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ABSTRACT 

Ischaemic heart disease (IHD) constitutes a leading health problem worldwide. Current 

therapies, except heart transplantation, offer limited benefit against this disease. 

Cardiac tissue engineering, the fusion of life sciences and engineering, aims at 

overcoming the limitations of current treatments by repairing/regenerating the damaged 

heart tissue, utilizing a combination of scaffolds, signaling molecules and perfusion, or 

electromechanical stimuli, to produce synergistic effects in bioactive constructs. Recent 

advances in the generation of human cardiomyocytes (hCMs), derived from pluripotent 

stem cells offer new possibilities for the generation of transplantable human cardiac 

tissue.  

In this study, large-scale human cardiac patches were generated by the combination of 

hCMs, derived from human embryonic stem cells (hESCs) or human induced pluripotent 

stem cells (hiPSCs), human cardiac stromal cells (hCSCs) and human cardiac 

endothelial cells (hCECs) isolated from atrial appendages. Cells were combined with 

Matrigel and rat tail collagen I. This hydrogel was casted onto decellularised porcine 

small intestinal submucosa (SIS). The influence of culture medium and cellular 

composition on the functionality of the developed patches was further investigated. An 

initial minimal amount of hCSCs was required for the cellular connectivity of hCMs in 

hydrogels and for the development of stable endothelial cell networks. Gradual 

decrease of growth factors and fetal bovine serum (FBS) during cultivation allowed 

survival of hCECs while restricting overgrowth of hCSCs. Under static conditions, 

cardiac constructs with optimized medium composition and cell ratios showed 

spontaneous and coordinated contractions with stable endothelial cell networks. 

Mechanical stimulation induced alignment of hCMs-derived hESCs and hiPSCs. 

However, no sign of CM maturation was detected in gene expression analysis of 

contractile proteins and ion channels. Analysis of different CM batches identified a 

strong variability of different properties among them, hindering the reproducibility of the 

performed experiments. In summary, human cardiac patches designed for surgical 

implantation were successfully generated with specific cell populations and culture 

media conditions that demonstrated improved hCMs organization under mechanical 

stimulation.   
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1. INTRODUCTION 

Ischaemic heart disease is one of the main causes of mortality and morbidity in the 

world, especially in developed countries (Bosworth et al., 2011). Nowadays, available 

treatments have limited efficacy against this disease, with heart transplantation 

remaining the only substantial solution for the late stages of ischaemic heart disease. 

However, restricted availability of human hearts is a serious and rising problem that 

limits heart transplantation. Additionally, heart transplantation is associated with several 

side effects, such as mandatory lifetime use of immunosuppressants. 

In 1992, cardiac cell therapy appeared as a potential ground-breaking therapeutic 

strategy for the protection, repair and/or regeneration of the damaged heart, that 

involved the injection of cells into the cardiac muscle (Marelli et al., 1992). Numerous 

animals and clinical studies have evaluated and optimized the therapeutic potential of a 

large variety of cells (Chavakis et al., 2010; Malliaras and Marbán, 2011; Sanganalmath 

and Bolli, 2013). These clinical trials have demonstrated the overall feasibility of cardiac 

cell therapy and the safety of adult stem cells. However, current benefits are modest 

and far from being relevant in the clinical field. 

In recent years, and due to the limitations of cardiac cell therapy, a more innovative, 

interdisciplinary and complex approach has emerged for the repair of ischemic or 

damaged heart tissue; cardiac tissue engineering, the fusion of life sciences and 

engineering. In cardiac tissue engineering, cells are combined with elements such as 

scaffolds, signaling molecules, perfusion or electromechanical stimuli, to produce 

synergistic effects in bioactive constructs (Eschenhagen and Zimmermann, 2005). 

The generation of hCMs from pluripotent stem cells grant new opportunities for the 

development of transplantable human cardiac tissue in vitro (Jackman et al., 2015; 

Mihic et al., 2014). In order to create a suturable cardiac construct of therapeutically 

relevant dimensions, a gel-based cardiac construct containing human cells can be 

combined with decellularized porcine small intestinal submucosa (SIS) (Andrée et al., 

2013). The feasibility of this approach has been previously proven with neonatal rat 

heart cells (Vukadinovic-Nikolic et al., 2013), whereas cardiac constructs containing 

such cells were maturated under mechanical stimulation in a bioreactor (Lux et al., 

2016). The aim of this doctoral thesis was the development of a functional human 

cardiac tissue by translating the previously developed technology with neonatal rat CM 

to human cells. 
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2. LITERATURE REVIEW 

2.1 Human Heart: Structure and function 

The heart is the main organ of the cardiovascular system. Its primary function is to 

pump blood through the blood vessels in order to provide oxygen and nutrients to every 

cell in the body as well as to transport waste products such as CO2. The average 

volume of blood pumped by the heart in one minute (cardiac output) is 5 liters. The 

constant pumping of the blood is achieved through the rhythmic and coordinated 

contraction and relaxation of this organ. This sequence is known as the cardiac cycle, 

composed of systole and diastole. A normal heart exhibits around 60-100 beats per 

minute, that can change depending on the physiological or pathological circumstances. 

The human heart has the approximate size of a closed fist and an estimated weigh of 

250-350 grams. However, its dimensions and weight vary greatly with different factors 

like, for instance: sex, age, physical activity, presence of cardiac diseases, etc. It is 

located in the middle of the thoracic cavity (slightly displaced to the left), more precisely, 

in the mediastinum: posterior to the sternum, anterior to vertebral column and between 

left and right lungs. 

 

Figure 1: Anatomy of the heart. Anterior view. Illustration of the different parts of the 

heart, the major vessels and the coronary arteries. Source: 

http://upload.wikimedia.org/wikipedia/commons/f/f5/Wiki_Heart_Antomy_Ties_van_Brus

sel.jpg 
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This hollow and muscular organ is metabolically extremely active due to its function. It 

obtains the energy mainly from the oxidative metabolism of long-chain fatty acids (60-

70%) and from glucose, pyruvate and lactate to a lesser extent (Grynberg and 

Demaison, 1996). The coronary vessels, which originate at the root of the aorta and 

flow into the right atrium through the coronary sinus, are responsible for the 

vascularization of the heart and are the only source of blood supply to the myocardium. 

The coronary vessels go across the epicardium and the myocardium and are capable of 

autoregulating blood flow according to cardiac metabolic requirements. 

2.1.1 Heart anatomy 

The heart is composed of four chambers, two superior and smaller ones called left 

atrium and right atrium and two inferior, larger and thicker chambers named left 

ventricle and right ventricle (Figure 1). Both the atria and the ventricles are separated by 

an interatrial and interventricular septum, respectively. Four characteristic valves are 

found between the atria and the ventricles and between the ventricles and the great 

blood vessels: tricuspid valve, mitral valve, aortic valve and pulmonary valve (Figure 2). 

The valves control and guarantee the unidirectional flow of blood by opening and 

closing during the coordinated contraction and relaxation of atria and ventricles. 

Differences in pressure generated between the atria and ventricles and between the 

ventricles and the blood vessels induce the opening and closing of these valves.  

The atria receive and collect blood from the vessels, whereas the ventricles pump the 

blood that comes from the atria into the circulation. The heart is involved in two different 

circulatory systems. In the pulmonary circulation, the venous blood (deoxygenated) that 

is collected in the right atrium enters into the right ventricle through the open tricuspid 

valve and then flows into the pulmonary artery through the pulmonary valve. This artery 

carries blood to the lungs where it will be oxygenated. The oxygenated blood from the 

lungs will enter the left atrium by means of the four pulmonary veins. In the systemic 

circulation, the oxygenated blood in the left atrium passes through the mitral valve to the 

left ventricle and is pumped to the aorta through the aortic valve. From here, blood will 

irrigate all tissues in the body -except the lungs- through systemic vessels and the right 

atrium will receive the venous blood from the body through superior and inferior vena 

cava. 
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Figure 2: Internal anatomy of heart and blood pathway. Anterior view, coronal section. 

Source: http://en.wikipedia.org/wiki/File:Blausen_0457_Heart_SectionalAnatomy.png 

2.1.1.1. Composition of the heart wall 

The wall of the heart consists of three layers with distinctive structures, functions and 

cell populations: pericardium, myocardium and endocardium. 

Pericardium 

The pericardium is a sac that covers the whole heart and the roots of the major blood 

vessels connected to the heart. It is divided in two main parts: an outer layer called 

fibrous pericardium and a double-layered sac named serous pericardium. The serous 

pericardium is subdivided into parietal pericardium (outer layer) and visceral 

pericardium or epicardium (inner layer), which is in contact with the myocardium and 

contains coronary vessels and fat deposits. Between these two layers there is a cavity 

with plasma ultrafiltrate that acts as a lubrication fluid. Due to the structure and 

composition of these layers, the pericardium offers mechanical protection and 

lubrication in order to minimize friction between the heart and other surrounding 

structures. It also contributes to the maintenance of proper hemodynamic function and 

anatomical shape of this organ (Khandaker et al., 2010). 

Myocardium: cardiac muscle 

The myocardium is the muscular layer of the heart located between the endocardium 

and the epicardium and is responsible for the cardiac contraction. It is a thick layer 
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composed of three main cell populations: cardiomyocytes (CM), endothelial cells and 

fibroblasts (Jugdutt, 2003) although other cell populations such as pericytes, smooth 

muscle cells, macrophages and myofibroblasts can also be found. Non-myocytes 

outnumber CM in the adult human heart, since only 20-30% of all cells are cardiac 

muscle cells (Jugdutt, 2003; Tian and Morrisey, 2012). However, CM occupy between 

70-90% of the myocardial volume of right and left ventricle due to their relative large 

size. With aging, these muscle cells progressively increase their size in the ventricles 

while their cell number is reduced (Olivetti et al., 1991; Vliegen et al., 1991). The cellular 

composition of the non-myocyte fraction in the heart of mammals (mice, rats and 

humans) has been subjected to multiple analyses in different studies with contradictory 

results about the percentage of endothelial cells and fibroblasts (Anversa et al., 1980; 

Banerjee et al., 2007; Bergmann et al., 2015; Nag, 1980; Souders et al., 2012). To date, 

the most comprehensive study about cell composition in the mouse and human heart 

reports that endothelial cells are the predominant cell population in the human heart 

representing more than 60% of the non-myocyte fraction (Pinto et al., 2016; Zhou and 

Pu, 2016). The percentage of fibroblasts according to this study is 20% and is 

significantly smaller than previously reported (Anversa et al., 1980; Banerjee et al., 

2007; Bergmann et al., 2015). 

Cardiac fibroblasts are flat, spindle-shaped cells with a branched cytoplasm surrounding 

a speckled nucleus. They are organized into a three-dimensional network surrounding 

CM. They secrete a variety of growth factors, cytokines and proteases and have an 

essential role in the coordinated synthesis and degradation of the components of the 

cardiac extracellular matrix, such as collagen, fibronectin, laminin and elastin 

(Goldsmith et al., 2004). Moreover, they contribute to structural, biochemical, 

mechanical and electrical properties of the myocardium and they are closely connected 

to CM (Camelliti et al., 2005; Souders et al., 2009).  

Endothelial cells (EC) are characterized by their cobblestone morphology as 

monolayers. Capillaries made from EC are distributed in the myocardium in order to 

guarantee proper vascularization and nourishment of cardiac tissue. In fact, there is a 

capillary next to almost every CM (Brutsaert, 2003). Additionally, EC regulate the 

contractile state of CM through autocrine and paracrine signaling molecules, e.g. nitric 

oxide and endothelin-1 released or activated by these EC (Hsieh et al., 2006; 

Narmoneva et al., 2004). 
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CM are terminally differentiated and highly specialized cells. They are recognized by 

their distinctive rod-shaped morphology. Their size varies from 50 to 120 µm in length 

and 10 to 20 µm in diameter (Hoshino et al., 1983; Saladin, 2014). CM are often 

branched and with one or two nuclei in a central position, although trinucleated and 

tetranucleated cells can also be rarely detected in the adult human heart (Olivetti et al., 

1996a), because of their ability to duplicate DNA without cell division. Due to the high 

metabolism associated with muscular contraction, CM possess an abundant amount of 

myoglobin and glycogen deposits. Moreover, 30-40% of the cytoplasm of these cells is 

occupied by mitochondria, which provide the necessary energy for the functionality of 

these cells. CM are closely interconnected, creating a functional syncytium. This 

connection is achieved through intercalated discs that are complex structures of 

communication and union between the membranes of CM. They allow the transmission 

of the action potential and, therefore, the coordinated contraction of these cardiac cells. 

Endocardium 

The endocardium is the innermost layer of the heart. It covers the inner cavities and the 

cardiac valves, and it is in direct contact with the circulating blood inside the heart 

chambers. It is composed of a simple squamous endothelium, connective tissue and 

shows prominent trabeculations. Small blood vessels and Purkinje fibers, which 

represent groups of specialized cardiomyocytes that conduct action potentials quicker 

than the rest of cells in the heart, are present in this layer. Because of these fibers, the 

endocardium participates in the regulation of the contractions of the heart. 

2.2 Electromechanical function 

The heart functions as an electromechanical pump that can contract spontaneously and 

with an inherent rhythmicity without any nervous stimulation in an autonomic fashion. 

This peculiar feature is due to the unstable resting membrane potential of pacemaker 

cells. These pacemaker cells are a special group of CM and their characteristic unstable 

resting membrane potential induces their spontaneous depolarization generating the 

intrinsic electrical activity of the heart that is coupled with the contractile activity (Pinnell 

et al., 2007). However, the sympathetic and parasympathetic systems and some 

hormones, like adrenaline or thyroxine, are able to modulate their rhythm and contractile 

force. 
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This electrical physiology of the heart is originated by the electrical excitability of CM. In 

other words, these specialized cells are able to create electric currents, action 

potentials, in an autonomous way (only pacemaker cells) or when they are stimulated. 

The excitability of these cells is achieved by a great variety of ion channels located in 

the sarcolemma (cytoplasmic membrane). Several types of Na+, K+ and Ca2+ ion 

channels can be detected in the CM. The ion channels exhibit different subtypes 

depending on their location in the heart. For example, atrial CM possess slightly 

different combination of ion channels than ventricular CM. The coordinated opening and 

closing of these channels and the pass of ions through them modulates their membrane 

potential. The difference in electric potential between the interior and the exterior of CM 

changes from negative to positive and, therefore, generates action potentials that will be 

propagated to adjacent CM, causing at the same time a propagated contraction. 

During each cardiac cycle, the electrical impulse starts in the pacemaker cells of the 

sinoatrial node (SA node) that is located in the right atrium and is responsible for the 

heart rate. Due to the presence of an electrical conduction system in the heart, this 

impulse will be transmitted efficiently through the myocardium. From the SA node the 

impulse will spread from the atria to the ventricles through the following route: 1. the 

atrioventricular node between the atria and the ventricles, 2. the bundle of His in the 

interventricular septum that connects with the right and left bundle branches, and, 

finally, the Purkinje fibers in the ventricular wall (Figure 3). 

 
Figure 3: Electrical conduction system of the heart (yellow). Anterior view, coronal 

section. The action potential originates in the SA node and propagates towards the 

ventricular walls. Source: 
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http://upload.wikimedia.org/wikipedia/commons/f/ff/2018_Conduction_System_of_Heart.

jpg 

The mechanism by which the electrical impulse leads to a muscle contraction is due to 

the sarcomeres, distinctive transverse striations present in CM that are the basic 

anatomical and functional unit of striated muscle (Figure 4). The sarcomeres are highly 

organized and complex contractile units composed of the contractile proteins actin and 

myosin, that generate the contraction force, the regulatory proteins troponin and 

tropomyosin, that start and stop the contraction process, and structural proteins such as 

titin, vinculin, nebulin, α-actinin, dystrophin and myomesin, that are responsible of the 

stability, elasticity and extensibility of the sarcomeres. When series of sarcomeres 

arrange in a stacked pattern, they are designated as myofibrils. 

The contraction of the CM is achieved through the close interaction between actin and 

myosin. According to the sliding filament theory, the cycle starts with the tight union of 

actin and myosin because of conformational changes in the presence of ATP and Ca2+. 

After that, a “power stroke” occurs, in which actin slides toward the center of the myosin, 

and this process causes the shortening of sarcomeres and by that the muscular 

contraction. The action potentials, that appear in the SA node and are transmitted 

through the heart towards the ventricles, cause these muscular contractions through the 

release of Ca2+ ions from the sarcoplasmic reticulum into the cytoplasm, allowing the 

conformational changes of the contractile proteins. 
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Figure 4: The sarcomere composition: The contractile proteins myosin and actin and 

the regulatory proteins troponin and tropomyosin are arranged in a specific way to 

produce contraction of striated muscle tissue. Source: 

http://upload.wikimedia.org/wikipedia/commons/e/e8/1003_Thick_and_Thin_Filaments.j

pg 

2.3 Acute myocardial infarction 

2.3.1      Epidemiology 

Cardiovascular diseases (CVD) are the leading causes of mortality and morbidity in the 

world. Each year, 17-18 million people die because of CVD (Roth et al., 2017) . 

Although in the past two decades the mortality caused by CVD has decreased in high-

income countries, the low- and middle-income countries are experiencing a fast 

increase in the prevalence of CVD and the associated deaths due to lack of effective 

preventive measures and treatments that are available in high-income countries (Bowry 

et al., 2015). 

Health care costs associated with CVD are enormous and have an important economic 

impact in the health system of many countries in the world. In the United States health 

care costs caused by CVD represent the 17% of national health expenditures. In 2008, 

the total cost of CVD in this country was estimated at $448.4 billion. As the population 

ages in high-income countries, it is expected that these costs will increase dramatically 

in the future (Heidenreich et al., 2011). 
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Figure 5: Leading causes of death in the world (2012). World Health Organization 

(WHO). Ischaemic heart disease is the most prominent cause of death. Reprinted by 

permission: http://www.who.int/en/news-room/fact-sheets/detail/the-top-10-causes-of-

death 

Among cardiovascular diseases, ischaemic heart disease (IHD), also known as 

coronary artery disease, is the main cause of death and disease burden worldwide, 

causing 7 million deaths, representing 42% of all cardiovascular deaths and 11.2% of 

the total deaths in the world (Figure 5). IHD includes the following diseases with 

different grade of severity: angina pectoris, acute myocardial infarction (AMI) and heart 

failure. The majority of deaths from IHD are caused by AMI and one third of the people 

who suffer from AMI die in the first 24 hours (Antman, 2012) . 

The incidence of IHD in the general population is markedly higher among men than 

women prior to the age of 50 years. However, this tendency changes with age due to 

the increased vascular risk of women after menopause and, by the eighth decade, the 

incidence is similar for both sexes (Sanchis-Gomar et al., 2016). 

Although the risk of suffering an IHD increases by non-modifiable risk factors such as 

age or positive family history of IHD, there are many risk factors involved in the 

pathogenesis of IHD that are associated with lifestyle habits and hence can be 

changed. Obesity, tobacco and alcohol consumption, lack of physical exercise, 
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hypertension, stress, diabetes and hypercholesterolemia, among others, are broadly 

confirmed factors that increase the risk of suffering IHD (Goff et al., 2014). 

2.3.2 Pathophysiology 

AMI denotes the sudden death of a great number of CM and, therefore, the irreversible 

injury of a region of the myocardium due to a prolonged ischemia. It is estimated that 

approximately 1 billion CM are lost after an AMI within a few hours (Robey et al., 2008). 

This death is caused by an imbalance between the metabolic demand of the 

myocardium and the coronary flow. Several causes are involved in the origin of this 

imbalance, but two major pathological processes are the main and most common 

protagonists: Coronary atherosclerosis and acute coronary thrombotic occlusion 

(Gutstein and Fuster, 1999). 

Coronary atherosclerosis is a very slow pathological process, which develops over 

decades. Several factors such as oxidative stress and/or chronic inflammation induce a 

progressive deposit of atherogenic low-density lipoprotein (LDL) cholesterol in the 

subendothelial space of the coronary arteries (Harrison et al., 2003; Ross, 1999). The 

accumulated  lipids are modified by enzymes and are oxidized into proinflammatory 

particles, which provoke the reaction of the innate inflammatory system within the intima 

(Insull, 2009).  Macrophages become foam cells after uptaking these lipoproteins and 

gather in the intima, producing the fatty streaks in the first stage of atherosclerosis. 

These fatty streaks can evolve into a fibrous plaque due to the gathering and migration 

of smooth muscle cells, T lymphocytes and foam cells and by accumulation of cellular 

debris, lipids, fibrin and other extracellular matrix proteins (Libby et al., 2002). During 

this process, the blood flow through this atherosclerotic vessel is progressively altered 

and the plaque can partially occlude the artery, causing hemodynamic changes that 

promote the generation of blood clots and decrease the blood supply of the surrounding 

myocardial tissue. If the plaque ruptures due to the fragility of the fibrin cap, it activates 

the coagulation cascade because of the exposition of procoagulant material in the core 

of the plaque causing thrombosis (Libby and Theroux, 2005). When the thrombus totally 

blocks a coronary artery, the myocardial tissue that was receiving the blood from this 

vessel will suffer ischaemia due to total lack of supply with oxygen and nutrients (Figure 

6). 



 
12

 

Figure 6: Myocardial infarction caused by the blockage of a coronary artery due to 

atherosclerosis and thrombosis. Source: 

http://simple.wikipedia.org/wiki/File:Heart_attack-NIH.gif 

The prolonged ischaemia caused by the total occlusion of a coronary artery induces 

apoptosis, necrosis and autophagy of CM in a matter of hours (Olivetti et al., 1996b; 

Whelan et al., 2010). The loss of these cells in the myocardium entails a decreased 

contractibility of the ventricle and an increased hemodynamic load of the heart, whose 

magnitude varies depending on the extension of the ischaemia (Jain et al., 2002).  

Just after the myocardial infarction, an inflammatory process takes place in the infarct 

zone, with metalloproteinases and complement activation and free radical generation. 

Additionally, Tumor Necrosis Factor-α (TNFα) prompts the start of a cytokine cascade 

(Frangogiannis et al., 2002) and neutrophils and monocytes, that will phagocyte necrotic 

CM, will migrate into the infarcted area. Neutrophils trigger a complex intracellular 

signaling and the further degradation of the extracellular matrix of the myocardium by 

the release of matrix metalloproteinases and serine proteases transforming the 

damaged myocardium into a granulation tissue (Vanhoutte et al., 2006).  

As a consequence of the former process and because of the hemodynamic overload of 

the heart, the ventricular wall, which includes the infarcted border zone and remote 

healthy myocardial tissue, will start suffering a slow and complex process called 

ventricular remodeling that will involve structural and mechanical changes (Jugdutt, 

2003). In the first stages of the ventricular remodeling, known as early remodeling that 
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takes place within the first 72 hours after the infarction, there will be a dilatation of the 

ventricular chamber, a wall thinning of the infarcted tissue and a decreased systolic 

function. Afterwards and during the following months, the late remodeling takes place: 

the myocardium will suffer a fibrosis and a compensatory hypertrophy that will replace 

the damaged tissue into a fibrous tissue and this will affect the diastolic function. 

Fibroblasts have an essential role in this process. They are transformed into 

myofibroblasts during the ventricular remodeling and modify the extracellular matrix, 

degrading the native one and replacing it with new collagen fibers (Van Den Borne et 

al., 2010; Talman and Ruskoaho, 2016). 

This remodeling process alters progressively the functionality of the heart, leading to 

heart failure and, eventually, death of the patients due to the inability of the heart to 

regenerate itself in a significant way. 

2.3.3 Heart failure 

Congestive heart failure (CHF) denotes the substantial impairment of the heart, usually 

of the left ventricle, to pump blood in a physiologic way. This serious, disabling and 

progressive condition has a mortality rate of around 30% in the first year after diagnosis 

and 40-50% after 5 years, and entails important functional limitations in the daily life of 

the patients with generally a poor prognosis (Chen et al., 2011; Roger et al., 2012).  

The prevalence of CHF in high-income countries is about 2-3% and the death rate 

attributed to CHF has increased dramatically during last decades due to gradual aging 

of the population and a rise of risk factors. Only in the United States CHF deaths 

increased by 155% from 1979 to 2001 and it is the first cause of hospitalization in high-

income countries (Frenk, 2006). Each year, in USA, 550,000 new cases of CHF are 

diagnosed and 300,000 people die because of this disease (Bui et al., 2011). 

Heart failure is mainly caused by AMI, being an initial consequence of a substantial loss 

of myocardial tissue or being the end stage of this disease after a late remodeling 

process takes place. However,  other medical conditions such as severe arrhythmia, 

hypertension, cardiomyopathies, valvular heart disease and congenital heart defects 

can also cause heart failure through remodeling of the heart (Jessup and Brozena, 

2003). 
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2.3.4 Diagnosis 

Three factors are indispensable for the diagnosis of AMI and they are defined by their 

promptness and simplicity, essential for the fast treatment of this disease that will 

determine the survival and prognosis: Physical examination, recording of 

electrocardiogram and testing for cardiac markers in the blood. 

The first main typical symptoms in AMI are a sudden thoracic pain or discomfort, which 

can be extended to the arms and shoulders, preferably of the left side, and to the neck 

and jaw, and dyspnea or shortness of breath due to the reduced functionality of the 

heart. Nausea, vomiting, anxiety, sweating and dizziness are less specific signs and 

symptoms of AMI but they can also be present in some patients. However, women 

usually do not present with the typical symptoms described before (McSweeney et al., 

2003) and one fourth of the persons that suffer an AMI can be totally asymptomatic 

(especially elderly people) what complicates the diagnosis of this disease (Sheifer et al., 

2001). 

AMI alters the electrical conduction of the heart in a characteristic way. Therefore, one 

of the fastest and simplest diagnostic methods to detect and confirm suspected AMI is 

electrocardiography (ECG). ECG is a non-invasive and painless method to study the 

electrical activity of the heart. Two typical changes in the electrocardiogram are highly 

indicative of the presence of this disease: Elevation of ST segment or depression of ST 

segment with T wave changes (Figure 7) (Thygesen et al., 2012). 
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Figure 7: Electrocardiographic changes of AMI. Representative electrocardiograms 

(ECG) showing a normal ECG, AMI with ST depression (NSTEMI), AMI with ST 

elevation (STEMI) and AMI with T inversion (NSTEMI). Reprinted by permission: 

https://www.thrombosisadviser.com 

During AMI, several cardiac enzymatic markers are increased in blood during hours or 

days due to the release from dead myocardial tissue. The most specific ones are 

troponin T, troponin I and creatine kinase MB and their detection in blood is an 

important criterion for the diagnosis of AMI. 

For the severity evaluation of AMI and complementary diagnosis, echocardiography is 

essential. It studies the function and the structures of the heart and, since the infarcted 

area of the myocardium has a decreased thickness and contractibility, these areas can 

be quantified by this non-invasive method. Magnetic resonance imaging provides more 

accurate information about the functionality of the heart than echocardiography but it 

has a more restricted availability due to the limited number of magnetic resonance 

imaging devices in hospitals. 

2.3.5 Pharmacological and surgical treatments 

Several clinical therapies are able to minimize the damage of the heart in the acute 

phase of myocardial infarction and slow down the progression towards CHF in the long 

term. These treatments have the objective of recovering the coronary flow, treating the 

consequences of myocardial damage and preventing further cardiac ischemic episodes. 

Fast treatment is essential for the survival of patients in the acute phase of AMI. 
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In the acute phase of AMI, acetylsalicylic acid, nitroglycerin, angiotensin-converting-

enzyme inhibitors, painkillers, beta-blockers and oxygen are usually administered. In the 

next step, a reperfusion therapy will be performed in order to restore the blood flow in 

the blocked coronary artery. This is achieved through thrombolytic therapy to dissolve 

the blood clot, coronary angioplasty or coronary bypass surgery depending on the 

characteristics of the coronary blockage and the patient (Shah et al., 2007). 

After the acute phase of AMI and as a maintenance treatment to avoid complications 

and improve long-term survival, acetylsalicylic acid, beta-blockers, angiotensin-

converting-enzyme inhibitors and statins are commonly used. Cardiac rehabilitation is 

also prescribed in order to improve quality of life (Steg et al., 2012). 

In case of a very poor cardiac functionality or in late stages of the CHF, left ventricular 

assist device and heart transplantation are usually temporal and definitive treatments 

respectively for this condition. 

2.3.6 Treatment limitations 

Between the late 20th and early 21th centuries great scientific and medical advances in 

the treatment of IHD especially through fibrinolytic therapy and coronary angioplasty 

and recent preventive measures have achieved a steady decline of deaths by 

myocardial infarction per population in high-income countries (Nabel and Braunwald, 

2012; Smolina et al., 2012; Takii et al., 2010). However, this implicates a rise in the 

number of patients with a chronic disease after AMI, most of them affected by heart 

failure (Roger, 2013). In addition, projections show that there will be a global increase of 

the prevalence of this cardiac disease during the next years and decades (Mathers and 

Loncar, 2006). This means that IHD will remain the main cause of death in the world till 

2030 and, at the same time, one of the main causes of disease burden in spite of the 

past clinical achievements. Current pharmacological and surgical treatments for 

myocardial infarction are not curative. In other words, they are not able to restore 

cardiac function and repair/regenerate the heart once the damage in the myocardial wall 

has occurred. 

In the most severe cases, the only effective treatment for the late stages of IHD is heart 

transplantation. Nevertheless, there is an increasing imbalance between the number of 

available/suitable donors and the number of patients who need a heart transplant what 

restricts significantly the broad use of this treatment (Costanzo et al., 1995; Kilic et al., 
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2014). Moreover, heart transplantation involves several side effects such as the 

mandatory lifelong use of immunosuppressants and risk of infections.  

Therefore, this critical situation forces scientists and health personnel to develop 

innovate treatments and therapies that could be able to overcome the limitations of 

today’s treatments, restore cardiac function, prevent heart failure and minimize as much 

as possible the human suffering and economical costs caused by IHD. 

2.4 Cellular therapy for myocardial regeneration 

2.4.1 Cardiac cell therapy 

In 1992 cardiac cell therapy, also known as cellular cardiomyoplasty, emerged as a 

ground-breaking and experimental therapeutical strategy focused on the protection, 

repair and/or regeneration of the damaged heart with cells in order to restore or improve 

cardiac function (Marelli et al., 1992). During the last decades, numerous experimental 

studies with animals and clinical trials have evaluated and optimized the therapeutic 

potential of a great variety of cells (Chavakis et al., 2010; Malliaras and Marbán, 2011; 

Wang et al., 2018), especially those referred to as stem cells because of their special 

ability for proliferation, self-renewal and potential differentiation to other cell types such 

as CM or EC (Sanganalmath and Bolli, 2013).  

The extensive list of cell types used in animal models, such as mice, rats, guinea-pigs 

and pigs, of myocardial infarction or heart failure include:  Bone marrow mononuclear 

cells (BMMC), skeletal myoblasts, endothelial progenitor cells, mesenchymal stem cells 

(MSC), hematopoietic stem cells, fibroblasts, neonatal CM, EC, cardiosphere-derived 

cells, induced pluripotent stem cells (iPSCs), embryonic stem cells (ESCs) and cardiac 

stem/progenitor cells (Cambria et al., 2017; Etzion et al., 2002; Garbern and Lee, 2013; 

Kim et al., 2001; Pendyala et al., 2008). 

With regard to clinical trials in cardiac cell therapy, the most extensively used cells are 

BMMC (Delewi et al., 2014), circulating progenitor cells (Delewi et al., 2014; Leistner et 

al., 2011), skeletal myoblasts and MSC from different tissue sources such as bone 

marrow or adipose tissue (Choi et al., 2011; Nguyen et al., 2016; Williams and Hare, 

2011). Other cell types that have been tested in the clinical field to a lesser extent are: 

hematopoietic/endothelial stem/progenitor cells, cardiosphere-derived cells and different 

kinds of cardiac stem/progenitor cells (Bolli et al., 2011; Leong f, 2017) (Figure 8). 
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Figure 8: Main sources of stem cells used for cardiac repair in clinical trials. Adult 

autologous stem cells such as MSC from different tissues have been tested extensively.  

Reprinted by permission: http://circres.ahajournals.org/content/113/6/810.long 

Overall, these studies have revealed that homing, long-term engraftment, survival, 

growth, and differentiation of transplanted cells in the infarct and peri-infarct areas are 

minimal independently of the administration route, cell type, and dose (Hao et al., 2017; 

Müller-Ehmsen et al., 2006). The underlying reasons for the limited success have been 

investigated. On one hand, the hypoxic microenvironment in the infarcted area is very 

hostile to administrated cells causing the death of most of these cells (Pasha et al., 

2008). On the other hand, the different delivery routes of the cells into the myocardium 

are far from being efficient and the percentage of cells that reach the affected 

myocardium and engraft is very low. One study reported that more than 90% of injected 

cells disappeared in the first few days and less than 2% could still be found 4 weeks 

after administration (Menasche, 2009). Similar results have been published regarding 

the administration of stem cells in mice, pigs and humans with AMI where less than 

10% of the injected cells were detected less than 24 hours after administration 

(Sanganalmath and Bolli, 2013). In addition, the potential differentiation of adult stem 

cells towards CMs in vivo is controversial and in the best case scenario, extremely rare 

(Armiñán et al., 2009; Beltrami et al., 2003; Deutsch et al., 2013; Noiseux et al., 2006).  
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Paradoxically, in spite of the minimal homing, engraftment, survival and differentiation 

towards CM of the applied cells, beneficial effects have been found in both, animals and 

humans such as improvement of heart function, reduction of infarct size, and promotion 

of blood vessel formation (Deutsch et al., 2013; Leong et al., 2017; Nguyen et al., 

2016). The majority of these observed effects are probably caused by indirect 

mechanisms rather than by the direct contribution of these cells considering their final 

retention rate (Arnous et al., 2012). Numerous researchers have proposed an 

explanation for the beneficial effects: the paracrine hypothesis (Caplan and Dennis, 

2006; Gnecchi, 2006; Gnecchi et al., 2008; Mirotsou et al., 2011). According to this 

hypothesis, the current therapeutic effects achieved in cardiac cell therapy are mainly 

originated by a broad variety of paracrine factors (e.g. growth factors, cytokines, 

chemokine) produced by the implanted cells. These paracrine factors protect the CM 

near the infarct area from apoptosis and necrosis, promote the development of new 

blood vessels, stimulate the proliferation of resident cardiac stem/progenitor cells, 

attenuate the effects of the ventricular remodelling on the extracellular matrix, and 

modulate the inflammatory process during the first stages after the AMI (Gnecchi et al., 

2008; Ratajczak et al., 2012). Several studies support this paracrine hypothesis. For 

example, Gnecchi and co-workers demonstrated that application of conditioned medium 

from hypoxic Akt-modified MSC  alone improved ventricular function and limited the 

infarct size in rats (Gnecchi, 2006). Similar results have been reported for administration 

of conditioned medium from endothelial progenitor cells and MSC in pigs and from bone 

marrow mononuclear cells in rats (Doyle et al., 2008; Takahashi et al., 2006; Timmers 

et al., 2011).  Moreover, some studies report a lack of correlation between cell dose and 

therapeutical effects in the heart (Hare et al., 2009; Hashemi et al., 2008) and other 

studies detected beneficial effects already a few days after cell transplantation, an 

insufficient period of time for differentiation of stem cells towards other cell types 

(Noiseux et al., 2006). Altogether, these findings strongly support the idea that paracrine 

effects are responsible of the therapeutical effects of cells in cardiac cell therapy. 

In spite of some beneficial paracrine effects of cell-based therapies in patients with AMI 

or heart failure, current therapeutical results regarding improvement in heart function 

and myocardial remodelling as well as reducing mortality and morbidity are 

controversial. Between different clinical trials there are important discrepancies in the 

outcome of stem cell therapy. For example, relative small clinical trials with 

mononuclear cells from bone marrow have detected positive results whereas in recent 
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big clinical trials with the same type of cells these therapeutical benefits were not 

demonstrated (Perin et al., 2012; Traverse et al., 2012, 2011). This is mainly due to the 

heterogeneity between the clinical trials with regard to cell type, delivery route, dose, 

observation period, and number of patients, what limits our knowledge about the real 

clinical utility of stem cells in cardiac therapy (Krum, 2014). However, the clinical trials 

have demonstrated the overall safety of transplantation of adult stem cells with the 

strategies used so far, except skeletal myoblasts that increase the risk of ventricular 

arrhythmias (Menasché et al., 2008; Nguyen et al., 2016), the feasibility and benefits of 

cardiac cell therapy are modest and far from being relevant in the clinical field (Behfar et 

al., 2014; Fernández-Avilés et al., 2017; Menasche, 2011; Nguyen et al., 2016). 

2.4.2 Cardiac tissue engineering 

In recent years, scientific research has evolved towards a more innovative, 

interdisciplinary and complex approach of cardiac tissue engineering with the objective 

of overcoming the limitations of cellular cardiomyoplasty. Cardiac tissue engineering or 

tissue cardiomyoplasty combines the knowledge and the methods of life and physical 

sciences, aiming at repairing or regenerating the damaged heart and improve or restore 

cardiac function (Eschenhagen and Zimmermann, 2005). Tissue engineering has three 

main components that are combined to obtain synergistic effects; cells, scaffolds, and 

signalling molecules or specific environments (Figure 9) (Lott et al., 2013). 

 
Figure 9: The main pillars of tissue engineering: Cells, scaffolds and signaling 

molecules with the aim of producing bioactive constructs. Reprinted by permission: 

https://www.intechopen.com/books/advances-in-biomaterials-science-and-biomedical-

applications/innovative-strategies-for-tissue-engineering 
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The idea behind this approach is, on one side, to potentiate and maintain for longer time 

the paracrine effects of implanted cells and, on the other side, to achieve a direct and 

significant participation of the cells in the repair/regeneration of myocardial tissue by 

potentially increasing their survival, retention and engraftment. By that way, it is 

probably possible to boost multiple mechanisms involved in the potential 

regeneration/repair of the heart such as cardioprotection, angiogenesis, 

cardiomyogenesis and modulation of inflammation and remodeling/fibrosis processes 

(Figure 10) (Ruvinov et al., 2012). 

 

Figure 10: Proposed regeneration mechanisms in cardiac tissue engineering with the 

aim of improving or restoring heart function. Reprinted by permission: 

http://www.morganclaypool.com/doi/abs/10.2200/S00437ED1V01Y201207TIS009 

2.4.2.1 Cells 

The types of cells that have been used in cardiac tissue engineering studies in 

combination with other elements such as scaffolds or growth factors are the same as 

those used in cellular cardiomyoplasty studies (mentioned in section 2.4.1). However, 

there is one main relevant difference between cell therapy and tissue engineering: in the 

latter case, instead of injecting isolated cells, groups of cells with different levels of 

organization and connection are applied to the heart. A combination of different type of 

cells can be used in order to create tissues more similar to the myocardium. Cells 

applied in tissue engineering may contain pluripotent stem cells and adult stem cells 

and derivates thereof, as well as differentiated cells. 
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2.4.2.2 Pluripotent stem cells 

Pluripotent stem cells are able to differentiate towards any cell type of the three germ 

layers and self-renew indefinitely. In cardiac tissue engineering, two main types of 

pluripotent stem cells are used: induced pluripotent stem cells (iPSCs) and embryonic 

stem cells (ESCs) (Cambria et al., 2017; Liu et al., 2013; Zhu et al., 2009), although 

parthenogenetic stem cells are also used to a lesser extent (Didié et al., 2013). 

ESCs are derived from the inner cell mass of the blastocyst. Because these cells are 

derived from human embryos, they raise ethical issues and their administration to other 

organisms requires immunosuppression.  

iPSCs are derived from adult cells through the forced expression of exogenous genes 

such as Oct3/4, Sox2, c-Myc and Klf4, which regulate the developmental signalling 

network necessary for ESCs pluripotency (Takahashi and Yamanaka, 2006). For the 

delivery of such genes viral vectors, small molecules, proteins, DNA or RNA can be 

used with different efficiencies. Because iPSCs can be obtained from patient’s own 

somatic cells, it is possible to avoid immunological reactions by using autologous cells 

and, at the same time, avoid the ethical issues of ESCs. 

Both ESCs and iPSCs share highly similar biological properties and they can be 

differentiated towards CM and even towards different subtypes of CM (Lee et al., 2017; 

Schweizer et al., 2017).  CM derived from ESCs or iPS are elongated and can contract 

spontaneously and synchronously. They express gap junction, contractile and ion 

channel proteins and react to inotropic and chronotropic stimuli (Denning et al., 2016; 

Mummery et al., 2012; Zhang et al., 2009). As it is meanwhile possible to obtain great 

quantities of human CM derived from ESCs or iPSCs, enough CM for cardiac tissue 

engineering are available (Kempf et al., 2016).  Before, availability of human CM was 

limited to human cardiac stem/progenitor cells with low proliferation rate and restricted 

availability. Moreover, ESCs/iPSCs are in principle able to differentiate into all cell 

types, also into endothelial cells, fibroblasts, pericytes or smooth muscle cells which are 

important for the support and functionality of CM. ESCs and iPSCs have been studied 

and characterized in combination with different scaffolds, cells and stimuli both in vitro 

and in healthy or infarcted animals (Jackman et al., 2015; Weinberger et al., 2017). 

Overall, preclinical in vivo studies have shown that CM derived from ESCs and iPSCs 

and incorporated in tissue constructs are able to survive, engraft in infarcted animals, 



 
23

undergo certain maturation and promote vascularization. However, translation into 

clinical trials for the treatment of cardiac diseases is still pending. 

2.4.2.3 Adult stem cells 

Adult stem cells are present in a great variety of tissues in the human body and are 

involved in regeneration and repair of the respective tissue or organ. They can 

differentiate towards a specific lineage determined by the tissue they reside in and not 

to others because of their partially differentiated state  (Mummery et al., 2014). The 

following cells are examples of adult stem cells used in cardiac tissue engineering: 

BMMC, skeletal myoblasts, endothelial progenitor cells, MSC, hematopoietic stem cells, 

cardiosphere-derived cells and cardiac stem cells (Martinez and Kofidis, 2011). These 

cells are directly obtained from the patient for autologous transplantations and therefore 

no ethical concerns exist. However, their capacity for CM differentiation is non-existent 

what hinders the creation of myocardial tissues from these cells (Maliken and Molkentin, 

2018; Martinez and Kofidis, 2011; Nunes et al., 2011). 

2.4.2.4  Differentiated cells 

Differentiated cells are cells that are no longer able to differentiate to other cell lineages 

because of their terminal differentiation towards a specific cell type. Endothelial cells, 

smooth muscle cells, neonatal cardiomyocytes and fibroblasts are examples for these 

types of cells. They are usually used in cardiac tissue engineering with the objective of 

supporting other cells such as CM (Dai et al., 2011; Lu et al., 2013; Tulloch et al., 2011). 

Endothelial cells are used in combination with other cell types with the aim to generate a 

vascularization in the cardiac constructs. Several studies have shown angiogenesis and 

vasculogenesis from endothelial cells in vitro and that the de novo generated vessels 

were connected to host blood vessels after transplantation of cardiac grafts (Baldwin et 

al., 2014; Tulloch et al., 2011). Overall, this approach increased survival of the cells 

present in the constructs (cardiomyocytes, fibroblasts, endothelial cells and/or 

myoblasts), enhanced proliferation and functionality of CM in the constructs and 

improved the function of the infarcted heart (Levenberg et al., 2005; Sekine et al., 2008; 

Tulloch et al., 2011; Vuorenpää et al., 2014). 

Cardiac fibroblasts are an abundant population in the heart and they have an essential 

role in the functionality of CM and the structure of the heart. Because of that, some 
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studies have used fibroblasts as a supporting cell in combination with CM (Liau et al., 

2017). Better contractibility, connectivity and cellular organization was demonstrated 

with the combination of CM and fibroblasts compared to CM alone (Lesman et al., 

2010). When fibroblasts were used in combination with CM and endothelial cells, 

endothelial cord formation was increased (Tulloch et al., 2011). 

2.4.3 Scaffolds  

A great diversity of scaffolds are used in cardiac tissue engineering as structural support 

systems with the aim of improving survival, differentiation, migration, proliferation, 

myocardial retention and engraftment of implanted cells into the heart. Additionally, the 

combined use of cells and scaffolds can achieve different levels of cellular connection, 

intercommunication, organization and three-dimensionality prior to implantation 

(Dhandayuthapani et al., 2011; Li and Weisel, 2014; Ruvinov and Cohen, 2013). 

Scaffold-free cardiac tissue engineering constructs have also been developed, by using 

the ability of cells to produce their own ECM as the structural support system 

(Miyagawa et al., 2005; Stevens et al., 2009; Stevens et al., 2009). 

The basic requirements for a suitable scaffold in cardiac tissue engineering are the 

following attributes: biocompatibility, biodegradability, nontoxicity, certain degree of pore 

interconnectivity, sterility, and chemical and biomechanical properties compatible to the 

cardiac tissue (Chan and Leong, 2008; O’Brien, 2011). In relation to the material of the 

scaffolds, they can be mainly classified into biological scaffolds and synthetic scaffolds. 

Moreover, scaffolds can be modified in such a way that they are able to release certain 

molecules such as growth factors or cytokines that can aid in the vascularization 

process and potentiate the regenerative/reparative potential of the tissue construct 

(Kaully et al., 2009; Lee et al., 2011).  

2.4.3.1 Biological scaffolds 

Biological scaffolds have been thoroughly investigated in cardiac tissue engineering and 

can be subclassified into biological polymers and decellularized tissue scaffolds 

(Hoshiba et al., 2010a; Ruvinov et al., 2012). They are derived from human, animal and 

plant tissues or cells. Due to their biological origin, biological scaffolds contain organic 

molecules and natural structures that mimic the native tissue and are especially 

favorable for the attachment of cells. However, the potential presence of xenogeneic 

epitopes in biological scaffolds from animals, such as α-gal, can induce an immune 
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response to a greater or lesser degree because these organic molecules can be 

recognized as foreign in humans (Hoshiba et al., 2010a). Nevertheless, advances in the 

production of recombinant human polymers such as collagen or the generation of 

transgenic animals without the expression of specific epitopes are diminishing this issue 

in relation to biological polymers (Browne et al., 2013; Fischer et al., 2016). 

The most widely used biological polymers in cardiac tissue engineering are gelatin, 

collagen, fibrin and Matrigel. Other molecules used to a lesser extent are laminin, 

hyaluronic acid, chitosan and alginate (Cui et al., 2016; Li and Guan, 2011a). They are 

components of the extracellular matrix and offer therefore high biocompatibility. 

Moreover, these biological polymers are also easy to use and commercially available. 

The drawbacks of biological polymers are their poor mechanical properties, the high 

variability in composition and the fast degradation kinetics (Venugopal et al., 2012). 

Because of that, some studies have reported the use of biological polymers in 

combination with decellularized tissue scaffolds in order to compensate these 

drawbacks (Lesman et al., 2010; Vukadinovic-Nikolic et al., 2013). 

Decellularized tissue scaffolds are derived from native tissues that have been treated 

with chemicals to remove the cellular content (Hoshiba et al., 2010b). This process 

generally involves the use of detergents that destroy lipid bilayers of cells and can be 

non-ionic (i.e. Triton X-100), ionic (i.e. sodium dodecyl sulfate) or zwitterionic (i.e. 

CHAPS). Other substances, that are also used for decellularization of tissues and 

organs, are acids, bases, hypotonic and hypertonic solutions, and alcohols (i.e. glycerol) 

(Crapo et al., 2011). These compounds preserve the structure and composition of the 

ECM allowing migration and attachment of applied cells. In cardiac tissue engineering, 

different decellularized tissue scaffolds derived from e.g. small intestine (Andrée i, 

2013), complete heart (Lu et al., 2013), bladder (Remlinger et al., 2013) or pericardium 

(Rajabi-Zeleti et al., 2014) have been used. 

2.4.3.2  Small Intestinal submucosa (SIS) 

SIS has been used in research and in the clinical field as a tissue scaffold for decades 

(Badylak, 1993) and it is one of the most employed and known biological scaffolds 

nowadays. It is usually derived from the pig small intestine through mechanical and 

chemical decellularization and possess a mean thickness of 100 µm. Apart from the 

ECM of the SIS (composed mainly by collagen I, III, IV, V, VI, elastin and fibronectin 

(Lam and Wu, 2012)) it can also contain growth factors, glycoproteins and 
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glycosaminoglycans (Andrée et al., 2013). Due to its flexibility and easy handling, SIS is 

favored for the surgical implantation as a patch and, despite the presence of specific 

antibody response against SIS and α-gal in the human body, there is no evidence of 

clinical rejection or severe complications after implantation (Ansaloni et al., 2007). SIS is 

FDA approved for a substantial amount of medical indications and therefore 

commercially available. 

2.4.3.3  Matrigel 

Matrigel basal membrane matrix contains a complex mixture of ECM proteins and 

growth factors produced by murine tumor cells (Engelbreth-Holm-Swarm sarcoma). 

Among the ECM proteins, laminin is the major component, followed by collagen IV, 

heparin sulfate proteoglycans, and nidogen (Hughes et al., 2010). Additionally, the 

following growth factors have been identified in Matrigel: epidermal growth factor, 

transforming growth factor beta, insulin-like growth factor, platelet-derived growth factor 

and fibroblast growth factor (Vukicevic et al., 1992). Matrigel has been used frequently 

in the field of cardiac tissue engineering as a hydrogel (Li and Guan, 2011b; Lux et al., 

2016; Vukadinovic-Nikolic et al., 2013; Zimmermann et al., 2004). However, the animal 

origin, the derivation from a tumor, and its variable composition hinder the clinical 

application of Matrigel. 

2.4.3.4  Synthetic scaffolds 

Synthetic scaffolds possess a big advantage compared to biological scaffolds as their 

properties can be tuned during the fabrication process e.g. molecular weight, thickness, 

porosity, biodegradability, anisotropy, density, fiber diameter, mechanical stability 

(Dhandayuthapani et al., 2011). However, due to their synthetic origin the 

biocompatibility of the synthetic scaffolds is often poor compared to biological scaffolds. 

To improve the interaction with cells and the biocompatibility biological molecules such 

as collagen, fibronectin or different growth factors can be bound to synthetic scaffolds 

(Wang et al., 2013). The most common synthetic materials used in tissue engineering 

are degradable polyesters composed of lactide (PLA) and glycolide (PLG) and their 

copolymers (PLA-PLG) (Dhandayuthapani et al., 2011). 
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2.4.3.5  Scaffold-free tissue engineering 

Scaffold-free tissue engineering strategies seek the creation of three-dimensional 

tissues without the prior use of any biological or synthetic scaffold. These constructs are 

composed only of cells and the matrix they produce. By that, potential disadvantages of 

scaffolds are avoided such as host inflammatory response, toxicity, non-compatibility of 

the mechanical properties between the scaffold and the myocardium and non-

connectivity of cardiomyocytes (Stevens et al., 2009). 

There are two main strategies to develop scaffold-free constructs: cell aggregation and 

cell sheets (Gorodetsky, 2011). In the first approach, cells are able to create aggregates 

in suspension or by the use of external stimuli such as the use of a rotating shaker. For 

the production of cell sheets, cells are seeded in special flasks that become hydrophilic 

and non-adhesive at reduced temperatures, allowing the detachment of cells without 

destroying the extracellular matrix they have created and preserving cell-to-cell contacts 

(da Silva et al., 2007). Additionally, it is also possible to create scaffold-free cardiac 

constructs by using specific 3D-printing strategies (Ong et al., 2017). The CM of the 

constructs created by the prior methods can be closely interconnected and are able to 

contract spontaneously and coordinately (Miyagawa et al., 2005; Stevens et al., 2009; 

Stevens et al., 2009). However, their mechanical stiffness is far from the mechanical 

stiffness of cardiac constructs with scaffolds.  

2.4.4 Bioreactors 

A bioreactor is a system that supports functionality and growth of cells and tissues 

because of an optimized supply of nutrients and oxygen. In this regard, spinner flasks 

are one of the simplest and earliest bioreactors, able to induce convection through a 

stirring mechanism (Sucosky et al., 2004). 

In cardiac tissue engineering, developed bioreactors are not only able to optimize 

supply of nutrients and oxygen, they are also specially designed for improving the 

organization, distribution, functionality and differentiation of cells (usually CM) in defined 

scaffolds with the purpose of producing bioengineered cardiac tissue more suitable for 

therapeutical application (Mertsching and Hansmann, 2009). Such bioreactors can 

generate additional stimuli for the cells in order to simulate the physiological conditions 

of the heart in vivo as much as possible. Regarding this approach, the following stimuli 

have been applied and studied in vitro (Govoni et al., 2013): 
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• Uniaxial/biaxial stretch, shear stress and compression 

• Electrical stimuli 

• Perfusion 

The majority of used bioreactors in cardiac tissue engineering studies are custom made 

and tailored for the specific dimensions and properties of the generated cardiac 

constructs. Nevertheless, commercial bioreactors like Flexcell Tension System FX-4000 

are also used for in vitro studies (Tulloch et al., 2011). 

Among the different stimuli applied to cardiac construct, cyclic mechanical stress 

applied through uniaxial or biaxial stretch, compression or shear stress is the most 

studied factor in cardiac tissue engineering. The applied mechanical forces produce a 

great variety of effects in different types of cells from rat, mouse or human. In general, 

maturation of CM and of the engineered tissue has been shown in different studies 

upon stimulation with mechanical stress. In neonatal and adult rat CM mechanical 

stress induced increased expression of proteins such as α-actin, N-cadherin and 

connexin 43 (Shachar et al., 2012), beta and α-myosin heavy chain (Vandenburgh et 

al., 1996), hypertrophy and improved organization of cardiomyocytes (Fink et al., 2000), 

further organization of sarcomeres, gap junctions, adherens junctions and desmosomes 

and improvement of the T-tubular networks compared to unstimulated controls 

(Zimmermann et al., 2002). Moreover, mechanical stretch improved contractile function, 

CM alignment along the stretch axis and gene expression of cardiomyocyte markers 

(Lux et al., 2016). Regarding CM derived from human ESCs and hiPSC, increasing 

static stretch supported sarcomere alignment and CM coupling (Kensah et al., 2013). 

Cyclic stretch induced hypertrophy and proliferation (Tulloch et al., 2011), greater 

expression of cardiac troponin T, and higher proportion of differentiated cardiomyocytes. 

Furthermore, such stretch promoted phenotypic maturation of CM exhibiting increased 

elongation, enhanced gap junction expression and better contractile elements. 

Moreover, stretch enhanced expression of genes associated with cardiac maturation, 

shorter calcium cycle duration (Mihic et al., 2014) as well as improved mechanical and 

force generation properties of cardiac tissues compared to unstimulated controls (Ruan 

et al., 2016). 

The role of perfusion and electrical stimuli for the functionality, organization and 

maturation of cardiac constructs is less well investigated compared to mechanical 

stress. Different studies report that the addition of perfusion in cardiac constructs 
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composed of neonatal rat cardiomyocytes induced further expression of cardiac-specific 

proteins and better ultrastructural organization (Carrier et al., 1999), higher cell viability 

and development of thick, contractile and compact cardiac constructs (Radisic, 2004), 

improvement of contractile properties (Brown et al., 2008) and further enhancement of 

the mechanical stimulation effects on the maturation of CM (Lux et al., 2016) compared 

to untreated controls. With regard to electrical stimulation, it was demonstrated that 

electrical field stimulation induced cell alignment and coupling, increased the amplitude 

of synchronous contractions of the construct and improved ultrastructural organization 

compared to unstimulated controls (Radisic et al., 2004). Barash and co-workers 

reported that a continuous electrical stimulus in combination with perfusion promoted 

neonatal rat cardiomyocyte striation and elongation in the cardiac constructs and 

enhanced the expression of connexin 43 (Barash et al., 2010). Additionally, Chan and 

colleagues observed that electrical field stimulation of cardiomyocytes derived from 

hESC with an eight-channel C-Pace stimulator induced the expression of cardiac-

specific genes and the yield of differentiation, promoted ventricular-like phenotypes and 

improved calcium handling compared to controls (Chan et al., 2013). In addition, Hirt 

and colleagues demonstrated that electrical stimulation induced higher forces and 

improved alignment and organization of hiPSC-derived CM constructs compared to 

unstimulated controls (Hirt et al., 2014). 

2.4.5 Challenges of tissue engineering for myocardial regeneration 

In spite of the promising advances and new knowledge in cardiac tissue engineering 

during the last years, several essential challenges persist in the development of a truly 

safe, effective and relevant regenerative therapy in humans. Therefore, the future of 

cardiac tissue engineering in the clinical field will strongly depend on solving the 

following challenges. 

Vascularization  

The dimensions of a cardiac tissue engineered construct without vascularization are 

limited by the diffusion distances of nutrients and oxygen. A dense construct of cells 

exhibits a diffusion limit of around 100-200 µm. Therefore, cells in the center of a thick 

constructs are malnourished and not able to survive. This holds especially true for CM 

that have a high metabolism and are very sensitive to ischemia (Radisic et al., 2006). 

For the in vitro generation of cardiac constructs with clinically relevant dimensions a 

vascularization with a perfusable vessel system is needed. Moreover, implantation of a 
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perfusable vascularized construct in vivo will result in a fast connection with the host 

circulatory system. One approach to solve the challenge of vascularization is the 

generation of vascular structures in the constructs in order to nourish all cells 

independently of the construct thickness. Although some progress has been made by 

the implementation of endothelial cells into cardiac constructs, the creation of small-

diameter vascular grafts in vitro, and the connection between such grafts and the 

cardiac constructs (Morritt et al., 2007; Narmoneva et al., 2004; Sun et al., 2016), these 

constructs currently still lack the clinically required dimensions. 

Safety and efficacy  

Until now, numerous clinical trials of cardiac cell therapy have demonstrated the overall 

safety of adult stem cells, except skeletal myoblasts that induce arrhythmias (Menasché 

et al., 2008; Nguyen et al., 2016). For the treatment of heart diseases, ESCs and iPSCs 

and derivatives thereof have not been applied in humans yet. However, health 

authorities have granted permission to the first clinical trial with iPSCs for the treatment 

of heart diseases in Japan (Cyranoski, 2018). The small clinical trial is expected to take 

place in 2019 and three people will receive cell sheets composed of 100 million CM 

derived from iPSCs. Therefore, this would be the second clinical trial of iPSCs in the 

world. The first one took place in Japan, in 2017 for the treatment of macular 

degeneration where retinal pigment epithelial cells derived from iPSCs were implanted 

in humans (Cyranoski, 2017). The results of the aforementioned trials will influence the 

future clinical application of pluripotent stem cells and its expansion to other therapeutic 

strategies.   

Regarding the reported safety of adult stem cells, this could be due to the minimal 

survival of implanted stem cells in the heart. Achieving a high survival and engraftment 

of cells by means of cardiac tissue engineering strategies could cause side effects that 

were not detectable before. The safety concerns regarding cardiac tissue engineering 

are the following: 

Arrhythmias: One main concern is the induction of arrhythmias due to the 

transplantation of a high number of cells that are potentially not able to couple 

electrically with the host myocardium or have different electrical conduction properties. 

In fact, in a recent study in non-human primates with myocardial ischaemia treated with 

1 x 109 of CM derived from ESCs, non-fatal ventricular arrhythmias were detected in all 

treated animals and they were more frequent within the first two weeks after CM 
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transplantation (Chong et al., 2014). The reason for this problem is still unclear but 

could be due to automaticity or re-entrant loops of the cellular graft. Since ESCs and 

iPSCs are very similar, it is possible that this effect will be observed with iPSCs as well 

(Liu et al., 2013).  

Immune response: Most of the stem cells used in clinical trials are autologous in order 

to avoid rejection. Only mesenchymal stem cells, known as immune privileged cells 

because of their low expression of major histocompatibility complex I (Wang et al., 

2012), have been used in an allogeneic setting in clinical trials (Squillaro et al., 2016). 

The presence of a great number of allogeneic cells in cardiac tissue-engineered 

constructs for the treatment of cardiac diseases could increase the possibility of serious 

immune responses. Mesenchymal stem cells, under such conditions, could be 

immunogenic as well. These immune responses can interfere with the beneficial effects 

of the cells and even aggravate the functionality of the myocardium because of the 

inflammatory response. The potential immune response could limit the possibility for off-

the-shelf treatments for patients unless immunosuppression is applied or cell/tissue 

banks offering cells/tissue matching different HLA types are created. Moreover, the use 

of biological scaffolds (both xenogeneic and allogeneic scaffolds) induces immune 

responses in spite of a complete decellularization and sterilization (Badylak and Gilbert, 

2008; Keane and Badylak, 2015) what adds another hurdle to overcome. Additionally, 

when synthetic scaffolds are implanted into animals they induce different levels of acute 

and chronic inflammatory responses and foreign-body reactions since a fully 

biocompatible synthetic scaffold has not been generated so far (Simionescu et al., 

2011). 

Cancer: The ability of ESCs and iPSCs to develop teratomas after implantation in vivo is 

a well-known property of them, which was also demonstrated for implantation in normal 

or infarcted hearts of nude or immunocompetent syngeneic mice (Gutierrez-Aranda et 

al., 2010; Nussbaum et al., 2007; Zhang et al., 2011). Although differentiation and 

selection of differentiated cells can decrease significantly or avoid the risk of teratoma 

formation (Lin et al., 2010), it cannot be completely excluded that the administration of 

differentiated cells into the heart will cause teratomas mainly due to contamination with 

undifferentiated cells. Especially, if the long-term survival of cells is increased by cardiac 

tissue engineering methods the undifferentiated cells can proliferate and induce 

teratoma formation. Moreover, ESCs and iPSCs can develop chromosomal instability 

that could induce, in the long term, the appearance of cancer (Martins-Taylor and Xu, 
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2012). In addition, current reprogramming techniques with viral vectors can increase the 

risk of tumour formation because of the accidental expression of oncogenes (Okita and 

Yamanaka, 2011).  

It must be also taken into account that several paracrine effects originated by 

multipotent or pluripotent stem cells such as proangiogenic and mitogenic effects or 

apoptosis protection, that are beneficial in the short term for the ischaemic myocardium, 

could be dangerous in the long term because of an increased risk of cancer. Heart 

cancer is an extremely rare disease because of low proliferation potential of the resident 

stem cells. It cannot be discarded that the truly regeneration of this organ could 

promote, at the same time, the development of cancer, as a double-edged sword. 

Costs and logistics  

The increasing complexity of cardiac tissue engineering in which different elements 

such as scaffolds, cells, signalling molecules, bioreactors etc. are combined also raises 

the costs of the potential treatments with engineered constructs. In the future the 

applicability of these regenerative tools in the clinical routine will be determined not only 

by their safety and efficacy but also their cost-effectiveness. The use of treatments 

based on tissue engineering for the general population could be greatly restricted or 

even not existing due to lack of pharmacoeconomic justification. 

Since the development of large cardiac constructs suitable for the clinical field requires 

mass expansion of cells, a cost-effective large scale production is essential. Moreover, 

although the use of autologous cells avoids the risk of immune responses, it limits at the 

same time the instant availability of the treatment as an individual tissue engineered 

constructs needs to be generated, being a time consuming and costly process. Even 

with the use of heterologous cells, timing and coordination of different steps and 

personnel is essential for the future of cardiac tissue engineering.  

2.5 Previous related work of our research groups 

The different elements employed for the generation of bioartificial cardiac patches in this 

study were based on previous research of our group (Dr. Hilfiker) and the working group 

of Dr. Zweigerdt. First of all, the use of SIS in combination with Matrigel and collagen 

hydrogels as scaffolds for cardiac constructs was established with neonatal rat CM 

(Hata et al., 2010; Vukadinovic-Nikolic et al., 2013). In such constructs, neonatal rat CM 
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exhibited an elongated morphology with well-defined sarcomeric structures oriented 

along the longitudinal axis of the SIS, whereas round-shaped and random-arranged CM 

were observed in hydrogels only. Electric coupling of CM was demonstrated by 

microelectrode array measurements. In the next step, a bioreactor for mechanical 

stimulation of neonatal rat CM cardiac constructs was designed by the Department of 

Medical Device Construction (MHH), Dr. Marco Lux and colleagues and manufactured 

by the Department of Medical Device Construction (MHH). Uniaxial cyclic stretch was 

applied to the neonatal rat CM cardiac constructs employing this reactor. Mechanical 

stimulation resulted in maturation, alignment of neonatal rat CM, and improved 

contractile function compared to static controls (Lux et al., 2016).  

The differentiation protocol of pluripotent stem cells (hESC and iPSCs) for mass 

production of CM through Wnt pathway modulation was developed  by Kempf and 

colleagues (Kempf et al., 2015). This protocol applies a suspension culture-based 

strategy to generate CM as cell-only aggregates, which facilitates process development 

and scale-up.  
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2.6   Aim of the study 

The main goal of this thesis was the development of a functional human cardiac tissue 

construct by translating the previously developed technology with neonatal rat CMs to 

human cells. For that purpose, the work was focused on the following objectives: 

• Isolation and characterization of EC and CSC from human atrial appendages; 

• Derivation of human CMs from ESCs and iPSCs by the working group of Dr. 

Zweigerdt; 

• Development and characterisation of human cardiac patches based on SIS and 

utilizing all three cell types; 

• Investigation of the phenotypic maturation and gene expression changes in the 

developed patches following mechanical stimulation in a previously established 

custom-made bioreactor. 
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3. MATERIALS & METHODS 

3.1 Materials 

3.1.1 Equipment 

Name Company 
Accuri C6 Flow Cytometer BD Biosciences 
Agarose gel chamber Sub-Cell GT Bio-Rad 
Analytical Balance BR 2100 S Sartorius 
Analytical Balance MC 210 S Sartorius 
Autoclave DX-150 Systec 
Beakers (glass) Schott 
BioPulverizer  
Bioreactor system (customized) Department of Medical Device Construction, 

Hannover Medical School (MHH) 
Bottles (glass) Schott and Simax 
Bulldog clamps John Hopkins  
Camera AxioCam MRm Carl Zeiss 
Camera optiMOS (sCMOS) QImaging 
CASY Cell Counter Innovatis 
Centrifuge Megafuge 2.0R Heraeus 
Centrifuge Multifuge 3 S-R Heraeus 
CO2 Module S Carl Zeiss 
Confocal microscope FV1000 Olympus 
Cryogenic freezer MDF-C2156 VAN Ultra 
Low 

Sanyo 

Cryostat Microm HM 560 Thermo Fisher Scientific 
Dishwasher G 7783 Miele 
Erlenmeyer flasks Schott 
Freezer (-80 ºC) Ultra-Low Temperature VIP Sanyo 
Freezers (-20 ºC) QC 697 and 32274-00 Liebherr 
Freezing container rack “Mr. Frosty” Thermo Scientific Nalgene 
Fume hood Systemkanal 165/93 MM Wesemann 
Gamma irradiation device GammaCell 2000 Molsgaard Medical 
Gel Doc Universal Hood II Bio-Rad 
gentleMACS Dissociator Miltenyi Biotec  
Heater Pad HT200 MT6 Mini Tüb 
Heating Unit XL S Carl Zeiss 
Hex Wrench Set W-99 Hozan 
Ice making machine Ziegra 
Illumination system HXP 120V Carl Zeiss 
Incubator XL S1 Carl Zeiss  
Magnetic stir bar Carl Roth 
Magnetic stirrer IKAMAG REO IKA Werke  
Magnetic heatable stirrer RCT Basic IKA Werke 
Mastercycler ep gradient S realplex2 Eppendorf 
Microcentrifuge Fresco 17 Heraeus 
Metallic frames (customized) Department of Medical Device Construction, 

MHH 
Microscope Axio Observer.A1 Carl Zeiss 
Microscope Axio Observer.Z1 
Microscope CKX41 

Carl Zeiss 
Olympus 

Microscope IX51 Olympus 
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Microscope Stereo discovery.V8 Carl Zeiss 
Microwave MW 4207 E Amica 
NanoDrop Spectrophotometer ND-100 Thermo Fisher Scientific 
Nitrogen Tank CBS2300 Custom BioGenic Systems 
OctoMACS Separator Miltenyi Biotec 
Oven (200 ºC) Memmert 
Oven Type ULE 500 (60 ºC) Memmert 
pH electrode SenTix 21 Xylem Analytics 
pH meter pH 539 WTW 
Pipette BIOHIT 1-10 µL Sartorius 
Pipette BIOHIT 10-100 µL Sartorius 
Pipette BIOHIT 20-200 µL Sartorius 
Pipette BIOHIT 100-1000 µL Sartorius 
Pipette Controller Pipetus Hirschmann 
Power Pac 300 Bio-Rad 
Precision balance 440 Kern & Sohn 
Refrigerator (4 ºC) Liebherr 
Rocking shaker WT16 Biometra 
Safety Cabinets Herasafe 390 and 211  Heraeus Instruments 
Screwdrivers  
Slice holder Carl Roth 
Staining cuvette Carl Roth 
Stimulator MyoPacer EP Cell IonOptix 
Stop watch Carl Roth 
Surgical forceps FST 
Surgical scissors FST 
Temp Module S Carl Zeiss 
Thermomixer Compact Eppendorf 
Thermomixer HLC HLL 
Vortex REAX 2000 Heidolph 
Water bath 1083 GFL Gesellschaft für Labortechnik 

3.1.2 Consumables 

Name Company Catalogue Number 
µ-Slide Angiogenesis Ibidi 81506 
Air filters Midisart 2000 0.2 µm Sartorius 17805 
Aluminium foils Carl Roth 2596.1 
Bottle top filter Filtermax (500 
mL) 

TPP 99505 

C Tubes (GentleMACS) Miltenyi Biotec 130-093-237 
CASY cups Omni Life Science 05651794001 
Cell culture dishes Greiner 
CellStar 100 x 20 mm 

Sigma Aldrich  664160 

Cell culture plates 6 wells Thermo Fisher Scientific 140675 
Cell culture plates 12 wells Thermo Fisher Scientific 150628 
Cell culture plates 24 wells Thermo Fisher Scientific 142475 
Cell culture plates 48 wells 
Costar 

Corning 3548 

Cell scrapers Sarsted 83.1830 
Cell strainer Corning, 70 µm 
Nylon 

Sigma Aldrich CLS431751 

Cell strainer Corning, 100 µm 
Nylon 

Sigma Aldrich CLS431752 

Centrifuge tubes Greiner, 15 mL Sigma Aldrich  T1943-1000EA 



 
37

Centrifuge tubes Greiner, 50 mL Sigma Aldrich  T2318-500EA  
Culture flasks 25 cm2 Nunc 156367 
Culture flasks 75 cm2 Nunc 156499 
Culture flasks 175 cm2 Sarstedt 3912.002 
Cryo.S vials with screw cap, 
sterile 

Greiner Bio-One 126277 

Disposal Bags Brand 759705 
Laboratory tissue Kimberly-Clark 5439155 
Latex gloves Biogel Surgeon 
(6.5) 

Mölnlycke Health Care  82265 

Nitrile gloves, small size Kimberly-Clark 52001M 
Mersilene suture Johnson-Johnson EH6734 
Microscope cover slips 24 x 60 
mm #1,5 

Menzel-Gläser 15165452 

Microscope slides SuperFrost 
Plus, 75 x 25 x 1 mm  

Menzel-Gläser J1800AMNZ 

Microtome blades N35 Feather 02.075.00.006 
MS Columns Miltenyi Biotec 130-042-201 
M Tubes (GentleMACS) Miltenyi Biotec 130-093-236 
Nitrile gloves Peha-soft, small 
size (6-7) 

Hartmann 942190 

OP Towel Mölnlycke Health Care  800430-08 
PAP Pen, 2 mm Kisker Biotech  MKP-1 
Parafilm Bemis PM-996 
Pasteur pipettes Brand  
PCR 96 well plate Sarstedt 72.985 
Pipette tips 0.5-10 µL Sarstedt  70.1115 
Pipette tips 10-200 µL Sarstedt  70.760.002 
Pipette tips 100-1000 µL Sarstedt  70.762 
Polystyrene Round Bottom Tube, 
5mL, 12x75 mm 

Corning  352008 

Reaction tubes 0.2 mL Sarstedt 72.737.002 
Reaction tubes 0.5 mL  Eppendorf 0030.121.023 
Reaction tubes 1.5 mL Sarstedt 72.690.550 
Scalpel No. 21, disposable Feather 02.001.30.021 
Serological pipettes, 5 mL Sarstedt  86.1685.001 
Serological pipettes, 10 mL Sarstedt  86.1254.001 
Serological pipettes, 25 mL Sarstedt  86.1685.001 
Serological pipettes, 50 mL Sarstedt  86.1689.001 
Syringe Omnifix, U-100 Insulin, 
1mL  

B.Braun  9161708V 

Syringe Injekt  10 mL  B.Braun  4606108V 
Syringe Injekt  20 mL  B.Braun  4606205V 
Syringe Filter Rotilabo 0.22 µm 
PVDF Steril 

Carl Roth SE2M229I04 

3.1.3 Chemicals, media and solutions 

Name Company Catalogue Number 
2-Mercaptoethanol Thermo Fisher Scientific 31350-010 
2-Propanol (Isopropanol) ≥ 99.5% Carl Roth CP 41.2 
Acetic acid, glacial J.T. Baker 6052 
Acetone J.T. Baker 8002 
Agarose NEEO ultra-quality  Carl Roth 2267.4 
Amphotericin B 50 mg Bristol-Myers Squibb  
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Aqua ad iniectabilia Mini-Plasco 
ampoules 20 x 10 ml 

B. Braun 2351744 

autoMACS Running Buffer Miltenyi Biotec 130-091-221 
Baktolin Hartmann 981329 
Bovine serum albumin (BSA) 
lyophilized power  

Sigma Aldrich A9418-50G 

Braunol B.Braun 3864151 
Brilliant III Ultra-Fast SYBR Green 
QPCR Master Mix 

Agilent Technologies 600882 

CASY ton Omni Life Science 5651808 
Chloroform ≥ 99% Sigma Aldrich C2432 
Collagen I (rat) Trevigen  3447-020-01 
Collagenase B Sigma 11088815001 
DAPI (4’, 6-Diamidine-2-phenylindol) Thermo Fisher Scientific  D1306 
Dil conjugated acetylated low density 
lipoprotein (Dil-Ac-LDL) 

Biomedical Technologies BT-902 

Dimethyl sulfoxide (DMSO) Sigma Aldrich  D8418-100 
Donkey Serum Sigma Aldrich  D9663 
Donor Horse Serum Biochrom  S9135 
Dulbecco’s Modified Eagle Medium 
(DMEM) high glucose no glutamine 

Thermo Fisher Scientific  21969035 

Embryoid Body Dissociation Kit Miltenyi Biotec  130-096-348 
Endothelial Basal Medium (EBM-2) Lonza CC-3156 
Endothelial Cell Growth Medium 
(EGM-2 BulletKit)  

Lonza CC-3162 

Ethanol (100% denatured) J.T. Baker 8025 
Ethidium bromide solution Sigma Aldrich E1510 
Ethylenediamine tetraacetic acid 
disodium salt dihydrate (EDTA) 

Carl Roth X986.2 

Fetal Bovine Serum (FBS) Premium PAN Biotech 1502-P131206 
Fluorescent mounting medium Dako Deutschland  S3023 
Gentamycin Biochrom  A2712 
Glycerol (~99%) Carl Roth 6967 
Horse serum (500 mL) Biochrom 59135 
human CD31 Microbead Kit Miltenyi Biotec  130-091-935  
Iscove's Modified Dulbecco's Medium 
(IMDM + GlutaMAX) 

Thermo Fisher Scientific 270916 

L-Glutamine Biochrom  K0282 
Liquid nitrogen Linde  
Live/Dead Cell viability assay Thermo Fisher Scientific  L3224 
Magnesium sulfate heptahydrate 
(MgSO4 x 7 H2O) 

Merck  105886 

Matrigel Basement Membrane Matrix Corning  356234 
Neonatal Heart Dissociation Kit, 
mouse and rat 

Miltenyi Biotec  130-098-373 

Non-essential Aminoacids Thermo Fisher Scientific 11140035 
O.C.T. Compound Tissue Tek Sakura Finetek  4583 
Orange G for NA electrophoresis Sigma Aldrich 03756 
Paraformaldehyde (PFA) Sigma Aldrich  P6148-500g 
Penicillin/Streptomycin Thermo Fisher Scientific A2213 
Phosphate Buffered Saline (PBS) 
10x, pH 7.4, w/o Ca2+ and MG2+; 
liquid 

Thermo Fisher Scientific 70011-036 

Phosphate Buffered Saline (PBS) w/o 
Ca2+ and MG2+; powder 

Biochrom  L182-50 
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Potassium Chloride (KCl) Merck  104936 
Revert Aid H Minus First Strand 
cDNA Synthesis Kit 

Thermo Fisher Scientific K1631 

ROCK-Inhibitor (Y-27632 
Dihydrochloride) 

Tocris 1254 

RPMI 1640, L-Glu, NaHCO3 Biochrom  FG1215 
Smart Ladder Eurogentec MW-1700 
Sodium Bicarbonate (NaHCO3) Merck 1.06329.0500 
Sodium Hydroxide (NaOH) Merck 1.09137.2500 
Sodium Selenite Sigma Aldrich S5261-10G 
Tetramethylrhodamine, Methyl Ester, 
Perchlorate (TMRM+) 

Thermo Fisher Scientific T668 

Transferrin  Sigma Aldrich T8158-100MG 
Tris(hydroxylmethylmethane)-
aminomethane 

Carl Roth  5429.3 

Triton X-100 Carl Roth  3051.4 
Trizol Reagent Invitrogen 15596018 
TrypLE Select Biochrom  12563029 
Vancomycin Hikma Pharma  PZN 6-894955 
Vaselin (125 ml) Isana / Rossman  
Water Ampuwa Fresenius B230673 

 

3.1.4 Cell types and species 

Name Source Catalogue Number 
Cardiomyocytes derived from human 
Embryonic Stem Cells (hESCs). 
Lines: hESC3 α-MHCC1 and hES3 α-
MHC AAVS1 eGFP K2 

Produced in the working 
group of Robert Zweigerdt 

- 

Cardiomyocytes derived from human 
induced Pluripotent Stem Cells 
(hiPSCs). Line: 
HSC_Iso4_ADCF_SeV-iPS2 
(Phoenix)_AAVS1_αMHC-
NeoR_PGK-
HygroR/CAG_NIS_VENUSnucmem-
iPS 

Produced in the working 
group of Robert Zweigerdt 

- 

German Landrace Pigs (3 – 4 months 
old, 30 – 35 Kg) 

Ferkelerzeugergemeins
chaft Springe-Burgdorf 

- 

Human Cardiac CD31 negative 
Stromal Cells (hCSCs) 

Isolated from heart tissue 
(MHH patients) 

- 

Human Cardiac Endothelial Cells 
(hCECs) 

Isolated from heart tissue 
(MHH patients) 

- 

Human Foreskin Fibroblasts HFF-1 ATCC SCRC-1041 
Human Umbilical Vein Endothelial 
Cells (HUVEC) 

Lonza C2519A 

3.1.5 Software 

Name Company / Developer 
Angiogenesis analyzer 1.0.c Gilles Carpentier 
AxioVision 40x64 4.9.10 and 40 4.8.2  Zeiss  
CellSens Olympus 
Directionality plugin 2.0.2 Jean-Yves Tinevez 
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Fiji. ImageJ 1.52a Wayne Rasband National 
Institute of Health 

FlowJo 10.1r5 FlowJo, LLC 
GraphPad Prism  GraphPad Software 
LabVIEW Ver. 2011 (custom 
program) 

National Instruments & 
Department of Medical 
Device Construction, MHH 

Mastercycler ep Realplex Ver. 2.2 Eppendorf 
Microsoft Office 2010   Microsoft 
MUSCLEMOTION 1.0 Berend J van Meer, MSc 

Luca Sala, PhD 
NanoDrop ND-1000 3.8.1 Thermo Fisher Scientific 

3.1.6 Primary antibodies/lectins 

Name Company Catalogue Number 
Monoclonal mouse anti-CD31-PE 
(IgG1) 

Miltenyi 130-092-653 

Monoclonal mouse anti-connexin 
43 (IgM) 

Sigma C8093 

Monoclonal mouse anti-desmin 
(IgG1) 

Sigma D1033 

Monoclonal mouse anti-myosin 
heavy chain MF 20 

Developmental Studies 
Hybridoma Bank 

AB_2147781 

Monoclonal mouse anti-N-cadherin 
(IgG1) 

Sigma C2542 

Monoclonal mouse anti-sarcomeric 
α-actinin (IgG) 

Sigma A7811 

Monoclonal mouse anti-smooth 
muscle actin (SMA) (IgG2) 

DAKO M0851 

Monoclonal mouse anti-vimentin 
(IgG2a) 

DAKO M7020 

Monoclonal mouse isotype control 
IgG1 

DAKO X0931 

Monoclonal mouse isotype control 
IgG2a 

DAKO X0943 

Monoclonal mouse isotype control 
IgM 

DAKO X0942 

Polyclonal rabbit anti-sarcomeric 

α-actinin (IgG) 

Abcam ab137346 

Polyclonal rabbit isotype control 
(IgG) 

Abcam ab27478 

Ulex europaeus Agglutinin I 
(ULEX) 

Vector Laboratories B-1065 

Monoclonal mouse anti-cardiac 
troponin T (IgG1) 

Sigma MA5-12960 

Monoclonal mouse anti-myosin 
(skeletal, slow) (IgG1) 

Sigma M8421 

3.1.7 Secondary Antibodies / Avidins 

Name Company Catalogue Number 
Alexa Fluor 488 donkey anti-
mouse IgG 

Jackson ImmunoResearch 715-545-151 

Alexa Fluor 488 donkey anti-
rabbit IgG 

Jackson ImmunoResearch 711-545-152 
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Alexa Fluor 647 donkey anti-
mouse IgM 

Jackson ImmunoResearch 715-606-020 

Cy2 donkey anti-rabbit IgG Jackson ImmunoResearch 711-225-152 
Cy3 donkey anti-mouse IgG Jackson ImmunoResearch 715-165-151 
Cy3 donkey anti-rabbit IgG Jackson ImmunoResearch 711-166-152 
Cy5 donkey anti-mouse IgG Jackson ImmunoResearch 715-175-150 
Dylight 549 donkey anti-mouse Jackson ImmunoResearch 715-505-020 
Dylight 594 donkey anti-mouse 
IgG 

Jackson ImmunoResearch 715-507-003 

Fluorescein Avidin D Vector Laboratories A-2001 

3.1.8 Primers 

All primers were designed by Dr. Andrée and the author for the species Homo sapiens 

sapiens. 

Gene Abbreviation Sequence (5’-3’) 
Annealing 

Temperature 

Calcium voltage-
gated channel 

subunit α1 C 

CACNA1C F AACAACAGGTTTCGCCTCCA 

59ºC 

CACNA1C R AGCCCCATAAGCAGTCATCTT 

Glyceraldehyde 3-
phosphate 

dehydrogenase 

GAPDH F CCCACTCCTCCACCTTTGAC 

65ºC 

GAPDH R GAGATTCAGTGTGGTGGGGG 

Hyperpolarization 
activated cyclic 

nucleotide gated 
potassium and 

sodium channel 2 

HCN2 F AGATGAAGCTGTCCGATGGC 

60ºC 

HCN2 R GAATACGCCCGAGTTGAGGT 

Hyperpolarization 
activated cyclic 

nucleotide gated 
potassium channel 4 

HCN4 F GGTGGACACCGCTATCAAAG 

58ºC 

HCN4 R AGGTGATGCCCACAGGAATG 

Myosin heavy chain 
6 

MYH6 F AGACAAAAAGAACCTGCTGCG 

65ºC 

MYH6 R TCACTCCTCATCGTGCATTTT 

Myosin heavy chain 
7 

MYH7 F GCATTCGCAGAACACAGGC 

65ºC 

MYH7 R CCAGCGTCTTCTTCATCCGT 

Myosin light chain 2 

MYL2 F TTGGGCGAGTGAACGTGAAA 

65ºC 

MYL2 R TTTCCCGAACGTAATCAGCCT 

Myosin light chain 7 MYL7 F GCCTTCAGCTGTATCGACC 65ºC 
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MYL7 R GGGGTCTGTCCCATTGAGC 

Potassium voltage-
gated channel 

subfamily H member 
2 

KCNH2 F TCTGGCTCTGAGGAGCTGAT 

60ºC 

KCNH2 R TGAGGCTGCTGAAGGTGAAG 

Potassium voltage-
Gated channel 

subfamily J member 
12 

KCNJ12 F TTGAAGACAGTACCGTGCCC 

60ºC 

KCNJ12 R CCTCCTCCGATGACACGATG 

Potassium voltage-
gated channel 

subfamily J member 
2 

KCNJ2 F TTTGCTTTGGCTCACTCGCT 

60ºC 

KCNJ2 R CTCTGGGAGCCTTGTGGTTC 

Potassium voltage-
gated channel 
subfamily Q 
member 1 

KCNQ1 F AACACTGCTGGAAGTGAGCA 

60ºC 

KCNQ1 R TACTGCTCAATGACGTCCCG 

Sarcoplasmic / 
endoplasmic 

reticulum calcium 
ATPase 2 

SERCA2 F TCTGTGGAAACCCTTGGTTGT 

65ºC 

SERCA2 R 
CAAGTATCACCTTCCACTCTGT

CC 

Sodium voltage-
gated channel α 

subunit 5 

SCN5A F ATGGCAATCCACCCCAAGAG 

60ºC 

SCN5A R CCGGAAGATGGTCTTGCCTT 

Titin variant N2B 

TTN N2B F CCAATGAGTATGGCAGTGTCA 

56ºC 

TTN N2B R TACGTTCCGGAAGTAATTTGC 

Titin variant N2BA 

TTN N2BA F CAGCAGAACTCAGAATCGA 

56ºC 

TTN N2BA R ATCAAAGGACACTTCACACTC 

Troponin I, cardiac 

TNNI3 F CTCCGCCTCGAGAAAATTGC 

60ºC 

TNNI3 R AGGTCCAGGGACTCCTTAGC 

Troponin I, slow-
twitch skeletal 
muscle isoform 

TNNI1 F GCTCCACGAGGACTGAACAA 

60ºC 

TNNI1 R CGTATCGCTCCTCATCCACC 
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3.1.9 Custom-made solutions 

3.1.9.1 Detergent (1 L) 

Components Volume (mL) Concentration 
Triton X-100 10 1% 

Tris 1M, pH 7.5 10 10 mM 
Water Ampuwa 980 98% 

3.1.9.2 PBS+ (1 L) 

Components Amount 
Amphotericin B 2.5 mg 

Gentamicin 100 mg 
PBS 10X, sterile 100 mL 

Vancomycin 1 g 
Water Ampuwa 900 mL 

3.1.9.3 Gel medium (2 mL) 

Components Volume [µL] 
Percentage 

[% v/v] 
Concentration 

DMEM (2x) 1380 69 69% 
FBS 80 4 4% 

Horse Serum 500 25 25% 
L-Glutamine, 200 mM 20 1 2 mM 

Penicillin//Streptomycin, 
10000U/mL//10000 μg/mL 

20 1 
100U/mL//100 

μg/mL 

3.1.9.4 Basal serum-free medium (BSF) (100 mL) 

Components Volume [µL] Concentration 
DMEM (high glucose, no 

glutamine) 
96 96% 

L-Glutamine, 200 mM 1 2 mM 
Non-Essential Aminoacids, 100x 1 1X 

Penicilin//Streptomycin, 
10000U/mL/10000 μg/mL 

1 100U/mL//100 μg/mL 

Transferrin//selenium, 5.5 
µg/mL/0.67 µg/mL 

1 55 ng/mL//6.7 ng/mL 

2-Mercaptoethanol (50 mM)       0.2 0.5 mM 

3.1.9.5 Initial HuDiff medium (InHuDiff) (103.3 mL) 

Components Volume [µL] Concentration 
IMDM + GlutaMAX 80 77.4% 

FBS 20 19.36% 
L-Glutamine, 200 mM 1 2 mM 

Non-Essential Aminoacids, 100x 1 1X 
Penicilin//Streptomycin, 1 100U/mL//100 μg/mL 
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10,000U/mL//10,000 μg/mL 
2-Mercaptoethanol (50 mM)         0.2 0.5 mM 

ROCK Inhibitor (10 µM)        0.1 0.1 µM  

3.1.9.6 HuDiff Media (100 mL) 

Components 
HuDiff 

Complete 
Volume (mL) 

HuDiff 1/2 
Volume 

(mL) 

HuDiff 1/4 
Volume 

(mL) 

HuDiff 
Reduced 

Volume (mL) 
IMDM + GlutaMAX 80 90 95 95 

FBS 20 10 5 5 
L-Glutamine, 200 mM 1 1 1 1 

Non-Essential Aminoacids, 100x 1 1 1 1 
Penicilin//Streptomycin, 

10000U/mL//10000 μg/mL 
1 1 1 1 

2-Mercaptoethanol 0.2 0.2 0.2 0.2 
ROCK Inhibitor (10 µM) 0.1 - - - 

EGM-2 BulletKit (without FBS)    - 
R3-IGF-1 0.1 0.05 0.025 - 

Ascorbic Acid 0.1 0.05 0.025 - 
rhEGF 0.1 0.05 0.025 - 

Heparin 0.1 0.05 0.025 - 
VEGF 0.1 0.05 0.025 - 

GA-1000 0.1 0.05 0.025 - 
rhFGF-B 0.4 0.2 0.1 - 

Hydrocortisone 0.04 0.02 0.01 - 

 

3.1.9.7 RPMI Complete Medium (100 mL) 

Components 
Volume [mL] & 

Percentage [% v/v] 
Concentration 

RPMI 1640 with L-glutamine 66.5 66.5% 
FBS 20 20% 

Horse Serum 5 5% 
Non-Essential Aminoacids, 100X 1 1X 

Penicillin//Streptomycin 
10,000U/mL//10,000 μg/mL 

1 100U/mL//100 μg/mL 

Transferrin//selenium, 
5.5 µg/mL//0.67 µg/mL 

1 55 ng/mL//6.7 ng/mL 

2-Mercaptoethanol (50 mM) 0.2 0.5 mM 
ROCK Inhibitor (10 µM) 0.1 0.1 µM 

EGM-2 BulletKit (without FBS) 
R3-IGF-1 

 
0.1 

 
Unknown 

Ascorbic acid 0.1 Unknown 
rhEGF 0.1 Unknown 
Heparin 0.1 Unknown 
VEGF 0.1 Unknown 

GA-1000 0.1 Unknown 
rhFGF-B 0.4 Unknown 

Hydrocortisone 0.04 Unknown 

 

 



 
45

3.1.9.8 Fibroblast Medium (100 mL) 

Components 
Volume [mL] & 

Percentage [% v/v] 
Concentration 

DMEM 88 88% 
FBS 10 10% 

L-Glutamine, 200 mM 1 2 mM 
Penicillin//Streptomycin, 

10,000U/mL//10,000 μg/mL 
1 100U/mL//100 μg/mL 

3.1.9.9 DMEM (50 mL, 2X, pH 7.35) 

Components Amount 
DMEM powder 1.348 g 

NaHCO3 0.037 g 
Water Ampuwa 50 mL 

3.1.9.10  TAE (1 L, 1X) 

Component Amount Concentration 
Acetic acid, glacial 1.14 mL 20 mM 
EDTA 0.5 M pH 8.0 2 mL 1 mM 

Tris 4.85 g 40 mM 
Water (deionized)         996.86 mL  

3.1.9.11 PFA 4% (500 mL, pH 7.2-7.4) 

Component Amount 
PFA Powder 20 g 

PBS 1x 500 mL 

The PFA solution was stirred at 60ºC overnight. The following day the solution was 

aliquoted and placed at -20ºC for long term storage.  

3.1.9.12  MACS buffer (500 mL, pH 7.2) 

Components Volume (mL) Concentration 
BSA 2.5 0.5% 

EDTA 0.5 M 2 2 mM 
PBS 1x 495.5 99.1% 

 

 

 

 



 
46

3.2 Methods 

3.2.1 Matrix 

3.2.1.1 Preparation of small intestinal submucosa (SIS) 

Small intestinal segments were obtained from German Landrace pigs, 3 – 4 months old, 

under sterile conditions. This work was approved by the Lower Saxony State Office for 

Consumer Protection and Food Safety (LAVES). It was conducted according to local 

government policy (#05/937) and Committee protocols of Hannover Medical School 

(MHH) and the Research Advisory Committee. All animals received humane care in 

compliance with the European Convention on Animal Care. 

 The intestinal segments were stored at 4ºC in Braunol for no longer than 5 hours. The 

detailed protocol was previously described (Andrée et al., 2014; Lux et al., 2016). First, 

small intestine segments were cut into smaller pieces of 15-20 cm (Figure 11A). For the 

mechanical decellularization, small intestine pieces were turned inside out and pulled 

over a 10 mL syringe to facilitate the removal of the mucosa through scraping with 

forceps (Figure 11B). After this step, the small intestine pieces were turned back for the 

mechanical removal of the serosa by peeling away with forceps. Processed SIS was 

then washed with PBS+ solution (gentamicin, vancomycin and amphotericin B). 

For the chemical decellularization, SIS segments were filled with the detergent solution 

(1% Triton X-100 in 10 mM Tris, pH 7.5) and both ends were closed with bulldog clamps 

or Mersilene suture (Figure 11C). SIS segments were submerged in decellularization 

solution and treated for 24 hours at room temperature (RT) under constant shaking. 

Subsequently, the closed ends were cut open and the detergent solution was flushed 

out from the SIS. SIS segments were turned inside out and washed in Ampuwa water 

for 24 hours under shaking. SIS segments were washed with PBS+ solution for a total 

time of 10 days (5 days with the mucosa side facing outwards and 5 days with the 

serosa facing outwards), with exchange of PBS+ solution every day under shaking. 

Once this washing cycle was completed, the SIS segments were stored in PBS+ in 50 

mL tubes and sterilized by gamma irradiation (150 Gy) and stored at 4ºC until further 

use. 
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Figure 11: Preparation of small intestinal submucosa (SIS). (A) Segment of SIS after 

being stored in Braunol. (B) Mechanical decellularization through scraping of the 

mucosa with forceps. (C) Segment of SIS filled with detergent solution for chemical 

decellularization. Images were reprinted by permission from Lux et al., 2016 and D. 

Manikowski (Manikowski, 2016). 

3.2.1.2 Preparation of SIS for cell seeding 

Under sterile conditions, decellularized SIS segments were cut open along the 

longitudinal axis. Custom made frames, made by the Department of Medical Device 

Construction, were used to fix the SIS (Figure 12). The submucosa side was facing 

upwards and the longitudinal axis of the SIS parallel to the length of the frames. The 

corners of the SIS were pierced to allow the insertion of the screws. Afterwards, the SIS 

patches fixed in the frames were placed in 10 cm cell culture dishes with 30-40 mL of 

PBS at RT for 1-2 days.  

For static experiments, two metallic frames and 4 steel flat head screws were used to fix 

the SIS and create a SIS patch (Figure 12A). For mechanical stimulation experiments in 

a bioreactor, custom-made polysulfone (PSU) plastic frames (4 bottom parts and 4 

upper parts) and 8 steel screws (4 short screws for the bottom parts and 4 large screws 

for the upper parts) were used for a SIS patch. To avoid leakage through the gaps 

between the frame pieces in the 4 corners, prewarmed liquid vaseline (60ºC) was 

applied with small forceps between these gaps and SIS flaps were used to cover them 

(Figure 12B). For both metallic and plastic frames, 2 different sizes were used: 

11.25 cm2 (large size) and 7 cm2 (medium size) 

 

Figure 12: Custom made frames with SIS patches. (A) Large metallic frame 

(11.25 cm2). (B) Medium-size plastic frames for the bioreactor (7 cm2). 
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3.2.2 Cell Culture 

3.2.2.1 Dissociation of embryoid bodies (EBs) 

Plastic Erlenmeyer cell culture flasks with embryoid bodies (EBs) in suspension were 

received from the working group of Robert Zweigerdt (LEBAO). These EBs were 

composed of either human embryonic stem cell (hESCs)-derived cardiomyocytes 

(hCMs) or human induced pluripotent stem cell (hiPSCs)-derived CM. The 

differentiation protocol toward hCMs was based on the modulation of the Wnt pathway 

via small molecules (CHIR99021 and IWP2) (Kempf et al., 2015). The percentage of 

CM was assessed through flow cytometry analysis of specific cardiac markers (cardiac 

troponin T, sarcomeric α-actinin, beta myosin heavy chain and sarcomeric myosin 

MF20). Only batches of cells with a purity higher than 80% of hCMs were used for the 

experiments. 

To attain single-cell suspensions from the generated EBs, the Embryoid body 

dissociation kit (Miltenyi Biotec) and the gentleMACS dissociator (Miltenyi Biotec) 

following the protocol for dissociation of 8-20 days old EBs were used. In brief, up to 20 

mL of cell culture media containing EBs were transferred to gentleMACS M tubes and 

centrifuged at 300 x g for 2 minutes (min). Supernatant was then discarded and 10 mL 

of PBS was added to the M tubes to carefully resuspend the EBs. After centrifugation at 

300 x g for 2 min the supernatant was discarded. Enzyme mix 1 (with solution 1 and 2) 

pre-heated at 37ºC for 10-15 min and enzyme mix 2 (with solution 3 and 4) were added 

to the M tubes with EBs and the lids were tightly closed. The total amount of the final 

enzyme solution that was used per tube was depending on the pellet volume of EBs 

(1950 µL for small pellets up to 7800 µL for large pellets). 

The samples were incubated for 10 min at 37ºC. Subsequently, the M tubes were 

attached upside down onto the sleeve of the gentleMACS Dissociator and the program 

EB_01 was selected and activated to perform mechanical dissociation of the EBs. After 

termination of the program, the M tubes were detached from the Dissociator and 

incubated again at 37ºC for 10 min. The tubes were attached again upside down onto 

the Dissociator and program EB_02 was used. The tubes were transferred again to the 

incubator for 5 min at 37ºC and subsequently program EB_02 was applied. 8 mL of 

PBS or culture media was added to the M tubes to resuspend the sample. The cell 

suspension was filtered through pre-separation strainers (70 µm). These strainers were 

washed with 3 mL of PBS or culture media and discarded. The resulting CM suspension 



 
49

was centrifuged at 300 x g for 5 min and the supernatant completely aspirated. CM 

were resuspended in specific solutions depending on the planned experiments. 

3.2.2.2 Dissociation of left atrial appendages  

Surgeons of the Department of Cardiothoracic, Transplantation and Vascular Surgery 

(HTTG) resected left atrial appendages from adult MHH patients during cardiac 

surgeries as a method to prevent thrombosis. This procedure was approved by the 

Ethics Committee of MHH and informed consents of the patients were signed before the 

samples were obtained, according to the German regulation on human organ and tissue 

donation. These samples were anonymized and only age and sex from the donors were 

recorded. 

Cardiac tissue was stored at 4ºC in saline solution until dissociation. The pericardial fat 

was excised from the rest of the tissue in a 10 cm cell culture dish with PBS. The 

remaining cardiac tissue was transferred to another 10 cm cell culture dish with PBS 

and minced with scissors into ~2 mm3 pieces that were later placed into gentleMACS C 

tubes. To obtain single-cell suspensions from the atrial appendage, the Neonatal rat 

heart dissociation kit in combination with gentleMACS Dissociator and protocol from 

Miltenyi Biotec were used. In brief, PBS was removed from the tubes without 

centrifugation and enzyme mix 1 (with solution 1 and 2) pre-heated at 37ºC for 5 min 

and enzyme mix 2 (with solution 3, 4 and 5) were added to the C tubes with the 

samples and the lids were tightly closed. The total amount of the final enzyme solution 

that was used per tube was depending on the pellet volume of cardiac pieces, from 5 

mL (125 µL solution 1, 4600 µL solution 2, 50 µL solution 3, 25 µL solution 4 and 200 µL 

solution 5) for small pellets to up to 10 mL for large pellets. 

C tubes were then transferred to a shaking water bath and incubated for 15 min at 

37ºC. Subsequently, C tubes were attached onto the sleeve of the gentleMACS 

Dissociator and the program M_neoheart_01 was selected and run for mechanical 

dissociation of the samples. These steps (incubation in a shaking water batch for 15 min 

and use of the Dissociator) were repeated two times. After termination of the last run of 

the program, 10 mL of cell culture media with FBS was added to the tubes to resuspend 

the samples and stop the enzymatic activity. Afterwards, the cell suspension was 

applied to pre-separation strainers (70 µm), placed on 50 mL centrifuge tubes. The 

strainers were washed with 3 mL of the previous culture media and discarded. The cell 

suspension was centrifuged at 300 x g for 5 min. Subsequently, the supernatant was 

completely aspirated, and the cardiac cells were resuspended in Endothelial Growth 
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Medium (EGM-2) and seeded in T75 flasks that were placed inside an incubator at 37ºC 

and 5% of CO2. The following day, two washes with PBS were performed in order to 

remove residual extracellular matrix and cell debris and fresh EGM-2 was added to the 

flasks and exchanged every 2-3 days. 

3.2.2.3 Isolation and cultivation of adult human cardiac 

endothelial cells (hCECs) 

When human cardiac cells reached a confluence of ~80% (usually 1-2 weeks after 

seeding) and a high number of colonies of human cardiac endothelial cells (hCECs) 

with typical cobblestone morphology were visible, magnetic activated cell sorting 

(MACS) was performed by using the human CD31 microbead kit (Miltenyi Biotec) and 

the protocol described by the company. In brief, EGM-2 was removed from the flasks 

and cardiac cells were rinsed once with PBS. TrypLE was added for 1-2 min at 37ºC 

and the sides of the flasks were tapped to detach the adherent cardiac cells. DMEM 

media was added. Medium and cells were collected in a 15 mL tube and centrifuged at 

300 x g for 3 min. The cell pellets were resuspended with 60 µL of MACS buffer and 20 

µL of FcR blocking reagent. This solution was vortexed briefly and 40 µL of CD31 

microbeads was added to the mixture that was incubated for 15 min at 4ºC. 1 mL of 

MACS buffer was added, and the cell suspension was centrifuged at 300 x g for 3 min. 

The cell pellet was then resuspended in 500 µL of MACS buffer. 

For the magnetic separation of the CD31+ cells, a MS column was placed in the 

magnetic field of an OctoMACS separator and rinsed with 500 µL of MACS buffer. The 

cell suspension was applied to the column, which was washed three times with 500 µL 

of MACS buffer afterwards. The negative fraction, which passed through the column, 

was collected in a centrifuge tube. Subsequently, the column was removed from the 

separator and placed on top of a 15 mL centrifuge tube. 1 mL of MACS buffer was 

added to the MS column and was immediately flushed out by firmly pushing the plunger 

to retrieve the positive fraction. The positive and negative fractions were then 

centrifuged at 300 x g for 5 minutes, the supernatant removed, and the pellet 

resuspended in the appropriate medium. 

The positive fraction was highly enriched with hCECs that were cultured and expanded 

in EGM-2 inside an incubator at 37ºC and 5% of CO2 until further use. The composition 

of this media consisted of: EBM basal medium with EGM-2 BulletKit: Fetal bovine 

serum (FBS), human epidermal growth factor (hEGF), hydrocortisone, gentamicin, 

amphotericin B, vascular endothelial growth factor (VEGF), human fibroblast growth 
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factor-basic (rhFGF-B), R3 insulin like growth factor-1 (R3-IGF-1), ascorbic acid and 

heparin. For experiments, hCECs were used up to passage 9. 

3.2.2.4 Isolation and cultivation of adult human cardiac CD31 

negative stromal cells (hCSCs) 

After MACS sorting, the negative fraction was considered to be cardiac CD31 negative 

stromal cells (hCSCs) and were cultured and expanded in Fibroblast medium (DMEM 

with 10% FBS, 1% penicillin and streptomycin and 1% glutamine). For experiments, 

hCSCs were used up to passage 9. 

3.2.2.5 Passaging 

When hCECs or hCSCs reached a confluency of 70-80%, the media was aspired and 

the cells rinsed once with PBS. TrypLE was added for 1-2 min at 37ºC and the sides of 

the flasks were tapped to detach the adherent cardiac cells. DMEM media was added to 

the flasks and this media with the cardiac cells was applied to centrifuge tubes. These 

tubes were centrifuged at 300 x g for 5 min and the supernatant completely aspirated. 

Cell pellets were resuspended with appropriate media and the cell suspension 

transferred to flasks with an increased area for expansion. 

3.2.2.6 Cell counting 

CASY Cell Counter was used for the quantification of the number of cells, their 

dimensions and their viability, among other parameters. For cell counting, 10 µL of the 

cell suspension was diluted in CASY cups with 10 mL of CASY ton and placed in the 

CASY Cell counter. The counting system is based on a multi-channel electrical field and 

cell viability is determined by the integrity of the plasma membrane of the cells. Only 

cells with a diameter between 7 µL and 30 µL were included in the measurements. 

3.2.2.7 Cell freezing and thawing 

For cryopreservation, pellets of hCMs, hCECs and hCSCs were resuspended in 90% 

FBS and 10% dimethyl sulfoxide (DMSO) with a total volume of 1 mL per cryovial. The 

cryovials were placed in “Mr. Frosty” containers at -80ºC for 2 days and transferred to a 

liquid nitrogen tank for long time storage thereafter. For thawing, cryovials were placed 

at 37ºC in the water bath until the solution was liquid. The content of the vial was 

resuspended in DMEM medium. Finally, cell solutions were centrifuged at 300 x g for 5 

minutes, the supernatant was removed and cells were resuspended in the appropriate 

medium.  
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3.2.2.8 Angiogenesis and tube formation assay 

µ-slides Angiogenesis (Ibidi) were used for testing the 2D vasculogenic ability of hCECs 

on Matrigel in accordance with the protocol defined by the company in vitro. In 

summary, 10 µL of liquid Matrigel (kept on ice) was applied to each inner well. The 

slides with Matrigel were transferred into an incubator at 37ºC and 5% of CO2 for 1 hour 

to allow the polymerization of Matrigel. hCECs and HUVEC (as a control) were seeded 

at desired concentrations (hCECs: 200, 400 and 1600 cells per µL, HUVEC: 800 cells 

per µL). 50 µL of the cell suspension (in EGM-2) was applied onto the Matrigel layer. 

Time-lapse photographs were taken under controlled conditions (37ºC and 5% of CO2) 

every 10 minutes for 20 hours inside the Observer.Z1 microscope (Zeiss). 

3.2.2.9 Lentiviral transduction of hCECs 

hCECs and hCSCs in passages 2-4 at a confluency of 30% were transduced by 

lentiviral vectors for expression of green or red fluorescent protein (eGFP or DsRed) 

under biosafety level 2 regulations as described previously (Vukadinovic-Nikolic et al., 

2013). This task was performed by Dr. Dominique Manikowski, Dr. Birgit Andrée and 

Lisa Schulz. Viruses were produced and provided by Dr. Letizia Venturini (Department 

of Hematology, Hemostasis, Oncology and Stem Cell Transplantation, MHH). 

3.2.3 Creation of human cardiac patches 

3.2.3.1 Preparation of cell monolayer on SIS  

After mounting of SIS in metallic or bioreactor frames, PBS from the dishes with the SIS 

patches was replaced by ~20 mL culture media and the medium covering the upper 

surface of the SIS was removed. Cells (type and concentration defined by each 

experiment and detailed in next pages) were seeded as a monolayer on top of the SIS 

(1000 µL of media for medium frames and 1600 µL for large frames) and kept for 1 hour 

at 37ºC and 5% CO2 inside an incubator. 

3.2.3.2 Preparation of hydrogel based cardiac construct  

Hydrogel based cardiac constructs were prepared according to a protocol established 

by Zimmermann and co-workers (Zimmermann et al., 2000). The composition of the 

hydrogel constructs and the chronological order for the addition of each component is 

shown in Table 1. The type and concentration of cells used for the hydrogel construct 

was defined in each experiment. Before applying the hydrogel containing cells on top of 

the SIS with the previous seeded cell monolayer, the media covering the surface of the 
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SIS was removed, and then the liquid gel with the cells was applied to each patch (945 

µL of media for medium frames and 1526 µL for large frames). To allow gelation of the 

hydrogel, the patches were placed inside an incubator for 1 hour at 37ºC and 5% CO2 to 

retrieve a cardiac patch (unless otherwise stated: the combination of a cell monolayer 

on SIS and a hydrogel on top). Afterwards, 20 mL of media was added to the cell 

culture dish to cover the whole cardiac patch. This medium was replaced every 2-3 

days (unless stated otherwise for specific experiments) and the cardiac patch kept 

under static culture conditions from 10 days to a maximum of 40 days, depending on 

the experiment. As control, cells were seeded additionally in 24 well plates. 

Table 1: Hydrogel construct composition 

Component 
Stock 

Concentration 
Medium Frame 

(7 cm2) 
Large Frame 
(11.25 cm2) 

Collagen I (rat) 5 mg/mL 180 µL 291 µL 
Water Ampuwa - 44 µL 71 µL 

Gel medium  229 µL 370 µL 
NaOH 0.4 mM 39 µL 63 µL 

Matrigel 
Protein content: 8-

10 mg/mL 
98 µL 158 µL 

Cell solution - 355 µL 573 µL 
Total  945 µL 1526 µL 

 

Unless stated otherwise, human bioartificial cardiac patches (hBCPs) with hCMs, hCMs 

+ hCSCs and hCMs, + hCSCs + hCECs were observed during the experiments through 

a vital stain (TMRM+) and/or eGFP expression. Photographs were taken and videos 

were recorded for the observation of contractility. By the end of the experiments, the 

patches were fixed and immunofluorescence staining was performed. 

3.2.3.3 Assembling human bioartificial cardiac patches 

(hBCPs) with cardiomyocytes 

Different concentrations of hCMs derived from hESCs (fresh or previously 

cryopreserved) were seeded on SIS as a monolayer and/or in the hydrogel and 

cultivated under static conditions in order to test the feasibility of the creation of cardiac 

patches with these cells. 

• Cardiac patch composed of 0.35 x 106 (fresh) hCMs/cm2 as a monolayer on SIS 

(n=1) 

• Cardiac patch composed of 0.7 x 106 (fresh) hCMs/cm2 as a monolayer on SIS 

(n=2) 
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• Cardiac patch composed of 0.7 x 106 (cryopreserved) hCMs/cm2 as a monolayer 

on SIS (n=2) 

• Cardiac patch composed of 0.35 x 106 (fresh) hCMs/cm2 as a monolayer on SIS 

+ 2.6 x 106 hCMs/mL in hydrogel (n=6) 

• Cardiac patch composed of 0.35 x 106 (cryopreserved) hCMs/cm2 as a 

monolayer on SIS + 2.6 x 106 (cryopreserved) hCMs/mL in hydrogel (n=2) 

The media used for these experiments were: 

• First 2 days: Initial HuDiff medium (InHuDiff) 

• After 2 days: Basal serum-free medium (BSF medium). 

3.2.3.4 Assembly of human bioartificial cardiac patches 

(hBCPs) with cardiomyocytes and cardiac stromal 

cells 

Different concentrations and ratios of hCMs derived from hESCs (fresh or previously 

cryopreserved) in combination with hCSCs were seeded on SIS as a monolayer and/or 

in the hydrogel and cultivated under static conditions in order to test the feasibility of the 

creation of cardiac patches with these cells and the role of hCSCs in their functionality 

(Table 2).  

Table 2: Assembled patches with different concentrations of cardiomyocytes and 

cardiac stromal cells 

Cardiac Patch SIS Monolayer Hydrogel 

33% hCSCs (n=1) 
0.28 x 106 (fresh) hCMs/cm2  + 

0.14 x 106 hCSCs/cm2 
- 

20% hCSCs (n=2) 
0.28 x 106 (fresh) hCMs/cm2  + 

0.07 x 106 hCSCs/cm2 
2 x 106 (fresh) hCMs/mL  + 0.5 

x 106 hCSCs/mL 

40% hCSCs (n=2) 
0.21 x 106 (fresh) hCMs/cm2  + 

0.14 x 106 hCSCs/cm2 
1.5 x 106 (fresh) hCMs/mL  + 1 

x 106 hCSCs/mL 

20% hCSCs (n=1) 
0.28 x 106 (cryopreserved) 

hCMs/cm2  + 0.07 x 106 
hCSCs/cm2 

2 x 106 (cryopreserved) 
hCMs/mL  + 0.5 x 106 

hCSCs/mL 

40% hCSCs (n=1) 
0.21 x 106 (cryopreserved) 

hCMs/cm2  + 0.14 x 106 
hCSCs/cm2 

1.5 x 106 (cryopreserved) 
hCMs/mL  + 1 x 106 hCSCs/mL 

26.5% hCSCs (n=1) 
0.52 x 106 (fresh and 

cryopreserved) hCMs/cm2  + 0.18 
x 106 hCSCs/cm2 

- 

30% hCSCs (n=2) 
0.5 x 106 (fresh and 

cryopreserved) hCMs/cm2  + 0.21 
x 106 hCSCs/cm2 

- 

30% hCSCs (n=2) - 3.7 x 106 (fresh and 
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cryopreserved) hCMs/mL  + 1.5 
x 106 hCSCs/mL 

The media used for these experiments were: 

• First 2 days: Initial HuDiff medium (InHuDiff) 

• After 2 days: Basal serum-free medium (BSF medium). 

3.2.3.5 Assembly of human bioartificial cardiac patches 

(hBCPs) composed of cardiomyocytes, cardiac 

stromal cells and cardiac endothelial cells  

HuDiff complete and RPMI complete media comparison 

hBCPs were created with 0.36 x 106 (derived from hESCs) hCMs/cm2  + 0.18 x 106 

hCSCs/cm2  + 0.18 x 106 GFP+ hCECs/cm2  as a monolayer on SIS + 2.5 x 106 

(cryopreserved and derived from hESCs) hCMs/mL  + 1.25 x 106 hCSCs/cm2  + 1.25 x 

106 hCECs/mL in hydrogel. Unless stated otherwise, this hBCP composition is the one 

selected as a standard for the next experiments.  All cell types were cryopreserved. The 

hBCPs with this composition were tested either in HuDiff complete media (n=2) or RPMI 

complete media (n=2), described previously in the Material section, in order to check 

the most suitable media for all the cells present in the hBCPs. Both media contained 

ROCK-Inhibitor for the first 2 days after seeding. 

Optimization of HuDiff media and composition of hBCPs 

In order to optimize the functionality and survival of the cells present in the hBCPs, 

different ratios of hCMs (derived from hESCs), hCSCs and hCECs were seeded. 

Additionally, HuDiff complete media composition was modulated over the experiment. 

All the cell types, hCMs, hCSCs and hCECs, were previously cryopreserved. 

• hBCPs (Control): Standard composition (previously described). HuDiff complete 

media (n=6) 

• hBCPs (Increased percentage of hCMs and decreased percentage of hCSCs): 

0.5 x 106 hCMs/cm2 + 0.036 x 106 hCSCs/cm2 + 0.18 x 106 GFP+ hCECs/cm2 as 

a monolayer on SIS + 3.5 x 106 hCMs/mL + 0.25 x 106 hCSCs/mL + 1.25 x 106 

hCECs/mL in hydrogel. HuDiff complete media (n=2) 

• hBCPs (Optimization of media): Standard composition. Media: For the first 2 

days after seeding, HuDiff complete media. After that, the FBS content was 

reduced gradually from 20% to 5% and the growth factor content was reduced 
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gradually to 0 following this plan (the composition of these media is described in 

the Material section). From day 2 to day 4: HuDiff ½. From day 4 to day 6: HuDiff 

¼. From day 6: HuDiff reduced. (n>6) 

3.2.4 Mechanical stimulation in bioreactor 

A custom-made bioreactor was designed and manufactured by the Department of 

Medical Device Construction (MHH) for the mechanical stimulation of large-scale 

cardiac patches in vitro. This bioreactor was used in a previous project and has been 

published (Lux et al., 2016). The main components of this device are a linear 

servomotor (LinMot), a position sensor, a culture chamber suitable for autoclaving that 

can be detached from the bioreactor system and a base unit. The bioreactor is 

connected to an electronic control unit and to a personal computer with the LabVIEW 

software, programmed for monitoring and control of the system. 

Under sterile conditions, cardiac patches (hBCPs) were attached inside the culture 

chamber (filled with 150-200 mL of HuDiff reduced). One longitudinal end was attached 

to a part connected to the LinMot and the other one was fixed to the bottom of the 

chamber. The side parts of these frames were removed to allow stretch along the 

longitudinal axis. The lid of the chamber was attached with air filters to allow gas 

exchange with the environment and was placed on top of the chamber to close it. The 

culture chamber was then transferred onto the base unit and connected to the system 

and placed inside an incubator at 37ºC and 5% of CO2 (Figure 13). 
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Figure 13: Experimental setup for the mechanical stimulation of cardiac patches. The 

bioreactor is placed in an incubator. The cardiac patch, inside the culture chamber, is 

stretched by the action of the LinMot Motor. 

The mechanical stimulation setup was defined in the LabVIEW software. Unless stated 

otherwise, the following parameters were selected for a mechanical stimulation 

experiment: Offset: 0.0 mm, sinus, 5% stretch (2.2 mm for large frames and 1.8 mm for 

medium frames) and 1 Hertz (Figure 14). The position sensor allowed feedback of the 

movements of the LinMot and allowed its visualization through a graph visible in the 

interface of the software, making sure that the mechanical stimulation was accurately 

applied independently of the physical properties of the cardiac patch.  

 

Figure 14: Typical configuration of LabVIEW for the stretch of cardiac patches, 

indicated in Offset and Stimulus sections. The graph in Stretch indicates the movement 
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and relative position of the position sensor. Ampl.: Amplitude of the stretch. Period: 

Frequency of the stretch. Cycles: Number of performed cycles.  

 Only hBCPs with the aforementioned standard composition of CM derived from hESCs 

or hiPSCs, hCSCs and hCECs, optimized media, with global synchronous and 

spontaneous beatings after 13-16 days of culture under static conditions were selected 

for mechanical stimulation (Figure 15). Initially, different durations of the stimulation 

from 2 days to 25 days were tested. Finally, 16 days of mechanical stimulation for 

hBCPs with CM derived from hESCs and 25 days for hBCPs with CM derived from 

hiPSCs were selected as standard procedures. In parallel, hBCPs with the same cell 

composition and source were kept under static conditions at 37ºC and 5% CO2 in 10 cm 

culture dishes as controls. At the end of the mechanical stimulation period, hBCPs were 

detached from the bioreactor, placed in 10 cm culture dishes with fresh HuDiff reduced 

media at 37ºC and analysed by video recording for their contractile function. 

Microscopic photographs of TMRM+ and/or eGFP+ signals to analyse cell distribution 

and alignment were recorded. hBCPs were further processed for gene expression 

analysis and immunohistological staining. 

 

Figure 15: Overview of the experimental methodology for the creation of hBCPs and 

their mechanical stimulation. 
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3.2.5 Cultivation of cardiomyocytes from different batches 

Cryopreserved CM derived from hESCs and hiPSCs under distinct differentiation 

conditions were thawed, counted and seeded in a 24 well plate in duplicates with a cell 

density of 1 x 106/cm2 in HuDiff reduced media (first 2 days with ROCK Inhibitor). 

• Batch 1: CM hESC. Purity >90% 

• Batch 2: CM hESC eGFP+. Purity >82% 

• Batch 3: CM hESC eGFP+. Antibiotic selection. Purity >80% 

• Batch 4: CM hiPSC. Purity >95% 

• Batch 5: CM hiPSC. Purity >95% 

In order to check their viability, organization and morphology, microscopic photographs 

(of TMRM+ and eGFP signals and with bright field illumination) were taken every day 

for 7 days. At day 5, videos of the CM were recorded to analyze their contractile 

function. After one week, samples were fixed and processed for immunohistological 

staining of sarcomeric α-actinin. 

3.2.6 Analysis 

3.2.6.1 Live cell imaging with tetramethylrhodamine methyl 

ester (TMRM+) 

TMRM+ is a fluorescent cell-permeant dye that is sequestered by functional 

mitochondria with intact membrane potentials. The positive charge of TMRM+ causes 

its migration to the highly negative charge interior of active mitochondria. It is not toxic 

for the cells at the recommended concentrations allowing live cell imaging. TMRM+ can 

be removed by media exchange because of its permeability through membranes. 

Mature and functional CM contain a high number of mitochondria in comparison with 

other cell types due to their high metabolic demand. This allows a discrimination of CM 

with TMRM+ against other cell types. This fluorescent marker, with an excitation 

maximum at 550 nm and an emission maximum at 573 nm, was used for the study of 

CM morphology, distribution and alignment in hBCPs. As previously described (Lux et 

al., 2016), a sterile stock solution of TMRM+ (10 µM) was initially prepared and stored 

at -20ºC. When needed, this solution was diluted in HuDiff media to a concentration of 

100 nM as an intermediate stock solution. This intermediate stock solution was further 

diluted in HuDiff media to achieve a final solution with a concentration of 5 pM that was 

applied to cardiac patches or seeded CM in well plates. Microscope photos were taken 
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at least 4-5 hours after the addition of TMRM+. Remaining intermediate stock solution 

was stored light-protected at 4ºC for a maximum time of 4 weeks. 

3.2.6.2 Live cell imaging with Dil conjugated acetylated low 

density lipoprotein (Dil-Ac-LDL) 

Dil-Ac-LDL is a specific marker of macrophages and endothelial cells which take up this 

molecule through endocytosis via the “scavenger cell pathway” of LDL metabolism 

(Voyta et al., 1984). This behavior allows the vital staining of the aforementioned cells 

on culture. Therefore, hCECs isolated from human atrial appendages were stained with 

Dil-Ac-LDL for its identification in combination with another endothelial marker such as 

CD31. Dil-Ac-LDL was stored at 4ºC and, when needed, it was diluted 1:40 in EGM2 

medium (5 µg/ml) and applied to hCECs. After 4 hours, 2 EGM2 washes of 15 minutes 

were performed and microscope photos were taken. HUVEC were used as positive 

control.  

3.2.6.3 Cell alignment and distribution analysis of cardiac 

patches 

With the aim of studying alignment and distribution of living cells, 10 cm cell culture 

dishes containing cardiac patches with eGFP+ hCMs were visualized with a Zeiss 

Stereo Discovery.V8 microscope and photographs were recorded with 4x and 8x 

objectives. The ImageJ Directionality plugin, created by Jean-Yves Tinevez, was used 

on recorded photographs for the analysis of the orientation of eGFP+ hCMs. Fourier 

components were used as the analysis method, the starting angle of the histogram was 

set to -90 and the number of bins to 90. 

3.2.6.4 Contractile function analysis of cardiac patches 

For the observation and analysis of the contractility of CM, 10 cm cell culture dishes 

containing cardiac patches were placed in a humidified chamber at 37ºC with a Zeiss 

Axio Observer.Z1 microscope. Videos were recorded at 20 frames per seconds and 20 

ms of exposure time with a 10x objective. MUSCLEMOTION software (Sala et al., 2018) 

was used on recorded videos, segmented into TIFF image sequences, for the analysis 

of the contractile function of cardiac patches. For that purpose, MUSCLEMOTION was 

set to detect the reference frame and no Gaussian blur or noise decrease options were 

applied. 
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3.2.6.5 Electrical stimulation analysis of cardiac patches 

To investigate if hBCPs were able to be electrically paced synchronously, electrical 

stimulation was performed by Dr. Natalie Weber (Research group of Theresia Kraft) at 

the Institute for Molecular and Cell Physiology (MHH). At the end of the experiment, 1 

month after seeding, hBCPs cultivated after 16 days of mechanical stimulation was 

placed in 10 cm cell culture dishes with fresh HuDiff reduced. Cardiac patches were 

transferred to a heated table (37ºC) of an Olympus IX51 microscope. The stimulation 

was applied by a MyoPacer EP Cell Stimulator and by custom-made carbon electrodes. 

The parameters of the stimulation were: 35 V, 5 ms of impulse duration and frequency 

of 1 Hz, 2 Hz and 3 Hz. Videos were recorded with Olympus cellSens software and 

QImaging optiMOS (sCMOs) camera and analyzed with MUSCLEMOTION software 

with the same settings described before. 

3.2.6.6 Preparation of cryosections 

Media from cardiac patches was removed and a PBS wash was performed. 

Subsequently, cardiac patches were fixed with 4% paraformaldehyde (PFA) for 30 min 

at RT. Cardiac patches were washed 3 times with PBS for 5 min each and placed in a 

custom-made aluminum container filled with O.C.T. The samples were stored at 4ºC 

fridge for 24 hours to allow penetration of the O.C.T. inside the cardiac patches. The 

following day, samples were shock-frozen with liquid nitrogen and transferred to a -80ºC 

freezer. As control tissue, human atrial appendage tissue was washed with PBS, 

embedded in O.C.T., shock-frozen with liquid nitrogen and placed in a -80ºC freezer. 

Cryosections of 5-7 µm thickness were cut at -20ºC with a Cryostat Microm HM 560 and 

transferred onto SuperFrost Plus glass slides that were air-dried for 1 h at RT and 

stored at -80ºC until further use. 

3.2.6.7 Immunofluorescence staining 

Immunofluorescence staining of cryosections 

Aforementioned cryosections from human atrial appendage tissue were fixed in 2 

different ways: 

• Samples were fixed with 4% PFA for 15 min at RT 

• Samples were fixed with acetone for 8 minutes at -20ºC and air-dried  

Pap pen was to circuit cryosections from cardiac patches or from human atrial 

appendage tissue. Cryosections were blocked with a blocking buffer composed of PBS 



 
62

with 5% donkey serum and 0.3% Triton X-100 for at least 45 minutes at RT. The 

blocking buffer was removed and primary antibody or lectins (Table 3) diluted in 

blocking buffer was applied to the samples and incubated overnight at 4ºC. Isotype 

control antibodies were also used as negative controls (Table 5). The primary antibody 

was removed and samples were washed 3 times with PBS for 5 min each. The 

secondary antibody or avidin (Table 4) diluted in blocking buffer was applied and 

incubated for 2 h at RT. The blocking buffer with the secondary antibody or avidin was 

removed and samples were washed 3 times with PBS for 5 min each. For the staining 

of nuclei, 4’, 6-Diamidine-2-phenylindol (DAPI) was used for 15 min at RT and a 

concentration of 1:10,000 in PBS. Three additional washes with PBS for 5 min each 

were performed. Samples were mounted with DAKO mounting medium and covered 

with glass cover slips. Stained samples were visualized the next days with a Zeiss Axio 

Observer.A1 microscope.  

Immunofluorescence staining of cultured cells 

CM derived from hESC or hiPSC, hCECs and hCSCs were seeded in cell culture plates 

of 24 or 48 well plates. At the end of the experiment or cell culture period, samples were 

fixed with 4% PFA for 15 min at RT and 3 washes of 5 min with PBS were performed. In 

order to reduce the amount of antibodies/lectins/avidins used and decrease the volume 

of the wells, circular magnetic rings were used in 24 well plates. The next steps of the 

immunofluorescence staining are the same as described in the previous paragraph. 

In situ immunofluorescence staining of cardiac patches 

For the direct visualization of the surface of cardiac patches (without the use of O.C.T 

and the creation of cryocuts) the following protocol was performed. First, the samples 

were washed with PBS, and then 2 cm2 rectangular pieces were cut out with scissors 

and scalpels and attached to SuperFrost glass slides with bulldog clamps. The samples 

on the slides were fixed with acetone for 12 min at -20ºC. Samples were washed 3 

times with PBS for 5 min each. The next steps of the staining are the same as 

described previously in the “Immunofluorescence staining of cryosections” except that 

detergents were not used.  

Table 3: Primary antibodies / lectins for immunofluorescence staining 

Antibody / 
Lectin 

Target Company 
Host 

species 
Isotype Dilution 

CD31-PE Endothelial cells 
Miltenyi 
Biotec 

Mouse 
Monoclonal 

IgG1 
1:40 
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Connexin 43 Cardiomyocytes Sigma Mouse 
Monoclonal 

IgM 
1:100 

Desmin 
Mesenchymal 

cells 
Sigma Mouse 

Monoclonal 
IgG1 

1:25 

N-cadherin Cardiomyocytes Sigma Mouse 
Monoclonal 

IgG1 
1:100 

Sarcomeric 
α-actinin 

Cardiomyocytes Abcam Rabbit 
Polyclonal 

IgG 
1:100 

Sarcomeric 

α-actinin 
Cardiomyocytes Sigma Mouse 

Monoclonal 
IgG1 

1:100 

Smooth 
muscle actin 

(SMA) 

Pericytes, smooth 
muscle cells and 
myofibroblasts 

DAKO Mouse 
Monoclonal 

IgG2 
1:100 

Ulex 
europaeus 
agglutinin I 

(ULEX) 

Endothelial cells 
Vector 

Laboratories 
Ulex 

europaeus  
- 1:100 

Vimentin 
Mesenchymal 

cells 
DAKO Mouse 

Monoclonal 
IgG2a 

1:100 

 

Table 4: Secondary antibodies / avidins for immunofluorescence staining 

Antibody / 
Avidin 

Target Company Isotype Dilution 

Alexa Fluor 488 
donkey 

Mouse 
Jackson 

ImmunoResearch 
IgG 1:200 

Alexa Fluor 488 
donkey 

Rabbit 
Jackson 

ImmunoResearch 
IgG 1:200 

Alexa Fluor 647 
donkey 

Mouse 
Jackson 

ImmunoResearch 
IgM 1:200 

Cy2 donkey Rabbit 
Jackson 

ImmunoResearch 
IgG 1:200 

Cy3 donkey Mouse 
Jackson 

ImmunoResearch 
IgG 1:200 

Cy3 donkey Rabbit 
Jackson 

ImmunoResearch 
IgG 1:200 

Dylight 549 
donkey 

Mouse 
Jackson 

ImmunoResearch 
IgG 1:200 

Dylight 594 
donkey 

Mouse 
Jackson 

ImmunoResearch 
IgG 1:200 

Fluorescein 
Avidin D 

Biotin Vector Laboratories - 1:300 

 

Table 5: Isotype control antibodies 

 Antibody Isotype Company 
Monoclonal mouse IgG1 DAKO 
Monoclonal mouse  IgG2a DAKO 
Monoclonal mouse IgM DAKO 
Polyclonal rabbit IgG Abcam 
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3.2.6.8 Flow cytometry analysis of hCMs 

The working group of Dr. Robert Zweigerdt performed flow cytometry to analyze the 

composition of dissociated embryoid bodies at the end of the cardiomyocyte 

differentiation protocol. For that purpose, embryoid bodies were washed with PBS once 

and dissociated with collagenase B (1 mg/ml) for 20-30 minutes under constant shaking 

at 37ºC. Resulting cells were resuspended in media and centrifuged at 1000 RPM for 3 

min. Supernatant was removed and cells were resuspended in HuDiff media, counted 

and fixed with 1% PFA for 30 min at RT. Cells were washed with PBS once and seeded 

into a 96-well V-bottom plate. 150,000 cells were plated into each well. Primary 

antibodies (Table 6) were added to cells in FIX&PERM Solution B (Perm) and incubated 

for 1 h at RT or overnight at 4ºC. PBS wash was performed and the secondary 

antibody, Cy5 donkey anti-mouse IgG (1:200), was added in FIX&PERM Solution B 

(Perm) to cells and incubated for 20 min at RT. PBS wash was performed once and 

cells for each sample were resuspended in 100 µl of PBS. Cells incubated with isotype 

antibody were used as negative controls. FlowJo software was employed for data 

analysis. 

 

Table 6: Primary antibodies used for FACS 

Antibody Target Company 
Host 

species 
Isotype Dilution 

Cardiac 
troponin T 

Cardiomyocytes Sigma Mouse 
Monoclonal 

IgG1 
1:200 

Sarcomeric α-
actinin 

Cardiomyocytes Sigma Mouse 
Monoclonal 

IgG1 
1:800 

Myosin heavy 
chain (MF20) 

Cardiomyocytes  Mouse 
Monoclonal 

IgG1 
1:25 

Beta myosin 
heavy chain 

Cardiomyocytes Sigma Mouse 
Monoclonal 

IgG1 
1:1000 

Monoclonal 
mouse 
isotype 
control 

- DAKO Mouse 
Monoclonal 

IgG1 
1:100 

3.2.6.9 Endothelial cell network analysis of cardiac patches 

Analysis of multiple parameters of endothelial cell networks was performed on images 

of human cardiac patches stained with ULEX by using the ImageJ plugin Angiogenesis 

Analyzer, developed by Gilles Carpentier. Such images were previously transformed 

into black and white pictures by ImageJ, to generate binary trees, suitable for the 

Angiogenesis Analyzer. 2-3 pictures from each experiment were analyzed. 
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3.2.6.10  Gene expression analysis 

RNA isolation 

Cardiac patches were excised from the frames and placed into 1.5 mL reaction tubes, 

shock-frozen and stored in liquid nitrogen. Samples were crushed in a stainless steel 

BioPulverizer and the powder was transferred to two 1.5 mL reaction tubes per sample 

(up to 0.5 mL of volume). 1 mL of Trizol was added and incubated for 5 min at RT for 

the homogenization of the powder and the disruption and dissociation of cells, cell 

components and nucleoprotein complexes. Subsequently, 0.2 mL of chloroform was 

applied and reaction tubes were shaken manually for 15 s and incubated for 3 min at 

RT. Samples were centrifuged at 12,000 x g for 15 min at 4ºC. After centrifugation, a 

separation of the mixture into 2 phases and an interphase is visible: The lower organic 

phase contains lipids and proteins, the white interphase contains DNA and the 

transparent upper aqueous phase contains RNA. The aqueous phase was transferred 

to a fresh reaction tube and the RNA was precipitated with 0.5 mL of isopropyl alcohol 

for 10 min at RT. Samples were centrifuged at 12,000 x g for 10 min at 4ºC. The 

supernatant was removed and the pellet washed with 1 mL of 75% ethanol. Another 

centrifugation of the samples was performed at 7,500 x g for 5 min at 4ºC. RNA pellets 

were air-dried and subsequently dissolved in 50 µL of nuclease-free H2O. Samples 

were either processed for cDNA synthesis or stored in liquid nitrogen until further use. 

RNA quality check 

The concentration and purity of the previously isolated RNA was determined with a 

NanoDrop Spectrophotometer. In order to analyze the integrity and quality of the 

isolated RNA, 500 ng of RNA was mixed with H2O and 2 µL of Orange G (6X) to a total 

volume of 13 µL. RNA solutions loaded on a 1% TAE agarose gel containing ethidium 

bromide (5 µL of a 10 mg/mL solution per 100 mL of TAE buffer) inside a gel chamber 

with TAE buffer. 5 µL of a DNA ladder solution was also loaded onto the gel. Electrodes 

were connected to the gel chamber and the electrophoresis started by applying 130V 

for around 30 min from a power supply (Power Pac). Once the 28S and 18S bands 

were clearly separated, electrophoresis was stopped. The agarose gel was then 

transferred to a Gel Doc Universal Hood II (Bio-Rad), UV-light was activated and 

photographs of the agarose gels were taken and printed. 
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cDNA synthesis 

Retrotranscription to cDNA from isolated RNA was performed according to the 

procedure described by the company in the Revert Aid H Minus First Strand cDNA 

Synthesis Kit (Thermo Fisher Scientific). Briefly, 1 µL of random hexamer primer was 

added to 1 µg of RNA dissolved in 11 µL of nuclease-free H2O and incubated for 5 min 

at 65ºC for denaturation. Afterwards, samples were cooled on ice for 1 min. During 

these steps, a master mix was prepared (Table 7) and 8 µL of the master mix was 

added to each RNA sample resulting in a total volume of 20 µL. The solution was gently 

mixed and, after 5 min of incubation at RT, RNA was retrotranscribed for 60 min at 

42ºC. The process was stopped by a 5 min heat inactivation step at 70ºC and then 80 

µL of nuclease-free water was added to each reaction tube resulting in a total volume of 

100 µL of cDNA solution.  

Table 7: Components of the reverse transcriptase master mix 

5x reaction buffer 4 µL 
RiboLock RNase inhibitor (20 U/µL) 1 µL 

10 mM dNTP Mix 2 µL 
RevertAid H Minus M-MulV Reverse Transcriptase (200 U/µL) 1 µL 

Total volumen (per sample) 8 µL 

Semi-quantitative real-time PCR (qPCR) 

qPCR was performed in order to analyze gene expression changes between 

mechanically stimulated hBCPs and static hBCPs. For that purpose, the Brilliant III 

Ultra-Fast SYBR Green QPCR Master Mix was used. Specific amounts of SYBR green 

mix, H2O, forward and reverse primers were mixed in a 20 µL solution that was added 

to 5 µL of each cDNA sample (Table 8) or to nuclease free H2O (negative control) in 96 

well PCR plates, resulting in a total volume of 25 µL. The PCR plates were sealed and 

transferred to a Mastercycler ep gradient S realplex2 device. The qPCR was conducted 

according with the thermal cycling conditions described in Table 9. Each sample was 

analysed in triplicates by using the ΔCt method (Pfaffl, 2001). Initially, 4 different 

housekeeping genes were tested: Beta-actin, glyceraldehyde 3-phosphate 

dehydrogenase (GAPDH), beta-2 microglobulin and 18S rRNA. Finally, GAPDH was 

selected for the comparative ΔCt method because of its superior stability and 

performance with respect to the other housekeeping genes. 

Table 8: Components of a single qPCR sample 

2x SYBR green mix 12.5 µL 
Forward Primer 1 µL 
Reverse Primer 1 µL 
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Nuclease-free water 5.5 µL 
cDNA template 5 µL 
Total volume 25 µL 

 

Table 9: qPCR program 

1. 95ºC 3 min 
2. 95ºC 15 s * 
3. 65ºC 15 s * 
4. 95ºC 15 s 
5. 60ºC 15 s 

6. Increase in 0.5ºC steps (Melting curve analysis) 
7. 95ºC 15 s 

8. 4ºC ∞ 

*Cycles 2-3 were repeated 40 times consecutively 

3.2.7 Statistical analysis 

GraphPad Prism was employed for the graphical representation of data. For the 

analysis of endothelial cell networks, results were expressed as mean ± standard error 

of the mean. Numbers of independent experiments (n) are indicated below the graphs.  

Due to the limited number of samples and/or high variability of results, statistical 

analysis of significance was not performed. 
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4. RESULTS 

4.1 Characterization of cells isolated from human left atrial 

appendages 

4.1.1 Human cardiac endothelial cells (hCECs)  

hCECs were isolated from human left atrial appendages by enzymatic digestion and 

purified through MACS of the CD31 marker. To investigate the properties of isolated 

hCECs, bright field photographs of hCECs seeded on plastic were taken demonstrating 

a cobblestone morphology typical for endothelial cells (Figure 16A). Additionally, hCECs 

were able to take up Dil-Ac-LDL (Figure 16B), a specific ability of endothelial cells and 

macrophages. In immunofluorescence staining hCECs were positive for the endothelial 

cell marker CD31 (Figure 16C) and the mesenchymal cell marker vimentin (Figure 16E) 

and negative for smooth muscle actin (Figure 16D).  To test for the ability of 

tube/network formation, Matrigel assays were performed. The formation of networks 

was observed (Figure 16F). All these features corresponded to typical characteristics of 

endothelial cells. Human umbilical vein endothelial cells and human foreskin fibroblasts 

were used as positive and negative controls, respectively (data not shown). 
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Figure 16: Analysis of hCECs isolated from human atrial appendages. (A) Brightfield 

image of hCECs showing cobblestone morphology. (B) Uptake of Dil-Ac-LDL by 

hCECs. (C) Staining of hCECs for CD31 confirming the endothelial cell phenotype. (D) 

Staining of hCECs for smooth muscle actin (SMA). No staining was detected 

demonstrating the purity of hCECs population. (E) Staining of hCECs for vimentin. (F) 

Brightfield image of Matrigel assay demonstrating network assembly. Nuclei were 

counterstained with DAPI in immunofluorescence stainings. 

4.1.2 Human cardiac stromal cells (hCSCs) 

Human cardiac stromal cells (hCSCs) represent the CD31 negative fraction after the 

aforementioned purification of hCECs from crude extracts of human atrial appendages 

via MACS technology. hCSCs were subjected to immunostaining for further 

characterization. Bright field microscopy pictures revealed spindle shaped cells with 
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branched cytoplasm (Figure 17A). Immunostaining evidenced positive expression of the 

mesenchymal markers desmin (Figure 17B) and vimentin (Figure 17D) in all cells while 

the expression of smooth muscle actin was only detected in a subset (Figure 17C), 

suggesting the presence of myofibroblasts, smooth muscle cells and/or pericytes within 

the hCSCs population. Additionally, the hCSCs showed no expression of CD31 (Figure 

17E). These findings suggested the presence of a heterogeneous population of 

mesenchymal stromal cells. 

 

Figure 17: Analysis of hCSCs isolated from human atrial appendages. (A) Brightfield 

image of hCSCs showing spindle shape and branched cytoplasm. (B) Staining for 

desmin. All cells stained positive revealing their mesenchymal phenotype. (C) Staining 

for smooth muscle actin. Only a subset of cells stained positive suggesting the presence 

of a mixed population of cells within hCSCs. (D) Staining for vimentin. All cells stained 

positive revealing their mesenchymal phenotype. (E) Staining for CD31 showed no 

positive cells excluding the presence of endothelial cells in the hCSCs. Nuclei were 

counterstained with DAPI in immunofluorescence stainings. 
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4.1.3 Characterization of cardiomyocytes (hCMs) derived from 

human embryonic stem cells (hESC) 

Cardiomyocytes (hCMs) derived from human embryonic stem cells (hESC) were 

produced in the group of Dr. Robert Zweigerdt through modulation of the Wnt pathway. 

Immunostaining for typical cardiomyocyte markers was performed on hCMs to further 

characterize their properties and maturation state. Sarcomeric α-actinin was present in 

the cytoplasm of hCMs (Figure 18A) and high magnification images reflected typical 

cross-striations of this protein (Figure 18B). N-cadherin staining revealed its preferential 

distribution in the cytoplasmic membranes, specially between adjacent hCMs (Figure 

18C) while connexin 43 staining showed a diffuse distribution of this protein, with a 

stronger signal in the perinuclear area of hCMs (Figure 18D). These findings 

correspond to hCMs in an early differentiation state.        

 

Figure 18: Analysis of hCMs derived from hESC. (A, B) Staining for sarcomeric α-

actinin revealed expression of the protein in almost all cells (A). (B) In a higher 

magnification sarcomeric α-actinin positive cross striations were visible. (C) Staining for 

N-cadherin demonstrated expression at the membrane of the cells. (D) Staining for 

connexin 43 exhibited a strong signal around the nuclei. Nuclei were counterstained 

with DAPI in all immunofluorescence stainings. 



 
72

In addition, flow cytometry analysis of typical hCMs proteins present in sarcomeres was 

performed by the group of Dr. Robert Zweigerdt. Representative results displayed a 

high percentage of cells expressing cardiac troponin T (95%), sarcomeric α-actinin 

(96.7%), and myosin heavy chain MF20 (95.3%). Only 33% of the cells showed 

expression of beta myosin heavy chain (Figure 19). These results suggest a high 

percentage of hCMs after differentiation from hESC.  

 

Figure 19: Representative flow cytometry analysis of typical cardiomyocyte markers 

performed by the working group of Dr. Robert Zweigerdt. Representative results 

exhibiting expression levels of sarcomere proteins (red curves) with respect to isotype 

controls (blue curves). 

4.2 Human bioartificial cardiac patches containing 

cardiomyocytes (hCMs) only 

Initially, both fresh and cryopreserved hCMs derived from hESC were seeded at 

different densities (from 0.35 x 106 hCMs/cm2 to 0.7 x 106 hCMs/cm2) as a monolayer on 

SIS or as a combination of a monolayer on SIS with a hydrogel containing 2.6 x 106 

hCMs/mL for the generation of cardiac patches. As hCMs in patches seeded with a 

density of 0.35 x 106 hCMs/cm2 as a monolayer on SIS and 2.6 x 106 hCMs/mL in the 

hydrogel showed a better functionality in terms of contractility and connection between 

each other compared to lower seeding densities of hCMs (data not shown), this density 

was chosen for all further experiments. A staining with TMRM+ revealed that hCMs 

seeded on SIS attached to the scaffold, survived, and organized in networks from 5-6 

days of cell culture until the end of the experiment (Figure 20A and Figure 20C). On the 

other hand, hCMs in hydrogel survived but were not able to connect to each other and 
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remained insulated. These insulated hCMs were visible by focusing on the hydrogel, 

while a blurry hCMs network could be observed in the background at the level of the 

SIS (Figure 20B). Sarcomeric α-actinin positive cross striations were evident in hCMs in 

cardiac patches also demonstrating the organization of hCMs in networks with no 

preferential orientation (Figure 20D). In terms of functionality, fresh and cryopreserved 

hCMs were able to contract spontaneously and coordinate after 3-6 days in culture until 

the end of the experiment. A representative video of a beating cardiac patch (0.35 x 106 

hCMs/cm2 as a monolayer on SIS + 2.6 x 106 hCMs/mL in hydrogel; day 15) can be 

accessed through the QR code of Figure 20E or through 

https://youtu.be/QV2FTGdiSCM. 

 
 

E 

 

Figure 20: Representative cardiac patch (SIS monolayer + hydrogel) composed of 0.35 

x 106 fresh hCMs/cm2 as a monolayer on SIS + 2.6 x 106 fresh hCMs/mL in hydrogel. 

(A) TMRM+ staining visualizing hCMs networks on SIS in cardiac patches at day 10 of 

cell culture (high magnification). (B) Image of the same area as in (A) but with focus on 

the hydrogel layer showed TMRM+ stained hCMs being isolated in the hydrogel. (C) 

TMRM+ staining showing hCMs networks with no preferential orientation on SIS in 

cardiac patches at day 10 of cell culture (low magnification). (D) Cross striations in 

hCMs in cardiac patches revealed by sarcomeric α-actinin staining (green). Nuclei were 
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counterstained with DAPI. (E) QR code: Representative video of a beating cardiac 

patch with the aforementioned composition (day 15 of cell culture). 

4.3 Human bioartificial cardiac patches composed of 

cardiomyocytes and cardiac stromal cells 

Once the generation of functional cardiac patches containing hCMs only was 

established, CD31 negative cardiac stromal cells were added in the next step to achieve 

a composition similar to the native human heart. In a pilot experiment, cardiac patches 

(SIS monolayer + hydrogel) were generated with a composition of 80% cryopreserved 

hCMs and 20% GFP labeled hCSCs (0.35 x 106 cells/cm2 as a monolayer on SIS + 2.5 

x 106 cells/mL in hydrogel). Both cell populations were able to survive and attach to the 

scaffold (Figure 21). While hCMs were organized in networks with no preferential 

orientation as shown by both TMRM+ (Figure 21A-B, left side) and sarcomeric α-actinin 

staining (Figure 21C), GFP-hCSCs showed a fibrillary distribution pattern, randomly 

oriented (Figure 21A-B, right side), evidenced as well by vimentin staining (Figure 21D). 

Under these conditions, no hCMs were detected being insulated in the hydrogel (data 

not shown). Moreover, the functionality of hCMs was not altered by the addition of GFP-

hCSCs. hCMs were able to contract spontaneously and coordinate until the end of the 

experiment. A representative video of a beating cardiac patch (day 9 of cultivation) with 

the properties described above can be accessed through the QR code of Figure 21E or 

through the following link (https://youtu.be/NCig5v5F1l4). 
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Figure 21: Representative cardiac patch (SIS monolayer + hydrogel) composed of 

cryopreserved hCMs derived from hESCs (80%) and GFP-hCSCs (20%), 0.35 x 106 

cells/cm2 as a monolayer on SIS + 2.5 x 106 cells/mL in hydrogel. (A) High 

magnification image of cardiac patch. Left side: TMRM+ staining showing the 

distribution of hCMs and hCSCs. Right side: Distribution of GFP-hCSCs. (B) Low 

magnification of cardiac patch. Left side: TMRM+ staining demonstrating the 

distribution of hCMs and hCSCs. Right side: Distribution of GFP-hCSCs. (C) 

Sarcomeric α-actinin staining revealing networks of hCMs. (D) Vimentin staining 

indicating the fibrillary distribution and morphology of hCSCs. (E) QR code: 

Representative video of a beating cardiac patch with the aforementioned composition 

(day 9 of cultivation). 

4.3.1 Role of cardiomyocytes and cardiac stromal cells in 

hydrogel 

Due to the preliminary observation that hCMs were not able to connect to each other 

and remained insulated in hydrogels and that this phenomenon was not observed in 
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cardiac patches with hCMs combined with hCSCs (data not shown), it was further 

investigated if the addition of hCSCs could have an influence on connectivity. For that 

purpose, hBCPs with the same initial cellular density (0.7 x 106 cells/cm2 as a monolayer 

on SIS or 5.2 x 106 cells/mL in hydrogel) and with 70% hCMs and 30% hCSCs were 

generated in different set ups (n=2). On one hand, cardiac patches with 70% hCMs + 

30% hCSCs seeded in the hydrogel were prepared without applying a monolayer of 

cells on the SIS to avoid any influence from the monolayer and guarantee a clear 

visualization of the hydrogel. On the other hand, cardiac patches containing 100% 

hCMs in hydrogels were created in the same way without a monolayer on the SIS. As 

positive control for the formation of networks of hCMs (from previous experiments, data 

not shown), cardiac patches were prepared with 70% hCMs and 30% hCSCs as a 

monolayer on the SIS.  

TMRM+ staining showed network formation in cardiac patches with 70% hCMs + 30% 

hCSCs as a monolayer on SIS (Figure 22A) and in cardiac patches with the same 

cellular composition in hydrogels (Figure 22B). However, no network was detected in 

cardiac patches with 100% hCMs in the hydrogel. Only round, insulated cells were 

visible in that cardiac patch (Figure 22C). Additionally, sarcomeric α-actinin staining 

showed that hCMs were elongated and connected with each other in cardiac patches 

with 70% hCMs + 30% hCSCs as a monolayer on SIS (Figure 22D) and in cardiac 

patches with the same cellular composition in hydrogels (Figure 22E). In cardiac 

patches with 100% hCMs in hydrogels the sarcomeric α-actinin staining revealed that 

most of the hCMs were round and isolated (Figure 22F). While global and spontaneous 

contractions were visible in cardiac patches with 70% hCMs + 30% hCSCs as a 

monolayer on SIS (Figure 22G, link: https://youtu.be/VKwKD76QsEY) and in cardiac 

patches with the same cellular composition in hydrogels (Figure 22H, link: 

https://youtu.be/2V2Z3wNZoHg), hydrogels with 100% hCMs contracted spontaneously 

in clusters only with less displacement of the cardiac patches  (Figure 22I, link: 

https://youtu.be/3PiuW66YeYE). 
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70% hCM + 30% hCSC 
as a monolayer on SIS 

70% hCM + 30% 
hCSC in hydrogel 100% hCM in hydrogel 

 

 

 

Figure 22: Role of hCMs and hCSCs in cardiac patches with the same initial cellular 

density (0.7 x 106 cells/cm2 as a monolayer on SIS or 5.2 x 106 cells/mL in hydrogel). 

Day 24 of cultivation. Cells are visualized by TMRM+ staining (A-C) or staining for 

sarcomeric α-actinin (D-F). (A) Network formation in a cardiac patch with 70% hCMs + 

30% hCSCs as a monolayer on SIS. (B) Network formation in a cardiac patch with 70% 

hCMs + 30% hCSCs in hydrogel. (C) Round and insulated cells in a cardiac patch with 

100% hCMs in hydrogel. (D) Elongated and connected hCMs in a cardiac patch with 

70% hCMs + 30% hCSCs as a monolayer on SIS. (E) Elongated and connected hCMs 

in a cardiac patch with 70% hCMs + 30% hCSCs in hydrogel. (F) insulated and round 

hCMs in a cardiac patch with 100% hCMs in hydrogel. (G) QR code: Video showing the 

functionality of a cardiac patch with 70% hCMs + 30% hCSCs as a monolayer on SIS. 

(H) Functionality of a cardiac patch with 70% hCMs + 30% hCSCs in hydrogel. (I) 

Functionality of a cardiac patch with 100% hCMs in hydrogel. 
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4.4 Optimization of cell culture medium for human bioartificial 

cardiac patches 

4.4.1 Optimization of culture media for the development and 

stability of endothelial cell networks in hBCPs 

As previously described, the addition of hCSCs was not interfering with the functionality 

of hCMs in cardiac patches. hCMs were able to contract spontaneously and 

coordinately until the end of the experiment. In the next step hCECs were added to the 

construct to resemble even more the composition of the native human heart. Moreover, 

the aim was to establish a perfusable, vascular network for nourishment and removal of 

waste products. As hCECs require the presence of specific growth factors in the cell 

culture medium for their survival and network formation (Manikowski et al., 2018), it was 

necessary to test the addition of growth factors from the EGM-2 BulletKit (Lonza) into 

the culture medium as a first approach. For that purpose, hBCPs with a composition 

considered as a standard (monolayer on SIS: 0.36 x 106 hESC-CM/cm2 + 0.18 x 106 

hCSCs/cm2 + 0.18 x 106 GFP-hCECs/cm2, hydrogel: 2.5 x 106 hESC-CM/mL + 1.25 x 

106 hCSCs/cm2 + 1.25 x 106 GFP-hCECs/mL) were created in parallel and were tested 

either in HuDiff complete media (n=2) or RPMI complete media (n=2). The composition 

of these media was detailed previously in custom-made solutions of the materials and 

methods section. The main differences between these two media is the presence of 

IMDM in HuDiff media as the basal medium and the presence of RPMI 1640 in RPMI 

media with the addition of horse serum and transferrin-selenium. RPMI medium 

composition was adapted from previously optimized media used for constructs with hEC 

in our working group (data not shown). 

After 27 days of cultivation the cell organization and density was similar in hBCPs 

cultured with HuDiff (Figure 23A) or RPMI media (Figure 23B) as shown by TMRM+ 

staining. However, more GFP-hCECs survived and connected with each other in HuDiff 

media (Figure 23C) in comparison with RPMI media (Figure 23D). As the transduction 

of hCECs with lentivirus was resulting in around 35% of GFP positive hCECs only, a 

staining for ULEX was performed to visualize all hCECs. Thereby, a more developed 

endothelial cell network (larger diameter of tubes, increased number and length of 

branches and higher interconnection) in HuDiff media (Figure 23E) was detected in 

comparison with RPMI media (Figure 23F). However, spontaneous and global 

contractions were not observed in cardiac patches cultivated in any of the media. 



 
79

 HuDiff complete media RPMI complete media 
 

 

 

4.4.2 Optimization of cell culture media and alternative cell 

composition for the generation of hBCPs with stable 

endothelial cell networks and global contractility 

A further optimization of media and cell composition of hBCPs was conducted as the 

functionality of the hCMs was lost in cell culture medium supporting hCECs. For that 

purpose, three different hBCPs with the following conditions were generated: 1. hBCPs 

with standard cell composition in HuDiff complete media (control), 2. hBCPs with an 

Figure 23: Optimization of culture media for the development of endothelial cell 

networks in hBCPs (standard composition). Day 27 of cultivation. Cell organization and 

density was similar in hBCPs with different media composition (A-B). A higher survival 

of hCECs and a more developed network was evident in hBCPs in HuDiff media (C, E) 

analyzed for GFP expression and with ULEX staining in comparison with hBCPs with 

RPMI media (D, F). 
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increased percentage of hCMs and decreased percentage of hCSCs in HuDiff media 

and 3. hBCPs with standard composition and optimization of media including a gradual 

decrease of FBS and growth factors. In comparison to the control (Figure 24A), TMRM+ 

signal revealed a more developed cellular network by the end of the experiment (day 

27) for hBCPs with an alternative cell composition (Figure 24B) and hBCPs with 

optimized media (Figure 24C) suggesting a better connectivity between hCMs. Live 

monitoring of the previous hBCPs further reinforced this finding: no global and 

spontaneous contractions were found in standard hBCPs during the whole experiment 

(data not shown), while very weak contractions were visible in hBCPs with alternative 

cell composition (Figure 24G, link: https://youtu.be/oSpTAGpOHXI) and evident global 

contractions were found in hBCPs with optimized media (Figure 24H, link: 

https://youtu.be/SrWx_f3hSeI). Moreover, in comparison with the control (Figure 24D)  

and by visualization of GFP-hCECs, an impairment of the formation of endothelial cell 

networks in hBCPs with the alternative cell composition (Figure 24E) was evident. This 

network impairment was clear as well in comparison with hBCPs with optimized media 

(Figure 24F) where stable endothelial cell networks were found. These findings 

suggested the need for an initial specific percentage of hCSCs and a specific medium 

composition for the establishment and/or stabilization of endothelial cell networks. 
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For further investigation of the effect of the described conditions on hBCPs, sarcomeric 

α-actinin staining for hCMs, ULEX staining for hCECs and vimentin staining for hCECs 

and hCSCs was performed at the end of the experiment (day 27). Sarcomeric α-actinin 

staining showed that, in comparison with the control (Figure 25A), where most of the 

hCMs were found to be isolated or in clusters and not connected in networks, there was 

a more defined hCMs network in hBCPs with alternative cell composition (Figure 25B) 

and with optimized media (Figure 25C). ULEX staining demonstrated, in comparison 

with the control (Figure 25D), an impairment of hCECs network in hBCPs with 

alternative cell composition (Figure 25E) and hBCPs with optimized media (Figure 25F) 

where stable endothelial cell networks were visible. Vimentin staining revealed a higher 

Figure 24: Effects of optimization of cell composition or media on cell organization, 

functionality and endothelial cell networks in hBCPs. Images were taken at day 27 of 

cultivation. Impairment of cellular networks in standard hBCPs (A) in comparison with 

hBCPs with optimized cell composition (B) and optimized media (C) is visualized by 

TMRM+ staining. Impairment of endothelial cell networks of GFP-hCECs in hBCPs with 

optimized cell composition (E), in comparison with standard hBCPs (D) and hBCPs with 

optimized media (F), where stable endothelial cell networks were present. (G) QR code: 

Video showing the functionality of a hBCP with optimized cell composition. (H) 

Functionality of a hBCP with optimized media. 
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density of mesenchymal cells, most of them negative for the endothelial marker ULEX, 

indicating overgrowth in the control (Figure 25G) and in hBCPs with alternative cell 

composition (Figure 25H) in comparison with hBCPs with optimized media (Figure 25I) 

in which a decreased number of these cells were visible. 

Standard (Control) 
Alternative cell 

composition 
Optimization of media 

 

 

 

Figure 25: Effect of medium optimization and alternative cell composition on hCMs

organization, endothelial cell networks and mesenchymal cells in hBCPs. Images were 

taken at day 27 of cultivation. An impairment of hCMs networks was visible in standard 

hBCPs (A) in comparison with hBCPs with alternative cell composition (B) and 

optimized media (C) by staining with α-actinin. An impairment of endothelial cell 

networks made by GFP-hCECs was detected in hBCPs with alternative cell 

composition (E), in comparison with standard hBCPs (D) and hBCPs with optimized 

media (F), where stable endothelial cell networks were present. Higher density of 

mesenchymal cells was visualized by staining against vimentin in standard hBCPs (G) 

and hBCPs with alternative cell composition (H) in comparison with hBCPs with

optimized medium (I). 
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The endothelial cell network in the hBCPs of the three different groups were further 

characterized with the use of Angiogenesis Analyzer in ImageJ. Pictures from hBCPs 

after ULEX staining were analysed and number of nodes and branches as well as the 

total length and the mesh index were quantified (Figure 26). The values were 

normalized to the results from the control group (standard hBCPs) which were set to 1. 

In spite of the limited number of samples (n=2, 2-3 pictures per sample) a tendency 

towards an impairment of endothelial cell networks in hBCPs with alternative cell 

composition was visible in respect to a decrease in the number of nodes (fold change of 

14.28) and branches (fold change of 3.57), total length of networks (fold change of 5.26) 

and mesh index (fold change of 1.51) in comparison with the control. On the other hand, 

hBCPs with optimized media showed a slight increase compared to the control in the 

number of nodes (fold change of 1.18), number of branches (fold change of 1.10), and 

the total length (fold change of 1.10), while the mesh index was unchanged. SEM and 

p-value were not included due to the limited number of samples (n=2). 

 

Figure 26: Analysis of endothelial cell networks in the different groups of hBCPs with 

the plugin Angiogenesis Analyzer in ImageJ. Images taken after ULEX staining were 

used. Data is expressed as individual measurements (dots), mean and SEM. Values 
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were normalized to Standard hBCPs values (control). Total length: Sum of length of 

segments, isolated elements and branches in the analyzed area. Mesh index: Mean 

distance separating two master junctions in the trees (Total master segments length / 

Number of master segments). n=2. Opt.: Optimization. Alt.: Alternative. Comp.: 

Composition. 

hBCPs with optimized medium were stained for CD31, vimentin and DAPI (GFP signal 

of the GFP-hCECs was destroyed by acetone fixation) revealing more details of the 

endothelial cell network in high magnification images (Figure 27). Endothelial cells were 

positive for both CD31 (Figure 27A) and vimentin (Figure 27B). Vimentin positive cells 

that were negative for CD31 (arrows in Figure 27C), with elongated cytoplasm, were 

detected and observed surrounding the endothelial cell networks.  

 

Figure 27: Representative high magnification images of endothelial cell network in 

hBCP with optimized media. (A) Staining for CD31 showing the distribution of 

endothelial cells. (B) Vimentin staining reflects the organization of mesenchymal cells 

(including endothelial cells). (C) Overlay of (A) and (B) and DAPI staining shows 

vimentin positive cells (negative for CD31) surrounding endothelial cell networks (white 

arrows).   
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4.5 Mechanical stimulation of hBCPs 

4.5.1 Alignment of hESC-derived cardiomyocytes in stimulated 

hBCPs 

Mechanical stimulation by uniaxial cyclic stretch (sinus, 5% stretch and 1 Hertz) was 

applied to hBCPs with optimized media for 16 days. Spatial arrangement of hCMs was 

investigated by TMRM+ staining or by GFP fluorescence in case of GFP expressing 

hCMs. Orientation of CM in the direction of stretch was initially visible after 5-6 days 

(data not shown). By the end of the experiment (day 16 of mechanical stimulation) and 

in comparison with the static control (Figure 28A), TMRM+ staining revealed a general 

alignment of all cells present in the stimulated hBCPs (Figure 28B). Additionally, in 

comparison with the random distribution of GFP-hCMs in the static control (Figure 28C), 

GFP-hCMs in the stimulated cardiac patch reflected alignment along the stretch axis 

(Figure 28D). Compared to random distribution in unstimulated patches (Figure 28E), 

staining for sarcomeric α-actinin demonstrated as well the alignment of hCMs along the 

stretch axis (Figure 28F). These data suggest that the mechanical stimulation setting 

promoted alignment of hCMs in the direction of stretch. 
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Figure 28: Effects of mechanical stimulation on hBCPs composed of hESC-derived CM 

after 16 days of stimulation. (A, C) Representative pictures of static control hBCPs 

composed of hESC-derived CM. (B, D) Representative pictures of stimulated hBCPs 

composed of hESC-derived CM. Alignment of CM is observed after TMRM+ staining 

(A,B) or by GFP fluorescence (C, D). Sarcomeric α-actinin staining of hCMs after 8 days 

of mechanical stimulation (E) and in hBCP under static conditions (F). The arrows 

indicate the direction of the applied uniaxial stretch and release. 

Analysis of images of GFP-CM in hBCPs after 16 days of stimulation and respective 

controls was conducted with Directionality plugin in ImageJ revealing the preferential 

alignment of CM (0º) in stimulated hBCPs in comparison with static hBCPs (Figure 29). 
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Figure 29: Representative analysis of GFP-CM in stimulated and static hBCPs with 

Directionality plugin in ImageJ. Preferential alignment of CM (0º) is observed in the 

directionality histograms of stimulated hBCPs in comparison with static hBCPs. The 

amount indicates the sum of the histogram from center plus/minus standard deviation, 

divided by the total sum of the histogram. Slices of different colours are distinct sections 

of the pictures analyzed by this plugin.  

4.5.2 Contractile function of hESC-derived cardiomyocytes in 

stimulated hBCPs  

Spontaneous beating of hESC-derived CM was present in hBCPs before the application 

of mechanical stimulation (data not shown). After application of cyclic stretch for 16 

days a lack of spontaneous contractility in stimulated hBCPs (Figure 30A, C, link: 

https://youtu.be/YSr-MhPUCng) in comparison to spontaneous beating static control 

hBCPs was observed (Figure 30B, D, link: https://youtu.be/bS-pB_JkDJc). This 

phenomenon was detected in 3 independent experiments from different batches of 

hESC-derived CM. 

Although this effect was observed in 3 independent experiments, it was not possible to 

further replicate this result. CM from different, additional batches were showing no initial 

spontaneous global beating in hBCPs (n=5) before mechanical stimulation, suggesting 

an impairment of the connectivity between hCMs. Therefore, mechanical stimulation 

was not applied to these constructs. After the same protocol of mechanical stimulation 

was applied to an additional hBCP generated with hCMs from the aforementioned 

batches, CM didn’t stop beating (n=1) (data not shown). 
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Figure 30: Mechanical stimulation caused lack of spontaneous contractility of 

stimulated hBCPs after 16 days of stimulation. (A) QR code: Representative video 

showing the functionality of a static hBCP at the end of the experiment. (B) QR code: 

Representative video showing the functionality of a stimulated hBCP at the same time 

point. Analysis with MUSCLEMOTION plugin in ImageJ demonstrated spontaneous 

contractions in static control (C) in comparison with a lack of spontaneous contractions 

in stimulated hBCPs (D). 

4.5.3 Gene expression analysis of stimulated hBCPs with hESC-

derived cardiomyocytes 

The gene expression of different contractile proteins (MYH6, MYH7, MYL2, MYL7, 

TNNI1, TNNI3, Titin N2B and Titin N2BA) was analyzed to test for maturation of the 

hCMs in stimulated hBCP. Samples from static and stimulated hBCPs from two 

independent experiments were processed. Each independent experiment revealed a 

different expression pattern with no evident effects of the mechanical stimulation on the 

analyzed contractile proteins when comparing control and stimulated hBCPs (Figure 

31A). Moreover, the ratios of MYH6 to MYH7, MYL2 to MYL7, TNNI1 to TNNI3, and 

Titin N2B to Titin N2BA which are used as an indicator of maturation showed no clear 

indication for maturation of the CM in the limited number of samples.  

In order to search for an underlying reason for the lack of spontaneous beating in 

stimulated hBCPs, gene expression of ion channel proteins (SERCA, SCN5A, 

CACNA1C, KCNH2, KCNQ1, KCNJ2, KCNJ12, HCN2, HCN4), mainly calcium and 

potassium voltage-dependent channels, was analyzed in addition. Results of the 

aforementioned ion channel proteins showed a high variability among the samples and 
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non-significant differences which could be attributed to technical alterations, small 

number of samples or a higher percentage of hCMs in stimulated samples (Figure 31B). 

 

 

4.5.4 Electrical stimulation of hBCP with hESC-derived 

cardiomyocytes 

Electrical pacing was applied to a mechanically stimulated cardiac patch (16 days of 

cyclic stretch, 1 month after seeding) in order to analyze the electrical coupling of 

hESC-derived CM. Analysis of the recorded video with MUSCLEMOTION showed 

synchronous contractions under electrical stimulation of the cardiac patch at 1 Hz from 

10 s (Figure 32A), and 2 Hz from 25 s (Figure 32B) and asynchronous contractions 

under electrical stimulation at 3 Hz from 43 s onwards (Figure 32C). From 50 s 

onwards, the pacing frequency is set again to 1 Hz (data not shown). Electrical 

synchronous pacing of hCMs was possible with electrical stimulation at 1 and 2 Hz, 

whereas asynchronous beating appeared at 3 Hz. The video showing the contractile 

activity of the hBCP with electrical pacing can be accessed through (Figure 32D, 

https://youtu.be/NM__KOG7JCk) 

Figure 31: PCR results of the gene expression analysis of stimulated hBCPs (with 

hESC-CM) normalized to the respective static control. GAPDH was used as a 

housekeeping gene. (A) Expression of contractile proteins. (B) Expression of ion 

channel proteins. Data represents expression values from two independent 

experiments. 
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Figure 32: Analysis of the contractile function of a hBCP with hESC-derived CM under 

electrical pacing with MUSCLEMOTION. (A) Synchronous contractions under electrical 

stimulation at 1 Hz. (B) Synchronous contractions under electrical stimulation at 2 Hz. 

(C) Asynchronous contractions under electrical stimulation at 3 Hz. (D) QR code: Video 

of a hBCP (16 days of mechanical stimulation) showing pacing of CM under electrical 

stimulation at 1 Hz, 2 Hz and 3 Hz.  

4.5.5 Alignment of hiPSC-derived cardiomyocytes in stimulated 

hBCPs 

In order to test if the alignment achieved in hESC-derived CM could be induced in 

hiPSC-derived CM as well, the same protocol for mechanical stimulation was applied to 

hBCPs composed of hiPSC-derived CM, hCECs and hCSCs with the same ratio of the 

cell types as in hESC-derived CM hBCPs and same medium composition. At the end of 

the experiment and in comparison to random orientation in static hBCPs (Figure 33A), a 

staining with TMRM+ demonstrated preferential alignment of cells along the stretch axis 

in stimulated hBCPs (Figure 33B). Uniaxial stretch promoted alignment of cells in the 

stimulated hBCPs similar to the alignment of hESC-derived CM.   
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Figure 33: Effects of mechanical stimulation on hBCPs composed with hiPSC-derived 

CM. (A) Representative picture of TMRM+ staining of static control hBCPs composed of 

hiPSC-derived CM after 38 days of cultivation. (B) Representative picture of TMRM+ 

staining of stimulated hBCPs composed of hiPSC-derived CM after 25 days of cyclic 

stretch. The arrow indicates the direction of the applied uniaxial stretch and release. 

4.5.6 Contractile function of hiPSC-derived cardiomyocytes in 

stimulated hBCP 

In contrast to hBCPs composed of hESC-derived CM, spontaneous, global, but weak 

beating was detected in hBCPs with hiPSC-derived CM under static conditions and after 

mechanical stimulation for 25 days (Figure 34A: https://youtu.be/Q1t-E9fTnvE and 

Figure 34B https://youtu.be/R4P8I6YxADw). 

 
Figure 34: QR codes: Videos of hBCPs containing CM derived from hiPSC. (A) Static 

control. (B) Stimulated hBCP after 25 days of mechanical stimulation. 

4.5.7 Gene expression analysis of stimulated hBCPs containing 

hiPSC-derived cardiomyocytes 

The gene expression of different contractile proteins (MYH6, MYH7, MYL2, MYL7, 

TNNI1, TNNI3, Titin N2B and Titin N2BA) was analyzed in static and stimulated hBCPs 

from 3 independent experiments. In each experiment a different gene expression 

pattern was detected with no significant effects of the mechanical stimulation on 

contractile proteins. Moreover, a lack of reproducibility between these effects was 

observed (Figure 35). By analyzing the ratio of MYH6 to MYH7, MYL2 to MYL7, TNNI1 

to TNNI3, and Titin N2B to Titin N2BA no signs of maturation of hCMs were detected. 
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Figure 35: PCR results of the gene expression of stimulated hBCPs (with hiPSC-CM) 

normalized to respective static control. GAPDH was used as a housekeeping gene. 

Expression of contractile proteins. Bars represent expression values from 3 

independent experiments. 

4.6 Batch-associated variability of cardiomyocytes derived from 

hESC or hiPSC 

Due to the variable results in gene expression and contractility revealed in previous 

experiments, further analysis of individual batches of cryopreserved hCMs derived from 

hESC or hiPSC was performed. For that purpose, 5 different batches of hCMs were 

seeded on plastic with the same density of viable cells and media conditions. One day 

after seeding, bright field pictures of attached hCMs were taken revealing different cell 

densities. The cell density of hESC-CM with a purity > 90% was low (Figure 36A) in 

comparison with two batches of hiPSC-CM which showed a high cell density (Figure 

36D, E). GFP-hESC-CM with a purity > 82% (Figure 36B) and GFP-hESC-CM (Figure 

36C) with antibiotic selection exhibited an intermediate cell density. These different cell 

densities among the distinct batches suggested different survival rates after cell 

seeding. Five days after seeding, brightfield images were taken again revealing different 

cell densities, suggesting different proliferation or survival rates of seeded cells. hESC-

CM with a purity higher than 90% (Figure 36F) and GFP-hESC-CM (Figure 36H) with 
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antibiotic selection exhibited a low cell density in comparison with the other batches, 

although cell proliferation was detected with respect to day 1. In both batches of hiPSC-

CM (Figure 36I, J) and GFP-hESC-CM with purity > 82% (Figure 36G) no perceptible 

changes were detected compared to day 1. TMRM+ staining showed a different signal 

distribution among the different CM batches. The distribution of TMRM+ in hESC-CM 

with a purity >90% is diffuse and the signal intensity low (Figure 36K). In eGFP-hESC-

CM with purity >82% (Figure 36L) and eGFP-hESC-CM with antibiotic selection (Figure 

36M) TMRM+ signal concentrates mainly in the perinuclear area. TMRM+ signal in both 

batches of hiPSC-CM (Figure 36N, O) are diffuse but with a stronger intensity than 

hESC-CM with purity >90% (Figure 36K), most probably due to the higher CM survival. 

These differences in TMRM+ staining suggested different mitochondria content and 

distribution, shape and cell size among the different batches of CM and, therefore, 

distinct degrees of maturation, metabolic activity and functionality. 
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               Day1                          Day 5                           Day 6 

 

Figure 36: Batch-associated variability of CM derived from hESC or hiPSC. Bright field 

images of cells at 1 day (A-E) and 5 days (F-J) after seeding reflect the different survival 

rate, cell density and proliferation of different batches of CM. Comparably, at day 6, 

TMRM+ staining reveals different distribution and signal intensity as well as different cell 

size and shape between the different CM batches (K-O). 

CM were stained for sarcomeric α-actinin after 7 days of culture. The staining revealed 

a different degree of organization and distribution of sarcomeric α-actinin among the 

different batches of CM (Figure 37). Whereas cross-striations in a longitudinal 

distribution were visible in GFP-hESC-CM with purity >82% (Figure 37B, G. Figure 38A) 

and GFP-hESC-CM with antibiotic selection and purity >80% (Figure 37C, H. Figure 
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38B), only a diffuse signal in the whole cytoplasm of the cells was visible in both 

batches of hiPSC-CM with purity >95% (Figure 37D, E, I, J). In hESC-CM with a purity 

>90% the staining showed a longitudinal distribution but without perceptible cross 

striations (Figure 37A, F). 
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Figure 37: Batch-associated variability of CM derived from hESC or hiPSC. Sarcomeric 

α-actinin staining shows different degree of organization and spacial distribution of this 

contractile protein among different CM batches. (A-E) Low magnification pictures of 

sarcomeric α-actinin. (F-J) High magnification pictures of sarcomeric α-actinin.  
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Figure 38: Batch-associated variability of CM derived from hESC or hiPSC. Higher 

magnification of Figure 37G and Figure 37H. Sarcomeric α-actinin cross-striations are 

visible in CM hESC GFP+, purity >82 % (A) and in CM hESC GFP+, AB selection, 

purity >80% (B). 

 The contractile function of the different batches of CM exhibit evident distinctive 

characteristics among different CM batches in their amplitude and frequency of 

contraction (Figure 39). In terms of frequency, hESC-CM with a purity >90% (Figure 

39A, F, link: https://youtu.be/04BQ96srhho) and GFP-hESC-CM with purity >82% 

(Figure 39B, G, link: https://youtu.be/rvSwBw76l90) had a higher frequency of 

contraction in comparison with hiPSC-CM with purity >95% (Figure 39D, E, I, O, links: 

https://youtu.be/ZBueOMVzHq0 and https://youtu.be/gBVJxxi-WVg), which were 

beating with a low frequency. No evident contractions could be detected in GFP-hESC-

CM with antibiotic selection (Figure 39C, H, link: https://youtu.be/ffOdRKZkIYQ). 

Regarding their amplitude of contraction, hESC-CM with a purity >90% (Figure 39A) 

and hiPSC-CM with purity >95% (Figure 39D, E) demonstrated a higher amplitude of 

contraction than GFP-hESC-CM with purity >82% (Figure 39B).  
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Figure 39: Analysis of the contractile function of individual samples of CM from different 

batches. (A-E) Analysis with MUSCLEMOTION plugin in ImageJ showed different 

amplitude and frequency of contraction. (F-O) QR codes: Representative videos 

displaying the functionality of CM from different batches. 
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5. DISCUSSION & CONCLUSIONS 

Ischaemic heart disease (IHD) is one of the main causes of mortality and morbidity in 

the world, especially in developed countries (Bosworth et al., 2011; Shepard et al., 

2015). Currently available treatments have limited efficacy against this disease, 

whereas heart transplantation remains the gold-standard for late stage IHD. However, 

restricted availability of human hearts for organ donation is a serious and rising problem 

that limits its application. In addition, heart transplantation involves the mandatory 

lifetime use of immunosuppressants and increased risk of infections, cancer and renal 

insufficiency (Wilhelm, 2015). 

Cardiac cell therapy appeared as an innovative therapeutic strategy with the aim of 

improving or restoring cardiac function  through protection, repair and/or regeneration of 

the damaged heart with cells (Marelli et al., 1992). Since then, numerous preclinical and 

clinical studies have assessed the effects of different types of cells (mainly adult stem 

cells) on the infarcted heart (Cambria et al., 2017; Etzion et al., 2002; Garbern and Lee, 

2013; Kim et al., 2001; Pendyala et al., 2008). Clinical trials have demonstrated the 

overall feasibility of cardiac cell therapy and the safety of adult stem cells. However, 

current benefits are modest and far from being relevant in the clinical setting (Behfar et 

al., 2014; Fernández-Avilés et al., 2017; Menasche, 2011; Nguyen et al., 2016). 

Due to the limitations of cardiac cell therapy for the repair/regeneration of damaged 

heart tissue, a new cardiac tissue engineering strategy that involves the combination of 

cells and scaffolds in vitro for subsequent implantation has emerged. According to this 

strategy, cells are combined with appropriate scaffolds, signaling molecules, perfusion 

or electromechanical stimuli to produce synergistic effects in bioactive constructs 

(Eschenhagen and Zimmermann, 2005) such as increased maturation, contraction force 

and alignment of CMs. 

The discovery of hESCs, the development of hiPSCs and the derivation of CMs have 

created new opportunities for the generation of transplantable human cardiac tissue 

constructs (Jackman et al., 2015; Mihic et al., 2014). Successful generation of cardiac 

constructs based on 3D printing and cell sheet technology, decellularized tissue 

scaffolds, biomaterials and gel-based constructs, combined with pluripotent stem cell-

derived CMs have been reported (Gao et al., 2018; Kawamura et al., 2012; Kensah et 

al., 2013; Pecha et al., 2016). In spite of these milestones, human artificial cardiac 

constructs created by the aforementioned methods have been restricted in thickness, 
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due to lack of an integrated perfusable network that would overcome the nutrient and 

oxygen diffusion limitations in thick tissues. 

In previous studies by our group, SIS was established as a scaffold for cardiac tissue 

engineering. By combining SIS and Matrigel/collagen hydrogel, large-scale cardiac 

constructs (11 cm2) containing neonatal rat CM were generated (Vukadinovic-Nikolic et 

al., 2013). Such cardiac constructs showed CM functionality, with global spontaneous 

beatings, electric coupling, and presence of endothelial cell networks. Subsequently, 

uniaxial cyclic stretch was applied to neonatal rat CM constructs employing a custom-

made bioreactor (Lux et al., 2016). Such mechanical stimulation setting induced 

maturation and alignment of neonatal rat CMs and improved contractile function 

compared to static controls (Lux et al., 2016). With regards to CM generation, previous 

studies by Kempf et al. (2015) developed a differentiation protocol for pluripotent stem 

cells (hESCs and iPSCs), which allowed mass production of CMs through Wnt pathway 

modulation (Kempf et al., 2015). CMs were generated as cell-only aggregates by 

employing a suspension culture-based strategy, which facilitated process development 

and scale-up. These previous achievements paved the way for the generation of a 

functional, large-scale human cardiac tissue construct by translating the previously 

reported technology with neonatal rat CMs to human cells.  

5.1 Characteristics of the cell types used for cardiac patches 

Cardiac cells from human adult atrial appendages were isolated, characterized and 

employed for cardiac patch development. Two main cell populations were isolated and 

expanded from the aforementioned adult cardiac tissue, including hCECs and CD31 

negative hCSCs. The reason for employing these cell types was the generation of a 

cardiac tissue construct that would more closely resemble the native human 

myocardium, with a more physiological cell-cell interaction and cell signalling for the 

CMs generated from pluripotent stem cells, compared to human adult cells from other 

tissues or species. It is known that cardiac stromal cells, mainly fibroblasts and ECs, are 

the most abundant population in the human heart. They have an essential role in the 

functionality of CMs and the structure of the heart (Pinto et al., 2016; Zhou and Pu, 

2016). In addition, ECs have to be employed to generate a perfusable vessel system for 

nourishment and removal of waste products, due to the limited diffusion depths of 

nutrients and oxygen (100-200 µm) across the tissues.  
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Regarding hCECs, their typical cobblestone morphology, their ability to assemble into 

networks on Matrigel and Dil-Ac-LDL uptake, the positive staining for CD31 and 

vimentin and the negative staining for α-SMA demonstrated the feasibility of the 

isolation and expansion of pure populations of hCECs from human atrial appendages 

(Figure 16). Recent studies described specific subtypes of ECs, such as arterial, venous 

and lymphatic ECs with distinct differences (Chi et al., 2003; Dejana et al., 2017). 

Moreover, the existence of specific markers to characterize the different subtypes have 

been reported (Icli and Feinberg, 2016). The specific hCECs subtype used in the 

present study was not determined. 

Isolated hCSCs exhibited spindle shaped morphology with branched cytoplasm. They 

expressed the mesenchymal markers vimentin and desmin and were negative for the 

EC marker CD31. A subset of these cells was stained positive for α-SMA, suggesting 

the presence of a mixed population of cells within the hCSCs population (Figure 17). 

These findings suggested a heterogeneous population of mesenchymal stromal cells. 

Due to the lack of specific markers for cells like cardiac fibroblasts (Ivey and Tallquist, 

2016) or pericytes (Armulik et al., 2011), the exact composition of the isolated hCSCs 

population was not determined. 

Regarding the CMs that were derived from hESCs through modulation of the Wnt 

pathway, staining reflected the presence of sarcomeric α-actinin cross-striations, typical 

of skeletal and cardiac muscle (Figure 18). In addition, flow cytometry analysis of 

sarcomere proteins, sarcomeric α-actinin, troponin T, myosin heavy chain MF22 and 

beta myosin heavy chain, revealed a high percentage of hCMs after differentiation 

(Figure 19). N-cadherin was preferentially distributed in the cytoplasmic membranes, 

especially between adjacent hCMs. Connexin 43 expression was diffuse with a stronger 

signal in the perinuclear area. Such characteristics correspond to an early differentiation 

state of fetal hCMs (Vreeker et al., 2014). In adult hCMs, N-cadherin and connexin 43 

have been reported to be mainly located in the intercalated discs at the termini, allowing 

a close communication between these cells (Peters et al., 1994). However, it should be 

noted that no further experimental analysis, such as the patch clamp technique or 

electron microscopy was performed in order to investigate specific CM subtypes, or the 

maturation state of the contractile apparatus of each CM batch employed for cardiac 

patch development. Thereby, the knowledge about differences for these characteristics 

in the individual batches of CM is limited. 
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5.2  Human bioartificial cardiac patches containing hCMs only  

hCMs in cardiac patches (SIS + hydrogel) attached, survived and were organized in 

networks on SIS, with no preferential orientation. Sarcomeric α-actinin cross striations 

were visible in those cells. In addition, cardiac constructs composed of hCMs only 

presented spontaneous and synchronized beating that started after 5-6 days in culture 

and continued till the end of the experiment (maximum time of 27 days). However, 

hCMs located in the hydrogel were round and isolated, suggesting a lack of cellular 

interconnectivity in the hydrogel (Figure 20). The reason for this phenomenon could 

have potentially been the inability of the CMs alone to migrate and/or remodel the ECM 

of the hydrogel in order to connect to each other and form functional 3D syncytia. 

Similar results were reported in a previous study by Vukadinovic-Nicolic et al. (2013), 

where neonatal rat CM were round-shaped and randomly-arranged as well in cardiac 

constructs containing hydrogel only (Vukadinovic-Nikolic et al., 2013). Moreover, pure 

CMs that were derived from mouse ESCs remained rounded and formed isolated 

clusters, in spite of being cross-striated and coupled by connexin 43 gap junctions in 

fibrin gels (Liau et al., 2011). In contrast to the random orientation of hCMs on SIS, 

neonatal rat CMs on SIS re-aligned along the collagen fibers that run parallel to the 

longitudinal axis of the SIS (Vukadinovic-Nikolic et al., 2013). This difference could be 

potentially attributed to the dissimilar maturation state of neonatal rat CMs and hCMs. It 

has been shown that neonatal CMs became more aligned than fetal CM in vivo (Scuderi 

and Butcher, 2017) and that hESC-derived CMs had a poor cellular alignment and 

orientation under standard culture (Feric and Radisic, 2016). 

5.3 Human bioartificial cardiac patches composed of hCMs and 

hCSCs 

In order to achieve a cell composition similar to the native human heart, hCSCs were 

added to hCMs in cardiac patches. Both cell populations were able to survive and 

attach to the scaffold. Similarly, to the cardiac patches composed of CMs only, hCMs 

combined with hCSCs were organized in networks with no preferential orientation and 

contracted spontaneously and in a coordinated fashion till the end of the experiment. 

hCSCs showed a fibrillary distribution pattern and were randomly oriented as well. 

Under these conditions, no isolated hCMs could be detected in the hydrogel (Figure 21). 
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Further experiments were performed to clarify the role of hCSCs with regards to the 

interconnectivity of CMs. While in cardiac patches with 100% hCMs in hydrogels, most 

of the hCMs were round and isolated, in the patches with 70% hCMs + 30% hCSCs as 

a monolayer on SIS or in cardiac patches with 70% hCMs + 30% hCSCs in hydrogels, 

hCMs were elongated and connected with each other. In addition, hydrogels with 100% 

hCMs contracted spontaneously in clusters only, with less overall displacement of the 

patches, compared to the global and coordinated beating of both types of patches with 

70% hCMs + 30% hCSCs (Figure 22). These results are in line with previous studies, 

which showed that the addition of stromal cells, such as fibroblasts, improved the 

contractility, connectivity and cellular organization in cardiac constructs compared to 

constructs with CMs only (Kensah et al., 2013; Stevens et al., 2009). Moreover, stromal 

cells have been well known for their ability for matrix remodeling, production of new 

connective tissue and enhancement of the functionality of engineered cardiac tissues 

(Costa-Almeida et al., 2018; Pecha et al., 2016).  

5.4 Optimization of cell culture medium for human bioartificial 

cardiac patches (hBCPs) 

Subsequently, hCECs were added to cardiac constructs to resemble more the 

constitution of the native human heart and induce the formation of EC networks; a 

preliminary step for the generation of perfusable vessels. For that purpose, it was 

necessary to establish a cell culture medium suitable for all cell types included in the 

cardiac patch. Since ECs demand specific growth factors for their survival and network 

formation (Manikowski et al., 2018), the addition of growth factors included in the EGM-

2 BulletKit and other ingredients such as horse serum and transferrin/selenium  into the 

culture medium was investigated. Although EC networks were visible in both HuDiff and 

RPMI media with the EGM-2 BulletKit, an EC network with larger diameter tubes, 

increased number and length of branches, and higher interconnection was visible in the 

HuDiff medium compared to the RPMI medium (Figure 23). However, no global 

spontaneous beating was detected in either type of cardiac patches, suggesting that the 

new media composition was interfering with the connectivity or functionality of the 

hCMs. It is known that, apart from other factors, specific molecules of culture media 

have an essential role in the development and stability of EC networks (Alberts et al., 

2002). In spite of this, it was not investigated further which component or components of 

the aforementioned media were relevant for such differences in network formation and 

functionality of the hCMs, since further optimization of the HuDiff medium was planned.  
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5.5 Optimization of cell culture media and alternative cell 

composition for the generation of hBCPs with stable 

endothelial cell networks and global contractility 

The lack of global contractility of the former cardiac patches with stable EC networks 

dictated the need for further investigation into the media composition and cell ratios 

employed for the cardiac patches. For that reason, FBS and growth factor 

concentrations were gradually decrease over time of cultivation for one group of cardiac 

patches, whereas for another group the percentage of hCMs was increased while the 

percentage of hCSCs was decreased. The control group included patches with the 

conditions described in the former section (HuDiff media). Cardiac patches with the 

alternate cell composition showed weak contractions, impaired hCECs network, and a 

high density of hCSCs by the end of the experiment (Figure 24). The underlying reason 

for this observation could have been that the self-assembly and maintenance of the EC 

networks required an initial minimum fraction of mural/support cells, such as fibroblasts, 

smooth muscle cells or pericytes (Gaengel et al., 2009); a requirement that might not 

have been fulfilled by the reduced amount of hCSCs. However, due to the presence of 

FBS and growth factors of the media, the hCSCs were able to proliferate over time, 

resulting in an overgrowth in the cardiac patch, which could have potentially obstructed 

the interconnectivity of the hCMs. This hypothesis was endorsed by immunostaining 

that demonstrated a high density of vimentin positive cells, which were negative for 

CD31 by the end of the experiment. This indicated an overgrowth of hCSCs, and poor 

survival of the GFP+ hCECs in cardiac patches with alternate cell composition towards 

the end of the experiment (Figure 25 and Figure 26). The results with the cardiac 

patches cultured in optimised media further reinforced the previous hypothesis. In these 

patches, the ECs were able to self-assemble and develop stable EC networks, probably 

due to the initial presence of a high enough number of hCSCs that created more 

developed networks than the control and the alternate cell composition groups. Since 

the proliferation of the hCSCs was restricted in these patches by reducing the 

concentration of FBS and growth factors, the interaction of the CMs and the generation 

of spontaneous and global beatings in these cardiac patches were achieved.  

The results demonstrated that both the media composition and cell ratio were essential 

factors for the global functionality of the cardiac patches and for the survival and 

interaction between the different cell types. In vitro development of cardiac tissues 
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containing several cell types is necessary for the creation of a physiological myocardial 

tissue. At the same time, the increased complexity hinders deciphering cause-effect 

relationships (Zuppinger, 2015). However, other studies have also reported that the use 

of other types of cells, such as ECs, fibroblasts, smooth muscle cells and mesenchymal 

stem cells, apart from CMs, promoted angiogenesis, vasculogenesis and/or improved 

the survival, proliferation, spatial reorganization and functionality of CMs (Narmoneva et 

al., 2004; Tulloch et al., 2011). In fact, vimentin positive cells, with elongated cytoplasm, 

which were negative for CD31, were detected and observed surrounding the EC 

networks in cardiac patches, suggesting a possible role in their stabilization (Figure 27).  

5.6 Mechanical stimulation of hBCPs 

Cyclic mechanical stimulation promoted the alignment of the hESC- and hiPSC-derived 

hCMs parallel to the stretch axis in the cardiac patches, as it was demonstrated by the 

GFP signal, TMRM+ or sarcomeric α-actinin staining and by directionality analysis of 

GFP-CM (Figure 28, Figure 29 and Figure 33). These results were in agreement with 

previous findings reported by Lux et al. (2016), where neonatal rat CMs were also 

aligned along the stretch axis after mechanical stimulation, using the same bioreactor 

and parameters (Lux et al., 2016). It should be noted that due to the elastic properties of 

the SIS and the Poisson’s effect, the stretch was not exclusively uniaxial, since a 

simultaneous compression along the vertical axis to the direction of the applied stretch 

was also generated during stimulation (Lu et al., 2013). In addition, the alignment 

observed in the hCMs in the patches has also been described by multiple studies 

reporting the effects of mechanical stimulation in cardiac constructs (Govoni et al., 

2013; Kensah et al., 2011; Stoppel et al., 2016; Tulloch et al., 2011; Zimmermann et al., 

2002).  

An important difference between the mechanical stimulation of hCMs in the present 

study and the mechanical stimulation of neonatal rat CMs in previous experiments was 

the time of cyclic stretch required for a noticeable CM alignment. While only 48 hours of 

mechanical stimulation were necessary for the alignment of neonatal rat CM, at least 5-

6 days were necessary for a similar effect to be observed with hCMs. This difference 

could be attributed to the distinctive maturation state of the different CMs. The hCMs 

employed in the present study were in a fetal state and, therefore, were more immature 

than the neonatal rat CMs, and could have required longer stimulation in order to 

develop gene expression and phenotypic changes.  
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Apart from the alignment of the hCMs, mechanical stimulation induced lack of 

spontaneous beating in the hESC-derived hCMs after 16 days of uniaxial cyclic stretch, 

compared to the static controls that exhibited spontaneous beating in 3 independent 

experiments (Figure 30). This behavior was not observed in the hCMs derived from 

hiPSCs (Figure 34), most probably due to their different phenotype and/or maturation 

state. Spontaneous contractility has been well documented with immature CMs, 

especially with those derived from hESCs and hiPSCs (Robertson et al., 2013), due to 

the ion channel composition that promotes spontaneous depolarization (Sartiani et al., 

2007; Satin et al., 2004). Fully matured CMs showed no spontaneous beating and their 

contraction was induced by external stimuli. So far, there have been no studies that 

demonstrated the maturation of CMs derived from pluripotent stem cells to the point of 

inducing a lack of spontaneous beating. Although this observation was made in 3 

independent cardiac patches composed of CMs from 2 different batches, replication of 

this result was not possible, probably due to differences between CM batches. 

Moreover, the different proliferation rates and functionality of each type of cell (hCMs, 

hCECs and hCSCs), derived from different donors or differentiation batches could have 

contributed to the lack of reproducibility.  

Gene expression analysis of stimulated and static cardiac patches was performed in 

order to investigate the effects of mechanical stimulation at the mRNA level and 

whether detected phenotypic changes, such as alignment and lack of spontaneous 

beating of hCMs, could be attributed to gene expression changes of ion channels and/or 

contractile proteins. However, each independent experiment revealed a different 

expression pattern, with no evident effects of the mechanical stimulation on the 

analyzed contractile proteins, when comparing control and stimulated hBCPs composed 

with hCMs derived from hESC or hiPSC (Figure 31 and Figure 35). Gene expression 

analysis of ion channels showed similar findings, with a high variability among the 

samples (Figure 31). Therefore, no sign of maturation could be detected at gene 

expression level.  

The limited number of samples, the possible changes in the hCMs, hCSCs and hCECs 

ratios due to proliferation, the derivation of cells from different donors/differentiation 

batches and technical alterations might have affected the analysis of the generated 

cardiac constructs. In contrast to these results, numerous studies have reported clear 

effects, such as alignment, further maturation and improved functionality of CMs 

through mechanical stimulation of cardiac constructs with different cell and scaffold 
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compositions (Kensah et al., 2013; Lu et al., 2013; Mihic et al., 2014; Tulloch et al., 

2011).  

As a proof of concept, electrical pacing of a stimulated cardiac patch with hESC-derived 

CMs was demonstrated at 1 Hz and 2 Hz, while asynchronous beating was detected at 

3 Hz. In this regard, most studies report pacing through electrical stimulation (Figure 

32). The most common applied frequency has been 1 Hz due to its physiological 

relevance, although frequencies up to 3-4 Hz have also been reported (Chan et al., 

2013; Nunes et al., 2013; Tandon et al., 2011). The reason that hCMs were not able to 

globally synchronize at 3 Hz could be potentially attributed to the immature functional 

interconnectivity of the hCMs, or to an immature electromechanical apparatus of the 

hCMs, especially the immature gap junctions that might have not been able to 

propagate the action potential at such high frequency. 

5.7 Batch-associated variability of cardiomyocytes derived from 

hESC or hiPSC 

With a view to investigating the underlying reason for the aforementioned variability in 

the results, the properties of 5 different batches of cryopreserved hESC- and hiPSC-

derived hCMs were analyzed by bright field microscopy, videos of the functionality of 

CM, TMRM+ and sarcomeric α-actinin staining. The results indicated different survival 

and proliferation rates, amplitude and frequency of hCMs contraction, as well as 

different cell size, shape, morphology, mitochondria content and distribution for the 

different CM batches, except the two hiPSC-derived CM batches (Figure 36). Moreover, 

sarcomeric α-actinin staining revealed a different degree of organization and distribution 

among the batches (Figure 36). Cross striations were visible only in two of the five 

analyzed batches (Figure 37). These results further confirmed the batch-to-batch 

variability of the CMs, generated with the same basic differentiation protocol that was 

based on the modulation of the Wnt pathway, with minor differences (like CHIR 

concentration). Previous studies have also reported important differences among CMs 

derived from pluripotent stem cells, even for commercially available CMs. For instance, 

studies have reported different expression of ion channels, baseline beating rates and 

field potential durations, and different sensitivities to proarrhythmia drugs among hiPSC-

derived CMs (Huo et al., 2017). Moreover, hESC-derived CMs have been shown to be 

heterogeneous in their electrophysiological properties, even in the same batch, with 

genuine phenotypic differences (Zhu et al., 2016). This variability among CMs was 
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further exacerbated by the impracticability of conducting an extensive characterization 

of each CM batch, due to the high cost and extensive time demands. Apparently, 

current CM differentiation protocols result in a non-homogenous population of CMs due 

to unknown and uncontrolled factors involved in the complex differentiation process. 

In summary, this work demonstrated the feasibility of the generation of large-scale 

human cardiac patches (7 and 11 cm2), utilizing a combination of hCMs derived from 

pluripotent stem cells, hCSCs and hCECs, and seeded onto SIS and in hydrogels. 

Under static conditions, the cardiac constructs were able to beat in a coordinated and 

spontaneous manner and develop stable EC networks under optimized culture medium 

composition and different cell type ratios. Mechanical stimulation promoted alignment of 

the CMs derived from hESC and hiPSC and induced a lack of spontaneous contractility 

in the hESC-derived CMs in 3 independent experiments. No sign of maturation of the 

CMs could be identified under gene expression analysis of the contractile proteins and 

ion channels. Further experiments with different CM batches identified a clear variability 

in their properties that hindered the reproducibility of the performed experiments. 

Limitations of the study 

Several limitations hindered the generation of a high number of samples and the 

production of reproducible results in this project. An important technical limitation for this 

study was the limited number of bioreactor stations available (n=2) for the mechanical 

stimulation of cardiac patch replicates in parallel (n=2). Moreover, each experiment 

demanded an extensive amount of time to be completed (about 1 month). On the other 

hand, the possible differences among hCMs, hCSCs and hCECs from different 

donors/batches could have contributed to the variability of the results. In this regard, the 

variability of the CM properties between and within batches did not only affect the 

reproducibility of the results but could also have implications in the future application of 

the developed technology in the clinical setting, were treatment standardization is a 

prerequisite.  

Conclusions 

Human cardiac patches designed for surgical implantation and with relevant dimensions 

were successfully generated. These cardiac patches, composed of hCMs, hCSCs and 

hCECs and combined with SIS and Matrigel/collagen, showed global functionality of 

hCMs with development of hCECs networks with specific cell and media conditions.  

Apart from the alignment of the hCMs, the effects of mechanical stimulation could not 
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be fully elucidated due to the technical and biological limitations. Overcoming such 

obstacles would not only pave the way for a deeper knowledge in the field but would 

also be one important step towards clinical application. 
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6. OUTLOOK & FUTURE WORK 

The future work for this project is defined by its current limitations. The thickness of the 

cardiac patches generated in the present work was 150-200 µm, which was far from the 

thickness of about 1 cm of the native myocardium in the human ventricle. Owing to this, 

it is unlikely that the produced patches would be able to produce physiologically-

relevant force contractions. In order to increase the thickness of the constructs, it would 

be necessary to include a perfusable system to transport nutrients and waste products. 

Moreover, the development of robust CM differentiation protocols would be necessary 

to generate CMs with reproducible and homogenous properties. This would allow a 

better understanding of the factors affecting cardiac patch development under static and 

dynamic (mechanical stimulation) conditions, and it would lead to more reliable and 

reproducible results. Further parametric experiments involving different parameters, 

such as duration of stimulation, percentage of stretch, frequency, and continuous versus 

cyclic stretch in a high-throughput setting, would more effectively clarify the role of 

mechanical stimulation in cardiac patch regeneration and maturation.  

In addition, an efficient and reliable production of hCECs and hCSCs from human 

iPSCs would grant an optimal source for the creation of the cardiac patches. With this 

approach, it would be possible to produce high amounts of these cells from patients 

without the need of cardiac surgeries and would establish a more realistic clinical 

setting. 

On another point, Matrigel would have to be replaced as one of the necessary steps for 

the clinical application of the cardiac patches due to its origin (mouse sarcoma cells) 

and its variable composition. 

Once these aspects have been addressed, in vivo experiments would be required in 

order to assess the functional benefits of the developed cardiac patches on infarcted 

animals. This is a necessary step prior to the clinical application of such cardiac patches 

with the ambitious aim of improving or restoring the cardiac function of patients affected 

by IHD. 
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