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Ischemic heart disease is a major cause of human death worldwide owing to the 

heart minimal ability to repair following injury. Other than heart transplantation, there are 

currently no effective or long-lasting therapies for end-stage heart failure. Therefore, it 

is crucial to develop not only alternative therapies that potentiate heart regeneration or 

repair, but also new tools to study human cardiac physiology and pathophysiology in 

vitro. In this context, cardiac tissue engineering arises a promising strategy, as it is 

aimed at generating cardiac tissue analogues that would act as in vitro models of human 

cardiac tissue or as surrogates for heart repair. Thus, having 3D human cardiac tissue 

constructs resembling human myocardium could revolutionize drug discovery and 

toxicity testing, cardiac disease modelling and regenerative medicine. 

A strategy to obtain reliable cardiac tissue constructs is to mimic the native 

cardiac environment. The classical approach is based on seeding cardiomyocytes in 

biocompatible 3D scaffolds, and then culturing the construct in a biomimetic signaling 

system, usually a bioreactor. Although major advances have been made, the generation 

of thick and mature tissue constructs from human induced pluripotent stem cells-derived 

cardiomyocytes (hiPSC-CM) is still a challenge. Therefore, the hypothesis of our study 

is that the combination of hiPSC-CM with 3D scaffolds and appropriate regulatory 

signals may lead to the generation of mature human cardiac tissue constructs 

resembling human myocardium, both functionally and structurally. To address this, we 

have characterized a collagen-based 3D scaffold and established an efficient method 

for cell seeding into the scaffold. We have also developed a parallelized perfusion 

bioreactor system, which ensures an effective mass transport between cells and culture 

medium and allows culturing multiple replicas of tissue constructs. In addition, we have 

designed and fabricated a perfusion chamber including electrodes to electrically 

stimulate cells during culture, as well as to monitor tissue function. With this advanced 

3D culture system, we have been able to generate thick 3D human cardiac constructs 

with tissue-like functionality. Our results indicate that perfusion of culture medium 

combined with electrical stimulation and collagen-based scaffold improve the structural 

and functional maturation of hiPSC-CM. In general terms, electrical stimulation has 

improved the structural organization, alignment and coupling of cardiomyocytes in our 

cardiac tissue constructs. Moreover, electrical stimulation has promoted the formation 

of synchronous contractile constructs at the macroscale with improved 

electrophysiological functions. Through the development of a new electrophysiological 

recording system, we report for the first time to our knowledge a technique that provides 

information about the electrical activity of intact cardiac tissue constructs in real time. 

Specifically, the combination of action potentials generated by hiPSC-CM composing 

cardiac constructs produces ECG-like signals, which could be monitored online. Finally, 

we have demonstrated the ability of stimulated human cardiac tissue constructs to 

detect drug-induced cardiotoxicity, as typical features of arrhythmias (e.g. prolongation 

of RR intervals and regular blockades) could be observed upon treatment with sotalol. 
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Taken together, results indicate that macroscopic human cardiac tissue constructs with 

tissue-like functionality can be obtained through the use of our advanced 3D culture 

system. We have studied the effects of electrical stimulation on cardiomyocytes at 

multiple levels: molecular (presence, distribution and expression of cardiac proteins), 

ultrastructural (sarcomere width and presence of specialized cellular junctions), cellular 

(morphology and alignment), and functional (amplitude, directionality and strain of 

contractions, and electrophysiological recordings). Findings validate our in vitro 

approach as a valuable system to obtain 3D cardiac patches with an improved maturity 

and functionality. Importantly, the online monitoring system developed in this study can 

provide essential electrophysiological information of intact cardiac tissue constructs, 

which opens up myriad possibilities in the field of cardiovascular research. 
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2D: two dimensional 

3D: three dimensional 

AAS: α-sarcomeric actinin 

ABS: acrylonitrile butadiene styrene 

ADSC: adipose-derived stromal cells 

AH: adult heart 
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ASA: α-sarcomeric actin 

bFGF: basic fibroblast growth factor 

BMC: Bone marrow-derived mononuclear cells 

BR: beating rate 
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CHO: Chinese hamster ovary cells 

CiPA: Comprehensive in vitro Proarrhythmia Assay 

CM: Cardiomyocytes 

CSC: Cardiac stem cells  

cTNC: cardiac troponin C 

cTNI: cardiac troponin I  

cTNT: cardiac troponin T   

CVDs: Cardiovascular diseases 

Cx43: connexin 43 

DAPI: 4',6-diamidino-2-phenylindole 
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DMA: Dynamic Mechanical Analysis 

DMEM: Dulbecco’s Modified Eagle Medium 

ECG: surface electrocardiogram 

ECM: extracellular matrix 

EFPs: extracellular field potentials 

EPC: endothelial progenitor cells  

ES: electrically stimulated 

ESC: embryonic stem cells 

ET: excitation threshold 
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EtO: ethylene oxide 

FAC: fractional area change 

FBS: fetal bovine serum 

FH: fetal heart 

FiPS: fibroblasts-derived iPS cells 

FPD: field potential duration 

GFP: green fluorescence protein 

HCM: hypertrophic cardiomyopathy 

HEK293: human embryonic kidney 293 cells 

HEPES: N-2-hydroxyethylpiperazine-N-2-ethane sulfonic acid 

hERG: human ether-a-go-go-related gene 

hESC: human embryonic stem cells 

hESC-CM: human embryonic stem-cell derived cardiomyocytes 

HFF: human foreskin fibroblasts 

hiPSC: human induced pluripotent stem cells 

hiPSC-CM: human induced pluripotent stem cell-derived cardiomyocytes 

hPSC: human pluripotent stem cells 

hPSC-CM: human pluripotent stem cell-derived cardiomyocytes 

HSC: hematopoietic stem cells  

HyD: hybrid detector 

IGF-1: Insulin-like growth factor 1 

iPSC: induced pluripotent stem cells  

KiPS: keratinocyte-derived iPS cells 

LQT: long QT syndrome 

MCR: maximum capture rate 

MEA: microelectrode arrays  

MEF: mouse embryonic fibroblasts 

MHC: Myosin heavy chain 

MLC: Myosin light chain  

MLC2a: atrial isoform of the regulatory myosin light chain 

MLC2v: ventricular isoform of the regulatory myosin light chain 

MSC: mesenchymal stem cells  

NDD: non-descanned detector 

NeoR: neomycin-resistance gene 

NKM: non-kardiomyocyte medium 
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NRV: neonatal rat ventricle 

PBS: phosphate buffered saline 

PCL: poly e-caprolactone 

PCR: polymerase chain reaction 

PDMS: polydimethylsiloxane 

PFA: paraformaldehyde 

PGA: polyglycolic acid  

PGS: poly(glycerol sebacate) 

Ph: phalloidin 

PIV: Particle Image Velocimetry 

PLA: polylactic acid  

PLLA: poly-L-lactide  

PMMA: poly(methyl methacrylate) 

PP: polypropylene 

PSC: pluripotent stem cells  

PU: polyurethane 

PVDF: polyvinylidene fluoride 

qRT-PCR: quantitative real-time polymerase chain reaction 

rCM: rat cardiomyocytes 

Rex-1: reduced expression 1 gene 

RT: room temperature 

RyR: ryanodine receptors 

SD: standard deviation 

SEM: scanning electron microscope 

SERCA: sarco/endoplasmic reticulum Ca2+-ATPase 

SHG: Second Harmonic Generation 

SR: sarcoplasmic reticulum 

ssTnI: slow skeletal troponin I 

TBS: tris-buffered saline 

TdP: torsades de pointes 

TEM: transmission electron microscopy 

TPEF: two-photon excited fluorescence 

VSO: voltage-sensing optical techniques 

VSV: vesicular stomatitis virus 

Wnt: Wingless 
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α-MHC: α-heavy chain subunit of cardiac myosin 

α-sa: α-sarcomeric actin 

α-tub: α-tubulin 

β-MHC: β-heavy chain subunit of cardiac myosin 
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1.1. The human heart 

 Anatomy, physiology and histology 

The heart is the first functional organ to develop in the human body: it starts 

beating only three weeks into gestation. The heart is vital for the growth and survival of 

the developing embryo, as it has an important role in the distribution of oxygen and 

nutrients1,2. An adult’s heart is about the size of a fist, and it is a muscular organ of 

unparalleled complexity that continuously pumps blood through the body3. Its main 

functions are collecting blood from the tissues of the body and pumping it to the lungs, 

and collecting blood from the lungs and pumping it to all other tissues in the body. 

Anatomically, the human heart resides in the center of the thoracic cavity, dorsal to the 

sternum and costal cartilages, and rests on the anterior surface of the diaphragm. It 

adopts an oblique position in the thorax, with two-thirds to the left of midline. It occupies 

a space between the pleural cavities called the middle mediastinum. Around the heart 

there is the pericardium, which is a serous membrane that covers the organ. It is 

composed of an inner (visceral pericardium) and an outer (parietal pericardium) layers 

with lubricating fluid in between (Figure 1.1)4.  

 

Figure 1.1. Position in the thorax and anterior surface of the heart. The heart lies obliquely 
in the thorax, dorsal to the sternum and costal cartilages, and rests on the diaphragm. It is located 
between the two lungs, in a space called middle mediastinum, and is surrounded by the 
pericardium. The ventral surface of the heart is formed primarily by the right ventricle. The atria 
are positioned anterior to their respective ventricles. The right lateral border is formed by the right 
atrium and the left lateral border by the left ventricle. The dorsal surface is formed by the left 
atrium and ventricle. The great arteries (aorta and pulmonary trunk) arise from the base of the 
heart, and the most caudal part of the heart is the apex. Adapted from Weinhaus AJ and Roberts 
KP4. 
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The internal anatomy of the heart is composed of four distinct chambers. The two 

upper chambers (or atria) are responsible for collecting blood; the two lower chambers 

(ventricles) are responsible for pumping blood and are much stronger. Right atrium and 

ventricle collect blood from the body and pump it to the lungs, while the left atrium and 

ventricle collect blood from the lungs and pump it throughout the body (Figure 1.1). 

There is a one-way flow of blood through the heart; this flow is maintained by a set of 

four valves that prevent the backflow of blood (two atrioventricular valves named 

tricuspid and bicuspid, and two semilunar valves named pulmonary and aortic)4. 

Even though the heart is filled with blood, it provides very little nourishment and 

oxygen to the tissues composing it. The heart walls are too thick to be supplied by 

diffusion alone, so heart tissues are sustained by a separate vascular supply. Nutrients 

and oxygen are provided through right and left coronary arteries, which arise from the 

base of the aorta. Waste products and carbon dioxide are removed through cardiac 

veins that return deoxygenated blood to the right atrium4. A rich vasculature that ensures 

an efficient blood supply is crucial for the normal function of the heart, as it is an 

extremely metabolically active organ that cannot tolerate hypoxia for long periods of 

time5.  

 

The heart wall consists in three distinct layers: the endocardium (inner layer), the 

myocardium (middle layer) and the epicardium (external layer, also named visceral 

pericardium) (Figure 1.2). The endocardium is the internal lining of the atrial and 

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

outgoing arteries. In fact, the endocardium is a sheet of epithelium called endothelium 

Figure 1.2. Diagram of the internal anatomy of the heart wall. Cross-section cut through the 
heart wall, where the three constituent layers are shown (endocardium, myocardium and 
epicardium). The pericardium is also displayed, with its two constituent layers (parietal and 
visceral pericardium) and the pericardial cavity. Adapted from Weinhaus AJ and Roberts KP4. 
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that rests on a dense connective tissue layer, consisting of collagen and elastic fibers. 

Regarding the epicardium, it is composed of a single layer of flat-shaped epithelial cells 

called mesothelium, which covers the free surface. Mesothelial cells secrete a small 

amount of serous fluid to lubricate the movement of the epicardium on the parietal 

pericardium. The epicardium also includes a thin layer of fibroelastic connective tissue 

that supports the mesothelium, and a broad layer of adipose tissue which serves to 

connect the fibroelastic layer to the myocardium. Finally, the myocardium constitutes 

the bulk of the heart tissue, and is composed of cardiac muscle that contracts to carry 

out heart pumping function4.  

The myocardium is the cardiac muscle tissue of the heart, a highly differentiated 

tissue that follows an asymmetrical, helical architecture6,7. The cardiac helix form 

consists in two loops that start at the pulmonary artery and end in the aorta, leading to 

circularly and spirally arranged networks of muscle cells that squeeze blood through the 

heart8. Two types of myocardial tissue can be identified: the myocardium composing 

atria and ventricles (being much thicker in the ventricles, ~1 cm in left ventricle), and the 

myocardium specialized for initiating and conducting the electrical impulses through the 

heart, named the conduction system of the heart9.  

Atrial and ventricular myocardium consists of tightly packed cardiomyocytes 

(CM), fibroblasts, endothelial cells and smooth muscle cells (Figure 1.3). 

Cardiomyocytes are striated and contractile muscle cells that comprise only 30 to 40% 

of the total cells in the heart, but occupy approximately 75% of normal myocardial tissue 

volume10. Most of the remaining cells are non-myocytes, mainly fibroblasts, which are 

found surrounding cardiomyocytes and between the myocardial tissue layers. 

Fibroblasts represent about 60-70% of human heart composition, and contribute to 

cardiac development, myocardial structure, cell signaling and electromechanical 

function of the myocardium11,12. The remaining cell types, such as endothelial and 

vascular smooth muscle cells, represent comparatively small populations13. 

Regarding the conduction system of the heart, it has the capacity of spontaneous 

rhythmicity and is constituted by specialized connecting bundles for a rapid and highly 

coordinated impulse propagation9,14. At the cellular level, it is composed of specialized 

cardiomyocytes named pacemaker cells and Purkinje fibers. Pacemaker cells reside in 

the sinoatrial node located in the right atrium, and spontaneously generate electrical 

impulses to initiate heart contraction (Figure 1.3)15. Sinoatrial node is considered the 

natural pacemaker, as pacemaker cells determine the cardiac rhythm16. Regarding 

Purkinje fibers, they are responsible for conducting the electrical impulses throughout 

the heart (Figure 1.3)17. 
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Another important component of the heart wall is the cardiac extracellular matrix 

(ECM), which comprises the non-cellular components of the tissue. The cardiac ECM 

is a complex meshwork of structural and non-structural proteins and sugars that provide 

cells with microenvironmental cues, mechanical support and architectural guidance18. 

Fibrous proteins (collagens and elastins) have a structural function, whereas 

matricellular proteins (e.g. tenascin and osteopontin) have non-structural roles. Other 

glycoproteins (e.g. fibronectin and laminin), as well as proteoglycans have also relevant 

roles in both functions of the ECM19,20. In the adult myocardium, the most abundant 

collagen types are I and III, followed by IV, V and VI types, and elastin fibers confer 

elasticity to the cardiac tissue21.   

Electrical coupling between cardiomyocytes allow the spreading of depolarizing 

electrical impulses from the sinoatrial node through the atria. The excitation and 

subsequent contraction of the atria is reflected by the P-wave on the surface 

electrocardiogram (ECG) (Figure 1.4). The electrical impulse is then conducted from 

the atria to the atrioventricular node, and from the atrioventricular node to the apex of 

the heart through a small band of specialized cardiac muscle named bundle of His. 

Then, Purkinje fibers transmit the electrical impulse from the apex of the heart to the 

cardiomyocytes of the right and left ventricles. The excitation and subsequent 

contraction of the ventricles is represented by the QRS complex on the surface ECG 

(Figure 1.4). Finally, the T-wave is indicative of ventricular repolarization (recovery)22,23. 

Figure 1.3. Cellular composition of the heart. Cell types of the heart, all of which contribute to 
structural, biochemical, mechanical and electrical properties of the functional heart. SAN: 
sinoatrial node; AVN: atrioventricular node. Adapted from Xin et al.15. 
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In normal physiologic conditions, the dominant pacemaker in the adult heart is 

the sinoatrial node, which fires at a rate between 60 and 100 beats/min. However, the 

cardiac rhythm can be modulated by sympathetic and parasympathetic afferent 

innervation, and by local changes produced by perfusion and/or chemical environment. 

At resting conditions, modulation by the parasympathetic nervous system slows the 

sinoatrial node rate to about 75 beats/min, which is the normal resting heart rate16.  

Among all the cell types composing the heart, cardiomyocytes are responsible 

for the permanent blood flow through coordinated heart contractions. The electrical 

impulses that drive those coordinated contractions depend on action potentials 

generated by individual cardiomyocytes, which sequentially open and close multiple ion 

channels22. Briefly, an action potential is initiated when the membrane potential 

(dominated by K+ equilibrium, phase 4 in Figure 1.5) is shifted towards a more positive 

value (from -90 mV to about -60 mV) mainly due to an electrical impulse transmitted by 

a neighboring cell. At this threshold potential, voltage-gated fast Na+ channels open and 

Na+ rapidly crosses the cellular membrane (phase 0, Figure 1.5), as the cytosol is 

electrically more negative than extracellular fluid and Na+ concentration is higher in the 

extracellular fluid16. This depolarization is followed by a rapid repolarization through 

transiently activating and inactivating outward K+ channels (phase 1 in Figure 1.5) and 

a plateau phase (phase 2 in Figure 1.5), which is mainly determined by the entry of 

Ca2+ through voltage-gated L-type calcium channels. This entry of Ca2+ activates Ca2+- 

dependent ryanodine receptors (RyR) located in the sarcoplasmic reticulum (SR). SR 

Figure 1.4. Normal electrical activity of the heart recorded by a surface electrocardiogram 
(ECG). Schematic representation of the cardiac conduction system, and the correlation between 
the action potentials of cardiomyocytes in distinct regions of the heart and a surface ECG.SA: 
Sinoatrial; AV: atrioventricular. Adapted from Giudicessi et al.22. 
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is the internal storage site for Ca2+, and activation of RyR initiates the coordinated 

release of Ca2+ from the SR through a process called calcium-induced calcium 

release24. Therefore, the intracellular increase of Ca2+ is not only mediated by its influx 

from the extracellular fluid, but also by its release from the sarcoplasmic reticulum. 

Then, repolarization is initiated by the inactivation of calcium channels and opening of 

voltage-gated K+ channels, which increase net outward potassium currents (phase 3 in 

Figure 1.5). Finally, the resting membrane potential is restored to -90 mV by inwardly-

rectifying potassium channels (phase 4 in Figure 1.5)16,25. 

 

Due to its continuous contractile activity, cardiomyocytes are the most 

metabolically active cells in the human body26, so they have high oxygen and nutrients 

demand27,28,29. Morphologically, adult cardiomyocytes are highly anisotropic, adopting 

elongated and rod shapes with an aspect ratio of about 7:1 (length to width; about 120 

µm in length and 20-30 µm in diameter) (Figure 1.6A)30,31,32. Cardiomyocytes are mainly 

cylindrical, but can also include short branch-like projections (Figure 1.6A-B)33. 

Importantly, they are longitudinally aligned in the context of the cardiac tissue, facilitating 

fast electrical conduction and efficient muscle contraction via intercalated discs34,35. 

Intercalated discs are a specific type of cell-cell junction found at the bipolar ends of the 

adult rod-shaped cardiomyocytes, and provide robust mechanical and electrical 

Figure 1.5. Temporal correlation between action potential duration and the QT interval on 
a surface electrocardiogram (ECG). Numerous inward and outward ionic currents determine 
the morphology, duration, and phases of the action potential of ventricular cardiomyocytes. The 
QRS complex is produced by the upstroke (phase 0) of the action potential, and S-T segment 
corresponds to the plateau (phase 2). The T-wave is indicative of ventricular repolarization (phase 
3), and the resting membrane potential corresponds to phase 4. Adapted from Fermini et al.25. 
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coupling between myocytes (Figure 1.6A and C)36,37. Intercalated discs allow the 

formation of oriented cellular networks through three types of intercellular junctions 

located in them: adherens junctions, which anchor actin filaments through 

transmembrane linkers (cadherins); desmosomes, which anchor intermediate filaments; 

and gap junctions, which mediate ion transfer38,39. While adherens junctions and 

desmosomes are involved in mechanical coupling through transmission of contractile 

forces, gap junctions maintain the electrical coupling between cardiomyocytes, which 

then work as a functional syncytium through electrical impulse propagation40,36.  

 

The contractile function of cardiomyocytes is mediated by a highly organized 

contractile apparatus, a cytoskeletal lattice of proteins that appears as striations under 

the microscope (Figure 1.6B). The fundamental unit of the contractile apparatus is the 

sarcomere, a repeating micrometer-sized element found at regular intervals that 

dominates the anatomy of cardiac muscle41. A sarcomere is defined as the arrangement 

of contractile proteins that resides between two consecutive Z-discs along a muscle 

fiber (Figure 1.7). Z-discs are structures formed by a transverse matrix of α-actinin and 

Figure 1.6. Cardiomyocytes forming cardiac muscle fibers. A, Diagram of cardiomyocytes 
connected by intercalated discs comprising desmosomes, gap junctions and adherens junctions. 
Adapted from Mescher35. B, Longitudinal cross-section of cardiac muscle, where branch-like 
projections, intercalated discs (black arrow) and sarcomeres (striations) are displayed. Adapted 
from Gartner et al.39. C, Transmission electron micrograph of an intercalated disc, where a gap 
junction (red arrow) and a desmosome (yellow arrow) are shown. Adapted from Gartner et al.39. 

B 
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actin proteins. Actin thin filaments are anchored on each face of Z-discs, while myosin 

thick filaments sit in the center of each sarcomere and extend toward the Z-discs33,41. 

Muscle contraction occurs when myosin filaments use ATPase-generated force to pull 

the thin filaments, sliding the two types of filaments across each other to reduce 

sarcomere length42.  

 

Among sarcomeric proteins composing thin filaments, the regulatory 

tropomyosin-troponin complex is of special importance. Tropomyosin is a double-

stranded protein that spans seven actin monomers, and troponin is a globular protein 

complex constituted by three subunits: troponin C (TNC), a calcium-binding subunit; 

troponin I (TNI), that inhibits muscle contraction; and troponin T (TNT), which connects 

the troponin complex to tropomyosin and actin. At resting Ca2+ concentrations, the 

troponin complex maintains tropomyosin in a “blocked” state that avoids the interaction 

between actin and myosin43. When intracellular Ca2+ concentration increases, a 

conformational change in troponin complex allows tropomyosin to shift into “open” 

position, thus promoting strong actin-myosin binding, the shortening of the sarcomere 

and triggering muscle contraction44. The process through which an electrical impulse 

(excitation, membrane depolarization) stimulates the movement of Ca2+ to activate 

muscle contraction is known as cardiac excitation-contraction coupling. Finally, there is 

a reduction in cytosolic Ca2+ through sarcolemmal Na+/Ca2+-exchanger, which 

Figure 1.7. Basic structure of the sarcomere. A, Diagram of sarcomere structure showing thin 
actin filaments, thick myosin filaments and other cardiac regulatory proteins. The sarcomere is 
limited by two Z-discs. Adapted from Hwang et al.41. B, Transmission electron micrograph of a 
sarcomere showing dark and light bands that correspond to actin and myosin filaments 
distribution. Adapted from Mescher35. 
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transports Ca2+ out of the cell, and sarco/endoplasmic reticulum Ca2+-ATPase (SERCA), 

which actively pumps Ca2+ into the sarcoplasmic reticulum. Consequently, Ca2+ is 

dissociated from TNC, TNI inhibition is reestablished and muscle relaxes45. Thus, the 

sarcomere is in a dynamic equilibrium between relaxation and contraction, with calcium 

concentrations shifting the balance41.   

 Cardiomyocyte development and maturation 

From the embryonic heart until the adult organ, cardiomyocytes go through a 

complex series of structural and physiological changes that ultimately lead to their adult 

phenotype. Thus, fetal and neonatal cardiomyocytes differ considerably from adult 

morphology and physiology in several aspects, which are reviewed below. However, 

there is currently no clear agreement about what constitutes a mature cardiomyocyte, 

or which specific marker can accurately track the differentiation status of myocytes46. 

1.1.2.1. Morphology, orientation and proliferation  

Adult cardiomyocytes (CM) are typically rod-shaped with and aspect ratio of 

about 7:1 (length to width) (Figure 1.6). In vivo, immature cardiomyocytes are also rod 

shaped, but they are smaller in size and have lower aspect ratios.31,32. Interestingly, this 

distinction becomes more apparent upon dissociation and in vitro culture: the high 

degree of internal organization of adult cardiomyocytes enables them to maintain their 

rod shape in short-term culture, while immature cardiomyocytes flatten, adopt spherical 

or polygonal shapes and spread in all directions40,47. In culture, it has been reported that 

human adult ventricular CMs have surface areas ranging from 10212 to 14418 µm2, 

whereas human fetal cardiomyocytes have surface areas ranging from 1171 to 1261 

µm2, thus being about ten times smaller48,49. Regarding their alignment and orientation, 

adult CMs are longitudinally aligned in the context of the in vivo cardiac tissue, forming 

aligned myofibers that promote fast electrical conduction and efficient muscle 

contraction50,51. Conversely, fetal cardiomyocytes and monolayers of human embryonic 

stem-cell derived cardiomyocytes (hESC-CM) are chaotically organized52. 

During heart development, the proliferative capacity of cardiomyocytes 

decreases47. The growth of embryonic and fetal heart is mainly achieved through 

cardiomyocyte proliferation53. However, as postnatal human cardiomyocytes mature, 

they increase in size from 30- to 40-fold through a process called physiological 

hypertrophy40,54,55. Two hypertrophic phenotypes have been identified: concentric 

hypertrophy, consisting in addition of sarcomeres in parallel due to pressure overload 

(lateral growth); and eccentric hypertrophy, consisting in addition of sarcomere in series 

due to volume overload (longitudinal growth)56. Physiological hypertrophy enables 

cardiomyocytes to increase their work output, which improves cardiac pump function. 
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The cease of proliferation and initiation of hypertrophy processes implies that 

cardiomyocytes withdraw from the cell cycle, indicating a terminal differentiation 

state57,58. The adult heart is predominantly composed of terminally differentiated 

cardiomyocytes that do not reenter the cell cycle, although a limited capacity to 

proliferate has been demonstrated59. Besides, a minority of resident stem cells have 

been identified, which are self-renewing and multipotent cells that support heart 

regeneration to some extent60,58. Another phenomenon that occurs as cardiomyocytes 

shift to a non-proliferative state is binucleation. Usually, cardiomyocytes have a single 

nucleus centrally located, but ~25% of cardiomyocytes become binucleated and are 

maintained through adulthood54,59. Therefore, the number of nuclei per cell can 

distinguish adult and fetal cardiomyocytes, as the latter are almost exclusively 

mononucleated52. 

1.1.2.2. Structural properties  

As previously described, the sarcomere is the fundamental unit of the contractile 

apparatus of cardiomyocytes, composed of proteins that form thick and thin filaments 

(Figure 1.7). In the human fetal heart, this unit is organized during development, with 

Z-discs and I-bands forming first and H-, A- and M-bands afterwards61. Sarcomeric 

length, width62, abundance and alignment all increase with cardiomyocyte maturity. For 

example, adult cardiomyocytes contain considerably longer sarcomeres than both fetal 

and human pluripotent stem cell-derived cardiomyocytes (hPSC-CM)63. The average 

length of sarcomere in relaxed adult cardiomyocytes is of about 2.0-2.2 µm64, while in 

fetal cardiomyocytes is around 1.8 µm49. The sarcomerogenesis process also occurs in 

maturing hPSC-CM; however, in most cells only Z-discs are formed, and sarcomeres 

are 25-30% shorter than in adult cardiomyocytes and 6-11% shorter than in fetal 

cardiomyocytes (1.6-1.7 µm)63,65. 

Myofibrils composing adult cardiomyocytes have near perfect alignment of 

distinct, abundant and well-developed sarcomeres, with highly aligned and organized 

Z-disc structures of uniform width47. Moreover, they show a high density of sarcomeres 

that occupy almost the entire area of their cytoplasm, whereas fetal cardiomyocytes 

display lower densities of poorly organized sarcomeres than their adult counterparts66. 

hPSC-CM display underdeveloped sarcomeric structures with a reduced organization 

and alignment compared with fetal cardiomyocytes. Besides, they show an uneven 

distribution of sarcomeres throughout the cell, with Z-discs of variable widths67. 

Regarding cell-cell junctions, adult cardiomyocytes are interconnected at their 

longitudinally edge by intercalated discs (Figure 1.6C). Among protein structures 

composing intercalated discs, gap junctions and adherens junctions are of special 

interest in human cardiomyocyte development. Gap junctions are closely-packed 
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clusters of transmembrane intercellular channels that enable the rapid propagation of 

the action potential, and the predominant protein is connexin 43 (encoded by GJA1 

gene)68. Regarding adherens junctions, they enable the transmission of contractile force 

from one cell to another, and one of their major constituents is the protein N-cadherin38. 

In adult cardiomyocytes, connexin 43 and N-cadherin accumulate at intercalated discs, 

whereas in fetal cardiomyocytes and hPSC-CM they are distributed around all sides of 

the membrane, often establishing gap junctions at the lateral borders69,70. The 

localization of connexin 43 and N-cadherin at intercalated discs has been related to 

faster conduction velocities71, thus supporting the notion of an immature phenotype for 

cardiomyocytes with those proteins randomly distributed throughout the membrane.   

1.1.2.3. Myofibrillar protein isoforms switch 

Several myofibrillar proteins assembled in the sarcomeres undergo an isoform 

switch, having an impact on the contractile function of cardiomyocytes. One of those 

proteins is titin (encoded by the TNN gene), which is involved in the maintenance of 

sarcomere integrity and elasticity72. Titin shifts from a long isoform (fetal cardiac titin, 

FTC) to two adult isoforms: a long and relatively compliant isoform (N2BA) and a shorter 

and stiffer isoform (N2B)73,74. Functionally, the switch from the compliant FTC isoform 

to stiffer adult isoforms regulates the passive tension of maturing cardiomyocytes75,76.  

In human cardiomyocytes, cardiac muscle myosin is a hexamer composed by 

two heavy chains and four light chains. Myosin heavy chain (MHC) and myosin light 

chain (MLC) also undergo a developmentally regulated isoform switching. The slow β-

heavy chain subunit of cardiac myosin (β-MHC, encoded by MYH7 gene) is the mainly 

isoform expressed at all stages, but there is more atrial (fast) α-heavy chain subunit of 

cardiac myosin (α-MHC, encoded by MYH6) in fetal than in adult hearts77,78. 

Interestingly, the ratio of β-MHC/α-MHC in hPSC-CM is different from fetal and adult 

ventricular cardiomyocytes, and it changes little over time. A possible explanation for 

this may be that hPSC-CM are often a mixture of atrial and ventricular 

cardiomyocytes63,79. In rodents, there is also a switch from β-MHC before birth to α-

MHC after birth, which correlates with postnatal heart rate increase80. Regarding MLC 

proteins, the two predominant isoforms are the atrial isoform of the regulatory myosin 

light chain (MLC2a, encoded by MYL7 gene) and the ventricular isoform of the 

regulatory myosin light chain (MLC2v, encoded by MYL2 gene). In fetal human hearts, 

the isoform MLC2a is expressed in all chambers, whereas in adult hearts it is restricted 

to the atria. As human cardiomyocytes mature, MLC2a expression gradually decreases 

in human fetal ventricle, finally leading to an almost exclusively expression of MLC2v 

isoform, which is restricted to the ventricles throughout development and 

adulthood81,82,83. In hPSC-CM both MLC isoforms are expressed, probably due to the 

presence of multiple cardiomyocyte subpopulations as previously commented.  
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Troponin I also presents two isoforms that are sequentially expressed in the 

developing heart: the slow skeletal troponin I (ssTnI, encoded by TNNI1 gene) and the 

cardiac troponin I (cTnI, encoded by TNNI3). Fetal cardiomyocytes express ssTnI 

protein, and shortly after birth this isoform is completely and irreversibly shifted to cTnI, 

which is the isoform present in adult hearts. From a functional point of view, each 

isoform has a different Ca2+ binding kinetics and cardiac muscle relaxation rates84,85.   

1.1.2.4. Functional properties  

The generation of action potentials (AP) in adult cardiomyocytes requires the 

orchestrated activity of several ion channels (Figure 1.5). During fetal and postnatal 

heart development, these channels undergo developmental changes that lead to the 

acquisition and maintenance of a cardiac phenotype electrophysiologically mature40. 

Specifically, adult and fetal cardiomyocytes differ in the availability of their ion channels, 

which results in different AP profiles. For example, adult cardiomyocytes exhibit a stable 

resting membrane potential at -90 mV thanks to the activity of the rectifying K+ current 

(IK1) (Figure 1.5)86. Conversely, immature cardiomyocytes exhibit very low levels of K+ 

rectifying channel (its α-subunit Kir2.1 being encoded by KCNJ2 gene), resulting in less 

negative resting membrane potentials (about -60 mV) than adult cardiomyocytes87,88. 

This low or absent IK1 current is one of the reasons why immature cardiomyocytes, such 

as hPSC-CM, exhibit gradual diastolic depolarization and, consequently, show 

spontaneous contractile activity63. Another ionic channel that is developmentally 

regulated is the voltage-gated Na+ channel (its α-subunit Nav1.5 being encoded by 

SCN5A gene), which contributes to the INa current (Figure 1.5). Immature 

cardiomyocytes such as fetal and hPSC-CM express lower levels of Nav1.5 compared 

with their adult counterparts, resulting in a 6- to 50-fold slower depolarization velocity 

than human adult cardiac tissue88,89.  

Regarding Ca2+ handling and excitation-contraction coupling, it is an extremely 

efficient process in adult cardiomyocytes, while in fetal cardiomyocytes and hPSC-CM 

kinetics are slow and amplitudes are small90,91. In adult cardiomyocytes, calcium-

induced calcium release from the sarcoplasmic reticulum (SR) contributes to almost 

70% of the total Ca2+ release, whereas fetal cardiomyocytes have underdeveloped SR 

with a limited capacity to load Ca2+ 92,93. Similar to fetal cardiomyocytes, hPSC-CM have 

very little SR function and, although SR-mediated Ca2+ release has been described, 

Ca2+ intrusion in those cells may be deeply dependent on L-type calcium channels 

(Figure 1.8)91,94,95. Consequently, immature cardiomyocytes display an abnormal 

diffusion of Ca2+ in the cell, causing for example greater Ca2+ transient peak amplitudes 

in the cell periphery than in the center, thus reducing the contractile synchrony, which 

is necessary for the generation of large contractile forces96,47.  
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Another component of the Ca2+ handling system that is missing in fetal 

cardiomyocytes and hPSC-CM in comparison with adult cardiomyocytes are transverse 

tubules (T-tubules) (Figure 1.8). T-tubules are invaginations of the membrane where L-

type Ca2+ channels concentrate, near RyR channels, and they are responsible of fast 

excitation-contraction coupling and synchronized contraction in adult cardiomyocytes. 

Therefore, their absence in fetal cardiomyocytes and hPSC-CM, together with the low 

expression of important proteins related to calcium handling (e.g. calsequestrin and 

ryanodine receptors), result in a slower excitation-contraction coupling97,98.  

An important functional parameter that is also developmentally regulated is the 

contractile force of cardiomyocytes, as adult myocardium develops more force than fetal 

myocardium47. At tissue level, a peak twitch tension of 44.0±11.7 mN/mm2  was reported 

for strips of adult human myocardium, whereas forces of 0.8-1.7 mN/mm2 were reported 

for strips of newborn ventricular muscle99,100. At cellular level, active forces of 10-50 

mN/mm2 have been found for adult ventricular cardiomyocytes52. When measured 

under similar substrate conditions, fetal cardiomyocytes generate contractile stresses 

of ~0.4 mN/mm2, and hPSC-CM of 0.15-0.30 mN/mm2 47. Regarding passive forces 

(resulting from myofibrillar compliance), adult myocardium typically exhibits a positive 

force-frequency relationship, that is, an increase of force with increasing beating 

Figure 1.8. Diagram of Ca2+ transport in ventricular cardiomyocytes. Inset shows the time 
course of an action potential, Ca2+ transients and contraction measured in a rabbit ventricular 
myocyte at 37ºC. L-type calcium channels are also detailed (orange). RyR: ryanodine receptor; 
SR: sarcoplasmic reticulum; Na/Ca: Na+/Ca2+- exchanger; SERCA: sarco/endoplasmic reticulum 
Ca2+-ATPase; ATP: ATPase; AP: action potential. Adapted from Bers92. 
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frequency. Neonatal myocardium has a flat or slightly negative force-frequency 

relationship that becomes positive with age, and both fetal cardiomyocytes and hPSC-

CM have a negative force-frequency relationship, mainly due to the already mentioned 

insufficiencies in Ca2+ handling92,100,101. Finally, the adult heart presents a positive 

Frank-Starling relationship, which is an increase of force of contraction after increasing 

fiber length. This mechanism is associated with an increase in Ca2+ sensitivity, appears 

in human fetal heart after 10-15 weeks of gestation102,103 and has been observed in 

some preparations containing hPSC-CM104,105. 

1.1.2.5. Pharmacological response 

Taking into account all the above-mentioned differences between immature and 

mature cardiomyocytes, it is to be expected that they also respond differently to 

pharmacological stimulations. In fact, it has become apparent that the developmental 

stage of cardiomyocytes affects their sensitivity and response to many pharmacological 

agents (summarized in Table 1.1)106. Some of the effects of drugs on cardiomyocyte 

function are designated inotropic, chronotropic, lusitropic, and dromotropic. An inotropic 

response refers to a change in cardiomyocyte force of contraction, while a chronotropic 

response refers to a change in the beating rate. Lusitropic effects involve a change in 

the rate of cardiomyocyte relaxation, and dromotropic effects involve a change in the 

conduction velocity, that is, the rate of electrical impulses.  

The response to β-adrenergic receptors stimulation is considered a measure of 

cardiomyocytes maturity. Epinephrine and norepinephrine are natural catecholamines, 

while isoproterenol is a synthetic catecholamine. Catecholamines are agonists of 

adrenergic receptors, so they stimulate the sympathetic nervous system and regulate 

several functions in the organism, such as cardiac muscle contraction. In the adult 

myocardium, β-adrenergic stimulation induces positive inotropic, chronotropic and 

lusitropic effects107. This response requires a mature and functional sarcoplasmic 

reticulum to occur, as a rapid release of high amounts of Ca2+ is needed108. In immature 

cardiomyocytes, the positive inotropic response is often less pronounced than in adult 

hearts109, and a chronotropic response is usually observed in the absence of an 

inotropic response105. For example, one study found that isoproterenol induced a dose-

dependent chronotropic effect on the spontaneous beating of human embryonic stem 

cell-derived cardiomyocytes (hESC-CM), but did not change the developed isometric 

force. This lack of inotropic response despite an important chronotropic response could 

be explained by the immaturity of the sarcoplasmic reticulum110. Conversely, other 

studies found inotropic effects for norepinephrine, epinephrine and isoproterenol in 

single hPSC-CM using atomic force microscopy or a video-edge detecting system111,112. 

On the whole, hPSC-CM display smaller responses to β-adrenergic stimulation than 

adult cardiomyocytes113, but more studies are needed to clarify this issue. 
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Another pharmacological agent frequently used to analyze cardiomyocyte 

maturity is the cholinergic agonist carbachol. Carbachol binds with high affinity to 

cholinergic receptors, which induce a negative chronotropic, dromotropic and inotropic 

response in adult human cardiac preparations. In human fetal ventricular cells and 

hESC-CM, carbachol displays similar negative chronotropic effects than their adult 

counterparts47,114, but still in hESC-CM dromotropic and inotropic effects are not 

evidenced.  

Drug name Target 
Effect in human adult CM/ 

myocardium 
Effect in human fetal 

CM/myocardium 
Effect in hPSC-CM 

Isoproterenol 
(ISO) 
Epinephrine 
(EPI) 
Norepinephrine 
(NOR)  

β-adrenergic 
receptor 
agonist 

▪ Positive inotropic, 
chronotropic, lusitropic107  
▪ Right-shifted force-Ca2+ 
relationship (3 μM ISO; RV 
trabecular intact muscle)115 
▪ EC50=11-80 nM (ISO; LV 
muscle strips)47,116 
▪ EC50=1.21-2.43 μM 
(NOR; LV papillary muscle 
strips)116  

▪ Positive inotropic (NOR, 
ISO; fetal atria)117  
▪ Gestation-dependent ↑ in 
inotropic effects (0.1 μM 
ISO; fetal atria)117 
▪ ↑ Ca2+ transient peak and 
decay (ISO; monolayer)118  
▪ Positive chronotropic (EPI, 
NOR, ISO; fetal heart)119  

▪ Positive chronotropic 
(ISO; hESC-CM)105,114  
▪ EC50=12.9 nM (ISO; 
chronotropic; hESC-
CM)120  

Carbachol  
Cholinergic 
agonist 

▪ Negative inotropic, 
chronotropic,  
dromotropic47,121  
▪ EC50=140 nM (inotropic; 
LV papillary muscle 
strips)122  

▪ Negative inotropic (0.1-10 
μM; 12-20 week hearts)123  
▪ Negative chronotropic (100 
μM; 16-17 week CM)114  
▪ Gestation-dependent ↓ in 
repolarization time 123 

▪ Negative chronotropic 
(hESC-CM)114  
 

Verapamil 

KV11.1 
(hERG) & 
CaV1.2 
channel 
antagonist 

▪ Negative inotropic, 
chronotropic, dromotropic47 
▪ IC50=143 nM (KV11.1; 
transfected cell line)124  
▪ IC50=0.24-4.3 μM (CaV1.2; 
transfected cell line)47,125  
▪ IC50=0.32-1.21 μM 
(inotropic; LV papillary 
muscle strips)126 
▪ IC50=89-170 nM (inotropic; 
RA trabecular muscle 
strips)127  

▪ Blocked AP propagation 
(5 μM; 16-17 week 
ventricular CM)114  

▪ Blocked AP propagation 
(5 μM; hESC-CM)114 
▪ Negative inotropic, 
positive chronotropic, 
↓FPD (0.01-0.3 μM; 
hiPSC-CM monolayer)124 
▪ Negative chronotropic, 
↓FPD (1-5 μM; hiPSC-
CM clusters)128 
▪ IC50=62-80 nM (hiPSC-
CM monolayer)129 
▪ IC50=73-120 nM (hESC-
CM monolayer)129 

Nifedipine 
L-type Ca2+ 
channel 
antagonist 

▪ Negative inotropic126  
▪ IC50=16-24 nM (CaV1.2; 
transfected cell line)125  
▪ IC50=50-200 nM 
(inotropic; ventricular 
muscle)47,126  
▪ IC50=76-166 nM 
(inotropic; RA trabecular 
muscle strips)127  

▪ Negative inotropic (10-20 
μM; 7-9 week beating 
clusters)130  
▪ Blocked L-type Ca2+ 
current (10 μM; 20 week 
CM)131 

▪ Negative inotropic, 
positive chronotropic, 
↓FPD (0.003-1 μM; 
hiPSC-CM monolayer)124 
▪ ↓APD (1 μM; hESC and 
hiPSC-CM)132  
▪ Blocked AP propagation 
(10 μM; hESC and 
hiPSC-CM)132 
▪ IC50=39 nM (hiPSC-
CM)133  
▪ IC50=2-4 nM (hiPSC-CM
monolayer)129 
▪ IC50=5-7 nM (hESC-CM 
monolayer)129 

Nisoldipine 
CaV1.2 
channel 
antagonist 

▪ Negative inotropic  
(ventricular muscle)134  
▪ IC50=67-81 nM (CaV1.2; 
transfected cell line)135  
▪ IC50=200-400 nM 
(inotropic; ventricle)134  

▪ Blocked L-type Ca2+ 
current (1-2 μM; 13-24 
week CM)136 

▪ Inhibition of AP 
propagation and 
contraction (1 μM; hESC-
CM)50 
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Table 1.1. Comparison of the pharmacological responses of human adult and fetal 
CM/myocardium and hPSC-CM. CM: cardiomyocytes; hPSC-CM: human pluripotent stem cell-
derived cardiomyocytes; hiPSC-CM: human induced pluripotent stem cell-derived 
cardiomyocytes; hESC-CM: human embryonic stem cell-derived cardiomyocytes; IC50: half 
maximal inhibitory concentration; LV: left ventricle; RV: right ventricle; RA: right atria; LA: left atria; 
AP: action potential; APD: action potential duration; FPD: field potential duration; FFR: force-
frequency relationship; EAD: early after depolarization; Vmax: depolarization velocity; MDP: 
maximum diastolic potential; TTX: Tetrodotoxin. Adapted from Feric et al.47. 

Tetrodotoxin 
(TTX) 

NaV1.5 
channel 
antagonist 

▪ Negative chronotropic137   
▪ ↑APD, ↓Vmax (2 μM; 
papillary muscle)138   
▪ IC50 ≥ 1 μM139 

▪ Insensitive to TTX (10 μM; 
10 week ventricular CM)140 
▪ Cessation of contraction 
(0.63 μM; 13-15 week LA)141

▪ Blocked AP propagation 
in a subset of cells (100 
μM; hiPSC-CM)132  
▪ Blocked AP propagation 
in most cells (10 μM; 
hESC-CM)132 

Caffeine 
Ryanodine 
receptor 
agonist 

▪ Positive inotropic, 
chronotropic142  
▪ Left-shifted force-Ca2+ 
relationship (10 mM; RV 
trabecular intact muscle)115  

▪ ↑Ca2+ transient 
amplitude in subset of 
cells (10 mM; 65%; 16-18 
week LV CM)143 

▪ ↑Ca2+ transient 
amplitude (10-40 mM; 
hiPSC-CM)94  
▪ ↑Ca2+ transient 
amplitude in subset of 
cells (10 mM; 35-40%; 
hESC-CM)143 

E-4031 

KV11.1 
(hERG) 
channel 
antagonist 

▪ ↑APD144  
▪ ↓IK current amplitude (5 
μM; RV CM)144  
▪ IC50=7–32 nM (KV11.1; 
transfected cell line)47,124  

▪ Gestation-dependent 
effect on APD (1 μM; 5 week 
CM, no effect on APD; 7.5-
9.5 week CM, ↑APD)145  
▪ Irregular AP pattern (1 μM; 
week 5-9.5 CM)145  
▪ ↓AP amplitude and ↑inter 
AP interval (1 μM; weeks 5-
7 fetal CM)145 

▪ ↑APD, EADs and 
↑short-term variability in 
APD (1 μM; hESC-CM)146

▪ ↑APD and EADs (12 
nM; hiPSC-CM 
clusters)147  
 

Terfenadine  

K+, Na+  
and Ca2+  
cardiac ion 
channel 
antagonist 

▪ ↓IK current, ↑current decay 
rate and ↓current amplitude 
(3 μM; KV1.5; transfected cell
line, whole cell)148 
▪ IC50=367 nM (KV1.5; cell 
patch, transfected cell line)148

▪ IC50=26 nM (KV11.1; atrial 
CM)149 
▪ Blocked IKr and Ito currents 
(atrial CM and KV1.5; 
transfected cell line)150  
▪ Frequency-dependent 
inhibition of L-type Ca2+ 

current151 
▪↑ INCX current frequency (1 
μM; atrial CM)151  
▪ IC50=1.7-8.1 μM (NaV1.5; 
atrial CM)149 

 

▪ ↑APD (30 nM; hiPSC-
CM)133  
▪ ↑FPD (100 nM; hiPSC-
CM monolayer)124 
▪ ↓AP amplitude (1 μM; 
hiPSC-CM monolayer)124 
▪ Negative chronotropic 
(0.01–0.3 μM; hiPSC-CM 
monolayer)152 
▪ Time- and dose-
dependent irregular AP 
pattern (0.3 μM; hiPSC-
CM monolayer)152  
▪ Blocked AP propagation 
(≥1 μM; hiPSC-CM 
monolayer)152  

Thapsigargin 
SERCA 
antagonist 

▪ Negative inotropic153   
▪ Negative inotropic at high 
frequency, resulting in 
flattened FFR (1 μM; LV 
CM)154 

 

▪ ↓Ca2+ transient amplitude 
(1-20 μM; hiPSC-CM)94  
▪ ↓Ca2+ transient amplitude 
a subset of cells (0.5 μM;  
35-40%; hESC-CM)143  
▪↓Max Ca2+ decay velocity 
(0.5 μM; hESC-CM)143 

Lidocaine 
Na+ channel 
antagonist 

▪ ↑APD, ↓Vmax (ventricular 
muscle)155 
▪ IC50=34–38 μM (Na+ 

current; transfected cell 
line)156  

 

▪ Blocked Na+ influx, ↓CV 
(hiPSC-CM)128 
▪ Blocked AP propagation 
(50 μM; hiPSC-CM)132  
▪ Blocked AP propagation 
(1 mM; hESC-CM)132 
▪ ↓Vmax, ↑APD and MDP 
depolarization (500 μM; 
hESC-CM)132 
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Other drugs whose effect depends on cardiomyocyte maturity level are 

verapamil, nifedipine, nisoldipine, tetrodotoxin, caffeine, E-4031, terfenadine, 

thapsigargin, and lidocaine (Table 1.1). Verapamil inhibits Kv11.1 (human ether-a-go-

go-related gene, hERG) and Cav1.2 channels, and induce negative dromotropic, 

chronotropic and inotropic effects in adult cardiac tissue47. In fetal cardiomyocytes and 

hESC-CM, verapamil inhibits the propagation of action potentials, but fetal 

cardiomyocytes are more responsive114. Besides, verapamil induces a positive 

chronotropic effect in human induced pluripotent stem cell-derived cardiomyocytes 

(hiPSC-CM), which may be indicative of differences in Ca2+ handling124,152.  

Regarding nifedipine and nisoldipine, both are L-type Ca2+ channel antagonists 

and induce negative inotropic effects on adult cardiomyocytes126,134. In immature 

cardiomyocytes such as hPSC-CM, nifedipine displays a dose-dependent decrease in 

action potential duration, as well as negative inotropic and positive chronotropic 

responses124,152. Concerning nisoldipine, it inhibits action potential propagation and 

contraction in hESC-CM50.  

Drugs considered Na+ channel antagonist include, among others, tetrodotoxin 

and lidocaine. Tetrodotoxin induces a negative chronotropic response in adult 

cardiomyocytes137, and in fetal myocardium it either exerts no effect or induces 

cessation of contraction140,141. In hPSC-CM, tetrodotoxin blocks action potential 

propagation, but effective concentrations and the number of responding cells vary 

among cell types132. Concerning lidocaine, it was demonstrated to prolong action 

potential duration and slow depolarization velocity in human ventricular muscle 

preparations155. In hiPSC-CM, lidocaine blocked Na+ influx, action potential 

propagation, and decreased conduction velocity, but did not affect action potential 

duration128,132. However, in hESC-CM a decreased conduction velocity and prolonged 

action potential duration was observed132. 

To evaluate sarcoplasmic reticulum (SR) functionality, thapsigargin and caffeine 

are some of the pharmacological agents of choice143. Thapsigargin is an inhibitor of the 

SERCA Ca2+ reuptake pump of the SR (Figure 1.8). In adult cardiomyocytes, the 

depletion of Ca2+ from the SR induces a strong negative inotropic effect153,154. In 

immature cardiomyocytes such as hESC-CM and hiPSC-CM, thapsigargin has more 

modest effects, displaying a decrease in Ca2+ transient amplitude at concentrations 

higher than 0.5 µM94,143. Regarding caffeine, it is an agonist of ryanodine receptors, 

which are the primary Ca2+ release channels in the SR (Figure 1.8)47. In adult 

myocardium it induces positive chronotropic and inotropic effects142, while in immature 

cardiomyocytes the response is quite controverted. Some preparations of hESC-CM 

are insensitive to caffeine (10 mM)108, while others respond to increasing caffeine 

concentrations with an increase in Ca2+ transient amplitude94. Relative to fetal 
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cardiomyocytes, some works indicate that the increase in Ca2+ transient amplitude 

induced by 20 mM caffeine is significantly lower in hESC-CM157, while others suggest 

that it is the same when treating with 10 mM caffeine, and the difference is the fraction 

of responsive cells143.  

E-4031 is an antagonist of the Kv11.1 (hERG) channel, which mediates the 

repolarizing current in the action potential (IKr, Figure 1.5). Inhibition of IKr increases the 

time between depolarization and repolarization, thus affecting action potential 

duration152. Although fetal cardiomyocytes and hPSC-CM are responsive to E-4031, the 

effects and the concentrations to trigger them differ from adult cardiomyocytes124,127,133.   

Finally, Terfenadine is an antihistamine that acts as an antagonist of K+, Na+, and 

Ca2+ cardiac ion channels, and it was withdrawn from the market due to unacceptable 

risk of arrhythmia47. In adult human atrial cardiomyocytes, Terfenadine inhibits Nav1.5 

and L-type Ca2+ channels, and blocks the hERG current149,151. In transfected cell lines 

expressing hERG channel, hERG blockage was also identified47. In hPSC-CM, 

terfenadine treatment prolonged action potential duration, and induced a negative 

inotropic effect133.   

 Cardiovascular diseases and heart failure 

Cardiovascular diseases (CVDs) are the leading cause of mortality and morbidity 

worldwide, accounting for approximately 30% of all human mortality158. CVDs include 

heart pathologies, brain vascular diseases and blood vessel disorders, and caused 17.5 

million deaths in 2012, with ischemic heart disease accounting for 7.4 million deaths. 

Unfortunately, annual cardiovascular disease mortality is projected to increase from 

17.5 million deaths in 2012 to 22.2 million in 2030159,160.  

One of the main reasons why diseases affecting the heart have such high 

mortality and morbidity is the heart tissue’s minimal ability to repair following injury161. 

In the case of ischemic heart disease, partial or total blockage of coronary arteries limits 

blood supply and prevents the required oxygen and nutrients from reaching the heart 

tissue162. The lack of a constant oxygen supply causes death of cardiomyocytes and, 

consequently, an important loss of viable myocardium in the infarcted zone163. A 

cascade of events are initiated in ischemic conditions, such as inflammation, weakening 

of the extracellular matrix and scar tissue formation (Figure 1.9). The scar is fibrous, 

non-elastic and non-contractile, and it affects the conductivity of the electric impulse. 

Therefore, there is an impairment of the heart’s pumping function, which is 

compensated by the release of several neurohormones that increase heart rate, fluid 

retention and contractility164. The maintenance of such situation for a long time can lead 

to progressive left ventricular remodeling, which is a modification of the normal 
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ventricular architecture in terms of volume, shape and wall thickness165,166. This 

remodeling process implies ventricular wall thinning and dilation, which finally causes 

decompensation, ventricular arrhythmia and heart failure162 (Figure 1.9).  

 

Medical advances in pharmacological, interventional and surgical cardiology 

have importantly decreased the mortality at the acute stage of myocardial infarction, as 

well as increased patients’ life expectancy. However, current available therapies for 

end-stage heart failure are either limited or symptomatic, as they are not able to 

regenerate the diseased heart. Current treatments are based on pharmacological 

approaches, surgical interventions, left ventricular assist devices and heart 

transplantation. Drugs that reduce the heart work load (e.g. diuretics) and protect it from 

toxic humoral factors (e.g. β-blockers, spironolactone) are the current standard 

conservative treatment167. Although pharmacological therapies can delay the 

progression to end-stage disease, they cannot prevent or reverse progression of the 

failing state168. Moreover, over 50% of patients with heart disease do not respond to 

currently available drug therapies, thus evidencing their limitations169. Regarding 

interventional therapies such as implantation of pacing devices or surgical procedures, 

they improve survival of patients170 but neither avoid disease progression to the end 

stage nor regenerate the dead myocardium171. Therefore, the only curative treatment 

available for patients with severe heart failure is heart transplantation. Regrettably, 

donor unavailability and the side effects of long-term immunosuppression limit the 

treatment of patients suffering such disorders168.  

In view of this scenario, it is clear that there is an urgent need to develop 

alternative therapeutic strategies that potentiate heart regeneration or repair. 

Importantly, it is also crucial to develop new tools to study human cardiac physiology 

and pathophysiology in vitro. Having in vitro cardiac tissue analogues that capture the 

Figure 1.9. Pathologic cardiac remodelling and heart failure after myocardial infarction. 
The acute loss of myocardium results in the activation of remodelling mechanisms, which finally 
lead to decompensation, arrhythmia and heart failure. Adapted from Jiang et al.166. 
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complex features of the in vivo environment could improve the efficiency of the drug 

discovery process, as they would have better predictive capacity of potential adverse 

effects (e.g. cardiotoxicity)172. Besides, cardiac tissue analogues could be used to model 

cardiac diseases, thus enabling the development of therapies to prevent or cure 

them173. 

 Alternative therapeutic strategies  

1.1.4.1. Cell therapy 

As previously mentioned, the regenerative capacity of the heart is very limited. 

Current therapies to treat heart failure after a myocardial infarction improve symptoms 

and prolong life of patients, but do not address the fundamental problem of massive 

loss of cardiomyocytes, vascular cells and interstitial cells174. To increase the number 

of cardiomyocytes in the damaged zone and improve cardiac function, cell 

transplantation was conceived as a potential new therapy more than 15 years ago175,176. 

However, regenerating heart tissue is a really challenging task: approximately 1 billion 

cardiomyocytes can be lost after an insult, supporting cells have also to be supplied, 

and the environmental cues required to guide transplanted cells into multicellular, three-

dimensional heart structures might be absent177,178.   

Initial experimental studies were based on transplanting fetal, neonatal and adult 

cardiomyocytes in injured hearts, with encouraging results showing their capability to 

form stable grafts179,180. However, these cell types are not suitable for large-scale clinical 

applications, as they have limited capacity for ex vivo expansion, limited availability, an 

allogeneic origin and possess ethical concerns181. Therefore, stem cells emerged as a 

promising human cell source for regenerative medicine applications. Multiple stem cell 

populations have been identified in a wide variety of adult tissues, such as skeletal and 

cardiac muscle, bone marrow, blood or adipose tissue. In addition, human pluripotent 

stem cells (hPSC) derived either from developing blastocysts (human embryonic stem 

cells, hESC) or from reprogrammed somatic cells (human induced pluripotent stem 

cells, hiPSC) also constitute an important source of human cardiomyocytes, as they 

have demonstrated an unprecedented cardiogenic potential. Figure 1.10 summarizes 

cell types and mechanisms that have been proposed for cardiac stem cell therapy182, 

which will be explained in more detail below.  

- Skeletal myoblasts 

One of the first cellular therapies for cardiac regeneration consisted in the 

injection of autologous skeletal myoblasts into ischemic myocardium183. Skeletal 

myoblasts give rise to skeletal muscle, are resistant to ischemia, can expand in vitro 
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and have an autologous origin, making them good candidates for cardiac tissue repair. 

However, they cannot differentiate into cardiomyocytes because they possess a strict 

commitment to the myogenic lineage, so myotubes do not integrate electrically with 

surviving cardiomyocytes and thus do not beat in synchrony with the surrounding 

myocardium184. Nevertheless, preclinical animal studies demonstrated that myoblasts 

were capable to engraft and improve the cardiac function of the infarcted myocardium, 

as well as improve regional wall thickening and attenuate ventricular remodeling185–187. 

Moreover, myoblasts secreted growth factors involved in angiogenesis (e.g. VEGF, 

angiopoietin) and enzymes involved in matrix remodeling, thus having beneficial effects 

on cardiac tissue through paracrine signaling188. However, clinical trials (e.g. myoblast 

autologous grafting in ischemic cardiomyopathy (MAGIC)) showed that patients treated 

with autologous myoblast injections had cardiac arrhythmias and no significant 

improvement in ventricular contractile function189. Therefore, skeletal myoblasts were 

not considered the best candidates for cardiac regenerative therapy. 

 

- Bone marrow-derived cells (BMC) 

Bone marrow-derived mononuclear cells (BMC) have been the most widely 

studied adult stem cell population, and include a variety of cell populations, being the 

most relevant hematopoietic stem cells (HSC), mesenchymal stem cells (MSC) and 

Figure 1.10. Cell types and mechanisms proposed for cardiac stem cell therapy. Stem cells 
and progenitor cells can be isolated from either autologous or allogeneic sources. Different types 
of stem cells and progenitor cells have been shown to improve cardiac function through various 
mechanisms, including the formation of new myocytes, endothelial cells and vascular smooth 
muscle cells, as well as through paracrine effects. Adapted from Segers et al.182. 
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endothelial progenitor cells (EPC). It has been reported that bone marrow cell 

transplantation improves tissue vascularization and collagen content, and reduce infarct 

size in a porcine model, leading to improvements in cardiac function190. Specifically, 

MSC have better engraftment than BMC, and present proangiogenic and antifibrotic 

capacities191. However, the best current evidence indicate that benefits achieved 

through BMC transplantation is not achieved by differentiation into new cardiomyocytes, 

but through paracrine mechanisms. It has been shown that cells produce signals that 

control the response of the native cells native of the myocardium, thereby modulating 

cardiac repair. This paracrine signaling involves growth factors and cytokines with 

multiple targets (e.g. angiogenesis, inflammatory response, cardiomyocyte survival), 

which synergistically contribute to improved tissue protection and function54,192. Some 

of the most recent and ongoing clinical trials using bone marrow-derived cells are 

summarized in Table 1.2.  

- Adipose-derived stromal cells (ADSC) 

Adipose tissue is a source of mesenchymal stem cells, specifically the stromal 

fraction of adipose tissue, and it has been studied for the purpose of cardiac repair. A 

rich mixture of progenitor cells, including cardiovascular progenitors, can be easily 

extracted by liposuction193. It has been demonstrated that the stromal fraction can be 

cultured in vitro, and derives towards a homogeneous population with mesenchymal 

phenotype termed adipose-derived stromal cells (ADSC). Preclinical studies have 

shown that ADSC not only induce a benefit over cardiac function, but they can also 

improve tissue metabolism, vascularization and reduce infarct size through paracrine 

action. In fact, paracrine signaling has been postulated as their main mechanism of 

action because their rate of cardiac differentiation is negligible191,194,195. Some of the 

most recent clinical trials using ADSC are summarized in Table 1.2. 

- Cardiac stem cells (CSC) 

Cardiac stem cells (CSC) are localized in small clusters at the interstitium of the 

heart, and play an important role in the slow but continuous renewal of heart cells 

(including myocytes)196. CSC can be isolated, grown and differentiated in vitro towards 

cardiac and vascular cells190. Moreover, they improve cardiac function after implantation 

in a murine model of acute myocardial infarction. However, the present description of 

this cell population is still confusing, since they have been characterized by different 

markers. They were first described by Dr. Anversa and colleagues, and were 

phenotypically characterized by the expression of the cKit marker in mice60,197. 

Surprisingly, another cell population defined by the opposite phenotype, Sca-1+ cKit-, 

was also identified and its cardiac differentiation potential when transplanted into the 

ischemic heart was also demonstrated198. Other populations like Islet-1+ cells199 and the 

in vitro derived cardiospheres200 have also been described. However, despite the 
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positive effects exerted by the cited populations in vivo, a limited self-renewal and 

proliferative potential has been described, as well as an inefficient differentiation 

towards cardiomyocytes and limited availability201. Therefore, it is essential to better 

characterize this cell population in order to isolate them and control their progenitor 

properties in a reproducible and consistent manner184,190. Some of the most recent and 

ongoing clinical trials using CSC are summarized in Table 1.2. 

The regenerative capacity of all the above mentioned adult stem cells is quite 

limited. In the best cases they contribute to vascular tissue, not to robust myocardial 

regeneration, and they are increasingly considered non-necessarily contracting 

reservoirs that release a wide variety of biomolecules. This paracrine signaling from the 

transplanted cells involve multiple targets (e.g. stimulation of angiogenesis, attenuation 

of fibrosis, inflammation and apoptosis, and recruitment of tissue-resident 

stem/progenitor cells) that helps to preserve cardiac function and structure through an 

improved tissue protection192,202. At present, clinical studies (Table 1.2) are being 

performed to evaluate the safety and feasibility of the mentioned strategies. However, 

to efficiently restore cardiac tissue, pluripotent stem cells (embryonic stem cells (ESC) 

and induced pluripotent stem cells (iPSC)) may possess the greatest capacity. 

- Pluripotent stem cells (PSC) 

Pluripotent stem cells (PSC) are a promising cell source for regenerative 

medicine applications, as both ESC and iPSC can be propagated indefinitely while still 

retaining their pluripotency, and show the greatest cardiac differentiation potential203,204. 

Different protocols have been developed to efficiently generate cardiomyocytes from 

human PSCs205, followed by purification procedures such as the use of cell surface 

markers or glucose-free culture conditions optimized for cardiomyocytes survival206,207. 

Moreover, PSC can differentiate into other relevant cell types for cardiac repairing, 

including cardiac progenitors, endothelial cells and smooth muscle cells202. These 

advantages of PSCs are especially important in cardiac regeneration, as large number 

of multiple cell types may be needed to form functional cardiac tissue208. Numerous 

experimental studies have shown that, in animal models of myocardial infarction, ESC-

derived cardiomyocytes could successfully remuscularize the failing heart209, induce 

electro-mechanical coupling between the grafted cells and those of the host210, and 

almost consistently improve cardiac function211,212. Similarly, human iPSC-derived 

cardiomyocytes were retained within the infarcted heart of a rat, with induction of heart 

positive remodeling after the ischemic damage213. In addition, co-administration of 

human iPSC with MSC considerably increased human iPSC retention in the 

myocardium of a pig model of myocardial infarction, with iPSC-derived endothelial cells 

found integrated into the cardiac vasculature214. Despite positive effects of iPSC on the 

cardiac function of animal models, clinical trials have not yet been initiated, while the 

first clinical trial using ESC (ESCORT, Table 1.2) started recently215.  
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Table 1.2. Recent clinical trials of stem cell therapy. hBMC: human bone marrow cell; hMSC: 
human mesenchymal stem cell. Adapted from Sanganalmath et al.227 and Faiella et al.193. 

Trial, Design phase and Title Cell type 
Estimated 
nº patients 

Delivery  
method 

Initiation / Status 

Phase I/II; Prospective Randomized Study 
of Mesenchymal Stem Cell Therapy in 
Patients Undergoing Cardiac Surgery 
(PROMETHEUS)216 

Autologous 
hMSCs 

45 Intramyocardial 2007 / Completed 

Phase I/II; The Transendocardial 
Autologous Cells (hMSC or hBMC) in 
Ischemic Heart Failure Trial (TAC-HFT)217 

Autologous 
hMSC or hBMC 

67 
Intramyocardial 

(transendocardial)
2008 / Completed 

Phase I/II; The Percutaneous Stem Cell 
Injection Delivery Effects on 
Neomyogenesis in Dilated 
Cardiomyopathy (POSEIDON-DCM)218 

Autologous 
hMSCs 
Allogenic hMSCs

36 
Intramyocardial 

(transendocardial)
2011 / Ongoing 

Phase I/II; Autologous Mesenchymal 
Stromal Cell Therapy in Heart Failure219 

Mesenchymal 
stromal cells 

60 Intramyocardial 2008 / Completed 

Phase II; A Phase II Dose-Escalation 
Study to Assess the Feasibility and Safety 
of Transendocardial Delivery of Three 
Different Doses of Allogeneic 
Mesenchymal Precursor Cells (MPCs) in 
Subjects With Heart Failure (REVASCOR) 
(Ref. NCT00721045) 

Mesenchymal 
precursor cells 

60 
Intramyocardial 

(transendocardial)
2008 / Completed 

Phase II; Safety and Efficacy Study of 
Intramyocardial Stem Cell Therapy in 
Patients With Dilated Cardiomyopathy 
(NOGA-DCM)220 

Autologous 
hBMCs (CD34+ 
cells) 

60 Intramyocardial 2011 / Completed 

Phase I; Cardiac Stem cell Infusion in 
Patients With Ischemic Cardiomyopathy 
(SCIPIO)221 

c-kit+ cardiac 
progenitor cells 

33 Intracoronary 2009 / Completed 

Phase I/II; Allogeneic Heart Stem Cells to 
Achieve Myocardial Regeneration 
(ALLSTAR) (Ref. NCT01458405) 

Cardiosphere-
derived cells 

274 Intracoronary 2012 / Ongoing 

Phase III; Safety and Efficacy of 
Autologous Cardiopoietic Cells for 
Treatment of Ischemic Heart Failure 
(CHART-1) (Ref. NCT01768702) 

Bone marrow  
mesenchymal 
cardiopoietic 
cells  

240 Intramyocardial 2012 / Ongoing 

Phase II; An Efficacy, Safety and 
Tolerability Study of Ixmyelocel-T 
Administered Via Transendocardial 
Catheter-based Injections to Subjects With 
Heart Failure Due to Ischemic Dilated 
Cardiomyopathy (ixCELL DCM)222 

Bone marrow 
cells (CD90+ 
hMSCs, CD14+ 

monocytes and 
alternatively 
activated 
macrophages) 

108 
Intramyocardial 

(transendocardial)
2012 / Ongoing 

Phase I; Cardiosphere-derived autologous 
stem cells to reverse ventricular 
dysfunction (CADUCEUS)223 

Cardiosphere-
derived stem 
cells 

31 Intracoronary 2009 / Completed 

Phase I; Transplantation of Human 
Embryonic Stem Cell-derived CD15+ Isl-1+ 
Progenitors in Severe Heart Failure 
(ESCORT)215 

Embryonic stem 
cell-derived  
CD15+ Isl-1+ 
progenitors 

6 
Epicardial delivery

of a fibrin patch 
2013 / Recruiting 

participants 

Phase I; Bone Marrow Transfer to Enhance 
ST-Elevation Infarct Regeneration  
(BOOST-1)224  

Autologous bone 
marrow cells 

60 Intracoronary 2002 / Completed 

Phase III; Reinfusion of Enriched Progenitor 
Cells And Infarct Remodeling in Acute 
Myocardial Infarction (REPAIR-AMI)225 

Enriched 
autologous bone 
marrow cells 

204 Intracoronary 2004 / Completed 

Phase II; Mesenchymal Stromal Cell 
Therapy in Patients With Chronic 
Myocardial Ischemia (MySTromalCell Trial) 
(Ref. NCT01449032) 

Adipose-derived 
mesenchymal 
stem cells 

60 - 2010 / Completed 

Phase I; A Randomized Clinical Trial of 
Adipose-derived stem & Regenerative 
Cells In the Treatment of Patients With 
Non revascularizable ischemic 
Myocardium (The Precise Trial)226 

Adipose-derived 
stem cells 

27 
Transendocardial 

injection 
2007 / Completed 
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Despite the positive results obtained, PSC-derived cardiomyocytes are, in 

general, a mixture of nodal-like, atrial-like and ventricular-like cells228. Moreover, they 

display a relatively immature phenotype, being more similar to fetal rather than adult 

cardiomyocytes. Among other properties, they show disorganized sarcomeres, small 

forces of contraction and small action potentials compared with their adult 

counterparts52. This immaturity limits their use in cardiac tissue repair, as some features 

such as spontaneous activity and slow conduction may cause lethal arrhythmias after 

transplantation in the heart210. Therefore, maturing human PSC-derived cardiomyocytes 

to a more adult state would significantly increase their value in stem cell therapy.  

Another important issue that has limited stem cell therapy is cell engraftment and 

survival in the host tissue. More than 70% of the transplanted cells are lost within the 

first 48 h in most studies. The development of prosurvival cocktails has improved the 

survival of human PSC-derived cardiomyocytes as islands in rat hearts after myocardial 

infarction, ameliorating cardiac function203. However, achieving large areas of adult-like 

cardiomyocytes fully integrated in the cardiac tissue remains a challenge, as the lack of 

matrix anchorage together with a hypoxic, pro-inflammatory and/or fibrotic environment 

hampers cell survival190. 

In this context, tissue engineering techniques can improve cardiomyocyte 

maturation, engraftment and survival in the host tissue, thus helping to overcome the 

mentioned limitations. Therefore, to boost the therapeutic effects of stem cell therapy, 

the field of cardiac tissue engineering has become a really promising strategy, which 

will be explained in “1.2. Cardiac tissue engineering” section. 

 

1.1.4.2. In vitro models for drug discovery and toxicity testing 

Drug discovery and development is a costly and inefficient process, and suffers 

from a high failure rate (~90%)229. The average time between drug discovery and 

commercialization is 10-15 years, with median costs over $5 billion230. Current methods 

to evaluate drug safety and efficacy have poor predictive power of some adverse side-

effects, such as cardiotoxicity, neurotoxicity and hepatotoxicity231. Specifically, 

cardiotoxicity remains a major cause of drug failure during preclinical and clinical 

development, with high rates of already approved medicines being withdrawn from the 

market (Figure 1.11)232,233. Furthermore, cardiotoxicity is an adverse side effect 

exhibited not only by drugs to treat cardiovascular diseases, but also other diseases 

such as diabetes, inflammation and cancer. Therefore, the development of improved in 

vitro models for predictive cardiotoxicity and target validation is absolutely needed234,235. 
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In conventional preclinical studies, safety and toxicology testing of new drugs 

involve cell monolayer models and animal models. Cell monolayer models typically 

consist on heterologous expression systems of human cardiac ion channels in non-

cardiac cell lines cultured in two-dimensional (2D) conditions. Most of the cardiotoxicity 

and arrhythmia safety tests are performed in Chinese hamster ovary (CHO) and human 

embryonic kidney 293 (HEK293) cells overexpressing individual human ion channels, 

most commonly the human ether-a-go-go-related gene (hERG) channel. Drug 

screening data from human cell sources is also obtained from primary heart cells and 

tissues, as well as tumor-derived immortalized mammalian cardiac cell lines. However, 

these human-specific models are limited by genetic instability, the absence of important 

cardiac cell characteristics, short survival in vitro or by the fact that ectopic expression 

of cardiac ion channels not always recapitulates function in human 

cardiomyocytes236,237. Moreover, Petri dish cultures lack three-dimensional (3D) cell-cell 

and cell-matrix interactions, spatial and temporal gradients of biochemical and physical 

signals, and systemic regulation that otherwise are present in in vivo models238. 

Therefore, Petri dish models are not always predictable of whole tissue and organ 

behavior, making really difficult the extrapolation of results to preclinical studies in 

animals and clinical trials in humans. 

Regarding preclinical drug screening in animal models, they are the current 

standard and allow to study drug effects within whole organisms, thus becoming 

invaluable for studies of toxicity testing238. The availability of mouse models with 

targeted gene modifications (knock-out and knock-in) has allowed studying the function 

of numerous genes during development. Moreover, it has allowed the generation of 

rodent strains with compromised immune systems, permitting the analysis of human 

cells function in vivo without immune rejection239,240. Nevertheless, animal models have 

Figure 1.11. Cumulative number of post-approval cardiac adverse events reports since 
1969. Within each category, adverse event reports are ranked by decreasing order of incidence. 
Data should be taken with caution, as the linkages with drugs are not always demonstrated. Note 
the large number of adverse event reports related to arrhythmias. Adapted from Laverty et al.233. 
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several limitations when used in disease modeling and toxicological studies, as they fail 

to fully recapitulate human physiology and pathophysiology. There are important 

interspecies differences between animal models and humans in ion channels, biological 

pathways and pharmacokinetic properties, which ultimately hamper a reliable prediction 

of human cardiotoxicity241. For example, mice are the most widely used animal model, 

and show profound differences with respect to human beating rate (500-724 bpm 

compared to 60-90 bpm in humans) and electrophysiological properties (QT interval is 

four times shorter in mice than in human, among other differences in electrocardiogram 

duration, repolarization currents and ion channel expression levels)242. These 

differences limit the use of current research models, as their poor predictive power leads 

to drugs that pass animal studies but fail in human trials, adding expenses and risks to 

the drug discovery and development process. Another limitation of in vivo models is that 

they offer scarce control over the cell microenvironment in cell transplantation studies, 

and monitoring the outcome is more challenging than in controlled in vitro systems238.  

Since 1997, cardiotoxicity-related drug withdrawals have dramatically increased 

from 5.1 % to 33%, constituting one of the leading causes of drug attrition243. As 

examples, Terfenadine was withdrawn in 1998 for inducing cardiac arrhythmias, 

Grepafloxacin in 1999 for prolonging the QT interval, and Rofecoxib in 2004 for the risk 

of myocardial infarction172. An important focus remains on avoiding the drug-induced 

and life-threatening ventricular arrhythmia torsades de pointes (TdP) (Figure 1.12). TdP 

is associated with a delayed repolarization, a surrogate marker of proarrhythmia 

observed as a prolongation of the QT interval on the surface electrocardiogram (ECG). 

Blockade of the hERG current (a repolarizing potassium current carried by the hERG 

channel and also known as Kv11.1 current) is recognized as a predominant mechanism 

for drug-induced delayed repolarization244. Current drug safety paradigm assesses 

ventricular arrhythmias by measuring in vitro hERG channel blockade in the above 

mentioned cell lines and in vivo/clinical QT interval prolongation. This approach has 

contributed to prevent new drugs with unanticipated potential for proarrhythmia from 

entering the market, thus removing TdP risk for new chemical entities. However, lack of 

specificity of such studies may also have stopped the development of potentially 

valuable therapeutics, as false positives have been encountered (e.g. Verapamil, 

Phenobarbital, Tolterodine and Ranolazine)245. Besides, this method does not address 

any other ion channels involved in cardiomyocyte electrophysiology, and fails to capture 

drug-induced cardiotoxicity246. Therefore, given that hERG blockage alone is not highly 

specific for predicting either delayed repolarization or clinical proarrhythmia, there is a 

need for more comprehensive, efficient and multi-parametric approaches that unravel 

the mechanisms responsible for these complex toxicities. One possible approach is the 

Comprehensive in vitro Proarrhythmia Assay (CiPA)244, which proposes to define 

proarrhythmic risk based on in silico reconstructions of human ventricular electrical 

activity. These reconstructions would integrate drug effects on multiple human cardiac 
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currents, and results would be confirmed with in vitro electrophysiological responses 

from human stem cell-derived cardiomyocytes. 

 

In view of this scenario, the development of human in vitro models of cardiac 

tissue that are predictive of human drug response and cardiac toxicity would be a major 

advancement. They would allow understanding, studying, and developing new drugs 

and strategies for treating cardiac diseases. Moreover, they would reduce the risk at 

which individuals enrolled in clinical trials are exposed, as well as the overall cost of 

drug development246. To this end, using human stem cells and their differentiated 

progeny, would be highly beneficial for drug development. As discussed in the previous 

section, human pluripotent stem cells (hESC and hiPSC) emerge as an ideal cell source 

to generate human cardiac tissue models, due to their unlimited self-renewal capacity 

and pluripotent differentiation ability, naturally including cardiac differentiation. 

Moreover, if combined with new technologies and environments capturing critical 

aspects of the in vivo milieu, human hESC and hiPSC cell derivatives could acquire a 

more mature phenotype. Therefore, they could lead to the generation of 3D cardiac 

tissue models able to provide relevant information about human physiology66,241. 

1.1.4.3. Disease modelling 

Another approach that can improve the treatment of cardiac diseases is 

understanding their pathophysiology through the generation of disease-specific models. 

Human induced pluripotent stem cells (hiPSC) emerge as a unique method for obtaining 

Figure 1.12. Link between delayed repolarization and torsades de pointes (TdP) 
proarrhythmia. A, The slowed ventricular repolarization on a cellular level results from a drug-
induced decrease in net outward current. B, Although the relationship between ventricular 
repolarization and TdP is complex, on a cellular level, delayed ventricular repolarization leads to 
prolongation of QT interval on a surface electrocardiogram (ECG). C, Prominent QT prolongation 
may further dysregulate repolarization, giving rise to a premature ventricular beat before the end 
of the T wave (indicated with *) to initiate TdP. Adapted from Gintant et al.244. 
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patient-specific cardiomyocytes to model genetic and other cardiac diseases247. Unlike 

other cells, hiPSC reflect a person's unique genotype because they are derived from its 

own somatic cells (e.g. peripheral blood mononuclear cells or skin fibroblasts). 

Therefore, using hiPSC from multiple patients could allow the study of large and diverse 

genetic disease pools, as well as overcoming many of the current limitations of drug 

discovery and advance towards personalized medicine238. 

Currently, there is an important increase in the number of publications about 

modelling cardiovascular diseases in vitro using hiPSC-derived cardiomyocytes 

(hiPSC-CM)248. One of the first studies reporting the generation of hiPSC-CM from 

patients with a hereditary cardiac disease was published in 2010. The authors studied 

patients with LEOPARD syndrome, which is a rare disorder comprising multiple 

congenital anomalies in the skin, face and heart. A major disease phenotype in patients 

with LEOPARD syndrome is hypertrophic cardiomyopathy, and hiPSC-CM obtained 

from those patients displayed an increased surface area and a higher degree of 

sarcomeric organization compared with cardiomyocytes derived from healthy 

individuals249. From then on, both electric and structural inherited cardiac diseases have 

been studied in hiPSC-CM that exhibit key characteristics of the disease250. For 

example, channelopathies such as congenital long QT syndrome (LQT) have also been 

modelled using hiPSC-CM. LQT is a familial arrhythmogenic syndrome characterized 

by delayed repolarization, a prolonged QT interval in the surface electrocardiogram, 

torsades de pointes (TdP) ventricular tachycardia and sudden cardiac death251. Long-

QT syndrome type 1 (LQT1), a repolarization disorder due to mutations in KCNQ1 gene, 

was the first to be modelled. Patient-derived cells recapitulated the electrophysiological 

characteristics of the disorder, and maintained the genotype of the disease252. Similarly, 

Itzhaki et al. developed a disease-specific hiPSC line from a patient suffering Long-QT 

syndrome type 2 (LQT2), a repolarization disorder due to mutations in the hERG gene 

(also known as KCNH2). Cardiomyocytes derived from diseased hiPSC showed a 

significant prolongation of the action potential duration when compared to healthy 

controls, and were used to evaluate antiarrhythmogenic properties of some therapeutic 

agents251. Other inherited cardiac arrhythmia syndromes, such as long-QT syndrome 

type 3 (LQT3), Brugada syndrome, long-QT syndrome type 8 (LQT8)/Timothy syndrome 

and catecholaminergic polymorphic ventricular tachycardia have also been modelled 

using hiPSC-CM, with patient-derived cells recapitulating important characteristics of 

each disease253–255. 

Some hiPSC-derived cellular models have been developed for cardiac diseases 

involving disorders on structural genes, such as dilated cardiomyopathy (DCM) and 

hypertrophic cardiomyopathy (HCM). DCM is a cardiomyopathy characterized by 

systolic dysfunction, ventricular dilation and progressive heart failure. Sun et al. 

generated hiPSC-CM from DCM patients carrying a point mutation in cardiac troponin 
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T gene (TNNT2), and cardiomyocytes exhibited altered regulation of Ca2+, decreased 

contractility and abnormal distribution of sarcomeric α-actinin compared to healthy 

individuals256. HCM, in turn, is a disease characterized by abnormal thickening of the 

left ventricular myocardium, and it is linked to progressive heart failure, arrhythmia and 

sudden cardiac death. hiPSC-CM from HCM patients carrying a mutation in the gene 

encoding β-myosin heavy chain (MYH7) were successfully obtained, and key features 

of the disease such as abnormal calcium handling, increased myofibril content and 

cellular hypertrophy could be observed257. 

Although disease-specific hiPSC-CM have contributed to significant progress in 

the development of human normal and pathologic conditions, the full potential of this 

technology has not been uncovered. First, and as previously commented, the immaturity 

of cardiomyocytes derived from both hESC and hiPSC hinders their predictive capacity 

of adult outcomes. Second, hiPSC-CM cultured in standard Petri dishes are not able to 

model disease phenotypes present at the tissue level, such as interstitial fibrosis, 

myocyte disarray or other vascular and structural disorders250,257. Therefore, it would be 

an important advance to develop methods for recreating the three-dimensional 

architecture of vascular and myocardial tissue, as representative physiological models 

would lead to more realistic assays (Figure 1.13).  

 

Figure 1.13. hiPSC-CM for patient-specific heart tissue models. Cardiac tissue engineering 
can help establishing normal and disease-specific cardiac tissue models through the 
development of engineered heart tissues. Adapted from Tzatzalos et al.172. 
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1.2. Cardiac tissue engineering 

To put cardiac tissue engineering into perspective, it is important to consider the 

limitations and further requirements of the alternative therapeutic strategies discussed 

before. Concerning stem cell therapy, the low degree of cell retention, engraftment and 

survival in the host tissue are among the most important limitations. In the case of 

human in vitro models of cardiac tissue for drug discovery, toxicity testing and disease 

modelling, the immaturity of cardiomyocytes derived from hPSC remains a critical issue, 

as well as the lack of tissue level information from standard 2D cultures. In this context, 

the innovative field of cardiac tissue engineering arises as a promising strategy to work 

out the mentioned difficulties and advance towards the treatment of cardiac diseases. 

By combining cardiac cells with biocompatible scaffolds, the site accuracy of cell 

delivery as well as cell survival could be definitely improved, as cells would be provided 

with a mechanical support element. Moreover, mimicking native cardiac environment 

through the use of advanced signaling systems would provide cells with important 

regulatory signals that are absent in standard 2D cultures. Therefore, the immature 

phenotype of hPSC-CM could be evolved towards a more adult-like phenotype. 

 

Tissue engineering was officially established at a conference in Lake Tahoe, 

California, in 1988, and was originally defined as “the application of principles and 

methods of engineering and life sciences toward fundamental understanding of 

Figure 1.14. Cardiac tissue engineering. Cardiac tissue engineering aims at generating mature 
and functional 3D myocardial tissue constructs for regenerative medicine purposes, disease 
modelling and drug discovery and toxicity testing. Alternatively, host cells can be recruited to the 
repair the injured site by implanted biomaterials, with or without cells. Image taken from Vunjak-
Novakovic et al.66.
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structure-function relationships in normal and pathological mammalian tissues and the 

development of biological substitutes to restore, maintain, or improve tissue function”. 

From then on, tissue engineering and regenerative medicine advanced rapidly: the 

stream of publications grew from about 12 in 1991, to more than 36000 by the end of 

20103. In the context of cardiac tissue engineering, its initial goal was the generation of 

cardiac tissue analogues to repair or replace the damaged myocardium (Figure 1.14). 

Nowadays, it is still a central goal for the scientific community, but it has to overcome 

major hurdles before clinical implementation. However, a range of more immediate in 

vitro applications for those cardiac tissue analogues are becoming increasingly 

important, such as safety pharmacology assays and disease modelling (Figure 1.14). 

This would mean translating the laboratory research to treatment for patients, with 

engineered heart tissues acting as a tool rather than as a medicine66.  

Basic design approaches for tissue engineering may include cell structures only, 

cells combined with biomaterials, or biomaterials only258. However, to generate reliable 

3D cardiac tissue constructs that resemble myocardial tissue, three elements are often 

seen as essential: (1) a large number of cardiac cells to reach physiological densities; 

(2) scaffolds made of biocompatible materials that replicate the native 3D environment; 

and (3) biomimetic signaling systems, which may include signaling molecules and other 

mechanical and electrical regulatory signals (Figure 1.15)181. These elements constitute 

the classical approach to cardiac tissue engineering, and they will be individually 

discussed in the following sections. 

 

Figure 1.15. Classical approach to human cardiac tissue engineering. It is based on 
obtaining and expanding human cardiac cells, seeding them in biocompatible 3D scaffolds, and 
culture the cardiac tissue construct in a biomimetic signaling system, usually a bioreactor. 
Adapted from Wollert et al.181. 



INTRODUCTION 

 

 

45 

 

 Cardiac cells  

The first challenge of engineering a tissue or an organ is finding appropriate cell 

sources in large quantities. To date, the vast majority of the work in developing 3D 

cardiac tissue analogues has been performed using rat259, mouse260,261 and chick262 

cardiomyocytes. However, due to recent progress in the field of human stem cells, 

cardiac tissue engineering has begun to move away from animal-based cardiac tissue 

constructs, translating the acquired knowledge into the production of human cardiac 

tissue constructs. 

As previously discussed, human pluripotent stem cells (hESC and hiPSC) are 

conceived as the ideal cell source to efficiently restore human cardiac tissue and 

generate human cardiac tissue models. Human embryonic stem cells (hESC) are 

derived from the inner cell mass of an early-stage fertilized embryo263. They have 

unlimited cell-division capacity, so they can be expanded in culture to obtain large cell 

quantities. When cultured with the appropriate extracellular signals, hESC differentiate 

along particular lineages to form functional cells with properties similar to those 

observed in vivo. Similarly, human induced pluripotent stem cells (hiPSC) share many 

of the properties of hESC, particularly unlimited proliferation and multilineage 

differentiation potential. However, they are derived from adult and mature differentiated 

cells through the forced expression of particular pluripotency genes264–266. Therefore, 

hiPSC circumvent the ethical and legal issues associated with hESC, and can generate 

cardiomyocytes that are genetically equivalent to the cells of a given patient229,248. For 

these reasons, hiPSC represent an excellent source of cardiomyocytes for cardiac 

tissue engineering approaches, even though some hurdles will have to be overcome 

before clinical application (e.g. stable patient-specific lines generation, regulatory 

agencies approval and low-level immunogenicity suppression)267–269.   

Most of the existing differentiation protocols for hPSC use 2D culture 

systems203,270,271. Although 2D differentiation yields the desired cell lineages and allows 

direct characterization of the cells during differentiation processes, they do not take into 

account the importance of the entire context of cell microenvironment. 2D systems might 

promote unnatural interactions with relevant external factors (e.g. multiple cell types, 

extracellular matrix, cytokines, and physical factors), which can change or affect cellular 

responses272. The idea of designing biomimetic models both in 2D and 3D is to unlock 

the full potential of stem cells by reproducing some aspects of the in vivo physiological 

context, as the cues presented to cells are principal determinants of their phenotype. 

This would allow directing pluripotent cells to differentiate towards the desired cell type 

in the right place and at the right time to assemble functional tissue structures273. Some 

studies have indicated that cues such as electrical stimulation or substrate patterning 

enhance hESC differentiation into the cardiac lineage274,275, so improving hPSC 

differentiation could be achieved by mimicking native cardiac environment. However, 
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most studies focused on obtaining 3D cardiac tissue constructs use hPSC that have 

been predifferentiated into cardiomyocytes, and then hPSC-CM are assembled in 3D 

structures to improve their maturity level.  

To develop human cardiac tissue analogues, not only cardiomyocytes have to be 

taken into account. As previously commented, the human heart is composed of about 

60-70% of human cardiac fibroblasts, 30% of cardiomyocytes and 10% of other cells 

such as endothelial and vascular smooth muscle cells. Human cardiac fibroblasts are 

known to secrete growth factors and extracellular matrix proteins such as collagen type 

I and III, as well as to support the structure and electromechanical function of the 

myocardium11,276. This supporting effect has also been demonstrated when generating 

cardiac tissue constructs, as co-cultures of cardiomyocytes and non-cardiomyocytes 

enhance the formation and maturation of functional human cardiac patches277,104. 

Specifically, human cardiac tissue constructs developed maximal contractile forces 

when hPSC-CM:non-cardiomyocyte composition was of 1:1278, in agreement with 

previous results obtained in rodent and human constructs279,280. Interestingly, when 

human cardiac tissue constructs were generated from purified hPSC-CM populations, 

cardiomyocytes did not condense and displayed round morphologies (Figure 1.16). 

Conversely, when purified cardiomyocytes were mixed with human foreskin fibroblasts 

(HFF), cardiomyocytes were elongated, displayed an enhanced expression of maturity-

related gens, and cardiac constructs had an improved contractile function278 (Figure 

1.16). Therefore, co-culturing hPSC-CM with non-cardiomyocytes is essential to 

generate human cardiac constructs with improved functional and structural properties.   

 

 Biomaterials 

Natively, the extracellular matrix (ECM) surrounding cardiac cells provides 

microenvironmental cues, mechanical support and architectural guidance that instruct 

Figure 1.16. Defining cell populations in engineered human myocardium. Actinin (green, 
CM), f-actin (red, CM and HFF) and nuclei (blue, CM and HFF) of EHM. The optimal CM:HFF 
input ratio was determined by measuring force per CM in 2 week old constructs. Empty circles 
show mean ± standard error of the mean. CM: cardiomyocytes; HFF: human foreskin fibroblasts; 
EHM: engineered human myocardium. Scale bars: 50 µm. Adapted from Tiburcy et al.278. 
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their growth and function18. Therefore, to generate reliable 3D cardiac tissue constructs, 

it is essential the use biomaterials that recapitulate important characteristics of the 

native cardiac ECM, such as its anisotropic fibrillar structure, mechanical properties and 

biomimetic molecular composition (Figure 1.17). Biomaterials act as scaffolds or 

templates upon which cardiac cells could attach, organize and mature, or as delivery 

vehicles for cell transplantation18. They can be used either in solid or in gel states, and 

can be processed in a wide variety of shapes and sizes. Solid polymers are usually 

prepared as sheets, knitted meshes or 3D porous scaffolds, while gels are hydrogels 

used as substrates to generate cardiac tissue constructs or injectable gels to improve 

cell delivery167. Focusing on scaffolds for the generation of cardiac tissue constructs, 

they can be fabricated using naturally-derived materials (e.g. collagen, Matrigel® and 

chitosan281–283), synthetic materials (e.g. poly(glycerol sebacate), poly(glycolic acid) and 

polycaprolactone284–286), a combination of both287, or native heart matrix (obtained after 

decellularization288,289).  

 

1.2.2.1. General considerations  

When conceiving a cardiac tissue engineering approach, it is important to 

consider the objective of the final application. Thus, the design criteria will be different 

if the biomaterial is a vehicle for cell delivery or a scaffold to generate tissue patches. 

However, there are some common properties that have to be addressed, such as 

biocompatibility, biodegradability, and mechanical support. Injectability has to be 

considered in the case of hydrogels, and clinically relevant thicknesses are required for 

cardiac patches290.  

Figure 1.17. The importance of the 3D environment to engineer cell function. The 
composition, architecture and degree of crosslinking dictate the mechanical properties of the 
extracellular matrix (ECM) and control multiple cellular processes such as adhesion, survival, 
migration and differentiation. PG: proteoglycans. Adapted from Griffith et al.173.
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For cardiac tissue engineering applications, the biocompatibility of a material 

refers to its ability to support cardiac cell attachment, proliferation, survival and 

differentiation both in vitro and in vivo. For in vivo studies and clinical applications, it 

should also avoid adverse immune responses and promote the contractile function of 

the myocardium167. Regarding biodegradability, it refers to the inherent lifespan of a 

material and the mechanism through which it breaks down when implanted. In cardiac 

tissue engineering, a material is considered biodegradable if the degradation occurs 

through disintegration, a hydrolytic mechanism or an enzymatic activity present in the 

in vivo milieu. It is essential that the degradation products are biocompatible as well, 

and that the biodegradation rate is appropriate for tissue regeneration (it should remain 

long enough to have the desired effect, but no longer than necessary)168,290.  

Mechanical properties of the biomaterials are critical in cardiac tissue 

engineering. Matching the mechanical properties of the myocardium becomes 

especially important in in vivo studies, as it has to withstand the mechanical forces 

exerted by the heart (contraction and dilation) without interfering the normal function of 

the surrounding tissue. It is important to note that during heart development there is a 

process of myocardium stiffening, partly due to collagen accumulation during embryonic 

development that lasts until several weeks after birth. This results in a 3-fold increase 

of elastic modulus (passive stiffness) from embryonic to neonatal stages in mice291, and 

2-fold increase in rats292. The Young’s modulus of the adult human myocardium ranges 

from 10-20 kPa (end of diastole) to 200-500 kPa (end of systole), and the rat 

myocardium ranges from 0.1 to 140 kPa290,293. Therefore, a material designed to thicken 

the ventricle wall and avoid ventricular remodeling should have a stiffness in the high 

end of the range, whereas a material to be injected or to act as temporary matrix could 

have low-end stiffness. Concerning biomaterials for in vitro applications, they can have 

very low stiffness as long as cardiac cells seeded into it (hydrogels or scaffolds) can 

remodel it into a final product that is mechanically similar to the native myocardium290. 

However, scaffold stiffness affects the maturation, organization and functional behavior 

of cells, so it has to be taken into account to obtain reliable cardiac tissue 

constructs294,295. Some works showed that soft bulk materials (~2 kPa) helped obtaining 

cardiac tissue constructs with greater contraction amplitudes and enhanced matrix 

deposition than stiffer ones296. Conversely, literature shows conflicting reports because 

many works suggest that artificial substrates with bulk stiffness of about 10-50 kPa 

enhance cardiomyocyte maturation40, so it is an issue under debate. 

In the case of hydrogels, another property to take into account is injectability, as 

it determines their capability to be administered into the heart in a safe manner. The 

hydrogel should be capable to pass through a fine-gauge needle, and its polymerization 

time should be in the range of minutes to tens of minutes to ensure its successful 

delivery and engraftment5. In the case of cardiac patches, the biomaterial should 
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support the cultivation of tissue constructs with clinically relevant thicknesses. Full-

thickness cardiac grafts should be around 10 mm thick, whereas tissue patches can be 

thinner290. In any case, the limits of oxygen diffusion in a tissue construct with a high 

density of metabolically active cells restricts tissue thickness at about 100 µm297. 

Therefore, a vascular network or a channel array for culture medium perfusion must be 

incorporated to the design to allow appropriate mass transfer within the tissue. 

1.2.2.2. Natural biomaterials 

Natural biomaterials are made of proteins or carbohydrates from plants and 

animals, containing extracellular matrix (ECM) components298. Thus, they have a 

molecular composition excellent for cell attachment, survival, and differentiation, and 

are degraded in vitro and in vivo within days or weeks by cellular enzymes into non-

toxic degradation products. Moreover, cells can turn over those materials and replace 

them with their own ECM components299. However, natural biomaterials have weak 

mechanical properties, as they present limited accessibility to structural modification 

and elastic moduli in the range of tens of Pa to tens of kPa167,300. Besides, they present 

variable physicochemical properties because they come from different protein sources, 

so there is batch-to-batch and source-to-source variability. Although they do not cause 

dramatic immunological responses when implanted, they may retain surface antigens 

that elicit an immune response. However, it is not a major hindrance since there are 

sources of ECM-derived biomaterials that have been approved for human use167,301.   

Several components of the ECM (proteins, glycosaminoglycans, glycoproteins 

and small molecules) can be isolated and prepared to be used as scaffolds. The most 

common are collagen278,297,302–304, alginate305–307, chitosan283,308–310, Matrigel®7,262,282,311, 

fibrin312–315, and gelatin12,275,306,316. Collagen is the most abundant naturally-derived 

material for scaffolds, and it provides considerable mechanical strength in its natural 

polymeric state. Moreover, a lack of adverse immune responses to xenogeneic collagen 

implantation has been reported, mainly because its aminoacid sequence and surface 

epitopes are highly conserved between species. In fact, trademarks including bovine 

and porcine type I collagen are already in use in injectable form or as solid scaffolds in 

numerous clinical applications300. As collagen is one of the main constituents of the 

cardiac ECM20, it has been extensively used in cardiac tissue engineering. Good results 

have been obtained with collagen-based 3D matrices, as mature, contractile and force-

generating cardiac tissue constructs have been produced for both in vitro and in vivo 

applications280,297,317–319.  

Finally, the native ECM itself can be used as a scaffold after decellularization of 

the whole heart or sections of it62,288,289,320. The main advantage of this approach is that 

it faithfully recapitulates the in vivo macroscopic and microscopic architecture of the 
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heart, as well as its extracellular composition. The decellularization process does not 

damage vascular channels, and re-seeded cardiac cells attach and display contractile 

activity within the matrix. However, in the case of heart tissue sections, the directionality 

of the sectioning is important because different cut planes result in different scaffold 

architectures and pore sizes18. Moreover, it should be taken into account that the 

decellularized matrix from adult hearts does not contain developmental cues that may 

be important for instructing stem cell differentiation and/or cardiomyocyte maturation. 

Finally, it is still necessary to define standardized decellularization protocols and 

recellularization methodologies, as well as establish common guidelines for the 

assessment of the functionality of the organ.  

1.2.2.3. Synthetic biomaterials 

Contrary to natural biomaterials, synthetic biomaterials are synthesized by finely 

controlled processes, thus tuning their mechanical properties, topography, structure, 

biocompatibility and biodegradability. Therefore, they can be produced in a predictable 

and reproducible manner, thus ensuring their off-the-shelf availability241. However, 

synthetic biomaterials often do not support cell adhesion and survival, and need to be 

functionalized with appropriate bioactive molecules. Moreover, they may present some 

hurdles when implanted in vivo, such as eliciting inflammatory reactions, being eroded, 

not being compliant enough, not being able to integrate within the host tissue, or 

generating degradation products that are not fully removed from the body167,290. 

Multiple synthetic polymers have been used to generate 3D scaffolds for cardiac 

tissue engineering applications. Among the most frequently used, there is polyurethane 

(PU), poly e-caprolactone (PCL), polylactic acid (PLA), polyglycolic acid (PGA), 

poly(glycerol sebacate) (PGS), and their copolymers241. For example, electrospun PU 

scaffolds seeded with primary cultures of neonatal rat cardiac cells displayed aspects 

of mature phenotype when fibers were aligned321. Similarly, by combining tissue-like 

PGS scaffolds with neonatal rat heart cells and appropriate molecular and electrical 

signals, contractile cardiac tissue constructs with maturity-related characteristics could 

be obtained322. In other studies, PCL nanofibrous scaffolds potentiated the adhesion 

and electrical communication between different layers of neonatal rat 

cardiomyocytes323, and electrospun poly-L-lactide (PLLA) scaffolds supported the 

growth and proliferation of rat myocytes better than PLLA scaffolds blended with other 

polymers285. However, it is important to note that on exposure to long term cyclic strain, 

polyester based polymers such as PLA, PCL, PGA and its copolymers were found to 

undergo plastic deformation and failure167. 

Up to date, there is no single material that can provide all the properties required 

for cardiac tissue engineering. Therefore, in an attempt to combine the advantages of 
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natural and synthetic biomaterials, composite scaffolds containing both components 

have also been generated, obtaining optimal results277,324,325. Nevertheless, the majority 

of current investigations use natural-based biomaterials for cardiac tissue engineering, 

as they have demonstrated to support cardiac cells attachment, survival and maturation 

both in vitro and in vivo.  

 Regulatory signals 

Heart development and maturation is regulated by the interplay between multiple 

biochemical and biophysical stimuli occurring in a 3D context. Human cardiomyocytes 

in vivo need years to reach an adult form in terms of size, shape, molecular composition, 

metabolism, and physiological function326. Therefore, to generate functional human 

cardiac tissue constructs in vitro, biochemical, mechanical and electrical stimuli are 

being incorporated in cell culture platforms through biomimetic bioreactor settings or 

microphysiological systems. The tissue constructs developed need to demonstrate 

characteristic features of the heart muscle, such as anisotropic cell alignment (for proper 

signal propagation), excitation-contraction coupling, synchronous contractions at 

physiological rates, responsiveness to electrical pacing stimuli and effective exchange 

of nutrients and metabolites between the cells and their environment327.  

 

A variety of physiological parameters have demonstrated to affect structural and 

functional maturation of hPSC-CM (Figure 1.18). The most relevant include interaction 

with other cell types328, substrate stiffness296, long-term culture63, 3D environment329, 

biochemical factors330, cell patterning and alignment331, mechanical stimulation and 

Figure 1.18. Summary of current approaches for cardiomyocyte maturation. 
Representative immature (A) and intermediate (B) hPSC-CM. Cells were stained for α-actinin 
(green), filamentous actin (red) and nuclei (blue). Transmission electron micrographs of the 
sarcomeric organization of immature (C) and intermediate (D, E) hPSC-CM. Elongated 
cardiomyocytes with longer and more organized sarcomeres were achieved with regulatory 
signals. Adapted from Yang et al.40.  
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loading278,332, and electrical stimulation319,333.  The effects on cardiomyocytes maturation 

of co-cultures with non-myocytes and substrate stiffness have been discussed in the 

previous sections. Regarding the effects of long-term culture, hPSC-CM withdrew from 

the cell-cycle and showed ultrastructural maturation in 35 days65, acquiring an 

unprecedented level of structural maturity after 6 months of culture63. Increased 

conduction velocities were observed after 2 months of culture334, but no improvements 

in contraction force were reported after 2-3 months335. 3D environments, biochemical 

cues, cell patterning and electromechanical stimulation will be discussed in detail below.  

1.2.3.1. Three-dimensional (3D) cultures 

The notion that a 3D environment would be favorable for cardiomyocytes 

maturation came from the observation that cardiomyocytes tend to form 3D structures 

over time in culture, as well as and during hPSC-CM differentiation. It has been reported 

that growth in 3D structures affects cardiomyocyte phenotype, and that it better mimics 

the real myocardium than 2D plastic dishes52. Primary cardiomyocytes dedifferentiate 

in culture, but in 3D environments this phenomenon is attenuated. For example, the loss 

of their sarcomeric organization and contractile force is lower than in 2D cultures336.  

The most common approach to generate cardiac tissue constructs is to cast 

molds that will determine their 3D structure. For this strategy, hydrogels containing 

cardiac cells are widely used. Hydrogels are placed in casting molds or between two 

anchor points to provide them with mechanical loading or stretching278,280,332,336,337. 

Other strategies to construct 3D environments are the use of porous scaffolds281,297,318, 

decellularized heart tissue288,289, stacked cardiac cell sheets338, modular assembly of 

multiple layers325 and 3D bioprinting339. 

Most information about the effects of 3D growth on cardiomyocytes maturity has 

been obtained from chicken embryos and rodents262,336. To give one example, culture 

of neonatal rat ventricular myocytes in 3D for 12 days induced immature cardiomyocytes 

to almost terminally differentiate and mature in a remarkably organotypic manner340. 

However, 3D cultures are often combined with other stimuli that promote cardiomyocyte 

maturation (e.g. electric or mechanical stimulation), and result in 3D cultures not always 

really comparable with 2D cultures. Despite this, results are unambiguous when directly 

compared with 2D monolayers: hPSC-CM in 3D tissue constructs display a 

downregulation of fetal genes (e.g. MYH6 and MYL7), upregulation of important ionic 

channels (e.g. KCNJ2, SERCA2A and CASQ2), lower proliferation rates, larger surface 

areas and longer sarcomeres than in monolayers. Moreover, they have more negative 

resting membrane potentials, higher action potential upstroke velocities, faster 

conduction velocities and less automaticy than 2D controls, indicating an increased 

maturity277,319.  
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1.2.3.2. Biochemical cues 

Several cytokines, growth factors and small molecules promote the maturation of 

cardiomyocytes, including hPSC-CM and rodent cardiomyocytes. Coating cell culture 

substrates with extracellular matrix proteins act as messenger molecules, as integrin 

receptor activation induces the maturation of hPSC-CM through modulation of gene 

expression and contractile function341. Physiological maturation of cardiomyocytes can 

also be induced by adrenergic receptor agonists, even though they are traditionally used 

to model pathological hypertrophy. When treated with norepinephrine, fetal and 

neonatal murine cardiomyocytes hypertrophie and increase significantly their protein 

synthesis342. In hESC-CM, administration of phenylephrine results in a 1.8-fold increase 

in cell area, 3.8-fold increase in cell number with organized sarcomeres, and 2-fold 

increase in cell volume343. 

Another essential factor for normal cardiac development is thyroid hormone344, 

as it regulates isoform switching of some myocardial proteins such as MHC and titin in 

the perinatal period345. In murine ESC-CM, treatment with triiodothyronine increases 

expression levels of some maturity-related genes, (MYL2, MYH7, SERCA, KCNJ2 and 

RYR2), reduces resting membrane potential and improves Ca2+ handling346. In hiPSC-

CM, the addition of triiodothyronine increases human cardiomyocyte size, sarcomere 

length and elongation. Moreover, it increases their force of contraction, expression 

levels of SERCA and MYH7 genes and improves Ca2+ handling79,347.  

Insulin-like growth factor 1 (IGF-1) regulates cardiomyocyte proliferation, 

differentiation and postnatal growth, as well as the maturation of the heart40. In neonatal 

rat ventricular myocytes, the addition of IGF-1 upregulates MLC2v and troponin I 

expression, increases protein synthesis, increases cell size in 2-fold and influences the 

maturation of cardiomyocyte metabolism348,349. In cardiac tissue constructs, IGF-1 

improves their viability, differentiation, contractile amplitude and excitability350. Although 

IGF-1 is involved in postnatal hypertrophy of the human heart351 and is a mitogen for 

hESC-CM352, it has not been studied in regulating hPSC-CM maturity. 

Ascorbic acid stimulates cardiomyocyte differentiation353, but also induces the 

maturation of mouse iPSC-CM. It improves their sarcomeric organization, Ca2+ handling 

and response to β-adrenergic and cholinergic stimulations354. In hiPSC-CM, ascorbic 

acid enhances contraction forces and improves sarcomeric organization, intercalated 

disc assembly, titin expression, collagen deposition and metabolic activity280. 

Neuregulin-1β is a factor involved in the specification of cardiomyocyte subtypes 

(e.g. promotes hESC differentiation to ventricular-like cardiomyocytes355), and it also 

plays a role in promoting cardiomyocyte maturation. In mouse iPSC-CM, neuregulin-1β 
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upregulates maturity-related genes such as Myh6, Ryr2 and Serca2a, increases action 

potential upstroke velocities and reduces resting membrane potential356. 

Another strategy to identify modulators of cardiomyocyte maturation is the 

analysis of microRNA profiles of hESC, hESC-CM, fetal and adult human 

cardiomyocytes. For example, it allowed the identification of miR-1 as a potential 

regulator of cardiomyocyte maturation, as its overexpression in hESC-CM decreased 

action potential duration and hyperpolarized resting membrane potential357. Similarly, 

miR208 has been identified as a potential promoter of cardiomyocyte maturation, as it 

is involved in thyroid hormone responsiveness and myosin isoform switch358,359. 

1.2.3.3. Cell patterning and alignment 

Cardiomyocytes in their native environment are exposed to topographical cues 

that maintain them aligned, elongated and rod shaped. Therefore, many techniques 

have been developed to induce alignment and elongation of cardiomyocytes through 

the substrate topography, both at the nano and the microscale360,361. It has been 

demonstrated that cardiomyocyte maturation can be improved by forcing them to adopt 

an anisotropic morphology. For example, an increase of conduction velocity in the 

longitudinal direction has been reported, mainly due to the formation of appropriate 

intercalated discs, and both cell and sarcomere alignment are potentiated40,362. 

Micropatterning has been used as a way to control the architecture of the 

extracellular environment in 2D. Neonatal rat and mouse cardiomyocytes seeded onto 

patterned stripes formed aligned myofibers with improved sarcomere organization, 

formation of cell-cell junctions at their longitudinal edges, contractile strength and 

protein expression profiles362–365. Similarly, an anisotropically nanofabricated substrate 

induced the alignment of neonatal rat cardiomyocytes, which displayed properties more 

similar to the native heart than non-aligned cultures (e.g. faster conduction velocities 

and increased connexin 43 expression levels)366. By combining surface topography and 

substrate stiffness, it was possible to demonstrate that morphology and orientation of 

cardiomyocytes were mainly influenced by topography, whereas contractile function 

was regulated by both cues367. In 3D, cell alignment can be obtained with electrospun 

nanofiber-based scaffolds that successfully mimic the structure and orientation of native 

cardiac ECM, helping cardiomyocytes to adopt an anisotropic structure.  

Concerning hiPSC-CM, they also display a disorganized and circular morphology 

when cultured in 2D246. One strategy to potentiate their elongation and anisotropic 

morphology is to culture hiPSC-CM on micropatterned films, obtaining strips of aligned 

cardiomyocytes that contract in the direction of alignment368. Topographical cues have 

also been used to induce hESC-CM alignment275,369. Aligned cardiomyocytes have been 
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used to study physiological action potential propagation, as well as responses to 

pharmacological agents such as E-4031 and isoproterenol370. If aligned uniformly by 

controlling the direction of passive tension, hESC-CM displayed improved maturation, 

excitation-contraction coupling and sarcomere structure than monolayer cultures277. 

1.2.3.4. Mechanical stimulation  

The generation of contractile force is a key component in cardiac development 

and cardiac function, as the myocardium is always exposed to hemodynamic load. 

During embryonic heart development, the adaptation to increasing hemodynamic load 

induce enormous changes in tissue architecture, function and growth. In postnatal 

hearts, load adaptation induces physiological hypertrophy of cardiomyocytes and 

changes in the myocardial extracellular matrix. Improper hemodynamic loading in both 

prenatal and postnatal hearts is related to disease conditions such as congenital defects 

or pathological hypertrophy371,372. Beating is a repetitive loading and unloading of the 

heart, the cardiomyocyte and the sarcomere. Preload refers to the pressure during the 

diastolic filling of the ventricles (forces due to myocardium wall distention), and afterload 

refers to the pressure developed by the ventricles during systole. In vivo, the heart 

adapts to hemodynamic changes such as blood volume and viscosity, peripheral 

resistance and hydrostatic pressure. Handling those changes depends basically on the 

myocardium capacity to increase mechanical force when increasing beating 

frequencies (positive force-frequency relationship, Bowditch phenomenon) and when 

increasing myofiber length (positive force-preload relationship, Frank-Starling 

mechanism)373. As cardiomyocytes are continuously subjected to cyclic mechanical 

strain in vivo, is not surprising that even adult cardiomyocytes dedifferentiate when 

cultured in 2D without mechanical loading. Thus, the inclusion of mechanical stimulation 

to the cell culture platforms has become an attractive hypothesis to improve the 

maturation level of cardiomyocytes in vitro.  

In 2D culture systems, mechanical forces have been applied to cardiomyocytes 

through mainly two strategies: using materials with varying mechanical properties, or 

mechanically stretching the substrate on which cells are grown, either in a static fashion 

(applying an initial stretch after cell seeding that is maintained over time), in a step-wise 

fashion (substrate is stretched in incremental steps that are held for extended periods 

of time) or under cyclic stretch (substrate is stretched and relaxed at regular intervals)371. 

In the first approach, stiffness is the mechanical property more extensively studied. As 

previously commented, results show that polyacrylamide substrates stiffer than healthy 

cardiac tissue (~50 kPa) hinder cardiomyocyte maturation, while mimicking mechanical 

properties of the heart can enhance some aspects of it374,375. In the second approach, 

early investigations demonstrated that cardiomyocytes cultured under static or step-

wise stretching displayed an improved myofibrillar architecture and turnover, gene 
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expression, activity of stretch-activated ion channels and development of organized 

focal adhesions than non-stimulated ones371. Regarding cyclic stretch, many studies 

have demonstrated that it affects the intracellular organization of cardiomyocytes, 

induces physiological hypertrophy, modifies gene and protein expression and promotes 

focal adhesion formation371,376. Indeed, commercially available systems such as 

Flexcell® System have been developed, enabling the evaluation not only of the role of 

dynamic stretching on cardiomyocyte phenotype, but also its combination with small 

molecules or growth factors377. 

In 3D cardiac tissue constructs, mechanical loading can be applied through three 

main mechanisms, by the suspension of the tissue construct between (a) fixed holders 

(static tension, promoting isometric contractions), (b) motorized holders (cyclic 

stretching, resembling isotonic contractions) or (c) resilient mounts (promoting 

auxotonic contractions)372 (Figure 1.19A). Theoretically, these regimes of mechanical 

stimulation can be applied along one axis (uniaxial), two axis (biaxial) or all tissue axes 

(multiaxial)378 (Figure 1.19B). The simplest way to load cardiac tissue constructs is the 

uniaxial regime using two fixed posts, as it is easy to implement, can be performed for 

extended periods of time without tissue rupture and the holder distance can be modified 

to alter the preload262. Regarding cyclic stretching, it is experimentally more demanding, 

as the cycle length has to be adapted to the endogenous beating frequency of the tissue, 

so tissue rupture after 10 days of culture has been reported372. Finally, auxotonic 

contractions seem to resemble considerably the physiologic contraction cycle, but it is 

difficult to adapt to the continuously developing contractile properties.   

 

Figure 1.19. Mechanical loading in cardiac tissue engineering. A, Loading protocols of 
cardiac tissue constructs (gray circle in the scheme) and examples. Blue line: slack length at 
diastole; Dark blue line: extension from slack length; Cyan line: length at peak systole. Red 
arrows indicate the displacement of the tissue. Adapted from Zimmermann WH372. B, Examples 
of stretch regimens to be applied to cardiac tissue constructs. Adapted from Rangarajan et al.378. 
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In addition to the traditional methods of mechanical stimulation, compressive 

mechanical strain305 and fluid shear stress via continuous or cyclical perfusion379 can 

also be used. Despite having a potential important role in regulating cardiomyocyte 

phenotype, further studies using these alternative methods are needed, especially in 

assessing hPSC-CM maturation. 

Several investigations have incorporated mechanical loading to in vitro cultures 

to improve cardiomyocytes maturation, being initially established by the pioneering work 

of Eschenhagen, Zimmermann and colleagues336. Neonatal rat ventricular cells were 

mixed with collagen type I/Matrigel® hydrogels, casted in circular molds and subjected 

to cyclic stretch. Cardiac cells hypertrophied and showed interconnected, longitudinally 

oriented cardiac muscle bundles with a well-developed T-tubular system. Moreover, 

cardiac tissue constructs contracted with a high ratio of twitch-to-resting tension, and 

showed a strong β-adrenergic inotropic response, low and stable resting membrane 

potential and fast upstroke kinetics. A similar system was then applied to human cardiac 

tissue constructs using hPSC-CM50,278,380. On the one hand, when applying uniaxial 

cyclic stretch, human cardiac tissue constructs displayed densely packed and aligned 

muscle bundles with organized sarcomeres. Besides, they beat spontaneously, 

generated Frank-Starling curves and showed positive inotropic response after 

extracellular Ca2+ and isoproterenol treatments380. On the other hand, when suspending 

the tissue constructs between two flexible posts, hESC-CM displayed well-developed 

sarcomeres with an increased alignment compared to age-matched embryoid bodies. 

Functionally, human cardiac tissue constructs showed excitation-contraction coupling, 

but isolated cardiomyocytes showed highly variable action potential duration and firing 

patterns. Tissue constructs recapitulated some findings in conventional toxicity tests, 

such as positive chronotropic and inotropic responses to extracellular Ca2+ and 

isoproterenol treatments, negative chronotropic response to carbachol, and decreases 

in relaxation velocity and irregular beating after treatments with proarrhythmic 

compounds (e.g. E-4031, quinidine, and cisapride)50. 

Other groups have also incorporated mechanical loading to human cardiac tissue 

constructs. In general, static stretch (including fixed and flexible posts) promoted 

uniform cardiomyocyte distribution104,280, increased alignment of cells, collagen 

myofibrils and Z-discs104,105,329, increased cardiomyocyte size and number104, well-

developed and organized sarcomeres104,105,280,329, and increased expression of 

maturity-related genes105,329. At the functional level, static stretch demonstrated 

excitation-contraction coupling104,105, action potential duration restitution and 

recapitulation of some adult cardiac tissue responses when treated with various 

pharmacological compounds105,329. However, action potential duration and firing 

patterns were highly variable, and maximal contractile stress was an order of magnitude 

lower than the maximal reported for human cardiac tissue constructs47. Relative to static 



INTRODUCTION 

 

 

58 

 

stretch, cyclic stretch improved morphological properties of human cardiac tissue 

constructs (e.g. cardiomyocyte size), upregulated genes and proteins associated with 

adult phenotypes and downregulated immaturity-related ones47,104. Relative to 

unstreched constructs, cyclic stretch improved hESC-CM distribution, hypertrophy, 

elongation, sarcomeric organization, connexin 43 distribution, expression of maturity-

related genes and Ca2+ handling properties332. Interestingly, step-wise stretch in 

combination with ascorbic acid and hPSC-derived cardiac bodies was found to be 

superior to both static and cyclic stretch with respect to the maximum active and passive 

force generated, cardiomyocyte alignment and sarcomere length and alignment280. 

Thavandiran et al.329 also determined that uniaxial mechanical stress generated human 

cardiac tissue constructs with more aligned collagen fibrils, more elongated hESC-CM 

and well-developed sarcomeric organization than biaxial stimulation. Finally, in vivo 

applications of stretched human cardiac tissue constructs showed that statically-

stretched ones did not evoke adverse immune responses, retained sarcomeric 

organization and cell alignment and were vascularized by host vessels104. Regarding 

cyclically-stretched constructs, they also retained cell organization, could electrically 

couple with the host myocardium, and could prevent wall thinning in a rat 

ischemia/reperfusion model332. Currently, mechanical stimulation is mainly incorporated 

to human cardiac tissue constructs through configurations including two flexible posts, 

but any of the mentioned regimes has been completely dismissed.    

1.2.3.5. Electrical stimulation 

During embryo development, endogenous electric fields influence the emergence 

of spatial patterns and aid tissue morphogenesis381. In the case of the heart, excitation-

contraction coupling is critical for heart development and function, and in the adult stage 

the maintenance of continuous and synchronous contractions is crucial for human 

life378. These processes are primarily regulated by electrical impulse propagation, which 

depends on a complex network of interconnected cardiomyocytes. Gap junctions 

mediate cardiomyocyte communication, and voltage-gated ion channels control internal 

and external ion levels371. The implications of the electrical activity on cardiac physiology 

and pathophysiology outlined the idea that electrical stimulation could be used to 

promote the maturation of cardiomyocytes in vitro. To date, electrical stimulation has 

demonstrated to induce the establishment of synchronous contractions within cardiac 

tissue constructs, as it affects rate, duration and number of action potentials within 

cardiomyocytes371. Accordingly, cardiomyocytes alignment and ultrastructural 

organization has also been reported to increase when 3D cardiac tissue constructs 

undergo electrical stimulation281.  

Multiple types of electrical stimulation regimes and methods to deliver the 

electrical stimulus have been used in in vitro cell culture systems. The most basic 
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stimulation regime is DC voltage generated by batteries. More complicated stimuli 

comprise monophasic or biphasic sinusoidal, sawtooth or square-wave signals, injected 

in pulses, pulse bursts or continuously. These complex signals can be generated by 

stimulator chips, signal generators or dedicated therapeutic systems. Regarding the 

methods to deliver the electrical stimulus, they can be based on direct coupling, where 

the electrode is in direct contact with the cell culture, the tissue construct or the cells, or 

indirect coupling, which is a non-invasive approach that circumvents some drawbacks 

of direct coupling (Figure 1.20). Three main techniques are used in indirect coupling, 

which are capacitive, inductive and combined coupling methods (Figure 1.20)382.  

 

Direct coupling is the simplest way of delivering electrical stimulation to tissue 

constructs. Most devices include two electrodes placed on opposite sites of the 

constructs, and electrodes have a straight edge for an even field distribution383. The field 

strength is inversely proportional to the distance between electrodes, and electrical 

impulses are conducted through the culture medium over the engineered tissue 

construct. Therefore, the conductivity of the cell culture medium is an important factor 

when predicting the electric field penetration into the tissue. However, there are some 

toxicity problems related to direct electrical stimulation, such as insufficient 

biocompatibility of the electrodes384, changes in pH385, reduced levels of molecular 

oxygen384, and the generation of dangerous nonreversible Faradaic reactions, which 

are associated with electrode degradation and production of harmful byproducts (e.g. 

reactive oxygen species in the culture medium)318. Additionally, the stimulus can be 

biased by the formation of a capacitive electrochemical double layer318, and the effects 

of the stimulation depend heavily on whether they are measured near the anode or the 

cathode382, so these are important issues to take into consideration when using this 

method. Despite these drawbacks, direct stimulation has been largely used to improve 

cardiac tissue constructs functionality and orientation. Apart from its simplicity and low 

cost, direct stimulation may promote the current to pass into cardiomyocytes 

intracellular conductive pathways instead of staying confined to extracellular space, 

Figure 1.20. Methods of in vitro electrical stimulation. Diagrams of the four main techniques 
for delivering electrical stimulation, which have been used to engineer multiple tissues. Adapted 
from Balint et al.382. 
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thus exerting more important regulator effects than other delivery methods386. 

Therefore, toxicity-related problems have been virtually solved by using specific 

materials and stimulation regimes. Electrodes are often carbon rods or platinum wires, 

but carbon rod electrodes are larger, cheaper, highly resistant to corrosion and highly 

biocompatible. Moreover, carbon rods and have demonstrated the best charge transfer 

characteristics for cardiac tissue engineering when compared with stainless steel, 

titanium and titanium nitride electrodes387,388. Finally, optimization of the stimulation 

duration, voltage and frequency not only avoids toxicity-related issues, but also 

improves cell response for specific configurations371.  

Indirect coupling avoids toxicity-related problems of the direct coupling, as 

electrodes are not in contact with culture medium. However, indirect coupling has been 

mainly used in bone and cartilage tissues, probably because it decreases the stress 

responses related to the exposure of non-excitable tissues to electric field 

stimulation383,389. From a design point of view, capacitive coupling generates a 

homogeneous electromagnetic field between two parallel layers of metal or carbon that 

are separated by a small gap from the culture medium (0.5 - 2 mm)382. However, its use 

can be limited by the high voltage required to be generated (~100 V)390. Alternatively, 

inductive coupling can be used, which uses controlled electromagnetic fields generated 

by coils placed around the cell culture to generate nearly uniform electromagnetic fields. 

This generates small-magnitude currents and potentials in the proximity of the targeted 

cells, which has been proven to be favorable in bone tissue385. Finally, combined 

stimulation methodology combines a static magnetic and an alternating current 

generated by a transient electromagnetic field, and it has mainly been used in bone 

cells studies382. 

Electrical stimulation of cardiomyocytes has shown to improve their maturation 

level, as it promotes ultrastructural organization, hypertrophy, alignment, excitability and 

electrical coupling378. For example, fetal murine cardiomyocytes seeded in 2D were 

stimulated with monophasic pulses of 10 Hz of frequency, 1 V of amplitude and 5 ms 

duration for six days. This stimulation increased their alignment, anisotropic 

morphology, and expression of connexin 43 and potassium channels compared to non-

stimulated samples391. Similarly, applying an electrical pacing of 1-3 Hz on 2D cultures 

of neonatal rat cardiomyocytes stabilized their action potential duration and conduction 

velocity, and enhanced the expression of ion channel and gap junction proteins392. 

The pioneering work of Radisic and colleagues demonstrated the positive effect 

of electrical stimulation on the maturation of 3D cardiac tissue constructs281. When 

applying rectangular pulses of 1 Hz, 5 V/cm and 2 ms to neonatal rat cardiomyocytes 

seeded in collagen sponges with Matrigel®, cardiomyocytes aligned, electrically 

coupled, displayed well-developed sarcomeres and upregulated cardiac genes in 



INTRODUCTION 

 

 

61 

 

comparison with non-stimulated constructs. Interestingly, the positive effects of 

electrical stimulation strongly depended on the time of its initiation: if applied early (day 

1 of culture) electrical stimulation inhibited the accumulation of cardiac proteins and 

yielded poor contractile behavior, whereas if applied late (day 5 of culture) it was unable 

to enhance the functional assembly the cells. From then on, multiple investigations have 

demonstrated the beneficial effects of electrical stimulation on cardiomyocytes 

maturation. In the case of neonatal rat cardiomyocytes, it was proposed that 

monophasic square-wave pulses at 3 Hz of frequency, from 2 to 4 V/cm of amplitude 

and 2 ms of duration were the optimal parameters for their stimulation387. Monophasic 

pulses avoided the possible undesirable effect of biphasic pulses in inhibiting action 

potentials393, 1-2 ms was a sufficiently long pulse to excite cells and minimized potential 

adverse effects of electrodes in long-duration pulses318, and 2-4 V/cm of amplitude was 

determined based on the functional performance of tissue constructs387.  

In the case of hPSC-CM, the beneficial effects of electrical stimulation on their 

functional and structural maturation has been less explored. In 2D cultures, electrical 

stimulation (2.5 V/cm, 1 Hz, 5 ms) increases the repolarization current IKr of hESC-CM 

and, consequently, they display lower resting membrane potential, increased Ca2+ 

transient amplitude, upstroke and decay rate and higher degree of sarcomeric 

organization394. Most studies use a physiological pulse rate of 1 Hz, but higher 

frequencies seem to generate more robust responses319,337. In this regard, Nunes et al. 

demonstrated the use of a platform designated “biowire” to mature hPSC-CM in 3D 

human cardiac microtissues by applying a high-frequency electrical stimulation 

regime319. By mixing hPSC-CM and supporting cells with a collagen hydrogel and cast 

the solution around a surgical suture, they generated aligned constructs of about 300 

µm in diameter with frequent and well-developed striations. By applying a frequency 

ramp-up regimen of electrical stimulation (rectangular, biphasic pulses of 1 ms, 3-4 

V/cm, and 1 to 6 Hz), cardiomyocytes displayed physiological hypertrophy, higher 

conduction velocities, increased ultrastructural organization, and enhanced Ca2+ 

handling properties in comparison with the other groups of study. Similarly to the 

biowire, hiPSC-CM mixed with a fibrin/Matrigel® gel and subjected to high frequency 

electrical stimulation (biphasic pulses, 2 V/cm, 4 ms and 1.5 - 2 Hz) displayed an 

improved structural and functional maturation compared with the non-stimulated or 

stimulated with lower frequencies337. High frequency group displayed better alignment, 

anisotropic morphology and sarcomeric organization, and exerted higher forces of 

contraction than non-stimulated ones. However, they showed a less mature phenotype 

that rat cardiac tissue constructs cultured under the same conditions. Finally, a recent 

study by Eng and colleagues confirmed the decisive role of the electrical stimulation 

regime on hPSC-CM. They demonstrated that 3D aggregates of cardiomyocytes 

adapted their autonomous beating rate to the frequency at which they were stimulated, 

calling into question the suitability of high frequency regimens on hPSC-CM 
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functionality333. This effect was mediated by the emergence of a rapidly depolarizing cell 

population and by the expression of hERG, which was previously shown to determine 

maximum diastolic potential in stem-cell derived cardiomyocytes395. This rate-adaptive 

behavior was long lasting and transferable to the surrounding cardiomyocytes, and was 

accompanied by an enhanced expression of connexin. 

In general, the mechanisms underlying increased maturation of hPSC-CM 

through electrical stimulation remain unclear. It seems that they are mostly indirect, as 

pacing varies the transmembrane potential of cardiomyocytes and induces their 

contraction, but they can also be direct, as electrical stimulation has shown to alter gene 

transcription to a more mature profile52. Therefore, further studies are needed to 

understand the role of electrical stimulation in the context of human cardiac tissue 

engineering. Similarly, future work in this area should aim at optimizing important 

electrical stimulation parameters such as amplitude, pulse duration, frequency and 

timing to achieve more mature and functional human cardiac tissue constructs371. 

 Bioreactors  

As described in previous sections, environmental cues are key determinants of 

cardiomyocyte phenotype and function, and regulate their capacity to form functional 

tissue units. Therefore, to obtain thick 3D cardiac tissue constructs that resemble 

myocardial tissue, it is essential not only to mimic the native cardiac environment, but 

also to ensure an effective mass transport within the construct. To meet all these 

requirements, it is necessary the use of bioreactors. A bioreactor can be defined as any 

device that attempts to reproduce physiological conditions to encourage growth and 

development of cells on biomaterials396. It facilitates oxygen supply to the cultured cells, 

and exchange of nutrients and metabolites between the cells and the culture medium in 

a controlled physicochemical microenvironment. Bioreactors can provide a wide variety 

of physical stimuli, can be adapted to the tissue of interest, and are widely used as 

model systems to investigate in vitro tissue formation and maturation397. Moreover, they 

can be used to study cell function and tissue development in specific environmental 

conditions, such as different concentrations of oxygen and biochemical factors, 

hydrodynamic conditions, and pharmacological agents.  

Advanced bioreactor systems should include sensors for real time monitoring and 

control of culture parameters within the culture chamber (e.g. temperature, pH, oxygen 

concentration and electromechanical stimulation), recirculation or perfusion systems to 

guarantee an effective mass transport, and physical stimulation systems to support 

tissue formation and maturation (Figure 1.21). Thus, to successfully produce in vitro 

human tissue models, it is essential to define both cell culture parameters and bioreactor 

design, which will be defined depending on the tissue to be produced396,397. 
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1.2.4.1. Mass transport 

In addition to regulatory signals, advanced bioreactor systems must ensure an 

effective mass transport. Traditional cell culture systems such as tissue culture plates 

and flasks are static and rely on diffusional transport mechanisms, which are efficient 

only within the thin superficial layer in contact with culture medium (~100-200 µm297,398). 

Therefore, they fail to support 3D tissues: high cell densities deplete nutrients and 

oxygen over short distances, leading to the formation of a necrotic core in the tissue 

interior due to low mass transfer rates and high metabolic demand of cells18,399. To 

increase mass transfer between cells and culture medium, several bioreactors have 

been developed (Figure 1.22).   

 

A 

B

C

Figure 1.21. Scheme of an advanced bioreactor system. A, Sensors and control systems for 
real time monitoring. B, Recirculation or perfusion system to guarantee an effective mass 
transfer. C, Physical stimulation systems. Image taken from Massai et al.397. 

Figure 1.22. Representative bioreactors for tissue engineering applications. Arrows 
indicate the direction of rotation in spinner flask and rotating wall vessel, while in hollow-fiber and 
perfusion bioreactors indicate the direction of the medium flow. Cells and tissue constructs are 
represented in white. Adapted from Martin et al.399. 
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Spinner flasks were among the first bioreactors used to promote the circulation 

of the medium (Figure 1.22). They agitate the external culture medium through the use 

of stirring elements. Despite increasing overall cell viability compared to static cultures, 

they generate hydrodynamic and turbulent shear stresses that affect the viability of 

shear-sensitive cells such as cardiomyocytes400. To provide stirring while limiting the 

shear stress applied to the cells, rotating wall vessel bioreactors were developed. By 

controlling the rotation speed, a dynamic flow is created where rotational, gravitational 

and drag forces are balanced to maintain tissue constructs suspended in culture 

medium in a state of free fall (“microgravity”). Although improvements in cell viability, 

hypertrophy and electrical function were reported in cardiac tissue constructs cultured 

in rotating wall vessels with respect to spinner flasks, mass transfer still depends 

strongly on the internal diffusion of nutrients18,401. Bioreactors that perfuse medium 

either through or around semi-permeable hollow fibers have been successfully used to 

maintain the functionality of highly metabolic cells (e.g. hepatocytes)402. However, 

perfusing culture medium directly through the pores of cell-seeded scaffolds reduces 

mass transfer limitations both at the construct periphery and within its internal pores. 

Therefore, direct perfusion bioreactors are the most commonly used in tissue 

engineering. The culture medium is continuously pumped through a porous scaffold, 

providing high transfer rates of gases and nutrients inside the porous material, 

stabilizing pH, and removing toxins in an effective manner. Perfusion bioreactors 

increase diffusion (net movement of molecules along a concentration gradient) with 

convection (movement of all molecules due to the bulk motion of a fluid), and the type 

of flow is laminar instead of turbulent18,378. Perfusion bioreactors have shown to be 

superior regarding cell seeding efficiency and homogeneity in 3D porous scaffolds398,403, 

and promote cardiomyocyte viability and long-term maintenance of 3D in vitro 

cultures297. However, it is crucial to take into account the shear stress to which cells are 

subjected during interstitial perfusion, as it can negatively affect the viability of 

cardiomyocytes404. For in vivo applications, the removal of thick tissue constructs from 

perfusion conditions should be compensated by a vascularization technique, as 

otherwise their survival would be compromised405.  

1.2.4.2. Multimodal stimulation platforms 

To reproduce cardiac native environment in in vitro cell culture platforms, 

multimodal bioreactors with the ability to simultaneously provide several physical 

regulatory signals have been proposed (Figure 1.23). One of the first designs was 

capable of delivering electrical and mechanical stimulation to cardiac tissue constructs. 

By applying an electrical pulse of 10 V at the beginning of each period of cyclic stretch, 

both size and contractile properties of cardiomyocytes were improved406. From then on, 

some multimodal bioreactors have been designed, which have been basically validated 

using murine cardiomyocytes. For example, Barash et al.407 constructed a bioreactor 
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Figure X. Multimodal bioreactors. A, Bioreactor setup and electric field model displaying the 
current density (blue discs: constructs). Immunofluorescence image shows rat cardiomyocytes 
cultured under perfusion and electrical stimulation. Green: α-sarcomeric actinin; red: nuclei. 
Images taken from Barash et al.407. B, Perfusion-stimulation bioreactor setup. Blue arrows show 
medium flow direction. Immunofluorescence images show rat cardiomyocytes (green, troponin I; 
blue: nuclei). Scale bars: 10 µm. Images taken from Maidhof et al.408. C, Modular bioreactor. 
Constructs are cast in a mold (a), transferred to the bioreactor (b, c) and placed in an incubator 
(d). White star: linear motor; black star: force sensor; green arrows: perfusion; black arrow: 
construct; white arrows: fittings for electrodes. rp4H: prolylhydroxylase, cTnT: troponin T; Cx43: 

connexin 43; blue: nuclei. Scale bars: 200 µm and 50 µm. Images taken from Kensah et al.409.  
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that delivered electrical stimulation (4 days, bipolar pulses of 5 V, 2 ms and 1 Hz) and 

perfusion of culture medium (25 ml/min) to cardiac tissue constructs (Figure 1.23A). 

Although rat cardiomyocytes presented higher protein levels of connexin 43 in 

constructs subjected to both stimuli than in the ones cultured only under perfusion, they 

did not acquire high anisotropic morphologies with a well-developed sarcomeric 

organization. Another study also fabricated a bioreactor combining electrical stimulation 

(monophasic square-wave pulses, 3 V/cm, 2 ms and 3 Hz) and culture medium 

perfusion (0.018 ml/min), and found that rat cardiac tissue constructs cultured under 

both stimuli contracted with an amplitude almost 2-fold higher than constructs cultured 

under perfusion or electrical stimulation separately (Figure 1.23B)408. Moreover, 

contractions were more uniform and displayed an orientation towards the construct 

center in the perfused and electrically stimulated constructs compared to other groups 

of study, but rat cardiomyocytes did not exhibit well-developed sarcomeric organization. 

An advanced multimodal bioreactor was designed by Kensah et al.409, capable of 

delivering electrical stimulation, mechanical stimulation, perfusion through the 

cultivation chamber and real-time monitoring (Figure 1.23C). Cyclic stretch induced 

neonatal rat cardiomyocytes hypertrophy and alignment in the direction of the strain, 

and systolic forces exerted by the constructs were increased with respect to those 

cultured in static conditions. Significantly higher forces were observed after β-

adrenergic stimulation, but combined mechanical and β-adrenergic stimulation had no 

synergistic effect. The effect of combining other regulatory signals (e.g. mechanical and 

electrical stimulation) on tissue constructs functionality and organization was not 

addressed.  

Much less works have been published applying multimodal stimulation 

bioreactors to human cardiac tissue engineering. In fact, the generation of functional 

and thick 3D human cardiac tissues with multicellular composition is still a challenge in 

the field. Most of the advances using hPSC-CM have reported the production of cardiac 

microtissues and microphysiological systems. The vast majority of the investigations 

involve the fabrication of microtissues by using natural-based hydrogels, which are cast 

in band or ring shapes and are fixed at both ends mainly through a two-post 

configuration50,104,278,280,337,410–413 (Figure 1.24A-B). Other configurations include casting 

cell/hydrogel mixture in hexagonal posts277 (Figure 1.24C) or around a wire-like 

template (e.g. a surgical suture or a tubing) to obtain biowires319,414 (Figure 1.24D). 

These designs include static stretch and some of them also include other regulatory 

signals, such as electrical pacing319,329,337,412,414, cyclic stretch104,278, co-culture with non-

myocytes104,278,280,319, ascorbic acid supplementation280 or rocking in cardiac medium277. 

These signals improve the maturation level of cardiomyocytes and demonstrate 

important applications in predictive toxicology and cardiac disease modelling. Similarly, 

highly miniaturized microphysiological systems, called “heart-on-chip” technologies, 

allow for increased throughput and controlled microenvironments for drug screening415 
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Figure 1.24. Representative 3D human cardiac tissue constructs. A, Engineered heart 
tissues (EHT) from hESC-CM for drug screening. α-actinin: green; nuclei: red. Scale bars: 1 mm 
and 20 µm. Images taken from Schaaf et al.50. B, Engineered heart microtissues from hiPSC-
CM used to model dilated cardiomyopathy. α-actinin A: green; F-actin: red; nuclei: blue. Scale 
bars: 50 µm and 20 µm. Images taken from Hinson et al.410. C, Cardiac tissue patch containing 
elliptical pores surrounded by densely packed hESC-CM. MHC: myosin heavy chain; SAA: 
sarcomeric α-actinin. Images taken from Zhang et al.277. D, Biowires generated from hPSC-CM 
and subjected to electrical stimulation. α-actinin: green; actin: red; arrow: suture axis; black 
arrowheads: Z disc; white arrowheads: H zone; m: mitochondria. Images taken from Nunes et 
al.319.  E, Filamentous matrix seeded with hiPSC-CM from healthy or LQT3 patients. Sarcomeric 
α-actinin: green; nuclei: purple; scaffold: blue. Images taken from Ma et al.418. 

A 

B 

C 

D 

E 

30	µm



INTRODUCTION 

 

 

68 

 

and study of human cardiac diseases416. For regenerative therapy purposes, hiPSC-

engineered cardiovascular cell sheets reported improved cardiac function in rat 

infarcted hearts12,417.  However, these approaches are still far from the initial goal of 

cardiac tissue engineering, which is the generation of thick 3D human cardiac tissue 

constructs not only for in vitro studies, but also with appropriate dimensions and easy 

to handle for regenerative medicine purposes. This idea of generating 3D tissue-like 

human cardiac constructs has only been attempted in a few recent studies where hPSC-

CM are seeded in 0.5-1 mm thick scaffolds278,418 (Figure 1.24E). However, they do not 

stimulate the generated tissue with combined electromechanical signals neither make 

use of perfusion bioreactors to maintain the viability of the construct, so their 

functionality and structure is still far from resembling the adult myocardium.  

Overall, multimodal bioreactors hold great promise in providing biomimetic 

culture environments for the growth and maturation of human cardiac tissue constructs. 

However, with increased bioreactor complexity, the susceptibility to failure increases, 

as well as the difficulties in identifying the optimal regime of stimulation. In addition, 

translational potential of the entire approach may decrease due to regulatory and 

commercialization issues. All those factors must be considered when designing a viable 

tissue engineering strategy for use in toxicology screening, drug development, and 

regenerative therapies378. Despite these issues, advanced 3D culture systems that 

combine multiple regulatory signals and ensure an effective mass transport may be 

essential to obtain tissue-like human cardiac construct. As they bring additional 

complexity with respect to currently available microtissue models, they could lead to the 

generation of functional and thick 3D human cardiac constructs that resemble the adult 

myocardium, which is still a challenge in the field. 

 Electrophysiological evaluation of cardiac constructs 

Ion currents and electrical conduction play a pivotal role in the evaluation of the 

functionality of cardiac tissue constructs. For example, deciphering the electrical 

function of hiPSC-CM allows the characterization of their maturity level, distinguishing 

between healthy and diseased cells, and even between ventricular and atrial cells419. 

Importantly, electrophysiological markers are among the most useful to evaluate 

proarrhythmia when hPSC-CM are treated with multiple pharmacological agents244. 

Therefore, several screening technologies are emerging that permit studying and 

characterizing hPSC-CM electrophysiological functions. 

The electrical function of hPSC-CM can be measured through transmembrane 

action potentials237, microelectrode arrays (MEA) recordings420, impedance 

measurements421, and optical signals using calcium325 or voltage-sensitive dyes422 

(Figure 1.25)229.  
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A widely used approach to evaluate the electrophysiological function of 

cardiomyocytes is recording transmembrane action potentials through patch clamp 

technique (Figure 1.25A). Patch clamp is a single cell electrophysiology system that is 

useful to gather information about the role of specific currents and ions of 

cardiomyocytes. It allows to directly monitor cardiac action potentials, and has 

demonstrated to be especially useful when evaluating arrhythmogenic effects of 

pharmacological agents or modelling cardiac diseases419. Nevertheless, recording of 

intracellular transmembrane potentials using microelectrodes is slow, technically 

demanding and difficult to adapt to high throughput systems. Automated patch clamp 

platforms have permitted to collect large amounts of data, but they are technically 

difficult and not readily available for widespread use423. Moreover, individual currents of 

particular interest in hPSC-CM research (e.g. IKr) are quite small and difficult to measure 

with patch clamp techniques. Finally, the applicability of patch clamp techniques to 

cardiac tissue constructs is not straightforward. 

Cardiac action potentials can also be directly monitored using MEA (Figure 

1.25B and D)420,424. MEA are a valuable tool to gather information about the activity of 

several cells in a dish, and are effective, stable and minimally invasive420,425. Possibly, 

they are the easiest approach to obtain electrophysiological data, as they do not require 

recording from a single cell and have high spatial and temporal resolution426. MEA 

Figure 1.25. Approaches to evaluate cardiomyocyte electrophysiological functions. A, 
Recording of intracellular transmembrane potentials using microelectrodes (e.g. patch clamp). 
B, Microelectrode array (MEA) recordings provide localized extracellular field potentials from 
electrodes located on the chamber floor. C, Voltage-sensitive dyes provide optical signals of 
transmembrane potentials based on changes in fluorescence. Changes in action potential 
duration or repolarization can be obtained from multiple myocytes in a reasonable throughput. 
D, Changes in field potential duration (FPD) are reliably measured from the peak of the 
repolarization wave (arrows), being easily translated to clinical effects. Altered repolarization can 
also be recorded. Image taken from Gintant et al.244. 
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record extracellular field potentials (EFPs), which are the charge redistribution in 

cardiomyocytes surrounding medium as a consequence of action potential firing. 

Typically, MEA  allow the measurement of field potential duration (FPD, action potential 

duration of a single cell that corresponds to the QT interval on the surface ECG), beating 

frequency, amplitude of initial depolarization spike, conduction parameters, and 

incidence of altered repolarization244. FPD has been established as an important 

parameter for researchers using hPSC-CM to model arrhythmic diseases or as a 

platform for drug discovery425,427,428. Finally, voltage-sensing optical (VSO) techniques 

can provide similar measures than MEA, as they can show changes in the duration and 

time course of repolarization (Figure 1.25C-D)244. Calcium flux can be detected in 

beating cardiomyocytes using plate-based detection systems, such as fast kinetic 

fluorescence imaging of calcium-sensitive dyes429. They allow quantifying calcium 

oscillations in synchronously beating cardiomyocyte monolayers, or in hundreds of 

individual cells per well229.  

In cardiac tissue engineering, once the 3D cardiac tissue constructs have been 

generated, the in vitro assessment of their quality in terms of electrical activity without 

affecting their performance is limited. To date, action potentials in cardiac tissue 

constructs are recorded through patch clamp techniques on a representative cell 

population at the time of seeding277 or on isolated cardiomyocytes after tissue 

formation50,319. Alternatively, electrophysiological data such as conduction velocity and 

Ca2+ handling properties can be obtained from constructs through VSO techniques319. 

However, it is necessary to develop an electrophysiological recording system that 

provides information about action potentials from intact engineered heart tissues172. The 

field of tissue engineering continues to grow, and it is essential to integrate electrical 

sensors to complex 3D structures to remotely monitor cellular activities430. Having 

established methodologies would facilitate the comparison between different designs 

and hPSC-CM sources, as well as the identification, study and interpretation of optimal 

culture conditions in comparison with native ventricular cardiomyocytes. 
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The discovery of human induced pluripotent stem cells (hiPSC) represents a 

great promise for cardiovascular research and therapeutic applications. However, 

despite the ability of hiPSC to differentiate into cardiomyocytes, their use has been 

limited mainly by their immature, fetal-like phenotype. 

It has been described that mimicking native cardiac environment through the use 

of advanced instructive systems promote animal-derived cardiomyocytes maturation in 

3D tissue constructs. 

Therefore, the hypothesis of our study is that the combination of hiPSC-derived 

cardiomyocytes with 3D scaffolds and appropriate instructive signals may lead to the 

generation of mature human cardiac tissue constructs resembling human myocardium, 

both functionally and structurally. The 3D cardiac constructs obtained in this way could 

be used as in vitro models in cardiovascular research and/or as surrogates for 

regenerative medicine applications. 

 

Based on these premises, this thesis attempts to fulfill the following objectives: 

1. To develop an advanced 3D culture system including perfusion of culture medium 

and electrical stimulation to produce thick 3D cardiac tissue constructs. 

2. To generate tissue-like human cardiac constructs from hiPSC-CM and determine the 

role of electrical stimulation in tissue formation and cardiomyocyte maturation. 

3. To develop an electrophysiological recording system to monitor the activity of human 

cardiac constructs online and study their ability to predict drug-induced cardiotoxicity. 
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3.1. Cell culture 

 Human foreskin fibroblasts (HFF) culture 

Vials containing 1·106 human foreskin fibroblasts (HFF) (ATCC® SCRC-1041TM) 

were thawed by dipping the lower half of the vial into 37ºC water bath until a small 

amount of ice remained inside. Then, the content of the vial was transferred to a 15 ml 

conical Falcon tube (Thermo Fisher Scientific, Spain) with 10 ml of culture medium 

warmed at 37ºC. Culture medium was composed of DMEM 4.5 g/l glucose (Life 

Technologies, Thermo Fisher Scientific, Spain) supplemented with 10% fetal bovine 

serum (FBS) (Gibco®, Thermo Fisher Scientific, Spain), sodium pyruvate 1 mM (Life 

Technologies, Thermo Fisher Scientific, Spain), 2 mM L-glutamine (Invitrogen, Spain) 

and penicillin-streptomycin 50 U/ml (Sigma-Aldrich Química, Spain). Cell suspension 

was pipetted up and down with a 10 ml pipette to disperse cells and centrifuged at 1200 

rpm for 5 min. Supernatant was discarded and cell pellet was resuspended in warm 

culture medium. Cells were counted with a Neubauer Chamber (Thermo Fisher 

Scientific, Spain) and seeded in cell culture treated flasks (NuncTM, Thermo Fisher 

Scientific, Spain) at a cell density of 1·104 cells/cm2. Cells were incubated at 37ºC and 

5% CO2 air humidified incubator (Thermo Fisher Scientific, Spain), and culture medium 

was changed every two days until the culture was approximately 90% confluent. Then, 

culture medium was removed from the flask, cells were washed once with 10 ml of pre-

warmed Phosphate Buffered Saline (PBS) (Thermo Fisher Scientific, Spain) and 2 ml 

of 0.25% trypsin-EDTA solution (Sigma-Aldrich Química, Spain) at 37ºC was added to 

the flask. After 4 min incubation at 37ºC, during which cells detached, 5 ml of culture 

medium were added to the flask and cells were transferred to a sterile 15 ml conical 

Falcon tube. Cells were counted with a Neubauer Chamber (Thermo Fisher Scientific, 

Spain) and the appropriate volume to have the desired cell number was pipetted from 

the cell suspension and transferred to a new tube. Finally, cells were centrifuged at 1200 

rpm for 5 min, supernatant was discarded and cells were resuspended in culture 

medium to have a cell suspension ready to be seeded either in the 3D scaffold (for 

further details, see “3.3.2. Perfusion seeding” section) or on 0.1% gelatin-coated 12-

well plates. 

 Isolation and primary culture of neonatal rat heart cells 

Cardiac cells were obtained from ventricles of 2-3-day-old Sprague-Dawley rats 

following a protocol approved by Animal Experimentation Ethics Committee of the 

University of Barcelona (Barcelona, Spain). Twenty to fifty pups were sacrificed by 

decapitation, upper thorax opened and hearts extracted with tweezers and collected in 

ice-cold, filtered and freshly prepared Calcium and Bicarbonate-Free Hank’s Balanced 

Salt Solution with HEPES (CBFHH) buffer. CBFHH was composed of 136.8 mM NaCl, 

5.4 mM KCl, 0.81 mM MgSO4(H2O)7, 0.44 mM KH2PO4, 0.34 mM Na2HPO4(H2O)2, 
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5.6 mM Glucose and 20 mM HEPES (N-2-hydroxyethylpiperazine-N-2-ethane sulfonic 

acid) (Sigma-Aldrich Química, Spain). Hearts were washed in CBFHH and auricles and 

rests of other tissues (thyme, lungs, etc.) were eliminated. Ventricles were cut into two 

parts to remove blood as much as possible, and were washed with ice-cold CBFHH 

buffer. Then, ventricles were cut sharply into small pieces (<1 mm3), collected in a 50 

ml Falcon tube and subjected to 20-25 digestion cycles (Table 3.1) using ice-cold 2 

mg/ml trypsin (BD DifcoTM, Spain) in CBFHH and ice-cold 4 µg/ml DNAse I (Calbiochem, 

Merck Millipore, Spain) in CBFHH431. The first digestate (predigestion), performed 

incubating the tissue with trypsin solution during 8 min at room temperature in agitation, 

was discarded. The following digestion cycles were performed alternating trypsin 

incubations (in agitation at room temperature) with DNAse I ones (pipetting up and down 

20-25 times using a glass pipette with a large tip width (~3 mm, custom made)), until 

tissue pieces became whitish and smaller (Table 3.1). After each incubation, 

supernatants containing cell suspensions were collected using a glass pipette with a 

large tip width into a collection tube with 2.5 ml of ice-cold fetal bovine serum (FBS) 

(Gibco®, Thermo Fisher Scientific, Spain). Tubes containing cell suspensions were 

centrifuged at 100 x g for 12 min, supernatant discarded and pellets resuspended in 2 

ml of ice-cold non-kardiomyocyte medium (NKM), containing DMEM 1 g/l glucose (Life 

Technologies, Thermo Fisher Scientific, Spain) supplemented with 10% FBS, 100 µM 

non-essential amino acids (Life Technologies, Thermo Fisher Scientific, Spain), 2 mM 

L-glutamine (Life Technologies, Thermo Fisher Scientific, Spain), 50 U/ml penicillin and 

50 µg/ml streptomycin (Life Technologies, Thermo Fisher Scientific, Spain). All cell 

suspensions were collected in one tube and incubated with 10 µg/ml DNAse I by gently 

pipetting 20-25 times. Finally, cells were centrifuged at 100 x g for 12 min, resuspended 

in ice-cold NKM and filtered through a 250 µm stainless steel test sieve (Filtra Vibración, 

Spain) to obtain the final cell suspension. Cardiomyocytes were counted using a 

Neubauer Chamber (Thermo Fisher Scientific, Spain), excluding other cell types by 

morphology. We acknowledge Dr. Maria López Cavanillas from Reparative Therapy of 

the Heart group, led by Dr. Manuel Galiñanes at Vall d’Hebron Institut de Recerca 

(VHIR), for providing the protocol to isolate and culture cardiac cells from neonatal rat 

ventricles. We also acknowledge the use of facilities and the technical support from the 

Animal Experimentation Service at Faculty of Pharmacy and Food Sciences, University 

of Barcelona (UB).  

Right after obtaining, cardiac cells were seeded either into MatridermTM scaffolds 

(BIOSER NORESTE, MBA, Spain), on top of Matrigel®-coated (Corning, Spain) glass 

coverslips, being Matrigel® a gelatinous protein mixture secreted by Engelbreth-Holm-

Swarm mouse sarcoma cells, or on 0.1% gelatin-coated (Merck Millipore, Spain) 12-

well plates. Cells were cultured in cardiomyocyte medium, containing DMEM 4.5 g/l 

glucose (Life Technologies, Thermo Fisher Scientific, Spain) supplemented with 10% 

horse serum (Life Technologies, Thermo Fisher Scientific, Spain), 2% Chick Embryo 
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Extract (EGG Tech, United Kingdom), 100 µM non-essential amino acids, 2 mM L-

glutamine, 50 U/ml penicillin and 50 µg/ml streptomycin. 

 

Table 3.1. Digestion cycles of neonatal rat heart ventricles to obtain a primary cell culture. 
Trypsin incubation is alternated with DNAse I incubation for an efficient cell extraction. Adapted 
from Di Guglielmo, C431. 

 Human induced pluripotent stem cells (hiPSC) culture  

Human keratinocyte-derived iPS cells (KiPS3F.7; cell line generated in the Centre 

of Regenerative Medicine in Barcelona (CMRB) from a healthy donor) were cultured 

with conditioned HES medium (cHES), which is culture medium conditioned for 24 h 

with irradiated mouse embryonic fibroblasts (MEF; obtained and irradiated by Control 

of Stem Cell Potency group, Institute for Bioengineering of Catalonia (IBEC)) and 

composed of KnockoutTM DMEM (Life Technologies, Thermo Fisher Scientific, Spain) 

supplemented with 20% Knockout Serum Replacement (Life Technologies, Thermo 

Fisher Scientific, Spain), 100 µM non-essential amino acids (Life Technologies, Thermo 

Fisher Scientific, Spain), 2 mM GlutaMax (Life Technologies, Thermo Fisher Scientific, 

Spain), 50 U/mL penicillin, 50 µg/mL streptomycin (Life Technologies, Thermo Fisher 

Scientific, Spain), 50 µM 2-mercaptoethanol (Life Technologies, Thermo Fisher 

Scientific, Spain), and 10 ng/mL basic fibroblast growth factor (bFGF; Peprotech, United 

 Enzyme 
Volume 

(ml) 
Time 
(min) 

Rounds Comments 

Predigestion Trypsin 8 8 1 Discard supernatant 

Collection 
tube 1 (CT1) 

Trypsin 8 4 Up to fill 
the tube 

Collect supernatant 

DNAse I 7 Pipetting Collect supernatant 

Collection 
tube 2 (CT2) 

Trypsin 7.5 3 Up to fill 
the tube 

Collect supernatant 

DNAse I 6.5 Pipetting Collect supernatant 

Collection 
tube 3 (CT3) 

Trypsin 7 2 Up to fill 
the tube 

Collect supernatant 

DNAse I 6 Pipetting Collect supernatant 

Collection 
tube 4 (CT4) 

Trypsin 6.5 1 Up to fill 
the tube 

Collect supernatant 

DNAse I 5.5 Pipetting Collect supernatant 

Collection 
tube 5 (CT5) 

Trypsin 6 1 Up to fill 
the tube 

Collect supernatant 

DNAse I 5 Pipetting Collect supernatant 

Collection 
tube 6 (CT6) 

Trypsin 6 1 Up to fill 
the tube 

Collect supernatant 

DNAse I 5 Pipetting Collect supernatant 

Collection 
tube 7 (CT7) 

Trypsin 6 1 Up to fill 
the tube 

Collect supernatant 

DNAse I 5 Pipetting Collect supernatant 
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Kingdom). Work performed by Dr. Claudia Di Guglielmo from Control of Stem Cell 

Potency group at Institute for Bioengineering of Catalonia (IBEC). 

Human fibroblasts-derived iPS cells (FiPS Ctrl1-mR5F-6; cell line registered in 

the National Stem Cell Bank, Institute of Health Carlos III, Spanish Ministry) were 

cultured on Matrigel®-coated (Corning, Spain) 10 cm dishes with mTeSRTM1 medium 

(STEMCELL Technologies, France). Medium was changed every day, excluding the 

day right after passaging. Cells were split 1:6 – 1:10 by incubation with 0.5 mM EDTA 

(Invitrogen, Spain) for 2 min at 37ºC and cell aggregates were plated on Matrigel®-

coated dishes and maintained in culture for subsequent passages (work performed by 

Dr. Olalla Iglesias from Center of Regenerative Medicine in Barcelona (CMRB)) .  

 Generation of hiPSC cardiac-specific reporter lines 

This part of the work has been performed by Dr. Claudia Di Guglielmo from 

Control of Stem Cell Potency group at Institute for Bioengineering of Catalonia (IBEC). 

For further details, readers are encouraged to refer to Dr. Di Guglielmo’s PhD thesis431. 

During in vitro differentiation of human induced pluripotent stem cells (hiPSC), 

many different cell types arise in culture in a non-synchronized way. For this reason, a 

critical factor in differentiation protocols is to monitor the effectiveness of differentiation 

during time, as it allows the selection and expansion only of the cell population of 

interest. For this purpose, we generated a set of transgenic hiPSC lines using the 

KiPS3F.7 cell line that allowed the monitoring of the differentiation process through 

expression of green fluorescence protein (GFP) (Figure 3.1A). Two different reporter 

cell lines were generated: one expressing GFP when hiPSC were differentiated to early 

mesoderm (KiPS3F.7 T/Bra:GFP_Rex1:NeoR), and another one expressing GFP when 

hiPSC were differentiated to cardiomyocytes (KiPS3F.7 αMHC:GFP_Rex1:NeoR) 

(Figure 3.1B). Brachyury (Bra) is a transcription factor encoded by T gene, and is 

transiently expressed during mesoderm specification. Conversely, the alpha-myosin 

heavy chain (α-MHC) gene encodes a cardiac muscle-specific protein involved in active 

force generation. To specifically monitor the cardiac differentiation process at early and 

late stages, GFP was expressed under the control of Bra or α-MHC promoters. In both 

vectors, we added the promoter of reduced expression 1 (Rex-1) gene, which is a 

marker of pluripotency, and neomycin-resistance gene (NeoR), which allows cell survival 

in the presence of the antibiotic neomycin. Hereby, Rex1-NeoR cassette enabled 

selection of stable hiPSC lines with integrated promoter-reporter constructs that would 

be expressed in cells differentiating towards the cardiogenic lineage. 

T/Bra:GFP_Rex1:NeoR and αMHC:GFP_Rex1:NeoR transfer vectors for 

lentivirus production were acquired from Addgene (plasmid #21222 and #21229, 

respectively432, USA). For lentivirus production, human embryonic kidney cells 
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(HEK293T; ATCC® CRL-3216TM) were transiently and separately transfected with the 

mentioned transfer vectors, the second generation packaging construct pCMVR8.74 

(Addgene plasmid #22036, USA) and the vesicular stomatitis virus (VSV) envelope-

expressing construct pCMV-VSV-G (Addgene plasmid #8454, USA). High-titre VSV-

pseudotyped lentivirus stocks were produced, purified and resuspended to a final 

volume of 50 µl in phosphate buffered saline (PBS). Finally, KiPS3F.7 cells maintained 

in culture were transferred to an Eppendorf with a final concentration of 1·106 cells/ml, 

infected with 5 µl of viral particles and incubated for 1 h at 37ºC. Cells were then plated 

into a Matrigel®-coated 6-well plate and cultured with 1 ml of cHES medium. After 24 h, 

medium was replaced and cells were cultured as usual. After 4 days from infection, 

selection with neomycin (Sigma-Aldrich Química, Spain) was performed during 10 days, 

diluting it 1:1000 into culture medium to a final concentration of 50 µg/ml. Proper 

lentiviral integration in the genome of the cells was confirmed by polymerase chain 

reaction (PCR), using specific primers targeting GFP sequence (Table 3.5). 

 

 Cardiac differentiation protocol of hiPSC 

Human induced pluripotent stem cells (hiPSC) were differentiated into 

cardiomyocytes in monolayer culture with modulators of canonical Wnt signaling 

following a previously described protocol433 with slight modifications (Figure 3.2, work 

performed by Dr. Claudia Di Guglielmo from Control of Stem Cell Potency group at 

Figure 3.1. Myocardial differentiation of human induced pluripotent stem cells (hiPSC) and 
reporter cell lines generation. A, Diagram of hiPSC differentiation into cardiomyocytes. Our 
reporter cell lines express green fluorescent protein (GFP) under the control of Brachyury (Bra) 
and alpha-myosin heavy chain (α-MHC) promoters, represented by green cells in the timeline. B, 
Vectors used to generate hiPSC cardiac-specific reporter lines using KiPS3F.7 cell line. T/Bra: 
gene T encoding Brachyury; Rex1: reduced expression 1 promoter; NeoR: neomycin-resistance 
gene. Adapted from Di Guglielmo, C431. 
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Institute for Bioengineering of Catalonia (IBEC), and Dr. Olalla Iglesias from Center of 

Regenerative Medicine in Barcelona (CMRB)). In brief, cells maintained on Matrigel® in 

mTeSRTM1 medium were dissociated into single cells with Accutase (Labclinics, Spain) 

at 37ºC for 8 min and seeded onto Matrigel®-coated 12-well plate at a density of 1.5 

·106 cells per well in mTeSRTM1 medium supplemented with 10 µM ROCK inhibitor 

(Sigma-Aldrich Química, Spain) (day -4). Cells were cultured in mTeSR1 medium, 

changed daily during 3 days. When human FiPSC achieved confluence, cells were 

treated with 10 µM GSK3 inhibitor (CHIR99021, Stemgent, USA) in RPMI medium 

(Invitrogen, Spain) supplemented with B27 lacking insulin (Life Technologies, Thermo 

Fisher Scientific, Spain), 1% GlutaMax (Gibco, Thermo Fisher Scientific, Spain), 0.5% 

penicillin-streptomycin (Gibco, Thermo Fisher Scientific, Spain), 1% non-essential 

amino acids (Lonza, Switzerland), and 0.1 mM 2-mercaptoethanol (Gibco, Thermo 

Fisher Scientific, Spain) (RPMI/B27-insulin medium) for 24 h (day 0 to day 1). After 24 

h, the medium was changed to RPMI/B27-insulin and cultured for another 2 days. On 

day 3 of differentiation, cells were treated with 5 µM Wnt inhibitor IWP4 (Stemgent, 

USA) in RPMI/B27-insulin medium and cultured without medium change for 2 days. 

Cells were maintained in RPMI supplemented with B27 (Life Technologies, Thermo 

Fisher Scientific, Spain), 1% L-glutamine, 0.5% penicillin-streptomycin, 1% non-

essential amino acids, and 0.1 mM 2-mercaptoethanol (RPMI/B27 medium) starting 

from day 5, with medium change every 2 days. On day 12, contracting cardiomyocytes 

were obtained. Beating clusters were disaggregated (at day 20 and at day 35) by 

incubation with 0.25% trypsin-EDTA (Gibco, Thermo Fisher Scientific, Spain) for 5-8 

min at 37 ºC, both for their characterization and in vitro studies.  

 

Figure 3.2. Human iPSC (hiPSC) differentiation into cardiomyocytes. Human iPSC were 
differentiated into cardiomyocytes in a defined growth factor and serum-free system by treatment 
with modulators of canonical Wnt signalling433. 
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3.2. Structural and mechanical properties of the scaffold 

 Morphology and porosity 

A commercially available collagen-based sponge (MatridermTM, BIOSER 

NORESTE, MBA, Spain) was used as scaffold. According to manufacturer’s datasheet, 

it is a 3D matrix composed of native structurally intact collagen and elastin to support 

dermal regeneration. The collagen is obtained from bovine dermis and contains the 

dermal collagen types I, III and V. The elastin is obtained from bovine nuchal ligament 

by hydrolysis. The absence of chemical cross-linking of the collagen results in a matrix 

which is especially biocompatible, so we used it as provided by the manufacturer (1 mm 

thickness and ~94% porosity). To analyze scaffold morphology and mean pore size in 

dry conditions, a scanning electron microscope (SEM; Nova NanoSEM 230, FEI, The 

Netherlands) was employed. Low vacuum mode (1 mbar water vapor pressure) and a 

low vacuum detector were used, so even though the sample was nonconductive, it was 

imaged without using any special sample preparation or conductive coating. Data was 

collected over three selected areas of the surface of two different samples, and 2D 

images were generated. For pore size calculation, Feret’s diameter was measured, 

which is the longest distance between any two points along a selected boundary, in this 

case scaffold’s pores. At least 120 pores per sample were measured using ImageJ free 

software434 (National Institutes of Health, USA). Finally, measurements were fitted in a 

single peak following an extreme value distribution. We acknowledge the use of facilities 

from the Nanotechnology Platform at Institute for Bioengineering of Catalonia (IBEC). 

To elucidate scaffold morphology in hydrated conditions, Second Harmonic 

Generation (SHG) and two-photon excited fluorescence (TPEF) was used. SHG is an 

optical technique based on nonlinear light-matter interaction. This interaction happens 

in biological tissues without adding any type of staining, and is very useful to obtain high 

contrast images in a non-invasive manner435,436. Collagen is a non-centrosymmetric 

molecule considered a strong source of SHG, and both collagen and elastin are a 

significant source of extracellular matrix autofluorescence that can be imaged by TPEF, 

with an emission spectra that overlap significantly437. The SHG-TPEF setup consisted 

of an inverted confocal microscope (Leica SP5, Leica Microsystems, Spain) equipped 

with an IR Mai Tai Wide Band (710-990 nm) laser (Spectra-Physics, USA). The exciting 

laser beam was tuned to 900 nm and the SHG signal was obtained using an external 

non-descanned detector (NDD) with a 447-453 nm bandpass filter. In another channel, 

the TPEF signal was collected by tuning the exciting laser beam to 810 nm and using a 

Leica hybrid detector (HyD) with a 460-600 nm bandpass filter. Images were analyzed 

using ImageJ free software434 (National Institutes of Health, USA). Finally, 3D 

distribution of scaffold fibers was analyzed using IMARIS software (Bitplane AG, 

Switzerland. We acknowledge the use of facilities and the technical support from the 

Advanced Digital Microscopy unit at Institute for Research in Biomedicine (IRB). 
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 Stiffness  

Scaffold stiffness was measured in compression using a Q800 Dynamic 

Mechanical Analyzer (TA instruments, USA) by applying a ramp strain of -0.5 %/min 

rate to a maximum strain of -5.0 % and a preload force of 0.01 N. Young Modulus (E) 

was determined from the slope of the stress-strain curves at room temperature and at 

37ºC. The difference between group means was assessed using a two-sample t-Test. 

The software used was Origin 8.5 (OriginLab, Northampton, USA), and differences were 

considered significant when p<0.05. We acknowledge the use of facilities and technical 

support from Dr. Eloi Pineda, Group of Characterization of Materials, Barcelona School 

of Agricultural Engineering, Polytechnic University of Catalonia (UPC). 

3.3. Cell seeding in 3D scaffolds 

 Static seeding  

Static seeding in MatridermTM scaffold was performed as described previously297, 

using Matrigel® as cell delivery vehicle. Briefly, a primary culture of neonatal rat cardiac 

cells was resuspended in Matrigel® in a concentration of 1·106 cells/5 µl Matrigel®, and 

12·106 cells per scaffold were inoculated by putting the pipette tip at multiple locations 

of scaffold top part. Finally, scaffolds were incubated at 37ºC and 5% CO2 during 30 

min to allow for cell attachment and were transferred into the bioreactor. 

 Perfusion seeding  

MatridermTM scaffold was cut with a biopsy punch (1 cm diameter, Acu-Punch, 

Acuderm, USA) and rehydrated in phosphate buffered saline (PBS) (Thermo Fisher 

Scientific, Spain) for 24 h, and then in culture medium for at least 1 h before use. For 

rat cardiac tissue constructs generation, 3.5·106 cardiomyocytes isolated from rat 

ventricles were resuspended in 1 ml of supplemented DMEM (see “3.1.2. Isolation and 

primary culture of neonatal rat heart cells” section for further details). For human cardiac 

tissue constructs generation, 3.5·106 human iPSC-derived cardiomyocytes selected at 

day 20 of differentiation and 0.5·106 human foreskin fibroblasts (HFF) were 

resuspended in 1 ml of RPMI culture medium. Each cell suspension was seeded into 

the scaffold using an adapted version of a previously described perfusion loop297. The 

system had the following components (Figure 3.3): both endings of a (1) PharMed® 

BPT 3-Stop pump tubing (0.89 mm inner diameter, Thermo Fisher Scientific, Spain) 

were connected to two pieces of (2) Tygon tubing (4.8 mm inner diameter x 8 mm outer 

diameter, Thermo Fisher Scientific, Spain). At their edges, both pieces of tubing were 

connected to a (3) three-way stopcock (Smith Medicals, Spain), one of its exits attached 

to another piece of Tygon tubing with a second three-way stopcock. Then, the (4) 
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perfusion chamber (Swinnex filter holder 13 mm, Merck Millipore, Spain) was attached 

to one of the three-way stopcock, and circuit closed through a piece of (5) Tygon tubing 

in U shape. Inside the perfusion chamber was placed the (6) scaffold, squeezed at its 

edges by two (7) silicone gaskets of 5 mm inner diameter. All connections between the 

components were performed using male and female polyvinylidene fluoride (PVDF) luer 

lock connectors (for 4.8 mm and 1.6 mm inner diameter tubes, Value Plastics, USA). 

 

  

Figure 3.3. Illustration of the perfusion loop used to seed cells inside MatridermTM scaffold. 
The loop was composed of a (1) pump tubing, (2) Tygon tubing, (3) three-way stopcocks, a (4) 
perfusion chamber and (5) U shape Tygon tubing. Inside the perfusion chamber, MatridermTM 
scaffold (7) was held in place by two silicone gaskets (6). For cell seeding, cells were suspended 
in 1 ml of culture medium and one-way perfusion at 1 ml/min was applied (gradient grey arrow). 
Cells are retained inside the scaffold when passing through it.
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For cell seeding inside MatridermTM scaffold, the cell suspension was loaded 

inside the loop and a flow rate of 1 ml/min was applied in one direction, forcing the cell 

suspension to pass through the scaffold. As the scaffold was held in place by two 

silicone gaskets, only the central part of it was seeded with cells. After seeding, tissue 

constructs were placed in a 60 mm ultra-low attachment dishes (Corning, Spain) and 

incubated at 37ºC in 5% CO2 and humidified atmosphere to allow cell attachment. Rat 

cardiac tissue constructs were incubated for 1.5 h, while human ones were incubated 

for 3.5 h. Finally, tissue constructs were transferred into the bioreactor chambers. 

3.4. Development of a perfusion bioreactor 

 Single chamber perfusion bioreactor  

The single chamber perfusion bioreactor (Figure 3.4) was inspired in a previously 

published bioreactor297. It was composed of a (1) medium reservoir, which was a 

NunclonTMΔ Surface flask (25 cm2 culture area, Thermo Fisher Scientific, Spain) with 

two holes drilled at its wall. Two plastic Pasteur pipettes exited from the flask, with both 

edges cut and gas-permeable platinum-cured silicone tubing (1.6 mm inner diameter x 

3.2 mm outer diameter, Thermo Fisher Scientific, Spain) passing through them. One 

silicone tubing was connected to a (2) three-way stopcock (Smith Medicals, Spain), 

which in turn was assembled to a (3) high fidelity de-bubbling system (Leventon, 

WerfenLife Company, Spain) to avoid entrapment of bubbles inside the (4) perfusion 

chamber. Then, the perfusion chamber was connected to another three-way stopcock, 

which in turn was assembled to a piece of silicone tubing attached to a PharMed® BPT 

3-Stop pump tubing (0.89 mm inner diameter, Thermo Fisher Scientific, Spain). Finally, 

the pump tubing was connected to a (6) gas exchanger, constituted by 3 m of platinum-

cured silicone tubing coiled around a holder, and the gas exchanger was attached to 

the medium reservoir to close the circuit. All connections were performed using male 

and female polypropylene (PP) luer lock connectors for 1.6 mm inner diameter tubing 

(Thermo Fisher Scientific, Spain), and perfusion at 0.1 ml/min was applied using a (5) 

multichannel peristaltic pump (REGLO Digital, 2 channels, Ismatec, Germany).  

As a perfusion chamber, a Swinnex filter holder (13 mm, Merck Millipore, Spain) 

was used, with two silicone gaskets of 5 mm inner diameter in its interior to hold the 

scaffold in place during culture. Alternatively, the perfusion chamber was substituted by 

prototypes of the perfusion chamber incorporating electrical stimulation to test their 

suitability (for further details, see “3.5. Design and fabrication of a perfusion chamber 

including electrical stimulation” section). All components were sterilized by either 

autoclave (high pressure saturated steam at 121ºC) or 70% ethanol with subsequent 

distilled water rinse to remove any remaining ethanol. The whole system was placed 

inside an incubator with temperature and CO2 control (37ºC and 5% CO2). 
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After cell seeding inside the 3D scaffold (see “3.3.2. Perfusion seeding” section), 

tissue constructs were transferred into the bioreactor chambers and were cultured under 

perfusion at different As 2D controls, 0.5·106 cells (isolated from rat ventricles or 

cardiomyocytes derived from hiPSC together with 10% human foreskin fibroblasts) were 

seeded in a 12-well plate containing 0.1% gelatin-coated coverslips (Merck Millipore, 

Spain). 

Figure 3.4. Illustration of the single chamber perfusion bioreactor. A, The bioreactor was
composed of a (1) medium reservoir, (2) three-way stopcocks, a (3) de-bubbling system, a (4)
perfusion chamber, (5) a peristaltic pump and (6) a gas exchanger. Scale bar: 4 cm. 
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 Parallelized perfusion bioreactor  

Parallelized perfusion bioreactor (Figure 3.5) was composed of a (1) medium 

reservoir (Sartorius Stedim Spain, Spain) connected through gas-permeable platinum-

cured silicone tubing (1.6 mm inner diameter x 3.2 mm outer diameter, Thermo Fisher 

Scientific, Spain) to a PharMed® BPT 3-Stop pump tubing (0.89 mm inner diameter, 

Thermo Fisher Scientific, Spain). Another piece of silicone tubing connected the pump 

tubing to a (2) four port luer manifold (Thermo Fisher Scientific, Spain), where the culture 

medium was equally distributed in four branches throughout (4) flow restrictors (L25915-

250D2 microfluidic channels, Leventon, WerfenLife Company, Spain). A high fidelity (3) 

de-bubbling system (Leventon, WerfenLife Company, Spain) was installed before (6) 

perfusion chambers to avoid entrapment of bubbles inside them. The de-bubblers 

together with the flow restrictors were connected to an (5) in-line luer injection port 

(Inycom, Spain) that allowed direct drug injections in the chamber without breaking 

sterility. The injection port was then connected to perfusion chambers, which in turn 

were assembled with another four port luer manifold. This luer manifold was attached 

to a (7) gas exchanger, composed of 3 m of gas-permeable platinum-cured silicone 

tubing coiled around a Teflon® holder or a falcon tubing. Finally, the gas exchanger was 

connected to the medium reservoir to close the circuit. All connections between the 

components were performed using male and female polyvinylidene fluoride (PVDF) luer 

lock connectors (for 1.6 mm inner diameter tubing, Value Plastics, USA).  

Two different perfusion chambers were used to either electrically stimulate 

cardiac tissue constructs or not. The perfusion chamber without electrodes was a 

Swinnex filter holder (13 mm, Merck Millipore, Spain), while the perfusion chamber that 

enabled electrical stimulation was designed and fabricated in-house (see “3.5.2.3. Third 

prototype: polypropylene” section for further details). In both chambers the cardiac 

construct was held in place using two gaskets, and a continuous perfusion of culture 

medium at 0.4 ml/min was applied by connecting the pump tubing to a (8) multichannel 

peristaltic pump (REGLO Digital, 2 channels, Ismatec, Germany). For details about the 

electrical stimulation regime, see “3.5.3. Electrical stimulation regime for cardiac 

constructs culture” section. All the components were sterilized by either autoclave (high 

pressure saturated steam at 121ºC) or 70% ethanol with subsequent distilled water 

rinse to remove any remaining ethanol. The whole system was placed inside an 

incubator with temperature and CO2 control (37ºC and 5% CO2).  

As 2D controls, 0.5·106 cells isolated from rat heart ventricles or day 20 

differentiated cardiomyocytes together with 10% HFF were seeded in a 12-well plate 

containing a 0.1% gelatin-coated coverslip (Merck Millipore, Spain). 
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3.5. Design and fabrication of a perfusion chamber including electrical 

stimulation 

 Electric field modelling 

To predict the electric field that stimulates cells in our custom-made perfusion 

chamber, we used COMSOL Multiphysics software (Burlington, MA, USA). We applied 

the electric currents module, which considers the conductivity and permittivity of each 

Figure 3.5. Illustration of the parallelized perfusion bioreactor. A, The bioreactor was 
composed of a (1) medium reservoir, a (2) luer manifold, (3) de-bubbling systems, (4) flow 
restrictors, (5) in-line luer injection ports, (6) perfusion chambers, a (7) gas exchanger and a (8) 
peristaltic pump. It supported up to four chambers to culture multiple tissue constructs under the 
same physicochemical conditions, but at different time points. Scale bar: 4 cm. 
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material to solve a current conservation problem for a given electric potential. We run 

the simulation considering steady state electric currents because our interest was to 

predict the electric field distribution throughout our geometry and its average value in 

terms of electric potential. Therefore, it was not necessary to take into account transient 

charging and discharging of the capacitor of the electrode-electrolyte interface, as 

previous studies also demonstrate318,387,407.  

The model employs the electric current analogue of Poisson’s equation (obtained 

from Maxwell’s equations) to calculate electric fields throughout our geometry: 

െ  ሺܸߪ െ ሻܬ ൌ ܳ   Eq. 3.1 

Where σ is culture medium conductivity (S/m), ܸ is gradient of potential (V), ܬ is 

an external current density (A/m2) and ܳ  is a local current source. The simulation solves 

the equation when applying a differential potential on the electrodes and considering 

the boundaries of all solid parts an insulator (except the electrodes). Current density (ܬሻ 

and electric field (ܧ) values are derived from the electric potential (ܸ), as shown in 

equations 3.2 and 3.3438. 

ܬ ൌ ܧߪ        Eq. 3.2ܬ

ܧ ൌ െܸ	    Eq. 3.3 

To run the simulation, we defined the exact geometry of our perfusion chamber 

except for its internal part, where we drew a prism instead of a cylinder to faithfully 

reproduce the contact surface between electrodes and culture medium. The model 

solved for a mesh with an average element size of 0.0473 mm2 when applying a 

differential potential of 5 V between the electrodes. The materials selected to run the 

simulation were the following (Table 3.2): graphite for the electrodes388, silicone for both 

gaskets and culture medium. The conductivity value of the cell culture medium used in 

the model was 1.44 ± 0.03 S/m, measured with a conductivity meter (Crison, Spain) 

using DMEM 4.5 g/l glucose (Life Technologies). The scaffold was modelled as part of 

the culture medium due to its high medium content (~94% porosity according to 

manufacturer’s datasheet). The model allowed us not only to predict electric field and 

current density values in the custom-made perfusion chamber, but also to define which 

geometry and electrodes distance was appropriate for a suitable electrical stimulation. 

 

Table 3.2. Electrical conductivity and relative permittivity of the materials used to run the 
simulation. Culture medium conductivity was measured experimentally. 

Material Electrical conductivity (σ) Relative permittivity (ε) 

Graphite 3·103 S/m 12 

Silicone 2·10-12 S/m 2.70 

Culture medium 1.44 S/m 80 
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 Design guidelines and fabrication of the custom-made 

perfusion chamber with electrical stimulation 

3.5.2.1. First prototype: poly(methyl methacrylate) (PMMA) and 

polydimethylsiloxane (PDMS) 

The first prototype of the custom-made perfusion chamber with electrical 

stimulation was fabricated by precision machining of poly(methyl methacrylate) (PMMA) 

plastic (work performed in collaboration with Dr. Oscar Castillo-Fernández, Institute of 

Microelectronics of Barcelona, IMB-CNM (CSIC)). Two 5 mm thick sheets of PMMA 

polymer (Goodfellow, United Kingdom) were structured using a numerical control milling 

machine, with internal chamber dimensions and geometry resembling the ones of 

Swinnex filter holder (13 mm, Merck Millipore, Spain) (Figure 3.6A). To achieve a 

watertight chamber, both sheets of PMMA were mechanically bound using screws and 

washers, and polydimethylsiloxane (PDMS) seal was employed as reversible sealing 

(Figure 3.6B-C). PDMS (Sylgard 184 Silicone Elastomer kit, Dow Corning, Germany) 

prepolymer was prepared by mixing the base polymer with the curing agent in a 10:1 

ratio and degassing the mixture under a vacuum for 1 h. Then, prepolymer was either 

spinned using a Spin Coater (Laurell Technologies Corporation, USA) to obtain a thin 

sheet, or poured over the structured PMMA to obtain a replica. Then, prepolymer was 

cured for 24 h at room temperature and peeled off from the substrate or the mold, cut 

to fit PMMA chamber and mechanically bound to PMMA sheets (Figure 4.19 and 4.24).  

To test for prototype’s watertightness and sterility, chambers were connected to 

a closed-circuit filled with culture medium and perfusion was applied for at least 2 days. 

Sterilization of machined PMMA sheets was performed by irradiation with UV light for 

at least 20 min, followed by a rinse with ethanol and Milli-Q water. For PDMS 

sterilization, replicas were soaked into ethanol and sonicated for 15 min, then washed 

with Milli-Q water and finally autoclaved (high pressure saturated steam at 121ºC). 

3.5.2.2. Second prototype: acrylonitrile butadiene styrene (ABS) 

The second prototype of the custom-made perfusion chamber was fabricated by 

3D printing of acrylonitrile butadiene styrene (ABS) plastic (Bio-model, Spain) (Figure 

3.7). It was composed of a cap and a base that were threaded together, and an internal 

gasket to hold the cardiac tissue construct in place. To connect the chamber to the 

bioreactor circuit, polypropylene luer lock connectors (for 1.6 mm inner diameter tubing, 

Value Plastics, USA) were glued afterwards using cyanoacrylate. To electrically 

stimulate cells, two carbon rod electrodes of 3/16” in diameter (Monocomp 

Instrumentación, Spain) were also glued. Two holes were drilled at one edge of each 

carbon rod and a solid tinned annealed copper wire (RS Pro, UK) was threaded through 
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the holes. Insulation of the connection was performed using Araldite® epoxy resin, and 

waterproofing of carbon rod electrodes was achieved using heat-shrink tubing (Thermo 

Fisher Scientific, Spain). Finally, a hole was drilled in the center of a polypropylene male 

luer cap (Value Plastics, USA), and a gold wire of 0.125 mm diameter (Advent Research 

Materials, England) was introduced through it to have a recording electrode.  

To test for prototype’s watertightness and sterility, chambers were connected to 

a closed-circuit filled with culture medium and perfusion was applied for at least 2 days. 

Sterilization of the 3D printed perfusion chamber was performed either by irradiation 

with UV light for at least 30 min or ethylene oxide (EtO) sterilization process.  

 

Figure 3.6. Illustrations of the first prototype of the perfusion chamber with electrical 
stimulation. A, Illustration of the machined poly(methyl methacrylate) (PMMA) sheet. The 
central cylindrical hole (also represented in C) was designed to hold the cardiac construct. Lateral 
cylindrical holes were designed to let the electrodes (black dot in B and lateral cylinders in C) 
reach the cardiac construct for electrical stimulation. The holes located in each corner of the 
PMMA sheet were designed to mechanically bind two PMMA sheets with a polydimethylsiloxane 
(PDMS) seal (B). B, Scheme of the assembled perfusion chamber with electrical stimulation. C, 
Interior view of the assembled perfusion chamber with electrical stimulation. 

A 

B C
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3.5.2.3. Third prototype: polypropylene (PP) 

The final version of the custom-made perfusion chamber including electrical 

stimulation (Figure 3.8) was fabricated by precision machining of polypropylene (PP) 

plastic, followed by gluing of luer connectors using cyanoacrylate (Bio-model, Spain). 

To achieve a completely watertight chamber, we used silicone gaskets and thread seal 

tape. The perfusion chamber had an inlet and an outlet to allow medium perfusion, two 

carbon rod electrodes of 3/16” in diameter (Monocomp Instrumentación, Spain) to 

Figure 3.7. Illustration of 3D printed acrylonitrile butadiene styrene (ABS) plastic to obtain 
the second prototype of the perfusion chamber with electrical stimulation. The prototype 
is composed of a cap and a base that are threaded together to set up the chamber. To hold the 
cardiac construct in place, an internal gasket is installed inside the perfusion chamber.  
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electrically stimulate cells and one gold electrode of 0.5 mm in diameter (Advent 

Research Materials, England) as a recording electrode. To characterize the system, 

electric potentials between graphite electrodes and between one graphite electrode and 

the center of the chamber (gold electrode) were performed. The prototype was 

connected to a closed-circuit filled with culture medium, a scaffold was installed inside 

the chamber and electric potential values were measured using a function generator 

(Agilent Technologies, Spain) and an oscilloscope (Agilent Technologies, Spain).  

 

Figure 3.8. Illustration of the perfusion chamber with electrical stimulation obtained by 
precision machining of polypropylene (PP) plastic. The prototype is composed of a cap (red 
at the cross-section) and a base that are threaded together to set up the chamber. To hold the 
cardiac construct (pink at the cross-section), two gaskets (yellow and blue at the cross-section) 
are installed inside the perfusion chamber. To introduce carbon rod electrodes in a reversible 
manner, two adapters (green at the cross-section) are screwed to the chamber base, and 
electrodes are installed inside them. As a recording electrode, a gold electrode (yellow dot at the 
cross-section) was inserted just below the cardiac construct. 
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For a suitable fastening of crocodile clips from the function generator (Agilent 

Technologies, Spain)  with 3/16” carbon rod electrodes, two holes were drilled at one 

edge of each carbon rod electrode. Then, solid tinned annealed copper wire (RS Pro, 

UK) was threaded through the holes, and insulation of the connection was performed 

using Araldite® epoxy resin. Waterproofing of carbon rod electrodes was achieved using 

heat-shrink tubing (Thermo Fisher Scientific, Spain). Inside the perfusion chamber we 

placed the cardiac tissue construct, squeezed at its edges by two gaskets: one made of 

PP fabricated by precision machining (in yellow at Figure 3.8, complete chamber cross-

section), and the other made of polydimethylsiloxane (PDMS) molding (in blue at 

Figure 3.8, complete chamber cross-section). The mold was fabricated by 3D printing 

of acrylonitrile butadiene styrene (ABS) plastic (kindly printed by Dr. Raimon Sunyer), 

and allowed us to obtain 12 gaskets of 9 mm outer diameter, 5 mm inner diameter and 

2 mm depth (Figure 3.9). 

 

 Electrical stimulation regime for cardiac constructs culture 

After cell seeding inside the 3D scaffold, the obtained tissue constructs were 

transferred into the bioreactor chambers (Figure 3.10A) and were cultured under 

perfusion during 3 days. At day 4 of culture, electric field stimulation regimen was 

Figure 3.9. Acrylonitrile butadiene styrene (ABS) mould to fabricate polydimethylsiloxane
(PDMS) gaskets. Gaskets dimensions are designed to fit inside the perfusion chamber with
electrical stimulation and put the cardiac construct in the midpoint of carbon rod electrodes. PDMS
gasket is illustrated in blue in Figure 3.9 (complete chamber cross-section). 
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applied on electrostimulated cardiac tissue constructs, which consisted in trains of 

monophasic square-wave pulses of 2 ms of duration, 5 Vpp of amplitude and 3 Hz of 

frequency387 (Figure 3.10B). Control cardiac constructs were cultured only under 

perfusion. All cardiac constructs were cultured either for 7 or 14 days before assessing 

their maturation level, and culture medium was changed every 2 days before applying 

electrical stimulation or every day when applying electrical stimulation. 

 

3.6. Flow cytometry analysis 

Characterization of human induced pluripotent stem cell-derived cardiomyocytes 

(hiPSC-CM) was performed by flow cytometry analysis. Cells were dissociated on day 

19 of differentiation using 0.25% trypsin-EDTA (Gibco®, Thermo Fisher Scientific, 

Spain) at 37 ºC for 5 min and then fixed with 4% paraformaldehyde (Sigma-Aldrich 

Química, Spain) for 20 min at room temperature. After washing with 1X saponin (Sigma-

Aldrich Química, Spain), cells were permeabilized using Cell Permeabilization Kit 

(Invitrogen, Spain) and blocked with 5% mouse serum (Thermo Fisher Scientific, Spain) 

during 15 min at room temperature. Then, cells were stained with the antibodies mouse 

PE-anti myosin heavy chain (MHC) (IgG2b, 1:400 BD Biosciences, Spain) and mouse 

Alexa Fluor 647 cardiac troponin I (cTnI) (IgG2b, 1:100, BD Biosciences, Spain). Mouse 

IgG2b PE (1:400 BD Biosciences, Spain) and mouse IgG2b Alexa Fluor 647 (1:100, BD 

Biosciences, Spain) antibodies were used as isotype controls. After incubation during 

15 min at room temperature in the dark and washing twice with 1X saponin, cells were 

analyzed with FACS MoFlo (Beckman Coulter, Spain) and data acquisition and analysis 

performed by Kaluza software (Beckman Coulter, Spain). We acknowledge the use of 

facilities and the technical support from the Flow Cytometry Unit at Centre of 

Regenerative Medicine in Barcelona (CMRB). 

Figure 3.10. Perfusion chambers for cardiac constructs cultivation and stimulation. A,
Cross-sections of the two different perfusion chambers used to culture cardiac constructs, either
without (left) or with (right) electrical stimulation. In both chambers the cardiac construct was held
in place using two gaskets. B, Electrical stimulation regime applied to electrostimulated cardiac
constructs (3 Hz of frequency, 5 Vpp of amplitude and 2 ms of duration). ES: electrical stimulation.
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3.7. Functional activity of cardiac tissue constructs  

 Setup for contractile activity recording  

Contractile function of cardiac tissue constructs was assessed in response to 

electric field stimulation or spontaneous beating as previously described281,318. Briefly, 

two holes were drilled at one edge of two carbon rod electrodes of 3/16” in diameter 

(Monocomp Instrumentación, Spain). A gold wire of 0.5 mm in diameter (Advent 

Research Materials, England) was thread through them to properly fasten crocodile 

clips from the function generator to the electrodes. Insulation of the connection was 

performed using heat-shrink tubing (Thermo Fisher Scientific, Spain), and both 

electrodes were glued using cyanoacrylate at the bottom of a 35 mm MatTek glass 

bottom dish (MatTek In Vitro Life Science Laboratories, Slovak Republic), 1 cm apart 

from the edge of each electrode (Figure 3.11). The space between the electrodes was 

filled with Tyrode’s salts solution (Sigma-Aldrich Química, Spain). Cardiac constructs 

were positioned at the center of the MatTek dish and imaged and video recorded using 

a Stereo Microscope Leica MZ10F (Leica Microsystems, Spain) equipped with a 

DFC4025C Digital Microscope Camera (Leica Microsystems, Spain). A microscope-

stage automatic thermocontrol system for transmitted light bases (Leica MATS Type 

TL, Leica Microsystems, Spain) was used to maintain Tyrode’s solution at 37ºC, and 

electrical pulses were applied using a function generator (Agilent Technologies, Spain).  

 

 Measurement of functional parameters 

The excitation threshold (ET) of cardiac tissue constructs was determined by 

applying initially square-wave pulses of 2 ms of duration, 2 Hz of frequency and 1 Vpp 

of amplitude and then increasing amplitude of the pulses in 0.1 V increments until the 

construct started to beat at 2 Hz instead of at its spontaneous frequency281. Maximum 

Figure 3.11. Diagram of MatTek petri dish used for functional assessment of cardiac
constructs. It is composed of (1) gold wires, (2) heat-shrink tubing, (3) Tyrode’s salt solution, (4)
carbon rod electrodes separated 1 cm apart and (5) 35 mm MatTek glass bottom dish. Floating
in Tyrode’s salt solution there is the cardiac construct, and the whole system is fixed in a stereo
microscope with temperature control for video recording. 
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capture rate (MCR) was determined by applying initially square-wave pulses of 2 ms of 

duration, 10 Vpp of amplitude and 1 Hz of frequency and then increasing frequency in 

0.1 Hz until the construct stopped contracting at the paced frequency or contractions 

became irregular. To obtain quantitative data of the amplitude of contraction of each 

cardiac construct, both spontaneous beating and beating when applying pulses at 1 Hz 

of frequency, 10 Vpp of amplitude and 2 ms of duration was recorded for at least 10 s. 

Then, the fractional area change (FAC) of cardiac constructs was analyzed and 

calculated using a published custom MATLAB program318 (The MathWorks, Natick, 

USA; work performed in collaboration with Roberto Paoli, Institute for Bioengineering of 

Catalonia, (IBEC)). Briefly, the MATLAB program identifies the area in pixels of the 

largest object in each frame of the video (which corresponds to that of the construct) 

and stores it in a spreadsheet. Then, the data is used to calculate the FAC by applying 

the following formula:   

ሺ%ሻ	ܥܣܨ ൌ
ሺ௫ௗ	ି௧௧ௗ	ሻ

ሺ௫ௗ	ሻ
 100   Eq. 3.4 

To assess the difference between control and electrically stimulated group 

means, FAC was presented as a fold induction relative to control mean or evaluated 

using a Student’s t-Test. The software used was Origin 8.5 (OriginLab, Northampton, 

USA), and differences were considered significant when p<0.05.  

Particle Image Velocimetry (PIV), an optical method initially used to measure 

velocity vectors fields in flows439, was employed to measure the velocity fields in beating 

cardiac tissue constructs (work performed in collaboration with Dr. Jordi Comelles, 

Institute for Bioengineering of Catalonia (IBEC)). Briefly, spontaneous beating of cardiac 

constructs was video recorded using Stereo Microscope Leica MZ10F (Leica 

Microsystems, Spain) equipped with a DFC4025C Digital Microscope Camera (Leica 

Microsystems, Spain). Then, movies were analyzed using the MatPIV software package 

for MATLAB (The MathWorks, Natick, USA)440. The displacement carried out by the 

cardiac construct between each frame of the video was studied using a 77 µm x 77 µm 

square interrogation window. Each frame was cross-correlated with the preceding one, 

obtaining local displacement fields and, thus, the velocity field. Three beating cycles per 

cardiac construct were analyzed, being a beating cycle from relaxation to contraction 

state and then going to relaxation again.  

The alignment between velocity vector fields and the direction of the electric field 

(θ), was assessed by the order parameter <cos 2θ> (Figure 3.12). It is a suitable 

function to represent vector arrangement because if vectors are aligned in the electric 

field axis (meaning vectors with an angle of 360º or 180º, that is, parallel to electric field 

axis), its value will be of 1, whereas if vectors are perpendicular to the electric field 

(meaning vectors with an angle of 90º or 270º), its value will be of -1. Random 

distribution will be represented by a <cos 2θ> value close to 0. 
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To assess the difference between control and electrically stimulated group 

means, normal distribution of <cos 2θ> values was tested using the Shapiro-Wilk and 

Kolmogorov-Smirnov normality tests. Non-parametric analysis was performed using 

Mann-Whitney U test. The software used was Origin 8.5 (OriginLab, Northampton, 

USA), and differences were considered significant when p<0.05. 

 Drug response analysis 

To study cardiac tissue constructs response to drug treatments, isoproterenol, 

carbachol and sotalol were used (Sigma-Aldrich Química, Spain). All chemicals were 

dissolved in distilled water to make stock solutions, and working solutions were freshly 

and immediately prepared in culture medium (RPMI medium (Invitrogen, Spain) 

supplemented with B27 (Life Technologies, Thermo Fisher Scientific, Spain), 1% L-

glutamine (Life Technologies, Thermo Fisher Scientific, Spain), 0.5% penicillin-

streptomycin (Sigma-Aldrich Química, Spain), 1% non-essential amino acids (Life 

Technologies, Thermo Fisher Scientific, Spain), and 0.1 mM 2-mercaptoethanol (Life 

Technologies, Thermo Fisher Scientific, Spain)).  

Drug effects on cardiac tissue constructs were evaluated through video-optical 

recordings using a published MATLAB program318 (The MathWorks, Natick, USA; work 

performed in collaboration with Roberto Paoli, IBEC) or electrical signal recording (see 

“3.11. Recording and processing of bioelectrical signals generated by cardiac tissue 

constructs” section for further details). In the case of video recordings, the setup 

Figure 3.12. Study of the alignment between velocity vector field and electric field
direction. The order parameter <cos 2θ> was used to evaluate the arrangement of vectors
obtained after Particle Image Velocimetry (PIV) analysis. If vectors are aligned in the direction of
the electric field, <cos 2θ> will be of 1. If vectors are perpendicular to the direction of the electric
field, <cos 2θ> will be of -1. Random distribution will be represented by a <cos 2θ> close to 0. E:
electric field; v: velocity vector field; θ: angle between velocity vector field and electric field. 
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depicted in Figure 3.11 was used, and drug effects were restricted to affections of 

constructs contractility. For electrical signal recordings, drugs were injected in the 

perfusion bioreactor through an injection port (Figure 3.13), and effects were assessed 

in real time by direct measures of electrical activity of constructs.  

 

To test changes in the -adrenergic response, cardiac constructs were incubated 

with 1 µM isoproterenol for 10 min, and immediate electrical signal or video recording 

was performed. After 5 min of washout with fresh culture medium, cholinergic response 

was studied by incubating cardiac constructs with 10 µM carbachol for 10 min, with 

immediate electrical signal or video recording. After 5 min of washout with fresh culture 

medium, the blockade of the human ether-a-go-go-related gene (hERG) potassium 

channel was evaluated by incubating cardiac constructs with sotalol for 10 min at either 

low (1 µM) or high (10 µM) concentrations, followed by immediate electrical signal or 

video recording. Spontaneous activity of cardiac constructs was recorded as baseline 

period to study changes in contractile behavior caused by the mentioned drug 

treatments. The effect of isoproterenol and carbachol treatments on cardiac tissue 

constructs beating rate was assessed using Mann-Whitney U test, relative to baseline. 

Differences were considered statistically significant when p<0.001. 

3.8. Histological analysis 

 Hematoxylin and eosin staining 

Cardiac constructs were fixed overnight with 4% paraformaldehyde (PFA; Sigma-

Aldrich Química, Spain) at 4ºC and washed 3 times in 10 M phosphate buffered saline 

(PBS) with 30% sucrose. Afterwards, scaffolds were cut into halves, embedded in 

Tissue-Tek® O.C.T. Compound to obtain cross-sections, and frozen at - 20ºC overnight. 

Figure 3.13. In-line luer injection port for drug delivery. To assess the effect of cardioactive
drugs on the electrical activity cardiac tissue constructs, drugs were injected in the perfusion
bioreactor through an in-line injection port (red arrow). Then, changes in electrical activity of
cardiac constructs was assessed in real time using the recording system described in section
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Cardiac constructs were sectioned in 10 µm thick sections using a cryostat (Leica 

Biosystems, Spain). Then, sections were placed in SuperFrostTM Plus microscope slides 

(Thermo Fisher Scientific, Spain) and analyzed by hematoxylin and eosin staining. 

For hematoxylin and eosin staining, slides were rinsed for 5 min in deionized 

water and gradually dehydrated using ethanol series. Afterwards, slides were dunked 

in hematoxylin for 6 min and rinsed in basic water (pH=9) for 10 min. Then, slides were 

dunked in alcoholic eosin Y for 30 seconds and in absolute ethanol for 1 min. Next, 

slides were dunked again in absolute ethanol for 5 min and 10 min more, and finally in 

eucalyptol for 10 min. Images were taken using in an Inverted Laboratory Microscope 

with LED Illumination (Leica Microsystems, Spain) and Leica Application Suite (LAS) 

software. Images were analyzed using ImageJ free software434 (National Institutes of 

Health, USA). We acknowledge the use of facilities and technical support from Unit of 

Experimental Toxicology and Ecotoxicology (UTOX) at Barcelona Science Park (PCB). 

 Immunofluorescence staining protocol  

3.8.2.1. Standard 2D cell cultures 

Neonatal rat cardiac cells and hiPSC-CM seeded on Matrigel® (Corning, Spain) 

or gelatin-coated (Merck Millipore, Spain) coverslips (Neuvitro, USA) were used as 2D 

controls. Cells were fixed with 4% paraformaldehyde (PFA; Sigma-Aldrich Química, 

Spain) for 20 min at room temperature and washed 3 times in 10 M phosphate buffered 

saline (PBS), 10 min each. Then, coverslips were washed thrice with 1X tris-buffered 

saline (TBS) for 5 min each and incubated in blocking solution I (1X TBS with 0.5% 

Triton-X100 (Sigma-Aldrich Química, Spain) and 6% donkey serum (Chemicon®, Merck 

Millipore, Spain)) for 1 h at room temperature. Primary antibodies (Table 3.3) were 

diluted in blocking solution II (1X TBS with 0.1% Triton-X100 and 6% donkey serum) 

and coverslips were incubated for 48 h at 4ºC. After three washes of 5 min in 1X TBS, 

coverslips were incubated with secondary antibodies (Table 3.4) diluted in blocking 

solution II for 2 h in the dark at 37ºC. Finally, coverslips were washed thrice with 1X 

TBS for 5 min each and incubated with DAPI 1:10000 (4',6-diamidino-2-phenylindole; 

Invitrogen, Spain) for 10 min at room temperature. For observation, microscope slides 

were prepared by placing a drop of home-made fluorescence mounting medium441 on a 

glass slide (Corning, Spain) and mounting the coverslip with cells on top. Coverslips 

were sealed with nail polish and slides stored in dark at 4ºC. Images were taken using 

an inverted confocal microscope (Leica SP5, Leica Microsystems, Spain) or a fixed-

stage upright microscope (Eclipse E1000, Nikon Instruments, Netherlands), and 

analyzed using ImageJ software434 (National Institutes of Health, USA). We 

acknowledge the use of facilities and technical support from Bioimaging and histology 

unit at Centre of Regenerative Medicine in Barcelona (CMRB). 
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Table 3.3. List of primary antibodies used for immunohistochemistry analysis. They were 
used to characterize both 2D cell cultures and 3D cardiac tissue constructs. 

 

 

Table 3.4. List of secondary antibodies used for immunohistochemistry analysis. They 
were used to characterize both 2D cell cultures and 3D cardiac tissue constructs. 

Target molecule Immunoglobulin Host  Dilution Source 

Actin (α-
sarcomeric) 

Monoclonal IgM Mouse 1:400 
Sigma-Aldrich,  

A2172 

α-actinin 
(sarcomeric) 

Monoclonal IgG1 Mouse 1:100 
Sigma-Aldrich, 

A7811 

α-tubulin Monoclonal IgG1 Mouse 1:500 
Sigma-Aldrich, 

T6074 

Brachyury Polyclonal IgG Goat 1:25 
R&D Systems, 

AF2085 

Connexin 43 Polyclonal IgG Rabbit 1:250 Abcam, ab11370 

Green fluorescent 
protein (GFP) 

IgY fraction Chicken  1:500 
Aves Labs, GFP-

1010  

Heavy chain 
cardiac Myosin 

Monoclonal IgG1 Mouse 1:100 Abcam, ab15 

Troponin I Polyclonal IgG Rabbit 1:25 
Santa Cruz, sc-

15368 

Troponin T Monoclonal IgG1 Mouse 1:100 
Thermo Fisher,  

MS-295-P 

Target molecule Chromogen Host Dilution Source 

Chicken IgY DyLightTM 488 Donkey 1:200 
Jackson,  

703-485-155 

Goat IgG Alexa Fluor® 488 Donkey 1:200 
Jackson,  

705-545-147 

Mouse IgG Alexa Fluor® 488 Goat 1:200 
Jackson, 

115-546-071 

Mouse IgG Alexa Fluor® 488 Donkey 1:200 
Jackson, 

715-545-151 

Mouse IgG CyTM3 Goat 1:200 
Jackson, 

115-165-071 

Mouse IgG CyTM5 Goat 1:200 
Jackson, 

115-175-071 

Mouse IgM CyTM2 Goat 1:200 
Jackson, 

115-225-075 

Mouse IgM CyTM3 Donkey 1:200 
Jackson 

715-165-140 

Mouse IgM CyTM3 Goat 1:200 
Jackson, 

115-165-075 

Mouse IgM DyLightTM 649 Goat 1:200 
Jackson, 

115-495-075 

Mouse IgM CyTM5 Rabbit 1:200 
Jackson, 

315-175-049 

Rabbit IgG Alexa Fluor® 488 Donkey 1:200 
Jackson, 

711-545-152 

Rabbit IgG Cy3 Donkey 1:200 
Jackson 

711-165-152 

Phalloidin Texas Red® - 1:40 
Life technologies, 

T7471 
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3.8.2.2. Cardiac tissue constructs (in toto)  

Cardiac tissue constructs were fixed overnight with 4% paraformaldehyde (PFA; 

Sigma-Aldrich Química, Spain) at 4ºC, and washed 3 times in 1X phosphate buffered 

saline (PBS) at 4ºC, 30 min each. Then, tissue constructs were included in 4% or 8% 

agarose (low melt point agarose D1, CONDA, Spain) using cryomolds (Tissue-Tek, The 

Netherlands), and blocks were obtained by cooling it down for 5 min at 4ºC. Blocks were 

cut in 200 μm thick sections using a vibratome (0.075 mm/s advance rate, 81 Hz 

vibration and 1 mm amplitude) (Leica VT1000S, Spain), and tissue constructs were 

accurately positioned to obtain cross-sections oriented in the direction of the electric 

field (Figure 3.14). 

 

 

During the whole immunostaining protocol, tissue sections were in agitation. After 

three washes of 30 min in 1X tris-buffered saline (TBS), sections were incubated in 

blocking solution I (1X TBS with 0.5% Triton-X100 (Sigma-Aldrich Química, Spain) and 

6% donkey serum (Chemicon®, Merck Millipore, Spain)) for 4 h at room temperature. 

Then, sections were incubated with primary antibodies (Table 3.3) diluted in blocking 

solution II (1X TBS with 0.1% Triton-X100 and 6% donkey serum) for 2 h at room 

temperature, followed by 72 h at 4ºC and again 2 h at room temperature. After four 

washes in 1X TBS (30 min each), sections were incubated with secondary antibodies 

(Table 3.4) diluted in blocking solution II for 2 h in the dark at room temperature and 

overnight at 4ºC. When using Texas Red®-X phalloidin (Thermo Fisher Scientific, Spain) 

a special blocking buffer was employed, composed of 1X TBS with 0.05% saponin 

(Sigma-Aldrich Química, Spain) and 0.1% bovine serum albumin (BSA; Sigma-Aldrich 

Química, Spain). Finally, sections were washed thrice with 1X TBS for 30 min each and 

Figure 3.14. Diagram of cardiac constructs inclusion and sectioning for 
immunohistochemistry analysis. Cardiac constructs were cut in half (for electrostimulated 
constructs, the cut was performed in the direction of the electric field) and included in agarose 
using cryomolds. Then, the agarose block was glued to the vibratome stage and sections 200 
µm thick were performed, obtaining cross-sections of the constructs (in the case of 
electrostimulated constructs, oriented in the direction of the electric field).
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incubated with DAPI 1:1000 (4',6-diamidino-2-phenylindole; Invitrogen, Spain) for 1 h at 

room temperature. Tissue sections were prepared in microscope slides by placing them 

in glass slides (Corning, Spain) and mounting a coverslip (Menzel-Gläser, Germany) 

with 300 µl of home-made fluorescence mounting medium441 on top. Eventually, 

coverslips were sealed with nail polish to prevent drying and movement under 

microscope and slides stored in dark at 4ºC until observation. Images were taken using 

an inverted confocal microscope (Leica SP5, Leica Microsystems, Spain) and analyzed 

using ImageJ free software434 (National Institutes of Health, USA). We acknowledge the 

use of facilities and the technical support from the Bioimaging and histology unit at 

Centre of Regenerative Medicine in Barcelona (CMRB). 

3.9. Transmission electron microscopy analysis 

Cardiac constructs were fixed with 2.5% glutaraldehyde (Electron Microscopy 

Sciences, USA) diluted in 0.1 M cacodylate buffer (pH=7.2) for 2 h at 4ºC. After 3 

washes of 10 min each in cacodylate buffer at room temperature and gently shaking, 

samples were post-fixed in 1% osmium tetroxide for 2 h at 4ºC. Then, cardiac constructs 

were gradually dehydrated using ethanol series until absolute ethanol and embedded 

in epoxy resin (Ted Pella, USA) in a specific orientation (Figure 3.15). Semi-thin 

sections (0.25 μm) were cut with a diamond knife using an ultramicrotome (Leica UC6, 

Spain), and stained lightly with 1% toluidine blue (Panreac, Spain) to identify high cell 

density zones. Later, ultra-thin sections (0.08 μm) were cut with a diamond knife and 

stained with uranyl acetate (Electron Microscopy Sciences, USA) and lead citrate 

(Electron Microscopy Sciences, USA). Imaging was performed at JEOL 1011 

transmission electronic microscope (JEOL, Japan), and images were analyzed using 

ImageJ free software434 (National Institutes of Health, USA). We acknowledge the use 

of facilities and the technical support from the Bioimaging and histology unit at Centre 

of Regenerative Medicine in Barcelona (CMRB). 

 
Figure 3.15. Diagram of cardiac tissue constructs embedding and sectioning for 
transmission electron microscopy analysis. One quarter of cardiac constructs was cut and 
embedded in epoxy resin. To obtain semithin and ultrathin sections with high number of cells, 
constructs are oriented to pick up the top part (cardiac constructs top view). 



MATERIALS AND METHODS 

 

 

105 

 

Images were acquired at direct magnifications from 10000 to 25000 only where 

typical cardiomyocyte structures could be seen (e.g. cell junctions, sarcomeres, etc.). 

Quantitative analysis involved measuring the average sarcomeric width (defined as Z-

disc length, indicated by black square brackets in Figure 3.16) in at least 35 fields per 

sample by systematically scanning equivalent areas. Data was collected from at least 2 

independent experiments per group and 2 grids/group. 

 

Figure 3.16. Sarcomere width measurement from transmission electron microscopy 
images. Transmission electron micrographs of sarcomeres showing actin and myosin filaments 
distribution. Black square brackets indicate the length of the Z-discs, used for the measurement 
of the sarcomere width. F: myofibrillar bundle; Z: Z-disc. Adapted from Lu TY62. 

To assess the difference between group means, the normal distribution of 

sarcomere width values was tested using Shapiro-Wilk and Kolmogorov-Smirnov 

normality tests. Non-parametric analysis was performed using Mann-Whitney U test. 

The software used was Origin 8.5 (OriginLab, Northampton, USA), and differences were 

considered significant when p<0.05. 

3.10. Gene expression analysis by quantitative real-time polymerase 

chain reaction (qRT-PCR) 

To study gene expression in standard 2D cell cultures, cells were incubated with 

trypsin (0.25%, Gibco®, Thermo Fisher Scientific, Spain) for 5 min at 37ºC, neutralized 

with DMEM 4.5 g/l glucose (Life Technologies, Thermo Fisher Scientific, Spain) 

supplemented with 10% fetal bovine serum (FBS) (Gibco®, Thermo Fisher Scientific, 

Spain) and centrifuged 1000 rpm for 3 min. After washing with 1X phosphate buffered 

saline (PBS), cells were centrifuged at 2000 rpm for 5 min and lysed using TRIzol® RNA 

Isolation Reagent (Life Technologies, Thermo Fisher Scientific, Spain).  

To study gene expression in 3D cardiac constructs, a quarter of the construct was 

incubated with 1 ml of trypsin (0.25%, Gibco®, Thermo Fisher Scientific, Spain) for 6-10 

min and disaggregated by pipetting. Trypsin was neutralized with DMEM 4.5 g/l glucose 

(Life Technologies, Thermo Fisher Scientific, Spain) supplemented with 10% FBS 
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(Gibco®, Thermo Fisher Scientific, Spain) and tubing centrifuged at 1200 rpm for 5 min. 

After washing with 1X PBS, cells were centrifuged at 1200 rpm for 5 min and lysed using 

TRIzol® RNA Isolation Reagent (Life Technologies, Thermo Fisher Scientific, Spain). 

Total RNA of 2D cell cultures and 3D cardiac constructs was isolated by 

incubating samples 5 min at room temperature, adding 200 µl of chloroform and 

vigorous shaking by hand for 15 s. Then, samples were incubated at room temperature 

for 2-3 min and centrifuged at 12000 g for 15 min at 4ºC to obtain a phase separation, 

with RNA located in the upper aqueous phase. Aqueous phase was transferred to a 

new tube and RNA precipitated by adding 500 µl of isopropyl alcohol, with 10 min 

incubation at room temperature and centrifuging 10 min at 12000 g and 4ºC. Finally, 

pellet was air dried, dissolved in 30 µl of RNAse-free water and concentration measured 

at 260 nm and 280 nm with Nanodrop ND-1000 (Thermo Fisher Scientific, Spain).  

To retrotranscript RNA to cDNA, 1 µg or 2 µg of RNA was used and transcriptor 

first strand cDNA synthesis kit (Roche Diagnostics, Spain) employed according to the 

manufacturer´s protocol. The qRT-PCR was carried out using the 7300 Real-Time PCR 

System (Applied Biosystems, Thermo Fisher Scientific, Spain) and SYBR™ Green 

master mix (Thermo Fisher Scientific, Spain). Relative fold increase in gene expression 

was calculated with “2(-ΔΔC(T))” method442, and human GAPDH expression was used 

as housekeeping gene. RNA from human fetal and adult hearts (Clontech, Takara Bio, 

France) were used as positive controls. Specific primers are listed in Table 3.5. We 

acknowledge the technical support from the Centre of Regenerative Medicine in 

Barcelona (CMRB).  

3.11. Recording and processing of bioelectrical signals generated by 

cardiac tissue constructs  

Extracellular field potentials (EFPs), generated by the charge redistribution in 

cardiomyocytes surrounding medium, were acquired through three electrodes using an 

advanced transducer amplifier (work performed in collaboration with Biomedical Signal 

Processing and Interpretation group at Institute for Bioengineering of Catalonia (IBEC)). 

The gold electrode of the perfusion chamber with electrical stimulation acted as internal 

reference, and electrical activity of cardiac tissue constructs was acquired using both 

graphite electrodes (Figure 4.51). The obtained ECG-like signal is generated by 

synchronized action potentials of cardiomyocytes. Its shape is similar to regular surface 

ECG signals for humans, including QRS complex and T wave (Figure 1.4).  
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Species Gene Forward primer Reverse primer 

Human GFP GAACCGCATCGAGCTGAA TGCTTGTCGGCCATGATATAG 

Human T/Bra TGCTTCCCTGAGACCCAGTT GATCACTTCTTTCCTTTGCATCAAG 

Human MHC ACAAGAAGGAGGGCATTGAGTGGA GCGTGGCTTCTGGAAATTGTTGGA 

Human MYH6 ATTGCTGAAACCGAGAATGG CGCTCCTTGAGGTTGAAAAG 

Human MYH7 GCATCATGGACCTGGAGAAT ATCCTTGCGTTGAGAGCATT 

Human ACTC1 GCTCTGGGCTGGTGAAGG TTCTGACCCATACCCACCAT 

Human TNNT2 TGCAGGAGAAGTTCAAGCAGCAGA AGCGAGGAGCAGATCTTTGGTGAA 

Human MLC2V CAACGTGTTCTCCATGTTCG GTCAATGAAGCCATCCCTGT 

Human RYR2 ACAGCACAAGCCATTCTGCAAGA ATGTAATCCAGCCCACCCAGACAT 

Human SERCA2A TGAGACGCTCAAGTTTGTGG TCATGCACAGGGTTGGTAGA 

Human CACNA1C TTTGGTCCATGGTCAATGAG GCATTGGCATTCATGTTGG 

Human GJA1 CAATCACTTGGCGTGACTTC CCTCCAGCAGTTGAGTAGGC 

Human GAPDH AGGGATCTCGCTCCTGGAA AGGGATCTCGCTCCTGGAA 
 

Table 3.5. Primers used for quantitative real-time polymerase chain reaction (qRT-PCR) 
analysis. They were used to study gene expression of both 2D cell cultures and 3D cardiac tissue 
constructs. GFP: green fluorescent protein; T/Bra: Brachyury; MHC: myosin heavy chain; MYH6: 
α-myosin heavy chain; MYH7: β-myosin heavy chain; ACTC1: cardiac muscle alpha actin; 
TNNT2: cardiac troponin T; MLC2V: myosin light chain 2v; RYR2: ryanodine receptor 2; 
SERCA2A: Sarcoplasmic Reticulum Ca2+-ATPase isoform 2a; CACNA1C: calcium voltage-gated 
channel subunit alpha1 C; GJA1: connexin 43; GAPDH: glyceraldehyde 3-phosphate 
dehydrogenase. 

The biomedical instrumentation for recording the bioelectrical signals was the 

Biopac MP100 system (Santa Barbara, CA, USA, 16 Bits AD conversion; DAC100C, 

gain 50, maximum bandwidth DC-5KHz, input impedance 2 MΩ, CMRR = 90 dB min). 

EFPs recordings were monitored and stored in a computer using the AcqKnowledge 

software v.4.1, and were analyzed with MATLAB (v.R2014b, Natick, MA, USA). EFPs 

signals were recorded at a sampling frequency of 12.5 KHz, and were filtered and 

decimated at a sampling rate of 500 Hz. Bioelectrical signals were bandpass filtered 

(zero-phase fourth-order Butterworth filter with cut-off frequency of 0.2 and 40 Hz, 

respectively) to use the main bandwidth of the classical electrocardiographic studies. 

Previously, the 50 Hz line interference and harmonics were cancelled by a comb-notch 

filter. To a better identification of different patterns in the ECG-like signals, Ensemble 

Empirical Mode Decomposition443 (Noise level: 1 dB; Iterations: 200) was used to cancel 

the multicomponent noise.  

Instantaneous heart rate expressed as beats per minute (bpm) was calculated 

over extracellular field potentials generated in both control and electrically stimulated 

constructs at baseline and after application of drugs. Relative beating rate (BR) to 

baseline was calculated to evaluate the behavior of cardioactive drug effects. The 
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square root of the mean squared differences of successive intervals (RMSSD)444, one 

of the most commonly used measures to evaluate the BR variability in clinical settings, 

was also calculated. 

The differences of the beating rate (BR) at baseline between control and 

electrically stimulated recordings were assessed using the Mann-Whitney U test. The 

same test was used to evaluate the effect over the BR after isoproterenol and carbachol 

treatments (minute 10) relative both to their corresponding baseline (first minute). 

Differences were considered statistically significant when p<0.001. 
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4.1. MatridermTM as 3D scaffold for cardiac tissue engineering 

A prerequisite for obtaining faithful cardiac tissue constructs in cardiac tissue 

engineering is to mimic the cell native cardiac environment445. Therefore, selecting an 

appropriate scaffold is of paramount relevance, as it should mimic the cardiac 

extracellular matrix. Cardiac extracellular matrix is mainly constituted of collagen 

together with other proteins, such as elastin, laminin, and fibronectin20,446. Collagen-

based scaffolds are suitable for the generation of contractile cardiac tissue constructs, 

as they are natural substrates that potentiate cell attachment and survival, and cells can 

remodel them318,282. For this reason, we chose as 3D scaffold a commercially available 

collagen-based sponge called MatridermTM (MedSkin Solution Dr. Suwelack AG, 

Billerbeck, Germany). It is a highly porous membrane (~94%)447,448 of 1 mm thickness, 

and is composed of 3D coupled collagen (types I, III and V) and elastin. The collagen 

of the matrix is obtained from the bovine dermis, and the elastin is obtained from the 

bovine nuchal ligament by hydrolisis. MatridermTM is currently being used in clinics to 

support dermal regeneration, restore the skin and modulate scar formation, so it can be 

cut to the desired size and is easily obtained from a reliable and reproducible 

source448,449. According to manufacturer’s datasheet, the absence of chemical cross-

linking of the collagen results in a matrix which is especially biocompatible, and has 

demonstrated low antigenicity. When implanted, MatridermTM becomes fully degraded 

within 4 weeks in animal models and within 6 weeks in humans, and reduces the risk of 

hematoma that occurs after skin grafting due to its hemostatic properties. In addition, 

MatridermTM promotes cell growth, supports production of collagen matrix by fibroblasts, 

and is rapidly vascularized in human dermal regeneration processes449. There are many 

reports of successful engraftment through a one-step procedure using MatridermTM and 

skin grafting in vitro450, in vivo451–454 and in clinical trials455. 

Before its use, MatridermTM has to be rehydrated in phosphate buffered saline 

(PBS). The scaffold has to be laid on the surface of the liquid to avoid air bubbles 

entrapment, and it is ready for use when its appearance changes from “white” to 

“translucent” and softens (Figure 4.1). 

 

Figure 4.1. Image of MatridermTM scaffold cut in a 1 cm diameter disk. A, MatridermTM 
appearance in dry conditions. B, MatridermTM appearance after 24 h rehydration in phosphate 
buffered saline (PBS).  
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 Structural analysis of MatridermTM  

To check MatridermTM surface morphology and architecture and have information 

about its pore size, a scanning electron microscope (SEM) was used. The analysis 

demonstrated that MatridermTM was a compact and uniform matrix, with interconnected 

pores ranging from 5 µm to 90 µm (Figure 4.2). According to literature reports, two 

types of pores were found in the scaffold: macropores from 50 to 90 µm in diameter 

combined with numerous micropores from 5 to 50 µm in diameter, being the most 

frequent pore size 17 µm. Macropores support cell migration, proliferation, angiogenesis 

and mass transport456, and extensive micropores enhance intercellular communication 

while facilitating mass transport457. Therefore, MatridermTM properties were considered 

suitable to support cell attachment and survival in 3D, thanks to its composition and 

ability to allow an appropriate mass transport.  

 

Figure 4.2. MatridermTM surface morphology and porosity analysis by scanning electron 
microscopy (SEM). MatridermTM is a uniform and highly porous scaffold with interconnected 
macro and micropores ranging from 5 to 90 µm. Values have been fitted in a single peak, and the 
most frequent pore size is of 17 µm. 

100 µm 50 µm 

50 µm 25 µm 

15 µm 
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To assess the 3D morphology of the scaffold in hydrated conditions and the 

distribution of collagen and elastin fibres, we imaged MatridermTM using Second 

Harmonic Generation (SHG) and autofluorescence by Two-Photon Excited 

Fluorescence (TPEF) microscopy techniques (Figure 4.3). As fibrilar collagen is a 

strong source of SHG, it could be effectively imaged by SHG (Figure 4.3A). Also, both 

collagen and elastin show a high degree of autofluorescence (Figure 4.3B), so the 

combination of SHG and autofluorescence signals (Figure 4.3C) allowed us to 

Figure 4.3. Selective imaging of MatridermTM by Second Harmonic Generation (SHG) and 
Two-Photon Excited Fluorescence (TPEF). Z projection of MatridermTM imaged by SHG (A) 
and TPEF (B) at different magnifications. C, Merged images of A and B at different 
magnifications. D, 3D reconstruction of highest magnification merged image. Scale bars: 100 µm. 
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distinguish both structural components. Images confirmed that MatridermTM was a 

complex matrix with collagen fibres (up to ~35 µm in diameter) that are forming thick 

bundles (up to ~100 µm in diameter) and thinner elastin fibres (up to ~10 µm in 

diameter) in a net-like structure, interacting in an intricated manner and randomly 

distributed. Finally, to have a better idea of scaffold fibres spatial distribution, a 3D 

reconstruction using IMARIS software (Figure 4.3D) was performed.   

 Mechanical properties of MatridermTM 

Scaffold stiffness affects the maturation, organization and functional behaviour of 

cardiomyocytes296,294. Consequently, to further characterize our collagen-elastin matrix, 

its bulk stiffness was measured by compression using Dynamic Mechanical Analysis 

(DMA) (Figure 4.4A). Representative stress-strain curves of the mechanical tests at 

room temperature and 37ºC are plotted in Figure 4.4B. Low-density elastomeric open-

cell foams such as MatridermTM show a stress-strain curve with three distinct regimes 

(linear elastic regime, collapse plateau regime and densification regime). For elastic 

modulus calculation, only the linear elastic regime was taken into account, which is 

shown in Figure 4.4B for each condition. Results showed that hydrated MatridermTM 

was a very soft material, and its stiffness was dependent on the temperature at which 

measurements were performed (Figure 4.4C). Values of the elastic modulus measured 

at room temperature (0.19 ± 0.05 kPa; mean ± standard deviation) and at 37ºC (0.06 ± 

0.01 kPa; mean ± standard deviation) showed statistically significant differences. Those 

results were in agreement with the elastic modulus obtained for hydrated porous 

collagen-based scaffolds under uniaxial compression, reported as 0.2 kPa458. Having 

such a soft scaffold encouraged us to use it for cardiac tissue constructs generation, as 

soft bulk materials (~2 kPa) have shown to help in obtaining constructs with improved 

contraction amplitudes and enhanced cell matrix deposition than stiffer ones296. 

However, other literature reports suggest that stiffer artificial substrates (10-50 kPa) 

enhance cardiomyocytes maturation40, so it is an issue under debate.  

 Shear stress within MatridermTM scaffold under perfusion 

To obtain thick 3D cardiac tissue constructs it is crucial to ensure an effective 

mass transport between cells and culture medium. Static cultures rely on diffusional 

transport mechanisms, which are efficient only within a superficial cell layer (~100-200 

µm459) and fail to support 3D tissues. Therefore, to improve oxygen and nutrients supply 

to cells cultured in the tissue interior (>200 µm in depth), tissue constructs will be 

cultured under perfusion of culture medium through the use of a bioreactor.  
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An important parameter to analyze the convenience of MatridermTM to culture 

cardiac constructs in a perfusion bioreactor is the shear stress to which cells will be 

subjected398,460,461. It has been reported that physiological shear stress values 

(~0.6 dyn/cm2) improve cardiac cell-cell interaction and myofibrillar organization, 

whereas higher values (over 2.4 dyn/cm2) have deleterious effects on cell survival404. 

Therefore, to get an optimal interstitial flow in our system, we calculated the shear stress 

to which cells were exposed following a model previously described297. A summary of 

the calculations is provided in Table 4.1. 

First, we calculated the minimum flow rate needed in the perfusion chamber for 

the optimal culture of cardiac tissue constructs. This flow rate was determined by taking 

into account the overall mass balance of oxygen, that is, the concentration supplied by 

the culture medium and the consumption carried out by cells:  

ܳሺܥ െ ௨௧ሻܥ ൌ ܴܰ Eq. 4.1 

Where ܳ (ml/min) is the flow rate of culture medium, ܥ is the inlet oxygen 

concentration in culture medium (2.2·108 pmol/L at 37ºC and 21% oxygen, as in the 

incubator air)297, ܥ௨௧ is the outlet oxygen concentration in culture medium (0 pmol/L, 

assuming that all oxygen was consumed in a single pass), ܴ is the average oxygen 

consumption rate (pmol/h/cell, specific of each cell type) and ܰ is the total number of 

cells (3.5·106 cardiomyocytes). It was previously reported that neonatal rat 

cardiomyocytes (rCM) had an oxygen consumption rate two to three times lower than 

human induced pluripotent stem cell-derived cardiomyocytes (hiPSC-CM), being of 

0.29 pmol/h/cell and 0.71 pmol/h/cell, respectively29. Consequently, different minimum 

Figure 4.4. Results of compression tests on hydrated MatridermTM scaffolds. A, 
Experimental setup, with disks of MatridermTM (10 mm in diameter and 1 mm in thickness) placed 
in the Dynamic Mechanical Analyser. B, Representative stress-strain curves at room temperature 
(RT) and at 37ºC. Blue lines correspond to experimental data, while orange lines correspond to 
the linear fitting (R2= 0.999 for RT; R2= 0.996 for 37ºC). Young’s Modulus (E) is determined from 
the slope (ERT and E37ºC respectively). C, Mean values of scaffold stiffness in compression at RT 
and at 37ºC (n=3). *: Significance level p<0.05. Error bars indicate standard deviation (SD).  
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flow rates should be applied for each cell type, being of 0.08 ml/min for rCM culture and 

0.18 ml/min for hiPSC-CM. For technical issues, we applied a volumetric flow rate of 

0.1 ml/min for rCM cardiac tissue constructs culture, and of 0.2 ml/min for hiPSC-CM. 

After deciphering the suitable volumetric flow rate for each cell type, we 

calculated the shear stress experienced by cells when cultured inside MatridermTM 

scaffold. Scaffold pores were considered cylindrical and following a tortuous pathway, 

represented by a length of 2ܪ (being ܪ the scaffold thickness)297. The calculation was 

based on the scaffold volume experiencing the interstitial medium flow, that is, the 

volume limited by the inner diameter of the silicone gasket (Figure 3.8): 

   

Where ܷ (m/s) is the average fluid velocity through each pore, 2ܪ (m) is the 

length of the tortuous pathway (pores), ܳ (m3/s) is the volumetric flow rate calculated 

for each cell type, ߝ is the void fraction (scaffold porosity, 0.94) and ܸ  (m3) is the scaffold 

volume (1.96·10-8 m3). For rCM cardiac tissue constructs, the average fluid velocity was 

calculated as 1.8·10-4 m/s, while for hiPSC-CM it was of 3.6·10-4 m/s. Then, the following 

equation was used to estimate the shear stress (߬௪)297: 

  

Where ߟ (dyn s/cm2)  is the viscosity of the fluid (7.8·10-3 dyn s/cm2 for DMEM 

culture medium)462, ܷ (cm/s) is the calculated average fluid velocity and ܴ (cm) is the 

most frequent pore radius (8.5·10-4 cm). For rCM cardiac tissue constructs, the 

calculated shear stress was 0.66 dyn/cm2, while for hiPSC-CM was 1.32 dyn/cm2. When 

culturing cardiac cells under shear stress values ranging from 0.05 to 1.5 dyn/cm2, 

compact and contractile cardiac tissue constructs with high expression of cardiac 

proteins could be obtained305,350. Therefore, we considered our shear stresses 

appropriated for cardiomyocytes culture, and proceeded with MatridermTM as a 

promising scaffold to obtain thick cardiac tissue constructs. 

 

Table 4.1. Summary of the calculations used to determine the shear stress within 
MatridermTM scaffold under perfusion. Rat and human cardiomyocytes have different oxygen 
consumption rate, so different minimum flow rates must be applied. 

Species Minimum flow rate (ࡽ) Average fluid velocity (ࢁ) Shear stress (࢝࣎) 

Rat 0.1 ml/min 1.8·10-4 m/s 0.66 dyn/cm2 

Human 0.2 ml/min 3.6·10-4 m/s 1.32 dyn/cm2 

ܷ ൌ
ܳܪ2
ܸߝ

 Eq. 4.2 

߬௪ ൌ ߟ
4ܷ
ܴ

 Eq. 4.3 
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4.2. Development of an efficient method for cell seeding into MatridermTM 

scaffolds  

Cell seeding into a 3D scaffold is the first step towards the generation of thick 

cardiac tissue constructs using perfusion bioreactors It has been demonstrated that 

initial cell density has great influence on viability, mechanical integrity and functionality 

of the engineered tissue403,463,464. Ideally, the generated tissue constructs should have 

a cell density approaching the one found in the myocardium (~108 cells/cm3), and cells 

should be uniformly distributed for an enhanced rate of homogeneous tissue 

development459. Therefore, an efficient method of cell seeding is essential for a 

successful production of mature and functional cardiac tissue constructs in vitro. 

In this context, we studied two types of cell seeding inside MatridermTM scaffold: 

static seeding using Matrigel® as a cell delivery vehicle, or perfusion seeding using a 

perfusion loop system based on a previously published work297 (for further details, see 

“3.3. Cell seeding in 3D scaffolds” section). The suitability of each method was 

evaluated after several days of culture in a perfusion bioreactor (Figure 4.5) (for further 

details, see “3.4.1. Single chamber perfusion bioreactor” section). 

 

Figure 4.5. Single chamber perfusion bioreactor for cultivation of cardiac tissue 
constructs. A, Image of the bioreactor, composed of (1) medium reservoir, (2) three-way 
stopcocks with syringes inserted, (3) de-bubble system, (4) perfusion chamber and (5) gas 
exchanger. B, Image of the perfusion bioreactor inside an incubator with CO2 and temperature 
control for cardiac tissue constructs culture. 

(1) 

(2) 

(3) 

(2) 

(4) 

(5) 
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 Static seeding using Matrigel® as cell delivery vehicle 

The first methodology assayed was a static seeding using Matrigel® as cell 

delivery vehicle, since thick and compact cardiac tissue constructs could be obtained 

when using it on top of collagen-based scaffolds297. Thus, we mixed 12·106 cells from a 

primary culture of neonatal rat heart cells with 60 µl of Matrigel®, and the suspension 

was seeded on top of a MatridermTM scaffold. After 30 min incubation to allow for cell 

attachment, the construct was transferred inside the perfusion bioreactor, and it was 

cultured under perfusion for 4 days. Finally, the cardiac construct was fixed, sectioned 

to obtain cross-sections and stained as described in “3.8. Histological analysis” section.  

 

The hematoxylin and eosin staining of the cross-section of the tissue construct 

revealed that cells were not able to penetrate more than 400 µm deep in the scaffold, 

suggesting that the scaffold pore size was critic for cell colonization (Figure 4.6A). 

Higher magnification images showed that, in fact, cells were attaching inside Matrigel® 

instead of inside the scaffold. A top layer with high density of cells could be seen, which 

was detached from MatridermTM scaffold at some locations (Figure 4.6A). 

Cells + 
Matrigel® 

MatridermTM 
scaffold 

A 

B 

Figure 4.6. Distribution of neonatal rat cardiomyocytes in MatridermTM scaffold when 
seeded statically. A, Hematoxylin and eosin staining of a construct cultured during 4 days in 
the perfusion bioreactor. Nuclei are stained blue, whereas cytoplasm and collagen scaffold have 
varying degrees of pink. Dashed lines indicate the maximum depth at which cells were found. 
Cross-section scale bar: 500 µm; high magnification images scale bars: 200 µm. B, 
Immunostaining of the construct with an antibody against cardiac troponin T (red, specific of 
cardiomyocytes) and 4',6-diamidino-2-phenylindole (DAPI, blue, cell nuclei staining). Scale bars: 
100 µm (left) and 50 µm (right). 
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Immunostaining analysis confirmed that cardiomyocytes were distributed only through 

Matrigel®, and that although viable, they remained round after 4 days of culture (Figure 

4.6B). Therefore, static seeding of MatridermTM was not suitable for our purposes, as 

the gelatinous matrix avoided cardiomyocytes attachment and homogeneous 

distribution along all the scaffold volume. In addition, cardiomyocytes showed a round 

morphology instead of the elongated shape characteristic of mature myocardium40.  

 Cell seeding using a perfusion loop system 

The second seeding methodology that we assayed was focused on overcoming 

the limitations of the static seeding, which were poor cell attachment and distribution 

through the scaffold due to bad penetration of Matrigel®. Therefore, we assembled a 

perfusion loop (Figure 4.7A) and tried to seed cells by perfusing them throughout the 

scaffold without using any hydrogel as cell delivery vehicle. The size of MatridermTM 

pores respect to cardiomyocytes size in suspension (17 µm and 10 µm465, respectively) 

and the fact that pores were interconnected following a tortuous pathway, suggested 

that cells could be retained inside the scaffold when passing through it. 

 

Figure 4.7. Perfusion seeding of cells inside MatridermTM scaffold using a perfusion loop.
A, Image of the perfusion loop, composed of (1) three-way stopcocks and a (2) perfusion
chamber. The rehydrated scaffold without cells (B) was installed inside the perfusion chamber
between two silicone gaskets (C), and 3.5·106 cells were perfused through the scaffold. Gaskets
provided mechanical support during perfusion, and routed the cell suspension through the central
area of the scaffold. Cells were retained inside the scaffold when passing through it (D).  
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Perfusion loop assembly and initial seeding parameters were adapted from a 

previously published work297. The perfusion loop was assembled in sterile conditions, 

and filled with culture medium through three-way stopcocks. The hydrated scaffold 

without cells (Figure 4.7B) was installed inside the perfusion chamber and held in place 

by two gaskets (Figure 4.7C). Then, 3.5·106 neonatal rat heart cells concentrated in 1 

ml of culture medium were injected inside the loop through the three-way stopcock 

located just over the perfusion chamber. To seed cells inside MatridermTM, a forward-

reverse flow of culture medium at 1 ml/min was applied during 2 h (Figure 4.7D). Finally, 

the tissue construct was incubated for 30 min in an incubator, transferred to the 

bioreactor and cultured under perfusion for 4 days. To analyze cell distribution, the 

cardiac construct was fixed, sectioned to obtain cross-sections and stained (for further 

details, see “3.3.2. Perfusion seeding” and “3.8. Histological analysis” sections). 

 

Figure 4.8. Distribution of neonatal rat cardiomyocytes in MatridermTM scaffold when 
seeded in perfusion. A, Hematoxylin and eosin staining of tissue constructs cultured during 4 
days in the bioreactor. Nuclei are stained blue, whereas cytoplasm and collagen scaffold have 
varying degrees of pink. Scale bars: 200 µm. B, Staining of cell nuclei with DAPI in cross-sections 
of constructs cultured during 4 days in the bioreactor. White dashed lines indicate scaffold limits. 
Scale bars: 200 µm. C, Immunostaining of constructs with an antibody against cardiac troponin 
T (red, specific of cardiomyocytes) and DAPI (blue, cell nuclei staining). Scale bars: 20 µm. 
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Hematoxylin and eosin staining of the cross-section revealed that neonatal rat 

cardiac cells were capable of attaching inside MatridermTM scaffold (Figure 4.8A), which 

was an improvement compared with the static seeding. However, cells were not 

distributed all along the scaffold, but located only at the top surface (~300 µm). As 

hematoxylin and eosin stained cells in a similar colour as scaffold fibres, we thought 

that results could be misleading. Therefore, the same construct was stained with 4',6-

diamidino-2-phenylindole (DAPI) to allow a proper visualization of cell nuclei within the 

scaffold. This technique showed that, indeed, cells were seeded along all scaffold 

volume in a rather homogeneous way (Figure 4.8B), confirming that the absence of a 

cell delivery vehicle allowed deeper cell penetration. In addition, immunostaining 

analysis confirmed that cardiomyocytes were viable and adopted a more elongated 

shape after 4 days of cultivation than the statically seeded scaffolds (Figure 4.8C). 

Nevertheless, few cells were found in the cross-sections, so it was essential to optimize 

the process to successfully produce cardiac tissue constructs.  

To elucidate the best parameters for an efficient seeding process, multiple 

perfusion conditions were assayed. For this, huge numbers of easily obtainable cells 

from an accessible source were absolutely needed. Therefore, human foreskin 

fibroblasts (HFF) were used instead of a primary culture on neonatal rat 

cardiomyocytes, as they were highly expandable and easier to obtain and maintain in 

culture. The initial perfusion seeding protocol (forward-reverse flow of culture medium 

at 1 ml/min for 2 h) was performed with HFF, and was used as the threshold to evaluate 

any meaningful improvement in cell seeding. This evaluation was based not only on 

qualitatively observations (cell density and distribution through MatridermTM scaffold), 

but also quantitatively by calculating seeding efficiency (Figure 4.9). Efficiency was 

calculated considering the number of cells injected inside the perfusion loop (3.5 ·106 

cells) and the number of cells that remained inside the perfusion loop after the seeding 

process. The difference between the number of injected cells and the number of 

remaining cells inside the perfusion loop was, indeed, the number of cells retained 

inside the scaffold: 

ሺ%ሻ ൌ	࢟ࢉࢋࢉࢌࢌࡱ
ሺே.		௦	௧ௗିே.		௦	௦ௗ	௧		௧	௦ௗሻ

ே.		௦	௧ௗ
ܺ	100  Eq. 4.4 

The initial seeding protocol was modified in terms of flow rate, duration of the 

seeding and direction of the flow. First, we maintained the forward-reverse flow of 

culture medium for 2 h across the scaffold, but at 10 times slower flow rate (0.1 ml/min). 

Second, we maintained the same flow rate of 1 ml/min and forward-reverse flow of 

culture medium, but instead of applying it during 2 h, only one cycle was performed. 

Third, we again maintained the flow rate at 1 ml/min but instead of one cycle of forward-

reverse perfusion, we applied the flow only in one direction (one-way perfusion). Finally, 

one-way perfusion of culture medium was applied at a slower flow rate (0.5 ml/min).  
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For each mentioned seeding condition, cell density and distribution through the 

scaffold was analyzed by DAPI staining of cross-sections (Figure 4.9A). It could be 

observed that, at low flow rates, cells were inhomogeneously distributed and less 

retained inside the scaffold than at higher flow rates. However, the most relevant effect 

was linked to the direction of the flow and the duration of the seeding process: a 

unidirectional seeding increased dramatically the number of cells retained inside the 

scaffold. Moreover, this high cell density was accompanied by a rather uniform 

distribution of cells, being more optimal when high flow rates were applied. Finally, 

shorter seeding times meant an increase of the number of cells retained inside the 

scaffold, even if a forward-reverse flow was applied. These observations were 

corroborated by seeding efficiency calculations (Figure 4.9C), where direction of the 

flow and seeding duration had the same effect on cell retention. 

 

Figure 4.9. Optimization of cell seeding efficiency in MatridermTM scaffold. A, Cross-
sections of the scaffold after seeding human foreskin fibroblasts (HFF) using different perfusion 
parameters. DAPI (4',6-diamidino-2-phenylindole) staining revealed cell distribution through the 
scaffold for each condition. Scale bars: 100 µm. B,  Reconstruction of an entire cross-section of 
the most efficiently seeded scaffold. Dashed lines indicate gasket limits, where confinement of 
cells in the central part can be observed. Scale bar: 1 mm. C, Bar chart showing the efficiency 
for each cell seeding method.  
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On the whole, the most efficient method to seed cells inside MatridermTM was 

obtained when applying one-way perfusion of culture medium at 1 ml/min (72.6% versus 

53.7% for the formerly published protocol). Those perfusion seeding parameters 

allowed the retention of high cell numbers throughout the whole scaffold volume in a 

rather homogeneous way (Figure 4.9B). Therefore, we considered this seeding 

protocol suitable for a successful production of cardiac tissue constructs and we used it 

on the following experiments.   

4.3. Design and fabrication of a parallelized perfusion bioreactor system 

Cell culture results obtained with a single chamber perfusion bioreactor (Figure 

4.5A) validated the applicability of the device to obtain cardiac tissue constructs, as 

cardiomyocytes attached and survived inside a 3D scaffold. However, having only one 

perfusion chamber restricted cardiac constructs production to one unit per assembled 

bioreactor. A parallel culture system was required to allow the culture of multiple cardiac 

tissue constructs under the same physicochemical conditions and from the same pool 

of cells, thus eliminating the variability associated to primary culture obtaining process. 

Having comparable tissue constructs simultaneously would allow studying with 

precision the influence of cell culture time or other external stimuli (e.g. electrical 

stimulation) on cardiac tissue constructs development. 

 Flow distribution in the parallelized perfusion bioreactor 

To parallelize the perfusion bioreactor, both three-way stopcocks of the single 

chamber perfusion bioreactor were substituted by four port luer manifolds (Figure 4.5A 

and 4.10A respectively). Luer manifolds distributed the culture medium through four 

exits, so a perfusion chamber could be connected in each branch to have a parallel 

system. However, to ensure that in every branch of the bioreactor there was exactly the 

same flow rate, flow restrictors had to be installed, which were commercially available 

microfluidic channels (Figure 4.10A). The fluidic resistance exerted by the flow restrictor 

had to be much higher than the one exerted by the luer manifold to distribute the flow 

homogeneously through all branches. Thus, the resistance to the flow exerted by the 

luer manifold and the fluidic resistor had to be calculated. First, we had to elucidate the 

presence or absence of laminar flow by determining Reynolds number in both devices: 

ܴ   ൌ ఘ	௩	

ఓ
   Eq. 4.5 

Where ܴ  is the Reynolds number, ߩ (kg/m3) is the density of the fluid (1030 kg/m3 

for culture medium)466, ݒ (m/s) is the mean velocity of the fluid, ܦ (m) is the inner 

diameter of the tubing, and ߤ (N s/m2) is the dynamic viscosity of the fluid (7·10-4 N s/m2 
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for culture medium at 37ºC)398. To calculate the mean velocity of the fluid inside both 

the luer manifold and the flow restrictor, the following equation was applied: 

ݒ ൌ 
ொ


  Eq. 4.6 

Where ݒ (m/s) is the mean velocity of the fluid, ܳ (m3/s) is the volumetric flow 

rate, and ܣ (m2) is the cross-sectional area of the tubing. Table 4.2 summarizes the 

results obtained for mean velocity of the fluid and Reynolds number calculations. 

On the one hand, for a luer manifold of 4 mm inner diameter through which a 

volumetric flow rate of 0.4 ml/min (6.67·10-
 
9 m3/s) was applied, the mean velocity of 

culture medium was 5.3 ·10-4 m/s. On the other hand, for a fluidic resistor of 0.1 mm 

inner diameter through which a volumetric flow rate of 0.1 ml/min (1,67·10-9 m3/s) was 

applied, the mean velocity of culture medium was 0.07 m/s. With these values Reynolds 

number could be calculated, which was of 3.12 for the luer manifold and of 10.3 for the 

fluidic resistor. Such low Reynolds numbers (< 2000) indicated that laminar fluid flow 

was yielded in both devices, so the resistance could be calculated as follows: 

ܴ ൌ 
଼	ఎ	

గ	ర
   Eq. 4.7 

Where R (Pa s/m3) is the resistance to the laminar flow, ߟ (N s/m2) is the viscosity 

of the fluid (7.8·10-4 N s/m2 for DMEM culture medium462), L (m) is the tubing length and 

r (m) is the tubing radius. On the one hand, for a luer manifold of 10 cm length and 4 

mm inner diameter, the resistance to the laminar flow was 1.24·107 Pa s/m 
3. On the 

other hand, for a fluidic resistor of 10.8 cm length and 0.1 mm inner diameter, the 

resistance to the laminar flow was 3.44·1013 Pa s/m3. A summary of the calculations is 

provided in Table 4.2. Results indicated that the resistance exerted by the flow restrictor 

is six orders of magnitude higher than the one exerted by luer manifold. Therefore, 

installing a fluidic resistor with these dimensions in every branch of the bioreactor would 

ensure a homogeneous flow distribution.   

Device 
Diameter/ 

length  
Flow rate 

 (ࡽ)
Mean 

velocity (࢜) 
Reynolds 

number (ࢋࡾ) 
Resistance to 

laminar flow (ࡾ) 

Luer 
manifold 

4 mm / 10 cm 0.4 ml/min 5.3 ·10-4 m/s 3.12 1.24·107 Pa s/m3 

Flow 
restrictor 

0.1 mm / 10.8 cm 0.1 ml/min 0.07 m/s 10.3 3.44·1013 Pa s/m3 

 

Table 4.2. Fluidic characterization of the parallelized perfusion bioreactor. Mean velocity, 
Reynolds number and resistance to laminar flow were calculated to assure that the same flow 
rate was present in every branch of the bioreactor. 
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To verify that every branch of the bioreactor had the same flow rate, we measured 

the volume of culture medium flowing through each branch after 10 min of perfusion at 

0.4 ml/min (Figure 4.10B-C). Results confirmed that a homogeneous distribution of 

culture medium was taking place, as equivalent flow rates at about 0.1 ml/min were 

coming through each bioreactor division. Consequently, we could conclude that a 

controlled flow perfusion bioreactor with a reliable parallelization system had been 

designed and properly assembled. Next, we went on validating the system as a cell 

culture platform by culturing cardiac tissue constructs in perfusion for several days. 

 

 Preliminary cellular tests 

4.3.2.1. Generation of rat cardiac tissue constructs  

Once we had established an efficient seeding methodology and assembled and 

characterized a parallelized perfusion bioreactor system, we went on generating rat 

A B
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Figure 4.10. Parallelized perfusion bioreactor system. A, Image of the parallelized bioreactor, 
composed of a (1) medium reservoir, (2) four port luer manifolds, (3) de-bubble systems, (4) flow 
restrictors, (5) perfusion chambers and a (6) gas exchanger. B,  Experimental setup to verify that 
the same flow rate was present in every branch of the bioreactor. The volume of culture medium 
passing through each branch after 10 min of perfusion was measured. C, Bar chart showing the 
measured flow rate in every branch of the bioreactor (n=3, mean ± SD). 
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cardiac tissue constructs. A primary culture of neonatal rat heart cells, which contained 

all the cell types composing the heart, was used in first instance to test the system 

because it was easier to handle than human induced pluripotent stem cells (hiPSC). 

Moreover, in the literature there is considerable knowledge and expertise on generating 

cardiac tissue constructs using neonatal rat cardiac cells281,297, so they would be really 

useful to validate our approach. Likewise, rat cardiac tissue constructs would be a 

convenient tool to assess the organization and functionality of the constructs obtained 

with the perfusion bioreactor, and to compare the results with the state of the art.   

For the generation of rat cardiac tissue constructs, 3.5·106 cells isolated from 

ventricles of 2-3-day-old rats were seeded inside MatridermTM scaffold (see “3.3.2. 

Perfusion seeding” section for further details). To study tissue development over time, 

three scaffolds were produced, with seeding efficiencies of 77.7%, 62.3% and 71.4%. 

The first cardiac construct was fixed just after seeding to have an initial time point (zero-

time point) as a reference. The other two cardiac constructs were installed inside the 

parallel perfusion bioreactor and cultured for 1 and 7 days respectively. Rat heart cells 

could attach and grow inside the 3D scaffold, forming a compact tissue after 7 days of 

culture that was evident even with the naked eye (Figure 4.11). As 2D controls, 0.5·106 

cells from the same primary culture were seeded in a 12-well plate. 

To evaluate the functionality of rat cardiac tissue constructs, the presence of 

spontaneous beating at seeding point and after 1 and 7 days of culture in perfusion was 

analyzed. For this, each construct was immersed in a Petri dish with culture medium at 

37ºC and observed under a microscope. Cardiac tissue constructs at seeding point and 

after 1 day of culture did not show any spontaneous contraction, neither at microscopic 

or macroscopic level. However, after 7 days of culture the cardiac construct contracted 

at microscopic level, meaning that further time in culture was necessary for restoration 

of cardiomyocytes contractile function (Figure 4.12 and Supplementary Videos 4.1 

and 4.2). Moreover, the contraction was performed not only by isolated groups of cells 

Figure 4.11. Image of MatridermTM scaffold before and after culturing a primary culture of 
neonatal rat heart cells. A, Void scaffold upon rehydration process. B, Cardiac tissue construct 
generated after culturing neonatal rat heart cells inside the scaffold for 7 days in the parallelized 
perfusion bioreactor. A high cell density circle grew in the centre of the scaffold. Scale bars: 5 
mm.  
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scattered along the scaffold, but by the whole construct. This is evidenced in Figure 

4.12, where well delimited features in consecutive frames of the video were coloured 

and their movement tracked by means of a numbered grid. Coloured zones modified 

Figure 4.12. Beating analysis of a rat cardiac tissue constructs cultured for 7 days in the 
parallelized perfusion bioreactor. Cardiac construct beating was video recorded from its top 
view using an inverted microscope. Then, consecutive frames of the video were selected and 
well delimited zones were coloured. Changes in shape and position of coloured zones were 
tracked by superimposing a numbered grid to the images. Scale bars: 50 µm.  
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their shape and position over time, and their displacement was similar for all of them. 

Therefore, cardiac tissue construct beating was performed by groups of cells (change 

in shape of coloured zones) in a coordinated way, resulting in a construct beating at the 

macroscale (equivalent displacement at the same time of the coloured zones).  

 After functional analysis, cardiac tissue constructs were fixed, sectioned and 

stained as described in “3.8.2.2. Cardiac tissue constructs (in toto)” section. As cardiac 

cell markers, antibodies against cardiac troponin I (cTnI) and α-sarcomeric actin (α-sa) 

were used. As universal cell markers, an antibody against α-tubulin (α-tub) to stain the 

cytoskeleton and 4',6-diamidino-2-phenylindole (DAPI) to stain cell nuclei were used. 

Immunofluorescence images revealed that constructs expressed cardiac markers at all 

timepoints studied, thus confirming that cardiomyocytes could attach and survive in the 

3D scaffold when cultured in the perfusion bioreactor (Figure 4.13). Regarding cell 

morphology, cardiomyocytes at seeding point were round and did not show any defined 

sarcomeric organization or evidence of cell-cell interactions (Figure 4.13). After one day 

in culture, cardiomyocytes adopted a more elongated morphology and their 

cytoskeleton organized into nascent and small sarcomeres (Figure 4.13). Still, the most 

relevant differences were found in cardiomyocytes cultured during 7 days in the 

bioreactor. High cell densities zones were found in the construct, with both 

cardiomyocytes and non-cardiomyocytes interacting among them and involved in the 

performance of the previously observed contractions (Figure 4.13). Moreover, cardiac 

cells displayed more elongated morphologies than in previous timepoints, with 

abundant and well-defined sarcomeric structures. Therefore, a favorable evolution of 

the cardiac construct towards a more mature construct was taking place, agreeing with 

previous works where constructs cultured under perfusion for about 10 days showed an 

optimal tissue architecture398,467. In standard 2D well plates, cardiomyocytes coming 

from the same primary culture showed well-developed sarcomeres and cell-cell 

interactions (Figure 4.13). However, their functional performance was different from the 

cardiac tissue construct. Cardiomyocytes in 2D well plates exerted sustained and 

synchronous contractions, but were organized in few layers of cells with individual 

beating colonies (Supplementary Video 4.3), whereas cardiomyocytes in the cardiac 

tissue construct assembled in more macroscopic structures.    

Taken together, those preliminary results corroborated the suitability of the 

developed bioreactor to support neonatal rat cardiac cells culture in a 3D scaffold, as 

well as to generate contractile cardiac tissue constructs. Thus, the next step was to 

culture human induced pluripotent stem cells (hiPSC) in the parallelized perfusion 

bioreactor system to obtain human cardiac tissue constructs. 
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4.3.2.2. Generation of human cardiac tissue constructs 

Generation of keratinocyte-derived induced pluripotent stem (KiPS) transgenic 

cell lines and their differentiation to the cardiac lineage was studied and optimized by 

Dr. Claudia Di Guglielmo during her PhD thesis. In this section, only the part of her work 

performed in collaboration is being reproduced. For further details, readers are 

encouraged to refer to Dr. Di Guglielmo’s PhD thesis. 

After validating the parallelized perfusion bioreactor approach with neonatal rat 

heart cells, we tried to generate human cardiac tissue constructs from human induced 

pluripotent stem cells (hiPSC). For that, it was important to consider that in vitro 

differentiation protocols gave rise to a mixture of different cell types in culture, and in a 

non-synchronized way. Moreover, monitoring the effectiveness of cardiac differentiation 

was crucial because high amounts of cardiac cells were needed to generate tissue-like 

cardiac tissue constructs. For that purposes, two reporter cell lines were produced, one 

expressing green fluorescent protein (GFP) when hiPSC were differentiated to early 

mesoderm (Brachyury (Bra) cell line) and another one expressing GFP when hiPSC 

were differentiated to cardiomyocytes (α-myosin heavy chain (αMHC) cell line)431. 

Figure 4.13. Immunostaining of rat cardiac tissue constructs cultured in the parallelized 
perfusion bioreactor. Cardiac constructs at seeding point and after 1 or 7 days of culture in the 
bioreactor were analysed, as well as the same pool of cells cultured in standard 2D well plates. 
Changes in sarcomeric organization and cell shape were noticeable over time in culture. DAPI: 
4',6-diamidino-2-phenylindole; α-sa: α-sarcomeric actin; cTnI: cardiac troponin I; α-tub: α-tubulin. 
Scale bar: 25 µm.  
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The first hypothesis we wanted to address was whether early mesoderm 

committed cells were able to reach terminal cardiac differentiation when cultured in the 

perfusion bioreactor. For this, cardiac differentiation was started on hiPSC-Bra 

transgenic cells in monolayer culture with modulators of canonical Wnt signaling433. On 

day 2 of differentiation, flow cytometry analysis revealed that 87.4% of cells were 

committed to mesoderm (Figure 4.14A), which was also confirmed by Brachyury and 

GFP additional expression analysis (Figure 4.14B-C). Those early mesoderm-

commited cells were mixed with human foreskin fibroblasts (HFF) in a 1:1 proportion to 

obtain a co-culture, as the presence of non-cardiomyocytes helped the maturation of 

hiPSC-derived cardiomyocytes in comparison with a pure cardiomyocyte population246. 

Five MatridermTM scaffolds were seeded with the co-culture, with seeding efficiencies 

of 98%, 97.25%, 96%, 86% and 98%. The first cardiac construct was fixed just after 

seeding (day 2 of differentiation) to have an initial timepoint as a reference to study 

cardiac differentiation over time. The other cardiac constructs were cultured in the 

parallelized perfusion bioreactor for 6, 13, 17 and 20 days, respectively, with culture 

medium composition being the same at each timepoint as the standard differentiation 

protocol in well plates. As 2D controls, 0.5·106 cells from the co-culture were seeded in 

a 12-well plate, and early mesoderm-commited hiPSC without HFF were also 

maintained in 12-well plates (standard differentiation protocol). 

 

Figure 4.14. Analysis of mesoderm commitment of hiPSC-Brachyury transgenic cell line 
on day 2 of differentiation. A, Flow cytometry analysis of GFP expression on day 2 of 
differentiation. B, Semi-quantitative RT-PCR analysis of GFP and Brachyury confirm their 
expression (black lines) on day 2 of differentiation. MW: molecular weight; Numbers 0 to 14: days 
of differentiation. C, Immunostaining of GFP and Brachyury expressed by hiPSC on day 2 of 
differentiation. Colocalization of both proteins could be observed. GFP: green fluorescent protein; 
DAPI: 4',6-diamidino-2-phenylindole. Scale bars: 50 µm. Figure adapted from Di Guglielmo, C431. 
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Contractility of the generated cardiac tissue construct was assessed after each 

culture time by observing the presence of spontaneous beating. Unfortunately, 

spontaneous beating could not be identified in any of the tissue constructs, whereas in 

2D controls beating areas were clearly detected from day 13 on. Therefore, cardiac 

constructs were fixed, sectioned and stained as described “3.8.2.2. Cardiac tissue 

constructs (in toto)” to analyze the efficiency of the differentiation process, as well as 

the morphology of the cells and to which extent they could colonize the scaffold. Initially, 

cell nuclei were stained in cross-sections of cardiac tissue constructs to study the 

presence of cells and their distribution at each timepoint. Interestingly, all cardiac tissue 

constructs contained a high number of cells that increased over time in culture (Figure 

4.15), confirming not only cell survival but also proliferation inside the scaffold.  

 

To analyze the differentiation process and discriminate hiPSC-derived 

cardiomyocytes from HFF, we used antibodies against GFP (specific of hiPSC), α-

tubulin (α-tub, cytoskeleton marker), cardiac troponin I (cTNI, cardiac specific marker) 

and α-sarcomeric actin (α-sa, cardiac specific marker). Immunostaining analysis 

showed that early mesoderm-committed cells were present in the cardiac construct at 

Figure 4.15. Human cardiac tissue constructs generation from a co-culture of early
mesoderm-committed hiPSC and human foreskin fibroblasts (HFF). Cardiac constructs were
cultured inside the parallelized perfusion bioreactor for different times to assess construct
development. Images of the obtained cardiac constructs are shown, as well as reconstructions of
entire cross-sections stained with DAPI. Constructs scale bar: 5 mm. Cross-sections scale bar: 1
mm. BF: bright field; DAPI: 4',6-diamidino-2-phenylindole. Adapted from Di Guglielmo, C431. 
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seeding point, mixed with non-GFP expressing cells and displaying round shapes 

characteristic of not well-adhered cells (Figure 4.16). However, early mesoderm-

committed cells were not able to differentiate to cardiomyocytes in co-culture, as 

expression of cardiac specific markers was absent both in cardiac tissue constructs and 

their corresponding 2D controls (Figure 4.16). The fact that cardiac markers were 

clearly displayed in hiPSC differentiated with the standard protocol suggested that the 

Brachyury-cell line had cardiogenic potential (Figure 4.16). Therefore, co-culturing early 

mesoderm-committed cells with HFF did not promote cardiac differentiation in any of 

the conditions studied. This was relatively unexpected, as cardiac constructs generated 

with a pure culture of GFP expressing cells gave similar results (data not shown), and 

it had been reported that non-cardiomyocytes helped the maturation of human 

embryonic stem cell (hESC)-derived cardiomyocytes during differentiation328.  

 

Figure 4.16. Immunostaining of human cardiac constructs cultured in the perfusion 
bioreactor and their corresponding 2D controls. A co-culture of early mesoderm-committed 
hiPSC and human foreskin fibroblasts (HFF) was seeded in 3D scaffolds to obtain cardiac tissue 
constructs. As controls, the same co-culture (co-culture 2D control) and early mesoder-commited 
hiPSC without HFF (standard differentiation protocol) were maintained in well plates. Scale bars: 
50 µm. DAPI: 4',6-diamidino-2-phenylindole; GFP: green fluorescent protein; α-tub: α-tubulin; 
cTNI: cardiac troponin I; α-sa: α-sarcomeric actin. Figure adapted from Di Guglielmo, C431. 
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Results obtained with Brachyury cell line lead us to hypothesize that the 

bioreactor could have a role in improving the maturation of cardiomyocytes derived from 

hiPSC. Nowadays, it is possible to produce cardiomyocytes from human pluripotent 

stem cells (hPSC), but they exhibit morphological and functional properties more similar 

to cardiomyocytes of the developing heart than of the adult40. Therefore, providing 

hiPSC-derived cardiomyocytes with a more physiological environment by means of a 

3D environment could favor their maturation towards a more adult-like phenotype. To 

address this issue, we took advantage of the α-myosin heavy chain (αMHC) transgenic 

cell line that express GFP when hiPSC are differentiated to cardiomyocytes. Cardiac 

differentiation was started on hiPSC-αMHC transgenic cells in monolayer culture using 

modulators of canonical Wnt signalling433. On day 20 of differentiation, flow cytometry 

analysis revealed that 44% of cells were differentiated to cardiomyocytes (Figure 

4.17A), which was also confirmed by αMHC, GFP and cardiac troponin I (cTNI) 

expression analysis (Figure 4.17B-C). On day 30 of differentiation, hiPSC-deriverd 

cardiomyocytes were isolated by picking beating areas and were mixed with human 

foreskin fibroblasts (HFF) in a 3:1 proportion. Then, two MatridermTM scaffolds were 

seeded with the co-culture, with seeding efficiencies of 85% and 92.6%. The first cardiac 

construct was fixed after 1 day of culture in the parallelized perfusion bioreactor, and 

the second one after 4 days of culture. As a 2D control, 2.5·105 cells from the same co-

culture were seeded and maintained in a 6-well plate for equivalent times. 

 

A B 

C 

Figure 4.17. Cardiac differentiation analysis of hiPSC-αMHC transgenic cell line on day 20 
of differentiation. A, Flow cytometry analysis of GFP expression on day 20 of differentiation. 
B, Semi-quantitative RT-PCR analysis of GFP and αMHC expression. αMHC expression was 
evaluated in GFP positive (+) and negative (-) cells. MW: molecular weight; Numbers 0 to 20: 
days of differentiation. C, Immunostaining of MHC, GFP and cTNI proteins expressed by hiPSC 
on day 20 of differentiation. Colocalization of the proteins could be observed. MHC: α-myosin 
heavy chain; GFP: green fluorescent protein; cTNI: cardiac troponin I; DAPI: 4',6-diamidino-2-
phenylindole. Scale bars: 50 µm. Figure adapted from Di Guglielmo, C431. 
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To assess the functional activity of the generated cardiac tissue constructs, 

spontaneous beating was checked after each culture time. Unfortunately, spontaneous 

beating could not be identified in any of the tissue constructs, whereas in 2D controls 

beating areas were detected. Cardiac tissue constructs were fixed, sectioned and 

immunostained as described in “3.8.2.2. Cardiac tissue constructs (in toto)” section to 

analyze cell population morphology, distribution and presence or absence of 

cardiomyocytes. Antibodies against α-tubulin (alpha tubulin, cytoskeleton marker), 

cardiac troponin I (cTNI, cardiac specific marker), α-sarcomeric actin (ASA, cardiac 

specific marker) and α-sarcomeric actinin (AAS, cardiac specific marker) were used. 

Results showed that some hiPSC-derived cardiomyocytes were present in the cardiac 

construct after 1 day of culture in the bioreactor, mixed with non-cardiac cells and 

expressing cTNI and ASA cardiac markers (Figure 4.18). In addition, and more 

importantly, the same population of cells was maintained after 4 days of culture in 

perfusion, forming clusters of aggregated cells that expressed cTNI, ASA and AAS 

cardiac markers (Figure 4.18). Those observations were in agreement with the results 

obtained for co-culture 2D controls, where aggregates of cardiomyocytes interacted with 

non-cardiac cells and exhibited contractile activity (Figure 4.18). On the whole, those 

results suggested that a co-culture of hiPSC-derived cardiomyocytes and HFF was 

capable to attach and survive in a 3D scaffold under perfusion of culture medium for 

periods of time up to 4 days. Therefore, increasing both the number of cardiomyocytes 

seeded in the scaffold and the time in culture would be a strategy to follow for the 

development of tissue-like human cardiac tissue constructs. Moreover, results 

confirmed the need of having differentiated cardiomyocytes from hiPSC before seeding 

them in the scaffold, thus suggesting a pivotal role of the bioreactor in the maturation of 

hiPSC-derived cardiomyocytes.  

Altogether, those preliminary results set the bases for the development of human 

cardiac tissue constructs with an improved maturity respect to standard differentiation 

protocols, but further optimization of culture parameters was absolutely needed. Apart 

from improving cell number and time of culture, we wanted to provide cells with a well-

known regulatory signal that favours cardiomyocytes maturation and contractility within 

cardiac tissue constructs: electrical stimulation318,319. Electrical stimulation has 

demonstrated to induce the establishment of synchronous contractions in cardiac tissue 

constructs, as well as to promote cardiomyocytes alignment and ultrastructural 

organization281,371. Therefore, to obtain thick human cardiac constructs that resembled 

the human myocardium we wanted to include electrical stimulation to the parallelized 

perfusion bioreactor, a combination of signals that had hardly been explored288,407,408. 
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4.4. Design and fabrication of a custom-made perfusion chamber with 

electrical stimulation 

Preliminary cellular tests suggested that perfusion alone was not enough to 

obtain tissue-like cardiac constructs, so we decided to electrically stimulate 

cardiomyocytes to improve their functionality, structural organization and coupling within 

the construct318,319. We designed and fabricated a prototype of the perfusion chamber 

Figure 4.18. Immunostaining analysis of human cardiac constructs cultured in the 
perfusion bioreactor and their corresponding 2D controls. A co-culture of hiPSC-derived 
cardiomyocytes and human foreskin fibroblasts (HFF) was seeded in 3D scaffolds to obtain 
cardiac constructs. As a control, the same co-culture (co-culture 2D control) was maintained in 
well plates for equivalent culture times. Scale bars: 75 µm. cTNI: cardiac troponin I; ASA: α-
sarcomeric actin; DAPI: 4',6-diamidino-2-phenylindole; AAS: α-sarcomeric actinin. Figure 
adapted from Di Guglielmo, C431. 
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including electrical stimulation because chambers combining both stimuli were not 

available in the market. We aimed at fabricating a chamber with dimensions equivalent 

to the perfusion chamber without electrodes, and capable to deliver a homogeneous 

electric field with an appropriate magnitude for cardiac cells stimulation. Taking this into 

account, three prototypes of the perfusion chamber were developed, and the suitability 

of each geometry was assessed in terms of electric field delivery, watertightness, 

material compatibility with sterilization procedures and cell survival.  

 First prototype: poly(methyl methacrylate) (PMMA) and 

polydimethylsiloxane (PDMS)  

The first approach to fabricate a chamber including perfusion and electrical 

stimulation was based on structuring poly(methyl methacrylate) (PMMA) plastic and 

using polydimethylsiloxane (PDMS) as sealant, since our research group had extensive 

expertise in working with those materials468,469. PMMA thick sheets were structured to 

have a central hole of 11 mm in diameter (where the cardiac tissue construct would be 

installed), two transversal channels of 2 mm in diameter (to allow electrodes entry to the 

center of the chamber), and four holes at PMMA corners (to mechanically bound PMMA 

sheets using screws and washers) (Figure 4.19A). To watertight the chamber, PDMS 

prepolymer was spinned to obtain a thin sheet of silicone, which was placed between 

two structured PMMA sheets (Figure 4.19B). However, watertightness was impeded by 

transversal channels, as the thin film could not adapt to their shape. Therefore, we 

fabricated a mold to obtain a PDMS gasket that allowed electrodes entry to the chamber 

and fitted properly between PMMA sheets. The mold consisted in a Petri dish pierced 

with a 2 mm wire and containing a structured PMMA sheet at the bottom (Figure 4.19C). 

Then, the Petri dish was filled with PDMS prepolymer and, after curing, it was removed 

from the mold and cut to obtain a PDMS replica of the structured PMMA with a central 

channel (Figure 4.19D). Finally, PDMS replica were assembled with two structured 

PMMA sheets and bound with screws and washers to form the perfusion chamber 

(Figure 4.19E-F). The prototype demonstrated to be watertight when connected to a 

closed-circuit with perfusion of water at 0.1 ml/min during 2 days, thus being suitable for 

working under flow conditions.  

Before using the new perfusion chamber with electrical stimulation, it was 

important to elucidate if the dimensions of the prototype were appropriate for our 

purposes. Specifically, we had to determine if the diameter of the electrodes and their 

position with respect to the cell construct were convenient to deliver a homogeneous 

electric field to the cultured cells. Besides, we had to establish if the proposed materials 

(PDMS, PMMA, and graphite electrodes recommended in the literature387) and culture 

medium electrical properties were appropriate for electrical stimulation of cardiac tissue 

constructs. 
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To that end, we formulated an electric field model where chamber inner 

dimensions were reproduced, as well as materials composing each element (Figure 

4.20A). Notably, to represent chamber interior, a prism was drawn instead of a cylinder 

to faithfully reproduce the interaction between electrodes and culture medium. Initially, 

we checked that the electric signal was properly transmitted throughout the chamber by 

plotting the electric potential in the geometry. Results showed that transmission of the 

electric signal was achieved when applying a differential voltage of 5 V between the 

electrodes, with potential drop occurring through the culture medium (Figure 4.20B).  

Next, we modelled the electric field generated in the chamber to study electric 

field distribution (Figure 4.21A). With this, not only the magnitude of the stimulation 

sensed by cells was addressed, but also the homogeneity of the signal (Figure 4.21B-

D). Results showed that cells within cardiac tissue construct would be stimulated with 

electric fields ranging from 290 to 460 V/m depending on their position within the 

construct. Specifically, cells located at the centre and top or bottom surfaces of the 

scaffold would receive a stimulation ranging from 330 to 460 V/m (green and red lines 

in Figure 4.21B transverse plot), whereas cells located at the centre and middle depth 

of the scaffold would receive a stimulation from 330 to 410 V/m (blue line in Figure 

4.21B transverse plot). Regarding cells located at the seeding limits, the ones near to 

stimulation electrodes would receive electric field values ranging from 290 to 410 V/m 

(red and green lines in Figure 4.21C sagittal plot), whereas the ones far from the 

Figure 4.19. Fabrication and assembly of the first prototype of the perfusion chamber with 
electrical stimulation. A, Structured PMMA plastic sheets obtained after milling, together with 
screws and washers to mechanically bound both sheets. B, Side view of two structured PMMA 
sheets assembled to form the perfusion chamber. A thin layer of PDMS was used as a sealing 
element (yellow arrowhead). C, Mould used to obtain a PDMS replica of the structured PMMA 
with a 2 mm channel across the entire chamber. D, Side view of the PDMS replica of the 
structured PMMA, obtained from the mould in C. PDMS replica was used as a sealing element, 
and the 2 mm channel acted as an entry point for electrodes (red arrowhead). E, Top view of the 
perfusion chamber with a PDMS sealant that allowed electrodes entry. F, Side view of the 
perfusion chamber with a PDMS sealant that allowed electrodes entry. Scale bars: 1 cm. 
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stimulation electrodes would receive electric field values around 290 V/m (red and green 

lines in Figure 4.21D coronal plot). Finally, cells located at the centre of the scaffold 

would receive an electric stimulation ranging from 290 to 330 V/m when perpendicular 

to the electrodes (blue line in Figure 4.21C sagittal plot) or from 330 to 410 V/m when 

parallel to the electrodes (blue line in Figure 4.21D coronal plot). Taken together, those 

results suggested that the magnitude of the electric field in each location was within the 

recommended values for cardiac cells stimulation (from 200 to 600 V/m319,329,387,408). 

However, the model revealed that electric field distribution was not uniform enough for 

all the cells within the construct, as differences as high as 170 V/m were encountered. 

Those differences could mean inhomogeneous cell conditioning and could lead to 

undesired differences in cell performance407,470. Therefore, a redesign of the chamber 

was needed to create a more homogeneous environment for cell culture. 

 

y=-2.5 
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Figure 4.20. Electrode configuration and 3D modelling of the electric potential in the first 
prototype of the custom-made perfusion chamber. A, System configuration, where silicone 
gaskets, graphite electrodes of 2 mm in diameter, culture medium and cardiac construct position 
are represented. B, Electric potential through the geometry when applying a differential voltage 
of 5 V, including a cross-sectional plane of the result at cells location (green circle in A). The plot 
shows electric potential values along red, blue and green lines in cross-sectional plane, which is 
the place where cells are seeded in the scaffold.  
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Figure 4.21. Plot of the simulation of the electric field in the first prototype of the custom-
made perfusion chamber. A, Simulated electric field through the 3D geometry when applying a 
differential voltage of 5 V between the electrodes. Transverse (B), sagittal (C) and coronal (D) 
planes of the result are shown, and their position is determined by cell location. Black arrowheads 
indicate the direction of the electric field. Plots show electric field values only where cells are 
located (red, blue and green lines corresponding to the three planes of each reference plane).    
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To improve the homogeneity of the electric field distribution in our setup, we could 

either increase the distance between the electrodes or increase their effective area45. 

However, we wanted to maintain the inner dimensions of the perfusion chamber with 

electrical stimulation close to the one without electrodes. Therefore, we decided to 

increase electrode effective area until the diameter of the electrode was equivalent to 

the length occupied by cells, which was of 5 mm. This turned our electrical stimulation 

system into a parallel plate electrode configuration, which is one of the simplest 

electrode design that generates a uniform electric field387,319. To confirm that uniformity, 

we solved the 3D model for the same geometry but including graphite electrodes of 4.6 

mm in diameter (Figure 4.22A). Signal transmission throughout the prototype and the 

cardiac tissue construct was corroborated, with potential drop occurring in the culture 

medium and potential values being slightly higher at the same positions than with 

previous electrodes (Figure 4.22B).  
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Figure 4.22. Electrode configuration and 3D modelling of the electric potential in the first 
prototype of the perfusion chamber with wide electrodes. A, System configuration, where 
silicone gaskets, graphite electrodes of 4.6 mm in diameter, culture medium and cardiac 
construct position are represented. B, Electric potential through the geometry when applying a 
differential voltage of 5 V, including a cross-sectional plane of the result at cells location (green 
circle in A). The plot shows electric potential values along red, blue and green lines in cross-
sectional plane, which is the place where cells are seeded in the scaffold.  
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Figure 4.23. Electric field model in the first prototype of perfusion chamber with wide 
electrodes. A, Predicted electric field through the 3D geometry when applying a differential 
voltage of 5 V between the electrodes. Transverse (B), sagittal (C) and coronal (D) planes of the 
result are shown, and their position is determined by cells location. Black arrowheads indicate 
the direction of the electric field. Plots show electric field values only where cells are located (red, 
blue and green lines corresponding to the three planes of each reference plane).      
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Regarding the distribution of the electric field, the simulation predicted stimulation 

values of the electric field ranging from 400 to 500 V/m depending the position within 

the scaffold. Specifically, cells located at the centre and top or bottom surfaces of the 

scaffold would receive a stimulation ranging from 435 to 500 V/m (green and red lines 

in Figure 4.23B transverse plot), whereas cells located at the centre and middle depth 

of the scaffold would receive a stimulation from 435 to 485 V/m (blue line in Figure 

4.23B transverse plot). Concerning cells located at the seeding limits, the ones near to 

stimulation electrodes would receive electric field values ranging from 415 to 485 V/m 

(red and green lines in Figure 4.23C sagittal plot), whereas the ones far from the 

stimulation electrodes would receive electric field values ranging from 400 to 415 V/m 

(red and green lines in Figure 4.23D coronal plot). Finally, cells located at the centre of 

the scaffold would receive an electric stimulation ranging from 400 to 435 V/m when 

perpendicular to the electrodes (blue line in Figure 4.23C sagittal plot) or from 435 to 

485 V/m when parallel to electrodes (blue line in Figure 4.23D coronal plot). On the 

whole, the magnitude of the stimulation was optimal for cardiomyocytes culture387,408. 

Moreover, cells would be exposed to a more uniform electric field distribution by using 

larger electrodes, as the maximum difference predicted was of 100 V/m. This difference 

was considered negligible because previous works could obtain tissue constructs with 

improved calcium handling when having that variability in electric field values319. Thus, 

the designed configuration was considered suitable for the stimulation of cardiac tissue 

constructs.  

To assemble the new perfusion chamber with electrodes of 4.6 mm in diameter, 

the thickness of the PDMS replica had to be increased. For that, a brass cylinder that fit 

the central hole of the chamber was fabricated (Figure 4.24A). The cylinder was 11 mm 

in diameter, 14 mm in height and it had a transversal hole in the centre of 4.6 mm in 

diameter, where electrodes were inserted. Then, the cylinder together with the 

electrodes was assembled with two structured PMMA sheets containing screws and 

washers, and everything was put in a plastic container. The plastic container was filled 

with PDMS prepolymer, and after curing it was removed from the mold (Figure 4.24B) 

and cut to obtain a PDMS replica of the structured PMMA with 4.6 mm central channel 

(Figure 4.24C). As the new PDMS replica increased whole chamber height, two 

additional PDMS gaskets of 11 mm in diameter and 6.5 mm in height had to be 

fabricated to place the scaffold in the center of stimulation electrodes (Figure 4.24D). 

Finally, all components were assembled to form the perfusion chamber with electrical 

stimulation (Figure 4.24E-F), and the prototype was connected to a closed-circuit filled 

with culture medium to test its watertightness and feasibility as a cell culture system 

(Figure 4.24G). 
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Initially, we measured electric potential values in the perfusion chamber to verify 

that the expected stimulation was properly delivered. To gather information about the 

center of the chamber, two gold electrodes were inserted through PDMS replica, 

perpendicular to graphite electrodes (Figure 4.25A). Then, rectangular pulses at 3 Hz 

of frequency, 2 ms of duration and 5 V of amplitude were applied between the graphite 

electrodes. Electric potentials between stimulation electrodes and between one 

stimulation electrode and the center of the chamber (gold electrodes) were measured. 

The intended waveform was faithfully applied and 2.2 V (Figure 4.25B) were measured 

in the center of the chamber, meaning an electric field of 400 V/m and thus coinciding 

with the predicted values by the model.  

Figure 4.24. Fabrication and assembly of the perfusion chamber with electrical stimulation 
with electrodes of 4.6 mm in diameter. A, Turned brass using a lathe to obtain a cylinder that 
fitted inside the perfusion chamber. It included a central hole through which graphite electrodes 
could be inserted. B, Top and side views of the mould used to obtain a PDMS replica of the 
structured PMMA with a 4.6 mm channel across the entire chamber. C, Side view of the PDMS 
replica obtained from the mould in B, which acted as a sealing element. The 4.6 mm channel 
was the entry point for electrodes. D, Structured PMMA sheets, PDMS replica and PDMS gaskets 
together with screws and washers to form the entire chamber (3D view in E, top view in F). G, 
Side view of the perfusion chamber connected to a closed-circuit and filled with culture medium. 
Scale bars: 1 cm. 
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After confirming prototype’s ability to deliver the desired electric field, we tested 

its feasibility as a cell culture system. For that, we seeded 3.5·106 human foreskin 

fibroblasts (HFF) inside MatridermTM scaffold, and cultured the tissue construct inside 

the chamber for 7 days in perfusion (see “3.3.2. Perfusion seeding” and “3.4.1. Single 

chamber perfusion bioreactor” sections for further details). Unfortunately, cells were not 

able to grow and colonize the scaffold because internal PDMS gaskets were not 

clamping the scaffold properly, so tissue construct was found detached and folded in a 

corner of the chamber. Moreover, leakage through graphite electrodes was found, 

mainly because of their high porosity and the pressure exerted by culture medium 

perfusion. In addition, clamping of croc clips from the function generator to graphite 

electrodes was inadequate because of large diameter of the electrodes. Regarding 

materials suitability, screws and washers oxidized due to incubator humidity, and PMMA 

sheets scratched due to ethanol sterilization and screws mechanical strain. Finally, the 

connection of the chamber to the fluidic circuit consisted in a luer connector glued with 

cyanoacrylate at the exit of the chamber, and it was not robust enough. This connection 

was very fragile, leaked after 4 days of culture and was very difficult to waterproof again. 

All those observations demonstrated that the first prototype of the perfusion chamber 

with electrical stimulation was not solid and well-developed enough to maintain a cell 

culture. However, both the geometry and electric field values were suitable for our 

purposes, so we went on fabricating the chamber in a most robust way by developing a 

second prototype. 

 

A B

Figure 4.25. Electric potential measurements in the first prototype of the perfusion 
chamber with electrical stimulation. A, System configuration, where two gold electrodes of 
0.5 mm in diameter were inserted through PDMS replica, perpendicular to stimulation electrodes 
(graphite electrodes). B, Voltage measurements in the first prototype of the perfusion chamber 
with electrical stimulation. Measured values coincide with the ones predicted by the model. Scale 
bar: 1cm. 
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 Second prototype: 3D printing of acrylonitrile butadiene 

styrene (ABS) 

The second prototype of the perfusion chamber with electrical stimulation was 

designed to overcome the problems of the first prototype in terms of cell culture 

capabilities. For this, the first issue to be addressed was watertightness of graphite 

electrodes and improvement of their clamping surface by croc clips. Waterproofing of 

carbon rod electrodes was performed using a heat-shrink tubing, and clamping surface 

improvement by drilling two holes in each electrode and threading a solid tinned 

annealed copper wire. Finally, the connection was insulated using an epoxy resin that 

contacted with heat-shrink tubing, thus obtaining watertight electrodes (Figure 4.26A). 

The second issue to be addressed was the robustness of the chamber in terms of 

leakage, assembly and cardiac construct clamping during the time needed for the 

experiments. For this, we designed a prototype with a cap and a base that would form 

the chamber when threaded together, thus simplifying the four screws and washers of 

the first prototype to only one thread (Figure 4.26C). Moreover, three holes would be 

accurately bored in the chamber and luer connectors adjusted for a reliable connection, 

which would be reinforced by cyanoacrylate gluing (Figure 4.26C). Finally, an effective 

clamping of the cardiac construct was designed, which consisted in placing the tissue 

construct between two gaskets that exerted pressure on it when closing the chamber 

(Figure 4.26B). To fabricate a prototype that met all those requirements in a trustworthy 

manner, 3D printing of each part was considered the most suitable process. The 

material chosen was acrylonitrile butadiene styrene (ABS), as it is a plastic material 

convenient for 3D printing processes, biocompatible and sterilisable by UV light (Figure 

4.26D). Finally, the fabricated chamber was sterilised, assembled in sterile conditions 

and connected to a closed circuit filled with culture medium to test it as a cell culture 

system (Figure 4.26E). To faithfully reproduce culture conditions, one disk of hydrated 

MatridermTM scaffold was placed inside the chamber, perfusion of culture medium at 0.1 

ml/min was applied and the whole system was placed inside an incubator at 37ºC and 

5% CO2. Unfortunately, leakage of culture medium through the wall of the chamber 

appeared after 1 day of culture, meaning that the layer-by-layer 3D printing process had 

not enough resolution or solidity to withstand culture medium pressure. Moreover, 

bacterial contamination was clearly identified at day 4 of culture, meaning that the 

sterilization method was not effective in our 3D chamber. 

 To overcome leakage and bacterial contamination problems, two strategies were 

adopted: first, each part of the chamber was infiltrated with cyanoacrylate to block the 

pores generated during fabrication. Second, ethylene oxide (EtO) was used as 

sterilization process because it is extensively used to sterilize medical and 

pharmaceutical products, and also because ABS plastic does not withstand ethanol or 

autoclave treatments. After both procedures, the chamber was assembled in sterile 
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conditions, connected to a closed-loop with perfusion of culture medium at 0.1 ml/min 

and put inside an incubator. Successful results were obtained after 7 days of culture 

with electrical stimulation, because neither leakage nor contamination was found in the 

system, suggesting that the chamber was suitable for cell culture combining perfusion 

and electrical stimulation.  

 

Before generating any tissue construct, we measured electric potential values in 

the perfusion chamber to verify that the expected stimulation was properly delivered. As 

the internal geometry was preserved between the first and the second prototype, similar 

potential values should be present inside the chamber. Therefore, rectangular pulses at 

3 Hz of frequency, 2 ms of duration and increasing amplitudes from 1 V to 10 V were 

applied between graphite electrodes. Electric potentials between stimulation electrodes 

(Figure 4.27A) and between one stimulation electrode and the center of the chamber 

Figure 4.26. Fabrication and assembly of the second prototype of the perfusion chamber 
with electrical stimulation. A, Watertight carbon rod electrodes with solid tinned annealed 
copper wire threaded through them. B, Illustration of the second prototype cross-section, where 
an acrylonitrile butadiene styrene (ABS) gasket (blue), the tissue construct (pink) and a silicone 
gasket (yellow) are shown. C, Illustration of perfusion chamber with electrical stimulation 
assembly. Carbon rod electrodes were inserted through lateral holes, while gold electrode was 
inserted through the frontal hole. D, Frontal, perspective and top images of the second prototype 
of the perfusion chamber with electrical stimulation. E, Connection of the chamber to a closed-
circuit filled with culture medium. Scale bar: 1cm. 
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(gold electrode) (Figure 4.27B) were measured. Results showed that the waveform was 

faithfully applied in all voltages studied, both between stimulation electrodes and center 

to stimulation electrode. Moreover, when applying a differential voltage of 5 V between 

graphite electrodes, in the center of the chamber there was a potential of 2.1 V, which 

meant an electric field of 420 V/m. That measured value was in agreement with the one 

predicted by the model (Figure 4.23C), thus indicating that the fabricated chamber was 

appropriate to electrically stimulate cardiac tissue constructs with the simulated electric 

field values. 

 

Once we corroborated that electrical stimulus was properly delivered through the 

chamber and problems related to leakage and sterility were solved, we tested its 

feasibility as a cell culture system. For that, 3.5·106 neonatal rat heart cells were seeded 

inside MatridermTM scaffold (see “3.3.2. Perfusion seeding” section for further details). 

Two constructs were produced, with seeding efficiencies of 71.7% and 72.9% 

respectively. The first tissue construct was cultured inside the chamber with perfusion 

of culture medium but without applying any electrical impulse (control), whereas the 

other construct was cultured with perfusion of culture medium and electrical stimulation. 

Regrettably, no cells were found inside the scaffolds after 7 days of culture, probably 

Figure 4.27. Electric potential measurements in the second prototype of the perfusion 
chamber with electrical stimulation. A, Voltage measurements between stimulation electrodes 
using an oscilloscope. Plot shows potential values when applying increasing differential voltages 
from 1 V to 10 V. B, Voltage measurements between one stimulation electrode and the centre of 
the chamber (gold electrode) using an oscilloscope. Plot shows potential values when applying 
increasing differential voltages from 1 V to 10 V. 
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because there were ethylene oxide remains inside the chamber that prevent cell survival 

and growth. Even so, we repeated the experiment without sterilizing the chamber again, 

as in principle it remained sterile and EtO gas could have been completely removed 

after the first trial. Unfortunately, bacterial contamination reappeared at day 4 of culture, 

meaning that it was necessary to sterilize the prototype after each experiment. On the 

whole, those results suggested that it was necessary to fabricate a chamber using a 

material resistant to ethanol and autoclave sterilization. In addition, chamber 

components (e.g. stimulation electrodes, gaskets, etc.) should be renewable to avoid 

cell culture contamination, so we went on fabricating the third prototype of the perfusion 

chamber with electrical stimulation. 

 Third prototype: precision machining of polypropylene (PP) 

Cell culture experiments performed with the second prototype of the chamber 

highlighted the importance of using an autoclavable and ethanol-resistant material for 

chamber fabrication. Therefore, the third prototype of the perfusion chamber with 

electrical stimulation was made of polypropylene (PP) plastic, as it has very good 

resistance to alcohol, its melting temperature is around 170ºC and it is biocompatible. 

Similarly to the second prototype, the PP chamber was composed of a cap and a base 

that formed the chamber when threaded together (Figure 4.28A), but it was fabricated 

by precision machining instead of by 3D printing. This technique allowed us to avoid 

layer-by-layer fabrication and posterior infiltration, thus obtaining solid parts without 

leakage problems. Regarding chamber connection to the bioreactor circuit, three holes 

were also bored in the chamber, and luer connectors adjusted and glued using 

cyanoacrylate. Likewise the second prototype, cardiac tissue construct clamping was 

performed by placing the tissue construct between two gaskets that exerted pressure 

on it when closing the chamber. The upper gasket was fabricated by precision 

machining of PP, while the silicone gasket was fabricated by polydimethylsiloxane 

(PDMS) molding (Figure 3.9). However, we improved the design of the prototype by 

adding two PP adapters screwed to chamber base that allowed the renewal of carbon 

rod electrodes after each experiment (Figure 4.28A).  

Once fabricated, the PP chamber was autoclaved, assembled in sterile 

conditions and connected to a bioreactor filled with culture medium to test its suitability 

as cell culture system (Figure 4.28B). The chamber did not show any leakage or 

contamination problems after 7 days of culture with perfusion, thus suggesting that the 

chamber was suitable for cardiac constructs culture. To verify that cells could survive, 

grow and were capable to generate tissue constructs inside the prototype, 3.5·106 

human foreskin fibroblasts (HFF) were seeded inside one MatridermTM scaffold with a 

seeding efficiency of 69.5% (see “3.3.2. Perfusion seeding” section for further details). 

Then, the tissue construct was cultured in the prototype with perfusion of culture 
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medium and electrical stimulation during 7 days. Results confirmed that the chamber 

was suitable for tissue construct production, as HFF attached and grew inside the 3D 

scaffold so much that it was evident with the naked eye (Figure 4.28C). Finally, the 

construct was fixed, sectioned and cell nuclei were stained as described in “3.8.2.2. 

Cardiac tissue constructs (in toto)” section, which corroborated the presence of HFF 

throughout the scaffold (Figure 4.28D-E). 

 

We measured electric potential values in the perfusion chamber to verify that the 

expected stimulation was properly delivered. To that end, trains of rectangular pulses 

at 3 Hz of frequency, 2 ms of duration and 5 V of amplitude were applied between 

graphite electrodes, and electric potentials were measured at different positions. 

Results showed that the waveform was faithfully applied at the desired frequency, both 

between stimulation electrodes and center to one stimulation electrode (Figure 4.29A). 

To have an estimation about the current flowing through the chamber during electrical 

Figure 4.28. Fabrication, assembly and cell culture in the third prototype of the perfusion 
chamber with electrical stimulation. A, Frontal, perspective and top images of the prototype. 
Inside the chamber, the tissue construct is placed between two gaskets. Scale bar: 1 cm. B, 
Connection of the chamber to the bioreactor filled with culture medium. C, Tissue construct 
generated after culturing human foreskin fibroblasts (HFF) for 7 days under perfusion and 
electrical stimulation. High cell density zones grew in scaffold, coinciding with the internal 
geometry of the chamber. Scale bar: 2 mm. D-E, Cross-sections and DAPI (4',6-diamidino-2-
phenylindole) nuclei staining of two different zones of the tissue construct obtained in C. Scale 
bars: 100 µm. 
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stimulation, we built a circuit by placing either a 50 Ω or 200 Ω resistor in series with the 

bioreactor (Figure 4.29B). Then, the amount of current in the chamber was calculated 

by measuring the potential drop across the resistor and applying Ohm’s law318:  

ܫ ൌ	 


ோ
 Eq. 4.8 

Where ܫ		is the current, ܸ	is the measured voltage and ܴ is the resistance exerted 

by the resistor. In our electrical stimulation setup, the calculated current value was of 

2.45±0.07 mA. 

 

A 

B

C

Figure 4.29. Characterization of the electrical stimulation system. A, Voltage measurements 
in the third prototype of the perfusion chamber with electrical stimulation. Plots show potential 
values when applying rectangular pulses at 3 Hz of frequency, 2 ms of duration and 5 V of 
amplitude between graphite electrodes. B, Equivalent circuit setup to verify electrical stimulation. 
Estimated current values in the bioreactor were elucidated by measuring the voltage across a 
resistor (R1 and R2) connected in series with the bioreactor, and back-calculating the current using 
Ohm’s law. C, Equivalent circuit setup to verify that the current limit of the function generator is 
not surpassed by attaching the bioreactor. Voltage measurements of the source before and after 
the bioreactor was attached were performed. 
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To further characterize our electrical stimulation system, we checked that the 

current limit of the function generator was not surpassed when attaching the bioreactor. 

For that, voltages generated by the source before and after bioreactor installation were 

measured (Figure 4.29C). Results confirmed that the current limit was not surpassed, 

as waveforms were faithfully applied and differences between them were not significant.  

Finally, electrical impedance of the system was measured using a multimeter. 

Electrical impedance is the total opposition that a circuit presents to electric current 

when a voltage is applied, and was important to elucidate it because could influence 

any posterior electric signal recording. An electrical impedance of 3 MΩ was found when 

measuring from the center of the chamber (gold electrode) to one graphite electrode, 

whereas the impedance was of 0.3 MΩ when measuring between graphite electrodes. 

The impedance between graphite electrodes was lower because electric current paths 

could be established within the culture medium, whereas the gold electrode was 

surrounded by the scaffold and the current was forced to go through it. 

 

y=-2.5 
y=0 
y=2.5 

Gaskets  Graphite electrodes (4.6 mm) 
Culture medium 

Scaffold 
Cells 

A Modelled geometry 

B Electric potential (V)

Figure 4.30. Electrode configuration and 3D modelling of the electric potential in the third 
prototype of the perfusion chamber with wide electrodes. A, System configuration, where 
gaskets, graphite electrodes of 4.6 mm in diameter, culture medium and cardiac construct 
positions are represented. B, Electric potential through the geometry when applying a differential 
voltage of 5 V, including a cross-sectional plane of the result at cells location (green circle in A). 
The plot shows electric potential values along red, blue and green lines in cross-sectional plane, 
which is the place where cells are seeded in the scaffold.  
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To verify that measured electric potential and current values were in accordance 

with a 3D model of the prototype, we formulated electric potential, electric field and 

current density models taking into account chamber interior dimensions and materials 

composing each element (Figure 4.30A). Signal transmission throughout the prototype 

and the cardiac construct was corroborated, with potential drop occurring in the culture 

medium and values being similar to previous prototypes (Figure 4.30B). Regarding 

electric field and current density distribution, cells composing the cardiac construct were 

stimulated with electric fields ranging from 400 to 485 V/m and current densities ranging 

from 575 to 700 A/m2 depending on their position (Figure 4.31A and 4.32A). 

Specifically, cells would receive a stimulation ranging from 435 to 485 V/m and 625 to 

700 A/m2 independently of their position in scaffold depth (blue, green and red lines in 

Figure 4.31B and 4.32B transverse plots). Concerning cells located at the seeding 

limits, the ones near to stimulation electrodes would receive electric field values ranging 

from 415 to 485 V/m and current densities from 600 to 700 A/m2 (red and green lines in 

Figure 4.31C and 4.32C sagittal plots). Conversely, cells far from the stimulation 

electrodes would receive electric field values ranging from 400 to 415 V/m and current 

densities ranging from 575 to 700 A/m2 (red and green lines in Figure 4.31D and 4.32D 

coronal plots). Finally, cells located at the centre of the scaffold would receive an 

electrical stimulation ranging from 400 to 435 V/m and current densities ranging from 

575 to 630 A/m2 when perpendicular to the electrodes (blue line in Figure 4.31C and 

4.32C sagittal plots). When parallel to the electrodes, cells at the centre of the scaffold 

would receive an electrical stimulation from 435 to 485 V/m and current densities from 

630 to 700 A/m2 (blue line in Figure 4.31D and 4.32D coronal plots).  

On the whole, results confirmed that the model could predict the electrical 

stimulation delivered to the construct, as oscilloscope measurements in the centre of 

the chamber also indicated electric field values around 460 V/m (Figure 4.29A). 

Similarly, the measured current values flowing through the bioreactor (2.45 mA, Figure 

4.29B) were properly predicted by the 3D model. We calculated the current density from 

that measurements by using the approximation that assumes the current simply 

proportional to the electric field: 

ܬ ൌ  Eq. 4.9  ܧߪ

Where ܬ (A/m2) is the current density, ߪ (S/m) is the conductivity of the medium 

(1.44 ± 0.03 S/m for DMEM culture medium) and ܧ (V/m) the electric field. Current 

densities around 660 A/m2 were calculated from current values measured in the 

prototype, coinciding with predicted values and corroborating the ability of the model to 

predict the stimulation delivered to cardiac tissue constructs.  
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Figure 4.31. Electric field model in the third prototype of the chamber with electrical 
stimulation. A, Predicted electric field through the 3D geometry when applying a differential 
voltage of 5 V between the electrodes. Transverse (B), sagittal (C) and coronal (D) planes of the 
result are shown, and their position is determined by cells location. Black arrowheads indicate 
the direction of the electric field. Plots show electric field values only where cells are located (red, 
blue and green lines corresponding to the three planes of each reference plane).      
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Figure 4.32. Current density model in the third prototype of the chamber with electrical 
stimulation. A, Predicted current density through the 3D geometry when applying a differential 
voltage of 5 V between the electrodes. Transverse (B), sagittal (C) and coronal (D) planes of the 
result are shown, and their position is determined by cells location. Black arrowheads indicate 
current direction. Plots show current density values only where cells are located (red, blue and 
green lines corresponding to the three planes of each reference plane).      
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Taken together, results indicated that the third prototype of the perfusion chamber 

including electrical stimulation could generate an electric field with a magnitude and 

uniformity suitable for cardiomyocytes culture. Moreover, the prototype did not show 

leakage or contamination problems, and human foreskin fibroblasts attached and grew 

inside the 3D scaffold when cultured under perfusion and electrical stimulation during 7 

days. Therefore, the prototype was validated as a cell culture platform, and the next 

step was culturing cardiomyocytes in our advanced 3D culture system to attempt the 

generation of cardiac tissue constructs.  

 

4.5. Generation of rat cardiac tissue constructs through perfusion and 

electrical stimulation  

Previous results aimed at establishing which materials, devices and cell culture 

parameters were appropriate to develop tissue-like cardiac tissue constructs. To 

summarize, MatridermTM collagen-elastin scaffold was selected because of its 

convenient composition, porosity and stiffness. Regarding cell seeding methodology, 

one-way perfusion of the cell suspension through the scaffold at 1 ml/min was identified 

as the most efficient and effective process. As a cell culture system, the design and 

fabrication of a parallelized perfusion bioreactor ensured the production of multiple 

tissue constructs under comparable conditions. Finally, a perfusion chamber including 

electrical stimulation was fabricated and validated as a cell culture system. Figure 4.33 

provides the reader with a summary of the strategy to attempt the generation of rat 

cardiac tissue constructs, which was used for all the experiments in the following 

sections.  

First trials to produce cardiac tissue constructs with our advanced 3D culture 

system were performed with neonatal rat heart cells because they are easier to handle 

than human induced pluripotent stem cells (hiPSC), and they have been extensively 

used in the literature. Therefore, they would be useful to validate our system, establish 

a methodology to analyse the maturation level of the cardiac constructs obtained and 

set the bases for human cardiac tissue constructs development.  

To generate cardiac tissue constructs from rat heart cells, primary cultures 

obtained from ventricles of 2-3-day-old neonatal rats were seeded inside MatridermTM 

scaffold. Then, tissue constructs were installed inside the bioreactor and cultured under 

perfusion for 3 days. At day 4 of culture, electrical stimulation regimen was started in 

stimulated constructs, while control ones were cultured only under perfusion. Trains of 

rectangular pulses at 5 V of amplitude, 3 Hz of frequency and 2 ms of duration were 

continuously applied, in agreement with the literature281,387. Control and electrically 

stimulated constructs were cultured during 7 days. At several timepoints, their functional 
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activity and structural organization was assessed to study the influence of the electrical 

stimulation on their development (for further details, see “3.4.2. Parallelized perfusion 

bioreactor” section). 

 

 Electrical stimulation improves the contractility of cardiac 

tissue constructs 

After being cultured inside the bioreactor, the functional activity of the cardiac 

tissue constructs was analysed. Because previous results demonstrated that cardiac 

constructs were capable to contract at the macroscale (Figure 4.12), we fabricated a 

video recording setup to collect data about their contractile behaviour. The setup was 

formerly published as a bioreactor for the culture of cardiac constructs318, and consisted 

in a Petri dish with two graphite electrodes glued at its bottom (Figure 3.11 and Figure 

4.34A). The constructs were be placed in between the electrodes, and their response 

Figure 4.33. Scheme of the strategy employed to attempt the generation of rat cardiac 
tissue constructs. Neonatal rat heart cells were seeded inside the scaffold by perfusing the cell 
suspension through it. Then, constructs were installed in the perfusion bioreactor and cultured 
either with or without electrical stimulation.  
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to electrical stimuli was addressed. We first characterized the system to verify that the 

expected stimulation was properly delivered. For that, we filled the Petri dish with 

Tyrode’s salt solution and measured the electric potential at the center of the dish 

(where the construct would be placed) and on the ground and source electrodes (Figure 

4.34B-D). Results showed that the intended waveform was faithfully applied through the 

whole setup, and 2 V in the center of the Petri dish were measured when applying a 

differential potential of 5 V between the electrodes. 

 

To study the effects of time in culture on rat cardiac tissue constructs contractile 

function, constructs were analyzed just after seeding and after 2 or 7 days of culture. 

Cardiac tissue constructs at seeding point and after 2 days of culture did not show any 

spontaneous contraction, neither at microscopic nor at macroscopic levels. However, 

after 7 days of culture cardiac constructs beat at macroscopic level, with contractions 

performed by the whole tissue construct in a coordinated way (Supplementary Video 

4.4). Therefore, more than 2 days in culture was necessary to restore cardiomyocytes 

contractile function when seeded in a 3D scaffold.  

To elucidate the role of electrical stimulation in the contractility of rat cardiac 

tissue constructs, they were cultured during 7 days in perfusion and subjected to either 

electrical stimulation or not (for further details, see “3.5.3. Electrical stimulation regime 

for cardiac constructs culture” section). Electrical stimulation had a direct impact on cell 

distribution within the construct, as cells concentrated in the region delimited by 

stimulating electrodes, being appreciable even with the naked eye (Supplementary 

Video 4.4 and 4.5, and Figure 4.35A). Their functional activity was assessed by 

A B C D

Figure 4.34. Video recording setup to study contractile behaviour of cardiac tissue 
constructs. A, Image showing the Petri dish with two graphite electrodes glued at the bottom, in 
between of which the cardiac construct is placed. For functional assessment, the system is filled 
with Tyrode’s salt solution and different electrical stimuli are applied. Electric potentials are 
measured on the ground (B) and source (D) electrodes, as well as in the centre of the Petri dish 
(C) for appropriate characterization of the electrical stimulation system.  
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determining the excitation threshold (ET), the maximum capture rate (MCR) and the 

fractional area change (FAC) of their contractions (Figure 4.35). ET is the minimum 

voltage at which the entire construct starts beating synchronously and continuously to 

an imposed pacing, and MCR is the maximum frequency of sustained synchronous 

contractions. Finally, FAC is useful to assess the amplitude of contraction, and is 

calculated as the fractional change of the construct surface area upon contraction. 

Although ET and MCR did not show significant differences between control and 

electrically stimulated constructs (3.25 ± 1.06 V Control vs 3.27 ± 0.75 V ES, and 2.3 ± 

0.42 Hz Control vs. 2.67 ± 0.41 Hz ES, Figure 4.35B-C), an enhanced contractility with 

an evident preferential axis of contraction could be observed (Supplementary Videos 

4.4-4.6). Indeed, the constructs exposed to continuous electrical stimulation exhibited 

significantly higher contraction amplitudes, with values four times greater than non-

stimulated ones (Figure 4.35D). On the whole, results suggested that electrical pacing 

improved cardiomyocytes beating synchrony and coupling, thus approaching tissue 

cardiac constructs to a more adult-like phenotype. Those observations were consistent 

with the literature, as identical electrical stimulation parameters were applied in similar 

constructs and increased FACs were also observed281,387. 

 

Figure 4.35. Analysis of the functional activity of rat cardiac tissue constructs after 7 days 
of culture. A, Top view images of constructs cultured without (Control) or with (ES) electrical 
stimulation. Red arrow indicates the direction of the electric field during culture. Scale bars: 2.5 
mm. B, Excitation threshold (ET) of Control and ES constructs (n=3 per group). C, Maximum 
capture rate (MCR) of control and ES constructs (n=3 per group). D, Contraction amplitude 
analysis of control and ES constructs by means of Fractional Area Change (FAC). The area in 
pixels of each construct was obtained through a MATLAB program, and its oscillation was 
represented over time (relative to the maximum number of pixels recorded). Bar charts show the 
fold induction relative to the mean of the control (individual experiments (Exp1, Exp2 and Exp3) 
and total fold induction (n=3 per group, average ± SD). ES: electrostimulated. 
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 Time in culture and electrical stimulation potentiate the 

structural maturation of rat cardiac tissue constructs 

The morphology, organization and distribution of heart cells within the tissue 

constructs was analyzed by immunofluorescence. Cardiac constructs were fixed, 

sectioned and stained as described in “3.8.2.2. Cardiac tissue constructs (in toto)”. As 

cardiac cell markers, antibodies against cardiac troponin I (cTNI) and α-sarcomeric actin 

(ASA) were used. As universal cell markers, an antibody against α-tubulin (α-tub) to 

stain the cytoskeleton and 4',6-diamidino-2-phenylindole (DAPI) to stain cell nuclei were 

used. Finally, connexin 43 (Cx43) antibody was used to stain gap junctions, and second 

harmonic generation (SHG) signal was recorded for collagen imaging. At seeding point, 

rat heart cells were round and individually scattered through the scaffold (Figure 4.36). 

Moreover, cardiomyocytes did not show any defined sarcomeric organization, and Cx43 

was randomly distributed through their cytoplasm, suggesting that more time in culture 

was needed for the establishment of cell-cell interactions.  

 

Figure 4.36. Immunostaining of engineered rat cardiac constructs at seeding point. 
Representative cross-sections and higher magnification images of cardiac constructs, where 
cardiomyocyte’s morphology and distribution along the scaffold is shown. ASA: α-sarcomeric 
actin; Cx43: connexin 43; DAPI: 4',6-diamidino-2-phenylindole; Col: collagen. Scale bars: 1 mm 
(cross-sections), 50 µm and 10 µm (higher magnification images).  
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After 2 days in culture, rat heart cells clustered in groups and established more 

cell-matrix and cell-cell interactions, which led to a more elongated morphology (Figure 

4.37). Although cardiomyocytes still had not recovered their particular rod shape and 

cytoskeletal organization, some isolated and small sarcomeres could be seen, 

suggesting a positive tendency towards structural restoration of cardiomyocytes. The 

positive effect of longer time periods in culture on cardiomyocyte structural organization 

was further analyzed by culturing cardiac constructs for 7 days. Immunofluorescence 

images revealed that rat heart cells organized in high cell density zones, with both 

cardiomyocytes and non-cardiomyocytes interacting among them (Figure 4.38). 

Specifically, cardiomyocytes displayed much more elongated morphologies than in 

previous timepoints, and presented well-defined sarcomeric structures. Besides, the 

improvement in cardiomyocyte structural organization coincided with the appearance of 

macroscopic contractions (Supplementary Video 4.4), thus confirming a favorable 

evolution of the cardiac construct towards a more mature stage over time in culture.   

 

Figure 4.37. Immunostaining of engineered rat cardiac constructs after 2 days of culture 
in the bioreactor. Representative cross-sections and higher magnification images of cardiac 
constructs, where cardiomyocyte’s morphology and distribution along the scaffold is shown. ASA: 
α-sarcomeric actin; Cx43: connexin 43; DAPI: 4',6-diamidino-2-phenylindole; Col: collagen. Scale 
bars: 1 mm (cross-sections), 50 µm and 10 µm (higher magnification images).  
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Regarding the effects of electrical stimulation during culture, immunofluorescence 

images showed that both electrostimulated and control cardiac tissue constructs 

displayed positive expression of cardiac markers (Figure 4.38 and 4.39). However, 

cardiomyocytes that had undergone electrical stimulation showed a compact and 

extended distribution along the entire construct cross-section (Figure 4.39), whereas 

the non-stimulated ones formed intermittent groups with high cell densities (Figure 

4.38). Interestingly, cardiomyocytes in electrostimulated tissues presented a highly 

elongated shape, with abundant and well-defined sarcomeres that aligned in the 

direction of the electric field (Figure 4.39). Although non-stimulated cardiac tissue 

constructs also contained highly elongated cardiomyocytes with evident and definite 

sarcomeric structures, they were scarcer and did not show any preferential direction of 

alignment (Figure 4.38). On the whole, those results suggested that pulsatile electric 

field stimulation had a direct impact on cell distribution and organization within the 

Figure 4.38. Immunostaining of engineered rat cardiac constructs after 7 days of culture 
without electrical stimulation. Representative cross-sections and higher magnification images 
of cardiac constructs, where cardiomyocyte’s sarcomeric organization, alignment and distribution 
along the scaffold is shown. ASA: α-sarcomeric actin; cTNI: cardiac troponin I; DAPI: 4',6-
diamidino-2-phenylindole; Col: collagen. Scale bars: 1 mm (cross-sections), 50 µm and 10 µm 
(higher magnification images).  
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construct, as it induced cardiomyocyte alignment parallel to the electric field. It is 

plausible that differences in cell arrangement have an impact on the contractile behavior 

of cardiac tissue constructs, as electrically stimulated ones elicit wide contractions in 

the direction of the electric field (Supplementary Videos 4.4-4.6). Those observations 

were consistent with the literature, as it was reported that the combined use of perfusion 

and electrical stimulation could induce cell alignment and coupling, and increase the 

amplitude of synchronous construct contractions281,407. 

 

Finally, we compared the phenotype of rat heart cells in our cardiac contructss 

with the one acquired by the same cell type when cultured in standard 2D cultures and 

in its native cardiac environment (adult rat heart). Cardiomyocytes cultured for 7 days 

in standard cell culture dishes assembled in beating colonies, and they were not aligned 

Figure 4.39. Immunostaining of engineered rat cardiac constructs after 7 days of culture 
under electrical stimulation. Representative cross-sections and higher magnification images 
of cardiac constructs, where cardiomyocyte’s sarcomeric organization, alignment and distribution 
along the scaffold is shown. E: electric field; ASA: α-sarcomeric actin; cTNI: cardiac troponin I; 
DAPI: 4',6-diamidino-2-phenylindole; Col: collagen. Scale bars: 1 mm (cross-sections), 50 µm 
and 10 µm (higher magnification images).  
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in any particular direction (Figure 4.40). Although cardiomyocytes showed well-

developed sarcomeres and cell-cell interactions in those conditions, their cytoskeleton 

extended in multiple directions, thus adopting irregular shapes that influenced their 

contractile behavior (Supplementary Video 4.3). In flat opposition to this, 

cardiomyocytes in the adult rat heart were large in size, and had an elongated 

anisotropic shapes precisely oriented to form highly aligned myofibers (Figure 4.40). 

Regarding cytoskeletal organization, myofibrils had excellent alignment of multiple, well-

developed and abundant sarcomeres of uniform width. In this context, our findings 

suggested that cardiac constructs cultured under pulsatile electric fields approached to 

adult myocardium phenotype more than non-stimulated ones and standard 2D cultures, 

although it still differed importantly from the adult heart tissue (Figure 4.40).  

 

To further characterize cell organization and maturity, cardiac tissue constructs 

cultured for 7 days in the bioreactor were examined at ultrastructural level by 

transmission electron microscopy (TEM). During ultrathin sections screening, we found 

organized sarcomeres much more frequently in the electrically stimulated constructs 

Figure 4.40. Rat heart cells morphology and arrangement in different environments. Cross-
section images of cardiac constructs cultured for 7 days under perfusion and either with (left, top 
images) or without (right, top images) electrical stimulation are shown. To compare their structural 
organization with standard 2D cultures and native cardiac environment, immunofluorescence 
images of 2D controls (left, bottom images) and adult rat heart tissue (right, bottom images) are 
also provided. cTNI: cardiac troponin I; α-tub: α-tubulin; DAPI: 4',6-diamidino-2-phenylindole; Col: 
collagen. Scale bars: 25 µm.  
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than in the control ones (data not shown). Images also revealed that constructs cultured 

under electrical stimulation had cardiomyocytes with a more aligned and well-defined 

sarcomeric banding than control ones (Figure 4.41A). Moreover, cells in 

electrostimulated constructs displayed advanced specialized intercellular unions, such 

as intercalated discs, desmosomes and gap junctions, whereas in control constructs 

they were less developed (Figure 4.41A and inset). We also compared the phenotype 

of cardiomyocytes in our tissue constructs with the one acquired in standard 2D cultures 

and in its native environment. Cardiomyocytes in 2D cultures also showed marked Z-

discs (transverse matrix of proteins that limits the sarcomere) and specialized cellular 

unions, but differed from cardiac constructs in sarcomere bundles organization, as they 

extended randomly in multiple directions (Figure 4.41A). Despite improvements in 

cytoskeleton alignment with respect to 2D cultures and non-stimulated cardiac 

constructs, electrically stimulated cardiomyocytes were still far from achieving the 

organization level of neonatal rat heart (Figure 4.41A). For example, in the heart, 

mitochondria align in between parallel and large sarcomere bundles and some 

cardiomyocytes display binucleation, features that were not detected in any of our 

cardiac constructs. However, cardiomyocytes in electrically stimulated constructs 

regained some aspects of the myocardium that were not observed in the other 

conditions, such as aligned and frequent sarcomeres found at regular intervals, and well 

developed specialized intercellular unions. Therefore, it represented a step forward 

towards the generation of tissue-like cardiac constructs.  

To quantify the morphometric differences observed between the groups of 

study, the width of myofibrillar bundles was measured trough determination of Z-disc 

height (white square brackets in Figure 4.41A). Cardiomyocytes that had undergone 

electrical stimulation displayed wider sarcomeres in comparison with non-stimulated 

samples and standard 2D cultures (ES: 0.54 ± 0.32 µm, Control: 0.29 ± 0.16 µm and 

2D: 0.42 ± 0.18 µm; p<0.001), thus corroborating that electrical pacing promoted 

myofibrillar bundles formation (Figure 4.41B). Still, cardiomyocytes in neonatal rat heart 

ventricles showed a significant increase in sarcomere width compared with electrically 

stimulated constructs (0.71 ± 0.36 µm; p<0.001). 

In summary, those results suggested that cardiomyocytes acquired a higher 

degree of maturation when cultured in a 3D environment and stimulated with pulsatile 

electric fields, which was in agreement with previously published works318,337. Although 

reaching an organization level equivalent to the rat heart was not achieved, conditioning 

cardiac constructs with electrical stimulation approached the possibility to obtain 

valuable in vitro models of cardiac tissue. 
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Figure 4.41. Ultrastructural organization of rat cardiomyocytes. A, Representative images 
of cardiomyocytes when cultured during 7 days in standard well plates (2D) and in 3D cardiac 
constructs without (Control) or with electrical stimulation (ES), as well as in its native environment 
(NRV, neonatal rat ventricle). Scale bars: 0.5 µm; Inset: 0.1 µm. B, Morphometric analysis of 
sarcomere width, measured as indicated by white square brackets in A (***p<0.001; n ≥ 2 per 
group, Mann Whitney U test). 
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4.6. Generation of human cardiac tissue constructs through perfusion 

and electrical stimulation 

 Cardiac differentiation potential of human induced 

pluripotent stem cells (hiPSC) 

The cardiac differentiation potential of several hiPSC clones was analyzed (work 

performed in collaboration with Center of Regenerative Medicine in Barcelona (CMRB)). 

For that, hiPSC were differentiated using a serum-free monolayer culture system with 

modulators of canonical Wnt signaling pathway, as previously described433. Morphology 

of hiPSC changed as expected over the days of differentiation (Figure 4.42A). 

 

Figure 4.42. Cardiac differentiation potential of human induced pluripotent stem cells 
(hiPSC). A, Bright field images of human fibroblasts-derived iPS (FiPS) cells at day -3, 0, 5 and 
20 of differentiation. Scale bars: 200 µm. B, Expression of cardiac markers in hiPSC-CM at day 

0, 20 and 35 of differentiation (mean  SD; n=2). MYH6: α-myosin heavy chain; MYH7: β-myosin 
heavy chain; ACTC1: cardiac muscle alpha actin; TNNT2: cardiac troponin T; MLC2V: myosin 
light chain 2v; SERCA2A: Sarcoplasmic Reticulum Ca2+-ATPase isoform 2a; RYR2: ryanodine 
receptor 2; CACNA1C: calcium voltage-gated channel subunit alpha1 C; AH: adult heart.  
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 The human clone that displayed the best in vitro cardiogenic potential was 

selected, which generated contracting monolayers at day 20 of differentiation 

(Supplementary Video 4.7). Cardiac specific genes α-myosin heavy chain (MYH6), β-

myosin heavy chain (MYH7), cardiac muscle alpha actin (ACTC1), myosin light chain 

2v (MLC2V), cardiac troponin T (TNNT2) and calcium channel markers ryanodine 

receptor 2 (RYR2), Sarcoplasmic Reticulum Ca2+-ATPase isoform 2a (SERCA2A) and 

calcium voltage-gated channel subunit alpha1 C (CACNA1C) were positively expressed 

upon differentiation, although values still differed from the adult heart tissue (Figure 

4.42B). Notably, contracting monolayers expressed high percentages of cardiac 

troponin I (cTNI) and myosin heavy chain (MHC) proteins (71.6  5.3 % cTNI+/MHC+ 

cells) at day 20 of differentiation (Figure 4.43A). Immunofluorescence analysis showed 

C 

Figure 4.43. Human induced pluripotent stem cells-derived cardiomyocytes (hiPSC-CM) at 
day 20 of differentiation. A, Flow cytometry analysis of hiPSC-CM for cardiac troponin I (cTNI) 
and myosin heavy chain (MHC) expression (n=3). B, Immunofluorescence detection of cardiac 
proteins cTNI, α-actinin sarcomeric (AAS) and connexin 43 (Cx43). Nuclear staining was 
performed with 4',6-diamidino-2-phenylindole (DAPI). Scale bars: 25 µm. C, Representative 
images of hiPSC-CMs ultrastructural organization. Scale bars: 2 µm; higher magnification: 1 µm. 
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that hiPSC-derived cardiomyocytes (hiPSC-CM) expressed the cytoskeletal cardiac 

proteins cardiac troponin I (cTNI) and -actinin sarcomeric (AAS) organized in regular 

sarcomeric units, as well as the cardiac gap junction protein connexin-43 (Cx43) (Figure 

4.43B). Cardiac differentiation was also confirmed at ultrastructural level, with 

cardiomyocytes showing a well-defined sarcomeric organization (Figure 4.43C). 

 Functional maturation of tissue-like human cardiac 

constructs is enhanced through electrical stimulation 

At day 20 of differentiation, hiPSC-CM were selected and mixed with human 

foreskin fibroblasts (HFF) to obtain a co-culture. Then, the cell suspension was seeded 

inside MatridermTM scaffold by applying perfusion in one direction at 1 ml/min, and tissue 

Figure 4.44. Scheme of the strategy to generate tissue-like human cardiac tissue 
constructs. Cardiomyocytes derived from human induced pluripotent stem cells (hiPSC-CM) 
were selected at day 20 of differentiation and mixed with human foreskin fibroblasts (HFF). Then, 
the cell suspension was seeded inside the scaffold by perfusion, cardiac constructs were installed 
in the bioreactor and they were cultured either with or without electrical stimulation.  

TM 
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constructs were cultured in the perfusion bioreactor either with or without electrical 

stimulation. Figure 4.44 provides the reader with a summary of the strategy to generate 

human cardiac tissue constructs, which was used in all the following sections. 

To study the functional activity of human cardiac tissue constructs at different 

timepoints and elucidate the effect of electrical stimulation on their contractile behaviour, 

tissue constructs were generated at seeding point and after 4, 7 and 14 days of culture. 

From day 4 on, some constructs were electrically stimulated (ES) and some not 

(Control). Cardiac tissue constructs at seeding point did not show any spontaneous 

contraction, neither at microscopic or macroscopic level. However, after 4 days of 

culture cardiac constructs beat at macroscopic level, with small contractions performed 

by the whole tissue construct (Supplementary Video 4.8 and Figure 4.45). Therefore, 

contractile tissue constructs were obtained just before initiating electrical stimulation, 

and this coincided with hiPSC-CM functional restoration in 2D controls, as beating 

zones also appeared 4 days after seeding (data not shown). After 7 days of culture in 

the perfusion bioreactor without electrical stimulation (Control), an improved contractile 

behavior of cardiac constructs could be observed, mainly represented by an increase in 

the amplitude of contraction and coordination with respect to day 4 constructs 

(Supplementary Video 4.9 and Figure 4.45). However, increasing culture time to 14 

days did not meant evident changes in cardiac constructs amplitude of contraction or 

synchronization (day 14 Control in Figure 4.45), suggesting that perfusion and a 3D 

environment improved tissue constructs functionality mainly in the initial stages 

(Supplementary Video 4.10). Regarding the role of electrical stimulation in the 

contractility of human cardiac constructs, tissue constructs subjected to electrical 

stimulation were generated after 7 and 14 days of culture. The first observation was that 

electric field stimulation had a direct impact on cell distribution within the construct at 

both timepoints. Cells concentrated in the region delimited by stimulating electrodes, 

appearing as a darker rectangle-shaped region appreciable even with the naked eye 

(Figure 4.45). Moreover, electrical stimulation markedly improved cardiomyocytes 

beating synchrony and coupling compared with control samples, leading to cardiac 

tissue constructs with a more efficient signal propagation both at day 7 and day 14 

(Supplementary Videos 4.11 and 4.12, and Figure 4.45).  

To quantify these differences, the excitation threshold (ET), maximum capture 

rate (MCR) and fractional area change (FAC) were determined for each condition. ET 

is the minimum voltage at which the entire construct starts beating synchronously and 

continuously to an imposed external pacing, and MCR is the maximum frequency of 

sustained synchronous contractions. Finally, FAC is used to assess the amplitude of 

contraction, and is calculated as the fractional change of the construct surface area. 

The improved contractile function of the electrically stimulated constructs was 

evidenced by a significant increase in the contraction amplitude compared with the 



RESULTS 

 

 

170 

 

control ones, suggesting a favorable maturation of the electromechanical coupling 

machinery (Figure 4.46A). Although ET and MCR did not show significant differences 

between the groups of study, a tendency towards lower ETs and higher MCRs in 

electrically stimulated constructs was observed (Figure 4.46A). 
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Figure 4.45. Amplitude of contraction of human cardiac tissue constructs. Spontaneous 
beating of non-stimulated (Control) and electrically stimulated (ES) constructs was video 
recorded after 4, 7 and 14 days in culture. Video frames of relaxed and contracted states are 
shown, with red shading representing relaxed area. The area in pixels of each construct was 
obtained through custom MATLAB program, and area changes in each beat were represented 
over time (fractional area change, FAC). Area is expressed relative to the maximum number of 
pixels of the construct (relaxed state). 
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The effect of cell distribution within the construct on the contractility of tissue 

constructs was analyzed in further detail by Particle Image Velocimetry (PIV). Strain 

maps were generated for cardiac constructs cultured for 14 days in the bioreactor, and 

demonstrated that the strain per contraction was higher in the electrostimulated 

constructs compared with control ones, thus corroborating their enhanced contractile 

performance (Figure 4.46B). To gather information about the beating directionality of 

tissue constructs, the alignment between the velocity vector fields and the direction of 

the electric field was assessed by the order parameter <cos 2θ>. Electrical stimulation 

oriented the beating of human cardiac constructs parallel to the direction of the electric 

field, whereas non-stimulated constructs resulted in a random distribution of the velocity 

vectors (Figure 4.46C). Therefore, cardiomyocytes cultured under a pulsatile electric 

field improved the directionality of human constructs contractions, having a close-to-

human and statistically significant better performance than the control ones (Figure 

4.46C and Supplementary Videos 4.10 and 4.12).   

A  

B C

Figure 4.46. Functional assessment of hiPSC-derived engineered cardiac tissues. A, 
Fractional area change (FAC), excitation threshold (ET) and maximum capture rate (MCR) of 
non-stimulated (Control) and electrostimulated (ES) human cardiac tissue constructs after 7 and 
14 days of culture. Data are expressed as average ± standard error of the mean (n ≥ 2 per group; 
***p<0.001; Student’s t-Test). B, Strain analysis of beating human cardiac constructs after 14 
days of culture. Velocity maps of the contracted state are shown for Control and ES constructs. 
Red colours and long arrows represent high velocities, while blue colours and short arrows 
represent low velocities. Scale bars = 2.5 mm. C, Analysis of the alignment between the direction 
of the electric field and the direction of the beating of human cardiac constructs. The order 
parameter <cos 2θ> was used, with values close to 0 meaning random distribution and values 
close to 1 meaning parallel alignment (***p<0.001; n=2 per group, test Mann-Whitney U test). 

Day 14 Control Day 14 ES 

Control ES 
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 Perfusion together with electrical stimulation promote the 

structural maturation of tissue-like human cardiac constructs 

The morphology, organization and distribution of the cardiomyocytes within 

human cardiac tissue constructs was analyzed by immunofluorescence. Constructs 

were fixed, sectioned and stained as described in “3.8.2.2. Cardiac tissue constructs (in 

toto)” section. Antibodies against cardiac troponin T (cTNT) and α-sarcomeric actin 

(ASA) were used as cardiac cell markers, a fluorescent conjugate of phalloidin (Ph) was 

used to stain cell cytoskeleton, and 4',6-diamidino-2-phenylindole (DAPI) was used to 

stain cell nuclei. Finally, second harmonic generation (SHG) signal was recorded for 

collagen imaging. At seeding point, human foreskin fibroblasts (HFF) were already 

starting to attach and spread inside MatridermTM scaffold, whereas hiPSC-CM were 

round and individually scattered through the scaffold (Figure 4.47A). Moreover, hiPSC-

CM did not show any defined sarcomeric organization. After 4 days in culture, hiPSC-

CM clustered and adopted an elongated morphology, thus establishing cell-matrix and 

cell-cell interactions (Figure 4.47B). Although cardiomyocytes still had not fully 

recovered their particular rod shape and cytoskeletal organization, some isolated and 

small sarcomeres could be seen, suggesting a positive tendency towards cardiac cells 

structural restoration. These observations were in concordance with the results about 

the recovery of the beating function, which was found after 4 days of culture inside the 

bioreactor. The positive effect of longer cell culture times on cardiomyocytes structural 

organization was studied by culturing cardiac constructs for 7 and 14 days (Figure 

4.47C and 4.47E). Immunofluorescence images revealed that hiPSC-CM organized in 

high cell density zones, with both cardiomyocytes and non-cardiomyocytes interacting 

among them. Specifically, cardiomyocytes displayed more elongated morphologies 

than in previous timepoints, and well-defined sarcomeric structures were clearly visible, 

being more evident and well-developed over time in culture.   

Immunofluorescence analysis was also performed on electrically stimulated 

constructs cultured for 7 and 14 days. Images showed that electrostimulated and control 

tissue constructs displayed positive expression of cardiac markers at both timepoints 

(Figure 4.47C-F). However, cardiomyocytes that had undergone electrical stimulation 

presented a highly elongated shape, with abundant and well-defined sarcomeres that 

aligned in the direction of the electric field (Figure 4.47D and 4.46F). Although control 

cardiac tissue constructs also contained elongated cardiomyocytes with defined 

sarcomeric structures, they did not show any preferential direction of alignment (Figure 

4.47C and 4.47E). That difference was much more visible after 14 days of culture, as 

highly organized myofibrillar bundles aligned in the direction of the electric field reached 

an unprecedented level of order (Figure 4.47F), which translated to maximum 

contraction amplitudes (Figure 4.46A). Electrically stimulated cardiomyocytes also 

showed a compact and extended distribution along the entire construct thickness and 
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cross-section, whereas in the control samples they colonized the upper part of the 

scaffold and were less spread (Figure 4.48). On the whole, these results suggest that 

pulsatile electric field stimulation has a direct impact on cell distribution and organization 

within the human tissue construct, as it improved cardiomyocyte structure and 

alignment. Moreover, these differences in cell arrangement determine the contractile 

behavior of cardiac tissue constructs, as electrically stimulated ones produced 

significantly wider contractions and parallel to the electric field than control ones.  

 

Figure 4.47. Immunostaining of engineered human cardiac constructs. Representative 
images of cardiac constructs at seeding point (A) and after 4 days of culture (B) are shown, as 
well as after 7 days of culture without (C, Control) or with (D, ES) electrical stimulation and after 
14 days of culture without (E, Control) or with (F, ES) electrical stimulation. Top part of the images 
correspond to tissue construct upper limit, whereas bottom part corresponds to scaffold interior. 
Electrically stimulated cardiac constructs were sectioned to obtain cross-sections oriented in the 
direction of the electric field (red arrows). cTNT: cardiac troponin T; Ph: Phalloidin; DAPI:  4',6-
diamidino-2-phenylindole; Col: collagen. Scale bars: 50 μm; High magnifications: 10 μm. 
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To further analyze cardiomyocytes maturity, cardiac constructs cultured for 7 

and 14 days were examined at their ultrastructural level by transmission electron 

microscopy (TEM). An enhanced organization level was found in constructs that had 

undergone electrical stimulation, as during screening of ultrathin sections we found 

structured sarcomeres more frequently than in control ones (data not shown). Images 

revealed that, although cardiomyocytes had a well-defined sarcomeric banding at both 

timepoints and conditions studied, sarcomeres were wider and more developed in 

electrostimulated tissue constructs than in control ones (Figure 4.49A). Moreover, 

cardiomyocytes in electrically stimulated constructs displayed advanced specialized 

intercellular junctions such as intercalated discs, desmosomes and gap junctions, 

whereas in control ones they were less developed (Figure 4.49A and inset). Those 

differences in the complexity of cell junctions was more evident after 14 days of culture, 

meaning that cardiomyocytes acquired optimal cell adhesion complexes for an 

appropriate electromechanical coupling47. To quantify the morphometric differences 

observed between the groups, the width of myofibrillar bundles was measured trough 

determination of Z-disc height (white square brackets in Figure 4.49A). Cardiomyocytes 

that had undergone electrical stimulation displayed a significant increase in sarcomere 

width in comparison with control constructs both at 7 and 14 days of culture, indicating 

that electrical stimulation promoted myofibrillar bundles formation (Figure 4.49B).  

On the whole, results suggest that hiPSC-CM acquire a higher degree of 

maturation when stimulated with pulsatile electric fields. Although the effects of electrical 

stimulation on human cardiomyocytes has been reported on microtissues and 

Figure 4.48. Immunostaining of human cardiac tissue constructs after 14 days of culture. 
Representative cross-sections and higher magnification images of constructs, where 
cardiomyocyte organization, alignment and distribution is shown. Electrically stimulated 
constructs were sectioned to obtain cross-sections oriented in the direction of the electric field 
(red arrow). E: electric field; cTNT: cardiac troponin T; DAPI: 4',6-diamidino-2-phenylindole; Ph: 
Phalloidin; Col: collagen. Scale bars: 500 µm (cross-sections) and 50 µm (higher magnifications). 
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microphysiological systems319,337,333, here we show for the first time its effect on 

macroscopic and thick human cardiac tissue constructs. Electrical stimulation has 

improved the structural organization, alignment and coupling of cardiomyocytes in our 

tissue constructs, leading to the formation of 3D tissue-like human cardiac constructs. 
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Figure 4.49. Ultrastructural organization of hiPSC-CM after 7 and 14 days in culture. A, 
Representative images of ultrastructural organization of cardiomyocytes in 3D cardiac constructs 
when cultured without (Control) or with electrical stimulation (ES). Scale bars: 0.5 µm; high 
magnification inset: 0.1 µm. B, Morphometric analysis showing sarcomere width, measured as 
indicated by white square brackets in A (***p<0.001; n ≥ 1 per group, Mann-Whitney U test). 
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 Human cardiac tissue constructs display an increased 

expression of cardiac specific genes  

To study the maturation of cardiomyocytes, the expression of cardiac genes in 

control and electrostimulated constructs was compared with the same culture seeded 

on multi-well plates (2D controls), as well as with fetal and adult human hearts. 

Collectively, results suggested that expression levels of cardiac specific genes 

increased considerably with time of culture, as well as when culturing cells in the 

bioreactor (Figure 4.50). Although non-statistical significant differences between control 

and electrostimulated constructs were detected, there was a tendency towards an 

upregulation of cardiac genes in electrically stimulated constructs at day 14 of culture. 

For example, expression of β-myosin heavy chain (β-MHC, encoded by MYH7 gene) 

has been reported to increase in late gestational ages and in adult ventricle with respect 

to early fetal stages78. A tendency towards an increased abundance of MYH7 was also 

observed in electrically stimulated constructs at day 14 of culture, thus suggesting an 

improvement of cardiomyocytes level of maturation (Figure 4.50). Cytoskeletal cardiac 

genes TNNT2 and ACTC1 were also upregulated in electrically stimulated constructs at 

day 14 of culture with respect to non-stimulated (3D Ctrl) ones and 2D controls (Figure 

4.50). Regarding the expression of ionic channels, the ventricular gap junction connexin 

43 (encoded by GJA1) displayed an increased expression in electrically stimulated 

constructs at day 14 of culture with respect to non-stimulated (3D Ctrl) ones and 2D 

controls. Similarly, a tendency towards an upregulation of calcium channel genes was 

observed in electrostimulated constructs in comparison with control ones and standard 

2D well plates, specially SERCA2A (Figure 4.50).  

On the whole, gene expression analysis suggested that culturing human induced 

pluripotent stem cells-derived cardiomyocytes (hiPSC-CM) for 14 days in our advanced 

3D culture system improved their maturation with respect to standard 2D cultures. 

Although expression values still differed importantly from the adult heart tissue, results 

showed a tendency towards an enhanced expression of cardiac-related genes when 

cardiac tissue constructs were electrically stimulated.  
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4.7. Electrically stimulated human cardiac tissue constructs elicit ECG-

like signals and predict drug-induced cardiotoxicity  

Cardiac toxicity is an issue of immense significance for patients, pharmaceutical 

industry and regulatory organizations, as an estimated ~45% of all withdrawals and 

~30% of restrictions to drug application are due to unexpected negative cardiovascular 

events233. Such safety issues are undetected due to the limitations of current preclinical 

testing platforms, which strongly rely on in vitro cell lines and non-human animal 

models172. Consequently, new generation in vitro models able to provide information 

about relevant human outcomes need to be developed, and human cardiac tissue 

constructs produced in this thesis could be a promising tool. 

Aforementioned results demonstrated that the developed bioreactor was a 

technological setup able to generate in vitro models of human cardiac tissue. Cardiac 

tissue constructs displayed morphological characteristics of the human myocardium in 

Figure 4.50. Endogenous gene expression of cardiac specific markers measured by qRT-
PCR. Expression of cytoskeletal cardiac genes (MYH7: β-myosin heavy chain; TNNT2: cardiac 
troponin T; ACTC1: cardiac muscle alpha actin), a gap junction gene (GJ1A: gap junction protein 
alpha 1) and calcium channel genes (SERCA2A: Sarcoplasmic Reticulum Ca2+-ATPase isoform 
2a; RYR2: ryanodine receptor 2) was analysed. Expression levels in human cardiac constructs 
cultured without (3D Ctrl) or with (3D ES) electrical stimulation were compared with the same cell 
population cultured in standard well plates (2D Ctrl), as well as with fetal human heart (FH) and 
adult human heart (AH).  
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terms of cell alignment, elongation and cytoskeletal organization (Figure 4.47 and 4.49), 

had a spontaneous beating oriented in the direction of the electric field, and were able 

to follow external imposed pacing (Figure 4.46). Therefore, our final goal was to study 

if tissue constructs could respond as expected to certain cardioactive drugs. This would 

permit validating our human cardiac constructs as a truly close-to-human in vitro model 

for drug toxicity testing.  

To gather information about the electrophysiology of the human cardiac 

constructs and their response to cardioactive drugs, a recording system of their 

electrical activity was developed. Bioelectrical signal recording can give information 

about the electric propagation within the construct, as well as to which extent cells are 

coupled and synchronized in a tissue-like manner471. Usually, electrophysiological data 

from cardiac tissue construcs is obtained through action potential measurements on a 

representative cell population at the time of seeding277 or on isolated cardiomyocytes 

after tissue formation50,319. Alternatively, some parametres can be obtained through 

voltage-sensing optical techniques, but it is still a challenge to develop an 

electrophysiological recording system that provides information from intact engineered 

heart tissues172. For this,  we developed a system to online monitor the electrical activity 

of intact constructs by recording extracellular field potentials (EFPs), which is the charge 

redistribution in the surrounding medium of cardiomyocytes after action potential firing.  

 Bioelectrical signal generated by human cardiac tissue 

constructs resembles a surface electrocardiogram 

To record the electrophysiological activity of human cardiac tissue constructs at 

day 14 of culture, we took advantage of the culture chambers designed and fabricated 

in-house (Figure 4.28). Chambers were constituted by three electrodes: two graphite 

electrodes to deliver electrical stimuli to the cultured constructs, and one gold electrode 

that we used to characterize and control the electrical stimulation system. For 

bioelectrical signal recording, electrodes were used for a three electrode measurement 

system (work performed in collaboration with Biomedical signal processing and 

interpretation group, Institute for Bioengineering of Catalonia (IBEC)). The gold 

electrode acted as an internal reference, and the electrical activity of cardiac constructs 

was acquired using the graphite electrodes (Figure 4.51A) (see “3.11. Recording and 

processing of bioelectrical signals generated by cardiac tissue constructs” section for 

further details). As a unique feature, signal recording of the beating of cardiac constructs 

could be performed while culturing them inside the bioreactor (Figure 4.51B). This 

would allow the online monitoring of the electrical activity of tissue constructs over time 

in culture, as well as studying the differences between electrically stimulated and control 

constructs at the same timepoint. 
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Human cardiac tissue constructs produced a bioelectrical signal that was a 

combination of the action potentials generated by hiPSC-CM composing the construct. 

Importantly, the recorded bioelectrical signal at day 14 of culture was similar to a regular 

surface electrocardiogram (ECG), including QRS complex and repolarizing T wave 

(Figure 4.52). Depending on the degree of synchronization and coupling of 

cardiomyocytes, the amplitude and width of QRS complex was affected. Accordingly, 

signals from control cardiac tissue constructs showed lower and wider QRS complexes 

than electrical stimulated ones (ES), which were narrower and steeper (Figure 4.52A). 

This indicated that hiPSC-CM in electrostimulated constructs were better coupled than 

control ones, thus displaying higher conduction velocities and improved propagation of 

the electrical impulse. In addition, the spontaneous beating rate of electrically stimulated 

constructs was significantly more stable than control ones (Figure 4.52B), suggesting 

that electrical pacing influenced the autonomous beating rate of cardiomyocytes. 

Regarding the pattern of the QRS, electrostimulated cardiac constructs displayed a 

time-invariant QRS shape (Figure 4.52C), which was stationary during baseline and 

Figure 4.51. Scheme of the setup to record electrophysiological activity of human cardiac 
tissue constructs. A, Electric circuit representation of the signal acquisition system. Three 
electrodes were used for the recording: a source electrode (graphite, red line), a reference 
electrode (graphite, black electrode) and an internal reference electrode (gold, blue line). Channel 
I (purple) record was used as internal reference, while bioelectrical signal was acquired through 
channel II (green). Both signals were amplified, processed with the BIOPAC MP150 system and 
displayed in a laptop computer for online monitoring of tissue constructs electrical activity. B, 
Image of the setup to monitor electrical activity of human cardiac constructs. The parallelized 
perfusion bioreactor was installed inside the incubator to maintain appropriate culture conditions, 
and the BIOPAC system was connected to it through croc clips. Laptop computer displayed the 
bioelectrical signal generated by cardiac constructs in real time. 
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represented by one single shape in the 99% of all beats (Figure 4.52D). Conversely, 

four QRS patterns at baseline were obtained for control cardiac tissue constructs 

(Figure 4.52C), representing 38, 20, 20 and 19% of all beats, respectively, with a total 

value of 93% (Figure 4.52D). All these features suggested that electrostimulated 

cardiac constructs were the best option to study the effect of cardioactive drugs, as 

changes in heart rate and QRS shape would permit to estimate the effect of drugs in a 

realistic tissue-like human cardiac model.  

 

 

Figure 4.52. Bioelectrical signals generated by human cardiac tissue constructs during 
spontaneous beating. A, Representative bioelectrical signals of non-stimulated (Control) and 
electrically stimulated (ES) constructs during spontaneous beating. Signals resemble a regular 
surface electrocardiogram (ECG) for humans. B, Distribution of beating rate (BR), expressed as 
beats per minute (bpm) over 10 min of spontaneous beating recording (Control: 691 beats; ES: 
611 beats). ***p<0.001; Mann-Whitney U test. C, Bioelectric patterns recorded for Control and 
ES constructs. Four patterns were found in Control recordings, whereas a single pattern was 
found in ES recordings. D, Percentage that patterns found in C represent of the total beats. Beat 
clustering was performed through cross-correlation between a representative beat and the rest 
of the beats. Beats were included within a cluster when the cross-correlation of corresponding 
QRS complex exceeded a threshold of 0.85. 
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 Electrically stimulated human cardiac tissue constructs can 

predict drug-induced cardiotoxicity 

To validate our human cardiac tissue constructs as an in vitro model for drug 

toxicity testing, we incubated the constructs at day 14 of culture with three different 

cardioactive drugs: isoproterenol (β-adrenergic agonist), carbachol (cholinergic agonist) 

and sotalol (human ether-a-go-go-related gene (hERG) potassium channel blocker and 

adrenergic antagonist). Sotalol is an antiarrhythmic drug currently used only in life-

threatening arrhythmias, as it decreases heart rate and blocks the hERG potassium 

channel, responsible for action potential repolarization. However, this blockade causes 

a QT interval prolongation on a surface electrocardiogram (ECG), which is associated 

to fatal ventricular tachycardia such as Torsade de Pointes (TdP)472. For that reason, 

sotalol is considered a standard QT prolonging drug with a high proarrhythmic risk 

because both effects have been clinically observed, but in vitro electrophysiological 

studies are unable to properly reproduce them244,473. Therefore, treating our human 

cardiac constructs with this compound would allow us to know if they can be used as in 

vitro tissue models to detect drug-induced cardiotoxicity. 

The effects of isoproterenol, carbachol and sotalol treatments on human cardiac 

constructs functionality was assessed using two different approaches: video recording 

and subsequent fractional area change (FAC) analysis, and bioelectric signal recording. 

The first approach is based on detecting affections in the contractile pattern of the 

constructs, whereas the second gives information about affections in the 

electrophysiology of the constructs. 

To analyze drug effects on the contractile pattern of human cardiac tissue 

constructs at day 14 of culture, constructs were placed inside the video-recording setup 

(Figure 4.34) and drugs were added and washed out sequentially (for further details, 

see “3.7.3. Drug response analysis” section). For each drug treatment, cardiac tissue 

constructs were video recorded, their area in pixels was obtained through custom 

MATLAB program, and its oscillation was represented over time to study changes in the 

beat rate. Interestingly, constructs that had undergone electrical stimulation increased 

notably their beating frequency when incubated with isoproterenol, and decreased their 

beat rate when incubated with carbachol (Figure 4.53A-B and Supplementary Videos 

4.13 and 4.14). Therefore, the expected positive and negative chronotropic effects were 

confirmed for each drug, indicating functional adrenergic and cholinergic signaling 

systems that affected global construct behavior. Regarding control cardiac tissue 

constructs, positive chronotropic effect after isoproterenol treatment and negative 

chronotropic effect after carbachol treatment could be observed, but the implications at 

whole construct level differed importantly from the electrically stimulated ones (Figure 

4.53A-B). The increase in the beating rate caused a lack of coordination among 

cardiomyocytes composing the construct, leading to a loss of the synchronized beating 
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exhibited before applying the drug (Figure 4.53A and Supplementary Video 4.15). 

This indicated that control cardiac constructs had an inefficient cell-cell electrical 

coupling, which had been also suggested in the recording of spontaneous electrical 

activity due to the appearance of several ECG patterns and varying beating frequencies 

(Figure 4.52). Remarkably, a synchronized beating at the macroscale was recovered 

after carbachol treatment because of the decrease in the beating frequency (Figure 

4.53B and Supplementary Video 4.16). Thus, results indicated that electrical 

stimulation was crucial for a functional excitation-contraction coupling, as stimulated 

constructs displayed improved electrical properties in comparison with control ones.  

 

To test the ability of our human cardiac construct to detect drug-induced 

cardiotoxicity, we incubated tissue constructs with two concentrations of sotalol. 

Interestingly, cardiac constructs that had undergone electrical stimulation started to 

Figure 4.53. Chronotropic responses to pharmacological interventions of human cardiac 
constructs after 14 days of culture. Changes in the beat rate were analysed through custom 
MATLAB program. The area in pixels of each construct was obtained, and its oscillation was 
represented over time (relative to the highest number of pixels recorded). Red arrows indicate 
initiation of drug treatment and the incubation time at which the effect was observed. A, Positive 
chronotropic effect induced by the β-adrenergic agonist isoproterenol. B, Negative chronotropic 
effect induced by the muscarinic agonist carbachol. C, Negative chronotropic effect induced by 
the β-adrenergic antagonist sotalol. Two concentrations were tested (first 1 µM and then 10 µM). 
Delayed repolarization due to QT interval prolongation was also analyzed. ES: electrically 
stimulated construct; Ctrl: control, non-stimulated construct. 
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display a reduction in beating frequency after 6 min of incubation with 1 µM sotalol 

(Figure 4.53C), which accounted for the adrenergic antagonist effect. However, and 

more importantly, a delayed repolarization started to be detected after 13 min of 10 µM 

sotalol incubation, which was reflected by a slower relaxation compared with previous 

timepoints (Figure 4.53C). After 30 min of incubation, a dramatic prolongation of the 

time of relaxation could be observed (Figure 4.53C and Supplementary Video 4.17). 

Regarding control cardiac constructs, a negative chronotropic effect could be detected 

over time of incubation with sotalol, but prolongation of the time of relaxation could not 

be addressed because the construct stopped beating (Figure 4.53C and 

Supplementary Video 4.18). Altogether, findings suggested that only electrically 

stimulated human cardiac constructs could be a promising tool for detecting drug-

induced cardiotoxicity. However, video-optical recordings restricted the analysis of drug 

effects to affections of macroscopic contractile pattern. Therefore, to gather information 

about alterations in electrical propagation within the construct and to corroborate if the 

delayed repolarization was due to a QT interval prolongation, an electrophysiological 

recording of human cardiac constructs was needed.  

To study the effects of pharmacological interventions on the electrophysiology of 

human cardiac constructs, a port for drug injection was installed within the perfusion 

bioreactor circuit (Figure 3.13). Then, isoproterenol, carbachol and sotalol were injected 

to the circuit and washed out following the same regimen than in video-optical 

recordings (for further details, see “3.7.3. Drug response analysis” section). Upon 

treatment with isoproterenol, electrostimulated cardiac constructs at day 14 of culture 

showed a statistically significant increment of the beating rate (Figure 4.54A). 

Accordingly, a statistically significant decrease of the beating rate upon treatment with 

carbachol was also observed (Figure 4.54B). Both findings were in accordance with the 

chronotropic effects of these drugs in vivo, as well as with results obtained from video-

optical recordings (Figure 4.53A-B). Finally, drug-induced cardiotoxicity was assessed 

by treating cardiac tissue constructs with sotalol. In electrostimulated constructs, there 

was a regular decrease in beating frequency, which could be explained by sotalol action 

as adrenergic antagonist (Figure 4.54C). Although a similar effect was noted for control 

constructs, results were much more variable, and random increases and decreases in 

beating rate were found (Figure 4.54D). Importantly, electrophysiological recordings of 

electrostimulated cardiac constructs displayed typical features of arrhythmias, such as 

QRS skipping, prolongation of QT and RR intervals and regular blockades (Figure 

4.54C). These features appeared progressively, and were more frequent over time of 

incubation, suggesting an increasing risk of arrhythmia. To our knowledge, this is the 

first time that cardiotoxic drug effects can be evidenced in thick 3D human cardiac tissue 

constructs acting as a whole. Importantly, the electrophysiological recording of control 

constructs did not show features of arrhythmias upon treatment with sotalol, probably 

owing to the worse electrical conduction within the construct (Figure 4.54D).  
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Figure 4.54. Effects of cardioactive drugs on the electrophysiology of human cardiac 
tissue constructs at day 14 of culture. Representative traces of ECG-like signals recorded for 
electrically stimulated (ES) constructs at baseline (first minute), and after isoproterenol (A) and 
carbachol (B) treatments (10 min incubation). Bar charts show the effect of isoproterenol and 
carbachol on beating rate (BR), relative to baseline. ***p<0.001, Mann-Whitney U test. C-D, 
Instantaneous BR expressed as beats per minute (bpm) and representative traces of ECG-like 
signals for ES (C) and Control (D) constructs after treatment with 10 µM sotalol. I, II, and III (brown 
shading) indicate the time lapse from which the traces of ECG-like signals have been obtained.  
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Taken together, results suggested that electrically stimulated human cardiac 

tissue constructs could be a promising tool for studying drug-induced cardiotoxicity. The 

regular and stable ECG-like signals allowed an objective and quantitative evaluation of 

drug effects on the electrophysiological activity of constructs. Moreover, and for the first 

time, typical features of arrhythmias could be detected upon treatment with sotalol in 

thick 3D human cardiac constructs. Therefore, our platform could be a valuable in vitro 

model of human cardiac tissue for preclinical cardiac toxicity studies.  
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Ischemic heart disease is one of the major causes of human death worldwide 

owing to the heart’s minimal ability to repair following injury3. Other than heart 

transplantation, there are currently no effective or long-lasting therapies for end-stage 

heart failure168,171. Therefore, it is crucial to develop not only alternative therapies that 

potentiate heart regeneration or repair, but also new tools to study human cardiac 

physiology and pathophysiology in vitro. In this context, cardiac tissue engineering is a 

promising strategy, as it aims at generating human cardiac tissue analogues that would 

open up new possibilities in the fields of drug discovery and toxicity testing, cardiac 

disease modelling, and regenerative medicine172. 

The main aim of this thesis was to design and build a controlled flow perfusion 

bioreactor with appropriate biochemical and biophysical stimuli to obtain tissue-like 

human cardiac constructs. To date, the vast majority of studies that develop 3D cardiac 

tissue analogues using suitable biomimetic environments has been performed with 

rat282,297, mouse260 and chick262 cardiomyocytes. However, due to recent progress in the 

field of human stem cells, cardiac tissue engineering is moving away from animal-based 

approaches, facing the challenge of the production of human cardiac tissue constructs. 

Although major advances have been avhieved50,277,319,410,418, the generation of mature 

and thick 3D cardiac tissue constructs from human cells is still a challenge, which has 

been addressed in the present study. 

The first challenge for engineering human cardiac tissue constructs is to secure 

an appropriate cardiomyocyte source in large quantities164. Human pluripotent stem 

cells (hPSC), which comprise human embryonic stem cells (hESC)263 and human 

induced pluripotent stem cells (hiPSC)264, arguably possess the greatest potential for 

cardiac tissue engineering. They have an unlimited proliferation capacity while still 

retaining their pluripotency, and show robust cardiac differentiation potential. Moreover, 

they can differentiate into other cardiac cell types202, and they have demonstrated to 

directly contribute to cardiac tissue in animal models of myocardial infarction210,211,213,214. 

However, the clinical use of hESC is hampered by their immunogenicity, as well as by 

ethical and legal issues derived from their human embryonic origin474,475. In turn, hiPSC 

circumvent the problems associated with hESC because they are derived from adult 

differentiated cells, and therefore constitute a promising cell source for cardiac tissue 

engineering. Moreover, hiPSC constitute a unique platform to obtain patient-specific 

cardiomyocytes for disease modelling248. In this study, two hiPSC lines (KiPS3F.7 and 

FiPS Ctrl1-mR5F-6) were successfully differentiated into functional cardiomyocytes 

using a serum-free monolayer culture system with modulators of canonical Wnt 

signaling pathway433. It has been reported that the differentiation potential of cell lines 

can differ from each other, or even between passages of the same line431,476. This can 

account for the different percentages of cardiomyocytes obtained with our cell lines 

(44% for KiPS3F.7 versus 72% for FiPS Ctrl1-mR5F-6). As large numbers of 
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cardiomyocytes are needed to produce 3D cardiac tissue constructs, FiPS Ctrl1-mR5F-

6 turned out to be the most suitable cell line, which demonstrated early, efficient and 

robust in vitro cardiogenesis. Nevertheless, preliminary experiments performed with 

KiPS3F.7 cell line were decisive to set the basis for human cardiac constructs 

development. We tested various differentiation protocols, and their rate of cardiac 

differentiation was assessed and optimized by generating a set of transgenic cell lines 

(work performed by Dr. Di Guglielmo431 during her PhD thesis). Importantly, Brachyury 

(Bra) and α-myosin heavy chain (MHC) reporter cell lines helped us elucidating which 

differentiation stage and which cell population was appropriate for cardiac constructs 

generation. Although the supporting effect of human cardiac fibroblasts (HFF) in the 

formation and maturation of human cardiac constructs is well documented104,277,278, co-

culturing them with early mesoderm-committed cells did not promote cardiac 

differentiation or tissue formation in our study. Conversely, a co-culture of HFF and 

hiPSC-derived cardiomyocytes (hiPSC-CM) was capable to attach and survive in a 3D 

scaffold under perfusion of culture medium, suggesting that cells in more advanced 

differentiation stages were appropriate for human cardiac tissue constructs formation. 

In the literature, the vast majority of the studies pre-differentiate hiPSC into 

cardiomyocytes before generating tissue constructs319,410,418, and biomimetic cell culture 

platforms improve their maturity level. Therefore, they support the hypothesis that our 

culture system could have a decisive role in improving maturation rather than 

differentiation of hiPSC-CM. However, some studies indicate that cues such as 

electrical stimulation, shear stress or substrate patterning influence hPSC differentiation 

into the cardiac lineage274,275,477. Thus, optimizing culture conditions for hiPSC 

differentiation in our 3D culture system (e.g. adding electrical stimulation and lowering 

shear stresses at about 0.1 dyn/cm2 477) could be an interesting goal for future 

investigations.  

The use of hiPSC-CM in the study of human cardiac physiology and 

pathophysiology, as well as in regenerative medicine approaches is mainly limited by 

their immature phenotype. In comparison with human adult cardiomyocytes, hiPSC-CM 

display an immature, fetal-like phenotype. For example, they show underdeveloped and 

disorganized sarcomeres, heterogeneous shapes and smaller sizes, immature 

electrophysiological properties (e.g. higher resting membrane potentials, slow upstroke 

velocities and small action potentials), smaller forces of contraction and express typical 

fetal cardiac genes40,49,52.  In an attempt to induce hPSC-CM maturation, strategies that 

mimic native cardiac environment have been developed in the context of cardiac tissue 

engineering. The use of advanced 3D culture systems is believed to provide cells with 

important regulatory signals and cell-cell and cell-matrix interactions that are absent in 

standard 2D cultures. Therefore, the generation of 3D human cardiac tissue analogues 

would allow improving cardiomyocyte maturation, as well as obtaining information of the 

organization and function of cardiomyocytes at tissue level. 
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In this study, we have developed an advanced 3D culture system and followed 

the classical approach to tissue engineering, which involves seeding cardiac cells in 

biocompatible 3D scaffolds, and then culture the construct in a biomimetic signaling 

system, usually a bioreactor. Choosing an appropriate scaffold is decisive, as it provides 

cells with microenvironmental cues, mechanical support and architectural guidance. 

Such a scaffold should recapitulate important characteristics of the native cardiac 

extracellular matrix (ECM), including molecular composition, fibrillary structure and 

mechanical properties18,20. As natural biomaterials have an excellent molecular 

composition for cell attachment, survival, and differentiation299, and motivated by the 

ability of collagen-based sponges to generate thick contractile tissue 

constructs281,297,318, we selected MatridermTM as a 3D scaffold. MatridermTM is a 

commercial 3D collagen-based sponge currently used in clinics to support dermal 

regeneration, so it can be easily obtained from a reliable and reproducible source448,449. 

According to manufacturer’s datasheet, it is composed of native structurally intact 

collagen (types I, III and V) and elastin fibrils, which are basic components of cardiac 

ECM. Collagen typically gives the tissue its mechanical strength and stiffness, while 

elastin can provide elasticity and the ability to store elastic-strain energy316. Specifically, 

collagen type I is the primary load-bearing protein in the heart, which transfers the force 

generated by cardiomyocytes, helps maintaining cardiomyocyte alignment, and 

provides passive tension during diastole66,478. According to manufacturer’s datasheet, 

the absence of chemical cross-linking of the collagen results in a matrix which is 

especially biocompatible, and has demonstrated low antigenicity. When implanted, 

MatridermTM becomes fully degraded within 4 weeks in animal models, and within 6 

weeks in humans. This can be considered an adequate lifespan for the scaffold to 

promote tissue repair, as cardiac tissue constructs implanted in rat infarcted hearts can 

engraft and improve cardiac function after ~1 month upon implantation278,282. In addition, 

MatridermTM promotes cell growth, supports the production of collagen matrix by 

fibroblasts, and is rapidly vascularized in human dermal regeneration processes449. 

Through Second Harmonic Generation (SHG) and two-photon excited fluorescence 

(TPEF) techniques, we could characterize that MatridermTM was a complex matrix with 

thick collagen bundles (up to ~35 µm) and thinner elastin fibers (up to ~10 µm) in a net-

like structure, interacting in an intricate manner and randomly distributed. Apart from 

biocompatibility and biodegradability, scaffold stiffness is an important parameter to 

take into consideration, as it affects the maturation, organization and functional behavior 

of cardiomyocytes296,294. Mechanical analysis of excised cardiac tissue showed that the 

heart stiffens throughout development371. For example, atomic force microscopy 

measurements revealed that embryonic/fetal murine heart tissue has a stiffness of 12 ± 

4 kPa, while in neonates it is of 39 ± 7 kPa291. This is in accordance with values obtained 

by means of uniaxial tension (embryonic/fetal: ~10 kPa; neonatal: ~20 kPa479) and 

micropipette aspiration (neonatal rat: 4.0 – 11.4 kPa; adult rat: 11.9 - 46.2 kPa375) 

measurements. Changes in tissue stiffness are accompanied by changes in 
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cardiomyocyte growth and function, and these phenomena are also observed when 

seeding cardiomyocytes in substrates with different stiffnesses. For example, neonatal 

rat ventricular myocytes cultured on a glass substrate (Young’s Modulus ~50 GPa, 

about six orders of magnitude stiffer than rat myocardium) show decreased length to 

width ratios and increased stress fiber content compared to the ones seeded on 

substrates with Young’s Modulus of 10 kPa480. In this study, MatridermTM in hydrated 

conditions displayed a bulk stiffness of 0.19 ± 0.05 kPa when measuring at room 

temperature, and 0.06 ± 0.01 when measuring at 37ºC. Those values are in agreement 

with the elastic modulus obtained for hydrated porous collagen-based scaffolds under 

uniaxial compression, as they are also around 0.2 kPa458. Soft bulk materials (~2 kPa) 

allow the generation of tissue constructs with greater contraction amplitudes and 

enhanced matrix deposition than stiffer ones296. However, literature shows conflicting 

reports because many works suggest that artificial substrates with stiffer bulk stiffness 

(10-50 kPa) enhance cardiomyocytes maturation40, so it is an issue under debate. In 

any case, it is reasonably argued that biomaterials for in vitro applications of cardiac 

constructs can have very low stiffnesses, as long as cardiac cells can remodel it into a 

final product that is mechanically similar to the native myocardium290. 

Apart from an appropriate scaffold, to obtain 3D cardiac tissue constructs that 

resemble myocardial tissue it is crucial to ensure an effective mass transport between 

cells and culture medium. Static cultures rely on diffusional transport mechanisms, 

which are efficient only within a superficial cell layer (~100-200 µm459) and fail to support 

3D tissues. Therefore, to improve oxygen and nutrients supply to cells cultured deep 

within the scaffold (>200 µm in depth), we have designed and built a perfusion 

bioreactor inspired in the pioneering work by Radisic and colleagues297. As an 

improvement to the mentioned work, we parallelized the perfusion bioreactor to allow 

the culture of multiple replicas of tissue constructs under the same physicochemical 

conditions and from the same pool of cells. This is important to obtain comparable tissue 

constructs, as it reduces the variability associated to rat cardiomyocytes isolation481 or 

passages and differentiation potential of hiPSC431 between different experiments. 

Perfusion of culture medium has demonstrated to potentiate cell survival within cardiac 

tissue constructs with high cell densities and optimal architecture398,467. An important 

issue to take into account when culturing cells under perfusion is the shear stress to 

which they will be subjected398. It has been reported that physiological shear stress 

values improve cardiac cell-cell interaction and myofibrillar organization, whereas 

higher values (over 2.4 dyn/cm2) have deleterious effects on cell survival404. In our 3D 

culture system, we estimated the minimum flow rate that should be applied for our 1 mm 

thick rat and human cardiac tissue constructs by taking into account their oxygen 

consumption rates (neonatal rat cardiomyocytes: 0.29 pmol/h·cell; hiPSC-CM: 

0.71 pmol/h·cell29), and the porosity and pore diameter of MatridermTM scaffold 

(94%447,448 and 17 µm, respectively). For rat cardiac constructs, a flow rate of 0.1 ml/min 
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should be applied, whereas for hiPSC-CM it should be of 0.2 ml/min. Those flow rates 

evoke a shear stress of 0.66 dyn/cm2 for rat cardiac constructs, while for human cardiac 

constructs it is of 1.32 dyn/cm2. When culturing rat cardiac cells under shear stresses 

ranging from 0.05 to 1.5 dyn/cm2, compact and contractile cardiac constructs with high 

expression of cardiac proteins (e.g. connexin 43) can be obtained350. Therefore, the 

calculated shear stresses were considered suitable for cardiomyocytes culture. Their 

adequacy was confirmed in preliminary cellular tests, as thick and contractile tissue 

constructs containing elongated cardiomyocytes and expressing cardiac markers could 

be obtained.  

Cell seeding into our 3D scaffold was the first step towards the generation of thick 

cardiac constructs. Initial cell density has great influence on viability, mechanical 

integrity and functionality of the engineered cardiac tissue, and cells should be uniformly 

distributed for homogeneous tissue development403,459,463,464. In this study, we evaluated 

the efficiency and cell distribution of two seeding methodologies: static seeding using 

Matrigel® as cell delivery vehicle and perfusion seeding using a perfusion loop. Although 

cell retention using static seeding was possible, cardiac cells were unable to attach and 

penetrate into the scaffold, as they remained embedded into the hydrogel even after 4 

days of culture under perfusion. In addition, cardiomyocytes displayed round 

morphologies instead of elongated, indicating that static seeding was not suitable for 

our purposes. However, some studies reported the generation of thick and compact 

tissue constructs through its use281,297,324. An explanation to this could be the different 

pore size of the scaffolds, as MatridermTM pores range from 5 to 90 µm whereas in the 

mentioned studies they range from 20 to 200 µm, with MatridermTM mean pore size 

being about three times smaller (17 µm versus 51 µm482). Therefore, we assayed the 

suitability of perfusion seeding, as it has been reported to be superior regarding cell 

seeding efficiency and homogeneity in 3D porous scaffolds398,403. By applying one-way 

perfusion of culture medium at 1 ml/min, high cell numbers could be retained throughout 

the whole scaffold in a rather homogeneous way, confirming that the absence of a 

carrier hydrogel facilitated deeper cell penetration and attachment to the scaffold. This 

could be partially attributed to the size of MatridermTM pores respect to cardiomyocytes 

size in suspension (17 µm and 10 µm465, respectively), and by the fact that pores were 

interconnected following a tortuous pathway, permitting cell retention inside the scaffold 

when passing through it.  

Environmental cues are key determinants of cardiomyocyte phenotype and 

function, and regulate their capacity to form functional tissue units18. Therefore, to obtain 

3D cardiac tissue constructs that resemble myocardial tissue, not only an appropriate 

scaffold and an effective mass transport are necessary, but also providing cells with 

relevant physical stimuli. For this, bioreactors are widely used as experimental platforms 

for investigating in vitro tissue formation and maturation396,397. Taking this into 
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consideration, to obtain thick human cardiac constructs we have assembled and 

characterized a parallelized perfusion bioreactor including electrical stimulation, as 

perfusion and electrical pacing is a combination of signals that has hardly been 

explored288,407,408.  

Electrical stimulation was built into the culture system since it is a well-known 

regulatory signal that favors cardiomyocytes maturation and contractility within cardiac 

tissue constructs318,319. To date, electrical stimulation has demonstrated to induce the 

establishment of synchronous contractions within cardiac tissue constructs, as it affects 

rate, duration and number of action potentials within cardiomyocytes371. Accordingly, 

cardiomyocyte alignment and ultrastructural organization has also been reported to 

increase when 3D cardiac tissue constructs undergo electrical stimulation281. In the 

absence of commercial systems to include the delivery of electrical impulses to the 

bioreactor, we designed and fabricated three prototypes of the perfusion chamber 

incorporating two graphite electrodes. We used carbon rod electrodes because they 

show high resistance to corrosion, are biocompatible and were found to have the best 

charge transfer characteristics for cardiac tissue engineering when compared with 

stainless steel, titanium and titanium nitride electrodes387,388. One important issue to 

determine before fabricating the chamber was the diameter of the electrodes and their 

position with respect to the construct to deliver a homogeneous electric field. By 

formulating an electric field model, we determined that graphite electrodes of 4.6 mm in 

diameter separated 1 cm from each other generated a nearly homogeneous electric 

field and current density within our construct (maximum difference of 85 V/m and 125 

A/m2). This difference was considered negligible, as previous works could obtain tissue 

constructs with improved calcium handling when having electric fields with comparable 

values dispersion319. Moreover, the magnitude of the electric field (400 to 485 V/m) was 

within the recommended values for cardiac cells stimulation281,333,387,408, so the designed 

configuration was considered suitable for the stimulation of cardiac tissue constructs. 

Concerning the fabrication of the perfusion chamber including electrical stimulation, 

precision machining of polypropylene (PP) plastic turned out to be the most suitable in 

terms of watertightness and cell culture capabilities. Precision machining allowed us 

obtaining solid parts without leakage problems, and PP demonstrated to be 

autoclavable, ethanol resistant and highly biocompatible. Moreover, the design allowed 

a proper delivery of rectangular pulses at 3 Hz of frequency, 2 ms of duration and 5 V 

of amplitude throughout the geometry, with measured voltage values in agreement with 

the ones predicted by the electric field model. Finally, cells could survive and were 

capable of generating tissue constructs inside the prototype, thus corroborating its 

suitability as a cell culture platform to electrically stimulate cardiac tissue constructs. 

Through the use of our advanced 3D culture system, we have been able to 

generate functional an appreciably mature cardiac tissue constructs from neonatal rat 
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heart cells and human induced pluripotent stem cells-derived cardiomyocytes (hiPSC-

CM). Specifically, our results indicate that perfusion of culture medium combined with 

electrical stimulation allows obtaining thick, tissue-like human cardiac tissue constructs. 

Although recent works indicate a marked trend in the field of cardiac tissue engineering 

towards miniaturization (e.g. generation of hPSC-derived cardiac microtissues and 

microphysiological systems), the production of 3D tissue-like human cardiac tissue 

constructs is still recognized as a challenge. Therefore, the work developed in this thesis 

has demonstrated to be useful to meet that purpose, as thick 3D human cardiac tissue 

constructs with tissue-like functionality have been successfully generated. 

Electrical stimulation improved the structural organization, alignment and 

coupling of cardiomyocytes in our cardiac tissue constructs. Moreover, electrical 

stimulation promoted the formation of synchronous contractile constructs at the 

macroscale with an improved electrophysiological function. This is in line with previous 

studies, where electrical stimulation alone or in combination with mechanical loading 

also resulted in improved maturation of hPSC-CM in microtissues or cell 

aggregates319,329,333,337,412. However, this has not been reported for thick 3D human 

cardiac tissue constructs. Moreover, we observed that the beneficial effects of electrical 

stimulation became much more evident over time in culture, agreeing with previous 

studies in 2D cultures and cell sheets where long-term culture improved hPSC-CM 

maturation at ultrastructural and electrophysiological levels63,65,334. In the following 

paragraphs, we will discuss in detail specific outcomes of our cardiac tissue constructs. 

When electrically stimulating cardiomyocytes in 3D structures, it is important to 

determine the stimulation regime that will be delivered. Generally, monophasic or 

biphasic square-wave pulses with amplitudes ranging from 2 to 6 V/cm and durations 

from 1 to 2 ms are applied. It has been reported that monophasic pulses avoid the 

possible undesirable effect of biphasic pulses in inhibiting action potentials393, while 

biphasic pulses have a reversal phase to avoid adverse electrochemical processes due 

to stimulating pulses384. However, the vast majority of adverse chemical reactions are 

prevented when applying relatively short pulses (2 ms) with relatively long time between 

pulses (frequencies ~ 1 Hz), thus suggesting monophasic pulses as the best option. 

Moreover, 1-2 ms is a sufficiently long pulse to excite cells318. Regarding the optimal 

frequency for cardiac tissue constructs stimulation, there is still no clear consensus. For 

rat cardiac tissue constructs it is well accepted that mimicking rat heart rate is preferably, 

and although many studies use 1 Hz of frequency281,407, 3 Hz has been proposed as the 

most suitable387. For human cardiomyocytes, some studies use a physiological pulse 

rate of 1 Hz to mimic human adult heart rate, but higher stimulus frequencies seem to 

improve structural and functional maturation of human 3D cardiac tissue 

constructs319,337. Nevertheless, a recent study indicates that 3D aggregates of hPSC-

CM adapt their autonomous beating rate to the frequency at which they are 
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stimulated333. In this context, we have selected a stimulation regime comprising 

monophasic square-wave pulses of 4.6 V/cm in amplitude and 2 ms of duration. For 

neonatal rat cardiomyocytes we selected 3 Hz of frequency, whereas for hiPSC-CM we 

selected 1 Hz of frequency. These parameters have demonstrated to be suitable for 

simulating each culture, as they have promoted the generation of functional and 

organized cardiac tissue constructs with an increased maturation level compared with 

non-stimulated ones. 

In vivo, cardiomyocytes orientate their intracellular contractile apparatus and 

align with neighboring cells to facilitate fast electrical conduction and efficient muscle 

contraction368. When isolated from the heart tissue, cardiomyocytes lose many of their 

surface channels and receptors, disassemble their myofibrillar structure and acquire 

round shape336. It has been demonstrated that cardiomyocytes can recover some 

features of native myocardium if forced to adopt an anisotropic morphology in vitro, thus 

improving their maturation483. When cardiomyocytes are anisotropically aligned, there 

is an increase of conduction velocity in the longitudinal direction due to the formation of 

appropriate intercalated discs, and sarcomere alignment is also potentiated40,362. To 

reestablish cardiomyocytes shape and structure in vitro, regulatory signals such as 

substrate patterning, mechanical stimulation or electrical stimulation can be applied. 

Although topographical cues are stronger regulators of cellular orientation than electric 

field stimulation, cell elongation and alignment in the direction of the electric field has 

also been reported281,484. In constructs produced from neonatal rat cardiac cells, 

electrical stimulation induced cell alignment and coupling281, and electrically stimulated 

human microtissues exhibited a better muscular network of aligned cardiomyocytes 

than non-stimulated ones337. Our results not only are in accordance with those 

observations, but also achieve to demonstrate the effects of electrical stimulation on 

thick 3D human cardiac tissue constructs. Rat and human cardiac tissue constructs that 

had undergone electrical stimulation displayed cardiomyocytes aligned in the direction 

of the electric field. Interestingly, this alignment was preserved along the entire length 

of the construct (~1 cm), and was particularly evident in the most superficial layers. 

Although some features of native myocardium were not fully reproduced in our human 

cardiac tissue constructs (e.g. internal organization, cellular arrangement and 

hypertrophy degree), cardiomyocytes contained highly organized and oriented 

myofibers when electrostimulated. Moreover, electrical pacing influenced cell 

distribution at the macroscale, as cells concentrated in the region of the scaffold 

delimited by the stimulating electrodes.  

Apart from elongation and alignment, electrical conditioning of cardiac tissue 

constructs promotes other morphological and functional improvements on 

cardiomyocytes. Electrical stimulation promotes cardiomyocyte ultrastructural 

organization, hypertrophy, excitability, and electrical coupling378. Specifically, at 
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ultrastructural level, stimulated neonatal rat cardiomyocytes show centrally positioned 

and elongated nucleus, abundant mitochondria between myofibrils and long, well 

aligned registers of sarcomeres containing visible M-lines, Z-discs and H, I and A bands. 

Moreover, morphometric analysis reveal that stimulated constructs have a sarcomere 

volume fraction comparable to neonatal rat ventricles, and display frequent intercalated 

discs positioned between aligned Z-discs and well-developed gap junctions281. 

Similarly, electrical conditioning of human cardiac tissue constructs promotes various 

morphological improvements. However, electrical stimulation is usually experimentally 

associated to mechanical loading, so their individual contributions cannot be fully 

established. It has been reported that electrical stimulation increases cardiomyocyte 

area, the number of H zones and I bands per Z-disc and the number of Z-discs. In 

addition, the number of mitochondria and desmosomes are increased, as well as the 

proximity of mitochondria to the contractile apparatus and the development of nascent 

intercalated discs319. In our study, myofibrils with organized and well-developed 

sarcomeres were more frequently found in the electrically stimulated constructs 

compared with controls. Moreover, electrostimulated constructs displayed advanced 

specialized intercellular unions such as intercalated discs, desmosomes and gap 

junctions, whereas in control constructs they were less developed. Interestingly, both 

rat and human cardiomyocytes that had undergone electrical stimulation displayed a 

significant increase in sarcomere width in comparison with non-stimulated constructs, 

meaning that myofibrillar bundles formation was promoted62. Besides, sarcomere width 

is associated with uniform and synchronous contractions, as they maintain the 

alignment of parallel filaments and hold adjacent sarcomeres in register during twitch 

contraction485. However, comparing exact values of sarcomeric widths between different 

studies is difficult due to the absence of standardized measuring techniques. Although 

the lack of structures such as H-bands, M-lines and T-tubules indicate an absence of 

terminal differentiation, our results suggest that electrical stimulation improves the 

ultrastructural organization of cardiomyocytes in thick 3D human cardiac tissue 

constructs.  

Constructs that undergo electrical stimulation progressively develop conductive 

and contractile properties of cardiac tissue. Electrical stimulation improves the electrical 

properties of tissue constructs with respect to control ones, as it decreases excitation 

threshold (ET)319,322, increases maximum capture rate (MCR)281,319,329, and increases 

electrophysiological parameters such as conduction velocity (11.5-18.5 cm/s), Ikr current 

and IK1 density319. In addition, electrical stimulation improves Ca2+ handling properties 

of the constructs, as it increases Ca2+ transient amplitude and release rate, decreases 

time to peak amplitude and time to baseline, and increases the sensitivity to 

pharmacological agents such as caffeine and thapsigargin319. Regarding contractile 

behavior, electrical stimulation induces synchronous macroscopic contractions and 

increases contraction amplitudes. Specifically, electrical pacing significantly increased 
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the fractional area change (FAC) of neonatal rat cardiac tissue constructs, with 4-fold 

higher amplitudes respect to non-stimulated ones281. The results obtained with our 

advanced 3D bioreactor system are in line with these observations, as electrical 

stimulation improved both rat and human cardiac tissue constructs beating synchrony 

and coupling at the macroscale. Although our control and electrically stimulated 

constructs did not show statistically significant differences in ET and MCR parameters, 

a trend towards lower ETs and higher MCRs could be observed for electrically 

stimulated ones. Importantly, electrostimulated neonatal rat cardiac tissue constructs 

displayed 4-fold higher contraction amplitudes than control ones, and in human cardiac 

tissue constructs the difference increased up to 6- to 12-fold. Strikingly, during 

spontaneous beating, we could register maximum FACs of 14% in human electrically 

stimulated constructs after 14 days of culture. Those results illustrate, for the first time 

to our knowledge, the dramatic effect of electrical stimulation on macroscopic 

contraction amplitudes of human cardiac tissue constructs. We attribute these effects 

to the effective alignment and coupling of cardiomyocytes in the direction of the electric 

field, as human cardiac constructs that had undergone electrical stimulation beat in an 

oriented manner and exerted higher strain per contraction than control ones. In future 

experiments, it would be interesting to evaluate parameters related to Ca2+ handling 

(e.g. incubation with calcium sensitive dyes such as fluo-4 AM), action potential 

propagation through the construct (e.g. incubation with voltage sensitive dyes such as 

Di-4-ANEPPS), and construct contractile force. However, technical issues (e.g. 

microscope focal distance or having a setup to fix the sample and monitor construct 

outcomes) would have to be addressed. 

Whole-genome expression analyses have revealed strong effects of electrical 

stimulation on global gene expression, both in rat and human cardiomyocytes333,337. 

Specifically, downregulation of the fetal cardiac gene program and upregulation of 

cardiac structural (e.g. MYH7 and TNNT2) and ion channel genes (e.g. KCNJ2, KCNH2 

and GJA5) has been reported, although not always with significant differences319,333,337. 

In our study, although overall expression values differed importantly from adult heart 

tissue, the expression of cardiac specific genes increased considerably with time of 

culture, and more importantly when culturing cells in our advanced 3D culture system 

compared with time-matched 2D cultures. No statistical significant differences between 

control and electrostimulated constructs were detected, but there was a trend towards 

an enhanced expression of some maturity-related cardiac genes (e.g. MYH7, TNNT2, 

GJA1 and SERCA2A) in electrically stimulated human cardiac constructs. The lack of 

significance could be partially explained by the fact that hPSC-CM are often a mixture 

of atrial and ventricular cardiomyocytes, which can affect the expression levels of 

proteins such as MHC and MLC63,79.  
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To evaluate the functionality of human cardiac tissue constructs, the analysis of 

ion currents and electric conduction is decisive. As such, electrophysiological markers 

are among the most useful to evaluate proarrhythmia when hPSC-CM are treated with 

pharmacological agents244, and allow the characterization of hPSC-CM maturity level419. 

To date, action potentials in cardiac tissue constructs are mainly recorded on a 

representative cell population at the time of seeding277 or on isolated cardiomyocytes 

after tissue formation50,319 through intracellular recordings (e.g. patch clamp) or 

microelectrode arrays (MEA). To evaluate the functionality of intact engineered cardiac 

tissues, current methodologies mostly include video-optical recordings of constructs 

beating, so parameters such as response to electrical pacing or drug treatments are 

restricted to affections in contractile pattern50. This implies a lack of direct 

measurements of electrophysiological parameters such as action potential amplitude, 

duration, Ca2+ handling properties or cardiomyocyte coupling within tissue constructs. 

In this study, we report for the first time to our knowledge an electrophysiological 

recording system that provides information about the electrical activity of intact thick 3D 

cardiac tissue constructs in real time. Specifically, the combination of action potentials 

generated by hiPSC-CM composing cardiac constructs produce ECG-like signals, 

which could be monitored online. Although both electrically stimulated and control tissue 

constructs displayed waveforms including QRS complex and T wave, control ones 

showed lower and wider QRS complexes compared with stimulated ones. This indicated 

that electrical stimulation improved electrophysiological properties of cardiac constructs, 

such as conduction velocity, Ca2+ handling, and hiPSC-CM coupling and synchrony, 

being in accordance with previous single-cell recordings from dissociated constructs319. 

Importantly, in electrostimulated constructs the ECG-like signal maintained a time-

invariant shape and a significantly more stable beating rate than non-stimulated cardiac 

constructs. Therefore, electrically stimulated cardiac constructs appear as the best 

option to obtain cardiac tissue analogues, which could be used to repair the damaged 

myocardium or as human in vitro models for drug testing and disease modelling.  

To verify the usefulness of electrically stimulated cardiac constructs as an in vitro 

model of human myocardium, the effect of cardioactive drugs was tested. To that end, 

a drug injection port was installed within the bioreactor, and isoproterenol (β-adrenergic 

agonist), carbachol (cholinergic agonist) and sotalol (hERG potassium channel blocker) 

were delivered to the constructs. Measuring changes in beating rate and QRS shape in 

real time allowed estimating the effect of the drugs in a tissue-like human cardiac model. 

Constructs that had undergone electrical stimulation significantly increased their beating 

rate when incubated with isoproterenol, and decreased it when incubated with 

carbachol, thus indicating functional adrenergic and cholinergic systems that affected 

global construct behavior. To test the ability of human cardiac constructs to detect drug-

induced cardiotoxicity, we used the standard QT prolonging drug sotalol, as it has high 

proarrhythmic risk244. Cardiac toxicity is an issue of immense significance for patients, 
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pharmaceutical industry and regulatory organizations, as an estimated ~45% of all 

withdrawals and ~30% of restrictions to drug use are due to unexpected negative 

cardiovascular events233. Interestingly, when our electrically stimulated constructs were 

treated with sotalol, a regular and progressive decrease in heart rate was observed, 

which could be explained by sotalol action as adrenergic antagonist. Although a similar 

effect was noted for our control cardiac constructs, the results were much more variable 

(e.g. random increases and decreases in beating rate), probably owing to the worse 

electrical conduction of action potentials within the construct. More importantly, the 

electrophysiological recording of electrically stimulated cardiac constructs displayed 

typical features of arrhythmias, such as QRS skipping, prolongation of RR intervals, and 

regular blockades. Moreover, these features tended to increase over time of incubation 

with the drug, suggesting the possibility to detect drug-induced arrhythmias in stimulated 

cardiac tissue constructs. To the best of our knowledge, this is the first time that 

cardiotoxic drug effects can be evidenced in thick 3D cardiac tissue constructs acting 

as a whole. Thus, our electrostimulated human cardiac constructs are a promising tool 

for cardiac toxicity studies that can help bridging the gap between in vivo an in vitro 

studies. There are some drug candidates that give in vivo QT results that are 

inconsistent with the findings in in vitro electrophysiological studies127. One example of 

this inconsistency is sotalol, which prolongs QT in vivo much more than the expected 

from its 50% inhibitory concentration (IC50) for hERG channel current in vitro473. The 

main reasons for this discrepancy may be that in vitro safety screens are based on 

hERG channel assays in non-cardiac cell lines, and drug-induced QT prolongation can 

be mediated by ion channels other than hERG. In addition, some compounds can affect 

multiple ion channels, so hERG assays alone are limited and non-representative to 

predict drug effects427. Although platforms such as hESC-CM clusters, 

microphysiological systems and microtissues have been capable to detect cardiotoxicity 

to some extent, they present problems such as variability in cell response or complete 

arrest of constructs contraction when treated with drugs12,317,415,427,486. Therefore, our 

platform is an advantageous in vitro evaluation system, as it is constituted by human 

cardiomyocytes that express multiple ion channels and function as a syncytium in a 

regular and stable manner. Although the true predictive value of this method for 

toxicology studies needs to be assessed with larger series of proarrhythmic and safe 

drugs, the system developed in this study holds great promise as a tool for cardiac 

toxicity studies. The fact that our stimulated human cardiac tissue construct 

demonstrated a dramatic response to a drug that showed discrepancies between in vivo 

and in vitro studies, strengthens the capabilities of our platform in predicting 

cardiotoxicity. Moreover, ECG-like signals allow the evaluation of drugs by using 

classical electrophysiological measurements in clinics, such as heart rate variability, RR 

interval or QRS complex shape, so our platform could be highly valuable in assessing 

the effect of arrhythmic drugs in an objective and quantitative manner.  
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Taken together, our results indicate that the advanced 3D culture system 

developed in this study allows generating and monitoring human cardiac tissue 

constructs with tissue-like functionality. Medium perfusion in combination with electrical 

stimulation and collagen-based porous scaffold improves the structural and functional 

maturation of cardiomyocytes. Importantly, in this advanced 3D culture system, 

cardiomyocytes couple to form macroscopic constructs that contract synchronously and 

display improved electrophysiological functions. Finally, the capability of stimulated 

human cardiac tissue constructs to respond to cardiotoxic drugs makes it a promising 

tool in drug discovery and toxicity testing. Despite the important contribution of this work 

to cardiac tissue engineering field, reaching a fully adult phenotype of cardiomyocytes 

remains a challenging task, and maturation continues to be an area of active research. 

The lack of standardized methodologies to stimulate cardiomyocytes and assess their 

maturation level, together with the lack of consensus to what constitutes a mature 

cardiomyocyte complicate comparisons between studies and are hindrances to 

advancement. Therefore, it is necessary to establish standard operating procedures, 

assays and maturation readouts to achieve consistency, efficiency, reproducibility and 

high-throughput. Although the body of data regarding human cardiac tissue constructs 

production is not immense, discoveries and achievements over the past years and 

current worldwide efforts signal continued progress. A shift from the bench to the clinic 

may be on the horizon, but success will depend on how effectively and how efficiently 

engineering and biology can be integrated to create surrogates and/or in vitro models 

of human cardiac tissue. 
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1. The parallelized perfusion bioreactor system developed in this thesis can 

successfully generate thick 3D cardiac tissue constructs. Perfusion ensures an effective 

mass transport between cells and culture medium, and parallelization allows culturing 

multiple replicas of the constructs. The design, fabrication and characterization of the 

perfusion chamber including electrical stimulation allows the production of functional 

and structurally organized cardiac constructs from rat and human cardiac cells. 

Moreover, the prototype is appropriate to monitor the electrical activity of cardiac 

constructs in real time. 

2. Perfusion of culture medium combined with electrical stimulation leads to the 

generation of more mature cardiac tissue constructs than perfusion alone. Electrical 

stimulation improves the structural organization, alignment and coupling of 

cardiomyocytes, and promotes the formation of synchronous contractile constructs at 

the macroscale. Moreover, the beneficial effects of electrical stimulation on the maturity 

of human cardiac constructs becomes more evident over time in culture.  

3. In this study, we report for the first time to our knowledge an electrophysiological 

recording system that provides information about the electrical activity of intact 3D 

cardiac tissue constructs in real time. Specifically, the combination of action potentials 

generated by human induced pluripotent stem cell-derived cardiomyocytes composing 

cardiac constructs produce ECG-like signals, which can be monitored online. 

4. Electrically stimulated human cardiac constructs display a time-invariant QRS 

shape, higher and narrower QRS complexes and significantly more stable beating rate 

than in control ones, suggesting improved electrophysiological functions. Moreover, 

constructs that had undergone electrical stimulation display typical features of 

arrhythmias upon treatment with sotalol. To the best of our knowledge, this is the first 

time that cardiotoxic drug effects can be evidenced in thick 3D human cardiac tissue 

constructs acting as a whole. 

5.  Taken together, results demonstrate that the advanced 3D culture system 

developed in this study allows generating and monitoring human cardiac tissue 

constructs with tissue-like functionality. Medium perfusion in combination with electrical 

stimulation and collagen-based porous scaffold promotes the structural and functional 

maturation of cardiomyocytes. Finally, the capability of stimulated human cardiac tissue 

constructs to respond to cardiotoxic drugs makes it a promising tool for drug discovery 

and toxicity testing. 
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La cardiopatia isquèmica és una de les principals causes de mort a nivell 

mundial. Segons l’Organització Mundial de la Salut, l’any 2012 la cardiopatia isquèmica 

va ser responsable de 7.4 milions de morts. Malauradament, s’espera que la mortalitat 

deguda a malalties cardiovasculars augmenti de 17.5 milions el 2012 a 22.2 milions el 

2030. Una de les raons principals que expliquen aquests fets és que, després d’una 

lesió, el cor humà té una capacitat de reparació i/o regeneració molt limitada. 

Exceptuant el trasplantament de cor, les teràpies actuals són insuficients per restablir 

la funció del cor en estadis avançats d’insuficiència cardíaca. Així doncs, no només cal 

desenvolupar teràpies alternatives que fomentin la regeneració i/o reparació del cor, 

sinó també noves eines per estudiar la fisiologia i fisiopatologia cardíaca in vitro. Una 

de les estratègies més prometedores per assolir aquests objectius és l’enginyeria 

tissular cardíaca, ja que té com a finalitat generar constructes de teixit cardíac que 

mimetitzin el teixit real. Aquests constructes podrien utilitzar-se com a models in vitro 

del miocardi humà i també com a empelts de teixit cardíac per reparar el cor malmès. 

Per tant, disposar de constructes cardíacs 3D que recreïn el miocardi humà podria 

revolucionar el procés de descobriment de fàrmacs, l’estudi de malalties cardíaques i 

el camp de la medicina regenerativa. 

Per tal de generar constructes de teixit cardíac humà, les cèl·lules mare de 

pluripotència induïda humanes (hiPSC) representen una opció molt prometedora, ja 

que poden donar lloc a grans quantitats de cardiomiòcits funcionals. No obstant això, 

els cardiomiòcits obtinguts mostren un fenotip immadur i semblant a l’estadi fetal quan 

són cultivats en sistemes 2D estàndards, de manera que el seu ús es veu limitat. Per 

tal de promoure la maduració dels cardiomiòcits derivats de hiPSC (hiPSC-CM) és 

necessari reproduir l’entorn cardíac real. Entre les diverses opcions existents, 

l’estratègia clàssica es basa en l’ús de tres elements principals: les cèl·lules cardíaques, 

que doten al teixit artificial de la capacitat d’exercir la seva funció; una estructura 3D 

constituïda per biomaterials i que actua com a bastida per al desenvolupament del teixit; 

i un sistema de senyalització que reprodueixi els estímuls de l’entorn cardíac natiu, 

normalment un bioreactor, gràcies al qual els constructes cardíacs es formen i 

maduren. Tot i que s’han aconseguit avenços científics importants, generar constructes 

grans i semblants al miocardi humà adult a partir de hiPSC-CM segueix sent un repte 

per a la comunitat científica. En aquest context, la hipòtesi d’estudi és que, mitjançant 

la combinació de hiPSC-CM amb un material de bastida 3D i estímuls biofísics similars 

a l’entorn cardíac, es podrien generar constructes de teixit cardíac semblants al 

miocardi humà tant a nivell estructural com funcional. 

Per tal d’abordar la hipòtesi plantejada, en aquest treball s’ha caracteritzat una 

bastida 3D constituïda principalment per col·lagen i elastina, i s’ha definit un mètode 

eficient per sembrar cèl·lules cardíaques dins l’estructura. Bàsicament, aquest mètode 

consisteix en perfondre les cèl·lules cardíaques a través de la bastida a 1 ml/min i en 
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un sol sentit, de manera que les cèl·lules queden retingudes en l’estructura 3D. A més 

a més, s’ha desenvolupat un bioreactor de perfusió de sistema en paral·lel que 

assegura un transport de massa efectiu entre les cèl·lules i el medi de cultiu. Aquest 

aspecte és de gran rellevància quan es volen obtenir constructes cardíacs amb un gruix 

de més de 200 µm, ja que només per difusió la quantitat d’oxigen i nutrients que arriba 

a les cèl·lules situades a l’interior del teixit és insuficient per a la seva supervivència. 

També s’ha dissenyat i fabricat una càmera de perfusió que inclou elèctrodes per 

estimular elèctricament les cèl·lules durant el seu cultiu, així com també per monitorar 

la funció del teixit artificial. Amb aquest sistema s’han pogut generar constructes de 

teixit cardíac 3D a partir de cèl·lules cardíaques de rata neonatal, els quals han 

demostrat tenir activitat contràctil i assolir un nivell de maduresa superior quan se’ls ha 

estimulat elèctricament. Convé ressaltar que el desenvolupament d’aquest avançat 

sistema de cultiu ha permès generar constructes de teixit cardíac humà 3D amb una 

funcionalitat semblant a la del teixit real. A més a més, el sistema també ha permès 

monitorar l’electrofisiologia del teixit artificial en temps real.  

Els resultats obtinguts indiquen que la perfusió de medi de cultiu, juntament amb 

l’estimulació elèctrica i una bastida de col·lagen porosa, promouen la maduració 

estructural i funcional dels hiPSC-CM. En conjunt, l’estimulació elèctrica millora 

l’organització estructural, l’alineació i l’acoblament dels cardiomiòcits que composen el 

teixit artificial respecte els que no han estat estimulats. Així mateix, l’estimulació 

elèctrica promou la formació de teixits artificials que es contreuen de manera síncrona 

a nivell macroscòpic i que presenten funcions electrofisiològiques òptimes. És important 

mencionar que en aquest treball s’ha desenvolupat un sistema de registre que permet, 

per primera vegada, obtenir informació sobre l’activitat electrofisiològica dels 

constructes cardíacs intactes. Concretament, la combinació de potencials d’acció 

generats pels hiPSC-CM que composen els constructes cardíacs produeixen senyals 

semblants a un ECG, una característica única segons els nostre coneixement. 

Finalment, s’ha pogut demostrar que els constructes de teixit cardíac humà sotmesos 

a l’estimulació elèctrica són útils per detectar la cardiotoxicitat associada a fàrmacs, ja 

que després del tractament amb sotalol l’interval QT es prolonga i el complex QRS 

mostra una forma alterada.  

En conclusió, els resultats obtinguts en aquesta tesi demostren que el sistema 

de cultiu desenvolupat és capaç de generar constructes de teixit cardíac humà,  

macroscòpics i amb una funcionalitat semblant al teixit real. Els efectes de l’estimulació 

elèctrica en els cardiomiòcits s’han estudiat a múltiples nivells: molecular (presència, 

distribució i expressió de proteïnes cardíaques), ultraestructural (amplitud del sarcòmer 

i organització i presència d’unions cel·lulars especialitzades), cel·lular (morfologia i 

alineació), i funcional (amplitud, direccionalitat i esforç de les contraccions, i registre 

electrofisiològic). En conjunt, els resultats suggereixen una millora de la maduració dels 
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constructes cardíacs quan es sotmeten a estímuls elèctrics similars als de l’entorn natiu. 

Igualment, el sistema de registre en temps real que s’ha dissenyat permet obtenir 

informació essencial sobre la funcionalitat de constructes cardíacs intactes. Així doncs, 

l’estratègia d’enginyeria tissular cardíaca desenvolupada en aquest treball obre un gran 

ventall de possibilitats en la recerca cardiovascular. 
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9.1. Prototype drawings 

Total or partial reproduction is forbidden without permission. 
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9.2. Journal articles related to the thesis 

Journal article in preparation (not published). 
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Maria Valls-Margarit1*, Olalla Iglesias-García2*, Claudia Di Guglielmo2,3, Leonardo 
Sarlabous3,4,8,  Roberto Paoli5, Jordi Comelles1, Dolores Blanco3,4,8, Oscar Castillo-

Fernández6, Josep Samitier3,5,7, Raimon Jané3.4,8, Elena Martínez1,3 7#, Ángel 
Raya2,3,9# 

 
1Biomimetic systems for cell engineering, Institute for Bioengineering of Catalonia 

(IBEC), Barcelona, Spain. 
2Center of Regenerative Medicine in Barcelona (CMRB), Barcelona, Spain. 

3Center for Networked Biomedical Research on Bioengineering, Biomaterials and 
Nanomedicine (CIBER-BBN). 

4Biomedical signal processing and interpretation, Institute for Bioengineering of 
Catalonia (IBEC), Barcelona, Spain. 

5Nanobioengineering, Institute for Bioengineering of Catalonia (IBEC), Barcelona, Spain. 
6Institute of Microelectronics of Barcelona, IMB-CNM (CSIC), Campus UAB, Bellaterra, 

Spain. 
7Department of Engineering: Electronics, University of Barcelona (UB), Barcelona, 

Spain. 
8Department of Automatic Control, Universitat Politècnica de Catalunya - BarcelonaTech 

(UPC), Barcelona, Spain. 
9Institució Catalana de Recerca i Estudis Avançats (ICREA). 

 

* These authors contributed equally to this work. 

# Share senior co-authorship. 

 

 

 

 

 

 



APPENDICES 

 

250 

 

ABSTRACT  

Engineering thick and 3D human cardiac tissue remains a challenge due to the complex 
structure of the native myocardium. Mimicking native cardiac environment through the 
use of advanced 3D culture systems brings additional complexity with respect to 
currently available engineered cardiac microtissue models. We fabricated a novel 
parallelized perfusion bioreactor that supports the development of 3D tissue constructs, 
reproduces the electrophysiological complexity of the native myocardium by providing 
electrical stimulation, and allows monitoring tissue function over time. Electrical 
stimulation promoted the generation of multiple cardiac tissue constructs containing 
contractile and aligned cardiomyocytes with well-developed ultrastructural organization. 
Stimulated constructs displayed improved synchronization and electrical signal 
propagation, and produced ECG-like signals. Electrostimulated human-derived cardiac 
tissue constructs may serve as in vitro models to predict proarrhythmic drug effects 
including heart rate alterations and QT interval prolongation. Overall, this technology 
may allow for the production of macroscopic human cardiac muscle with improved 
electrophysiological functions and potential use in regenerative medicine.  

 

 

Key words: cardiac tissue engineering; human induced pluripotent stem cells; 3D 
cardiac patch; perfusion bioreactor; electrical stimulation; tissue functionality; heart 
physiology; ECG-like signals; proarrhythmic drugs. 
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INTRODUCTION  

Nowadays, cardiac tissue engineering field is translating the acquired knowledge with 
animal-based tissue constructs into the production of human engineered cardiac tissues 
(hECTs), which should be able to provide physiologically relevant information. To date, 
much efforts have been put in developing human heart microtissues that better 
recapitulate the complexity and electro-mechanical function of native myocardium 
compared to standard 2D in vitro culture systems1–4.  

Several approaches have been explored to generate cardiac tissues analogues, 
including scaffold-free 3D cardiac spheroids that could spontaneously and 
synchronously contract5,6. However, although this organoid-based cellular platform was 
found to be applicable for use in toxicology and drug development, it was not able to 
reproduce the physiological architecture and function of human myocardium. Therefore, 
more complex devices that combined multiple relevant regulatory signals in 3D 
environments had to be developed. In this regard, cardiac patches were generated, 
which used porous collagen-based scaffolds that provided an ideal support for cell 
adhesion and distribution7,8. Such constructs needed a controlled microenvironment 
with appropriate oxygen and nutrients supply to the cultured cells9–11. To that end, 
Radisic and colleagues developed a perfusion bioreactor system that allowed the 
generation of thick cardiac tissue constructs full of viable cells with aerobic 
metabolism10. However, to increase the functionality of hECTs, additional exogenous 
stimulus are needed, such as the electrical signals that haven shown to improve 3D 
cardiac tissue constructs electrophysiological properties, cellular and ultrastructural 
organization and expression of cardiac specific proteins12–14. Altogether, these systems 
could be used as high-throughput screening platforms, thus becoming essential tools in 
preclinical toxicology and drug screening process15–17. However, advanced models with 
tissue-like functionality have yet to be achieved.  

Here, we present advanced 3D culture system that combines biophysical cues including 
medium perfusion and pulsatile electric field stimulation to generate cardiac tissues from 
hiPSCs. The obtained cardiac tissue constructs recapitulate some important features of 
adult cardiac tissue. Electrical stimulation promotes the generation of constructs with 
unprecedented conductive and contractile properties after 14 days of culture. 
Importantly, the custom-made perfusion chamber with electrical stimulation allows the 
online monitoring of the electrophysiological signal generated by contractile cardiac 
tissues, which resembles an electrocardiogram (ECG) signal. Finally, electrically 
stimulated cardiac tissue constructs exhibit heart rate alterations and QT interval 
prolongation when treated with a cardiotoxic drug, which makes our system ideal for 
studying long term effects of new drug treatments on cardiac activity. This technology 
constitutes a novel in vitro cardiac tissue model that opens up new possibilities for 
studying complex biological questions of human heart physiology both in vitro and in 
vivo. 
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MATERIALS AND METHODS 

Parallelized perfusion bioreactor system 

Parallelized perfusion bioreactor (Fig. 1a) was composed of a medium reservoir 
(Sartorius Stedim Biotech) connected through gas-permeable platinum-cured silicone 
tubing (1.6 mm inner diameter, Thermo Fisher Scientific) to a PharMed® BPT 3-Stop 
pump tubing (0.89 mm ID, Cole Parmer). The pump tubing was connected to a 
multichannel peristaltic pump (REGLO Digital, 2 channels, Ismatec) that propelled the 
culture medium to a four-port luer manifold (Thermo Fisher Scientific). In each port of 
the luer manifold, the infusion line of the elastomeric infusion system DOSI-FUSER® 
was connected, composed of an air and particle filter (1.2 μm particle filter and 0.02 μm 
vent filter) and a flow restrictor (1·10-2 cm inner diameter and 10.8 cm length) (L25915-
250D2, Leventon). The flow restrictor allowed an equal distribution of the culture 
medium throughout the four branches of the bioreactor, and the filter acted as a high 
fidelity de-bubbling system to avoid entrapment of bubbles inside perfusion chambers. 
An in-line luer injection port (Inycom) was assembled before the perfusion chambers to 
allow direct drug injections. Finally, the four branches were assembled with another luer 
manifold attached to a gas exchanger, composed of 3 m of gas-permeable platinum-
cured silicone tubing (1.6 mm inner diameter, Thermo Fisher Scientific) coiled around a 
holder. To close the circuit, the gas exchanger was connected to the medium reservoir. 
All connections between the components were performed using male and female luer 
lock connectors (for 1.6 mm tube inner diameter, Value Plastics). Two different 
perfusion chambers were used to either electrically stimulate cardiac patches or not. 
The perfusion chamber without electrodes was a Swinnex filter holder (13 mm, Merck 
Millipore), while the perfusion chamber that enabled electrical stimulation was designed 
and fabricated in-house (Supplementary information). Notably, both chambers had 
equivalent inner dimensions to obtain comparable tissue constructs. In both chambers 
the cardiac patch was held in place by two gaskets, and a continuous perfusion of 
culture medium at 0.1 ml/min per chamber was applied (0.4 ml/min total system flow). 
For electrically stimulated cardiac patches, trains of monophasic square-wave pulses of 
2 ms of duration and 5 V of amplitude (peak to peak) were continuously applied from 
day 4 of culture until the end of the experiment. For rat cardiac patches, the frequency 
of the pulses was of 3 Hz, while for human cardiac patches was of 1 Hz. Control cardiac 
patches were cultured under the same conditions but without electrical stimulation. All 
the components were sterilized by either autoclaving or 70% ethanol with subsequent 
MilliQ water rinse. The whole system was placed inside an incubator with temperature 
and CO2 control (37ºC and 5% CO2).   

 

Electric field modelling 

COMSOL Multiphysics® software was used to predict the electric field and the current 
density that stimulates cells in our custom-made perfusion chamber. The electric current 
module was used, which considers the conductivity and permittivity of each material to 
solve a current conservation problem for a given electric potential. Electric fields 
throughout our geometry were calculated by assuming steady state, as previously 
described18,14,13). To run the simulation, the exact geometry of our perfusion chamber 
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was designed except for its internal part, where a prism was drawn to faithfully 
reproduce the interaction between electrodes and culture medium (Figure 1b). The 
model was solved for a mesh with an average element size of 0.0473 mm2 by applying 
a differential potential of 5 V between the stimulating electrodes (graphite rods, 3/16” in 
diameter, Monocomp Instrumentación). The conductivity value of the cell culture 
medium used for the simulation was 1.44 ± 0.03 S/m, measured with a conductivity 
meter (Crison) using DMEM 4.5 g/l glucose (Life Technologies). 

 

Structural and mechanical analysis of the scaffold 

A commercially available collagen and elastin-based sponge (Matriderm®, MedSkin 
Solutions Dr. Suwelack AG) was used as 3D scaffold. Scaffold morphology and mean 
pore size was analysed in dry conditions by scanning electron microscopy (SEM) (Nova 
NanoSEMTM 230, FEI) using the low vacuum mode (1 mbar water pressure) without any 
conductive coating. Second Harmonic Generation (SHG) and two-photon excited 
fluorescence (TPEF, autofluorescence) using an inverted confocal microscope (Leica 
SP5, Leica Microsystems) was used to elucidate scaffold morphology in hydrated 
conditions19,20. The stiffness of the hydrated scaffold (disks of 1 cm in diameter) was 
measured in compression using a Q800 Dynamic Mechanical Analyzer (TA 
instruments). A ramp strain of -0.5%/min rate to a maximum strain of -5% and a preload 
force of 0.01 N were applied. Young Modulus (E) of the scaffold was determined from 
the slope of the stress-strain curves at room temperature and at 37 ºC. 

 

Human iPSC culture and cardiac differentiation  

Human induced pluripotent stem cells (hiPSC) (FiPS Ctrl1-mR5F-6; cell line registered 
in the National Stem Cell Bank, Institute of Health Carlos III, Spanish Ministry) were 
cultured on Matrigel® (10 cm diameter, Corning) coated dishes with mTeSR1 medium 
(Stem Cell Technologies). Cells were differentiated into cardiomyocytes in monolayer 
culture with modulators of canonical Wnt signaling as described in the Supplementary 
information. Briefly, monolayer cultures on Matrigel® in a serum-free medium were 
treated with 10 M GSK3 inhibitor (CHIR99021, Stemgent) for 24 h (day 0 to day 1). On 

day 3 of differentiation, cells were treated with 5 M Wnt inhibitor IWP4 (Stemgent) for 
2 days. Contracting cardiomyocytes were obtained between 8 and 12 days of 
differentiation. Beating clusters were disaggregated (at day 20 and at day 35) by 
incubation with 0.25% trypsin-EDTA (Gibco) for 5-8 min at 37 ºC, both for their 
characterization and for cardiac constructs generation. 

 

Cardiac constructs generation  

Engineered cardiac tissue constructs were generated using a porous collagen and 
elastin-based scaffold of 1 mm thickness (Matriderm®). The commercial scaffold was 
cut in disks of 1 cm in diameter and hydrated in phosphate buffered saline (PBS) 
(Thermo Fisher Scientific) for 24 hours before use. For rat cardiac patches generation, 
3.5 x 106 cells isolated from rat heart ventricles were resuspended in 1 ml of 
supplemented DMEM (see Supplementary information for further details). For human 
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cardiac patches generation, 3.5 · 106 human iPSC-derived cardiomyocytes selected at 
day 20 of differentiation and 0.5 · 106 human foreskin fibroblasts (HFF) were 
resuspended in 1 ml of RPMI (Invitrogen) supplemented with B27 (Life Technologies) 
medium. Each cell suspension was seeded into the scaffold using an adapted version 
of a previously described perfusion loop system11. Briefly, the cell suspension was 
loaded inside the loop and a flow rate of 1 ml/min was applied in one direction, forcing 
the cell suspension to pass through the scaffold. As the scaffold was held in place by 
two silicone gaskets, only the central part of it was seeded with cells. After seeding, 
tissue constructs were placed in 60 mm ultra-low attachment dishes (Corning) and 
incubated at 37ºC in 5% CO2 and humidified atmosphere to allow cell attachment. Rat 
cardiac patches were incubated for 1.5 hours, while human cardiac patches were 
incubated for 3.5 hours. Then, tissue constructs were transferred into the bioreactor 
perfusion chambers and cultured under perfusion during 3 days. At day 4 of culture, 
electric field stimulation regimen was applied on “electrostimulated” tissue constructs, 
while “control” ones were cultured only under perfusion. All tissue constructs were 
cultured either for 7 or 14 days before assessing their functional and structural 
organization level. As 2D controls of cardiac patches, 0.5 · 106 cells isolated from rat 
heart ventricles or day 20-differentiated cardiomyocytes together with 10% HFF were 
seeded on 0.1% gelatin-coated 12-well plates with or without 12 mm coverslips (Thermo 
Scientific) for further analysis.  

 

Immunostaining analysis 

Scaffolds were fixed overnight with 4% paraformaldehyde (PFA, Sigma) at 4ºC and 
included in 8% agarose (Conda) for 5 min at 4ºC. Blocks were cut in 200 μm sections 
using a vibratome (0.075 mm/s advance rate, 81 Hz vibration and 1 mm amplitude) 
(Leica VT1000S). After three washes in 1X TBS (30 min each), sections were incubated 
in blocking solution I (1X TBS, 0.5% Triton-X100 (Sigma) and 6% donkey serum 
(Chemicon)) for 2 h at room temperature, and incubated with primary antibodies diluted 
in blocking solution II (1X TBS, 0.1% Triton-X100 and 6% donkey serum) for 72 h at 
4ºC in agitation. After four washes in 1X TBS (30 min each), sections were incubated 
with secondary antibodies diluted in blocking solution II for 2 h in the dark and overnight 
at 4ºC. Finally, sections were washed thrice with 1X TBS for 30 min each and incubated 
with DAPI (Invitrogen) for 1 h at room temperature. Rat neonatal and differentiated 
cardiomyocytes seeded on gelatin-coated coverslips were fixed with 4% PFA for 15 min 
at room temperature and used as 2D controls respectively. Images were taken using a 
SP5 confocal microscope (Leica Microsystems). Primary and secondary antibodies are 
listed in Supplementary Table S1. 

 

Functional analysis of cardiac patches  

Contractile function of cardiac patches was assessed in response to electric field 
stimulation or spontaneous beating as previously described13,12. Briefly, two holes were 
drilled at one edge of two carbon rod electrodes, and a gold wire of 0.5 mm in diameter 
was thread through them. Insulation of the connection was performed using heat-shrink 
tubing, and both electrodes were glued using cyanoacrylate at the bottom of a 35 mm 
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MatTek glass bottom dish (MatTek In Vitro Life Science Laboratories), 1 cm apart from 
the edge of each electrode. The space between the electrodes was filled with Tyrode’s 
salts solution (Sigma-Aldrich Química), and cardiac patches were imaged and video 
recorded using a Stereo Microscope Leica MZ10F (Leica Microsystems) with a 
DFC4025C Digital Microscope Camera (Leica Microsystems). Temperature was 
maintained at 37ºC using a microscope-stage automatic thermocontrol system for 
transmitted light bases (Leica MATS Type TL, Leica Microsystems), and electrical 
pulses were applied using a function generator (Agilent Technologies). To measure the 
amplitude of contraction of each cardiac patch, spontaneous beating of the constructs 
was recorded for at least 10 s. Then, the Fractional Area Change (FAC) of 10 beats was 
calculated using a published custom MATLAB program (The MathWorks) and as 
formerly described13. Particle Image Velocimetry (PIV) was used to measure the velocity 
fields in beating cardiac tissue constructs. Briefly, spontaneous beating of cardiac 
patches was video recorded using a Stereo Microscope Leica MZ10F (Leica 
Microsystems) with a DFC4025C Digital Microscope Camera (Leica Microsystems). 
Then, movies were analyzed using the MatPIV software package for MATLAB (The 
MathWorks)21. Each frame was cross-correlated with the preceding one using a 77 µm 
x 77 µm interrogation window, obtaining local displacements fields (velocity field). The 
alignment between velocity vectors fields and the direction of the electric field was 
assessed by the order parameter <cos 2θ>. If vectors were aligned in the direction of 
electric field, <cos 2θ> value was 1, whereas if vectors were perpendicular to the electric 
field, its value was -1. Random distribution was represented by a <cos 2θ> close to 0. 

 

Quantitative real-time polymerase chain reaction 

Total RNA was isolated from differentiated cells and cardiac constructs using Trizol RNA 
Isolation Reagent (Life Technologies), and 1 g was used to synthesize cDNA using 
Transcriptor first-strand cDNA synthesis kit (Roche) according to the manufacturer´s 
protocol. The quantitative real-time polymerase chain reaction (qRT-PCR) was carried 
out using the 7300 Real-Time PCR System (Applied Biosystems). Human GAPDH was 
used a housekeeping gene. RNA from human fetal and adult heart (Clontech) was used 
as positive control. Specific primers are listed in Supplementary Table S2.  

 

Transmission electron microscopy  

Cardiac constructs were fixed with 2.5% glutaraldehyde (Electron Microscopy Sciences) 
for 2 h at 4ºC. After washing with 0.1 M cacodylate buffer (pH = 7.2) (Sigma-Aldrich), 
cardiac constructs were gradually dehydrated with ethanol and embedded in epoxy 
resin (Ted Pella). Semithin sections (0.25 μm) were cut with a diamond knife using an 
ultramicrotome (Leica UC6), and stained lightly with 1% toluidine blue (Panreac). Later 
ultra-thin sections (0.08 μm) were cut with a diamond knife, contrasted with uranyl 
acetate (Electron Microscopy Sciences) and lead citrate (Electron Microscopy 
Sciences) and examined under a JEOL 1011 transmission electronic microscope 
(JEOL). 
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Drug treatment 

Isoproterenol, carbachol and sotalol were purchased from Sigma-Aldrich. All chemicals 
were dissolved in distilled water to make stock solutions, and serial dilutions were made 
in RPMI (Invitrogen) culture medium. To test changes in the -adrenergic response, 

1 M isoproterenol was injected to the bioreactor circuit through the luer injection port 

(Inycom). For cholinergic stimulation, 10 M carbachol was injected, and sotalol was 

added at low (1 M) and high (10 M) concentrations to evaluate the blockade of hERG 
current. Spontaneous activity of cardiac constructs was recorded as baseline period. 
Cardiac constructs were treated with pharmacological agents during 10 min for 
immediate analysis, followed by 5 min washout for isoproterenol and carbachol, and 15 
min for sotalol.  

 

Recording and processing of bioelectric signals generated by cardiac patches  

Extracellular field potentials (EFP), generated by the charge redistribution in 
cardiomyocytes surrounding medium, were acquired through three electrodes using an 
advanced transducer amplifier. The gold electrode acted as internal reference, and 
electrical activity of cardiac patches was acquired using both graphite electrodes. The 
obtained ECG-like signal is generated by synchronized action potentials of 
cardiomyocytes. Its shape is similar to regular surface ECG signals for humans, 
including QRS complex and T wave (Fig. 3a and 3c). The biomedical instrumentation 
for recording the bioelectrical signals was the Biopac MP100 system (Santa Barbara, 
CA, USA, 16 Bits AD conversion; DAC100C, gain 50, maximum bandwidth DC-5KHz, 
input impedance 2 MΩ, CMRR = 90 dB min). EFPs recordings were monitored and 
stored in a computer using the AcqKnowledge software v.4.1, and were analyzed with 
MATLAB (v. R2014b, Natick, MA, USA). EFPs signals were recorded at a sampling 
frequency of 12.5 KHz, and were filtered and decimated at a sampling rate of 500 Hz.  

Bioelectric signals were bandpass filtered (zero-phase fourth-order Butterworth filter 
with cut-off frequency of 0.2 and 40 Hz, respectively) to use the main bandwidth of the 
classical electrocardiographic studies. Previously, the 50 Hz line interference and 
harmonics were cancelled by a comb-notch filter. To a better identification of different 
patterns in the ECG-like signals, Ensemble Empirical Mode Decomposition22 (Noise 
level: 1dB; Iterations: 200) was used to cancel the multicomponent noise.  

Instantaneous heart rate expressed as beats per minute (bpm) was calculated over 
extracellular field potentials generated in both control and ES patches at baseline and 
after drug application. Relative HR to baseline was calculated to evaluate the behavior 
of cardioactive drug effects. The square root of the mean squared differences of 
successive intervals (RMSSD)23, one of the most commonly used measures to evaluate 
the HR variability in clinical settings, was also calculated. 

 

Statistical analysis 

In the case of normal distributions, differences between groups were compared using 
Student´s t-test analysis. Non-parametric analysis were performed using Mann-Whitney 
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U test and in case of 3 and more groups 1-way unrepeated measures ANOVA with 
appropriate post-hoc testing was performed. The performed tests are specified in the 
respective figure legends. Statistical analyses were performed using GraphPad Prism 
6 or Origin 8.5 software (OriginLab, Northampton, MA). Differences were considered 
statistically when p<0.05. 

 

RESULTS 

Development of a parallelized bioreactor comprising perfusion and electrical 
stimulation  

To generate tissue-like cardiac patches a parallelized perfusion bioreactor with electrical 
stimulation was designed (Fig. 1a). Parallelization of the culture system allowed the 
production of multiple cardiac tissue constructs in the same physiological conditions. 
Fluidic restrictors were installed into the parallelized system to ensure the same flow 
rate in every branch of the bioreactor. The fluidic resistance exerted by the fluidic 
resistor had to be much higher than the one exerted by the luer manifold to distribute 
the flow homogeneously through all branches. Thus, the resistance to laminar flow 
exerted by both components was calculated: 

(1) ܴ ൌ
଼	௫	ఎ	௫	

గ	௫	ర
 

Where R (Pa·s/m3) is the resistance,  (N·s/m3) is the viscosity of the fluid, L (m) is 
length of the tubing and r (m) its radius. Eventually, a fluidic resistor of 3·1013

 

Pa·s/m3 
was chosen for a luer manifold exerting 1’1·107 Pa·s/m3.  

To get and optimal interstitial flow in the perfusion bioreactor, we calculated the shear 
stress to which cells would be exposed as previously described11. Initially, the minimum 
flow rate needed for cardiac patches culture had to be determined, and it depended on 
the overall mass balance of oxygen. A flow rate of 0.1 ml/min was required for rat cardiac 
patches culture, whereas a flow rate of 0.2 ml/min was required for human cardiac 
tissues Then, shear stress was estimated by taking into account culture medium 
viscosity (0.0078 dyn·s/cm2)24, scaffold volume (19.6 mm3), void fraction (0.94), mean 
pore radius (8.5 µm, Supplementary Fig. 1), and the calculated flow rates. Perfusion 
of culture medium at 0.1 ml/min evoked a hydrodynamic shear around 0.7 dyn/cm2, 
while perfusion at 0.2 ml/min yielded a shear stress around 1.3 dyn/cm2.  

To include electrical stimulation to the parallelized perfusion bioreactor, we determined 
the appropriate electrodes configuration by formulating and electric field model (Fig. 
1b). We simulated the electric field and current density generated by two graphite 
electrodes separated 1 cm apart and in contact with culture medium. Solving the model 
gave an electric field around 400 V/m and a current density around 600 A/m2 in the 
center of the chamber when a differential voltage of 5 V was applied. Similar values 
were obtained in the whole region of the cardiac patch containing cells (from x=-2.5 to 
x=2.5), being suitable for cardiomyocytes stimulation.  

Geometry, material and configuration requirements determined from the model were 
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considered to fabricate the custom-made perfusion chamber with electrical stimulation. 
Upon fabrication, electric field values in the perfusion chamber were measured to verify 
that the expected stimulation was properly delivered (Fig. 1c). Rectangular pulses at 3 
Hz of frequency, 2 ms of duration and increasing differential voltages from 1 to 5 V were 
applied to the chamber. Electric potentials between stimulating electrodes and between 
one stimulation electrode and the center of the chamber (gold electrode) were 
measured. The intended waveform was faithfully applied in all voltages studied. 
Besides, when applying 5 V between graphite electrodes, 2 V were measured in the 
center of the chamber, meaning an electric field of 400 V/m and thus coinciding with the 
predicted values by the model.  

 

Perfusion together with electrical stimulation promote structural maturation of 
tissue-like human cardiac patches   

First, to test the suitability of the advanced 3D culture system to generate tissue-like 
cardiac patches a primary culture of neonatal rat cardiomyocytes was used. The 
generation of functional and appreciably mature cardiac tissue constructs from neonatal 
rat cardiomyocytes validated the suitability of our in vitro system (Supplementary Fig. 
2). Therefore, similar culture conditions were used to create human cardiac patches 
from hiPSC-derived cardiomyocytes (hiPSC-CMs). Cells displayed robust in vitro 
cardiac differentiation potential (Supplementary Fig. 3a), obtaining contracting 
monolayers expressing high percentages of cardiac troponin I (cTnI) and myosin heavy 
chain (MHC) proteins (71.6  5.3 % cTnI+/MHC+ cells) after 20 days of differentiation 
(Supplementary Fig. 3b). Cardiomyocytes derived from hiPSCs were selected at day 
20 of differentiation and seeded into Matriderm® scaffold for human cardiac constructs 
generation. Tissue constructs were cultured for 14 days under perfusion (Control group) 
or under perfusion together with electrical stimulation (Electrical stimulation group, ES). 
Immunostaining analysis revealed the presence of cardiomyocytes distributed along the 
scaffold that strongly expressed cardiac contractile proteins, including cardiac troponin 
T (cTnT) and -sarcomeric actin (ASA) (Fig. 2a). Human cardiac patches exhibited 
similar characteristics than rat cardiac patches in terms of cardiomyocytes distribution, 
morphology and alignment. Electrically stimulated constructs exhibited improved 
cardiomyocyte organization and myofibrillar alignment when compared to non-
stimulated tissues (Fig. 2a). Gene expression profile of control and electrostimulated 
patches was also examined, and compared with the same culture seeded on typical 
multi-well plates (2D controls). Expression of cardiac specific genes increased 
considerably with time of culture, and more importantly when culturing cells in our 
advanced 3D culture system (Fig. 2b). Although non-statistical significant differences 
between control and electrostimulated patches were detected, there was a clear 
tendency towards an enhanced expression of maturity-related cardiac genes Myh7, 
cTnT and Gja1 and Serca2a channel marker in the electrically stimulated patches (Fig. 
2b). At ultrastructural level, cardiomyocytes in the electrically stimulated patches 
displayed a significant increase in the sarcomere width in comparison with the non-
stimulated constructs both after 7 and 14 days in culture (Day 7: 0.54 ± 0.27 µm 
(Control), 0.66 ± 0.34 µm (ES); Day 14: 0.68 ± 0.36 µm (Control), 0.88 ± 0.39 µm (ES); 
p<0.001) (Fig. 2c,d), indicating a higher degree of maturation. Moreover, after 14 days 
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in culture, more developed intercalated discs were detected in the electrostimulated 
patches (Fig. 2c).  

 

Functional maturation of tissue-like human cardiac patches is enhanced through 
electrical stimulation 

To examine the effect of electrical stimulation on the contractile behavior of human 
cardiac patches, we analyzed their spontaneous beating after 7 and 14 days in culture. 
Biomimetic electrical pacing markedly improved cardiomyocytes beating synchronicity 
and coupling, leading to the generation of cardiac tissue constructs with a more efficient 
signal propagation both at day 7 and day 14 (Supporting movies 4-9). Electric field 
stimulation had a direct impact on cell distribution within the patch, as cells concentrated 
in the region delimited by stimulating electrodes, being appreciable even with the naked 
eye (Fig. 3a). This cell arrangement and beating synchronicity was traduced in a 
significant increase in the contraction amplitude of electrically stimulated constructs 
compared with the control ones (Day 7: 0.54 ± 0.09 % (Control), 6.54 ± 0.93 % (ES); 
Day 14: 1.27 ± 0.03 % (Control), 7.87 ± 1.31 % (ES) p<0.001), suggesting a favorable 
maturation of the electromechanical coupling machinery (Fig. 3b). This effect on tissue 
constructs contractility was analyzed in further detail by Particle Image Velocimetry 
(PIV). The generated strain maps demonstrated that the strain per contraction was 
higher in the electrostimulated constructs when compared to non-stimulated ones, thus 
corroborating their enhanced contractile performance (Fig. 3c). To gather information 
about the directionality of tissue constructs beating, the alignment between velocity 
vectors fields and the direction of the electric field was assessed by the order parameter 
<cos 2θ> (Fig. 3d). Electrical stimulation oriented human cardiac patches beating 
parallel to the direction of the electric field, whereas non-stimulated constructs elicited 
random velocity vectors distribution. Therefore, cardiomyocytes cultured under a 
pulsatile electric field significantly improved the directionality of human patches 
contractions (p<0.001), thus having a much more close-to-human functional 
performance than control ones.   

 

Electrically stimulated human cardiac patches elicit ECG-like signals and predict 
drug-induced cardiotoxicity 

The combination of action potentials generated by the hiPSC-CM from human cardiac 
patches produce ECG-like signals from the human cardiac patches (Fig. 3a). Its shape 
was similar to regular surface ECG signals for humans, including QRS complex and T 
wave. Depending on the degree of synchronization for cell action potentials, the 
amplitude and width of QRS complex was affected. Accordingly, signals from control 
cardiac patches showed a lower and wider QRS complex than in the case of electrical 
stimulated patches (ES). But, in both cases, the T wave was well identified, as a sign of 
cell repolarization. The electrical stimulation on cardiac patch strongly affected to the 
quality of bioelectrical pathways and produced three remarkable signal characteristics: 

a) Narrow and steepest QRS complex (Fig 3a) with a time-invariant shape. 
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b) More stable heart rate, due to a better electrical propagation of action potentials 
(Fig. 3b). The distribution of instantaneous heart rate expressed as beats per 
minute (bpm), over 10 minutes of spontaneous beating, achieved statistically 
significant differences between the heart rate in control (691 beats) and ES (611 
beats), p<0.001, Mann-Whitney U test.  

c) The pattern of QRS is stationary during baseline (Fig 3c,d), where one single 
pattern represented the 99% of all cardiac patch beats. Conversely, four QRS 
patterns at baseline were obtained in control recordings. These patterns 
represent 38, 20, 20 and 19%, respectively, with a total value of 93%. 

Beat clustering was performed through cross-correlation between a representative beat 
and the rest of beats. Beats were included within a cluster when the cross-correlation 
of corresponding QRS complex exceeds a threshold of 0.85.  

Therefore, the electrostimulated cardiac patches appears as the best option to study 
the effect of cardiac drugs to human derived cardiac tissues. Measuring the changes in 
heart rate and QRS shape would permit to estimate the effect of drugs in a realistic 
tissue-like human cardiac model. In addition, the study of sudden instantaneous 
changes in the heart rate, related to premature beats activation, and the effect on QT 
interval prolongations could predict the cardiotoxic effects of antiarrithymic or 
proarrhythmic drugs. 

In this work, it was studied the effect of Isoproterenol in the cardiac patch. As expected, 
the RR interval increased, and produced a statistically significant increment of heart rate 
(Fig. 4a). On the other hand, it was analyzed the effect of Carbachol (Fig 4b). In this 
case, it was obtained a slower cardiac activity with a significant lower heart rate. Both 
finding are according with expected effects of these drugs. The third experiment was 
developed with Sotalol, to assess the cardiotoxicity effects in the cardiac patch. In case 
of electrically stimulated patch, it was demonstrated that the heart rate decrease 
regularly (Fig. 4e). But, in addition, it appeared a relevant effect with the activation of 
premature beats in a progressive way. That implies an isolated larger RR interval 
associated with beats of different QRS shape (Fig 4f). The trend to increase this effect, 
suggests a modification of cardiac patch rhythm and increasing of risk of malignant 
arrhythmia. Similar effect, with RR decreasing and premature beats, was observed in 
the control patch (Fig. 4c,d). But, in this case, the worst electrical conduction of action 
potentials produced a higher variability of the experiment, with higher heart rate.   

One of the main advantages of the proposed human cardiac patches is the availability 
to provide ECG-like signals to monitor in real-time the activity of the cardiac path and 
its response to drugs. This cardiac patch offers an excellent platform to assess the effect 
of arrhythmic drugs, in an objective and quantitative way, related to mechanical and 
bioelectrical behavior of cardiac cells. As an example, classical measurements of Heart 
Rate Variability (HRV) can be also calculated from the ECG-like signals, acquired during 
the experiments. In this way, the RMSSD index was 78 ms and 29 ms for control and 
ES, respectively. The RMSSD for ES before and after Isoproterenol application were 29 
ms and 11.6 ms, respectively. The RMSSD for ES before and after Carbachol 
application were 65.5 ms and 31.5 ms, respectively.  
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DISCUSSION 

Despite recent advances on in vitro generation of human heart tissue analogues, they 
are limited by the existing tissue engineering technologies, which are not able to 
recapitulate the complex organization and function of the human myocardium. In this 
study we present an innovative platform technology for the in vitro production of 
contractile human cardiac tissue constructs consisting of a bioreactor with perfusion and 
electric field stimulation dual capabilities, therefore supporting tissue-like functionality. 
Notably, in vitro culture of hiPSc-derived cardiomyocytes for over 14 days under 
electrical stimulation induced cell alignment and structural maturation, increased 
contractility, and resulted in an improvement in beat conductivity and synchronization 
with respect to controls. Importantly, this system enabled monitoring of tissue function 
in real time, providing for the first time tour knowledge a platform for the evaluation of 
the electrophysiological properties of 3D millimeter sized-tissues. 

In essence, the development of close-to-human in vitro cardiac models requires thicker 
cardiac constructs, which are dependent on medium perfusion to ensure an adequate 
delivery of nutrients, metabolites, and oxygen throughout the tissue11. In addition, 
electrical stimulation resembling native heart pacing can be used to obtain functional 
cardiac tissue constructs modelling natural human heart physiology. Herein we have 
developed a parallelized bioreactor system including electrodes to electrically stimulate 
cells during culture in perfusion. Cardiac constructs were stimulated at a frequency of 
1 Hz to mimic native adult heart rate, as it was previously shown that 3D aggregates of 
cardiomyocytes adapted their autonomous beating rate to the frequency at which they 
were stimulated25. After 14 days in culture, the stimulated tissue constructs displayed a 
remarkable level of structural organization. Cells in stimulated constructs were aligned 
and elongated, whereas unstimulated cells showed a random orientation within the 
construct. At the gene level, electrical stimulation upregulated cardiac-specific MHY7 
and TNNT2, and the Ca2+ channel SERCA2A. Electrical stimulation also yielded 
improved myofilament structure, as evidenced by wider sarcomeres and well-developed 
intercellular unions that correlated with better electrical properties in the engineered 
human cardiac tissues. Moreover, the application of electrical stimulation during culture 
markedly enhanced the contractile behaviour of the constructs. After 14 days in culture, 
improved electromechanical coupling in stimulated cardiomyocytes resulted in 
contractions with an amplitude 6-fold higher than that in unstimulated constructs. These 
results are in line with other studies where electrical stimulation, alone or in combination 
with mechanical loading, promoted electrophysiological maturation of 
cardiomyocytes26,27. However, while our culture system supported a high degree of 
cardiomyocyte maturation, terminal differentiation was not reached. 

Multimodal stimulation bioreactors have been previously applied for in vitro culture of 
murine cardiomyocyte 3D tissue structures18,28,29. However, this research has been 
rarely transferred to the human cardiac tissue engineering model, where there has been 
a trend towards the generation of cardiac microtissues and microphysiological systems. 
Microtissues have been fabricated with natural-based hydrogels, which are casted in 
band or ring shapes and are fixed at both ends mainly through a two-post 
configuration3,4,8,30–36. Other configurations have included casting cell/hydrogel mixture 
in hexagonal posts37 or around a wire-like template (e.g. a surgical suture or a tubing) 
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to obtain biowires1,38. Some of these approaches included other regulatory signals apart 
from  static stretching, such as electrical pacing1,3,33,38 or cyclic stretching8,35. Similarly, 
highly miniaturized microphysiological systems have been developed as “heart-on-chip” 
technologies allowing for increased throughput and controlled microenvironments for 
drug screening17 and human cardiac disease studies39. However, these approaches are 
still far from the initial goal of cardiac tissue engineering, which is the generation of thick 
3D human cardiac tissue constructs not only for in vitro studies, but also with appropriate 
dimensions and easy to handle for regenerative medicine purposes. This idea of 
generating 3D tissue-like human cardiac constructs has only been attempted in a few 
recent studies where hPSC-CM are seeded in 0.5-1 mm thick scaffolds35,40. However, 
they do not stimulate the generated tissue with combined electromechanical signals 
neither make use of perfusion bioreactors to maintain the viability of the construct, so 
their functionality and structure is still far from resembling the adult myocardium. 

 To date, action potentials in cardiac tissue constructs are recorded on a 
representative cell population at the time of seeding37, or on isolated cardiomyocytes 
after tissue formation trough intracellular recordings4,26. Therefore, it is necessary to 
develop an electrophysiological recording system that provides information from intact 
3D engineered heart tissues. Notably, herein we present a novel recording system that 
enables real-time monitoring of the electrophysiological activity in thick 3D human 
cardiac constructs. The recording of ECG-like signals allowed us to assess the effect of 
proarrhythmic drugs on the electrical behavior of the electrostimulated cardiac tissues. 
Moreover, this response was not identifiable in unstimulated controls, further supporting 
a role for electric stimulation in optimal maturation of the cultured cardiomyocytes.  

In summary, we have developed a new technology that 1) allowed the generation of 
multiple millimeter-sized human cardiac tissue constructs 2) induced cardiomyocyte 
maturation and organization in 3D cardiac constructs that displayed tissue-like 
functionality, and 3) enabled the evaluation of the electrophysiological properties of 
intact thick 3D human cardiac constructs, representing an important advance towards 
the generation of human cardiac tissue analogues. 
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FIGURE LEGENDS 

Figure 1. Parallelized perfusion bioreactor for cardiac patches generation. (a) 
Bioreactor overall view: medium reservoir (1), luer manifold (2), de-bubbler (3), flow 
restrictor (4), perfusion chambers (5) and gas exchanger (6). The bioreactor supports 
the culture of up to four cardiac patches simultaneously. Two different perfusion 
chambers are used to either electrically stimulate cardiac patches while culturing or not. 
(b) 3D modelling of the electric field generated in our custom-made perfusion chamber 
when applying a differential voltage of 5 V. Electrode configuration (red and blue 
cylinders in the geometry, the blue being the ground) and predicted electric field and 
current density are displayed both in 3D and top views. Black arrowheads indicate the 
direction of the electric field. Plots show electric field and current density values at the 
positions where cells are seeded in the scaffold (central circle in the top view). (c) 
Images of the fabricated perfusion chamber with electrical stimulation. (d) Voltage 
measurements in the perfusion chamber with electrical stimulation. Measured electric 
field values coincide with the values predicted by the model. 

 

Figure 2. Morphology and ultrastructural organization of human cardiac 
constructs. (a) Representative cross-sections of cardiac constructs after 14 days of 
culture without (Control) or with electrical stimulation (ES). hiPSC-derived 
cardiomyocytes positive for cardiac troponin (cTnT; green), Phalloidin (Ph; red) and α-
sarcomeric actin (ASA; cyan) were detected in the scaffold. Nuclei were stained with 4´, 
6-diamidino-2-phenylindole (DAPI; blue). Cardiac patches were analysed by Second 
Harmonic Generation for the detection of collagen (Col; violet). Scale bars: 500 μm, 
higher magnifications: 100 μm, 20 μm and 10 μm, respectively. (b) Standard 2D culture 
of hiPSC-CM in monolayers. Cardiomyocytes were positive for cardiac troponin (cTnT; 
green) and Phalloidin (Ph; red). Nuclei were stained with 4´, 6-diamidino-2-phenylindole 
(DAPI; blue). Scale bar: 50 μm. (c) Ultrastructural analysis of hiPSC-derived cardiac 
tissue. Representative electron microscopy images of cardiac patches were shown after 
7 and 14 days of culture. Scale bars: 1 μm (bundles) and 0.5 μm (sarcomere width and 
cell junctions). (d) Morphometric analysis showing sarcomere width. Cardiomyocytes in 
electrically stimulated patches showed wider sarcomeres than in control ones 
(***p<0.001, n=2 per group, Mann Whitney U test). Data are expressed as mean ± 
standard deviation (SD). 

Figure 3. Functional assessment of hiPSC-derived engineered cardiac tissue. (a) 
Top view images of the human cardiac tissue constructs after 7 and 14 days of culture, 
both with (ES) or without (Control) electrical stimulation. (b) Contraction amplitude 
analysis of control and electrostimulated human cardiac patches after 7 and 14 days of 
culture. The area in pixels of each construct was obtained through custom MATLAB 
program, and its oscillation was represented over time. Bar chart shows the percentage 
of Fractional Area Change (FAC) (average  SD) for each cardiac patch (n=2 per 
group). Electrical stimulation increased the amplitude of contraction of the human 
engineered cardiac tissue at both timepoints (***p<0.001; Mann Whitney U test). ES: 
Electrical stimulation. (c) Strain analysis of beating human cardiac patches after 14 days 
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of culture. Velocity maps are shown, with red colors and longer arrows representing 
higher velocities, and blue colors and shorter arrows lower velocities. Scale bars: 
2.5 mm. (d) Analysis of the alignment between the direction of the electric field and the 
direction of human cardiac patches beating. The order parameter cos 2·θ was used, 
with values close to 0 meaning random distribution and values close to 1 meaning 
parallel alignment (***p<0.001; n=2 per group, Mann Whitney U test).  

Figure 4. Baseline extracellular bioelectrical potentials generated by human 
cardiac patches. (a) Representative bioelectric signals at baseline of control and 
electrically stimulated (ES) human patches. Bioelectric signals were bandpass filtered 
(zero-phase fourth-order Butterworth filter with cut-off frequency of 0.2 and 40 Hz, 
respectively). (b) Distribution of instantaneous heart rate expressed as beats per minute 
(bpm), over 10 minutes of spontaneous beating. ***Statistically significant differences 
between the heart rate in control (691 beats) and ES (611 beats), p<0.001, Mann-
Whitney U test. (c,d) Four bioelectric patterns at baseline were obtained by signal 
averaging in control recordings, while a single pattern was found in ES recordings. 
These patterns represent the 93% in control and 99% in ES of the total beats, 
respectively. 

Figure 5. Cardioactive drug effects over electrostimulated human derived cardiac 
tissues mimic native tissue responses. (a, b) Representative traces of bioelectric 
signals of electrically stimulated (ES) human patches at baseline (first minute), and after 
Isoproterenol and Carbachol drugs were incubated (minute 10), respectively. Signals 
were filtered as explained before (see description in figure 3). Bar graphs show the 
effect of Isoproterenol and Carbachol drugs over the heart rate (HR). Relative HR to 
baseline increased significantly when incubated with isoproterenol while decreased 
significantly when incubated with Carbachol. ***Statistically significant differences 
between the relative heart rate for Isoproterenol (p<0.001, Mann-Whitney U test) and 
Carbachol drugs (p<0.001, Mann-Whitney U test). (c, e) Instantaneous HR expressed 
as beats per minute (bpm) was determined from the bioelectric signals of control and 
ES patches after Sotalol-high concentration was added, respectively. HR in both 
patches shows a decreasing trend when drug was incubated. (d, f) Representative 
traces of bioelectric signals after Sotalol-high concentration was incubated in control 
and ES human patches, respectively. Electrostimulated human derived cardiac tissues 
could predict proarrhythmic sotalol effects, including heart rate alterations and QT 
interval prolongation. I, II, and III (brown shading) indicate the time lapse from which the 
traces of ECG-like signals have been obtained.  
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Figure 5. 
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SUPPLEMENTARY INFORMATION 

Electrical stimulation improves structural organization and contractile function 
of rat-derived cardiac tissues 

To test the suitability of the advanced 3D culture system to generate tissue-like cardiac 
patches, a primary culture of neonatal rat cardiomyocytes was used. Tissue constructs 
were cultured for 7 days under perfusion (Control group) or under perfusion plus 
electrical stimulation (Electrical stimulation group, ES), and cell morphology and 
distribution was analysed by immunofluorescence (Supplementary Fig. 2a). Both 
electrostimulated and non-stimulated patches showed positive expression of cardiac 
markers. However, electrostimulated cardiomyocytes showed a compact and extended 
distribution along the patch cross-section, whereas the non-stimulated ones formed 
intermittent groups with high cell densities. Interestingly, cells in electrostimulated 
tissues displayed abundant and well defined striations aligned in the direction of the 
electric field, whereas the control ones were scarcer and did not show a preferential 
direction of alignment (Supplementary Fig. 2a).  

To further characterize cell organization and maturity, cardiac tissues were examined 
at ultrastructural level by transmission electron microscopy (TEM). Tissue constructs 
cultured under electrical stimulation showed cardiomyocytes with a well-developed and 
organized sarcomeric banding, including well-defined Z-bands and intercellular unions 
composed of desmosomes (Supplementary Fig. 2b). Moreover, cells in 
electrostimualted tissues displayed wider sarcomeres in comparison with non-
stimulated samples and standard 2D cultures (ES: 0.54 ± 0.32 µm; Control: 0.29 ± 0.16 
µm and 2D: 0.42 ± 0.18 µm; p<0.001), suggesting the formation of myofibrillar bundles 
(Supplementary Fig. 2c).  

Functional activity of rat cardiac patches was also assessed after 7 days in culture by 
determining the fractional area change (FAC). Cardiac patches exposed to continuous 
electrical pacing exhibited contraction amplitude values four times higher than non-
stimulated ones (Supplementary Fig. 2d). Moreover, an enhanced contractility with an 
evident preferential axis of contraction could be observed (Supporting Movies 1-3). 

SUPPLEMENTARY METHODS 

Fabrication and characterization of the perfusion chamber with electrical 
stimulation  

Our custom-made perfusion chamber with electrical stimulation was fabricated by 
precision machining of polypropylene (PP) plastic, followed by gluing of luer connectors 
using cyanoacrylate. To achieve a completely watertight chamber, silicone O-rings (4.6 
mm inner diameter, The O-Ring Store, LLC) and thread seal tape was used. The 
perfusion chamber had an inlet and an outlet to allow culture medium perfusion, two 
carbon rod electrodes of 3/16” in diameter (Monocomp Instrumentación) to electrically 
stimulate cells and one gold electrode of 0.5 mm in diameter (Advent Research 
Materials) as a measuring electrode (Figure 1C). Two holes were drilled at one edge of 
each rod electrode, and a solid tinned annealed copper wire (RS Pro) was thread 
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through the holes. Insulation of the connection was performed using Araldite® epoxy 
resin, and waterproofing of rod electrodes was achieved using heat-shrink tubing 
(Thermo Fisher Scientific). Electric potential values between stimulation electrodes and 
between one stimulation electrode and the center of the chamber (gold electrode) were 
characterized using a function generator (Agilent Technologies) and an oscilloscope 
(Agilent Technologies) (Figure 1D).  

Isolation and culture of neonatal rat cardiomyocytes 

Hearts from 2-3-day-old Sprague-Dawley rats were isolated following a protocol 
approved by Animal Experimentation Ethics Committee of the University of Barcelona 
(Barcelona, Spain). Briefly, ventricular tissue was excised, cut into two parts and 
washed with cold Calcium and Bicarbonate-Free Hank’s Balanced Salt Solution with 
HEPES (CBFHH) buffer. Then, ventricles were cut sharply into small pieces (<1 mm3) 
and subjected to 20-25 cycles (3 min each, room temperature) of enzymatic digestion 
using ice-cold 2 mg/ml trypsin (BD DifcoTM) in CBFHH and ice-cold 4 µg/ml DNAse I 
(Calbiochem, Merck Millipore) in CBFHH. Pooled supernatants were collected and 
centrifuged at 100 x g for 12 min, and the pellet was resuspended in cold DMEM 
containing 1 g/l glucose (Life Technologies) supplemented with 10% FBS, 100 µM 
nonessential amino acids (Life Technologies), 2 mM L-glutamine (Life Technologies), 
50 U/ml penicillin and 50 µg/ml streptomycin (Life Technologies). Cell suspension was 
filtered through a 250 µm stainless steel test sieve (Filtra Vibración), seeded into 
Matriderm® scaffolds or in 12-well plates and cultured in DMEM containing 4.5 g/l 
glucose (Life Technologies) supplemented with 10% horse serum (Life Technologies), 
2% Chick Embryo Extract (EGG Tech), 100 µM nonessential amino acids, 2 mM L-
glutamine, 50 U/ml penicillin and 50 µg/ml streptomycin.   

Human iPSC culture and cardiac differentiation 

Human iPSC were cultured on 10 cm Matrigel (Corning) coated dishes with mTeSR1 
medium (Stem Cell Technologies). Medium was changed every day, excluding the day 
right after passaging. Cells were split 1:6 – 1:10 by incubation with 0.5 mM EDTA 
(Invitrogen) for 2 min at 37ºC and cell aggregates were plated on Matrigel coated dishes 
and maintained in culture for subsequent passages. Human iPSC were differentiated 
into cardiomyocytes in monolayer culture with modulators of canonical Wnt signaling as 
previously described41. Cells maintained on Matrigel in mTeSR1 medium were 
dissociated into single cells with Accutase (Labclinics) at 37ºC for 8 min and seeded 
onto Matrigel-coated 12-well plate at a density of 1.5 million cells per well in mTeSR1 
medium supplemented with 10 M ROCK inhibitor (Sigma). Cells were cultured in 
mTeSR1 medium, changed daily during 3 days. When human iPSC achieved 
confluence, cells were treated with 10 M GSK3 inhibitor (CHIR99021, Stemgent) in 
RPMI (Invitrogen) supplemented with B27 lacking insulin (Life Technologies), 1% 
glutamax (Gibco), 0.5% penicilin-streptomycin (Gibco), 1% non-essential amino acids 
(Lonza), and 0.1mM 2-mercaptoethanol (Gibco) (RPMI/B27-insulin medium) for 24 h 
(day 0 to day 1). After 24 h, the medium was changed to RPMI/B27-insulin and cultured 
for another 2 days. On day 3 of differentiation, cells were treated with 5 M Wnt inhibitor 
IWP4 (Stemgent) in RPMI/B27-insulin medium and cultured without medium change for 
2 days. Cells were maintained in RPMI supplemented with B27 (Life Technologies), 1% 
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L-glutamine, 0.5% penicilin-streptomycin, 1% non-essential amino acids, and 0.1 mM 
2-mercaptoethanol (RPMI/B27 medium) starting from day 5, with medium change every 
2 days. On day 12, contracting cardiomyocytes were obtained. Beating clusters were 
disaggregated (at day 20 and at day 35) by incubation with 0.25% trypsin-EDTA (Gibco) 
for 5-8 min at 37 ºC, both for their characterization and in vitro studies. 

Flow cytometry analysis  

Characterization of human iPSC-CM was performed by flow cytometry analysis. Cells 
were dissociated on day 19 of differentiation using 0.25% trypsin-EDTA at 37 ºC for 5 
min and then fixed with 4% paraformaldehyde (Sigma) for 20 min at room temperature. 
After washing with 1X saponin (Sigma), cells were permeabilized using Cell 
Permeabilization Kit (Invitrogen) and blocked with 5% mouse serum during 15 min at 
room temperature. Then, cells were stained with the antibodies mouse PE-anti myosin 
heavy chain (MHC) (IgG2b, 1:400 BD Biosciences) and mouse Alexa Fluor 647 cardiac 
troponin I (cTnI) (IgG2b, 1:100, BD Biosciences). Mouse IgG2b PE (1:400 BD 
Biosciences) and mouse IgG2b Alexa Fluor 647 (1:100, BD Biosciences) antibodies 
were used as isotype controls. After 15 min incubation at room temperature in the dark 
and washing twice with 1X saponin, cells were analyzed with FACS MoFlo (Beckman 
Coulter) and data acquired and analysed with Kaluza software (Beckman Coulter).  

Supplementary Table S1. List of the primary and secondary antibodies used for 
immunohistochemistry analysis.  

Type Antibody Host Dilution Manufacturer 

Primary Actin α-sarcomeric (Monoclonal IgM) Mouse 1:400 Sigma-Aldrich,  A2172 

Primary α-actinin sarcomeric (Monoclonal IgG1) Mouse 1:100 Sigma-Aldrich, A7811 

Primary α-tubulin (Monoclonal IgG1) Mouse 1:500 Sigma-Aldrich, T6074 

Primary Connexin-43 (Polyclonal IgG) Rabbit 1:250 Abcam,  ab11370  

Primary Troponin I (Polyclonal IgG) Rabbit 1:25 Santa Cruz, sc-15368 

Primary Troponin T (Monoclonal IgG1) Mouse 1:100 Thermo Fisher, MS-295-P 

- Phalloidin Texas Red® - 1:40 Life technologies, T7471 

Secondary Alexa Fluor® 488 Goat IgG Donkey 1:200 Jackson, 705-545-147 

Secondary Alexa Fluor® 488 Mouse IgG Goat 1:200 Jackson, 115-546-071 

Secondary Alexa Fluor® 488 Mouse IgG Donkey 1:200 Jackson, 715-545-151 

Secondary CyTM3 Mouse IgG Goat 1:200 Jackson, 115-165-071 

Secondary CyTM5 Mouse IgG Goat 1:200 Jackson, 115-175-071 

Secondary CyTM2 Mouse IgM Goat 1:200 Jackson, 115-225-075 

Secondary CyTM3 Mouse IgM Donkey 1:200 Jackson, 715-165-140 

Secondary CyTM3 Mouse IgM Goat 1:200 Jackson, 115-165-075 

Secondary DyLightTM 649 Mouse IgM Goat 1:200 Jackson, 115-495-075 

Secondary CyTM5  Mouse IgM Rabbit 1:200 Jackson, 315-175-049 

Secondary Alexa Fluor® 488  Rabbit IgG Donkey 1:200 Jackson, 711-545-152 

Secondary Cy3  Rabbit IgG Donkey 1:200 Jackson 711-165-152 
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Supplementary Table S2. Quantitative real-time polymerase chain reaction 
primers 

Gene Sense Antisense 

MYH7 GCATCATGGACCTGGAGAAT ATCCTTGCGTTGAGAGCATT 

ACTC1 GCTCTGGGCTGGTGAAGG TTCTGACCCATACCCACCAT 

TNNT2 TGCAGGAGAAGTTCAAGCAGCAGA AGCGAGGAGCAGATCTTTGGTGAA 

GJA1 CAATCACTTGGCGTGACTTC CCTCCAGCAGTTGAGTAGGC 

SERCA2A TGAGACGCTCAAGTTTGTGG TCATGCACAGGGTTGGTAGA 

GAPDH AGGGATCTCGCTCCTGGAA AGGGATCTCGCTCCTGGAA 

 

SUPPLEMENTARY FIGURES 

Supplementary Figure 1. Matriderm® collagen-elastin scaffold characterization. A-
C, selective imaging of Matriderm® scaffold by second harmonic generation (SHG) and 
two-photon excited fluorescence (TPEF, autofluorescene). A) Matriderm® imaged by 
SHG. B) Matriderm® imaged by two-photon excited fluorescence (TPEF). C) Overlay 
image of A and B. D) Scanning electron micrograph of Matriderm® and porosity analysis. 
Feret’s diameter has been calculated for scaffold pores, and values have been fitted in 
a single peak. The most frequent pore size is 17 µm. E) Matriderm® stiffness in 
compression at room temperature (RT) and at 37ºC (average ± SD; n=3 per group). 
Young’s Modulus (E) has been determined from the slope of stress-strain curves 
(*p<0.05; Student’s t-test). Scale bars: 100 µm. 

Supplementary Figure 2. Generation of functional and structurally organized rat 
cardiac patches after 7 days of culture in a perfusion bioreactor. A) 
Immunostaining of engineered rat cardiac patches. Representative cross-sections and 
higher magnification images, where cardiomyocytes’ distribution along the scaffold and 
their sarcomeric organization and alignment is shown. E: electric field; DAPI: 4',6-
diamidino-2-phenylindole; cTNI: cardiac troponin I; ASA: ɑ-sarcomeric actin. Scale bars: 
400 µm, higher magnifications: 100 and 50 µm. B) Representative images of 
cardiomyocyte ultrastructural organization (sarcomeric structure and cellular junctions) 
when cultured with or without electrical stimulation. Scale bar: 0.5 µm C) Morphometric 
analysis showing sarcomere width (measured as indicated by square brackets in B). 
ES: Electrical stimulation; NRV: neonatal rat ventricle (***p<0.001; n ≥ 2 per group, 
Mann Whitney U test). D) Contraction amplitude analysis of control and 
electrostimulated cardiac patches by means of Fractional Area Change (FAC). The area 
in pixels of each construct was obtained through custom MATLAB program (black 
dashed line), and its oscillation was represented over time (relative to the highest 
number of pixels recorded). Bar chart shows the fold induction relative to controls mean 
(n=3 per group). Scale bar: 0.25 µm. ES: Electrical stimulation. 
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Supplementary Figure 3. Cardiac differentiation potential of hiPSCs. A) 
Schematics of the protocol for the differentiation of cardiomyocytes from hiPSCs with 
modulators of Wnt signalling pathway. Bright field images of the cell morphology at day 
-3, day -2, day 0, day 5 and day 20 of differentiation are shown. B) Flow cytometry 
analysis of cardiomyocytes differentiated from hiPSCs at day 20 of differentiation. Cells 
were analysed for cardiac troponin I (cTnI) and myosin heavy chain (MHC) expression. 
High purity of cardiomyocytes of over 70% was obtained (n=3). C) Immunofluorescence 
detection of cardiac proteins. Cardiomyocytes were selected at day 20 of differentiation 
and stained for cTnI (Cy2: green), -actinin sarcomeric (AAS) (Cy3: red) and connexin-
43 (Cx43) (Cy2: green). Nuclear staining was performed with DAPI. D) Expression of 
cardiac markers in differentiated hiPSCs. Cardiac gene expression was determined by 
quantitative PCR at day 0, day 20 and day 35 of differentiation. Up-regulation of cardiac 
specific genes and channel markers was detected in differentiated cells (n=2), although 
expression values still differed from adult heart (AH) tissue. Data are expressed as 
mean  SD. E) Representative images of hiPSC-CMs ultrastructural organization. Scale 

bars: 200 m (A), 25 m (C), 2 m (E); higher magnifications in E: 1 m. 

Supplementary Figure 4. Endogenous gene expression of cardiac specific 
markers measured by qRT-PCR. Expression of cardiac markers in: 34-day-old 
cardiomyocyte monolayer standard culture (2D Ctrl); non-stimulated (Control) cardiac 
patches (3D Ctrl); electrostimualted cardiac patches (3D ES); fetal heart (FH) and adult 
heart (AH) (n=3-4/group). MYH7: β-myosin heavy chain; TNNT2: cardiac troponin T; 
ACTC1: cardiac muscle alpha actin; GJ1A: gap junction protein alpha 1; SERCA2A: 
Sarcoplasmic Reticulum Ca2+-ATPase isoform 2a; RYR2: ryanodine receptor 2.  
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Supplementary Figure 1. 
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Supplementary Figure 2. 
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Supplementary Figure 4. 
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a b s t r a c t

Genome editing on human pluripotent stem cells (hPSCs) together with the development of protocols for
organ decellularization opens the door to the generation of autologous bioartificial hearts. Here we
sought to generate for the first time a fluorescent reporter human embryonic stem cell (hESC) line by
means of Transcription activator-like effector nucleases (TALENs) to efficiently produce cardiomyocyte-
like cells (CLCs) from hPSCs and repopulate decellularized human heart ventricles for heart engineer-
ing. In our hands, targeting myosin heavy chain locus (MYH6) with mCherry fluorescent reporter by
TALEN technology in hESCs did not alter major pluripotent-related features, and allowed for the defi-
nition of a robust protocol for CLCs production also from human induced pluripotent stem cells (hiPSCs)
in 14 days. hPSCs-derived CLCs (hPSCs-CLCs) were next used to recellularize acellular cardiac scaffolds.
Electrophysiological responses encountered when hPSCs-CLCs were cultured on ventricular decellular-
ized extracellular matrix (vdECM) correlated with significant increases in the levels of expression of
different ion channels determinant for calcium homeostasis and heart contractile function. Overall, the
approach described here allows for the rapid generation of human cardiac grafts from hPSCs, in a total of
24 days, providing a suitable platform for cardiac engineering and disease modeling in the human
setting.
© 2016 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
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1. Introduction

The derivation of human embryonic stem cells (hESCs) [1]
together with the finding that human somatic cells could be con-
verted towards human induced pluripotent stem cells (hiPSCs) [2]
opened new venues for the production of protocols aiming to
generate patient cardiac-like cells (CLCs) with an impact in heart
regenerative therapies [3]. Recently, organ decellularization is
envisioned as an attractive strategy for the development of bio-
functional organs for drug screening and personalized medicine
[4e8]. In the last years, several works have proved the feasibility to
use cardiac extracellular matrix (ECM) from murine, pig or rat
origin for cardiac engineering using human ESCs (hESCs) [9e11].
Interestingly, CLCs derived from human iPSCs (hiPSCs-CLCs) have
recently proved to repopulate human hearts [4]. Herewe describe a
rapid protocol for the generation of human cardiac grafts by co-
culturing hESCs and hiPSCs (human pluripotent stem cells-hPSCs)
on cardiac ECM from human origin avoiding the use of extensive
culture in bioreactors. Moreover, our experimental setting allowed
for the investigation of the effect of human ventricular decellular-
ized ECM (vdEMC) on electrophysiological responses related to
cardiac function.

Protocols for derivation of cardiac like cells (CLCs) from hPSCs
(hPSCs-CLCs) have traditionally relied on the time consuming
production of embryoid bodies (EBs), achieving low yields of CLCs
generation, thus hampering the reproducibility and scale up of such
procedures [3,12,13]. Interestingly, in the last years several authors,
including us, have demonstrated that is possible to induce cardiac
differentiation from hPSCs grown as monolayers [14e17]. Although
challenging, those protocols still did not provide exact information
about the identity of the generated cells. In this regard, the gen-
eration of cardiac hPSCs reporter cell lines may lead to the defini-
tion of the developmental cues driving cardiac differentiation, and
more importantly, to develop rapid methods for the enrichment of
different cardiac cell types during the onset of differentiation. So far
only two previous reports using Bacterial Artificial Chromosome
(BACs) showed the possibility to target cardiac-related loci in hPSCs
by homologous recombination [18,19]. In the same manner,
transposon-based approaches have led to the generation of hESCs
reporter cell lines for cardiac differentiation [20,21]. These studies
showed that reporter hPSCs lines could lead to the identification of
novel markers for hPSCs-CLCs generation and expansion in vitro. In
the last years, genome editing technologies as CRISPR/Cas9 and
TALEN platforms, have emerged as powerful tools for targeting in
site-specific manner unique and multiple human loci, allowing to
study gene function, disease modeling and drug discovery, among
other applications. To our knowledge, neither CRISPR/Cas9 nor
TALEN platforms have been explored for the generation of cardiac
reporter hPSCs lines.

MYH6 is an important transcription factor essential for cardiac
muscle contraction, and recently, mouse MYH6-GFP fibroblasts
have been used for the study of cardiac conversion [22]. Based on
those findings, and taking advantage of TALEN technology, we have
targeted human MYH6 locus with mCherry fluorescent reporter
preserving the regulatory sequences near the native ATG start
codon for translation of MYH6 gene. In our hands, TALEN engi-
neering and subsequent cell culture pressure did not hamper
mCherry MYH6 reporter hESC line to exhibit classical pluripotent-
related features, and more importantly, enabled us to define a
robust protocol for the generation of CLCs from different hPSC lines.
Next, we made use of our recently reported method of perfusion
decellularization in human hearts for the generation of vdECMs
constructs. After only 10 days, hPSCs-CLCs grown on human
vdECMs exhibit a higher degree of physiological and molecular
cardiac differentiation compared to hPSCs-CLCs counterparts

cultured in matrigel substrates. Overall, here we set up a rapid
protocol for the development of human heart grafts for drug
screening and disease modeling applications.

2. Methods

2.1. Donor heart harvest and heart decellularization

Between May 2010 and June 2013, we harvested 52 human
hearts that were determined by the Spanish National Transplant
Organization (ONT) as not suitable for transplantation. The ONT is
part of the Spanish Ministry of Health and Consumption and is in
charge of coordinating the donation, extraction, preservation, dis-
tribution, exchange, and transplantation of organs, tissues, and cells
throughout the Spanish Health Care System. Approval for all
studies was obtained from the relevant investigation and ethics
committees of the Hospital General Universitario Gregorio
Mara~n�on on and from the ONT. The relatives of each donor pro-
vided an informational brochure stating that the heart would be
used for this investigational purpose. After approval was obtained,
and other organs suitable for transplantation were explanted, we
used standard transplantation protocols to remove the heart.
Briefly, a median sternotomy was performed to expose the medi-
astinum, the pericardiumwas opened, and the superior and inferior
vena cava were dissected. The hearts were maintained in saline at
4 �C until decellularization was performed within few hours after
harvesting.

We used our previously described perfusion decellularization
protocol to remove the cells from the heart while retaining the ECM
[5]. Briefly, hearts were perfused with 1% sodium dodecyl sulfate
(SDS) in deionized water via antegrade flow through the ascending
aorta; perfusion was stopped at day 4e8. Hearts were then rinsed
extensively with approximately 20 L of phosphate-buffered saline
(PBS). Thirteen hearts were not decellularized and served as
cadaveric controls. Thick slices (400 mm) of decellularized heart
ventricles were obtained using a vibratome, and further seeded
with hPSCs-CLCs. Slices were kept at 4 �C in PBS in the presence of
penicillin and streptomycin (Penicillin 10.000 U/ml:Streptomycin
10.000 mg/ml-Invitrogen#15140-122) until further use.

2.2. DNA quantification

To assess total DNA content in the ECM scaffolds, samples were
digested as described previously [23]. After isolation, DNA content
was quantified using the Picogreen DNA assay following manu-
facturer's instructions (Invitrogen).

2.3. Cell lines

Control fibroblasts (ATCC® SCRC-1041) were grown in DMEM
supplemented with 10% fetal bovine serum, 2 mM L-glutamine,
0.1 mM 2-mercaptoethanol, nonessential amino acids and
penicillin-streptomycin (Penicillin 10.000 U/ml:Streptomycin
10.000 mg/ml-Invitrogen#15140-122). hESC ES4 line from Banco
Nacional de Lineas Celulares and hiPSCs (FiPS#1 line) were grown
in mTeSR1 (05850, Stem Cell Technologies) in matrigel substrate
(354277, Corning) following manufacturer recommendations.

2.4. Antibodies

The following antibodies were used: tumor rejection antigen 1
(TRA-1), TRA-1e81 (MAB4381, 1:100, Chemicon); OCT-3/4 (sc-
5279, 1:25, Santa Cruz Biotechnology); NANOG (AF1997, 1:25, R&D
Systems); Paired Box 6 (PAX6, PRB-278P, 1:100, Covance);
Microtubule-Associated Protein 2 (MAP2, sc-32791, 1:25, Santa
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Cruz Biotechnology) a1-fetoprotein (AFP, A0008, 1:200, Dako);
Forkhead Box Protein A2 (FOXA-2, AF2400, 1:50, R&D Systems); a-
sarcomeric actinin (ASA, A7811,1:100, Sigma); RFP (ab34771,1:400,
Abcam); Myosin Heavy Chain (MYH6, GTX20015, 1:100, GeneTex);
GATA 4 binding 4 (GATA4, sc9053, 1:25, Santa Cruz Biotechnology);
NKX2.5 (sc8697, 1:25, Santa Cruz Biotechnology); Troponnin T
(TNN, MS-295-P1ABX, 1:500, Thermo Scientific); Collagen Type IV
(CIV22; ref: 760-2632; Dako); Actin Muscle Specific (HHF 35; ref:
760-260; Roche); Desmin (DE-R-11; ref 760-2513; Roche). Sec-
ondary antibodies used were all the Alexa Fluor Series from Jackson
Immunoresearch (all 1:200). For immunohistochemistry anti-
Mouse HRP-DAB Cell & Tissue Staining Kit (R&D, CTS002). Images
were taken using a Leica SP5 confocal microscope and Nikon-
TE200.

2.5. Genome editing of human embryonic stem cells with TALENs

TALENswere designed and assembled as described [24,25]. Each
TALEN consists of 34 amino acids, where the TALEN repeat variable
diresidues (RVDs) in the 12th and 13th amino acid positions of each
repeat specify the DNA base being targeted according to the code:
NG ¼ T, HD¼ C, NI ¼ A, and NN ¼ G or A. Tandem arrays of
customized TALE repeats were assembled using hierarchical liga-
tion and combining separate digest and ligation steps into single
Golden Gate reactions [26,27]. First, each nucleotide-specific
monomer sequence: NI, HD, NG, NN (from TALE Toolbox kit
Addgene cat no: 100000019) was amplified with ligation adaptors
that uniquely specify the monomer positionwithin the future TALE
tandem repeats, thus generating a monomer library. Once TALEN
targeting sites were identified using TAL effector Nucleotide Tar-
geter program [28], for each 20 bp TALEN target desired (50 and 30),
the appropriate monomers were ligated into hexamers and
amplified via PCR (specific primers were provided in TALE toolbox
kit Addgene cat no: 100000019- Table S1). Then, by a second
Golden Gate digestion-ligation with the appropriate TALE cloning
back- bone (pCMV_NLS (NI,HD, NG, NN)_FokI), the desired MYH6
sequence-specific TALEN were fully assembled. TALEN Backbone
was a gift from Feng Zhang (Addgene plasmid # 31179) [24]. All
TALENs used theþ63 truncation point [25]. The complete sequence
of all TALENs used in this work is provided in supplementary in-
formation (Fig. S1). After Sanger analysis for verification, HEK 293
cells were transfected with TALENs as described previously [25,29].
Four hundred thousand cells were transfected, and subsequently
genomic DNA was extracted without selecting for transfected cells
using DNeasy Blood & Tissue kit (Qiagen). TALEN activity was
assayed via Surveyor nuclease assay (Transgenomic) using the
following primers for the amplification of the expected targeting
area: Surveyor MYH6 Forward 5’- cactcagcgccaacccttagcatactccag-
30 and SurveyorMYH6 Reverse 5’-ccaggggtgattctcttggctggtgtgag-3'.
Primers were used at a final concentration of 1 mM each in 50 mL
reactions using TAKARA LA Taq pol Hot Start (Takara). PCR reactions
were as follows: an initial denaturation step (94 �C, 1 min); next, 35
cycles of a denaturation step of 20 s at 94 �C, annealing and
extension step of 5min at 68 �C, and a final extension step of 10min
at 72 �C. After absolute quantification of PCR products, 800 ng were
used to perform the DNA heteroduplex formation on a 96 well
thermocycler with programmable temperature stepping function-
ality (Applied Biosystems) and following transgenomic Surveyor
mutation detection kit (Life Technologies) indications.

2.6. MYH6 donor vector (d-vector) design and construction

MYH6 donor vector (MYH6 d-vector) was generated by In-
Fusion® cloning method (Clonetech) following manufacturer's in-
dications. MYH6 genomic sequence was purchased in BACPAC

Resources Center (RP11-929J10; BPRC) and used as template for
1 Kb homology arms amplification by PCR. Then, HA_mCherry_Poly
cassette was amplified from pCAG_HA_mCherry_Poly based vector
from The Scripps Institute [30] by adding an extra Kozac sequence
to enhance mCherry future expression. A first In-Fusion® reaction
was done with 25 ng of pZero_FRT_Neo [31] double digested with
BamHI and NdeI restriction enzymes (New England Biolabs) and
pZero_5'arm_HAmCherry_FRT_Neo was generated. Next MYH6 30

homology arm was cloned by a second In-Fusion® reaction on
pZero_5'arm_HAmCherry_FRT_Neo vector digestedwith EcoRV and
XhoI restriction enzymes (New England Biolabs) to generate a final
donor vector: pZero_5'arm_HAmCherry_FRT_Neo_3'arm (Fig. S2).
PCRs were performed with primers listed on Table S2. PCR condi-
tions were: 3 min at 94 �C; 30 cycles of denaturation at 94 �C for
30 s, primer annealing at 60 �C for 30 s, extension at 68 �C for
1e2 min and final extension step of 5 min at 65 �C.

2.7. Targeting of hESCs using TALEN mediated homologous
recombination

ES4 was cultured in 10 mM Rho Kinase (ROCK)-inhibitor (Cal-
biochem; Y-27632) 1e3 h prior to electroporation. Cells were har-
vested using Accumax (Stem Cell Technologies cat no 07921) and
1� 106 cells resuspended in 800 mL phosphate buffered saline (PBS)
and 15 mg of each pair of TALEN constructs (30 mg total) plus 30 mg of
donor vector were added into cell suspensions. Electroporation
conditions were fixed at 500 mF; 200U; 250 V in Gene Pulser
Xcell™. 72 h after electroporation cells were selected by the
acquisition of Neomycin resistance adding 50 mg/ml of Neomycin
(G418, GIBCO). Targeted clones were selected by two different PCR
reactions with GXL polymerase (TAKARA). Primers for short and
long PCR products are listed in Table S3.

2.8. Southern blot analysis on targeted ES4 clones

Genomic DNA from ES4 clones positive for targeting by PCR
screening was isolated using All Prep DNA/RNA columns (Qiagen)
following manufacturer's guidelines. Briefly, 5 mg of genomic DNA
was digested with 40 U of BclII restriction enzyme (New England
Biolabs) overnight and separated by electrophoresis on a 1%
agarose gel. Next, DNA was transferred to a neutral nylon mem-
brane (Hybond-N, Amersham) and hybridized with DIG-dUTP
labeled probes generated by PCR using the PCR DIG Probe Syn-
thesis Kit (Roche Diagnostics). Probes were detected by an AP-
conjugated DIG-Antibody (Roche Diagnostics) using CDP-Star
(Sigma-Aldrich) as a substrate for chemiluminescence. Primers
for probe synthesis are listed in Table S4. Genomic DNA from clone
#3 was verified by Sanger (Fig. S3).

2.9. Reprogramming of human fibroblasts

Episomal plasmids published elsewhere [32] were used to
generate hiPSCs lines in a period of only 20e22 days. Fibroblasts
were cultured and maintained in fibroblasts media: DMEM (Invi-
trogen, cat.no. 11965-092), 10% FBS (Invitrogen, cat. no. 10270-106),
1 mM Glutamax (Gibco®, Life Technologies cat no.35050-038) and
50 U/ml, 50 mg/ml of Penicillin/Streptomycin (Gibco®, Life Tech-
nologies cat no.15140-122) in a humidified 37 �C 5% CO2 incubator.
When cells reached 80% of confluence, 500.000 of cells trypsinized
with 0.25% Trypsin/EDTA (Invitrogen, cat. no. 25200-056) and
washed with PBS. Next, cells were resuspended in pre-warmed
Human MSC Nucleofector Solution at room temperature. Nucleo-
fector Solution was prepared following Human MSC Nucleofector®

Kit recommendations (VPE-1001, Amaxa). Then, plasmid mixture
containing 1 mg of each pCLXE episomal based plasmid were added
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to the nucleofection solution [pCXLE-hSK (Addgene plasmid #
27078), pCXLE-hOCT3/4-shp53-F (Addgene plasmid #27077),
pCXLE-hUL (Addgene plasmid #27080) were a gift from Shinya
Yamanaka]. Nucleofection reaction was performed in a provided
Amaxa certified cuvette using nucleofection program U-23 from
the Nucleofector™ 2b Device (Amaxa cat.no. AAB-1001). Cells were
immediately transferred into two wells of a six-well culture plate
with pre-warmed fibroblast culture media and incubated for 4
additional days with daily media change. Finally, nucleofected cells
were subcultured onto matrigel (354277, Corning) coated plates in
the presence of mTeSR1 (05850, Stem Cell Technologies).

2.10. Induced pluripotent stem cells generation and subculture

On day 23 hiPSC colonies were picked manually and expanded
in matrigel (354277, Corning) coated plates in the presence of
mTeSR1 (05850, Stem Cell Technologies). From this stage on hiPSC
colonies were amplified by trypsinization in matrigel (354277,
Corning).

2.11. Immunocytochemistry and fluorescence microscopy

ES4 and ES4 TALEN mCherry_MHY6/wt #3 (ES4 mCherry_-
MYH6), FiPS#1 line, hPSCs-CLCs, ventricular decellularized ECMs
(vdECMs) and recellularized vdECMs were fixed in 2% para-
formaldehyde in PBS. After fixation, samples were blocked and
permeabilized for 1 h at room temperature in the presence of 0.5%
Triton X100 and 6% donkey serum. Subsequently, samples were
incubated with the indicated primary antibodies overnight at 4 �C.
Samples were thenwashed thrice with PBS and incubated for 2 h at
room temperature with the respective secondary antibodies.
Samples were washed thrice with PBS and counterstained with
DAPI (Invitrogen) before analysis. Samples were imaged using a SP5
(Leica) microscope.

2.12. RT-PCR analysis

Total RNA was isolated using All Prep RNA columns (Qiagen)
according to the manufacturer's recommendations. 2 mg of
TURBO™ DNase (Ambion, AM2238) treated total RNA was used for
cDNA synthesis using the SuperScript II Reverse Transcriptase kit
for RT-PCR (Invitrogen). Real-time PCR was performed using the
SYBR Green PCR Master Mix (Applied Biosystems) in an ABI Prism
7300 thermocycler (Applied Biosystems) and primers (Table S5).

2.13. In vitro differentiation of human pluripotent stem cell lines

ES4 mCherry_MYH6 line was differentiated in vitro towards the
three germ layers of the embryo. Monolayers of hPSCs were dis-
aggregated and subsequently induced to form Embryoid Bodies
(EBs) by centrifugation of cells within round-bottomed low
attachment 96-well plates at 950 g for 5 min as described else-
where [33]. After 3e4 days EBs were transferred to 0.1% gelatin-
coated glass chamber slides and cultured in differentiation me-
dium (DMEM supplemented with 20% fetal bovine serum, 2 mM L-
glutamine, 0.1 mM 2-mercaptoethanol, nonessential amino acids
and penicillin-streptomycin) for 2e3 weeks to allow spontaneous
endoderm formation. The medium was changed every other day.
For mesoderm differentiation, EBs were maintained on gelatin-
coated glass chamber slides in differentiation medium supple-
mented with 100 mM ascorbic acid (Sigma). For ectoderm differ-
entiation, EBs were cultured on matrigel coated glass chamber
slides in N2B27 medium (DMEM/F12 and neurobasal medium 1:1
supplemented with 1% N2 (Invitrogen), 0.5% B27 (Invitrogen),
2 mM L-glutamine and penicillin-streptomycin) supplemented

with 1 mM retinoic acid (Sigma) for 2e3 weeks. The medium was
changed every other day.

2.14. In vitro generation of cardiomyocyte-like cells (CLCs) from
human pluripotent stem cells (hPSCs)

Single cell suspension of hPSCs were seeded onto matrigel (BD
Biosciences) pre-coated cell culture dishes at a density of
125,000 cells per cm2 in mTeSR medium (StemCell Technologies).
Cells were then maintained in mTeSR for 48 h. Differentiation was
initiated by treatment with 12 mM CHIR99021 (Selleck) in RPMI
(Invitrogen) supplemented with B27 minus insulin (Life Technol-
ogies), 2 mM L-glutamine, 0.1 mM 2-mercaptoethanol, nonessential
amino acids and penicillin-streptomycin (RPMI/B27-insulin me-
dium) for 24 h (day 0 to day 1). On day 1, inhibitor was then
removed by intensive washing once with RPMI and medium was
changed to RPMI/B27-insulin. On day 3, cells were treated with
5 mMWnt inhibitor IWP4 (Stemgent) in RPMI/B27-insulin medium
and cultured without medium change for 48 h. On day 5, cells were
washed once with RPMI to eliminate the inhibitor and maintained
in RPMI (Invitrogen) supplemented with B27 (Life Technologies),
2 mM L-glutamine, 0.1 mM 2-mercaptoethanol, nonessential amino
acids and penicillin-streptomycin (RPMI/B27 medium). From day 5,
cells were maintained in RPMI/B27 medium with medium change
every 2 days. On day 14, beating monolayers were obtained.

2.15. Flow cytometry

Cells were disaggregated from cell culture plates by incubation
with Accumax (Invitrogen) for 5 min at 37 �C. Cells were vortexed
to disrupt the aggregates, and neutralized by adding DMEM me-
dium containing 10% fetal bovine serum (FBS). Next cells were
washed once in PBS without Ca/Mg2þ supplemented with 0.1 mM
EDTA (fluorescence-activated cell sorter (FACS) buffer), and resus-
pended in 500 mL of FACS buffer for analysis. Approximately one
million cells were used for each flow sample. Data were collected
and analyzed on an Aria FUSION (Becton Dickinson) flow
cytometer.

2.16. Second harmonic generation (SHG) and two-photon excited
fluorescence (TPEF)

Heart ECM was imaged by a nonlinear technique of SHG and
TPEF. This technique enables noninvasive visualization of collagen
and elastin in intact unstained tissues [34e36]. Collagen is a non-
centrosymmetric molecule that efficiently generates the second
harmonic of incident light, while elastin is a significant source of
ECM autofluorescence that can be imaged by TPEF. The SHG-TPEF
setup consisted of a Leica inverted confocal laser scanning micro-
scope SP-5 with META scanning module equipped with a mode-
locked near-infrared MAITAI Wide Band (710 nm-990 nm) laser
(Spectra Physics Millennia Pro 10sJ). The exciting laser beam was
tuned to 900 nm and the SHG collagen signal was obtained using a
447e453 nm bandpass filter. The TPEF signal was collected in a
second channel by tuning the exiting laser beam to 810 nm, using a
460e600 nm bandpass filter. DAPI stained nuclei in hPSCs-CLCs
grown on vdECMs were detected in the same channel as elastin.
Images were taken using a Leica HCX PL APO CS 40.0 � 1.25-NA oil-
immersion objective.

2.17. Strain analysis

Measurements of contractile strain were performed by
recording high resolution microscopical movies by using a
(EMCCD; Evolve-128: 128 � 128, 24 � 24 mm-square pixels, 16 bit;
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Photometrics, Tucson, AZ, USA) mounted in an OLYMPUS Stereo
Microscope MVX10 (0.63 � objective). Specifically, 500 frames per
second were acquired with a spatial resolution of 39 mm per pixel.
Total area covered by the image was 5 � 5 mm. Custom software
written in MATLAB was used tomeasure the deformation of culture
due to cardiac cells contraction. Maximal strain capacity was
measured as the ratio of elongation in the direction of maximal
contraction.

2.18. Optical mapping

Simultaneous voltage and calcium imaging was developed by
recording emission light of di-4-ANBDQPQ (provided by Dr Leslie
M. Loew from the Richard D. Berlin Center for Cell Analysis and
Modeling, University of Connecticut Health Center, USA) and rhod-
2(AM) (Ca2þ sensitive probe, TEFLabs, Inc, Austin, TX. USA)
respectively. The optical mapping system (Essel Research, Toronto,
Canada) consisted in a multiple light-emitting diodes as excitation
light sources and a high-speed an electron- multiplying charge-
coupled device (EMCCD) camera as recording system [37]. Specif-
ically, in order excite voltage dye di-4-ANBDQPQ, cell cultures were
illuminated with a filtered red LED light source: LED CBT-90-B
(peak power output 53 W; peak wavelength 460 nm; Luminus
Devices, Billerica, MA, USA)with a plano-convex lens (LA1951; focal
length 0 25.4 mm; Thorlabs, New Jersey, USA) and a red excitation
filter (D470/20X (Chroma Technology, Bellows Falls, VT, USA). In
order to excite calcium dye rhod-2, cell cultures were illuminated
with a filtered green LED light source: LED: CBT-90-G (peak power
output 58 W; peak wavelength 524 nm; Luminus Devices, Billerica,
USA), with a plano-convex lens (LA1951; focal length ¼ 25.4 mm;
Thorlabs, New Jersey, USA) and a green excitation filter (D540/25X;
Chroma Technology, Bellows Falls, USA). Two such light sources
were used to achieve homogeneous illumination. Fluorescence was
recordedwith EMCCD camera (Evolve-128: 128� 128, 24� 24 mm-
square pixels, 16 bit; Photometrics, Tucson, AZ, USA), with a custom
multiband-emission filter (ET585/50-800/200 M; Chroma Tech-
nology) placed in front of a high-speed camera lens (DO-2595;
Navitar Inc., Rochester, USA). Custom software written in MATLAB
was used to control the system and to perform optical mapping
image processing.

2.19. Optical mapping dye loading

For calcium transient (CaT) imaging, hPSCs-CLCs were stained
by immersion in 3 mL of a modified Krebs solution at 36.5 �C
(containing, in mM: NaCl, 120; NaHCO3 25; CaCl2 1.8; KCl 5.4;
MgCl2 1; glucose 5.5; H2O4PNa$H2O 1.2) with rhod-2 AM dissolved
in DMSO (1 mM stock solution; 3.3 ml per ml in culture medium)
and Probenecid (TEFLabs, Inc, Austin, TX, USA) at 420 mM for 30min
under incubation conditions. After calcium dye incubation, culture
mediumwas changed to fresh modified Krebs with di-4-ANBDQPQ
voltage dye [38] dissolved in pure ethanol (27.3 mM stock solution,
2 ml per ml in culture medium) and Pluronic F-127 (Life Technol-
ogies) was added to a final concentration of 0.2e0.5%]. After voltage
dye incubation during 5 min, culture mediumwas changed to fresh
Krebs solution at 36.5 �C supplemented with 10 mMblebbistatin. All
chemicals were obtained from Sigma-Aldrich (Dorset, UK) or Fisher
Scientific Inc. (New Jersey, USA).

2.20. Spinning disk confocal microscopy

Images of beating hPSCs-CLCs monolayers and co-cultures on
vdECMs were acquired using a CFI Plan Achromat UW 2� objective
in a spinning disk confocal microscope (Andor). hPSCs-CLCs cul-
tures were maintained at 37 �C in RPMI/B27 medium and imaged

every 50 and 100 m for 20e30 s. Images were exported into ImageJ
for processing.

2.21. Statistical analysis

Data are mean ± SD. mRNA expression by qPCR during the time
course of cardiac differentiation was analyzed with one-way
ANOVA and Bonferroni post-test. Different letters indicate signifi-
cant difference between groups (p < 0.05). When analyzing sta-
tistical differences between two different experimental groups
(matrigel and vdECMs culture systems) two-tailed student's t-test
was used. Results were considered statistically significant if the p-
value was less than *0.05, **0.01 and ***0.001. Statistical analysis
were performed using Graph Pad 5.0 and SPSS (v.11).

3. Results

3.1. TALEN-mediated targeting of the MYH6 locus in human
embryonic stem cells (hESCs) does not affect pluripotency-
associated features

We made use of TALEN technology to target the MYH6 human
locus in hESC, namely ES4 line (Fig. S4). Following design and as-
sembly of the in silico designed TALEN pairs (Table S1) TALEN
endonuclease-associated activity was tested in HEK293 cells prior
to genome engineering of ES4 line by means of Surveyor nuclease
assay (Fig. S5). We then evaluated the efficiency of the best TALEN
pair for producing a knock in reporter allele by targeting the MYH6
human locus using drug selection. The DSB induced in ES4 line was
subsequently repaired through homologous recombination (HR)
with MYH6 donor vector (Fig. 1A). Thus after clone expansion and
antibiotic selection we identified 24 putative mCherry_MYH6 tar-
geted ES4 clones resistant for Neomycin that were subsequently
analyzed by PCR screening, identifying a total of 18 out of 24
positively targeted ES4 clones when TALEN pair 1 was used
(Fig. S6). Southern blot analysis was performed in 4 out of 18 pu-
tative MYH6 targeted clones, revealing that 3 of them contained a
MYH6 targeted allele (Fig. S7).

We proceed to characterize one of those clones, namely ES4
TALEN mCherry_MHY6/wt #3 (ES4 mCherry_MYH6), for the
expression of nuclear transcription factors as OCT4, NANOG and
TRA-1-81 surface marker by immunofluorescence, confirming their
pluripotent nature (Fig. 1B). We next explored if gene targeting
hampered ES4 mCherry_MYH6 differentiation towards the three
germ layers of the embryo and we found that ES4 mCherry_MYH6
line exhibited the capacity to generate cells from ectodermal,
mesodermal and endodermal lineages (Fig. 1C). Remarkably,
mCherry expressionwas limited to the cardiac mesodermal lineage
and not found in the ectoderm and endoderm germ layers, indi-
cating a proper response of our reporter cell line under differenti-
ation (Fig. 1C). In addition, ES4 mCherry_MYH6 line exhibited the
classical ES-associated morphology (Fig. 1D, top panel), and
continued to express pluripotent-related markers, including
Dppa4, Nanog, Oct4, Rex1, Sox2, Cripto, Dnmt3b, Sall2 and Utf1
(Fig. 1D, bottom panel).

3.2. Chemically defined media sustains cardiac differentiation from
hPSCs

To demonstrate that ES4 mCherry_MYH6 line recapitulated
MYH6 activity, we established a protocol for the generation of
cardiac-like cells (CLCs) from hPSCs (hPSCs-CLCs) grown as
monolayers based on a stage specific activation and suppression of
the canonical Wnt signaling. Concisely, ES4 mCherry_MYH6 cells
were exposed to GSK3B inhibitor (CHIR99021) from day 0 to day 1,
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followed byWnt production-4 inhibitor (IWP4) from day 3 to day 5
of differentiation. From day 5, monolayers were kept in RPMI/B27
medium (Fig. 2A). We further explored the expression of mCherry
fluorescent reporter during the time course of differentiation and
observed that already at day 7 mCherry fluorescent protein was
detected by optical microscopy (Fig. 2B left panel). In the same
manner mRNA expression analysis by qPCR showed that mCherry
mRNA expression mirrored endogenous MYH6 activity, indicating
the potential use of our cellular system to properly dissect cardiac
differentiation from hPSCs (Fig. 2B right panel). Moreover, flow
cytometric analysis showed that mCherry protein expression was
present as soon as day 5 during differentiation, and that 14 days
after differentiation 90% of the cells expressed mCherry fluorescent
protein (Fig. 2C).

We further assessed the profile of mRNA expression during the
onset of cardiac differentiation in ES4 mCherry_MYH6 line, and
found out that our protocol induced the expression of mRNAs
related with early mesoderm and cardiac progenitors up to day 5
during differentiation (PDGFRa, ISL-1, c-KIT). The expression of
mRNAs related to cardiac program from day 5 to later stages during
differentiation (GATA4, NKX2.5, MYH6, MYL2, NPPA, TNNT2, MYL7)
was also analyzed. As expected, the levels of expression for
pluripotent-related mRNAs as OCT4, NANOG and SOX2 markedly
decreased from day 5 during differentiation (Fig. 3A and Fig. S8).
Full beating monolayers were obtained at day 14 of differentiation

(Video S1 and S2). Beating monolayers of ES4 mCherry_MYH6
derived CLCs (mCherry-CLCs) were also characterized by immu-
nofluorescence for the expression of protein markers at day 14 of
differentiation, showing that mCherry-CLCs expressed major pro-
teins associated with cardiac structural function: Alpha Sarcomeric
Actinin (ASA), Troponin T (TNN), Myosin Heavy Chain (MYH6); and
nuclear transcription factors related to cardiac fate [K2 Homeobox 5
(NKX2.5)], together with Connexin 43 (CX43), a protein related to
electrical coupling (Fig. 3B, C). In order to investigate the robustness
of our protocol we further test our optimized culture conditions in
both hESCs (ES4) and transgene-free and feeder-free hiPSCs
derived from dermal fibroblasts (FiPS#1). Full beating monolayers
were obtained from both ES4 and FiPS#1 lines after 14 days of
differentiation (Video S3 and Video S4). In addition, both ES4
(Fig. S9) and FiPS#1 (Fig. S10) expressed cardiac related markers at
the different selected time points as shown by qPCR. Similarly, both
ES4 and FiPS#1 expressed major proteins associated with cardiac
structural function after 14 days of differentiation, confirming that
our culture conditions supported the generation of CLCs from
different hPSC lines (Fig. S11 and Fig. S12, respectively). Altogether,
our protocol sustained the derivation of hPSCs-CLCs monolayers in
the presence of chemically definedmedia, providing a reproducible
and efficient method for the generation of hPSCs-CLCs on matrigel
coated plates.

Supplementary video related to this article can be found at

Fig. 1. TALEN engineering in hESCs. A. MYH6 donor vector includes a mCherry cassette HA-tagged (HA), a PGK promoter and a neomycin-kanamycin resistant cassette (Neo/Kan);
both flanked by FRT sites. Dashed lines indicate the sites of HR in the MYH6 locus. HR results in knock in of the complete cassette into the ATG start site of MYH6 locus, generating a
mCherry-tagged MYH6 allele. B Immunodetection for OCT4, NANOG and TRA-1e81 in ES4 mCherry_MYH6 line, (scale bars, 50 mm). Note mCherry signal was not detected. C In vitro
differentiation of ES4 MYH6_mCherry line into ectoderm [Microtubule-Associated Protein 2 (MAP2) and Paired Box 6 (PAX 6)], endoderm [a-fetoprotein (AFP), Forkhead box protein
A2 (FOXA2)], mesoderm [K2 Homeobox 5 (NKX2.5) and a-sarcomeric actinin (ASA)], (scale bars, 25 mm). D Top panel, representative contrast phase image of an undifferentiated ES4
mCherry_MYH6 clone that grows as a compact and tight adherent colony. Bottom panel, qPCR analysis for the evaluation of mRNA expression of pluripotency associated markers
after TALEN engineering in ES4 line. Data were represented as mean ± standard deviation.
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3.3. In vitro recellularization of human ventricular decellularized
matrices (vdECMs) with hPSCs-CLCs

Next, we applied our previously published protocol of perfusion
decellularization to generate human vdECMs scaffolds that pre-
served three dimensional architecture and vascular integrity [5].
Following this protocol, we prepared 400 mm thick vdECMs slices to
seed hPSCs-CLCs at day 14 of differentiation in order to explore the
effect of human cardiac vdECM on hPSCs-CLCs functional activity
and differentiation. Prior to recellularization, immunohistochem-
istry against proteins from the cellular compartment including
muscle specific actin and desmin, as well as basement membrane
proteins of the ECM, such as collagen IV, revealed the absence of
cellular content and retention of collagen IV in decellularized heart
tissue scaffolds (Fig. S13A). In addition, residual DNA content in
vdECMs was less than 3% (Fig. S13B), confirming a major removal of

nuclear material. Furthermore, immunofluorescence analysis for
laminin, collagen IV and elastin confirmed the preservation of these
ECM components in our vdECMs, similarly to those in the native
heart (Fig. 4A). Indeed, the presence of a dense fibrillary collagen
microstructure was observed on vdECMs by SHG-TPEF microscopy
(Fig. 4B). DAPI staining was not visible in vdECMs, indicating again
the loss of cellular material (Fig. 4A, B). Overall, our results sug-
gested that our decellularization protocol sufficed for the produc-
tion of cardiac scaffolds that accomplished the established criteria
of decellularization [39].

Next, we set up a protocol for the generation of small heart
constructs for cardiac engineering by culturing mCherry-CLCs on
vdECMs under our chemically defined conditions for 10 additional
days. Thick slices of vdECM supported the engraftment of mCherry-
CLCs, which could adhere and cover the scaffold. In this manner,
spontaneously beating slices were produced and maintained in
culture for 10 days (Fig. 5A). mCherry-CLCs continued to express
major proteins associated with cardiac structural function [Alpha

Fig. 2. mCherry targeting in MYH6 locus in ES4 line mirrors MYH6 activity during cardiac differentiation. A Time line of human ES4 mCherry_MYH6 cardiac differentiation. B
Left panel, optical microscopy for mCherry detection in ES4 mCherry_MHY6 after 7 days of cardiac differentiation. Right panel, evaluation of mRNA expression of mCherry reporter
and MHY6 gene by qPCR in ES4 mCherry_MYH6 line during the time course of cardiac differentiation at the indicated days. Data were represented as mean ± standard deviation.
Different letters indicate significant differences between groups (p < 0.05) C FACS analysis for mCherry fluorescent protein during the time course of cardiac differentiation in ES4
mCherry_MYH6 at the indicated days.
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Sarcomeric Actinin (ASA), Troponin T (TNN), Myosin Heavy Chain
(MYH6)], nuclear transcription factors related to cardiac fate [K2
Homeobox 5 (NKX2.5)] and CX43 (Fig. 5B), indicating the mainte-
nance of the cardiac phenotype after 10 days of culture with
vdECMs. Interestingly, the generated cardiac grafts showed uni-
form contraction (Video S5 and Video S6), indicating the presence
of cell-cell interconnections as well as cellular interactions with the
vdECM. We subsequently transferred the same culture conditions
to fabricate cardiac grafts from both ES4 derived CLCs (ES4-CLCs)
and FiPS#1 derived CLCs (FiPS#1-CLCs). Cardiac grafts generated
from both ES4-CLCs and FiPS#1-CLCs showed similar characteris-
tics in terms of cardiac proteins expression (Fig. 6A and Fig. 6B,
respectively) and uniform contraction (Video S7 and Video S8,
respectively), confirming the robustness of our method. Moreover,
to characterize the mechanical function of the spontaneously
beating human cardiac grafts, we determined the contractile strain
of hPSCs-CLCs seeded on vdECM by measuring the relative cardiac
graft deformation in the direction of maximal tissue contraction.
Human cardiac grafts exhibited a 3.78-fold increase in strain
compared to hPSCs-CLCs cultured on matrigel (15.53 ± 3.33% and
4.21± 0.93%, respectively) (Fig. S14; Video S9 and Video S10). These

results are in agreement with previous findings when analyzing
myocardial strain in the human heart [40].

Supplementary video related to this article can be found at
http://dx.doi.org/10.1016/j.biomaterials.2016.04.003.

3.4. Human vdECMs promote a higher degree of differentiation in
hPSCs-CLCs when compared to matrigel, as assessed by
electrophysiological and molecular analysis

Next, we sought to evaluate if hPSCs-CLCs grown either on
vdECMs or matrigel presented electrically and mechanically con-
nected functional activity. Simultaneous recording of voltage and
calcium demonstrated the coordinated activity of cardiac structures
for all cases, indicating the functional gap junctions' interconnec-
tion between hPSCs-CLCs (Fig. 7A, B). Maturation degree was
evaluated by comparing the main electrophysiological properties
from optical mapping recordings at 1 Hz pacing rate [(i.e. wavefront
propagation conduction velocity (CV), mean action potential
duration at 90% repolarization (APD90), mean calcium transient
duration at 90% return to baseline (CaT90), and Ca2þ (Ca) Upstroke
Time] (Fig. 7CeF). We observed a dramatic increase in the CV when

Fig. 3. Generation of CLCs from ES4 mCherry_MYH6 line. A mRNA analysis by qPCR analysis for different genes related to cardiac program and pluripotency network at the
indicated days (n ¼ 3). Data were represented as mean ± standard deviation. Different letters indicate significant differences between groups (p < 0.05). B Immunofluorescence
analysis for MYH6, NKX2.5, and mCherry in mCherry-CLCs at 14 days of differentiation (scale bars, 25 mm). C Immunofluorescence analysis for ASA, Troponin T (TNN), Connexin 43
(CX43) and mCherry in mCherry-CLCs at 14 days of differentiation (scale bars, 25 mm).
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hESC-CLCs were cultured on top of vdECMs compared to matrigel
(7.45 ± 0.94 cm/s versus 2.54 ± 0.75 cm/s) (Fig. 7C). Similar results
were observed for FiPS#1-CLCs (8.30 ± 0.49 cm/s versus
2.03 ± 0.18 cm/s, respectively) (Fig. 7C). Increases in CV when
hPSCs-CLCs were cultured on vdECMs were related to a higher
degree of excitability of sodium current, as 10 mM flecaidine infu-
sion resulted in a more significant reduction of the conduction
velocity of hPSCs-CLCs (i.e. 63 ± 9% versus 44 ± 11% for hESC-CLCs
and 71 ± 13% versus 41 ± 5% for FiPS#1-CLCs) (Fig. 7H).

To assess if increases in the CV were also associated with higher
contraction capability due to differences in culture substrates, we
evaluated the kinetics of calcium as an indicative parameter of
hPSCs-CLCs maturation. hPSCs-CLCs cultured on vdECMs showed a
reduction in the duration of CaT90 and calcium upstroke time
compared to matrigel (Fig. 7E, F). Such variations were not

associated with significant differences in the duration of APD90
(Fig. 7D). Specifically, faster calcium transient increases in hESC-
CLCs cultured on vdECMs were associated with a higher degree of
maturation of late inward calcium current (ICaL), since 4 mM
verapamil infusion resulted in a more significant reduction of the
upstroke velocity of the calcium transient (Fig. 7G).

Moreover, we investigated if such findings could correlate with
differences at the level of mRNA expression (Fig. 7I). Increases in
the levels of expression of SCN5A mRNA when hPSCs-CLCs were
cultured on vdECMs compared to matrigel condition were in
agreement with increases in conduction velocities (Fig. 7C, H).
Similar results were found for inward rectifier potassium current
(KCNJ2). Interestingly, increases in KCNJ2 are associated with lower
resting potential in cardiomyocytes, leading to higher conduction
velocities [41], as observed in Fig. 7C. So far, acquisition of KCNJ2

Fig. 4. Characterization of vdECMs composition. A Immunofluorescence analysis for LAMININ (LAM), COLLAGEN IV (COL IV), ELASTIN (ELASTIN) and DAPI staining in native
human heart (Native) and vdECMs (scale bars, 50 mm). B Native human heart and vdECMs were analyzed by Second harmonic generation (SHG) for the detection of Collagen (SHG-
Col) and by immunofluorescence analysis for ASA and DAPI staining (scale bars, 50 mm).
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mRNA expression has been predicted as a limiting step for CLCs
production from hPSCs [41], indicating that under our defined
conditions, vdECMs may play a role in the expression of this cur-
rent. Similarly, increases in the levels of expression of KCNA4mRNA
in hPSCs-CLCs suggested that vdECM, rather than matrigel, may
represent a more physiological microenvironment for the proper
differentiation of hPSCs-CLCs.

In order to ascertain the effect of the different substrates on
intracellular calcium homeostasis, mRNA expression levels of the
CACNA1C subunit from the L-type calcium channel current, and
sarco/endoplasmic reticulum Ca2þ ATPase (SERCA) pump were
investigated. Interestingly, hPSCs-CLCS co-cultured on vdEMCs
compared to matrigel, exhibited higher levels of expression of
CACNA1C and SERCA mRNAs [42], which correlated with increases
in calcium upstroke (Fig. 7F, G). mRNA levels of the KCNH2 unit of
the rapidly (IKr) activating delayed rectifier potassium channel and
KCNQ1/2 [(two members of the potassium voltage-gated channel
subfamily Q of the slowly (IKs) activating delayed rectifier potas-
sium channels)] were differentially regulated when hPSCs-CLCs
were cultured on matrigel or vdECMs conditions. These findings
may explain the similar duration of action potentials observed
(Fig. 7D). Altogether, our results suggest a pivotal role of vdECMs in

providing a suitablemicroenvironment for the in vitro generation of
hPSC-derived cardiac grafts.

4. Discussion

In humans, the existence of scar tissue following myocardial
infarction indicates that the ability to generate new cardiomyocytes
after pathological conditions is completely absent. Given that heart
disease is the most significant cause of morbidity and mortality
worldwide, the possibility to replace fibroblastic-like scar has been
one the major goals in the cardiac field in the last years. So far,
different cell therapy approaches have been proposed: from the use
of allogenic cell sources alone or in combination with biomimetic
materials to the possibility to reprogram in situ cardiac fibroblasts.
In an attempt to provide novel platforms for heart regeneration,
heart engineering has been envisioned as a promising approach for
the generation of donor grafts. Recently, the generation of acellular
matrices from different organs by decellularization has emerged as
an encouraging technology to produce tissue scaffolds that retain
the main properties of the organ ECM [7,8]. Within the last years,
different groups, including us, have faced major problems when
developing efficient protocols for heart decellularization. In this

Fig. 5. Cardiac differentiation of ES4 mCherry_MHY6 derived CLCs on vdECMs. A Left panels, ES4 mCherry_MHY6 derived CLCs were cultured on top of vdECMs during 10 days
and further analyzed for mCherry fluorescence together with the detection of collagen from the underlying vdECM by Second Harmonic Generation (SHG-Col) (scale bars, 250 mm).
Right panel, higher magnification image showing the fibrillary microstructure of collagen from the underlying vdECM and elastin/nuclei by SHG-TPEF (scale bar, 50 mm). B
Immunofluorescence analysis for: Top panels, MYH6, Nkx2.5 and detection of collagen by SHG (SHG-Col), (scale bars 25 mm). Middle panels, ASA, NKX2.5 and SHG-Col (scale bars
50 mm). Bottom panels, CX43, TNN and SHG-Col (scale bars 25 mm).
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regard, we have recently described that is possible to apply
perfusion decellularization in human hearts, leading to a structur-
ally intact decellularized extracellular matrix (dECM) preserving
ultra- and macro-structures together with mechanical properties
[5].

Besides the definition of suitable strategies for organ engineer-
ing, the choice of cell type for cardiac recellularization limits further
applications in clinics. Lately hPSCs, such as hESCs and hiPSCs, have
been heralded as major cell sources for regenerative applications,
including heart engineering. hPSCs exhibit the capability to differ-
entiate under the appropriated stimuli to cells from the three germ
layers of the embryo, both in vitro and in vivo. These capabilities
offer great advantages when trying to develop autologous cells for

transplantation. However, protocols for cardiac differentiation of
hPSCs are frequently based on the formation of EBs, hampering the
reproducibility and scale up of such procedures in clinics [3,12,13].
Lately, we have demonstrated that is possible to induce cardiac
differentiation from hPSCs grown as monolayers, making use of
chemically defined media [16]. Although valuable, those protocols
still cannot provide definitive information on the identity of the
generated cells [14,16]. In this regard, the generation of cardiac
hPSCs reporter cell lines can help to the identification and purifi-
cation of different cardiac cell types during the onset of differen-
tiation (i.e: cardiac mesoderm precursors, cardiac progenitor cells,
mature cardiomyocytes, among others), and importantly, to
develop efficient and robust protocols to generate the required

Fig. 6. Cardiac differentiation of hESC- and hiPSC- CLCs on vdECMs. A ES4-CLCs and B FiPS#1-CLCs were seeded on top of vdECMs during 10 days and further analyzed by
immunofluorescence analysis for ASA and NKX2.5 (top panels in A and B), and CX43 and TNN (bottom panels in A and B) together with the detection of collagen by SHG (SHG-Col).
Scale bars in A, 50 mm. Scale bars in B, 100 mm (top panels) and 25 mm (bottom panels).
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Fig. 7. Simultaneous optical mapping of transmembrane voltage and intracellular transient calcium of cardiac structures from hPSCs grown on vdECMs and matrigel. A, B
Simultaneous optical mapping of transmembrane voltage and intracellular transient calcium of hPSCs-CLCs on matrigel (A) and vdECMs (B). Grayscale images of normalized
fluorescence intensity map. Middle panel illustrate the propagation of transmembrane voltage. Right panels represent transmembrane voltage (blue) and calcium transient (red)
traces of representative recorded pixels. CeF. Electrophysiological properties of hECS-CLCs and FiPS#1-CLCs grown on matrigel and vdECMs: C wavefront propagation conduction
velocity, D action potential duration (APD90), E calcium transient duration (CaT90) and F Calcium (Ca) upstroke time measured on hECS-CLCs and FiPS#1-CLCs grown on matrigel
and vdECMs. G Effect of verapamil on reduction of Ca upstroke time. H Effect of flecainide on reduction of conduction velocity. I mRNA analysis by qPCR for the indicated markers
(n ¼ 3) (*p < 0.05; **p < 0.01, ***p < 0.001).
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amount of cardiac cells needed in the clinical setting.
Recent genome editing technologies including CRISPR/Cas9 and

TALEN platforms have demonstrated to target unique and multiple
human loci in site-specific manner. Interestingly, recent works have
investigated the impact of genome editing platforms in the inci-
dence of off-target mutations. In this regard it has been shown that
off-target mutations attributable to the nucleases were rarely
exhibited in CRISPR-Cas9 and TALEN targeted hPSCs clones [43].
We have also recently interrogated by whole-genome sequencing
the mutational load in individual gene-corrected hiPSC clones at
single-base resolution, showing that gene correction by helper-
dependent adenoviral vector (HDAdV) or TALEN exhibited few
off-target effects and a low level of sequence variation [44].
Importantly, others have described the generation of a high-fidelity
Cas9 variant (named SpCas9-HF1) designed to reduce non-specific
DNA interactions, showing no detectable genome-wide off-target
effects [45].

Here we decided to take advantage of TALEN platform to target
MYH6 locus withmCherry fluorescent reporter in order to generate
a reporter cell line mirroring MYH6 endogenous activity during the
onset of cardiac differentiation. In the present work, we have
derived three different mCherry MYH6 reporter hESC lines that
serve as an unprecedented scenario for the definition of a chemi-
cally defined protocol for cardiac differentiation of hPSCs. In our
hands, gene targeting and subsequent cell culture pressure did not
hamper ES4 mCherry_MYH6 line to exhibit typical pluripotent-
related features, as described by others when targeting other hu-
man locus by means of this approach [24,29,46e48]. Following our
cardiac differentiation protocol, CLCs expressing mCherry fluores-
cent protein were generated in only 7 days, mirroring MYH6
endogenous expression. Moreover, we could successfully apply the
same cardiac differentiation strategy to hPSCs lines, demonstrating
the suitability of our protocol for the generation of CLCs from
monolayer cultures of different hPSCs lines. In our hands, TALEN
engineering allowed not only to generate for the first time a hESCs
cardiac reporter cell line by means of this genome editing platform,
but also, to define a robust protocol of cardiac differentiation from
hPSCs.

Important cell functions such as proliferation and differentiation
can be modulated by the biochemical and biophysical properties of
their microenvironment [49e51]. Mechanical cues from the ECM
including rigidity, microstructure and 3D architecture have shown
to exert changes in intracellular cell signaling cascades and sub-
sequently drive cell fate [52e54]. Elegant studies have previously
shown the benefits when using murine cardiac ECM in promoting
cardiac differentiation from hPSCs [9,11]. Also, others have recently
demonstrated that engineered heart slices from pig and rat repre-
sented a suitable platform for the culture of neonatal rat ventricular
cardiomyocytes, behaving as an integrated and functional tissue-
like constructs [10]. Understanding cellular interactions of CLCs
with the ECM of human origin can have important implications in
the development of functional tissue engineered grafts from hPSCs.
Here, we show that hPSCs-CLCs co-cultured on human vdECMs for
10 days displayed better electrophysiological responses compared
to matrigel, which is mostly used to produce high yields of car-
diomyocytes from hPSCs. Importantly, our findings were together
in agreement with increases in the expression of different cardiac
channels such as SNCA5, KCNJ2, KCNA4, CACNA1C, SERCA2, KCNQ1,
and KCNQ2, pinpointing a pivotal role of human cardiac ECM as an
inducer of cardiac-related electrophysiological features.

5. Conclusions

Decellularization of a whole heart can lead to hundreds of
acellular slices ready to use as scaffolds for the approach described

here. The present protocol allows for the generation of cardiac
grafts showing enhanced electrophysiological properties in a rela-
tively short time period (24 days), avoiding time consuming co-
culture techniques (i.e: bioreactor, perfusion system, among
others), and anticipating that such procedure can be immediately
applied in laboratories with special focus in heart bioengineering
and cardiac disease modeling.
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