiomyocytes differentiation efficiency of embryonic stem cells 

(Carpenedo, Sargent, & McDevitt, 2007). Aggregate culture has also been used to 

enhance survival and differentiation of various stem cell types (Carpenedo et al., 2007)
 

(Kehat et al., 2001), versus static culture. These studies suggest that aggregation confers 

many of the necessary structural cues required for maintaining differentiated phenotype, 

including proper dimensionality, shape, cell–ECM, and cell–cell interactions. Bursac et 

al. investigated the effect of 3D vs. 2D culture on cardiomyocytes properties and found 

that the 3D microenvironment plays critical role in maintenance of cardiomyocytes 

metabolism, sarcomere formation, cell-to-cell connections, and electrophysiological 

properties (Bursac et al., 2003). Eschenhagen et al. described physiologic contractile 

force and action potentials in 3D neonatal engineered heart tissue (Zimmermann et al., 
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2006)
 

(Zimmermann et al., 2000)
  

(Eschenhagen, Didie, Heubach, Ravens, & 

Zimmermann, 2002)
  

(Eschenhagen et al., 1997)
 
(Eschenhagen & Zimmermann, 2005)

 

(Zimmermann, Melnychenko, & Eschenhagen, 2004). These studies show that a 3D 

environment is required for the proper cell-cell and cell-matrix interactions that drive 

proper cardiomyocytes differentiation and maturation with contractile function. Tissue 

engineering offers these advantages as well as flexibility of size and shape, high cell 

retention, and the ability to monitor three-dimensional tissue formation and function in 

vitro. Studies using various cell types and scaffolds, both natural and synthetic, have 

been successful in creating engineered cardiac tissue that resembles the native heart 

muscle in morphological, biochemical, and functional properties (Zimmermann et al., 

2006)
 
(Tobita et al., 2006)

 
(Eschenhagen & Zimmermann, 2005)

 
(Radisic et al., 2004)

 

(E. J. Lee, Kim do, Azeloglu, & Costa, 2008)
 
(Schwarzkopf et al., 2006)

 
(Huang, Khait, 

& Birla, 2007)
 
(Naito et al., 2006). 

 

1.3.3.1 Cell sources 

Various types of cells have been used in cardiac tissue engineering, including primary 

cardiac myocytes (Tobita et al., 2006)
 
(Eschenhagen et al., 1997)

 
(Radisic et al., 2004)

 

(E. J. Lee et al., 2008; Shimizu et al., 2002) (Kofidis et al., 2002)
 
(Feng, Matsumoto, & 

Nakamura, 2003; Ishii, Shin, Sueda, & Vacanti, 2005; McDevitt, Woodhouse, 

Hauschka, Murry, & Stayton, 2003; Zimmermann, Schneiderbanger, et al., 2002). 

Freshly isolated primary cardiac myocytes are used because of their structural and 

physiologic attributes as well as their intrinsic contractile properties.  

Neonatal rat cardiomyocytes are often chosen for their natural electrophysiological, 

structural, and contractile properties (Ravichandran et al., 2013), however they have a 

limited capacity to proliferate and not clinical relevance. Embryonic stem cells (ESCs) 

(Boheler et al., 2002) (Guo et al., 2006; Mummery et al., 2002; Zimmermann & 

Eschenhagen, 2007) and iPSC (Mauritz et al., 2008) (Narazaki et al., 2008) (Martinez-

Fernandez et al., 2009) (Zwi-Dantsis, Mizrahi, Arbel, Gepstein, & Gepstein, 2011) 

represent valid cell candidates for cardiac TE thanks to their autologous nature, ability 

to propagate in large quantities, and to differentiate into cardiomyocytes. However, their 

still high risk of tumorigenicity and the complexity of their differentiation protocols still 
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make it not an easy cell source to be used for safe and standardized cardiac TE. Human 

adult stem cells share most of the positive features with iPSC making them an eligible 

cell candidate for cardiac TE with the extra benefit of low oncogenesis, but have shown 

to have still a limited and not highly reproducible in vitro differentiation potential into 

fully mature cardiomyocytes (Orlic, Kajstura, Chimenti, Jakoniuk, et al., 2001) (A. P. 

Beltrami et al., 2003) (Planat-Benard et al., 2004). Skeletal myoblasts (SMs) are widely 

use in cardiac TE thanks to their high proliferative potential, high resistance to ischemia, 

and their fate restriction to the myogenic lineage, with the capacity to develop a 

complete contractile apparatus, virtually eliminates the risk of tumorigenicity 

(Menasche, 2004) (Menasche, 2008). On the other hand, the major disadvantage of SMs 

is that they do not electrically couple with the host cardiomyocytes (Durrani, 

Konoplyannikov, Ashraf, & Haider, 2010), and this obviously raises the major question 

of the mechanisms by which, in case of cell transplantation, the myoblasts can improve 

left ventricular function (Menasche, 2004).  

 

1.3.3.2 Cardiac Patches 

Cardiac patches have been investigated with the double aim of creating a tissue 

replacing strategy in case of large damaged hearts for therapy or to reproduce in vitro 

pieces of reliable heart tissue for research or drug screening options. Possible 

approaches explored for engineering a cell-based and functional scaffolds are cell self-

assembly, porous and fibrous scaffolds, cultivation of thin films (sheets) of functionally 

coupled cells, and cells grown on composite scaffolds (Radisic and Sefton, 2011).  

In cardiac TE approaches, most studies suggest that some type of scaffold is necessary 

to support assembly of cardiac tissue in vitro. An important scaffold-free approach 

includes stacking of confluent monolayers of cardiomyocytes (Shimizu et al., 2002). 

Even if cardiac patches obtained in this way generate high active force, engineering 

patches more than two or three layers remains a problem. Shimizu and colleagues also 

described the polysurgery approach. Vascularized cardiac patches can be formed by 

sequential layering of cell sheets in multiple surgeries (Shimizu et al., 2006). Despite 

this strategy demonstrates that thick tissues (around 1 cm) can in principle be created 

from cell sheets, the approach will be difficult to implement in the clinical setting. 
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Thick relevant contractile cardiac patch was obtained by combining cardiomyocytes cell 

sheets with CM-seeded small-intestinal submucosa (SIS) by Hata and colleagues. 

Stacked cardiomyocytes sheets contracted spontaneously and synchronously with 

seeded SIS after adherence, and a large portion of analysed constructs showed a defined 

contraction direction, parallel to the longitudinal axis (Hata et al., 2010). Stevens and 

colleagues managed to generate a cardiac patch based on human ESC-derived CMs by 

self-assembly of isolated cells in orbitally mixed dishes (Stevens, Pabon, Muskheli, & 

Murry, 2009), essentially creating cell aggregates that could be deployed as a patch. 

Engineered cardiac constructs have been created in different forms like free floating 

monolayers, chambers, ring-like structures, rectangular patches, and cylinders (Shimizu 

et al., 2002)
 
(Zimmermann et al., 2006)

 
(Tobita et al., 2006) (Radisic et al., 2004)

 

(Yildirim et al., 2007). These have been constructed with many different natural and 

synthetic scaffolds, such as gelatin, fibrin glue, collagen, porous alginate, polyglycolic 

acid, and polyurethane (Kofidis et al., 2002)
 
(McDevitt et al., 2003; Zimmermann, 

Schneiderbanger, et al., 2002)
 
(Carrier et al., 1999; Christman, Fok, Sievers, Fang, & 

Lee, 2004; Dar, Shachar, Leor, & Cohen, 2002; Leor & Cohen, 2004; R. K. Li et al., 

1999). Among all the biomaterials used, collagen sponges were the most common. In 

the pioneering approach of Li et al., fetal rat ventricular CMs were expanded after 

isolation, seeded on collagen sponges, and cultivated in static dishes for up to 4 weeks 

(R. K. Li et al., 1999). The cells proliferated with time in culture and expressed multiple 

sarcomeres. Similarly, fetal cardiac cells were also cultivated on porous alginate 

scaffolds in static 96-well plates. After 4 days in culture the cells formed spontaneously 

beating aggregates in the scaffold pores (Leor et al., 2000). Cell seeding densities of the 

order of 108 cell/cm3 were achieved in the alginate scaffolds using centrifugal forces 

during seeding (Dar et al., 2002). Neonatal rat CMs seeded on collagen sponges formed 

spontaneously contracting constructs after 36h of culture (Kofidis et al., 2003) and 

maintained their activity for up to 12 weeks. 

In a standard TE approach, fibrous polyglycolic acid (PGA) scaffolds were combined 

with neonatal rat CMs and cultivated in spinner flasks and rotating vessels (Carrier et al., 

1999). The scaffold was 97% porous and consisted of non-woven PGA fibers 14 um in 

diameter. Peripheral layer of the constructs seeded with neonatal rat or embryonic chick 

CMs showed relatively homogeneous electrical properties and sustained 

macroscopically continuous impulse propagation on a centimeter-size scale (Bursac et 
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al., 1999). Electrospun scaffolds have gained significant attention as they allow the 

control over structure at sub-micron levels as well as control over mechanical properties, 

both of which are important for cell attachment and contractile function. Zong and 

colleagues (Zong et al., 2005) used electrospinning to fabricate oriented biodegradable 

non-woven polylactic acid (PLA) scaffolds. Neonatal rat CMs cultivated on oriented 

PLA matrices had remarkably well-developed contractile apparatus and demonstrated 

electrical activity. 

A significant step towards a clinically useful cardiac patch was the cultivation of ESC- 

derived CMs on thin polyurethane (PU) films. Cells exhibited cardiac markers 

(sarcomeric actinin) and were capable of synchronous macroscopic contractions 

(Amaya et al., 1993). The orientation and cell phenotype could further be improved by 

micro-contact printing of ECM components as demonstrated for neonatal rat CMs 

cultivated on thin PU and PLA films (McDevitt et al., 2002; McDevitt et al., 2003). 

Similarly, thin (10-15 um diameter) several millimeter long cardiac organoids, positive 

for cardiac troponin I and capable to spontaneously contract, were obtained through 

microfluidic patterning of hyaluronic acid on glass substrates (Khademhosseini et al., 

2007). In a recent study, Feinberg and colleagues seeded a layer of neonatal rat 

ventricular cardiomyocytes on a polydimethylsiloxane (PDMS) membrane that could be 

detached from a thermo-sensitive layer at room temperature. Called “muscular thin 

films”, these cell-covered sheets could be designed to perform tasks such as gripping, 

and pumping by careful tailoring of the tissue architecture, this film shape, and 

electrical-pacing protocol (Feinberg et al., 2007). Scaffold structure can be used to 

effectively guide orientation of CMs and yield anisotropic structure similar to the native 

myocardium even in the absence of specific physical cues such as electrical or 

mechanical stimulation. Engelmayr et al. constructed an accordion-like scaffold using 

laser boring of PGS layer (Engelmayr et al., 2008). The scaffolds were pre-treated with 

cardiac FBs followed by seeding of enriched CMs. During pre-treatment, rotating 

culture was used, while static culture was used upon cardiomyocytes seeding. 

Contractile cardiac grafts with mechanical properties closely resembling those of the 

native rat right ventricle were obtained after the culture period. In addition, the cells in 

the pores were aligned along the preferred direction. Bian and colleagues created a 

cell/fibrin hydrogel micromolding approach where PDMS molds, containing an array of 

elongated posts, were used to fabricate relatively large neonatal rat skeletal muscle 
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tissue networks. As the cells compacted the hydrogel, the presence of high-aspect-ratio 

posts forced them to elongate and align, thus imparting a high degree of anisotropy to 

the cells and the tissue. This approach has been extended to cultivation of cardiac 

patches based on mouse ESC-derived progenitor cells (Bian, Liau, Badie, & Bursac, 

2009) (Bian et al., 2009). To combine the advantages of the presence of naturally 

occurring ECM and the stability of porous scaffolds, neonatal rat CMs were inoculated 

into collagen sponges or synthetic PGS scaffolds using Matrigel (Radisic et al., 2006). 

The main advantage of a collagen sponge is that it supports cell attachment and 

differentiation. Nevertheless the scaffold tends to swell when placed in culture medium; 

making complicated the creation of a parallel channel array resembling a capillary 

network. For that reason a biodegradable elastomer (Wang, Ameer, Sheppard, & Langer, 

2002) with high degree of flexibility was used. Boublik et al. have reported mechanical 

stimulation of hybrid cardiac grafts based on knitted hyularonic acid- based fabric and 

fibrin (Boublik et al., 2005). The grafts exhibited mechanical properties comparable to 

those of native neonatal rat hearts. In a subcutaneous rat implantation model the 

constructs exhibited the presence of CMs and blood vessel ingrowth after 3 weeks. 

 

1.3.3.3 Bioreactors 

Cardiac patches, in order to be cultured in vitro, need special support, that only proper 

devices can provide. An engineered cardiac patch should 1) have dimensions (typically 

10-50 cm2 of surface area and millimetres of thickness) and contractile features, thus 

vascularization is fundamental for its survival; 2) have a compliant response adequate to 

assure adaptation to systolic strength and diastolic relaxation; and 3) guarantee 

structural and electrical integration with the hosting myocardium (Vunjak-Novakovic et 

al., 2010; Zimmermann et al., 2006) or replicate electrical characteristics of native 

tissue. The complexity of the cardiac tissue makes the fulfilment of these requirements 

very challenging, since adult CMs quickly dedifferentiate in vitro and the maintenance 

of their differentiation in vitro is still an open issue, and neonatal cells are still immature 

to obtain effective results from their culture. These open issues have driven the 

development of the biomimetic paradigm of cardiac TE, which involves the application 

of physiologically-relevant chemical and physical stimuli to cultured cells (Tandon et 

al., 2009).  
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A synergistic combination of cells, scaffolds and culture conditions within tailored 

bioreactors allows obtaining cardiac engineered constructs, which are close to the native 

tissue in morphology and function, thus offering new perspectives to basic cardiac 

research and tissue replacement therapy. 

In their pioneering studies (Eschenhagen, Didie, Heubach, et al., 2002; Eschenhagen et 

al., 1997; Zimmermann et al., 2000), Eschenhagen, Zimmermann and coworkers 

proposed a method for the in vitro production of coherently contracting 3D engineered 

heart tissues (EHTs) made of CMs from embryonic chicken (Eschenhagen et al., 1997) 

and neonatal rats (Zimmermann, Didie, et al., 2002; Zimmermann et al., 2000) mixed 

with collagen type I and, only when cultivating rat cells, Matrigel. Going beyond the 

limitations of monolayer cultures, sheet-shaped EHTs provided a simplified model 

suitable for the investigation of heart-like features of the constructs and for an analysis 

of the consequences that culture environment and genetic manipulations have on 

contractility. In order to measure EHT contractile forces, EHTs were then immersed in 

thermo stated organ bathes, and subjected to stable isometric preloads and electrical 

pulses. EHTs exhibited well-organized myofilaments with intercellular connections, and 

coherent contractions after 2-3 days (Eschenhagen et al., 1997; Zimmermann et al., 

2000). 

The influence of chronic mechanical stretch on morphological and functional behavior 

of CMs was evaluated by Fink et al. (Fink et al., 2000), who subjected EHTs to phasic 

unidirectional stretch (1-20%, 1.5 Hz) for 6 days and then to isometric force 

measurement (as in (Eschenhagen et al., 1997; Zimmermann et al., 2000)). Stretched 

EHTs exhibited improved organization of CMs into parallel arrays of rod-shaped cells, 

increased cell length and width, and a marked improvement of the contractile function. 

They (Eschenhagen, Didie, Heubach, et al., 2002; Eschenhagen, Didie, Munzel, et al., 

2002) (Zimmermann, Didie, et al., 2002) proved the in vivo feasibility of the EHT 

implantation on rats. Implanted EHTs maintained a network of differentiated CMs and 

were strongly vascularized (Eschenhagen, Didie, Heubach, et al., 2002; Eschenhagen, 

Didie, Munzel, et al., 2002; Zimmermann, Didie, et al., 2002). Moreover, EHTs grafted 

on the heart of syngeneic rats (Zimmermann, Didie, et al., 2002) preserved contractile 

function in vivo. By adopting a multi-chamber bioreactor to impart controlled 

simultaneous cyclic strains, Gonen-Wadmany et al. (Gonen-Wadmany et al., 2004) 

developed a bioartificial engineered cardiac construct (ECC) capable of synchronized 
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multidirectional contraction. Based on previous studies (Zimmermann et al., 2000; 

Zimmermann, Schneiderbanger, et al., 2002), ECCs were prepared mixing neonatal rat 

CMs and sheep aortic smooth muscle cells (SMCs) with type I collagen gel, enriched 

with growth factors and hormones. ECCs, molded over silicone bulbs, were 

mechanically stimulated by inflating and deflating the silicone bulbs with repetitive 

pneumatic pressure at 1 Hz for 6 days. Cell distribution was found to be homogeneous 

throughout the ECCs, and the use of SMCs resulted in a significant compaction of the 

collagen gels and in a cardiac substitute containing a high cell density. Moreover, the 

authors demonstrated that cellular and morphological reorganization is highly 

dependent on the amplitude of strain stimulation.  

In 2007, Birla et al. (Birla et al., 2007) proposed a multi-chamber bioreactor capable of 

controlling tissue stimulation in order to correlate the degree of mechanical stretch to 

changes in the contractile performance of 3D bioengineered heart muscle (BEHM) 

constructs. Neonatal rat CMs were plated on fibrin-coated surfaces of cell culture plates, 

with the addition of thrombin, and maintained in incubator for 2 weeks. Spontaneous 

contractions of the primary CMs resulted in compaction of the fibrin gel promoting 

BEHM formation. For another 7 days, BEHMs were mechanically stimulated within the 

bioreactor with different time intervals per day (2, 6, and 24 hours). The active force 

was evaluated by stimulating the BEHMs between parallel platinum electrodes. No 

apparent physical damage was found in BEHMs stretched using a stretch protocol of 

10% stretch and 1 Hz, with no significant changes in the active force, specific force, 

pacing characteristics, or morphological features, demonstrating the structural stability 

of the constructs in response to applied stretch protocol. 

By performing 3D suspension cultures of neonatal rat CMs on cell supports within 

rotating bioreactor, Akins et al. (Akins et al., 1999) investigated the capacity of isolated 

heart cells to re-establish tissue architectures in vitro. They observed the formation of 

3D aggregates of mixed populations of ventricular cells, replicating the distribution 

observed in vivo, and presenting spontaneous and rhythmic contraction, suggesting that 

cardiac cells possess an innate capacity to re-establish complex 3D cardiac organization 

in vitro. 

Motivated by the need to optimize seeding and perfusion of 3D scaffolds, Carrier et al. 

(Carrier et al., 1999) used different bioreactors (flasks, xyz gyrator, and rotating 
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bioreactors) to investigate the in vitro morphogenesis of engineered cardiac muscle in a 

cell-polymer bioreactor model system. Porous nonwoven meshes of fibrous PGA were 

seeded with rat heart cells. Constructs cultivated within rotating bioreactors showed 

significantly improved structural and functional properties, with uniformly distributed 

cellularity, improved maintenance of metabolic parameters, elongated cell shape, and 

ultra structural features peculiar of native cardiac tissue. 

Papadaki et al. (Papadaki et al., 2001) cultivated highly concentrated neonatal rat 

cardiomyocytes, seeded on laminin-coated PGA scaffolds, within rotating bioreactors. 

By using a specific apparatus (Bursac et al., 1999), they stimulated and recorded 

extracellular potentials. The engineered cardiac muscle presented a peripheral region 

containing CMs electrically connected through functional gap junctions. These 

constructs did not exhibit spontaneous beating, but responded to electrical stimulation 

and showed conduction velocity of propagating electrical impulses comparable with 

native tissue. However, due to the concentration gradients associated with diffusional 

transport of nutrients and oxygen, the engineered tissues mentioned above were limited 

to approximately 100 um-thick peripheral layers around a relatively cell-free construct 

interior. To overcome this limitation, Carrier et al. investigated the effects of direct 

perfusion (Carrier et al., 2002a) and oxygen concentration (Carrier et al., 2002b) on 

engineered cardiac tissues obtained from fibrous PGA scaffolds seeded with neonatal 

rat CMs. It was found that direct medium perfusion through the constructs, located 

within cartridges, guarantees the following: 1) a reduction of diffusional gradients over 

macroscopic distances; 2) the control of local levels of pH and oxygen; 3) the spatial 

uniformity of cell distribution; and 4) an increase of construct thickness (Carrier et al., 

2002a). It was also proven that a marked positive correlation exists between medium 

pO2 and the aerobicity of cell metabolism, DNA and protein content, and the expression 

of cardiac-specific markers (Carrier et al., 2002b). However, the system in (Carrier et al., 

2002b) had two important limitations: 1) direct perfusion exposes cardiac cells to 

hydrodynamic shear stress values higher than the physiological ones; 2) cell density of 

engineered tissue was approximately only the 20-25% of the density in native cardiac 

tissue (Carrier et al., 1999; Carrier et al., 2002b) (Carrier et al., 2002a). To improve cell 

density Radisic et al. (Radisic et al., 2003; Radisic et al., 2008) developed a new 

seeding strategy within the same perfusion system as in (Carrier et al., 2002b). Using 

Matrigel as vehicle for cell delivery, neonatal rat CMs were seeded into collagen 
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sponges and cultured in perfused cartridges with alternating medium flow. Initial cell 

densities corresponding to those normally present in the adult rat heart (about 108 

cells/cm3) were reached, with rapid and spatially uniform cell distribution throughout 

the perfused constructs. The result of the direct medium perfusion (0.5 ml/min) 

approach was high cell viability, differentiated function of CMs and cell protection from 

critical hydrodynamic shear. As for the electrophysiological function, it was observed 

that constructs cultured in perfusion maintained constant frequency of contractions, 

whereas constructs cultivated in orbitally mixed dishes presented episodes resembling 

arrhythmia.  

A growing research branch focuses on bioreactors’ application for in vitro generation of 

cardiac-tissue-like 3D constructs at smaller scales. Recently, miniaturized screening 

platforms were developed to study the impact of physical and chemical parameters on 

the maturation, structure, and function of the cardiac tissue. The basic idea is to provide 

advanced high-throughput, low-volume in vitro models for drug testing and, in 

combination with recent iPSC technology, disease modelling. Important requisites 

towards a screening platform are miniaturization, reduced manual handling, and 

automated readout. In 2010, Hansen et al. (Hansen et al., 2010) developed a drug-

screening platform based on large series of miniaturized EHTs, fabricated as strips, 

where the contractile activity can be automatically monitored. Neonatal rat heart cells 

were mixed with fibrinogen/Matrigel plus thrombin and pipetted into rectangular 

casting moulds in which two flexible silicone posts were positioned. During cultivation, 

fibrin-based mini-EHTs (FBMEs) demonstrated cell spreading inside the matrix and 

newly formed cell-cell contacts that led to the formation of condensed FBMEs and to 

the imposition of direct mechanical load to cells. Elongation of cells was observed, 

accompanied by single cells coherent beating activity, and, after 8-10 days, FBMEs 

started to rhythmically deflect the posts. Analysis of a large series of FBMEs revealed 

high reproducibility and stability for weeks.  

In 2011, Kensah and co-workers (Kensah et al., 2011) developed a multimodal 

bioreactor for mechanical stimulation of miniaturized bio-artificial cardiac tissues 

(BCTs) and for real-time measurement of contraction forces during tissue maturation, 

enabling small- scale stem cell-based cardiac TE. Each module connected a cultivation 

chamber (with a glass bottom for microscopic assessment) to both a linear motor with 

integrated position measurement and a force sensor. BCTs were prepared with neonatal 
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rat CMs mixed with type I collagen and Matrigel, according to (Zimmermann, 

Schneiderbanger, et al., 2002). BCTs were subjected to cyclic stretch stimulation (10%, 

1 Hz) with daily real-time spontaneous active force measurement. The bioreactor was 

designed for including additional functions such as electric pacing and culture medium 

perfusion. More recently, using the same bioreactor, Kensah et al. (Kensah et al., 2013) 

cultured highly purified murine and human pluripotent stem cell-derived CMs to 

generate functional BCTs and to investigate the role of fibroblasts, ascorbic acid, and 

mechanical stimuli. For the first time, a stimulation strategy for tissue maturation was 

combined with a novel concept of tissue formation from non-dissociated cardiac bodies, 

which has led to a dramatic increase in contractile forces, comparable with native 

myocardium. BCTs underwent constant static stress, and an additional mechanical 

stretch was then applied within the bioreactor using either uniaxial cyclic stretch or 

stepwise growing static stretch, mimicking the increasing systolic and diastolic pressure 

in the developing embryonic heart.  

 

In this complex context, in this study we present a bioreactor suitable for homing hiPSC 

derived CMs, to be further implemented in order to provide electrical and mechanical 

stimuli that would favour cardiac cells maturation, so to obtain a cardiac tissue-like in 

vitro system. 
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2-OBJECTIVES 
 

The main aim of this work was to create an “in vitro” tissue engineered cardiac patch 

that would promote the maturation of human iPSC derived cardiomyocytes and be 

useful for future advanced functional studies. Our specific objectives for this purpose 

were: 

 

1) Optimize a differentiation protocol to obtain large numbers of iPSC-derived 

cardiomyocytes. We will test different stage-specific cardiac differentiation 

protocols on ESC and iPSC and select the most reproducible and efficient 

one. 

 

  

2) Generate transgenic human iPSC lines in order to purify a homogeneous cardiac 

cell population. We will test different methods to generate reporter induced 

pluripotent stem cell iPS for genes specific for different stages of differentiation. 

 

 

3) Build a 3D system to support the growth of cardiomyocytes derived from hPSC. 

We will develop a perfusion bioreactor system for 3D culture and test its 

performance using neonatal rat and human iPSC-derived cardiomyocytes. 
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3- METHODS 
 

 

3.1. Maintenance of human ESC and iPSC cells on Feeder Layer  

 

The human ES lines and the KiPS lines, ES[4]  ((Aasen et al., 2008) (Raya et al., 

2008) (Raya et al., 2009)) and KiPS 3F.7 were obtained from the Centre of 

Regenerative Medicine of Barcelona (CMRB). ES [4] were derived from a male 

human embryo on day 2 and KiPS 3F.7 from retroviral transfection of Oct-4, 

Sox2 and Klf-4 into human foreskin keratinocytes. They were maintained on 

irradiated (55Gy) human foreskin fibroblasts (HFF) (embryonic feeder cells in 

HES medium consisting of KnockoutTM DMEM (Life technology) 

supplemented with 20% KnockOut Serum Replacement (Life technologies), 100 

µM Nonessential amino acids (Life Technologies), 2 mM GlutaMax (Life 

Technologies), 50 U/mL penicillin, 50 µg/mL streptomycin (Life Technologies), 

50µM 2-mercaptoethanol (Life Technologies), and 10 ng/mL bFGF (Peprotech) 

in 10cm Petri Dishes. Cultures were maintained at 37ºC 5%O2 5%CO2 and 

media were changed every day. 

Cells were passed to new feeders every 10-14 days by mechanical disruption 

with The STRIPPER® (Origio), a 150um-diameter plastic pipette. 

 

 

3.2. Maintenance of human ESC and iPSC cells on Matrigel 

 

Cells were cultured on 10 cm Petri dishes coated with Matrigel (BD Bioscience) 

diluted 1:40 in KnockOut DMEM, with cHES medium consisting of HES 

medium (described in section “Maintenance of human ES and iPS cells on 

Feeder Layer”) conditioned 24 hours with irradiated (55Gy) mouse embryonic 

fibroblasts (MEF) and filtered through a 0,22 um Millipore Filter. Cell cultures 

were maintained at 37ºC, 5%CO2, 5% O2 and conditioned medium was changed 

every day, excluding the day right after passaging. If required, cells were 

exposed during a week to Geneticin 50ug/mL (G-418 Disulphate (Melford)) for 



Methods 

	 54 

positive selection. Cells were split 1:10 when confluent, approximately every 7 

days.  

Splitting was done incubating cells with 0.05% trypsin-EDTA (Life 

Technologies) for 1 minute and pipetting the desired amount of cells into a plate 

with fresh medium. 

 

 

3.3. Cardiac Differentiation via ActivinA (Protocol 1) 

 

hPSC were cultured as monolayer on plates coated with Matrigel (BD 

Biosciences), diluted 1:40 in KnockoutTM DMEM (Life technology) and kept 

under 5% O2 for 1 week. To induce cardiac differentiation, cells were cultured 

for 5 days under 5% O2 in RPMI medium (Life technologies) with B27 

supplement 50X (Life technologies) supplemented with 50 ng/ml of human 

recombinant Activin A (PeproTech) and 10 ng/ml of BMP4 (PeproTech). After 

5 days, cells were transferred to ambient oxygen atmosphere and the RPMI/B27 

medium was changed every 2 days. Cluster of beating areas were observed with 

a Leica optical microscope at 10x magnitude. 

 

 

3.4 Cardiac Differentiation via EBs using ActivinA and BMP4 (Protocol 2) 

 

3.4.1 Home-made tools fabrication 

 

Prior to differentiation, EBs (embryoid bodies) were generated by mechanical 

detachment of ESC or iPSC colonies from the feeder layer of fibroblasts using 

home-made glass tools.  

Such tools were fabricated prior to each experiment from a 230 mm glass 

Pasteur pipette following the steps described in figure 3.1. 
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Figure 3.1:Fabrication of home-made tools to scrape EBs from hPSC colonies 

growing on HFF. 

Glass tools are fabricated from a long (230 mm) glass Pasteur pipette. With an 

alcohol lamp, pull the pipette at a 45º angle and elongate the hot glass to make 

it thin. Cut the distal part of the pipette with the flame. Fold and seal the end of 

the tool making sure that the part to be used for lifting the colonies (red arrow) 

is straight and thin. 

 

3.4.2 EBs’ formation 

 

Glass tools were sterilized with Ethanol and used to gently manually detach the 

colonies of pluripotent stem cells from HFF feeder layer. This procedure was 

performed with the help of Leica stereomicroscope connected to a screen under 

a laminar flux cell culture hood. By scraping, colonies assumed a 

roundish/spherical shape and remained in suspension in culture medium. After 

having scraped all the colonies from a well, EBs were harvested and cultured in 

a low attachment 60mm petri dish (Corning) with 5 ml of cHES medium in 

order to obtain compact and defined shaped EBs. 

 

3.4.3 EBs’ differentiation 

 

EBs were cultured in suspension for two days and then they were plated on 6 

well plates coated with 0,1% gelatin (Chemicon, Millipore). Around 20 EBs 

were seeded in each well. 

To differentiate EBs, the following cytokines were added to stemPro-34 

(Invitrogen) medium supplemented with 2mM Glutamax (Life technologies), 
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0.5ng/ml ascorbic acid (Sigma) and 50µg/ml monothiogyocerol (Sigma): days 0-

4, 10 ng/ml BMP4 (Peprotech), 5ng/ml bFGF (Peprotech), 3ng/ml for ES[4] or 

6ng/ml for iPSC activin A (Peprotech); days 4-8 150 ng/ml DKK1 (Peprotech), 

10ng/ml VEGF (Peprotech); days 8-12, 10ng/ml VEGF (Peprotech), 10ng/ml 

bFGF (Peprotech); after day 12 10ng/ml VEGF (Peprotech) for the duration of 

the experiment.  

After 20 days of differentiation, cells were maintained in EB medium 

supplemented with Ascorbic Acid. EB medium consisted of HES medium 

(described in section “Maintenance of human ES and iPSC cells on Feeder 

Layer”), without bFGF, and with FBS (HyClone) instead of KnockOut Serum 

Replacement. 

Cells were maintained in an environment of 5% CO2, 5% O2, 90% N2 up to day 

12 and then transferred into an environment of 5% CO2, 21% O2, 74% N2. 

Cluster of beating areas were observed with a Leica optical microscope at 10x 

magnitude. 

 

 

3.5 Cardiac differentiation via small molecules (Protocol 3) 

 

Pluripotent cells maintained on Matrigel (BD Biosciences) in mTeSR1 

(STEMCELL Technologies) were dissociated into single cells with Accutase 

(Invitrogen) at 37 °C for 5 min and then were seeded onto a Matrigel-coated 12 

well plate at 200,000–250,000 cell/well in mTeSR1 supplemented with 5 uM 

ROCK inhibitor (Y-27632; Stemgent) (day −3). Cells were cultured in mTeSR. 

When achieved confluence, cells were treated with CHIR 99021(Selleck) in 

RPMI/B27 -insulin (Life technologies) for 24 h (day 0 to day 1). On day 1, 

medium was changed to RPMI/B27 -insulin alone. At day 3, 5 uM IWP4 

(Stemgent) was added. At day 5, IWP4 was removed by medium changing with 

RPMI/B27-insulin. Starting from day 7, cells were maintained the RPMI/B27 

(Life technologies), with medium changed every 3 d. Appearance of beating 

clusters was monitored through Leica optical microscope observation. Imaging 

of cell cultures was performed with a Leica DM IRBE microscope, supported by 
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a Cool-SNAP-fx CCD camera (Photometrics) under the control of MetaMorphⓇ 

Software (Molecular Devices). 

 

 

3.6 RNA extraction 

 

Total RNA was isolated from cells using TRIZOL reagent from Life 

Technologies or TRI Reagent from SIGMA, following this protocol: 1) 

HOMOGENIZATION: cells pellets from a well of a 6 or 12 well plate, was 

lysed in 1ml of TRIZOL or TRI Reagent by repetitive pipetting. In case of thick 

tissue-like cell cultures in the more advanced stages of differentiation, pipetting 

with a syringe and a needle was performed. 2) PHASE SEPARATION: 

homogenized samples was incubated for 5 minutes at RT, 200ul of chloroform 

was added and tubes were vigorously shaken by hand for 15 seconds. Samples 

were incubated at RT for 2 to 3 min and centrifuged at 12000g per 15 min at 

4°C. (Two phases formed: RNA in the upper aqueous phase) 3) RNA 

PRECIPITATION: the aqueous phase was transferred to a fresh tube and RNA 

was precipitated by adding and mixing with 500ul of isopropyl alcohol. Samples 

were incubated at RT for 10 minutes or at -20ºC O.N. and centrifuged at 12000g 

for 10 min at +4°C. 4) RNA WASH: after removing the supernatant, RNA pellet 

was washed twice with 100ul of 75% ethanol, centrifuging at 12000 rcf per 5 

min at +4°C. 5) REDISSOLVING THE RNA: the RNA pellet was air dried and 

dissolved 30ul of RNase-free water. 6) RNA concentration was assessed through 

uv/visible spectrophotometry, measured at 260 nm and 280 nm with Nanodrop 

ND-1000 equipment (Thermo Scientific).  

 

 

3.7 RT-qPCR 

 

1) Retrotranscription of RNA into cDNA. The reaction was performed using the 

SuperScript III® kit (Invitrogen), following manufacturer’s instructions. The 

following components were added to a nuclease-free microcentrifuge tube (Mix 

A): 1ug of total RNA, 1ul of random primers, 1 ul of 10 mM dNTP Mix (10 mM 
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each dATP, dGTP, dCTP and dTTP at neutral pH), sterile distilled water to 1o 

µl. Mixture was heated to 65°C for 5 min and quickly chilled on ice for 1 

minute. Mix B was prepared with 2ul of l0X First-Strand Buffer, 2 ul of 0.1M 

DTT, 4ul of MgCl2, 1ul of RNAse OUT and 1ul of SuperScript III® 

retrotranscriptase. Mix A and B were mixed gently, spinned down and incubated 

at RT for 10 minutes, followed by 50 minutes at 50ºC. Reaction was inhibited by 

5 minutes of incubation at 85ºC and cDNA samples were immediately processed 

or stored at -20ºC. 

2) qPCR Reaction. The obtained cDNA was diluted 1:10 and used as a template 

for real time amplification in quantitative PCR. Mix 1 was prepared with 1ul of 

diluted cDNA and 3,8ul of water. Mix 2 was prepared with 0,6 ul of Forward 

Primer 10uM, 0,6 ul of Reverse Primer 10uM and 6ul of “LightCycler® 480 

SYBR Green I Master”. Mix 1 and 2 were mixed, according to specific desired 

amplification, into a microtube 96 well plate (MicroAmp® Fast Optical 96-well 

reaction plate with barcode -0.1 ml-) which was covered with an optical film, 

and the reaction was run in a StepOnePlus Real-Time PCR Machine (Applied 

Biosystems). It consisted of an initial denaturation at 95°C for 10 minutes and 40 

cycles of 15 seconds at 95°C and 1 min at 60ºC. Primers Melting curve was 

performed with an extra step at 95ºC for 15 seconds, 60ºC at 1 minute and 95ºC 

for 15 seconds. Relative fold increase in gene expression was calculated with the 

“Delta Delta Ct Method”, and normalized to GAPDH endogenous gene. 

 

 

3.8 PCR 

 

PCR reactions were performed with Go Taq® Flexi DNA PolymerasePCR 

Reaction kit. The following were added to a PCR reaction tube for a final 

reaction volume of 25 ul: 5ul of 5X Green GoTaq® Flexi Buffer, 3 ul of MgCl2 

25mM, 1,5 ul of 10uM dNTP Mix, 3 ul amplification primer F (5 uM), 3 ul 

amplification primer R (5 uM), 6 ul (0,3 ug) cDNA (from first-strand reaction), 

0.3 ul GoTaq® Flexi DNA Polymerase, autoclaved distilled water to 25 ul. 

Reaction was mixed gently and briefly spun down. PCR amplification was 

performed in a DNA thermal cycler (GeneAmp PCR System 9700, Applied 

BioSystems) and consisted of an initial denaturation at 95°C for 5 min, 30 cycles 
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of denaturation for 1min at 95°C, annealing for 1 min s at 55ºC, 57ºC, 60ºC or 

62ºC depending on the primer’s pair, and extension for 1minute/1000 base pair, 

depending on the size of the amplified fragment at 72ºC. Final extension 

proceeded for 10 min at 72ºC. All the products were run on a 1, or 2% agarose 

gel and visualized by ethidium bromide staining. Fermentas DNA ladders were 

used as reference. 

 

 

3.9 Primers List  

Primers are listed in the following table (5’ – 3’): 

 
GAPDH F GCACCGTCAAGGCTGAGAAC 

GAPDH R AGGGATCTCGCTCCTGGAA 

GFP F GAACCGCATCGAGCTGAA 

GFP R TGCTTGTCGGCCATGATATAG 

NANOG F ACAACTGGCCGAAGAATAGCA 

NANOG R GGTTCCCAGTCGGGTTCAC 

T F TGCTTCCCTGAGACCCAGTT 

T R GATCACTTCTTTCCTTTGCATCAAG 

NKX2.5 F TGGAGAAGACAGAGGCGGACAA 

NKX2.5 R ACAGGTACCGCTGCTGCTTGAA 

TNNT2 F TGCAGGAGAAGTTCAAGCAGCAGA 

TNNT2 R AGCGAGGAGCAGATCTTTGGTGAA 

MHC F ACAAGAAGGAGGGCATTGAGTGGA 

MHC R GCGTGGCTTCTGGAAATTGTTGGA 

pNKX2.5 F ACTCAGCATAACAGAATCAGG 

GFP R TTTACTTGTACAGCTCGTCC 

pKanNeo R GAAGAACTCGTCAAGAAGGC 

 

Table 3.1: Primers list 

3.10 Immunofluorescence for standard 2D cell cultures 

 

Cells were fixed with 4% paraformaldehyde in PBS at RT for 15 min and permeabilized 

for 15 min in 0.5% Triton in PBS. Cells were blocked in PBS 0,5% Triton-X100 with 

3% donkey serum for 2 h, and incubated with primary antibodies O.N. The following 

antibodies were used: mouse IgM anti-Alpha-Actin (Sarcomeric) (Sigma A2172, 

1:200), mouse anti-Alpha-actinin (Sarcomeric) (Sigma A7811, 1:100), mouse anti-
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Alpha-tubulin (Sigma T6074, 1:500), goat anti-Brachyury (R&D Systems AF2085, 

1:25), PE-human anti-CD172a (Biolegend 323805, 1:250), mouse anti-connexin 43 

(Sigma C8093, 1:200), rabbit anti-GATA4 (Santa Cruz sc-9053, 1:50), chicken anti-

GFP (Aves Labs, 1: 500), rabbit anti-TroponinI (cTNI) (Santa Cruz sc-15368, 1:25), 

mouse anti-Heavy Chain Cardiac Myosin (MHC) (AbCam ab15, 1:100), mouse anti-

TroponinT (cTNT) (Thermo Scientific MS-295-P, 1:200). Cells were blocked for 1 

hour and incubated with secondary antibodies for two hours. Secondary antibodies used 

were anti-rabbit IgG, anti-mouse IgG and anti-goat IgG Alexa Fluor 488 (Jackson 711-

545-152, 115-546-071, 705-545-147, 1:200), anti-chicken IgY Dy-Light 488 (Jackson 

703-485-155, 1:200), anti-mouse IgM and anti-rabbit IgG Cy3 (Jackson 715-165-140 

and 711-165-152, 1:200), anti-mouse IgM DyLight 649 (Jackson 115-495-075, 1:200). 

To visualize nuclei, slides were stained with 0.5 mg/ml DAPI (4’,6-diamidino-2-

phenylindole) for 15 minutes and then mounted with PVA-DABCO (Polyvinyl Alcohol 

- 1,4-diazabicyclo[2.2.2]octane). Images were taken using a Leica SP5 confocal 

microscope. For quantification of cTNT positive cells, randomly 5 20X magnification 

areas were counted.  

 

 

3.11 Immunofluorescence “in toto” for 3D cell cultures 

 

In order to be analysed by immunofluorescence, scaffolds were fixed O.N. with 4% 

paraformaldehyde (SIGMA) in PBS at 4ºC and included in 4% agarose  (low melt point, 

agarose D1, CONDA) for 5 minutes at 4ªC. 200 um cross sections were obtained cutting 

the blocks with a vibratome (0’075 mm/s advance rate, 81 Hz vibration and 1mm 

amplitude). Slices were washed three times for 30 minutes with TBS 1X, blocked in 

TBS 0,5% Triton-X100 with 6% donkey serum for 2 hours RT, and incubated with 

primary antibodies for 48 hours at ºC. Slices were blocked for 2 hours and incubated 

with secondary antibodies O.N. The antibodies are mentioned in 3.10 paragraph 

“Immunofluorescence for standard 2D cell cultures”. To visualize nuclei, slides were 

stained with 0.5 mg/ml DAPI (4’,6-diamidino-2-phenylindole) for 1 hour, incubated 

with mounting medium mixed with TBS 1:1 and then mounted. Images were taken 

using a Leica SP5 confocal microscope.  
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3.12 Genomic DNA extraction 

 

Total DNA from cells infected with Lentivirae was extracted with QIAamp DNA Mini 

Kit (QUIAGEN, #51304 ) following instructions and finally resuspended in 200ul of 

TE Buffer (10mM Tris 1mM EDTA). 

Total DNA from cells transfected with plasmid was extracted with Genomic DNA 

Purification Kit (Fermentas #K0512) following manufacturer’s protocol for “cell 

cultures”, and finally resuspended in 100 ul of Tris-EDTA Buffer. Quality and 

quantification of DNA was determined through uv/visible spectrophotometry, measured 

at 260 nm and 280 nm with Nanodrop ND-1000 equipment (Thermo Scientific). 

 

 

3.13 Plasmids and lentiviral vectors 

 

pNKX-GFP (Addgene plasmid # 45497, (Wu et al., 2006)) was kindly donated by 

Patrizia Dell’Era, from Brescia University. 

T/Brachyury-eGFP Rex Neo and aMHC-eGFP-Rex-Neo vectors for lentiviral 

production were adquired from Addgene (plasmid # 21222 and # 21229 respectively, 

(Kita-Matsuo et al., 2009)). 

 

 

3.14 Lipofectamine transfection of KiPS 3F.7 

 

400.000 cells (KiPS 3F.7) were seeded in a 6wp. The day after they were transfected 

with Lipofectamine 2000 (Invitrogen) with 5ug of pNKX-GFP. The day after medium 

was changed and cells were cultured in presence of G418 (50ug/mL) to select for 

neomycin resistant colonies. 

Transfection was performed in parallel with a pCAG-TOMATO plasmid as positive 

control. 
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3.15 Lentivirus production and infection of KiPS 3F.7 

 

293T cells were transiently transfected with 1) transfer vector T/Brachyury-eGFP Rex 

Neo or aMHC-eGFP-Rex-Neo 2) the second generation packaging construct 

pCMVR8.74 (Addgene plasmid # 22036), and 3) the VSV envelope–expressing 

construct pCMV-VSV-G (Addgene plasmid # 8454)VSV-G, by calcium phosphate, in 

order to produce High-titre vesicular stomatitis virus (VSV)–pseudotyped LV stocks, 

that were purified by ultracentrifugation and resuspended to a final volume of 50ul of 

PBS. KiPS 3F.7 were cultured with cHES medium in a 10cm petri dish coated with 

Matrigel at 80/90% of confluence. They were split with trypsin 0.05%, counted and 

resuspended to a final concentration of 1x106 cells/mL. 0,2 x106 cells were transferred 

into an eppendorf tube (in a volume of 200 ul of PBS) and infected with 5ul of viral 

particles. Tubes were incubated 1 hour at 37ºC and gently shacked every 10 minutes. 

Cells were then plated into a well of a six well plate coated with Matrigel, and cultured 

with 1 ml of cHES medium. After 24 hours medium was replaced with 2ml of cHES 

and cells were cultured as usual. After 4 days from infection, selection with G418 

(SIGMA) was performed during 10 days, diluting it 1:1000 into culture medium to a 

final concentration of 50ug/mL. 

 

3.16 Flow cytometry and cell sorting 
 
Dissociation procedure for day 0 to day 12 of cardiac differentiation. EBs and CMs 

generated from hPSC differentiation experiments were dissociated with 0.25% 

trypsin/EDTA. 

Dissociation procedure for day 13 and more. EBs and CMs generated from hPSC 

differentiation cultures were incubated in collagenase type II (1 mg/ml, Life 

Technologies) in Hanks solution (NaCl, 136 Mm; NaHCO3, 4.16 mM; NaPO4, 0.34 

mM; KCl, 5.36 mM; KH2PO4, 0.44 mM; dextrose, 5.55 mM; HEPES, 5 mM) for 30 

minutes to 2 hours at 37°C with gentle shaking. The equivalent amount of dissociation 

solution (in Hanks solution: taurin, 10 mM, EGTA 0.1 mM, BSA 1 mg/ml, collagenase 

type II 1 mg/ml) was then added to the cell suspension and the EBs were pipetted gently 

to dissociate the cells. After dissociation, cells were centrifuged (1,000 r.p.m., 5 min), 

filtered and used for analysis. Cells were analyzed using an FC500 or a Gallios flow 



Methods 

	 63 

cytometer (Beckman Coulter). For FACS, the cells were sorted at a concentration of 

106 cells/ml in IMDM/6% FCS using a FACSAriaTMII (Becton Dickinson) cell sorter. 

To prevent cell death due to pressure and shear stress, all sorts were performed with a 

100 µm nozzle. 

 

 

3.17 Primary culture of neonatal rat CM and CM Cell culture 
 
For 50 hearts: Sprague Dawley rats (p2 or p3) were scarified by decapitation with 

scissors. Pups’ upper torax was opened and the heart was squeezed outside the body. It 

was detached with tweezers and collected in cold freshly prepared, 0,22um filtered, 

CBFHH (Calcium and Bicharbonate-Free Hank’s Balanced Salt Solution with HEPES) 

Buffer (consisting of NaCl 3,42M, KCl 0,54M, MgSO4(H2O)7 0.081M, KH2PO4 

0,044M, Na2HPO4(H2O)2 0.034M, Glucose 0,56M, HEPES (Sigma) 0.2M). Hearts were 

washed with CBFHH buffer and auricles and rests of other tissues (lungs, thyme, 

vessels…) were eliminated. Hearts were cut into two parts to let as much blood as 

possible to flow away, and they were washed with CBFHH. Under a sterile flow culture 

hood hearts were cut sharply into very small pieces (< 1mm3) with scissors avoiding 

smash the tissue. 2ml of CBFHH was added and tissue was collected into a falcon tube 

with a Pasteur pipette and was washed 3 times. 

Rounds of predigestion and digestion of the tissue were performed as following. 

PREDIGESTION: Add 8ml of freshly prepared trypsin 2mg/mL in CBFHH (BD 

Difco). Keep rolling 8’ RT. Decant tissue and discard supernatant with a Pasteur 

pipette. DIGESTION Perform as many digestion cycles as required, until the tissue gets 

whitish and small in pieces: Prepare Collection tubes putting 2,5 ml of FBS into 50mL 

falcon tubes and keep them in ice. Add x (see table 3.2) ml of trypsin 2mg/mL to the 

disgregation tissues – agitate at RT for x (see table 3.2) minutes. Collect SN in the 

corresponding collection tube with a glass pipette with larger tip width (custom made a 

glass pipette cutting and sharping the tip end of around 3mm). Add x (see table 3.2) ml 

of freshly prepared DNAse 0,014mg/mL (DNAse I, Calbiochem) – Pipette up and down 

20/25 times with the pipette with special width. Decant the tissue. Collect SN in the 

corresponding collection tube, kept in ice. 
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  ml min n of rounds  

PreDigestion trypsin 8 8 1 discard SN 

CT1 
trypsin 8 4 

up to fill the tube 
Collect SN 

DNase 7   Pipette, decant, recollect 

CT2 
trypsin 7,5 3 

up to fill the tube 
Collect SN 

DNase 6,5   Pipette, decant, recollect 

CT3 
trypsin 7 2 

up to fill the tube 
Collect SN 

DNase 6   Pipette, decant, recollect 

CT4 
trypsin 6,5 1 

up to fill the tube 
Collect SN 

DNase 5,5   Pipette, decant, recollect 

CT5 
trypsin 6 1 

up to fill the tube 
Collect SN 

DNase 5   Pipette, decant, recollect 

CT6 
trypsin 6 1 

up to fill the tube 
Collect SN 

DNase 5   Pipette, decant, recollect 

CT7 
trypsin 6 1 

up to fill the tube 
Collect SN 

DNase 5   Pipette, decant, recollect 

 

Table 3.2: Trypsin/DNase digestion cycles. CT: Collection Tube 

 

 Collection tubes were then centrifuged for 12 minutes at 100g. SN was discarded and 

pellet was resuspended in 2 mL of non-cardiomyocytes medium- NKM, (consisting of 

DMEM low glucose (life technologies) supplemented with 10% Fetal Bovin Serum 

(HyClone), 100 µM Nonessential amino acids (Life Technologies), 2 mM GlutaMax 

(Life Technologies), 50 U/mL penicillin, 50 µg/mL streptomycin (Life Technologies)) 

and gently pipetted 20/25 times. All the tubes were recollected in one and centrifuged 

12min 100g. SN was discarded and pellet resuspended in 2ml of cold NKM by pipetting 

20/25 times. 300 ul of freshly prepared DNAse (1mg/mL) were added to each 30 ml of 

cell suspension and cells were pipetted 20/25 time. Cells were centrifuged at 100g for 

12 min and resuspended in 5ml of cold NKM. Cells were filtered through a 250um 

stainless steel filter and recollected into a clean falcon tube. Cardiomyocytes were 

counted with a Neubauer Chamber, by morphology (the remaining blood cells were 

excluded by morphology). 

 

CM were cultured on 0,1% gelatin coated plate or Matrigel coated glass or implied for 

3D culture and cultured in cardiomyocytes medium consisting of DMEM 4.5 g/L (Life 

technologies), 10% horse serum (Life technologies), 2% chick embryo extract (egg 

tech) 100 uM Nonessential amino acids (Life Technologies), 2 mM GlutaMax (Life 

Technologies), 50 U/mL penicillin, 50 ug/mL streptomycin (Life Technologies). 
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3.18 Perfusion bioreactor, scaffold and seeding loop 

 

Perfusion bioreactor and seeding loop components were assembled and sterilized 

following indications from Radisic el al. (Radisic, Marsano, Maidhof, Wang, & Vunjak-

Novakovic, 2008). Details will be object of Maria Valls’ PhD thesis. Peristaltic Pump is 

a REGLO Digital, 2 channels pump from Ismatec. Scaffolds were cut from 1mm thick 

Matriderm® sheets, with a 1cm diameter biopsy punch and hydrated 24 hours in PBS 

and 1 hour in culture medium before use. To perform SEM (Scanning electron 

microscopy) characterization, Matriderm® was directly imaged with a NOVA 

NANOSEM 230 (FEI) with Low Vacuum Detector. 

Before cell culture, perfusion loop and bioreactor were carefully filled with culture 

medium.  Seeding procedure: hydrated scaffolds were located into the chambers and the 

perfusion loop was filled in with culture medium and connected to the peristaltic pump. 

Cells to be seeded were prepared depending on the condition (they were derived from 

rats pups in case of primary culture, enzymatically or manually detached from culture 

dishes and eventually sorted by FACS) and mixed prior to seeding in case of co-culture. 

For each scaffold, a total number of 3,5 millions of cells were resuspended into 1 ml of 

culture medium. Cells were inoculated into the seeding loop with a syringe through the 

Luer manifold, upstream the perfusion chamber, and perfused through it at 1ml/min 

flow rate. In order to calculate seeding efficiencies, medium was recollected from the 

seeding loop after seeding, it was centrifuged and cells were counted. Seeding 

efficiencies values were calculated as a percentage on the difference between initial 

seeded cells number (3,5 millions) and leftover cells after seeding procedure. Seeded 

scaffolds were maintained for 4 hours into a humid ultra low-attachment culture dish 

and then placed into the bioreactor for culturing. Cell culture: cells were cultured in 35 

ml of medium for bioreactor at a flow rate of 0,1 ml/min; medium was changed every 3 

or 4 days. 
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4-RESULTS 
 

 

4.1 Cardiac differentiation protocol optimization 

 

In vitro differentiation protocols aim to replicate what happens in vivo to the cells of an 

embryo. Like every in vitro technique, they are, of course, a simplification of the 

original processes and they have to replicate them in the most possible reliable way. It is 

fundamental, therefore, that the proper key pathways are activated correctly in a specific 

time order and schedule. This implicates that experiments turn to be very delicate and 

time consuming. Growth factors activin A, BMP4 and FGF2 have been shown to 

enhance the cardiac specification of hPSCs, in a time- and dose- dependent manner 

(Burridge et al., 2011) (Kattman et al., 2011). However, large variations remain 

between the cardiogenic potential of pluripotent stem cell lines, due to differences in 

endogenous levels of pluripotency regulators OCT4 and NANOG (Yu, Pan, Yu, & 

Thomson, 2011) and signalling molecules NODAL, BMP4 and WNT3A (Kattman et al., 

2011) (Paige et al., 2010). Different principal methods are available for mesoderm 

induction and cardiac specification of hPSCs to cardiomyocytes (Burridge, Keller, Gold, 

& Wu, 2012). Two of them are: 1) embryoid body (EB) formation, an efficient but 

technically demanding method and 2) monolayer differentiation of highly confluent 

hPSC cultures (easier way and faster). To identify and choose the most suitable cardiac 

differentiation protocol, two methods were compared, based on Activin A and Activin 

A, BMP4, DKK1 respectively (here referred as “Protocol 1” and “Protocol 2”) with the 

human embryonic stem cell line ES[4], to be then applied with human induced 

pluripotent stem cell line KiPS3F.7.  

Apart from the two protocols here presented, other methods were tested, but in our 

hands they didn’t perform as promised by literature. In particular we tested the method 

proposed by Burridge et al. in which human ESC and iPSC are successfully 

differentiated to CM, through EBs formation, with an efficiency of around 95%, in 

terms of percentage of contracting EBs (Burridge et al., 2011). In this protocol EBs are 

generated by centrifuge-force forced aggregation in 96 well plates and kept in culture in 

this form, for the entire duration of the protocol with polyvinyl alcohol and specific 



Results 
	

	 68 

cytokines. Our cell lines could not stand this way of culture, since EBs went to 

spontaneous disaggregation after few days of culture.  

Concerning EB based protocols, it is important to mention that EB size and cell number 

are important factors in cardiac differentiation outcome (Bauwens et al., 2011) (Mohr et 

al., 2010). For this reason we tried to further optimize our “Protocol 2” based on Activin 

A, BMP4 and DKK1 starting from cell-number and sized-controlled EBs obtained 

thanks to special designed plates described by Ungrin et al. (Ungrin, Joshi, Nica, 

Bauwens, & Zandstra, 2008) and commercialized as Aggrewell™ (Stemcell 

Technologies), but with our cells we could not manage to improve the protocol. We 

therefore used a manual method to generate EBs, even though it was much more 

delicate, tedious, time consuming, and did not confer uniformity to EBs (paragraph 

“3.4.1 EBs’ formation” of Methods section). 

After three years that we were working on this project, a novel promising protocol was 

published by Lian et al. (Lian et al., 2013) based on GSK3 inhibition and IWP4 for 

mesodermal commitment, which seemed much more feasible, easily handling and 

efficient. After validating that it was so also with our KiPS cell lines, we adopted this 

last method (Protocol 3), for experiments in 3D. 

 

 

4.1.1 Cardiac Differentiation via activin A (Protocol 1)  

 

ES[4] cells were cultured on a layer of Matrigel in cHES medium and differentiated to 

cardiac lineage as described in paragraph 3.3. “Cardiac Differentiation via ActivinA 

(Protocol 1)” of Methods section and represented in figure 4.1 (Si-Tayeb et al., 2010). 

This protocol last nearly 30 days, since it requires a period of adaptation of the cell 

culture in hypoxia conditions and beating areas appear after 20 days of differentiation. 

 

 



Results 
	

	 69 

 

Figure 4.1: Schematic and timeline of protocol 1 
Pluripotent cells (in this case ES[4] cells) are cultured for 7 days on Matrigel with 
MEFs’ conditioned medium and set to cardiac differentiation on hypoxia condition (5% 
O2). Cardiac differentiation is triggered on day 0, shifting culture medium to RPMI/B27 
and treating cells with Activin A and BMP4 cytokines. After 5 days cells are moved to 
atmospheric oxygen concentration (20%) and growth factors are retired. Cardiac fate 
is shown with the appearance of beating areas around 20 days after the beginning of 
the differentiation. 

 

 

Cardiac differentiation was monitored by observation of the evolution of the cell 

cultures and RT-qPCR of genes for cardiac differentiation at different time points: days 

0, 5 and 10 (only cell morphology evaluation), 15, 20 and 25 of differentiation. 

Evaluation of beating areas, as well as immunofluorescence analysis for cardiac marker 

cTNT and at the end of the protocol were performed. 

 

Cell culture observation shows how after 5 days of culture typical mesodermal 

structures appear (Figure 4.2), they evolve progressively to a cardiac mesodermal and 

cardiac fate until day 20, when they spontaneously start to beat. On day 25 it is possible 

to observe very complex and multilayer structures. 

 

 

Figure 4.2: hES differentiating to cardiomyocytes with Protocol 1 
Bright-field images of ES[4] cells at day 0, day 5, day 10, day 15, day 20 and day 25 of 
differentiation. Scale bars: 500 um. 

 
 

Those complex structures are the ones that can have beating capacity. One way to 

evaluate the outcome of a differentiation protocol is to evaluate the percentage of 
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beating areas among all the complex structures. Beating areas were scored at days 14, 

15, 18, 20 and 25 of differentiation. Figure 4.3 shows the results of the counting of 

beating areas of 3 differentiation protocols as a percentage on all the complex structures. 

The number of structures varied between 11 and 28, and the beating areas between 0 

and 7 per condition. Maximum efficiency was reached at day 25. 

 

 
Figure 4.3: Beating areas evaluation of Protocol 1 
Percentage of beating areas at different time points of differentiation. Cells started 
contracting at day 18 and their number increased progressively until day 25, reaching 
22,5% of efficiency. Error bars: standard deviation, n=3. 
 

 

In order to monitor loss of pluripotency, mesodermal and cardiac fate, RT-qPCR 

analysis was performed for NANOG, T (Brachyury), NKX2.5 and TNNT2 (cTNT, 

cardiac Troponin T). Results are shown in Figure 4.4. 

 

 
Figure 4.4: RT-qPCR analysis of NANOG, T (Brachyury protein), NKX2-5 and 
TNNT2 (cTNT protein) in ES[4] cells at different stages of differentiation with 
Protocol 1. 
Graphs represent fold increase in gene expression of NANOG, T, NKX2.5 and TNNT2 
in hES differentiating to cardiomyocytes Vs. undifferentiated cells (Day 0 of 
Differentiation). Cells were analysed at day 0, 15, 20 and 25 in order to evaluate the 
efficiency of the protocol. (HAV: human adult ventricle, as positive control). Error 
bars represent standard deviation. 
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NANOG is a marker of pluripotency and it was down-regulated when cells were 

submitted to differentiation. T (Brachyury) is a marker of mesoderm induction, which 

expression was firstly enhanced to be down-regulated once committed cardiac fate was 

taken. NKX2.5 expression marks cardiac progenitors and it increased while cells are 

undertaking more strict cardiac differentiation. Finally, TNNT2 gene (coding for 

cardiac Troponin T – cTNT- protein) was expressed in the late stages of the 

differentiation, when cells already showed beating capacity.  

 

cTNT expression and structural organization was confirmed by immunofluorescence. 

Cells analysed at the end of the experiment showed expression of cTNT, with its 

characteristic sarcomeric organization (Figure 4.5).  

 

 
Figure 4.5: Immunostaining for cTNT on cardiac ES[4] cell  cultures at day 25 of 
differentiation with protocol 1.  
Images of two different areas. Scale bars: 75 um. Arrows indicate the presence of 
cardiac troponin bands, indicating a developed contractile apparatus.  
 

 

 

4.1.2 Cardiac Differentiation via activin A, BMP4 and DKK1 (Protocol 2) 

 

Cardiac differentiation via Activin A BMP4 and DKK1 is possible through a staged 

protocol developed in the laboratory of G.Keller (Yang et al., 2008). It is a more 

specific protocol and it promised to obtain cardiomyocytes in a more efficient way. As 

mentioned in the introduction section, each differentiation protocol should be adapted to 

each laboratory’s cell lines and conditions. In order to obtain sufficient amount of 

cardiomyocytes we needed to adapt such protocol to our cell lines. The original protocol 

contemplates to 1) feeders deplete ES cells from MEFs prior to the experiment by 
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culturing them on Matrigel 2) Generate EBs by enzymatic disgregation with collagenase 

and trypsin, and culture them in aggregation media consisting of StemPro with BMP4 

and Ascorbic Acid 3) Start mesoderm induction after 24 hours, supplementing Stem Pro 

medium with ActivinA, BMP4 and bFGF for 4 days. 4) Specify cardiac mesoderm with 

VEGF and DKK1during days 4 to 8. 5) Maintain cardiac fate with VEGF and bFGF. 

Cells are maintained in hypoxia conditions until day 10/12 of differentiation. 

Such conditions were unsuitable to our cells, since EBs generated by enzymatic 

disgregation could not survive in Stem Pro medium. We therefore tried different 

strategies to adapt the protocol to our cells. The main obstacle was to obtain EBs by 

enzymatic disgregation and to grow them in the induction medium. We therefore 

applied a standard culture technique, which was previously tested with our cell lines. It 

consisted of 1) maintaining the hPSC on a layer of HFF, 2) obtaining EBs by 

mechanical separation of the pluripotent colonies with hand made glass tools, 3) 

keeping EBs in suspension culture to allow them to compact in cHES medium 4) 

plating the EBs, ready to be differentiated 5) starting the differentiation. The scheme of 

this final outcome is illustrated in figure 4.6. 

 

 

 
Figure 4.6: Schematic and timeline of protocol 2 
Pluripotent cells (in this case ES[4] cells) are maintained in hypoxia condition on a 
layer of HFF with HES medium. In order to induce cardiac differentiation, colonies are 
scraped into EBs and cultured in cHES for 2 days. EBs are then plated in six well plates 
and cardiac differentiation is induced after 2 days, by switching the medium to Stem 
Pro with Ascorbic Acid (AA) and treating cells with Activin A (ActA), BMP4 and bFGF, 
which commit cells to a mesodermal fate. On day 4, cardiac mesoderm is induced by 
treating cells with VEGF and DKK1. Cardiac fate is then maintained with VEGF and 
bFGF from day 8. Beating areas start appearing on day 11. On day 12 cells are moved 
to atmospheric oxygen concentration. From day 20 on, cells are maintained with EB 
medium supplemented with Ascorbic Acid (AA). 
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In order to evaluate the efficiency of the protocol and to have a comparison with the 

previous protocol based on Activin A (protocol 1), the same analysis were performed.  

Figure 4.7 shows the evolution of cell cultures.  

 

 
Figure 4.7: hPSC differentiating to cardiomyocytes with Protocol 2 
Bright-field images of the typical morphology of pluripotent colonies on HFF, manually 
scraped EBs and cells differentiating at day 0, day 5, day 10, day 15, day 20 and day 
25. ES[4] cells are shown at ×10 magnification. Scale bars: 500 um. 
 

 

Pluripotent cells were cultured on a monolayer of HFF and manually scraped to form 

EBs prior to experiment. When EBs were seeded on gelatin coated plates they attached 

on the well and cells spread from the borders of the EBs (Day 0), covering the whole 

plate surface. After mesoderm induction and cardiac specification, EBs generated 

mesodermal structures that evolved progressively and started to contract from day 11-

14. In the attached video 4.1 and video 4.2 (10x and 20x magnification respectively) it 

is possible to observe beating differentiated EBs at day 20, as an example. Figure 4.8 

shows the first frame of video 4.1 and video 4.2. 
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Figure 4.8: First frame of the attached videos 4.1 and 4.2. 
Time-lapse captures of beating structures at day 20 of cardiac differentiation with 
Protocol 2. Magnifications: 10x (video 4.1) and 20x (video 4.2). White square 
indicates the zoomed region. Scale bars: 500 um. 
  

 

 

Figure 4.9 shows the results of beating areas’ scoring of 3 differentiation protocols as 

a percentage on all the mesoderm-like cell structures. The number of structures 

ranged from 10 and 27, and the beating areas from 1 to 8 per condition. Maximum 

efficiency was reached at day 20. 

 

 
Figure 4.9: Beating areas evaluation with Protocol 2 
Percentage of beating areas at different time points of differentiation. Cells started 
contracting at day 11 and their number increased progressively until day 20, reaching 
25% of efficiency. Error bars: standard deviation from a mean of 3. 
 

 

RT-qPCR analysis was performed for NANOG, T(Brachyury), NKX2.5 and TNNT2 

(cardiac Troponin T). Results are shown in Figure 4.10. 

 

 



Results 
	

	 75 

 
Figure 4.10: RT-qPCR analysis of NANOG, T(Brachyury), NKX2-5 and TNN2 in 
ES[4] cells at different stages of differentiation with Protocol 2. Graphs represent 
fold increase in gene expression of hES differentiating to cardiomyocytes Vs. 
undifferentiated cells. Cells were analysed at day 0, 5, 10 and 15 in order to evaluate 
the efficiency of the protocol. (HAV: human adult ventricle, as positive control). Error 
bars represent standard deviation. 
 

 

NANOG was correctly down-regulated when cells were submitted to differentiation. T 

(Brachyury) was enhanced at day 5 and then promptly silenced. NKX2.5 was expressed 

at day 10, when cardiac fate was undertaken. TNNT2 was expressed in the late stages of 

the differentiation, as expected.   

 

In Figure 4.11, cTNT expression in ES[4] cells on day 25 of differentiation with 

protocol 2 is shown by immunofluorescence. cTNT positive areas have a wide 

extension and, at a higher magnification analysis it is possible to appreciate sarcomeric 

organization of the bands. 

 

 
Figure 4.11: Immunostaining for cTNT on cardiac ES[4] cell  cultures at day 25 of 
differentiation with protocol 2. 
 Scale bars: 150 um. Arrows indicate the presence of cardiac troponin bands, 
indicating a developed contractile apparatus.  
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The overall analysis of the results, together with the observation of the evolution of the 

protocols, showed that 1) mesodermal-like structures formed faster and in a more 

defined way with Protocol 2; 2) cluster of beating cells were first observed after 20 or 

11 days of differentiation using Protocol 1 or Protocol 2, respectively. The percentage 

of beating cluster was higher with protocol 2; 3) expression of cardiac related genes 

happened earlier in time with protocol 2, confirming that it is a faster protocol; 4) 

cardiac marker cTNT, analysed by immunofluorescence was more frequent to find in 

cells cultures differentiated with protocol 2, with a more marked presence of sarcomeric 

bands. 

Therefore, results indicated that Protocol 2, based on ActivinA, BMP4 and DKK1 was 

faster and more efficient than Protocol 1, based only on Activin A. Therefore we chose 

protocol 2 for our experiments with iPSC. 

 

 

4.1.2.1 Protocol 2 optimization for iPSC 

Once we chose the Activn A, BMP4 and DKK1 based protocol as the most suitable for 

our embryonic stem cells, we fine-tuned the morphogens’ concentrations by titrating the 

doses of BMP4 and Activin A, key factors for mesoderm induction, in order to adapt 

and optimize the protocol for induced pluripotent stem cell line KiPS3F.7. 

According to what published by Kattman and colleagues (Kattman et al., 2011), we 

tested different doses of the two morphogens in the time window of day 0-4. The tested 

concentrations are 0, 3, 6, 10 and 30 ng/mL of Activin A and 0, 10 and 30 ng/mL of 

BMP4. We analysed the outcome of the titration by beating bodies evaluation and 

cardiac troponin T expression by immunofluorescence and RT-qPCR. 

Figure 4.12 reports the final results of beating areas’ evaluation, immunofluorescence, 

and RT-qPCR results. 
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Figure 4.12: Results of Activin A And BMP4 titration for protocol 2. 
Table: 15 combinations of doses of Activin A (Act) and BMP4 (B) were tested, varying 
from 0 ng/mL to 30 ng/mL (0, 3, 6, 10, 30) as indicated in the column “Dosis of Activin 
A and BMP 4”. At Day 20, beating areas per well were scored. Their quality was 
assessed considering the extension of area and the power of beating with 0 to 5 crosses. 
Immunofluorescence for cTNT was performed. cTNT positive cells were scored from 3 
20x area. cTNT positive cells percentage Vs total nuclei was obtained (% Staining 
cTNT (mean of three counts)). The number of positive cTNT areas in the entire slide 
was determined (“Number of Staines areas”). A final score was obtained by multiplying 
the number of the percentage of cTNT positive cells for the number of stained areas. 
The higher score was obtained for the concentration of 6ng/mL of Activin A and 10 
ng/ml of BMP4, highlighted in grey in the table. 
Graph. Y-axis: fold increase in gene expression for TNNT2, coding for cTNT protein. X-
axis: hPS = KiPS 3F.7 pluripotent stem cells; different doses combinations (ng/mL) of 
ActivinA (A) and BMP4 (B); HAV: human heart ventricle, as positive control. cTNT 
expression analysis confirms that the best dose of morphogens is 6ng/mL for Activin A 
and 10ng/mL for BMP4. 
 

 

The obtained results led us to increase the concentration of Activin A from 3 to 6 ng/ml 

for further experiments. 

Further differentiations of KiPS3F.7 cell lines confirmed such differentiation 

efficiencies. Representative beating areas and immunofluorescence of cardiac marker 

cTNT are shown in figure 4.13. Bright field image corresponds to the first frame of the 

attached video 4.3. 
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Figure 4.13:Bright field image and immunostaining for cTNT of beating areas from 
cardiac KiPS 3F.7 cell cultures at day 20 of differentiation with protocol 2.  
Beating areas expressing cardiac marker cTNT. Different magnifications are showed 
in squares A, B, C and D, in which characteristic bands of the sarcomere structures 
typical of sarcomeric organization are visible. Scale bars: 75 um. 
 

 

4.1.3 Cardiac Differentiation of iPSC with GSK3 inhibitor and IWP4 (Protocol 

3) 

 

Protocol 2, based on Activin A, BMP4 and DKK1 molecules, was suitable to KiPS 3F.7 

cell line, but it is an extremely time consuming and tedious to perform. To obtain the 

high number of cells needed for 3D tissue culture (described in the following sections), 

a great amplification on HFF through manual picking of the colonies was required: up 
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to 90 wells of cells, that means 3 to 6 weeks of waiting for the cells to grow, and that 

had to be manually scraped in order to obtain EBs (which takes around 8 hours to an 

expert hand). 

Nevertheless in 2013, new protocol was published (Lian et al., 2013), based on GSK3 

pathway inhibition and IWP4 mesoderm induction, here named protocol 3 (shown in 

figure 4.14). It was supposed to be much more efficient and feasible than protocol 2, 

since it is based on monolayer cell culture. We tested it with our KiPS 3F.7 cell line and 

compared it with protocol 2. 

 

 

Figure 4.14: Schematic and timeline of protocol 3 
Pluripotent cells (KiPS3F.7 cells) are adapted to mTSER prior to experiment. In order 
to induce cardiac differentiation, cells are enzymatically detached and seeded onto 
12wp (cells plating). When confluence is reached (afeter 2 or 3 days), differentiation 
can be induced. Medium is shifted to RPMI/B27 without Insulin and cells are treated 
with CHIR99021(CHIR), a GSK3 pathway inhibitor. On day 3, IWP4 is added to inhibit 
WNT pathway. From day 7 on, cells are cultured with Insulin. Beating areas appear 
from day 8-10. 
 

 

 

Figure 4.15 shows the evolution of cell cultures.  

 

 

 
Figure 4.15: KiPS 3F.7 differentiating to cardiomyocytes with Protocol 3 
Bright-field images of the typical morphology of day 0, day 5, day 10, day 15, day 20 
and day 25. Scale bars, 200 um. 
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On day 0 cells were a confluent monolayer. On day 5 cells were already committed to 

mesoderm and on day 10 beating structures were present. They appeared as beating 

clusters that soon spread as a beating monolayer. For this reason it was not possible to 

count beating areas. Monolayers continued contracting until day 25 and on. In the 

attached videos video 4.4 – 4.9 it is possible to observe beatings structures on day 10, 

20 or 25 as an example. Figure 4.16 shows the first frames of the videos.  

 

 

 

 Figure 4.16: First frame of the attached videos 4.4 - 4.9. 
Time-lapse captures of KiPS 3F.7 at day 1 0(videos 4.4 and 4.5), 20 (videos 4.6 and 
4.7) and 25 (videos 4.8 and 4.9) of cardiac differentiation with Protocol 3. 
Magnifications: 10x (video 4.4, 4.6 and 4.8) and 20x (video 4.5, 4.7and 4.9). Scale 
bars: 200 um. 
 

 

Kinetic analyses of the differentiation cultures through RT-qPCR analysis (figure 4.17) 

revealed a fast primitive streak–like population defined by T (BRACHYURY) that was 

already down-regulated at day 4 and emergence of mesoderm at day 4, marked by up-

regulation of NKX2.5. NANOG pluripotency gene was down regulated during all the 

differentiation. Contracting cardiomyocytes were first detected between days 8 and 10 

of differentiation, coincident with the up-regulation of TNNT2. cTNT protein is 

expressed as shown in figure 4.18, indicating marked sarcomeric organization. 
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Figure 4.17: RT-qPCR analysis of NANOG, T (Brachyury), NKX2-5 and TNN2 in 
KiPS 3F.7 cells at different stages of differentiation with Protocol 3. Fold increase in 
gene expression analysed at day 0, 4, 8, 10, 14, 15, 16, 18 and 20. (HAV: human adult 
ventricle, as positive control). Error bars represent standard deviation. 
 

 

 
Figure 4.18: Immunostaining for cTNT of beating areas from cardiac KiPS3F.7 cell 
cultures at day 20 of differentiation with protocol 3.  
Beating areas expressing cardiac marker cTNT with sarcomere structures typical of 
sarcomeric organization. Scale bars: 75 um. 

 

Overall analysis results of the three protocols indicates that protocol 3, based on GSK3 

pathway inhibition and mesoderm specification with IWP4, is much more efficient and 

reliable for differentiating iPSC to cardiomyocytes, both in terms of handling and time 

consumption that in terms of cardiomyocyte generation. Beating structures appeared 

between day 8 and 10 and they covered at least the 50% of the entire area of the culture 

plate, indicating that differentiated cardiomyocytes initiate connections between them to 

spread cardiac contractions. While, with protocols 1 and 2, beating areas stayed 

confined to clustered beating structures. RT-qPCR analysis of genes involved in cardiac 

differentiation confirmed faster and efficient differentiation for protocol 3, as well as 

immunofluorescence analysis. All those considerations led us to shift to this last 

protocol for our experiments in 3D. 
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4.2 Transgenic cell lines 

 

During in vitro differentiation of hPSC, many different cell types arise in culture in a 

non-synchronized way. For this reason, a critical factor in differentiation protocols is to 

monitor the effectiveness of differentiation during time, to select and expand only the 

cell population of interest. A major hindrance to the generation of adult specialized and 

functional CMs is that the mechanisms that regulate the differentiation to particular cell 

types are not well known. In addition to this, cardiomyocytes (CMs) obtained from 

hPSC using currently available differentiation protocols are typically immature, mostly 

resembling embryonic or fetal CMs (Cao et al., 2008) (Davis, van den Berg, Casini, 

Braam, & Mummery, 2011). In this context we generated a set of transgenic hPSC that 

allowed monitoring populations of cells during different steps of the differentiation 

process. In these cell lines, promoters of genes expressed in the cardiac lineages drive 

the expression of Green Fluorescence Protein (GFP) (see figure 4.19). We implied such 

cells in our tissue engineering experiments, in order to put the basis to develop 

protocols that would allow a more efficient maturation of cardiac cells, together with 

adequate electrophysiological stimuli.  

 

 

Figure 4.19: Scheme of cardiac differentiation outline and vectors used in order to 
obtain transgenic induced pluripotent stem cell lines.   
Plasmid vector (NKX2.5:GPF_Neor) and lentiviral vectors (T/Bra:GFP_Rex1:Neor 
and alphaMHC:GFP_Rex1:Neor) scheme, in which the promoter of a gene for 
mesoderm (T), cardiac progenitors (NKX2.5) or mature cardiomyocytes (alpha-MHC) 
drives the expression of the reporter gene GFP. When differentiating to 
cardiomyocytes, cells that are following the proper differentiation path can be 
monitored thanks to the expression of GFP, in correspondence of the used promoter. 
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4.2.1 KiPS 3F.7:NKX2.5:GFP:Neor  cell line  

 

To achieve cardiac-progenitor specific GFP expression, KiPS 3F.7 cells were 

transfected with lipofectamine with pNKX-GFP plasmid, carrying the neomycin 

resistance gene, in which reporter protein expression is driven by a 2.1 kb enhancer 

located 9.5 kb upstream of the translation start site of murine NKX2.5, that is activated 

concomitant with the endogenous gene (Lien et al., 1999). After transfection, antibiotic 

selection with G418 was performed, in order to select cells that had integrated the 

plasmid into their genome. 

 

To prevent loss of NKX2.5:GFP expression in bulk-transduced KiPS, we generated 

clonal lines of pNKX2.5-GFP-transfected KiPS (KiPS 3F.7 NKX2.5:GFP Neor cells). 

In order to obtain clonal colonies, two weeks after transfection and antibiotic selection, 

cells from single colonies were treated with trypsin 0,05% and manually picked with 

“THE STRIPPER” to be plated on human feeder fibroblasts in twelve-well plates. Six 

independent colonies were then picked and expanded. Plasmid integration in each 

clonal line as well as in the bulk-line was screened by two PCR reactions on genomic 

DNA using primers specific to the vector sequence corresponding to the promoter-GFP 

(primers pNKX2.5 F and GFP R in materials and methods) and to the promoter-Neor 

cassette (primers pNKX2.5 F and pKanNeo R) (see figure 4.20). The bulk cell line and 

three clones (clones 1, 2 and 6) showed integration (figure 4.20). Clone 6 showed 

integration only of a fragment of the vector. We submitted cell lines derived from 

clones 1 and 2 to cardiac differentiation with protocol 2 and verified transgene 

expression. In clone 1 we detected a faint expression of GFP, while clone 2 showed a 

strong expression that started on the day 4/5-7 time window and lasted at least until day 

20, as expected by literature (Dubois et al., 2011). Differentiated cells at day 20 also 

expressed cTNT, as shown by immunofluorescence (figure 4.20). We therefore selected 

clone 2 for further experiments. It is possible to see GFP expression in beating cardiac 

areas (video 4.10 and 4.11), which first frames are here shown in figure 4.21. 

 

 



Results 
	

	 84 

 
Figure 4.20: KiPS 3F.7 NKX2.5:GFP:Neor cell line: integration of the vector and 
cTNT expression.  
Plasmid vector pNKX-GPF scheme. A and B represent amplified fragments amplified 
in PCR reaction made on genomic DNA from KiPS 3F.7 NKX2.5:GFP:Neor bulk cell 
line and clones #1 to #6. Vector was completely integrated in clones #1 and #2 and 
partially in clone #6. +: pNKX-GFP plasmid as positive control. -:water used as 
negative control for PCR reaction. Immunofluorescence shows cTNT expression in 
different experiments of KiPS 3F.7 NKX2.5:GFP:Neor cell line differentiated with 
protocol 2. Scale bars: 100um. 
 

 

 
Figure 4.21: First frame of the attached videos 4.10 and 4.11. 
Bright Field and Fluorescence Time-lapse captures of KiPS 3F.7 
NKX2.5:GFP:Neor, #2 at day 14 of cardiac differentiation with Protocol 2. 
Transgenic cell lines express GFP driven by cardiac progenitor’s promoter NKX2.5, 
which is visible in beating areas. Magnifications: 20x. Scale bars: 100 um. 

 

 

 

 

In order to characterize time expression of NKX2.5 driven GFP, and to further sort 

cardiac progenitors to be cultured in 3D environment, a titration via cytometry was 

performed. The higher expression was detected at day 8, with the 18% of cells 

expressing GFP the value was maintained up to day 12. After then expression decreased 

to 4% at day 14 and equivalent values were maintained up to day 20 (Figure 4.22).  
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Figure 4.22: GFP expression titration of KiPS 3F.7 NKX2.5:GFP:Neor, #2 cells. 
Cytometry analysis of KiPS 3F.7 NKX2.5:GFP:Neor, #2 cells. GFP expression started 
at day 4 and it was maintained at least up to day 20. Maximum expression occurred on 
day 8, with the 18% of positive cells. 
 

 

4.2.2 KiPS 3F.7 T/Bra:GFP_Rex1:Neor  cell line  

 

In order to obtain a stable cell line with a reporter for early mesoderm, KiPS 3F.7 cells 

were transduced with a lentiviral vector expressing GFP under the control of 

T/Brachyury promoter. To establish a stable transduced cell line, the same clonal 

strategy of NKX2.5:GFP reporter line was used, taking advantage of the Neomycin 

resistance cassette under the control or Rex1 pluripotency gene promoter. 

PCR reactions on genomic DNA using primers specific to the vector sequences (GFP F 

and R) confirmed lentiviral integration in cells’ genome. 24 clones were produced, and 

6 were submitted to cardiac differentiation both with protocols 2 and 3 to select the 

most efficient line. We selected clone #4 for further experiments in 3D. To characterize 

this cell line we differentiated it with Protocol 3, based on GSK3 inhibition and IWP4. 

In figure 4.23, we can see the evolution of differentiating cells. GFP is expressed 

following T expression, during the first 4 days of differentiation, and then it is silenced.  

 

 
Figure 4.23: KiPS 3F.7 T/Bra:GFP_Rex1:Neor cells differentiating with protocol 3 
Bright-field and fluorescence images of the typical morphology of pluripotent stem cells 
on Matrigel monolayer at day 0 and cells differentiating at day 1day 2, day 3, day 4, 
day 14 and day 25. GFP expression is promptly triggered at day 1, staying active until 
day 4. Later it is not expressed. Scale bar: 100nm. 
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GFP expression was analysed and quantified through cytometry. Figure 4.24 shows the 

obtained titration. GFP was expressed between days 1 and 4. From day 5 transgene’s 

expression is significantly silenced and it is maintained down-regulated over time. 

 

 

 
Figure 4.24: GFP expression titration of KiPS 3F.7 T/Bra:GFP_Rex1:Neor cells. 
Cytometry analysis shows that GFP expression started at day 1 with 71.3% of positive 
cells, peaked at day 2 (87.4%) and decreased on day 4 (66,4%). On day 14 only 10,3% 
of the cells expressed GFP.  
 

To confirm that GFP followed T expression pattern, semi-quantitative RT-PCR of T 

and GFP analysis was been performed on cDNA (figure 4.25). T mRNA was 

transcribed on day 1 and 2. GFP levels started one day earlier, because the sample had 

been collected after adding GSK3 inhibitor, and had already had some mesoderm 

inducing effect. GFP mRNA expression decreased on day 3 and showed a fade band on 

day 4, coherent with the decrease of protein expression detected by fluorescence 

microscopy and cytometry. 

 

 
Figure 4.25: T and GFP mRNA expression in of KiPS 3F.7 T/Bra:GFP_Rex1:Neor 
cells. 
mRNA transcripts of T and GFP were evaluated on days 0, 1, 2, 3, 4 and 14 of cardiac 
differentiation with Protocol 3. 
 

 

To prove the co-expression of Brachyury protein and GFP we performed an 

immunofluorescence analysis of the two proteins on KiPS 3F.7 T/Bra:GFP_Rex1 Neor 

at day 2 of differentiation, when maximum expression occurred (Figure 4.26). 
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Figure 4.26: T and GFP immunofluorescence analysis of KiPS 3F.7 
T/Bra:GFP_Rex1:Neor cells at day 2 of differentiation.  
Brachyury is a transcription factor, expressed in nuclei, while GFP expression is 
driven in the cytoplasm. Immunofluorescence analysis showed that the two proteins 
were expressed in the same cells. Scale bar:50 um 
 

 

4.2.3 KiPS 3F.7 MHC:GFP_Rex1:Neor  cell line  

 

KiPS 3F.7 MHC:GFP_Rex1:Neor  cell line was obtained by lentiviral transduction, with 

a lentiviral vector expressing GFP under the control of alpha-MHC protein. PCR 

reactions on genomic DNA using primers specific to the vector sequences (GFP F and 

R) confirmed lentiviral integration in cells’ genome. The same clonal strategy was 

applied: 24 clones were produced, and 6 were submitted to cardiac differentiation both 

with Activin A, BMP4 and DKK1 based protocol (protocol 2) and with GSK3 and 

IWP4 based protocol (protocol 3) to select the most efficient line. We selected clone #9 

for further characterization and experiments in 3D.  

KiPS 3F.7 MHC:GFP_Rex1:Neor cell line was characterized with the same 

experiments. Different time points were analysed, considering the later expression of 

the gene in cardiac differentiation. Fluorescent cells had beating capacity (Videos 4.12 

and 4.13) 
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Figure 4.27: KiPS 3F.7 MHC:GFP_Rex1:Neor cells differentiating with protocol 3 
Bright-field images of the typical morphology of pluripotent stem cells on Matrigel 
monolayer at day 0 and cells differentiating at day 4, day 8, day 14, day 18, and day 20. 
Fluorescence imaging shows that GFP expression began on day 8 and stayed active 
later on. Bright field and fluorescence images of cells at day 20 are the first frames of 
videos 4.12 and 4.13 respectively. Scale bar: 100 nm 
 

 

Cytometry titration of GFP expression shows that it started on day 8, together with the 

appearance of beating structures, as MHC is a structural sarcomeric protein. GFP level 

increased as differentiation proceeded.  

 

 
Figure 4.28: GFP expression titration of KiPS 3F.7 MHC:GFP_Rex1:Neor cells. 
Cytometry analysis shows that GFP expression starts at day 8 with 4,82% of positive 
cells, and increase progressively. On day 20 it reaches 43,90% of expression 
 

 

On day 20 we sorted for GFP positive cells, in order to analyse its mRNA to better 

correlate the specificity of the transgene to its promoter. Moreover we analysed alpha-

MHC and GFP expression at other time points by semi-quantitative RT-PCR (figure 

4.29). 
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Figure 4.29: MHC and GFP mRNA expression in of KiPS 3F.7 
MHC:GFP_Rex1:Neor cells. 
mRNA transcripts of MHC and GFP were evaluated on days 0, 4, 8, 14, 18 and 20 of 
cardiac differentiation with Protocol 3. On day 20 cells were sorted according to their 
expression of GFP. MHC expression was evaluated in GFP positive (+) and negative 
(-) cells. MHC expression was detected only on the positive population. 
 

Alpha-MHC and GFP expression were synchronized and coincided with the day of 

appearance of beating structures. As expected, MHC was expressed in GFP positive 

cells, while it was absent in GFP negative ones. 

Immunofluorescence analysis on cells at day 11 of differentiation with protocol 3 

(figure 4.30) confirmed that GPF followed the expression of the endogenous MHC 

protein, validating our cell line. 

 

 
Figure 4.30: MHC and GFP immunofluorescence analysis of KiPS 3F.7 
MHC:GFP_Rex1:Neor cells at day 11 of differentiation. 
GFP expression matched with MHC expression as well as with cardiac Troponin I 
(cTNI), another important cardiac marker. 
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In summary, In order to monitor the correct commitment of the differentiating hPSC to 

the cardiac lineage during differentiation protocols, and to select pure population of 

labelled cardiac cells, we obtained homogeneous transgenic iPSC through transfection 

of plasmid or infection with lentiviruses into iPSC cell line KiPS3F.7. Specifically, we 

completed the characterization of NKX2.5–GFP cell line, expressing green fluorescent 

protein under the control of NKX2.5 promoter, a marker for cardiac progenitors. PCR 

analyses of genomic extract demonstrated the integration of the vector. Through 

fluorescence microscopy is was possible to observe the appearance of green cells 

starting from 4/5-7 days of differentiation, using ActivinA. BMP4 and DKK1- based 

protocol (Protocol 2), which was maintained at least up to day 20. To sort the maximum 

number of cardiac progenitors we titrated the expression of GFP by flow cytometry 

during time. The higher expression was detected at day 8, with the 18% of cells 

expressing GFP the value was maintained up to day 12.  

This line was tought to be well established but after some passages it stopped to 

perform good since the fluorescence was significantly diminished. We thought that this 

was due to the method with which we obtained the cell line: plasmid transfection with 

lipofectamine. So we changed our approach and we tried to obtain more stable lines by 

transduction of human iPSC with lentiviral vectors. 

Apart from NKX2.5 we transduced cells with reporters of Brachyury (T), a mesoderm 

marker, and alpha-Myosin Heavy Chain (MHC) cardiomyocytes marker. We 

differentiated those cells both with ActivinA, BMP4 and DKK1 based protocol 

(protocol 2) and GSK3 and IWP4 based protocol (protocol 3), to test the efficiency of 

differentiation of the lines and of the markers. GFP was expressed following the 

expected timing under the control of T and alpha-MHC promoters, but significantly 

later (day 20 instead than day 5) in the case of NKX2.5. We characterized and validated 

the two working cell lines through cytometry, immunofluorescence and RT–PCR 

analysis. The reporter gene (GFP) was expressed within the desired time window, and 

expression of GFP and T (almost 90% on day 2) or MHC (nearly 45% at day 20) 

proteins were synchronized and co-localized. 
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4.3 Bioreactor for human iPSC derived cardiomyocytes culture 

 

Properly mimicking naïve cardiac tissue is very complex, since not only the correct 

cardiac cell population has to be reflected, but also its exact total cellular composition, 

its architecture and biophysical functions. Tissue engineering approaches offer tools and 

possibilities to mimic tissues and organs environments, combining a proper scaffold in 

which cells can grow, within a bioreactor. 

In order to support the growth of cardiomyocytes derived from hiPSC, we optimized a 

perfusion bioreactor system, validating it with rat neonatal cardiomyocytes. This work 

was developed together with Maria Valls Margarit, PhD student in the "Biomimetic 

systems for cell engineering" group at IBEC, under the supervision of Dr. Elena 

Martínez. Detailed description and characterization of the device are objects of Maria 

Valls’ doctoral thesis and will be elucidated by her.  

 

4.3.1 Bioreactor structure 

 

In the context of cell therapy for heart repair and tissue replacement, bioreactors have 

been developed, to support in vitro growth of artificial cardiac tissue. In particular, 

Vunjak-Novakovic’s laboratory developed a perfusion system in which neonatal rat 

cardiomyocytes could be cultured (Radisic, Marsano, Maidhof, Wang, & Vunjak-

Novakovic, 2008). We optimized that device inserting a de-bubbling system to avoid air 

bubble formation and creating a multiple chamber system, in which up to 5 experiments 

could be run in the same bioreactor. Figure 4.31 shows the bioreactor and its 

components. Cells are cultured into a porous scaffold and homed into a chamber that 

consists of a Millipore filter cartridge.  

Maria Valls Margarit has carried out the characterization of the physical parameters of 

the bioreactor in the context of her doctoral thesis, actually in progress.  
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Figure 4.31: Perfusion Bioreactor system 
Upper left: Perfusion bioreactor system and cartoon scheme describing its 
components. Upper Right: multi-chamber parallel bioreactor system and cartoon 
describing its components). Lower left: Cartoon of the Perfusion Chamber (credit to 
Maria Valls) and detailed picture of a scaffold in a Millipore filter cartridge. Lower 
Right: Multi-chamber parallel perfusion bioreactor connected to a peristaltic pump 
into a cell culture incubator. 
 
 

Different components were custom built and assembled together through Luer 

connections or parafilm sealing. Medium reservoir was obtained from a T25 cell 

culture flask, opening two holes at the sides in order to allow tubing insertions. Tubes 

were fixed with parafilm in order to prevent leaking and/or contamination. Along the 

tubing system, Luer three-ways stopcocks systems permit the connection of other 

components as well as syringes, used for changing culture medium. 

An important issue in tissue engineering is to avoid formation of air bubbles, as they 

could hamper medium flow through the scaffold, as well as the correct supply of 

nutrients to the cells. For this reason we assembled a high fidelity de-bubbling system 

inserting it upstream to the culture chamber. The de-bubbling system is a porous 

membrane, original component of a portable elastomeric pump used in clinic 

chemotherapy for ambulatory patients (“Dosi-Fuser®” system from Leventon’). 

Following the perfusion flow, after the de-bubbling system we find the core of the 
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bioreactor: the perfusion chamber. It consists of a Millipore filter cartridge in which 

two silicon gaskets tightly hold the scaffold. It is extremely important that all the 

components of the chamber reflect the precise size requirements, since the smallest 

mismatch could induce air bubbles’ formation or leaking, collapsing the entire system. 

Oxygen refreshing and gas exchange after the perfusion chamber is possible thanks to a 

two coponents: 1) a 3 meter long silicon tubing, coiled around a holder 2) the filter cap 

of the medium reservoir. Tubing system is connected to a perfusion pump, set to pull 

the medium following this direction: Luer manifold to de-bubbling system, to 

perfusion chamber, to gas exchange tubing, to medium reservoir. Pump’s flow rate was 

set to 0,1 mL/ minute, a value that assures proper nutrients’ exchange and prevents 

cells from suffering shear stress. 

In order to be able to perform multiple experiments at once, we needed to increase the 

number of perfusion chambers that one single bioreactor could supply, from 1 to 5. We 

therefore inserted Luer manifolds and micro fluidic resistances into the system to 

guarantee a homogeneous distribution of medium into the 5 chambers. Microfluidic 

resistances are also components of Dosi-Fuser systems. We tested medium re-

distribution into the 5 chambers and we proved that flow rate was homogeneous and 

constant into the 5 chambers: setting 0,5 mL/minute as flow rate in the peristaltic 

pump, the flow rate of interest of 0,1 ml/min is guaranteed to the 5 chambers.  

 

4.3.2 Scaffold  

 

In order to reproduce extracellular environment of the heart, it is important to mimic 

naïve extracellular matrix of the tissue of interest. In the context of tissue engineering 

applications, different scaffolds are used for different purposes. Heart extracellular 

matrix is composed mainly of type I, III, IV, V and VI (in order of abundance) collagen 

and elastin. The scaffold we chose for our experiments, Matridem®, is a commercially 

available three-dimensional bovine collagen-elastin matrix, which composition partially 

reflects heart’s extracellular matrix proteins, being made of collagen type I, III and V 

and elastin. Although being a commercially available product used in clinics, its 

porosity wasn’t described. We characterized Matriderm® porosity through SEM 

analysis: pores have a homogenous distribution, with Feret diameter ranging from 5 to 

35 um (Figure 4.32).  
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Figure 4.32: Scaffold porosity 
Upper left: Hydrated Matriderm® sheet and hydrated Matriderm® cut scaffold (scale 
bar: 5mm). Upper and Lower Right: SEM images of Matriderm® scaffold surface. 
Scale bar: 100um. Lower left: Graph representing pore size distribution of 
Matriderm® according to their Feret diameter (credit to Maria Valls Margarit). 
 

 

4.3.3 Seeding optimization and cells viability  

 

In order to mimic a piece of original tissue, cells have to be homogeneously distributed 

throughout the scaffold, with a proper cell density. Cell density of a rat’s heart is of 108 

cells/cm3.  To obtain such conditions, we tested two methods for inoculating our cells 

into the scaffold: static and under perfusion. We used to this purpose primary cultures 

of neonatal rat cardiomyocytes. Static seeding resulted in confining the cells into the 

upper part of the scaffold, where cells are then unable to colonize the biomaterial. 

Perfusion seeding was tested to obtain a wider cell distribution within the scaffold. We 

assembled a perfusion loop that enabled a forward-reverse culture medium flow. 

Following indications from Vunjak-Novakovic’s paper (Radisic, Marsano, Maidhof, 

Wang, & Vunjak-Novakovic, 2008) 3,5 millions of cells were concentrated in 1 ml of 

culture medium and perfused into the scaffold by peristaltic pump’s pressure at 1 

ml/min. The original procedure indicates to apply forward-reverse perfusion during 2 

hours. Actually in our hands, such prolonged forward-reverse perfusion resulted in 

washing out cells. We therefore adapted the procedure introducing the cells into the 
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scaffold with a single forward step of perfusion. Cell seeding is performed within a 

culture chamber into the seeding loop; later the scaffold is moved to the bioreactor itself. 

In order for the cells to adhere to the scaffold, recently seeded scaffolds are incubated 4 

hours before being perfused, as sudden perfusion would impede cellular adhesion and 

favour cells detachment. 

To understand how many cells the scaffold retained right after cell seeding, medium 

was retired from the scaffold and cells were counted. Remaining cells were subtracted 

from the initial number of seeded cells (3,5 millions) and seeding efficiency was 

calculated as percentage of total cells retained into the scaffold. Seeding efficiencies of 

primary cultures varied from 60 to 90%. Figure 4.33 represents the seeding loop and 

Matriderm® scaffolds seeded with neonatal rat primary cardiac cells. 

 

 

Figure 4.33: Seeding of primary culture of neonatal rat cardiomyocytes 
Upper-left: Perfusion loop. Empty hydrated scaffold is placed into a perfusion 
chamber. Cells are seeded connecting the perfusion loop to a peristaltic pump. After 
seeding, Matriderm is retired from the chamber of the perfusion loop and placed into a 
bioreactor. Upper-right: On different time points, according to the experiment (for 
example 1 or 7 days), Matriderm® is retired for analysis. After 7 days of culture, rat 
cardiomyocytes proliferate into the scaffold and form a thick tissue-like structure. 
Lower line: cross sections of Matriderm scaffold seeded with rat cardiomyocytes in 
perfusion or with static seeding. Perfusion seeding allows homogeneous distribution 
throughout the scaffold. Limits of Matriderm scaffold are marked. Scale bar: 1 mm. 



Results 
	

	 96 

4.3.4 Rat cardiomyocytes growth  

 

In order to assess cardiac cells’ viability into the bioreactor, two Collagen-Elastin 

scaffolds were seeded with primary cell culture from neonatal rats and cultivated in the 

bioreactor for 1 and 4 days respectively. Cells distributed homogeneously through the 

scaffold, although in a small amount. We marked cardiomyocytes (CMs) that eventually 

survived or proliferated into the scaffold for 1 or 4 days through immunofluorescence 

for cardiac troponin T (cTNT). The original control cell population contained 31,9% of 

cardiomyocytes, after 1 day of culture into the bioreactor the percentage was 27,0% and 

this value was maintained for 4 days, indicating that cardiomyocytes are able to survive 

and colonize the scaffold, maintaining a population of cells similar to that of the native 

tissue. 3D culture does not affect endogenous cell composition, since also in native 

hearts; cardiac cells represent 30% of the total (figure 4.35). After 7 days of culture, 

cardiac population was retained into the scaffold: cTNT is expressed together with 

connexin 43, which suggests that the tissue can stay functional into the bioreactor. 

Connexin 43 is a gap junction protein that allows ion exchange through cells. Moreover, 

rat CMs here cultured maintain beating capacity. Video 4 Shows rat CMs beating in 

ordinary 2D conditions, while video 4 shows Matriderm® scaffold with primary culture 

of rat CM that maintain their beating capacity. Figure 4.34 shows first frames of those 

videos. 

 

 

Figure 4.34: First frame of the attached videos 4.14 and 4.15. 
Bright Field Time-lapse captures of primary culture of rat CM cultured for 7days on a 
petri dish (video 4.14) or into perfusion bioreactor (video 5.15).  
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Figure 4.35: Rat CM behaviour in perfusion bioreactor 
Upper left: Graph showing cardiomyocytes percentage in primary rat cardiomyocyte 
cultured for 1 and 4 days into perfusion bioreactor. 30% of cardiac population is 
maintained in the two conditions, as well as in 2D cell culture of control. Lower left: 
immunofluorescence for cTNT of Matriderm® scaffolds cultured with primary rat 
cardiomyocytes used to calculate cardiac population percentage retained into the 
scaffold. 2D control, sown as control. Lower right: Immunofluorescence for cTNT and 
Connexin 43 in rat CM cultured 7 days into the bioreactor. Scale bar:25 um, CM 
cultured in 2D are shown as control in the upper-right panel. 
 

In summary we optimized a perfusion bioreactor system useful to culture functional rat 

neonatal cardiomyocytes. 

 

4.3.5 Cardiac differentiation of human iPSC-derived cardiac progenitors in 3D 

 

As we wanted to evaluate the capacity of cardiac cells derived from iPSC to be cultured 

and in 3D, we first tried to culture cardiac progenitors derived from KiPS 3F.7 

NKX2.5:GFP_Neor cell line, following the hypothesis that a 3D environment could 

provide better condition of early cardiac precursors. 
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Differentiated cells at day 8 with Activin A, BMP4 and DKK1 (protocol 2) were sorted 

and seeded into the bioreactor. At day 8, 15% of the cells were GFP positive. We 

inoculated into the bioreactor an enriched population of sorted GFP positive cells and 

GFP negative cells, to increase the percentage of cardiac progenitors with the aim of 

increasing the percentage of cardiac cells in culture and leave a 70% proportion of non-

cardiomyocytes cells. Seeding efficiency was 70%. Through DAPI staining we could 

detect the presence of cells after 7 days of 3D culture, but immunofluorescence for 

cardiac markers did not show progresses into the differentiation, as we could not find 

any cTNT positive cell. We therefore repeated the experiment, using cells three days 

older, even though GFP expression was lower. Seeding efficiencies were around 80%.  

Figure 4.36 is a representative image of a scaffold populated with iPSC, but negative 

for cardiac markers.  

 

 
Figure 4.36: KiPS 3F.7 NKX2.5:GFP:Neor, #2 cells sorted derived progenitors into 
the bioreactor 
3D: KiPS 3F.7 NKX2.5:GFP:Neor, #2 cells sorted for GFP at day 8 of differentiation,  
enriched in cardiac progenitors and cultured into the bioreactor for 7 days. DAPI 
staining of a cross section of the scaffold shows that differentiated iPSC can populate 
Matriderm® (left, scale bar 1cm), but cells are negative for cardiac markers cTNT and 
alpha sarcomeric actin (ASA), indicating that they cannot complete their 
differentiation in 3D (right, scale bar 75 um). 2D CTRL: immunofluorescence of 
control cell culture for cardiac markers cTNT and ASA shows that KiPS 3F.7 
NKX2.5:GFP:Neor, #2 cells have cardiac potential. 
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Since we validated our system with neonatal rat CM, that are more advanced in 

differentiation, we attributed the unsuccessful result to the age of early cardiac 

progenitors. In order to select more differentiated cells at day 20 of differentiation with 

protocol 2, we manually scraped beating areas. To obtain the high required cell number,  

90 wells had to be differentiated, and 720 beating areas detached, which represent an 

enormous consumption of time and reagents. Again, we could detect cardiac cells 

positive for cardiac markers at seeding times, but not at later time points.  

 

4.3.6 Cardiac differentiation of human iPSC-derived early mesodermal cells in 

3D 

 

Activin A, BMP4 and DKK1 cardiac differentiation protocol (protocol 2) is based on 

EB formation and differentiation of iPSC. According to cell morphology it is possible to 

observe that cardiac differentiation is restricted to the EBs clusters. On the other hand, 

GSK3 and IWP4 differentiation protocol (protocol 3) is used on monolayers of cells, 

and results in much more extended beating areas. We though that such more robust 

stimuli, could be reflected into the stability of iPSC culture to survive into the 

bioreactor, therefore we switched to protocol 3 to continue our experiments.  

Since high amount of cardiac cells are required to populate a 3D device, and since it is 

not easy to obtain such amount of cells form advanced differentiating protocols, we 

wanted to see if early mesoderm committed cells were able to follow cardiac 

differentiation in 3D. To pursue this aim, we took advantage of KiPS3F.7 

T/Bra:GFP:Rex1:Neo cell line. We started cardiac differentiation with Protocol 3 and 

asses, by fluorescent microscopy observation and cytometry analysis that at day 2, 90% 

of the cells were committed to mesoderm.  

In order to provide support to cells, such cell population was co-cultured 1:1 with 

human foreskin fibroblasts (HFF) for 6, 13, 17 and 20 days in 3D, (with the same media 

and cytokines used in normal current Protocol 3 differentiation in 2D) in order to follow 

its possible cardiac fate. Cells were successfully seeded, as seeding efficiencies was 

around 90% in each condition, and they colonized Matriderm®: observing the scaffold 

(figure 4.37) it is possible to appreciate a thick tissue-like structure, that proliferate after 

20 days of culture. DAPI staining of the nuclei confirms the observation: after 20 days 

cells proliferate into the culture chamber.  
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Figure 4.37: human iPSC-derived cell culture in perfusion bioreactor 
Left panels: hydrated Matriderm® scaffolds without cells, after seeding and after 20 
days of culture into the perfusion bioreactor. Right panels: cross-sections of DAPI 
stained scaffolds seeded with co-culture 1:1 of KiPS 3F.7 T/Bra:GFP_Rex1:NEor #4 
cells and Human Foreskin Fibroblasts at seeding time and after 20 days of culture. 
Scale bars 1mm. 
 
 
In order to analyse cells morphology in 3D and to discriminate iPSC-derived cells from 

HFF, we performed immunofluorescence for the ubiquitous protein alpha-tubulin and 

for specific markers, respectively. Mesodermal cells were efficiently retained into 

Matriderm® scaffold, as shown by immunostaining for GFP (see figure 4.38). 

Nevertheless, in such 3D conditions mesodermal cells could not complete cardiac 

differentiation. 2D control shows that, if cultured in 2D, the cell line can differentiate to 

cardiac cells, as shown by expression of mesodermal and cardiac markers alpha 

sarcomeric actin (ASA) and cTNT. 
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Figure 4.38: KiPS 3F.7 T/Bra:GFP_Rex1Neor cells differentiation into the 
bioreactor.  
3D culture of uncommitted mesoderm derived iPSC cells. Upper Left: immunostaining 
for GFP (reporter of T/Brachuyry: GFP(Bra)) and alpha tubulin of KiPS 
3F.7_T/BRA:GFP_Rex1:Neor #4 iPSC cells co-cultured 1:1 with human foreskin 
fibroblasts. Cells at day 2 of differentiation with protocol 3, seeded into Matriderm 
Scaffold (Seeding Day (day2)) and cells differentiated to cardiac lineage for 19 days in 
total: seeded at day 2 of differentiation and cultivated into the bioreactor for 17 days 
(Day 19 (day 2+17)). Lower Left: immunostaining for alpha sarcomeric actin (ASA) 
and cardiac troponin T (cTNT) of KiPS 3F.7_T/BRA:GFP_Rex1:Neor #4  iPSC cells co-
cultured 1:1 with human foreskin fibroblasts. Cells at day 2 of differentiation and 
seeded into Matriderm Scaffold (Seeding day (Day 2)) and cells differentiated to 
cardiac lineage for 19 days in total: seeded at day 2 of differentiation and cultivated 
into the bioreactor for 17 days (day 19 (day 2+17)). Lower Right: Differentiation 
control on normal 2D conditions at day 2 and at day 19. Scale bars: 75um. 
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Since, at least, we assessed that the cardiogenic potential of the cell line was solid, we 

decided to start co-culture of cells with human fibroblasts at day 15 of cardiac 

differentiation with Protocol 3. Also in this case seeding efficiency was between 80 and 

98% for each condition. We analysed scaffolds at seeding time, to be sure that cardiac 

cells survived all the seeding procedure, and after 4 days. Results are shown in figure 

4.39. Immunofluorescence for mesodermal and cardiac markers GATA4, alpha 

sarcomeric actin (ASA), and cTNT confirms cardiac differentiation of the cells in 2D 

conditions. In 3D, clusters of cardiac cells, expressing ASA are found right after 

seeding. After 4 days cardiac markers are still present. 
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Figure 4.39: KiPS 3F.7 T/Bra:GFP_Rex1Neor derived cardiomyocytes culture into the 
bioreactor.  
Upper Left: immunostaining for alpha tubulin, GATA4 and alpha sarcomeric actin (ASA) of 
KiPS 3F.7_T/BRA:GFP_Rex1:Neor #4 iPSC cells co-cultured 1:1 with human foreskin 
fibroblasts. Cells at day 15 of differentiation with protocol 3, seeded into Matriderm Scaffold 
(Seeding Day (day15))and cells differentiated to cardiac lineage for 19 days in total: seeded 
at day 15 of differentiation and cultivated into the bioreactor for 4 days (Day 19 (day 
15+4)). Lower Left: immunostaining for cardiac troponin T (cTNT) and alpha sarcomeric 
actin (ASA) of KiPS 3F.7_T/BRA:GFP_Rex1:Neor #4 iPSC cells co-cultured 1:1 with human 
foreskin fibroblasts. Cells at day 15 of differentiation and seeded into Matriderm Scaffold 
(Seeding day (Day 15)) and cells differentiated to cardiac lineage for 19 days in total: 
seeded on day 15 of differentiation and cultivated into the bioreactor for 4 days (day 19 (day 
15+4)). Upper and Lower Right: Differentiation controls on normal 2D conditions at day 15 
and of the co-culture at day 19. Scale bars: 75um. 
 

 

 

4.3.7 Sorted cardiac GFP:MHC population  

 

Our bioreactor device was developed within the aim of reproducing a more 

physiological environment that could favour maturation of iPSC derived CMs. In order 

to deal with this issue we tried to culture sorted GFP positive differentiated 

cardiomyocytes, where the GFP reports for MHC positive cells. We therefore submitted 

KiPS cells to differentiation for 24 days and co-culture iPSC derived sorted 

cardiomyocytes with human fibroblasts in a 1:1 proportion. As we can see from figure 

4.40, overall cells well colonized the scaffolds (alpha tubulin staining is strongly present 

and diffused). Moreover staining of cardiac markers ASA and cTNI reveals that the 

cardiac population survives the 3D conditions for 24 hours.  
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Figure 4.40: KiPS 3F.7 MHC:GFP_Rex1Neor derived cardiomyocytes culture into 
the bioreactor.  
Upper line: Immunostaining for GFP and alpha tubulin of KiPS 3F.7 
MHC:GFP_Rex1:Neor #9 iPSC cells differentiated to cardiac lineage for 25 days in 
total: seeded at day 24 of differentiation and cultivated into the bioreactor for 1 day. 
Lower line: Immunostaining for alpha sarcomeric actin and cTNI of KiPS 3F.7 
MHC:GFP_Rex1:Neor

 #4  iPSC cells differentiated to cardiac lineage for 25 days in 
total: seeded at day 24 of differentiation and cultivated into the bioreactor for 1 day. 
Scale bar: 75um 
 
4.3.8 Human iPSC-derived CMs culture in 3D 

 

To confirm that iPSC-derived cardiomyocytes could be cultured in 3D, we analysed 

the evolution the cell culture after 4 days. Beating structures from Kips 3F.7 

MHC:GFP_Rex1:Neor at day 30 of differentiation were co-cultured with 

fibroblasts, seeded into the bioreactor and cultured for 1 and 4 days.  

As shown in figure 4.41, iPSC derived CMs can colonize and be retained by the 

scaffold. Mesodermal and cardiac markers cTNI and Alpha Sarcomeric Actin 

(ASA) permit to identify the cardiogenic population among the fibroblasts marked 

with Alpha tubulin. We confirmed the result by analysing co-staining of cTNI with 

a second specific cardiac marker (alpha sarcomeric actinin - AAS). The same cell 

population, co-cultured in 2D reflects what occurs in 3D. Cell morphology in 3D 
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Figure 4.41: KiPS 3F.7 MHC:GFP_Rex1Neor derived cardiomyocytes culture 
into the bioreactor for 1 day and conventional 2D culture control.  
Immunostaining for cardiac troponin I (cTNI), Alpha sarcomeric Actin (ASA), 
alpha tubulin and cTNI and alpha sarcomeric actinin (AAS) of KiPS 3F.7 
MHC:GFP_Rex1:Neor #9  iPSC cells differentiated to cardiac lineage for 30 days 
and cultivated into the bioreactor for 1 day (Day 31 (Day 30+1)). Left panels: cells 
that are cultured in 3D into our bioreactor device. Right panels: analysis of the 
same cells in a conventional 2D culture. Scale bars: 75um 
 

Figure 4.42 shows the same analysis after 4 days of culture. 

 
 Figure 4.42: KiPS 3F.7 MHC:GFP_Rex1Neor derived cardiomyocytes culture 
into the bioreactor for 4 days and conventional 2D culture control.  
Immunostaining for cardiac troponin I (cTNI), Alpha sarcomeric Actin (ASA), 
alpha tubulin and cTNI and alpha sarcomeric actinin (AAS) of KiPS 3F.7 
MHC:GFP_Rex1:Neor  iPSC cells differentiated to cardiac lineage for 30 days and 
cultivated into the bioreactor for 4 more days (Day 34(day 30+4). Left panels: cells 
that are cultured in 3D into our bioreactor device. Right panels: analysis of the 
same cells in a conventional 2D culture  Scale bar: 75um 
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After 4 days, human iPSC- derived CMs, not only are retained into the scaffold, but 

organize themselves forming clusters of aggregated cells. In 2D such clusters show 

beating capacity. We didn’t observe such phenotype in the bioreactor, but this trial 

represents a first approach that demonstrates that cardiac cell population derived 

from iPSC can be cultured into a 3D device. We believe that by further optimization 

of cell culture conditions, this tool would be a valid study platform in the context of 

cardiac tissue engineering. 
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5-DISCUSSION 
 
The aim of this thesis was to create an “in vitro” tissue engineered cardiac patch that 

could be useful for advanced functional study and maturation of human iPSC derived 

cardiomyocytes, as well as to be used as platform for drug screening or study of cardiac 

disease. This is a multi tasking and multidisciplinary challenge; it implies knowledge 

and expertise in different delicate fields, like medicine, cell biology, biotechnologies, 

engineering and physics that have to be combined.  

In the context of clinical and biological aspects, it is worth to mention that heart disease 

is, and is predicted to remain, the main leading cause of death globally (Mathers & 

Loncar, 2006). The fact that patients develop severe impairment of pump function 

indicates that the ability of human heart to regenerate itself following injury is 

inadequate, despite persistence of endogenous cardiomyogenesis into adulthood 

(Bergmann et al., 2009). Different cell sources have been considered for cardiac-field 

repair: cardiac stem cells, skeletal myoblasts, bone marrow derived cells and 

mononuclear cells, being tested in pre-clinical and clinical trials, without significant 

tissue regeneration (Malliaras & Marban, 2014) (Taghavi et al., 2015). Bone marrow is 

an example of source of adult stem cells, consisting of different cell types that 

potentially can migrate and transdifferentiate into cells of various phenotypes. But the 

extent to which these cells could differentiate into cardiac myocytes is unsure, and 

findings on animal studies have not been replicated consistently (Balsam et al., 2004). 

Bone marrow cells can be directly aspirated from bone marrow or can be obtained from 

the peripheral circulation, being relatively easily accessible. In the hearts of humans and 

other mammalian species, clusters of surviving resident cardiac stem cells or progenitor 

cells have been identified (Smith, Barile, Messina, & Marban, 2008b) (Smith, Barile, 

Messina, & Marban, 2008a) (Barile, Messina, Giacomello, & Marban, 2007): although 

they have a high proliferative potential, it is insufficient to compensate for extensive 

injury, like myocardial infarct. This have been studied with cardiospheres, which are 

spherical clusters of cells that can be obtained with a cardiac biopsy, that are plated and 

grown in culture to provide cardiosphere-derived cells together with other populations 

of resident cardiac progenitors (Smith et al., 2008b).  A proof-of-concept study showed 

that cardiospheres could be isolated, cultured, and expanded to provide a potentially 
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useful source of autologous cardiac stem cells (Messina et al., 2004), but their benefit 

are inconsistent. The first cell type to be injected into ischemic myocardium was 

skeletal myoblasts (Menasche et al., 2003). It improved left ventricular function and 

volumes, probably through mechanical or scaffolding effect, but there was little 

evidence of transdifferentiation to cardiomyocytes (Menasche, 2008) and cells weren’t 

able to electrically integrate, arising chances of arrhythmias (Menasche et al., 2008). 

The greatest potential for organ regeneration is a characteristic of embryonic stem cells, 

which are derived from the inner mass of a developing embryo during the blastocyst 

stage (Segers & Lee, 2008). Their transplant in animal models of experimental 

myocardial infarction and non-ischemic cardiomyopathy, caused a significant 

improvement in cardiac function and structure (Behfar & Terzic, 2007). But, for clinical 

translation, they have the disadvantage of the immunological mismatch due to their 

allogeneic origin (Saric, Frenzel, & Hescheler, 2008). Moreover, embryonic stem cells 

are obtained with methods that have raised social and ethical concerns, hampering the 

research both in the preclinical and clinical areas (Murry & Keller, 2008; Passier, van 

Laake, & Mummery, 2008). That’s why iPSC represent a fundamental breakthrough, 

because they are cells with characteristics similar to embryonic stem cells, but they are 

generated from somatic tissue, like adult fibroblasts. iPSC are obtained through 

reprogramming using ectopic expression of genes related to pluripotency (Hochedlinger 

& Jaenisch, 2006) (Takahashi et al., 2007). They provide an alternative source, easily 

accessible from patients through a simple skin biopsy, from which it is possible to 

generate cell lines with cardiogenic potential without the use of embryos. In addition, 

this strategy can be used to develop patient-specific stem cells, which could be a unique 

resource in studying genetic mechanisms of disease development, drug mechanisms, 

and regenerative medicine.  

iPSC can be obtained by overexpressing 4 or 3 pluripotent genes, called the “Yamanaka 

Factors”: Klf4, Sox2, Oct3 and  optionally the oncogenic cMyc. The iPSC cell line used 

in this study (KiPS 3F.7) is derived from keratinocytes, and obtained through retroviral 

transduction of the 3 reprogramming factors. Being cMyc a proto-oncogene it is more 

advisable not using it especially for clinically aimed purposes, in order to prevent 

teratoma formation. Clinical applications of iPSC are nowadays favoured thanks to 

more recent transgene-free and viral-free reprogramming technologies (Kim et al., 

2009), that avoid to disrupt the genome or cause unpredictable results by preventing 
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integration into the host genome. In fact, genomic integration or continuous presence of 

exogenous reprogramming factors, aren’t requirements for human somatic cells 

reprogramming (J. Yu et al., 2009). 

KiPS 3F.7 cells come form the Centre of Regenerative Medicine of Barcelona and were 

fully characterized in order to guarantee full pluripotency. Pluripotent stem cells (ESC 

as well as iPSC) can be differentiated into functional cardiomyocytes, even though the 

differentiation potential of the cell lines differs from each other, or even between 
passages of the same line due to differences in endogenous levels of pluripotency 

regulators OCT4 and NANOG and signalling molecules (Kattman et al., 2011) (P. Yu, 

Pan, Yu, & Thomson, 2011) (Paige et al., 2010). Different protocols have been 

developed in order to reproduce embryonic development, recapitulating stage specific 

molecular signalling. In this study we tested various differentiation protocols. Apart 

from the three protocols reported, we tried differentiation protocols based on EBs 

obtained through forced aggregation by centrifugation (Bauwens et al., 2011) (Burridge 

et al., 2007). Even though the published protocols reported high cardiac differentiation 

rates, we could not adapt them to differentiate our cell lines. Whereas EBs formed by 

forced aggregation could undergo endodermal and ectodermal differentiation ((annex 

1), (Sanchez-Danes et al., 2012)), our cell lines only can stand EBs cardiac 

differentiation by mechanical scraping of the colonies: this forced us to adapt the 

original protocol developed by G. Keller’s laboratory (Yang et al., 2008) to a more 

tedious, but successful form (Cardiac differentiation via Activin A, BMP4 and DKK1 

protocol). This confirms that it is fundamental to adapt each protocol to specific cell line 

and laboratory conditions. With cardiac differentiation protocols via Activin A, and via 

Activin A, BMP4 and DKK1, the differentiation rate we obtained was sufficient for 

preliminary studies. With both protocols we could differentiate cells with beating 

capacity and that expressed cardiac marker cTNT.  

The first steps of both protocols happen in cell incubators with 5% of oxygen 

concentration. The oxygen level to which embryonic stem cells are exposed is an 

important environmental parameter to take into account. Under conditions that maintain 

undifferentiated phenotype, low oxygen reduces spontaneous differentiation of human 

ESCs, while reduces pluripotency gene expression in mouse ESCs, although reports are 

conflicting. Oxygen level in the gas phase is often different than that experienced by the 
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cells, with mechanisms that are unclear, which makes interpretation of the literature 

difficult. What is demonstrated is that differentiation under low oxygen condition 

increases generation of various cell types like cardiomyocytes, but also neurons, 

hematopoietic progenitors, endothelial cells, and chondrocytes (Millman, Tan, & 

Colton, 2009).  

The first approach by which we analysed differentiation’s progress is observing cell 

morphology. In the case of EBs’ based differentiation protocols, EBs attach to the 

plate’s surface and single cells protrude from the main structure to spread and colonize 

the surroundings. The final aspect is a “two and a half” dimension cell culture in which 

monolayers of cells are spread together with multilayered clusters. Following cytokines 

inducing signals, mesodermal structures appear and start beating when cardiomyocytes 

differentiate. In the case of monolayer based differentiation protocols, mesodermal 

structures form as an effect of cytokines induction, creating a “two and a half” 

dimension cell culture first, which then evolves to a beating layer. With Activin A, 

BMP4 and DKK1 protocol, this evolution pathway is faster in comparison with Activin 

A protocol, that’s why, in order to compare the global efficiency of the protocol, we 

analysed cell cultures at earlier time points. In the GSK3 pathway inhibition protocol 

this process is accelerated with beating structures appearing earlier and covering at least 

the 50% of the entire area of the culture plate, indicating that differentiated 

cardiomyocytes initiate connections between them to spread cardiac contractions. In 

fact it had been shown that pre-treatment of hPSC with a GSK3 inhibitor greatly 

enhanced cardiac differentiation (Lian et al., 2012). 

Cardiomyocytes obtained in our study, express sarcomeric proteins cardiac troponin T 

(cTNT), cardiac troponin I (cTNI), sarcomeric actin (ASA), sarcomeric actinin (AAS) 

and myosin heavy chain (MHC). These results indicate that differentiated cells share 

characteristics similar to those of functional cardiomyocytes. Cardiac population that 

originates is not homogeneous, since part of the cells expressed the markers in a not 

organized way, indicating a more immature phenotype. Electron microscopy analysis 

would help in studying A, I and Z-bands presence, in order to detail degrees of 

myofibrillar organization to name early or late stage cardiomyocytes (Kehat et al., 

2001) (Snir et al., 2003). 
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To tissue engineering applications, one requisite is to reproduce a compact tissue, with a 

cell density similar to the native one. In case of the heart it is 108 cells for cm3 (Guo et 

al., 2009), a challenging high amount. For this reason, to apply iPSC-derived 

cardiomyocytes to tissue engineering we found GSK inhibition pathway’s protocol to 

be the more appropriate. Apart from being much more efficient (beating areas 

expressing cardiac markers are spread in the entire area of the well and not confined to 

beating clusters), it is faster, since beating areas differentiate in 8-10 days (Vs. 12-14 of 

Activin A, BMP4, DKK1 protocol and 20-25 of Activin A protocol) and considering 

the overall time and reagents consumption for preparing the cells to differentiation, it 

allow to gain one month for each cell differentiation.  

During differentiation protocols, cell fate is committed by cytokines and it is 

progressively restricted stage by stage. Nevertheless, not all the cells respond to the 

stimuli in the same way, and the outcome is a heterogeneous population, in which some 

cells differentiate correctly, and some others undergo unwanted pathways. For this 

reason, we found ideal the use of reporter genes. There are a wide variety of different 

methods used to accomplish genetic editing. Each method presents advantages and 

disadvantages; therefore the method of choice for transgene delivery requires careful 

consideration. Within the frame of our study we tried different approaches 

(electroporation, DNA plasmid transfection, lentiviral transduction) in order to obtain 

transgenic lines for genes of different cardiac differentiation stages: Oct4 for 

pluripotency, T (Brachyury) for early mesoderm, NKX2.5 for cardiac progenitors and 

alpha-MHC for cardiomyocytes. Our first intention was to generate double transgenic 

lines, in order to monitor not only one cell population, but also cells differentiating at 

two different stages.  Unfortunately we could not succeed in this goal, since iPSC are 

very delicate to be genetically edited. We decided, therefore, to focus on early 

mesoderm, progenitors and cardiomyocytes for separate, in order to obtain tools with 

which carry out our study in 3D. In particular we obtained the KiPS 3F.7 

NKX2.5:GFP_Neor cell line, by DNA plasmid transfection and KiPS 3F.7 

T/Bra:GFP_Rex1:Neor and KiPS 3F.7 MHC:GFP_Rex1:Neor by lentiviral transduction. 

After transfection of bulk cells, we selected for stable cell lines thanks to the presence in 

the vector of Neomycin resistance cassettes. 

The homeobox gene NKX2.5 is the earliest known marker of cardiac lineage in 

vertebrate embryos. In mouse, NKX2.5 expression is first detected in mesodermal cells 
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specified to form the heart at embryonic day 7.5 and its expression is maintained 

throughout the developing and adult heart. Other tissues in which NKX2.5 is transiently 

expressed are the developing pharynx, thyroid and stomach (Lien et al., 1999). In 

cardiac differentiation protocols, NKX2.5 marks cardiac progenitors cells. T codes for 

Brachyury protein, that is an embryonic nuclear transcription factor that binds to a 

specific DNA element, the palindromic T-site. It binds through a region in its N-

terminus, called the T-box, and effects transcription of genes required for mesoderm 

formation and differentiation (Edwards et al., 1996) (Herrmann, 1992). Alpha-myosin 

heavy chain is a structural sarcomeric protein expressed in adult tissue (Mahdavi, 

Chambers, & Nadal-Ginard, 1984), and together with beta-myosin heavy chain is a core 

structural component of the contractile skeleton in cardiomyocytes.  

We obtained 6 clonal lines of KiPS NKX2.5:GFP:Neor, 24 of KiPS 3F.7 

T/Bra:GFP_Rex1:Neor and KiPS 3F.7 MHC:GFP_Rex1:Neor, submitted 2 (for KiPS 

NKX2.5:GFP:Neor) or 6 ( for KiPS 3F.7 T/Bra:GFP_Rex1:Neor and KiPS 3F.7 

MHC:GFP_Rex1:Neor) of them to cardiac differentiation and selected the one that 

performed better by monitoring transgenes expression and beating areas. After some 

passages, KiPS NKX2.5:GFP:Neor stopped to perform properly, and GFP related 

fluorescence became detectable only by flow cytometry and not by fluorescence 

microscopy. We attributed this issue to the transfection method and we switched to the 

more reliable approach of lentiviral transduction for producing KiPS 3F.7 

T/Bra:GFP_Rex1:Neor and KiPS 3F.7 MHC:GFP_Rex1:Neor cell lines.  

 

Conventional differentiation protocols give rise to cardiomyocytes with more immature 

than adult phenotype (Rajala, Pekkanen-Mattila, & Aalto-Setala, 2011), but research 

and clinical applications require to achieve a more mature phenotype.  It is thought that 

biomechanical and biophysical stimuli can affect proper maturation process (Bilodeau 

& Mantovani, 2006) (Massai et al., 2013), so we developed a tissue-engineered device 

that could support 3D culture of cardiomyocytes. Tissue engineering is a fast-evolving 

field of biomedical science and technology, with future promise to manufacture living 

tissues for replacement, repair, and regeneration of diseased organs. In this context, 

bioreactors provide a fluidic environment for cells, and guarantee their viability. 

Different types of bioreactors have been developed, that vary greatly in size, complexity, 

and functional capabilities. The device presented here offers room to cardiomyocytes to 
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be cultured in an environment similar to the native tissue, as the scaffold we used 

mimics cardiac extracellular matrix (cardiomyocytes function, morphology, and 

survival are also influenced by extracellular matrices (Bick, Snuggs, Poindexter, Buja, 

& Van Winkle, 1998)) and the porosity of the biomaterial, together with flow perfusion 

imitates vascular supply. Matriderm® pore size ranges between 3 and 35 um, optimal 

for homing human stem cells, which measure 14 um (Zwaka & Thomson, 2003) in 

diameter. In tissue engineering approaches it is also important to reproduce the role of 

non-myocyte cells in the heart: during early embryonic development, cardiomyocytes 

require direct cell-to-cell contact or paracrine signalling from non-cardiac endoderm 

cells to differentiate into working cells (Arai, Yamamoto, & Toyama, 1997) (Lough & 

Sugi, 2000). A similar observation was reported in cardiomyocytes induction from stem 

cells (Iijima et al., 2003) (Rudy-Reil & Lough, 2004). Other studies showed that non-

cardiac cells, such as fibroblast and/or endothelial cells, are required for cardiomyocytes 

to maintain contractile function and cell survival (Armstrong, Lee, & Armstrong, 2000) 

(Eisenberg & Eisenberg, 2006) (Narmoneva, Vukmirovic, Davis, Kamm, & Lee, 2004). 

Therefore, cell-cell interactions, both homo-and hetero-typic, and proper cell-ECM 

contact under 3D environment are fundamental for assuring functional cardiomyocytes 

differentiation, maturation, and survival.  

We demonstrated that rat neonatal cardiomyocytes could survive in our device, which 

reflects all the above-mentioned considerations. Experiments are in progress (by PhD 

student Maria Valls) in order to improve the system with electrodes, to add electrical 

stimuli that are a key factor for cardiac cells maturation. Testing differentiating iPSC in 

3D, we confirmed the fundamental role of non-cardiomyocyte cells, as in preliminary 

experiments performed without fibroblast or non-cardiogenic cells, iPSC derived 

cardiac cells couldn’t colonize the scaffold.  

Even though our results indicate that committed early mesoderm cells or cardiac 

progenitors can not complete cardiac differentiation in our bioreactor, we managed to 

retain into the scaffold iPSC-derived cardiomyocytes, indicating that only more 

advanced differentiated cells can be cultured under these conditions. Probably, in order 

to culture more immature cell types or stem cells, cytokines and nutrients doses should 

be re-adjusted, taking into account that their consumption rate could be influenced by 

perfusion. Also, flow rate of 0,1 ml/min, which is optimal for culturing neonatal rat 

cardiomyocytes and cardiomyocytes derived from iPSC, could rather cause shear stress 

to uncommitted mesoderm or cardiac progenitor cells. In our experiments, we also 
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found how sudden continuous perfusion hampers cell adhesion to the scaffold right after 

cell seeding, affecting cells capacity to establish cell adhesion to scaffold surface. 

 

Our final results show that cardiomyocytes derived from iPSC can be retained into the 

scaffold and cultured for four days. We believe that refining cardiac cell population 

with MHC:GFP transgenic cell line will permit to increase the number of cardiac cells 

retained into the scaffold, providing a tool with a dual purpose. Firstly, it could be used 

as model systems to investigate in vitro the effects of drugs and other stimuli on cardiac 

cell culture and cardiac tissue formation and maturation, and secondly, once optimal 

culture conditions have been identified, bioreactors could be used as production systems 

for in vitro engineered functional cardiac tissues with clinical aim. The use of iPSC 

would allow studying patient specific cardiomyopathies. The clinical motivation of this 

work comes from the potential significance of combining these two complementary 

aspects of cardiac tissue engineering: in the near future, to develop innovative 

technological and biological tools to be used as model systems could strongly support 

the investigation of the still unknown mechanisms of cardiac tissue development, and in 

the late future, such approach could represent an effective therapeutic strategy to the 

reestablishment of the structure and function of injured cardiac tissues in the clinical 

practice, potentially contributing to the improvement of quality of life.  

 

Taken together, the results of the experiments described here implement our knowledge 

on the generation of in vitro tissue engineered cardiac patches. Such 3D culture systems 

could be very useful to promote the functional maturation of human iPSC-derived 

cardiomyocytes, and could allow investigating the pathogenic mechanisms that underlie 

cardiac diseases and screen for new drugs using patient-specific cells. 
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6-CONCLUSIONS 

 
 

The main aim of this work was to create an “in vitro” tissue engineered cardiac patch 

that would promote the maturation of human iPSC derived cardiomyocytes and be 

useful for future advanced functional studies. Based on the results of the experiments 

performed, the following conclusions can be drawn: 

 

1) We have successfully differentiated cardiomyocytes from human iPSC using 

three different stage-specific differentiation protocols, the protocol relying on 

GSK3 pathway inhibition being the most efficient in our hands. 

 

2) We have successfully generated stable transgenic human iPSC lines reporter for 

cardiac-specific markers. These transgenic iPSC lines can be efficiently 

differentiated to cardiomyocytes and represent valid tools to monitor and/or 

select homogeneous populations of cells at different stages of cardiac 

differentiation. 

 

3) We have developed a 3D culture system based on the continuous perfusion of a 

porous scaffold that supports the maintenance of neonatal rat cardiomyocytes or 

human iPSC-derived cells for at least 3 weeks. 

 

4) The environment of perfusion bioreactor developed in our studies is not 

supportive for the cardiac differentiation of human mesoderm progenitors 

(T/Brachyury-positive cells) or early cardiac precursors (NKX2.5-positive cells) 

differentiated from iPSC. 

 

5) The environment of perfusion bioreactor developed in our studies supports the 

maintenance of human cardiomyocytes differentiated from iPSC for at least 4 

days, thus providing the basis for improving cardiomyocyte maturation and 

opening the way to future studies on functional human cardiac cells. 
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7-ANNEXES 
 

I was involved in the publication of the work here attached, entitled “Disease-specific 

phenotypes in dopamine neurons from human iPS-based models of genetic and sporadic 

Parkinson’s disease” (Sanchez-Danes et al., 2012).  

In this context I participated to the experiments culturing iPSC and preparing Embryoid 

Bodies for dopaminergic neurons dfferentiation.  
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NAMASTE 
 
 

Reconozco la presencia de la esencia divina en ti. 
Reconozco la presencia de la esencia divina en mí. En 
un acto de humildad, nuestras esencias divinas se 
saludan, y se reconocen. 

 
Riconosco la presenza dell’essenza divina in te. 
Riconosco la presenza dell’essenza divina in me. In un 
atto di umiltà, le nostre essenze divine si salutano e si 
riconoscono. 
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ricordato che potevo farcela con questa tesi. Grazie per credere in me e nel mio 
“cammino di luce”, come lo chiami tu, sin dall’inizio: è stato bello percorrerlo in 
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