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Abstract 

As cardiovascular diseases (CVD) remain the leading cause of mortality worldwide; there is 
an increasing demand for developing physiologically relevant in vitro cardiovascular tissue 
models suitable for studying personalized medicine and pre-clinical tests. Although recent 
technologies provide some insight into how human CVDs can be modelled in vitro, they 
may not always give a comprehensive overview of the complexity of the human heart due to 
their limits in cellular heterogeneity, physiological complexity and maturity. 

The aim of this dissertation is to provide a deeper understanding of microphysiological 
technologies in cardiovascular biology, and to establish a miniaturized cardiac tissue model 
in vitro that could better reflect the physiological complexity, cellular heterogeneity and 
maturity of a human heart, and demonstrate its functional applications for translational 
research. 

We have developed a simple and effective protocol to generate scaffold-free multicellular 

beating human cardiac microtissues in vitro from human induced pluripotent stem cells 
(hiPSCs) – namely human organotypic cardiac microtissues (hOCMTs) – that show a degree 
of proto-self-organization and can be cultured for long term. [I]. The 3D hOCMTs contain 
multiple cell types of the heart, and show functional beating activity without external stimuli 
for more than 100 days. The 3D hOCMTs show improved cardiac specification, survival and 
metabolic maturation compared to standard 2D monolayer cardiac differentiation. 
Furthermore, we show that the 3D hOCMTs could respond to cardioactive and cardiotoxic 
drugs in a dose dependent manner. Due to their tendency for self-organization, cellular 
heterogeneity, and functionality in our 3D microtissues over extended culture time, we could 
confirm these constructs as human cardiac organoids (hCOs).  

Finally, we reviewed in vitro technologies already described in the literature and proposed to 
enable in-vivo-like biomechanical cues in microphysiological tissue models [II], and further 
overviewed nanomedical applications for cardiac therapies [III].  

This work shows the potential of 3D hCOs to enable the development of more 
physiologically-relevant cardiac tissue models, and represent a powerful platform that could 
lead to future translational research in cardiovascular biology. 

Keywords: 3D cardiac organoid, induced pluripotent stem cells, organotypic cardiac microtissues, 
tissue engineering, cardiotoxicity 
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Kurzfassung  

Da Herz-Kreislauf-Erkrankungen (CVD) weltweit als häufigste Todesursache bestehen 
bleibt besteht ein zunehmender Bedarf an der Entwicklung physiologisch relevanter in-vitro-
Modelle von kardiovaskulärem Gewebe, die für die Untersuchung personalisierter Medizin 
und präklinischer Tests geeignet sind. Obwohl neuere Technologien einige Einblicke in die 
Modellierung menschlicher CVDs in vitro geben, geben sie aufgrund ihrer Grenzen in 
zellulärer Heterogenität, physiologischer Komplexität und Reife möglicherweise nicht 
immer einen umfassenden Überblick über die Komplexität des menschlichen Herzens. 

Ziel dieser Dissertation ist es, ein tieferes Verständnis mikrophysiologischer Technologien in 
der kardiovaskulären Biologie zu gewinnen und ein miniaturisiertes Herzgewebemodell in 
vitro zu etablieren, das die physiologische Komplexität, zelluläre Heterogenität und Reife 
eines menschlichen Herzens besser widerspiegeln und seine funktionellen Anwendungen 
demonstrieren könnte für translationale Forschung. 

Wir haben ein einfaches und effektives Protokoll entwickelt, um gerüstfreie multizelluläre 
schlagende menschliche Herzmikrogewebe in vitro aus humanen induzierten pluripotenten 
Stammzellen (hiPSCs) – benannt als humane organotypische Herzmikrogewebe (hOCMTs) 
– zu erzeugen, die einen Grad an Proto-Selbstorganisation aufweisen und langfristig 
kultiviert werden können. [I]. Die 3D-hOCMTs enthalten mehrere Zelltypen des Herzens 
und zeigen eine funktionelle Schlagaktivität ohne der Stimulation durch äußere Reize für 
mehr als 100 Tage. Die 3D-hOCMTs zeigen eine verbesserte kardiale Spezifikation, 
Überlebensrate und metabolische Reifung im Vergleich zur standardmäßigen 2D-
Monoschicht-Herzdifferenzierung. Darüber hinaus zeigen wir, dass die 3D-hOCMTs 
dosisabhängig auf kardioaktive und kardiotoxische Medikamente reagieren könnten. 
Aufgrund ihrer Tendenz zur Selbstorganisation, zellulären Heterogenität und Funktionalität 
in unseren 3D-Mikrogeweben über längere Kulturzeit konnten wir diese Konstrukte als 
menschliche Herzorganoide (hCOs) bestätigen. 

Schließlich überprüften wir bereits in der Literatur beschriebene in-vitro-Technologien und 
schlugen vor, in-vivo-ähnliche biomechanische Hinweise in mikrophysiologischen 
Gewebemodellen zu ermöglichen [II], und gaben einen weiteren Überblick über 
nanomedizinische Anwendungen für Herztherapien [III]. 

Diese Arbeit zeigt das Potenzial von 3D-hCOs, die Entwicklung physiologisch relevanterer 
Herzgewebemodelle zu ermöglichen, und stellt eine leistungsstarke Plattform dar, die zu 
zukünftiger translationaler Forschung in der kardiovaskulären Biologie führen könnte. 

Schlüsselwörter: 3D-Herz-Organoid, induzierte pluripotente Stammzellen, organotypische Herz-
Mikrogewebe, Tissue Engineering, Kardiotoxizität 
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1 INTRODUCTION 

1.1 Problem and Motivation 

Cardiovascular diseases (CVD) still remain the leading cause of death worldwide. As of 
2019, an estimated 17.9 million people died from CVDs, representing 32% of all global 
deaths. Of these deaths, 85% were due to coronary heart diseases (e.g. heart attacks) and 
cerebrovascular diseases (e.g. strokes) and they have disproportionally affected low- and 
middle-income countries [1], [2]. CVDs have many causes such as smoking, diabetes, 
obesity and high-blood pressure, or underlying congenital forms. In the era of global 
COVID-19 pandemics, understanding and treating CVDs has become even more crucial as 
these pathologies have emerged as both a risk factor and a result of acute infection and its 
longer-term outcomes [3]–[8]. 

Developing new therapies for CVD remains a major challenge, as a significant number of 
drug candidates fail to pass clinical trials, or are withdrawn from the market due to adverse 
side effects [9]–[11]. In order to approve safer and more effective therapies, there is an 
increasing demand to develop faithful models of human heart tissue for pre-clinical 
research [11]. While recent technologies provide some insight into how human CVDs can 
be modelled in vitro, a comprehensive overview of the complexity of the human heart 
remains elusive due to the limited cellular heterogeneity, physiological complexity, or 
maturity of the constructs produced [12]. Furthermore, animal models may not always 
faithfully reflect the unique features of human biology and disease, and could give rise to 
ethical concerns [13]–[15].  

Induced pluripotent stem cell (iPSC) technology has been revolutionary for the 
differentiation and derivation of cardiomyocytes for studying developmental biology,  
disease modelling and drug testing [12], [16]–[24]. However, when cultured in 2D, these 
cardiomyocytes do not reflect the 3D complexity of the native tissue [22], [25], [26], where 
the topology, the cellular heterogeneity and the interactions with the extracellular matrix 
(ECM) play a crucial role.  

The heart is the first organ to form during mammalian development. It is a very complex 
organ with its unique tissue composition at different levels containing many different 
structures (eg. Heart valves, arteries, veins, capillaries, cardiac/smooth muscles, pacemaker 
cells, Purkinje fibers, …), and different cell types (cardiomyocytes, cardiac fibroblasts, 
endothelial cells, epicardial cells, smooth muscle cells, pacemaker cells, …) [27] in 
addition to distinctive metabolic and  mechanical features. While the neonatal heart tissue 
has an ability to regenerate, this potential is greatly reduced in the adult life of higher 
mammals [28]. Therefore, it is not surprising to see CVD remains as a leading cause of 
death worldwide.  
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Further elaboration on the complexity of heart tissue has revealed a need of new models to 
reflect relevant heart models to study cardiovascular biology, its development, make 
healthy/disease tissue models, or develop alternative platforms for drug screening [29]. 
Since the past few decades, there has been a growing interest in 3D culture and tissue 
engineering applications to make more realistic cardiovascular tissue models for both 
normal and pathological conditions. By dissecting the interplay between the different cell 
types, scaffolds and biophysical stimuli, many advances of tissue engineering methods 
have been reported that best replicate cardiac development (Figure 1.1). Thus, 3D culture 
methods and tissue engineering approaches could have a great potential for both basic and 
translational cardiovascular research. 

Figure 1. 1 Classical approaches in cardiovascular tissue engineering 

The classical tissue engineering approach involves cultivating cells on scaffolds in presence of 
biochemical and mechanical stimuli (e.g. Bioreactors). An alternative approach for regenerative 
medicine entails the recruitment of host cells to the site of injury by implanted scaffolds and/or 
cells. Recently, tissue engineering approaches are also being used as a platform for (high-
throughput) disease modelling or for screening for drugs and therapeutic targets. Adapted from: 
[30].   

 

Early 3D cardiac tissue models were developed by culturing human heart tissue biopsies, or 
by mixing non-isogenic populations of cardiomyocytes, non-myocytes and biocompatible 
hydrogels, called “cardiospheres” or “cardiac microtissues”. [31]–[33]. However, such 
microtissues tend to survive limited time in culture, display poor self-organization and fail 
to capture the complex cellular heterogeneity of the organ they aim to model. Recently, 
cardiac tissue engineering technologies have emerged that develop more physiologically-
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relevant tissue models with higher degree of complexity, organization and dynamics [34]–
[37], such as engineered heart tissues (EHTs) [30], [35], [38],  isogenic cardiac 
microtissues [32], [39]–[44], and lately organs-on-a-chip [45]–[55] and organoids [13], 
[56]–[58].  

Organoids are 3D miniaturized versions of an organ, showing faithful micro-anatomy, and 
organ specific function compared to the organ being modelled after [13], [56]–[58]. To be 
considered as an "organoid", an in vitro model must fulfil specific requirements, including: 
(1) 3D cellular heterogeneity with organ-specific cell types, (2) self-organization and 
histology similar to the tissue of origin and (3) recapitulation of at least one specialized 
biological function similar to the organ being modelled [58]–[60]. 

To this date, well-established organoids have been already generated for many organs such 
as the brain, kidneys, intestines, guts, lungs and many other organs [13], [61]. On the other 
hand, organoid models of the heart have only started to emerge in the last couple of years 
[62], [63]. Of note, early mammalian cardiac organoids showing spontaneous self-
organization with distinct atrium- and ventricle- like regions were generated from mouse 
pluripotent stem cells (PSCs) [64], [65], or as a part of gastruloids [66]. Subsequently, 
human PSC-derived cardiac organoid models were described [63], [67]–[72], which were 
developed by various approaches such as assembling different cardiac cell types [69], 
followed by other self-organized models more faithful to cardiac development [63], [70]–
[73].  

Recently published human cardiac organoids include single chamber models - i.e. 
“cardioids” modelling the left ventricle [63] - relying on an external ECM scaffold, such as 
Matrigel [68], [70], exhibit chamber-like structures [63], [71], showing the co-emergence 
of gut tissue together with atrial- and ventricular-like regions [70], [72]. Although 
extremely informative, most of these models are generated by short-term culture, whereas 
longer-term culture could help them acquire a more mature phenotype, which is desirable 
for more physiologically relevant in vitro tissue models [74], [75].  

The main motivation/research question of this dissertation has been to focus on the 
development of 3D cardiac microtissues that could demonstrate improved cardiac 
specification and maturation and could act as an in vitro platform for modelling the 
complexity of human heart.  
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1.2 The Complexity of (Making) the Human Heart 

In order to be able to faithfully bioengineer and replicate the characteristics of a human 
heart in vitro, we first need to understand its biology, developmental timeline, and its 
cellular composition. 

The fully developed mammalian heart consists of four chambers and many different cell 
types (Figure 1.2A), where each of them is involved in specific biochemical, mechanical, 
structural and electrical functions. There are three main layers: Epicardium (outermost), 
myocardium (middle), and the endocardium (innermost) (Figure 1.2B). The first layer, 
epicardium, consists of cardiac fibroblasts and smooth muscle cells. Cardiac fibroblasts are 
the main mediators of extracellular matrix production, maintenance and healing response of 
the heart after injury [76] . Smooth muscle cells (SMCs) are involved in arteries’ inflow 
and outflow properties, and vasculature (Aortic and Vascular SMCs). The muscular walls 
of the heart – myocardium – are composed of cardiomyocytes (CMs) – with atrial and 
ventricular subtypes (sino-atrial node cardiomyocytes: SA-CMs and atrio-ventricular 
cardiomyocytes: AV-CMs). In addition, Pacemaker cells (from SA-CMs) and Purkinje 
fibers are specialised CMs that generate the electrical impulse necessary to initiate the 
beating of the heart. The SA-CMs/Pacemaker cells are located at the sinoatrial node (SAN) 
near the right atrium, while the AV-CMs are found at the atrioventricular node (AV), 
located between atria and ventricles. AV-CMs are quiescent CMs, until they receive the 
electrical impulse from SA-CMs, and conduct this impulse from atria to the ventricles to 
complete the beating. Finally, the innermost layer – endocardium – consists of endothelial 
cells (ECs) that provide the innermost lining of blood vessels and heart valves [77]  

 

Figure 1. 2 Anatomy and cell types of the mammalian heart. 

A. The four chambered mammalian heart with their anatomic locations. Epicardium: Smooth 
muscle cells, cardiac fibroblasts. Myocardium: Cardiomyocytes (Pacemaker cells/SA-CMs, AV-

A. B. 



 

5 

CMs, Purkinje fibers). Endocardium: Endothelial cells. Adapted from [77] B. A cross-section 
diagram of the heart wall showing the relative positions of pericardium/epicardium, myocardium 
and endocardium layers (thickness not to scale as myocardium is much thicker. Adapted from [78].  

 

1.2.1 Heart Development in the Early Embryo  

The heart is the first organ to form and function during mammalian embryogenesis [79].  

On week 3 of human embryonic development (equivalent to embryonic day 7.5 (E7.5) of 
mouse), the embryo consists of three germ layers: the ectoderm, the mesoderm, and the 
endoderm [80]. This stage is where the heart formation starts, where most of the cardiac 
tissue would be derived from the mesoderm layer. During gastrulation, the early cardiac 
progenitor cells could be found at bilateral regions in the midline of embryo, and when the 
embryo starts to fold, these two regions fuse and form the “cardiac crescent”. From this 
point on, two major progenitor cell types, namely the first heart field (FHF) and the second 
heart field (SHF) contribute to the developing heart [81]. Figure 1.3 shows a summary of 
the developmental timeline of mammalian cardiogenesis. 
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Figure 1. 3 Developmental timeline of mammalian cardiogenesis. 

At the earliest stages of heart formation (cardiac crescent), two pools of cardiac precursors exist: 
The first (FHF) and second heart field (SHF). At intermediate stages, these pools merge to form the 
linear heart tube, followed by looping and chamber formation. FHF contributes to left ventricle 
(LV), and SHF contributes to right ventricle (RV), outflow tract (OT), sinus venosus (SV), and left 
and right atria (LA and RA). (V, Ventricle). At the later stages towards maturation, the cardiac 
cushions (CC) lead the formation of atrioventricular valves. Ventricular septum (VS) is formed 
from myocardium of LV and RV. Atrial septation (AS) happens via the growth of primary septum 
(green) and secondary septum (pink). Finally, the outflow tract septation gives rise to the aorta 
(AO, at left ventricle), and the pulmonary artery (PA, at right ventricle). Adapted from [82].  
An interactive version of this process can be found at http://pie.med.utoronto.ca/HTBG/index.htm.  

 

The cells of the cardiac crescent subsequently fuse along the midline to form the linear 
heart tube, serving as a scaffold for subsequent heart growth [77]. The early heart tube 
consists of an outer myocardial layer and an inner endocardial layer separated by cardiac 
jelly [83]. This stage is also where the first beating activity is observed. The linear heart 
tube then undergoes a rightward looping (week 4-5 in humans, E8.5 in mice) in order to 
enable cardiac chamber formation (week 5-6 in humans, E10.5 in mice). Cardiac 
trabeculation also begins after looping, where a network of luminal projections called 
“trabeculae” are formed – made of myocardial cells covered by the endocardial layer 
(Figure 1.4) [84], [85]. This enables nutrition and oxygen uptake in the embryonic 
myocardium before vascularization [85], [86]. Septation and valve formation marks heart 
maturation by week 10 in humans, and day E15 in mice. Finally, cardiac chamber 
maturation can be achieved by trabeculae formation, establishment of the conduction 
system, and thickening of the compact myocardium [85].  

 
 
 

http://pie.med.utoronto.ca/HTBG/index.htm
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Figure 1. 4 Cardiac trabeculation and chamber maturation. 

A. At early development, the cardiac chamber wall is smooth and made of endocardial cells and 
myocardial cells. B. Emergence: Myocardial projections called trabeculae start to appear in the 
outer curvature of the ventricle, projecting into the lumen, which are lined by a continuous layer of 
endocardium. C. Trabeculation: Trabeculae increase in length and the chamber wall becomes more 
complex while the myocardium does not thicken significantly. Meanwhile, the outermost layer of 
the heart – the epicardium – starts to surround the developing heart. D. Compaction/Remodelling. 
Trabeculae stops the luminal growth, thicken radially, and their base joins to form part of the 
myocardial wall. The compact myocardium increases in mass together with coronary vessel 
formation in the myocardial wall. The compact myocardium is shown in dark blue, trabecular 
cardiomyocytes in light blue, endocardial cells in green, and epicardial cells in purple. The 
developing cardiac vasculature is shown by gray circles outlined in green. Adapted from [85].  

 

In mammals, the FHF cells mainly contribute to the formation of left ventricular 
myocardium, conductive cells of atrioventricular canal, and parts of cardiac conduction 
system [87], while the SHF cells contribute to various lineages such as right ventricular 
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myocytes, atria, sinoatrial conductive cells, vascular smooth muscle cells and endothelial 
cells [80], [88], [89].  

Meanwhile, tissues from outside the cardiac field also contribute to cardiac development. 
Cardiac neural crest cells (cNCCs) originate from the dorsal neural tube, migrate from 
dorsal mesoderm with the help of SHF, and participate in the septation of the outflow tract. 
The “proepicardial organ” (PEO) at the paraxial mesoderm at the ventral region of the 
embryo gives rise to “proepicardial cells”  that migrate to the developing heart, and 
contribute to the formation of the outermost layer of the heart – the epicardium – via 
epithelial-to-mesenchymal transition (EMT), as well as cardiac fibroblasts, smooth 
muscles, coronary artery and valve development (Figure 1.5) [77], [90]–[92].  

 

 

Figure 1. 5 Developmental origins of different cardiac cell types. 

Multiple cardiac cell types originate from cardiac mesoderm such as multiple cardiomyocyte 
subtypes (top), and from extra-cardiac lineages: cardiac neural crest and pro-epicardium contribute 
to the heart and coronary vessel cells, epicardial cells and fibroblasts (bottom). Adapted from [93].  

 

Cardiogenesis is precisely regulated temporally and spatially by a myriad of signalling 
pathways and networks of transcription factors (TFs), where excellent reviews provide 
detailed discussions of this topic [77], [81], [82], [88]–[95]. Briefly, some of the most 
important mechanisms for vertebrate cardiogenesis involve the modulation of canonical 
and non-canonical WNTs, transforming growth factor beta (TGFß) superfamily members 
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like bone morphogenic protein (BMP) and Activin/Nodal, fibroblast growth factors 
(FGFs), sonic hedgehog (Shh), and Notch signalling pathways that consequently activate a 
set of transcription factors specific for mesoderm induction (e.g. Brachyury: T or Bry) 
cardiac mesoderm specification (eg. mesoderm posterior 1: MESP1), cardiac growth and 
patterning, where committed cardiovascular progenitors can be defined by key 
transcription factors such as NKX2.5 (NK2 homeobox 5), GATA4, TBX5 (T-box 5), 
MEF2C (myocyte-specific enhancer factor 2C) and ISL1 (Islet 1). GATA4 and NKX2.5 
are central for both FHF and SHF specification; however TBX5 is restricted to FHF only, 
while ISL1 and MEF2C mark the cardiac progenitor cells in the SHF. A summary of 
differentiation steps and key transcription factors related to early FHF and SHF 
development is shown in Figure 1.6. 

 

Figure 1. 6 Regulation of heart development by transcriptional networks and signalling 
pathways. 

Summary of signalling pathways (green) and transcription factor interactions during FHF and SHF 
development, where some of them overlap in both fields. Adapted from [90]. 

 

Meanwhile, early endocardial cells can be distinguished by the expression of the 
transcription factor nuclear factor of activated T cells 1 (NFAT2 or NFATC1) [84], [96], 
and BMP10 signalling plays an important role in their development [97]. While 
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endocardial development still arises from early stages of cardiac mesoderm, the epicardium 
arises at later stages of development. Pro-epicardial development relies on FGF and BMP 
signalling [98], and pro-epicardial/epicardial cells are marked by the expression of TBX18 
and WT1 (Wilms Tumor 1) , as well as by FHF and SHF markers NKX2.5 and ISL1 [92], 
[99]–[102]. Notably, other sources of progenitors can contribute to the formation of 
cardiomyocyte subtype lineages, a process which is further regulated by signalling 
pathways such as BMP, Notch and retinoic acid (RA) (Figure 1.7) [103]. For example, 
HCN4+ FHF cells may contribute to the formation of SAN conduction cells. Recently, 
single-cell RNA sequencing (scRNA-seq) studies have been instrumental for the detection 
of transcriptional signatures of subtype-specific cardiomyocytes during early mouse 
development and mammalian PSCs at single cell level [104]–[106]. 

 
 

Figure 1. 7 Regulation of cardiac subtype commitment in response to signalling pathways. 

The comparison of molecular markers and signalling pathways leading to final cardiomyocyte 
subtypes in mammalian cardiogenesis. Adapted from [103].  

 

In addition to the biochemical cues, mechanotransduction events like stretching and shear 
stress were also reported to be influencing CM, SMC and EC differentiation [107]–[114]. 
Finally, a scheme of developmental cardiac commitment of all general cell types and 
distinct regions of the mammalian heart is summarized in Figure 1.8 [115]. 
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Figure 1. 8 Summary of mammalian cardiac commitment from embryonic development to 
mature heart. 

A. Key signalling pathways and markers regulating the development of pluripotent stem cells into 
the different lineages of the heart. B. Markers for distinct compartments of the human heart. 
Adapted from [115].  
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1.2.2 The Cellular Composition of the Adult Heart 

Defining the exact cellular composition and the interactions among the distinct components 
of the human heart is crucial for modelling the complexity and the heterogeneity of this 
organ in vitro, as this information could help predict outcomes of healthy vs. diseased 
states more precisely. In the scope of complex cellular heterogeneity in the mammalian 
heart, the four major cell types are generally defined as cardiac fibroblasts (CFs), 
cardiomyocytes (CMs), smooth muscle cells (SMCs), and endothelial cells (ECs) [77], 
while determining their exact proportions in terms of cell numbers and volume has been 
historically challenging.  

During the last decade, techniques such as flow cytometry, fluorescence-activated cell 
sorting (FACS) [116], proteomics [117], and more recently single-cell technologies (e.g. 
scRNA-seq) have been employed to revisit and identify different cell populations of the 
adult heart [118]. In particular, scRNA-seq technologies have enabled the detection of 
novel individual cell phenotypes at higher resolution as well as rare cell populations [119].  

Of note, in a recent study by Litviňuková and collaborators, single cell technologies were 
applied to profile the transcriptome of 486,134 cells and nuclei from six anatomical cardiac 
regions from a diverse cohort of adult heart donors. By integrating this data with machine 
learning methods, 11 major cardiac cell types and 62 different cell states were identified 
under the so called Human Heart Cell Atlas (Figure 1.9) [118], [120]. Here, not only the 
traditionally four-major cardiac cell types (CMs, CFs, SMCs and ECs) were characterized, 
but also other non-myocytes such as cardiac-resident macrophages (myeloid & lymphoid), 
adipocytes, pericytes, neuronal and mesothelial (~epicardial) cells were described. 
Furthermore, distinct populations of atrial and ventricular CM subsets with stark 
transcriptional and functional differences were revealed. 

 

Figure 1. 9 Cells of the adult human heart. 

A. Sample collection from heart-wall sections including left and right atria, left and right ventricles, 
apex and septum. B. Infographic for the cohort of adult heart donors. C. Uniform manifold 
approximation and projection (UMAP) detecting 487,106 cells and nuclei outline 11 cardiac cell 

https://www.heartcellatlas.org/


 

13 

types and marker genes. D. Different cell populations between atria and ventricles. E. RNA 
fluorescence in situ hybridization (FISH) staining for cell type specific transcripts for right ventricle 
(RV): TTN (green, cardiomyocytes) and CDH5 (red, EC), right atrium (RA): NPPA (green, aCM) 
and DCN (red, FB), and left atrium (LA): MYH11 (green, SMCs) and KCNJ8 (red, pericytes). 
Counterstaining with DAPI (blue). Adapted from [118].  

 

Remarkably, it was also revealed that the populations of the main cell types varied between 
atrial and ventricular tissues in the adult heart. Atrial tissues were found to contain 30.1% 
cardiomyocytes, 24.3% fibroblasts 17.1% mural cells (pericytes and SMCs), 12.2% 
endothelial cells and 10.4% immune cells (myeloid and lymphoid). In comparison, 
ventricular tissues (apex, interventricular septum, left and ventricle) were found to contain 
49.2% ventricular cardiomyocytes, 21.2% mural cells, 15.5% fibroblasts, 7.8% endothelial 
cells and 5.3% immune cells. [118] In the following sections, we will mainly focus on the 
four major cell types of the human heart in more detail for the scope of the dissertation. 

 

1.2.2.1 Cardiomyocytes (CM) and their maturation 

Cardiomyocytes (CM) are the powerhouse, the specialized muscle cells of the heart that 
make up the thick contractile “myocardium” layer. Similar to skeletal muscle cells, 
cardiomyocytes are also defined to compose a striated, although involuntary, muscle. 

Previous rodent studies had estimated the cardiomyocyte population would cover ∼75% of 
normal adult myocardial volume, but recent histological, flow cytometry and single cell 
sequencing results revealed that they account for 30-40% of total cell numbers with 
variations between mouse, rat and human hearts [116], [118], [121]–[124].  

A typical cardiomyocyte is filled with long chains of myofibril structures known as 
sarcomeres – the major contractile units of the striated cardiac muscle deputed to ensure 
the beating [125], [126]. Sarcomeres are composed of structures called A, M, I and Z-lines 
(Figure 1.10A). The A-band contains thick filaments of myosin and their associated 
proteins. The M-line stands for the “middle” of A-band, I-band stands for “intermediate” 
filaments consisting of thin actin filaments and actin-binding proteins. The Z-line is the 
defining units of sarcomeric boundaries, which is found in the middle of the I-band, 
contains the greatest number of sarcomeric proteins and considered as the scaffold that 
links the contractile units among themselves [127]. Mature sarcomeres consist of thin 
filaments (sarcomeric actin, troponins, tropomyosin), thick filaments (myosin heavy and 
light chains and their associated proteins, such as myosin binding protein C), TTN (titin) 
filaments, Z-lines (actinin and its interacting proteins), and M-lines (myomesin, and its 
interacting proteins) [128]. A brief scheme of CM ultrastructure is depicted in Figure 
1.10B.  
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Figure 1. 10 Cardiomyocte ultrasctructure. 

A. Electron microscopy image of a striated muscle sarcomere. Adapted from [127]. B. Scheme of 
sarcomere components in mature CM, and spatial relationship between sarcomeres (S),  t-tubules 
(T), sarcoplasmic reticulum (SR) and mitochondria in mature CMs. TPM; Tropomyosin. Adapted 
from [128].  

 

Specialized structural sarcomeric proteins present in all CMs include sarcomeric α-actinin 
(ACTN2), which localize at the sarcomeres; and Cardiac Troponin T (TNNT2), a 
tropomyosin binding protein regulating the thin filaments, which determine the calcium 
(Ca2+) sensitivity required for the contraction of the CMs by regulating the structure of 
actin filaments [129], [130]. Cardiomyocytes show high-level expression of genes that 
encode for contractile force-generating sarcomere proteins (TTN, MYBPC3 and TNNT2) 
and calcium-mediated processes (RYR2, PLN and SLC8A1) [118]. 

As all the striated muscles, cardiac muscle is also characterized by the presence of highly 
branched invaginations of CM sarcolemma (ie. plasma membrane), called cardiac 
transverse tubules (t-tubules), that are rich in ion channels important for excitation-
contraction coupling, maintenance of resting membrane potential, action potential initiation 
and regulation, and signal transduction [131]–[135]. Early ultrastructural studies of cardiac 
muscle have shown that t-tubules are found at the Z-line, at the end of each sarcomere 
(Figure 1.11) [136]. However, not all CMs have t-tubules or they may only have limited 
structures. For example, in vitro pluripotent stem cell-derived CMs (PSC-CMs), in vivo 
embryonic and neonatal CMs lack t-tubules, as these structures only start to develop during 
the first weeks of life through adulthood (Figure 1.11); mostly in ventricular CMs [128], 
[132]–[134]. Meanwhile atrial CMs and Purkinje cells also lack distinct occurrence of t-
tubules [133], [134], [137]. In addition, primary adult ventricular CMs kept in culture start 

A. B. 
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to lose their t-tubules, gradually losing their maturity and showing more fetal-like features, 
making it difficult to maintain the characteristics of adult CMs in vitro [134], [138], [139]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. 11 Ultrastructural differences in immature and mature CMs. 

A. (hPSC-CM) and B. (adult rat) cardiomyocytes with alpha-actinin immunostaining (green) and 
blue nuclear counterstain, with their ultrastructure by electron microscopy (C. hPSC-CM and D. 
adult rat): M: Mitochondria, arrows depict t-tubules cellular ultrastructure by electron microscopy 
(Scale bar in A and B: 25 μm, C and D: 0.2 μm) E. Confocal image of murine CMs at postnatal day 
6 (P6) as compared to F. postnatal day 20 (P20).  
Note the differences between cell size, length-to-width ratio, mitochondria quantity, size and 
morphology, appearance of t-tubules and elongated nuclei. A-D. Adapted from [140]  E-F. Adapted 
from [128].  
 

E F 



 

16 

As for CM subtypes, according to single-cell sequencing analyses, ventricular 
cardiomyocytes can be distinguished by genes encoding sarcomere proteins (MYH7 and 
MYL2), transcription factors (IRX3, IRX5, IRX6, MASP1 and HEY2), and PRDM16, 
while atrial cardiomyocytes express prototypic genes (predominantly MYL7, NR2F2), and 
ALDH1A2 (an enzyme required for retinoic acid synthesis), ROR2, (important for Wnt 
modulation), and SYNPR, which is important for  the mechanosensing of TRP channels by 
atrial volume receptors [118]. Additionally nodal cells feature the expression of 
[hyperpolarization-activated cyclic nucleotide-gated potassium channel 4 (HCN4) [141 and 
Figure 1.7]. 

In terms of contractility, the varying occurrence of t-tubules results in differences in 
calcium handling properties between immature and mature CMs. While immature CMs can 
rely on the calcium released at the cell periphery to initiate sarcomere contraction, mature 
CMs with t-tubules wrapped around the myofibrils could make calcium release and re-
uptake faster and more efficient with the help of ryanodine receptors (RYR) in 
sarcoplasmic reticulum [142], [143].  

As can be seen above, there are some major differences between immature and mature 
CMs, in which the latter is difficult to replicate in vitro (Table 1.1). 

During CM maturation, sarcomeres go through further ultrastructural changes. When 
observed by transmission electron microscope (TEM), sarcomere bandings in mature CMs 
appear clearer and more aligned as compared to immature CMs, as the distance between Z-
lines (sarcomere length) increases to ~2.2 µm upon maturation [128], [140], [144].  

A major hallmark of CM maturation is the switching of myofibril gene isoforms in the 
sarcomeres. In maturing adult hearts, the most well-known switch is the myosin heavy 
chain (MYH) switch in CMs, where the predominant gene variant switches from MYH6 to 
MYH7, which is already established by 5 weeks of gestation [104], [145]. In in vitro 
hiPSC-derived CMs, the predominant isoform is MYH6, as in fetal CMs [146]. It should be 
noted that in rodents such as mice, unlike humans, this switch is the opposite during heart 
maturation, where Myh6 becomes predominant compared to Myh7 [128], [147].  

Other sarcomeric components such as myosin light chains (MYL or MLC), cardiac 
troponin I (TNNI), and titin (TTN) also go through isoform switch during maturation of 
human CMs. During early development, the MYL7 isoform (also known as MLC2a for 
atrial) is expressed on all cardiomyocytes, however, as CMs mature, MYL7 becomes 
restricted to atrial myocytes, whereas the predominant isoform switches to MYL2 (also 
known as MLC2v for ventricular) for ventricular myocytes [148], [149].While fetal CMs 
predominantly express slow skeletal troponin I (TNNI1), mature CMs express cardiac 
troponin I isoform (TNNI3) [150]. Titin (TTN), which is responsible for the maintenance of 
sarcomere integrity and tissue elasticity, undergoes alternative splicing and switches from a 
longer N2BA isoform (i.e. including both N2B and N2A elements of titin) to a shorter and 
stiffer N2B isoform, excluding the N2A component [151], [152]. RBM20 and RBM24 
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(RNA-binding motif protein 20; 24) have been defined as key splicing regulators in the 
heart especially during maturation [152].  

For contractility and electrophysiology, in addition to the appearance of t-tubules – as 
mentioned previously – genes regulating their structure and calcium handling are also 
differentially expressed between early and mature CMs. In mature CMs, the first 
polarization activates the release of calcium stored in the sarcoplasmic reticulum by RYR2, 
which is then pumped back to the sarcoplasmic reticulum by SERCA2 (sarco/endoplasmic 
reticulum Ca2+-ATPase, or ATP2A2). Along with RYR2 and SERCA2A, genes involved 
with many ion channels have increased expression in mature CMs, such as L-type calcium 
channels (Cav1.2), inwardly rectifying potassium channels (Kir2.1 and Kir2.2, encoded by 
KCNJ2 and KCNJ12), voltage-gated sodium channels (Nav1.5, encoded by SCN5A), and 
pacemaker channels such as hyperpolarization-activated cyclic nucleotide-gated potassium 
channel 4 (HCN4),  in addition to calcium-binding proteins such as calsequestrins (CASQ1, 
CASQ2) [115], [128], [140], [143]. Furthermore, mature CMs can be characterized by the 
increased expression of the gap-junction protein Connexin 43 (CX43 or GJA1), since a 
tight conduction of the cells is required to propagate the electrical impulse for the beating 
[153], [154]. 

CMs are known to have very active mitochondria, since they rapidly need to produce ATP 
required for their beating activity [155]. In accordance to this, more mature CMs feature an 
increased number and size of mitochondria, where they occupy up to 20-40% of the cell 
volume, they become more elongated, and localize closer to the sarcomeres [156], [157]. 
Also metabolic differences exist between fetal and mature CMs: while fetal CMs depend 
on glycolysis, mature CMs switch to fatty acid oxidation right after birth in order to 
generate the required amount of ATP [158],[159]. This transition is mediated by 
transcriptional regulators such as PPARGC1A/B, PPARA, NRF1/2, the upregulation of 
genes involved in fatty acid oxidation, oxidative phosphorylation and mitochondrial 
biogenesis, and downregulation of glycolytic genes [157], [160], [161]. Additionally, the 
increased number of mitochondria in mature CMs is associated with increased expression 
or isoform switch of genes related to ATP synthesis-coupled electron transport chain. For 
example, COX (cytochrome c oxidase) subunit 8, a component of complex IV of the 
electron transport chain, switches between COX8A and COX8B isoforms in 
cardiomyocyte maturation [128], [162].  

Unlike adult CMs, immature CMs and in vitro hiPSC-derived CMs continue to rely on 
glycolysis as the primary source of energy [163]. While the healthy heart can oxidize 
several substrates from energy production, classic studies estimate that ATP production 
comes preferentially from fatty acid (FA) oxidation, accounting for around 70% of the total 
generation. The rest is provided by alternative substrates, such as glucose, lactate and 
pyruvate [164].  

The viscoelastic properties of cardiac extracellular matrix (ECM) are also different in 
immature vs adult hearts. For example, the stiffness – or elastic modulus – of ECM 
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progressively increases from neonatal (<10 kPa) to adult (~25 kPa) heart, which is also 
modulated by the increased number in cardiac fibroblasts and their ECM secretion [165]. 

Another hallmark of CM maturation is the post-natal emergence of binucleated cells, as 
compared to mononucleated. This is linked to a transition from proliferation-to-
hypertrophy during pre-natal to post-natal transition. In pre-natal development, CMs can 
still proliferate, but although this rate declines rapidly in post-natal life, the heart size 
increases by ~30-fold postnatally by volume in a process called maturational hypertrophy 
[128]. In adult humans, although ~75% of CMs are mononucleated, due to DNA 
replication without karyokinesis, around 25-30% of CMs are binucleated, which largely 
happens during the second decade of life [166]–[168].  

Although the cardiac cells have an ability to regenerate during pre-natal development (in 
which they are in a low-oxygen environment), after birth CMs lose the ability to 
regenerate. After birth, the metabolic switch from a glycolytic to an oxidative metabolism 
results with an increase in reactive oxygen species (ROS) making the cells more prone to 
DNA damage response [169]. This causes the CMs to have cell-cycle arrest and mostly 
lose the capacity to regenerate [170]. CM turnover decreases exponentially with age and is 
estimated to be <1% per year in adult humans [168]. The mechanisms that force the CMs 
to exit cell cycle include the downregulation of mitogenic signals, such as the neuregulin-
ErbB (Erb-B2 receptor tyrosine kinase) axis [171], and the inhibition of Yes-associated 
protein (YAP) by the mechanosensitive Hippo pathway [172], [173].  

During pre-natal CM development, Hippo activity is high, and YAP activity is low, which 
is necessary for CM proliferation and heart development. However, during postnatal CM 
maturation, YAP is inhibited by the Hippo pathway, cell-to-cell and –ECM interactions by 
integrins and focal adhesions, resulting in the negative regulation of Wnt target genes, and 
thus the prohibition of CM proliferation and myocardium regeneration [173]–[177]. If 
Hippo is inactivated or YAP is activated, CM proliferation increases while apoptosis 
decreases. YAP activation also causes fetal gene expression and CMs could dedifferentiate 
[176], [178]–[180]  (Figure 1.12).   
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Figure 1. 12 Hippo pathway during heart development and homeostasis. 

In pre-natal heart development, Hippo activity is low and YAP activity is high, while in post-natal 
heart this is the opposite causing the loss of heart regenerative ability. The reactivation of YAP (or 
Hippo inhibition) in adult cardiomyocytes occurs in injured hearts as a strategy to increase their 
survival and is associated with fetal gene re-expression. Adapted from [179].  

 

A summary of major characteristics of immature and mature CMs are summarized in Table 
1.1. 

Table 1. 1 Major Hallmarks of CM Maturation 

Parameters Immature CM Mature CM 
Cell morphology Circular Rod-shaped 
Sarcomeres 1.6 µm, disorganized 2.2 µm, highly organized 

Predominant myofibrillar 
isoforms 

MYH6 (human) MYH7 (human) 
MYH7(mouse) MYH6 (mouse) 
MYL7 (all CMs) MYL2 (ventricular) vs. MYL7 (atrial)  
TNNI1  TNNI3 
TTN-N2BA TTN-N2B 

T-tubules No Yes 

Mitochondria 
Irregular, small, round 
shaped, occupies small 
fraction of cell volume 

Regular, oval shaped, occupies ~20-
40% of cell volume 

Nucleation Mononucleated ~25-30 % Binucleated 

Metabolism Glycolysis 

Fatty acid oxidation 
Oxidative phosphorylation 

Increased gene expression of eg. 
PPARGC1A, PPARA, ESRRA  

Ca2+ handling 
Immature Ca2+  handling, 
low expression of Ca2+  

handling molecules 

Increase of Ca2+  handling molecules, 
such as Cav1.2, RYR2, and SERCA2 

Cell cycle Mitogens drive proliferation Mitogens drive hypertrophy 

ECM binding β1 integrin, collagen I, 
fibronectin Laminin, basement membrane 

Compiled with modifications from [115], [128], [140], [143] 
 

Due to the inability of CM proliferation in post-natal life, many forms of heart disease are 
linked to a decrease, or irreversible damage in CMs, and their remodelling is influenced by 
cell-to-cell and -ECM interactions between CMs and other cell types of the heart. 
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1.2.2.2 Cardiac fibroblasts (CF) 

Cardiac fibroblasts (CFs) are the most abundant non-myocyte cell type of the heart, 
dispersed as sheets and strands providing a scaffold between cardiomyocytes. They were 
initially believed to be making up between 27%-50% of the mammalian cardiac cell 
population [76], [77]. However this belief was challenged by recent histology and flow 
cytometry studies showing that CFs cover less than 20% of the adult murine and human 
heart [116]. 

Fibroblasts are the main mediators of extracellular matrix (ECM) production and of tissue 
repair in every organ [181], and CFs produce the ECM scaffold of the heart, involved in 
cell—to-cell communication, take part in cardiac conductivity through gap junction 
proteins (e.g., connexin-43), and are involved in ECM remodelling in response to heart 
failure (HF) [76], [182]–[188]. CFs maintain ECM homeostasis via matrix 
metalloproteinases and their inhibitors, thus facilitate the secretion and degradation of 
collagen [189].  

As mentioned previously, in a healthy human heart, according to recent single-cell 
sequencing studies, the fibroblast population is believed to be roughly equivalent to the 
number of cardiomyocytes: 25-32% of the total number of cells of the heart; however, 
these numbers could change with development, ageing and disease [183], [191]. For 
example, an increase in CFs was reported in heart failure and following myocardial 
infarction (MI)[192]–[194].  

Common markers for adult CFs include decorin (DCN), gelsolin (GSN), transgelin 
(TAGLN or SM22α), regulator of G protein signalling 5 (RGS5), α-smooth muscle actin 2 
(ACTA2 or α-SMA), Thy-1 cell surface antigen (THY1 or CD90), platelet derived growth 
factor receptor alpha (PDGFR- α), S100 calcium binding protein A4 (S100A4), discoidin 
domain receptor tyrosine kinase 2 (DDR2), lymphocyte antigen 6 complex, locus A (LY6A 
or Sca-1) 1, vimentin (VIM), and collagen type I alpha 1 chain (COL1A1) [76]. Due to 
their primarily epicardial origin during embryonic development, TCF21, WT1, TBX18, 
and PDGFR- α are well-established markers of early CFs – although only TCF21 and 
PDGFR- α are known to be expressed by resident mature fibroblasts of the adult heart [76], 
[195]–[198]. Fibroblast-specific protein 1 (FSP-1) is another reported CF marker that is 
also expressed on endothelial cells [199]. In addition, the mesenchymal marker Fibroblast 
TE-7 is also frequently used to label primary and iPSC-derived CFs [200]–[203]. 

In response to disease or injury, such as myocardial infarction (MI), CFs become activated, 
and eventually transdifferentiate into myofibroblasts (Figure 1.13). The activated 
myofibroblasts tend to have a spindled shape, contain actin stress fibers, highly express 
markers such as α-SMA, FSP-1, fibroblast activating protein (FAP),  fibronectin splice 
variant ED-A, periostin (POSTN) [76], [204], have a contractile phenotype, increased 
proliferation, and increased secretion of ECM such as collagens (eg COL1 and COL3) and 
fibronectin (FN1) [183], [205]–[208]. This phenomenon is known as “cardiac fibrosis”. 
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Multiple mechanisms are involved for CF activation, such as mechanical stimuli, or 
paracrine factors such as transforming growth factor‐β (TGF‐β) and angiotensin II (Ang II) 
[209]–[214]. Moreover, YAP activation in activated CFs sustains ECM remodelling during 
cardiac fibrosis [182]. After injury or MI, because of increased ECM secretion from 
activated CFs, a fibrotic scar is formed on the myocardium to prevent its rupture. Due to its 
contractile phenotype, the fibrotic scar shrinks, produces tension, and increases the stiffness 
of the myocardium [205], [215]–[217]. While this initially helps to maintain the heart wall 
integrity and avoid further damage to the myocardium, in long term, if persistent pro-
fibrotic mechanisms are triggered, this leads to the deterioration of heart function, and 
ultimately resulting in heart failure (HF) (Figure 1.14) [181]–[183], [214], [218]. 

 

 

Figure 1. 13 Cardiac fibroblast to myofibroblast conversion. 

Quiescent CFs are responsible for cardiac homeostasis under normal physiological conditions. In 
response to mechanical stress, injury, disease or pro-fibrotic mediators (eg, TGFβ, AngII), resident 
CFs become activated, infiltrate and proliferate at the site of injury, and begin ECM remodelling. In 
case of sustained pro-fibrotic stressors, these fibroblasts differentiate into “myofibroblasts” 
characterized by the expression of αSMA and POSTN, and the excessive production of ECM 
proteins (FN [fibronectin], collagens). Persistent myofibroblast activation leads to maladaptive 
tissue remodelling, deterioration of cardiac function, and ultimately heart failure. Myofibroblasts 
may also de-differentiate upon removal of stress stimuli; however, these mechanisms are 
understudied. Adapted from [181].  
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Figure 1. 14 Histopathology from healthy heart to cardiac fibrosis. 

In the healthy heart, the ECM is a 3D network of collagen fibers embedding cardiomyocytes, 
capillaries and quiescent cardiac fibroblasts, while maintaining the cardiac homeostasis under 
normal physiological conditions. In response to mechanical stress, injury, disease or pro-fibrotic 
events, CFs become activated, transdifferentiate into myofibroblasts, and start remodelling the 
ECM at the site of the injury. Persistent injury leads to maladaptive tissue remodelling, 
deterioration of cardiac function, high deposition of ECM – thus stiffening of the heart tissue with a 
“fibrotic scar”, and ultimately heart failure. Created with BioRender.com.  

 

1.2.2.3 Endothelial cells (EC) 

Endothelial cells in the mammalian heart cover the lumen of cardiac chambers, blood and 
lymphatic vessels [141]. In the normal mammalian myocardium, cardiomyocytes are 
surrounded by a network of capillaries and are contiguous to endothelial cells [219]. As 
cells with high metabolic demands, cardiomyocytes depend on the network of endothelial 
cells not only for oxygen and nutrient supply, but also for paracrine signals that promote 
cardiomyocyte organization and survival (Figure 1.15) [219], [220]. It was recently shown 
that endothelial cells make more than 60% of non-myocytes in the adult mouse-heart, 
which is much higher than previously estimated [116]. Commonly known markers of ECs 
of the human heart include platelet and endothelial cell adhesion molecule 1 (PECAM1 or 
CD31), cadherin 5 (CDH5), von Willebrand factor (VWF), and vascular endothelial growth 

https://biorender.com/
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A. B.

factor receptor type 2 (VEGFR2; Flk-1; KDR), while EC subtypes such as arterial ECs 
could be marked by the expression of prospero homeobox 1 (PROX1), FMS related 
tyrosine kinase 4 (FLT4), podoplanin (PDPN), bone marrow tyrosine kinase gene in 
chromosome X non-receptor tyrosine kinase (BMX), and natriuretic peptide receptor 3 
(NPR3) [141], [191], [221], [222]. 

 

 

Figure 1. 15 Endothelial cell – cardiomyocyte crosstalk. 

EC and CM crosstalk mediated by the bidirectional signalling of secreted molecules, transcription 
factors and cell-cell interactions (A.) during early development and (B.) during post-natal life.  
Dashed arrows show the direction of signals. ECs are labelled with CD31 (green), and CMs with α-
actinin (red). Nuclear counterstaining in blue by 4′,6-diamidino-2-phenylindole (DAPI). [Ang-I&-
II, angiopoietin-I & -II; NF1, neurofibromin-1; NRG-1, neuregulin-1; PDGF, platelet-derived 
growth factor; VEGF, vascular endothelial growth factor; ET-1, endothelin-1; FGF2, fibroblast 
growth factor 2; NO, nitric oxide; NRG-1, neuregulin-1; PGE2, prostaglandin E2; PGI2, 
prostacyclin; PTHrP, parathyroid hormone-related peptide.] 
Adapted from [220].  

 

For regulating EC-CM crosstalk and function, in addition to the markers unique to 
endothelial cells, other CM-related genes like Connexin 43 (CX43 or GJA1), ATPase 
sarcoplasmic/endoplasmic reticulum calcium transporting 2 (SERCA2A or ATP2A2); titin 
(TTN); ryanodine receptor 2 (RYR2), myosin heavy chain 6 (MYH6) are also involved 
[141], [223].  

In response to injury or myocardial infarction, genes involved in leukocyte migration [e.g., 
chemokine (C–C motif) ligand 9 (CCL9), C–X–C motif chemokine ligand 2 (CXCL2)] are 
upregulated in endothelial cells. Interestingly, about 7 days after MI, different genes related 
to collagen production (COLl3A1), ribosome assembly and protein translation [ribosomal 
protein L9 (RPL9) and S12 (RPS12)], and cell proliferation [tumor protein, translationally 
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controlled 1 (TPT1)], could be enriched [141], [224]. In case of heart failure (HF), the most 
relevant genes upregulated in ECs are linked with cell adhesion, angiogenesis, and cell 
migration (major histocompatibility complex, class I, B, HLA-B; EGF like domain multiple 
7, EGFL7; receptor activity modifying protein 1 and 2, RAMP1, RAMP2; plasmalemma 
vesicle associated protein, PLVAP; inhibitor of DNA binding 1, ID1; and formin like, 
FMNL3), inflammatory response (CX3CL1; cluster of differentiation 74, CD74), as well as 
development and maturation (SOX17, SOX18) [141], [225]. 

 

1.2.2.4 Mural cells: Smooth muscle cells (SMC) & Pericytes 

Smooth muscle cells (SMCs) are important for the vascular structures of the heart together 
with mural cells that surround the walls of capillaries, known as pericytes. SMCs are found 
in walls of larger vessels, whereas pericytes are found within microvessels. By contracting 
and relaxing, they regulate the blood vessel tone in order to maintain the blood pressure. 
They are commonly characterized by the expression of smooth muscle protein 22-alpha 
(TAGLN or SM22α), - as an actin cross-linking/gelling protein – α-smooth muscle actin 2 
(ACTA2 or α-SMA), the specialized actin filament unique to SMCs, myosin heavy chain 
11 (MYH11) [118]. Additional contractile markers include vitronectin (VTN),  RGS5, 
potassium voltage-gated channel subfamily J member 8 (KCNJ8) and myocardin 
(MYOCD) [118], [141], [226]. It should be noted that markers such as SM22α and α-SMA 
are also common to cardiac fibroblasts. Important mediators of SMCs include serum 
response factor (SRF), and its co-activator MYOCD are essential transcriptional regulators 
to determine the smooth muscle identity [227]–[229]. Furthermore, the most important 
signalling pathways for smooth muscle cells include PDGFβ, TGFβ, activin A, retinoids, 
angiotensin II, tumour necrosis factor-α (TNF-α), FGF, insulin-growth factor (IGF), 
endothelin-1, and nitric oxide (NO) [109], [230], [231], as summarized in Figure 1.16A. 

SMCs have two very different phenotypes: synthetic SMC (sSMC) and contractile SMC 
(cSMC), which can convert into each other according to extracellular signals. Contractile 
SMCs are elongated, spindle-shaped cells, with a distinct pattern of actin filaments, while 
synthetic SMCs are less elongated and display cobblestone morphology [109]. Due to the 
peculiar distribution of actin network in the cSMCs, the regions where actin and ECM 
converge have been historically known as “dense bodies”. Interestingly, although being 
considered primarily specific to CMs, the protein cardiac troponin T (TNNT2) can also be 
expressed at the dense bodies of cSMCs, as part of the Ca2+ turnover regulatory system 
operating during SMC contraction [232]. Meanwhile, sSMCs are more proliferative and 
migratory than cSMCs [109]. The differences between sSMCs and cSMCs are briefly 
summarized in Figure 1.16B. 
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Figure 1. 16 Characteristics of the smooth muscle cells. 

A. A brief summary of factors involved in SMC development, differentiation and phenotypic 
modulation, including PDGF, TGFβ, activin A, retinoids, angiotensin II, nitric oxide (NO), and 
other factors, including mechanical cues like shear stress and stretch. Adapted from [109]. B. The 
differentiation/dedifferentiation of SMCs is regulated by a variety of extracellular signals. ECM, 
extracellular matrix; RER, rough endoplasmic reticulum; SMC, smooth muscle cell. Adapted from 
[233].  

  

A. 

B. 
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1.2.3 The Biology of Common Cardiomyopathies 
Heart failure (HF) is a clinical condition due to the inability of the heart is to provide adequate 
blood perfusion to meet the metabolic needs and oxygenation requirements of the tissues in the 
body. HF can be due to numerous causes leading either to impaired cardiac contractile function 
(systolic dysfunction) or ventricular filling (diastolic) dysfunction. HF is frequently associated 
with a decrease in heart ejection fraction (EF), which measures how much blood the left 
ventricle pumps out with each contraction (www.heart.org).  

The main causes of HF are coronary artery disease or long-term high blood pressure, which 
determine cardiomyopathies either resulting from a primary cardiac event, such as in 
myocardial infarction (MI), or acquired over long time exposure to non-ischemic insults 
[234].  

The treatment options for MI span from the use of anti-inflammatory, anti-coagulants and 
analgesic drugs to angioplasty, coronary bypass or electronic implants, up to heart 
transplantation in the most severe cases. When the blood flow interruption persists for an 
extended time, it can cause irreversible damage to the myocardial tissue and muscle cell 
death. Myocardial tissue substitution occurs in these cases, where the accumulation of non-
compliant fibrotic tissue results in diminished cardiac function [235].  

Non-ischemic cardiomyopathies refer - instead - to diseases of the heart muscle affecting 
heart size, shape and structure and determining diminished pumping  function of the organ 
[236] via the remodelling of cardiac structures. These diseases can eventually lead to HF.  
Several types of cardiomyopathies exist, such as hypertrophic (HCM), dilated (DCM), 
restrictive (RC), and arrhythmogenic right ventricular (ARVC) cardiomyopathies – which 
are inheritable, and caused by single gene mutations [237]. These pathologies and possible 
treatments are discussed in Manuscript 3 (Cassani et al, [238]). 

HCM results from single gene mutations of sarcomeric proteins transmitted in a dominant 
fashion, meaning relatives of affected people will have 50% probability of acquiring the 
disease [239]. Diagnosis is usually made during adulthood [240]. HCM is characterized by 
a left ventricular hypertrophy (LVH) due to an absence of pressure overload or infiltration 
[241]. Similarly, gene mutations can result in very distinct LVH patterns in terms of 
myocardial fibrosis and susceptibility to arrhythmias. Several sarcomeric genes that cause 
pathogenic mutations causing HCM have been identified, such as  combined cardiac 
myosin binding protein-C (MYBPC3), and-myosin heavy chain (MYH7);  which account 
for up 50% of the clinically recognized HCM cases [242]. Histologically, HCM is defined 
by interstitial fibrosis, myocyte enlargement and microstructure disarray (Figure 1.17, 
middle panel) [238].  

DCM is the most common cardiomyopathy and a leading cause of heart failure, 
transplantation and death [238], [243]. It results from the pathological dilation of the left 
ventricle, followed by progressive contractile failure. Histologically, DCM can be 
characterized by cardiomyocyte hypertrophy, loss of myofibrils, and interstitial fibrosis 
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(Figure 1.17, right panel) [244]. DCM is a progressive disease that can be caused by 
acquired or inherited cues  such as ischemia, infection, autoimmune disease, collagen 
vascular disease, toxins and drugs, nutritional deficiency and genetic disease [245], [246]. 
While patients with DCM may be initially asymptomatic, in time, progressive heart failure 
or arrhythmia could cause sudden death. DCM could have many familial or sporadic 
genetic causes, due to sarcomeric and structural proteins of the heart [247], such as 
mutations in the titin (TTN) are the most common causes of the disease (~25–27.6% of 
familial and 11.6–18% of sporadic cases)  [248]. Other frequent mutations could be found 
in  myosin heavy chain (MYH7) [249], tropomyosin 1 chain (TPM1) [250], and  cardiac 
troponins (eg. TNNT2) [251]. 

ARVC is caused by the replacement of right ventricular myocardium by fibro-fatty tissue 
leading to ventricular arrhythmias and sudden death [252]. Disease-causing mutations for 
ARVC include cardiac desmosome ( causing >50% of the cases) [252] , plakoglobin (JUP), 
plakophilin-2 (PKP2), desmoplakin (DSP), desmoglein-2 (DSG2), and desmocollin-2 
(DSC2) [252]. 

Analogously to DCM, restrictive cardiomyopathy (RC) – a rare cardiopathy - could be 
caused by both acquired and inherited causes. The most significant inherited gene 
mutations include TNNT2, troponin I (TNNI3), α-actin (ACTC), and MYH7 [253].  In RC, 
myocardial stiffness increases, which eventually leads to impaired ventricular filling [253]. 

Other acquired disorders include stress-induced myopathies and myocarditis. According to 
WHO classification of cardiomyopathies, stress-induced cardiomyopathies are 
inflammatory diseases caused by viral infections, lately famously by COVID-19 infections 
as well [254].  They are clinically manifested by ventricular arrhythmias, heart failure or 
cardiogenic shock, linked to significant rates of morbidity and death [254]. 

Presently available treatments for cardiomyopathies are mostly symptomatic rather than 
curative, and in most cases the only solution is heart transplantation [255]. 

As a significant amount of causes of heart failure are inherited due to single gene 
mutations, thanks to the possibility to generate patient-derived CMs from hiPSCs, it is now 
possible to generate personalized disease models to study the pathobiology of HF, and find 
personalized treatments. In the next section, we will discuss strategies for generating in 
vitro cardiac models.  
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Figure 1. 17 The histopathology of common cardiomyopathies: HCM and DCM 

A. Anatomy of normal heart (left), HCM (middle), and DCM (right). B. Hematoxylin & Eosin (H 
& E) staining for normal heart, HCM, and DCM myocardium.  

Adapted from Manuscript 3: Cassani et al [238].   
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1.3 Strategies for In Vitro Cardiac Tissue Modelling 
1.3.1 Human (Induced) Pluripotent Stem Cells 
Given the biological complexity of the human heart, there are major constraints for 
progress in studying cardiovascular diseases and developing novel therapies. There are 
limited resources to find donor hearts from patients to isolate native cells from, and access 
to healthy controls from deceased individuals is even more difficult. Furthermore, it is 
challenging to keep primary cardiac cells in culture for extended time, as they do not 
proliferate, and do not remain viable in long-term [134], [138], [139]. Therefore, 
alternative ways to obtain or generate de novo human cardiac cells are needed.  

Since the last two decades, human embryonic stem cells (hESC), and later human induced 
pluripotent stem cells (hiPSC) have been key resources to obtain in vitro cardiac cells. The 
first iPSCs were developed in 2006 by Yamanaka et. al by expressing four pluripotency 
factors into mouse somatic cells (Oct 3/4, Sox2, Klf4, c-Myc: also known as “Yamanaka 
factors”) [256] to reprogram them into embryonic stem-like cells. The generation of human 
iPSCs was reported in 2007 [16]. Since then, human pluripotent stem-cell derived 
cardiomyocytes (hPSC-CMs) have become extremely valuable for studying developmental 
biology, disease modelling and drug testing. Given the possibility to obtain iPSCs from 
virtually any individual somatic cells, their potential for personalized medicine appears 
obvious [12], [16]–[24].  

Usually, the stemness of PSC colonies is maintained by either culturing them on a 
fibroblast-feeder layer (e.g. mouse embryonic fibroblasts; MEF), or on feeder-free formats 
[257] such as with ECM coating with basement membrane extract (BME) derived from 
mouse Engelbreth-Holm-Swarm (EHS) sarcoma tumor (eg. Matrigel®, Geltrex™, 
Cultrex®). Alternatively, pluripotent stem cell colonies are grown on xeno-free synthetic 
ECM substrates (eg. Vitronectin, Synthemax ® ) [258]. (Trivia: During post-pandemic 
2021-2022, a worldwide Matrigel® shortage has impacted much of iPSC/organoid 
research worldwide, as lots of  experiments had to be re-optimized with alternative 
substrate, if available, or had to be delayed [259]).  

For the maintenance of hESCs and hiPSCs, it’s also common to use Y-27632 ROCK 
inhibitor (Rho-kinase inhibitor) after each dissociation (eg. for splitting, or for re-seeding at 
different formats, aggregating for making spheroids…), in order to improve the survival of 
PSCs [260]. 

Several protocols exist for the maintenance of hPSCs, and the differentiation of CMs from 
them. On Table 1.2, a literature summary of the evolution of the protocols designed for the 
differentiation of cardiomyocytes is shown, ranging from embryoid-body (EB) derived 3D 
differentiation to 2D monolayer differentiation with small molecules with different 
efficiency of resulting CM populations. 3D aggregate protocols usually rely on 
spontaneous differentiation of stem cells into embryoid bodies, or inducing mesoderm 



 

30 

formation and cardiac specification by growth factors and small molecules, followed by the 
dissociation and selection of desired cell types [257], [261]–[266]. In contrast, 2D 
monolayer differentiation exclusively relies on the utilization of growth factors and small 
molecules such as Activin A, FGF2 and BMP4 following developmental biology cues. The 
mesoderm formation is induced by transient WNT activation via either the previously 
mentioned recombinant molecules [267], or via chemical compounds such as CHIR99021 
(an inhibitor of glycogen synthase kinase 3β, GSK3, to activate WNT) followed by 
inhibitors of WNT, such as IWR-1,  IWP-2 and IWP-4 (i.e. palmitoleoyltransferase 
PORCN inhibitors) [17], [18], [20], [268]–[270]. The first cardiac progenitor cells start to 
appear and spontaneously beat between day 7-10 of differentiation. Until this point, 
insulin-free media helps with cardiomyocyte differentiation, but after the beating starts, 
insulin is usually needed [271].  

From this point on, the culture can continue with the same media for a long time. However, 
in extended culture periods in 2D, the contractile cardiomyocytes lose their ability to 
proliferate and tend to delaminate from the traditional tissue culture plates [272], causing 
non-myocyte cell populations such as fibroblasts to take over and overgrow, instead. Figure 
1.18 depicts the expected molecular and phenotypical features at different timepoints of 
hiPSC-CM differentiation in 2D culture up to a year [90].  

Cardiomyocyte subtype-specific protocols are starting to emerge which involve the 
addition of other small molecules such as retinoic acid (RA), which favours the formation 
of atrial CMs, whereas its removal from the culture medium followed by additional WNT 
modulation promotes ventricular or nodal CM shift, depending on media formulation 
[103], [115], [257].  

Although extremely useful for numerous in vitro applications, when cultured in 2D, hPSC-
derived cardiomyocytes  (hPSC-CMs) do not reflect the 3D complexity of the native tissue 
[22], [25], [26], where the interplay of topology, the cellular heterogeneity and the 
interactions with the extracellular matrix (ECM) are also involved. hPSC-CMs cultured in 
2D vessels continue displaying fetal-like features in terms of morphology, 
electrophysiology, calcium handling, metabolism and gene expression, while never fully 
reaching the state of adult cardiomyocytes (See Table 1.1 and Figure 1.11) despite 
extended culture time [115]. Furthermore, hiPSC-CM differentiation protocols suffer from 
batch-to-batch variations and usually do not provide 100% efficiency in CM 
differentiation, with non-cardiomyocyte and undifferentiated cells contaminating hiPSC-
derived-CMs cultures [257] .   

Recently, different efforts have been documented that address the maturation issue of 
cultured hiPSC-CMs via biochemical, cellular, and mechanical cues (Figure 1.19). One of 
the proposed approaches entails long-term culture in 2D up to 120 days or 1 year [277], 
[278], resulting in improved sarcomeric ultrastructure and electrophysiology. As far as the 
cell-cell interactions are concerned, CM co-culture with cardiac fibroblasts and/or 
endothelial cells has been shown to determine improved maturation with enhanced 
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connexin 43 gap junctions compared to plain hiPSC-derived CM cultures [42], [279], 
[280]. Another method proposed to improve hiPSC-derived CM maturation requires 
modulating substrate stiffness of culture dishes: softer matrices mimicking native heart 
extracellular matrix elasticity (~10kPa) made of polydimethylsiloxane (PDMS) or 
polyacrylamide prompted enhanced CM maturation in terms of contractility, t-tubule 
formation, mitochondria elongation and electrophysiology, compared to standard plastic 
culture dishes, which are very stiff (~1GPa) [281]–[284]. Biochemical cues such as thyroid 
(T3), and glucocorticoid hormones were shown to initiate t-tubule formation and to 
improve excitation-contraction coupling in hiPSC-CMs [285]–[288]. Furthermore, fatty 
acid supplementation has been proposed in an attempt to help hiPSC-CM structural and 
metabolic maturation, because although most typical hiPSC-CM cultures are routinely 
based on high-glucose media (eg. Lian and collaborators’ protocols [17], [18]), 
physiologically maturing CMs shift from glycolysis to fatty acid oxidation as their main 
energy source [163], [289], [290]. Recently, culture on micropatterned surfaces was also 
shown to result in the derivation of structurally and functionally more mature hiPSC-CMs 
[283], [291], [292].  

Finally, bioengineering approaches are emerging as tools suitable to mimic cardiac 
structure, which will be discussed in the next section. 

 

 

Figure 1. 18 Characteristics of 2D hiPSC-derived CMs during culture timeline 

Scheme of gene expression patterns and CM characteristics during the first 20-30 days of 
differentiation, and structural and functional characteristics from CPC formation to CM maturation 
up to a year culture. Beating CMs could be observed from D7 on followed by proliferation until 
d30 and features of maturation in long-term culture [150], [277], [293]. CPC; Cardiovascular 
Progenitor Cells. CM; Cardiomyocytes. Modified from [90], [294].  
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Table 1. 2 Various differentiation protocols to generate hPSC-derived CMs 

PSC 
type 

Diffe- 
renti- 
ation. 

Method 

Culture 
substrate 

Pluri-
potency 
Media 

Timeline, Differentiation Media, Growth Factors, Small Molecules Diffe- 
renti- 
ation  

Efficiency 

Reference Mesoderm Induction Cardiac Progenitors (Beating starts ~day 7 – day 10) Cardiomyocytes 

Day 0 Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7 Day 8 Day 9 Day 10 Day 11 Day 12 

hESC EB MEF KO-DMEM, 
20%FBS 

20% FBS 
8% of EBs 
contracting 

Kehat et al., 2001 
[261] 

KO-DMEM 

hESC Colonies in 
co- culture MEF DMEM, 20% 

FBS 

20% FBS, END-2 cells 
N/S Mummery et al., 

2003 [295] 
DMEM 

hESC EB Matrigel® MEF-CMM 

Activin A, FGF2 20% FBS 

24% of EBs 
contracting 

Burridge et al., 
2007 [262] CDM-PVA  (IMDM2/F12, 

Ascorbic Acid, 1TG, insulin, 
transferrin, PVA) 

DMEM 

hESC Monolayer Matrigel® MEF-CMM 
Activin A BMP4   

30% 
MYH7+ 

Laflamme et al., 
2007 [267] 

RPMI + B27™ 

hESC EB MEF 
DMEM/F12, 
20% KSR, 

FGF2 

BMP4 BMP4, Activin A, FGF2 DKK1, VEGFA DKK1, VEGFA, FGF2 
50% 

TNNT2+ 
Yang et al., 2008 

[263] 
StemPro™-34, ascorbic acid 

hESC 
EB MEF, then 

Matrigel® 

DMEM/F12, 
20% KSR, 

FGF2 

BMP4 BMP4, Activin A, FGF2 DKK1, VEGFA VEGFA, FGF2 
50-70% 

TNNT2+ 
Kattman et al., 

2011 [264] 
hiPSC StemPro™-34, ascorbic acid, L-Glutamine, 1TG 

hiPSC EB Geltrex™ MEF-CMM 
BMP4, FGF2 20% FBS or HSA   

94% of EBs 
contracting 

Burridge et al., 
2011 [265] 

RPMI + PVA RPMI + Ascorbic acid RPMI, insulin, lipids 

hESC EB MEF 
KO-DMEM, 
20% KSR, 

FGF2 

BMP4 BMP4, Activin A, FGF2 IWR-1 IWR-1, FGF2, VEGFA FGF2, 
VEGFA 2% FBS 

30% 
MYH6+ 

Willems et al., 
2011 [266] 

StemPro™ -34 DMEM 

hESC 
Monolayer Matrigel® or 

Synthemax® mTeSR1™ 

CHIR99021   IWP-4   
85% 

TNNT2+ 

Lian et al., 2012 
[17] 

hiPSC RPMI+B27™ without insulin RPMI+B27™ with insulin Lian et al., 2013 
[18]  

hESC 
Monolayer 

Synthemax® 
or Laminin-

521 

Essential 8™ 
(E8) 

CHIR99021 Wnt-C59   
95% 

TNNT2+ 
Burridge et al., 

2014 [20] 
hiPSC CDM3 (RPMI, recombinant HSA, ascorbic acid 2-phosphate) 

hESC 
Monolayer Synthemax®  E8 or 

mTeSR1™ 

CHIR99021   IWP-2   
88-98% 

TNNT2+ 
Lian et al., 2015 

[268] 
hiPSC RPMI, putrescine, progesterone, sodium selenite RPMI, insulin, ascorbic acid 2-phosphate 

hESC 
Monolayer Matrigel® E8  

CHIR99021   IWP-2   
94% 

TNNT2+ 

Lin et al., 2017 
[269] 

hiPSC DMEM/F12, ascorbic acid, lipids, transferrin, sodium selenite, sodium bicarbonate (heparin from  Day 1 – Day 7) Lin and Zou, 
2020 [270] 

Light purple cells indicate positive inducers (growth factors, sera, small molecules); light yellow cells indicate inhibitors; blue cells indicate media and additional supplements.  
Acronyms: 1TG, monothioglycerol; BMP4, bone morphogenetic protein 4; CDM, Chemically defined medium; CHIR99021, GSK3(glycogen synthase kinase 3)  inhibitor; DKK1, Dickkopfrelated protein-1; DMEM, Dulbecco′s Modified 
Eagle′s Medium;  DMEM/F12, DMEM/ Nutrient Mixture F-12; E8, Essential 8™ Medium; EB, embryoid body; END-2, endoderm-like cell line; FBS, fetal bovine serum; FGF2, basic fibroblast growth factor; HSA, human serum albumin; 
IMDM, Iscove's Modified Dulbecco's Medium; ITS, insulin, transferrin, selenium supplement; IWR-1, inhibitor of Wnt response-1; IWP-2, inhibitor of Wnt production 2; IWP-4, inhibitor of Wnt production 4; KO-DMEM, KnockOut 
DMEM; KSR, KnockOut Serum Replacement; MEF, mouse embryonic fibroblasts; MEF-CMM, MEF conditioned medium; N/S, not stated; PVA, polyvinyl alcohol; RPMI, Roswell Park Memorial Institute Medium; VEGFA, vascular 
endothelial growth factor. Modified from [257].  
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Figure 1. 19 Different maturation approaches for hiPSC-CM cultures 

TOP: Comparison of immature vs. mature CMs. BOTTOM: Current approaches. 
A. Long- term culture B. 3D culture C. Co-culture with non-myocytes D.  Biochemical hormones 
E. Fatty acid supplementation F. Substrate stiffness and topology. Adapted with modifications from 
[115].  
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1.3.2 Bioengineering Approaches 
 

By providing a more dynamic and physiological environment, similar to the native heart 
tissue, bioengineering approaches recently became the gold standard to improve the 
function and maturation of hiPSC-derived in vitro heart models. These strategies allow for 
the generation of models with higher degree of complexity, organization and dynamics 
combining different cell types, biomaterials, soluble factors and engineered devices [34]–
[37].  

Examples of scaffolds and biomaterials used to mimic cardiac ECM include collagen, 
Matrigel™, fibrin, alginate, and gelatin which were all shown to improve the attachment of 
cardiac cells in vitro and their engraftment in in vivo models [89], [296], [297]. Bioreactors 
have also been proposed in bioengineered cardiac models to stimulate the cells electrically 
and mechanically, or to provide dynamic culture conditions via perfusion systems [298]. 
As an example, in a study where cardiac tissue constructs derived from ESCs were 
encapsulated in gelatin or  collagen-based matrices, and exposed to cyclic strain, the tissue 
constructs showed improved signs of maturation, with more aligned cellular architecture, 
and increased its spontaneous beating rate [154], [299]. Similarly, several studies showed 
that fluid shear stress could also improve cardiomyogenic differentiation in PSCs [107], 
[108], [110].  

Well-established examples of bioengineered heart models include the so called engineered 
heart tissues (EHTs) [30], [35], [38], isogenic cardiac (micro)tissues [32], [39]–[44], and 
more recently heart-on-a-chip [45]–[55] and organoids [13], [56]–[58]. Some examples are 
listed in Figure 1.20.   
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Figure 1.20 Bioengineering approaches for cardiovascular tissue modelling 

A. Different cardiac cell types can be derived from hiPSC such as cardiomyocytes (CMs), cardiac 
fibroblasts (CFs), endothelial cells (ECs), etc. B. Their maturation could be improved by chemical 
and biophysical cues, such as by combining different cell types, biomaterials, soluble factors and 
other engineered devices. C. Examples of bioengineered cardiac tissue models including EHTs, 
heart-on-a chip technologies and spheroids/organoids. Adapted from [300].  
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1.3.2.1 (Micro)physiological Systems  

Engineered Heart tissues (EHTs) are made by mixing hydrogels with cardiomyocytes or 
multiple types of cardiac cells in casting molds, followed by their attachment to two 
elastomeric poles to allow contraction analysis under stretch conditions. The first EHTs 
were developed by using neonatal or embryonic CMs from rat or chicken hearts [301]–
[308], but nowadays they are widely available made of hiPSC-derived CMs and hydrogels 
such as Matrigel-collagen mix, and fibrin. The presence of multiple cell types and 
biophysical stimuli coming from the hydrogel and the contraction motion allowed the 
microtissue construct to show more mature features as compared to standard 2D hiPSC-
CM cultures, by structural and metabolic maturation [35], [309]. EHTs were shown to 
contain a higher number of mitochondria, and displayed increased oxidative 
phosphorylation instead of glycolysis. Lately, electrical pacing and inclusion of fatty acids 
to the culture media were also shown to improve the maturation. [163], [310]–[312] 

A variant of EHTs are biowires, where, hPSC-derived cardiomyocytes and supporting cells 
were used to generate 3D, self-assembled cardiac wires by cell seeding into a template 
polydimethylsiloxane (PDMS) channel, around a sterile surgical suture in type I collagen 
gels [313]–[316]. In a week, seeded cells remodelled and contracted the collagen gel and 
the biowire construct could be removed from the PDMS template, followed by electrical 
stimulation to improve the structural and functional maturation. In this platform, it was also 
possible to perfuse cell culture media for further mechanical stimulation by flow  [313]–
[316].  

Another variant of EHTs include the “ring”-type, which similarly involves pipetting 
cell/hydrogel mixtures into ring-shaped casting molds [67], [309], [317], [318]. The 
difference between the ring-type EHT to the classical “strip” type EHT is by a hole in the 
EHT, thus reducing the risk of necrosis in the middle of the construct. Similarly, the ring-
type EHTs can be hooked around silicon posts for active/passive mechanical stimulation, 
for force measurements, and electrical pacing [311], [312]. The ring-shaped EHTs have 
been used for drug testing, disease modelling (eg. cryoinjury), and cardiac regeneration 
studies. In an example study, chamber-specific ring-EHTs were generated by 
differentiating hPSCs into atrial and ventricular cardiomyocytes, followed by their 
embedding into a collagen hydrogel, which was later transferred to a passive stretcher for 
further culture [317]. While this model was shown to be promising for improving 
microtissue physiology, disease modelling and drug testing, and despite some degree of 
CMs maturity could be achieved that was better than classical 2D cultures, the EHT 
phenotype was still distant from adult human CMs [140], [144]. 

An interesting variant of EHTs are “chamber-forming engineered ventricles”, with an 
aim to generate a 3D hollow fluid ejecting EHTs mimicking the native human heart [319], 
[320]. This hollow-chambered model could be achieved by “catheter-type” or “nanofibrous 
scaffolds- type” methods. In the catheter type, a mixture of hPSC-derived CM and collagen 
mix was polymerized on a silicon Foley catheter, followed by incubation in a bioreactor 
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containing cell culture medium [319]. In the nanofibrous scaffold type, tissue-engineered 
ventricles were created by nanofiber spinning and nanofibrous scaffolds [320]. These 
scaffolds were then incubated with fibronectin and rat ventricular or hiPSC-derived CMs, 
Such engineered cardiac tissue models allowed multiscale cardiac assays in vitro such as 
tissue coverage and alignment, calcium-transient propagation, and pressure-volume loops 
in the presence or absence of test compounds.  

Because of challenges in obtaining high cell numbers, the purity required for the cell types, 
cost-intensiveness, culture time and mixed maturation outcomes, engineered heart tissues 
are usually not preferable for high-throughput screening applications [321]. 

To enable high-throughput screening applications and minimize the amount of material 
needed for classical EHTs, there is a growing interest in miniaturization of such systems 
into so-called “microtissues” or “microphysiological systems”. An early example of such 
microtissues were composed by PEG-patterned substrates suited to confine hiPSC colonies, 
and spatially differentiate them into self-organized cardiac microchambers by culturing 
with Wnt signalling modulation media while in geometric confinement [40]. Another early 
example is 3D micro-heart muscle (μHM) arrays which was obtained by seeding a mixture 
of hPSC-derived CMs and CFs without any ECM hydrogel into miniature “dogbone” 
shaped microchambers (stencils), thus forcing microtissue-strip formation with uniaxial 
contraction by geometric confinement [322].  

A remarkable study by Mills et al. has shown a microtissue example (Heart-Dyno) 
reminiscent of a miniaturized version of the classical EHT model with two elastomeric 
posts, where hiPSC-CMs and fibroblasts were seeded with a Matrigel-collagen mix, and 
allowed to polymerize in an array of PDMS microchambers with two elastomeric posts 
(Figure 1.21) [68]. Remarkably, it was shown that under optimized maturation conditions 
(eg. cell concentration, ECM formula and culture medium optimization), functional and 
molecular characterization revealed that a switch to fatty acid metabolism was a central 
driver of cardiac maturation and cell cycle arrest. A follow-up study by the same authors 
describe a functional screening of 105 pro-regenerative potential on the Heart-Dyno 
system, revealing that mevalonate pathway is essential for cardiomyocyte cell cycle re-
entry [323].  

Interestingly, although the Heart-Dyno model is referred to as “cardiac organoid” in 
published literature, whether it should be termed as “organoid” or “microtissue” is open to 
discussion, since specific requirements were recently established as a consensus to be 
fulfilled by a given in vitro model in order to be considered as an organoid. While this 
model utilizes the co-culture of only two differentiated cardiac cell types mixed in a 
hydrogel (hiPSC-derived CMs and CFs mixed with Matrigel-collagen), a bona fide 
organoid should essentially contain multiple organ-specific cell types, and show self-
organization, histology and functionality similar to the tissue of origin [58]–[60] (See 
section 1.3.2.3). 
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Figure 1.21 Heart-Dyno platform as a miniaturized EHT model. 

A. Culture timeline of cardiac maturation protocol indicating timing and duration of hPSC 
expansion, cardiac differentiation, microtissue (hCO) formation and culture in CTRL (control) 
medium or MM (Maturation Medium). B. Microfabrication of the Heart-Dyno platform by seeding 
hiPSC-CMs and fibroblasts in a Matrigel-collagen mix and allowing to polymerize in an array of 
PDMS microchambers with two elastomeric posts. C. and D. indicate functional and structural 
analyses such as contraction (C), and histology of cardiac specific (MLC2v, α-actinin) and 
proliferative (Ki-67) markers. Modified from [68].  

 

More specialized forms of such miniaturized EHTs are described under the “heart-on-a-
chip” technologies section. 
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1.3.2.2  “Heart-on-a-chip” Technologies 

Recently, in vitro heart models based on microfluidics - collectively defined as heart-on-a-
chip (HoC) - were generated that provide new opportunities in organ modelling [324]. An 
“organ-on-a-chip” (OoC), “lab-on-a-chip” (LOC), or to be more advanced, a “body-on-a-
chip” (multiple microfluidic organ models connected together) may allow for the 
generation of a relevant miniaturized in vitro tissue/organ models, fostering the growth and 
maintenance of the cells in an environment comparable to in vivo conditions. Such models 
allow for deeper insight into cellular behaviour, cell-cell communications and regulatory 
mechanisms, thereby providing the conditions for the creation of highly complex devices. 
Not only do they emerge as an alternative to traditional 2D or 3D models, but are also 
suitable for non-invasive monitoring and real-time data acquisition with the help of live-
imaging and sensing technologies. The advantages of these systems lie in the possibility to 
tightly control the conditions, such as flow regime, oxygen saturation, drug distribution or 
mechanical forces, thanks to the incorporation of micro-pumps and micro-valves. Another 
advantage of microfluidics is the ability to use small cell numbers, which is particularly 
advantageous for developing patient-specific in vitro models. Furthermore, since the 
volume of reagents is reduced, the costs of diagnosis and screening are limited [324]–
[329]. Therefore, microfluidics could be a time and cost-effective approach for in vitro 
cardiovascular models as well. Such dynamic models could improve the reproducibility of 
many experiments, and reduce the number of human errors by automatization, adding even 
more benefits to the cost-effectiveness. Figure 1.22 summarizes design principles and the 
readily available components for cell-analysis on microfluidic chip platforms: automated 
liquid handling, cultivation of stem cells, sensing and performing biomarker analysis (e.g., 
surface receptors, and release of cytokines) [330]. 
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Figure 1. 22 Basic design and operating steps of an exemplary organ-on-a-chip model 

A. Liquid handling can be obtained through various microfluidic strategies, and cell cultivation can 
be done in 2D and 3D. Furthermore, cell culture could be coupled with non-invasive detection 
methods involving mechanical, electrical or acoustic means. Detection systems can be added by 
fluorescent or magnetic labels, or label-free by electrical/optical/acoustic means (eg. impedance 
assays; glucose, lactate, oxygen, pH sensing… etc). End point analyses can be performed by cell 
lysis on chip, and analysing the nucleic acids, proteome, or the secretome. As a summary, with a 
combination of these methods, cellular analyses could be fully automated in “lab-on-a-chip” 
devices. Adapted from [330]. B. Design considerations for the components of a microfluidic 
“organ-on-a-chip” device. Adapted from [331]. 
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While being exposed to continuous biological stimuli, cells in the human body are 
subjected to either constant or temporary mechanical stimuli. This means that the 
application of mechanobiological forces represents a vital step towards the establishment of 
physiological microenvironments in vitro [332], [333]. Therefore, recently the concept of 
“mechanobiology-on-a-chip” emerged (Manuscript 2 [334]) in order to overcome the 
drawbacks associated with 2D monocultures, where 3D culture systems of cells in 
hydrogels, scaffolds or aggregates could be miniaturized [335]–[338]. 3D cell culture by 
itself allows for indirect mechanical stimulation by controlling the rigidity and stiffness of 
the extracellular matrix that could result in modulation of cellular responses [339], [340]. 
Additionally, 3D tissue models can be further subjected to dynamic mechanical stimuli 
including fluid flow, stretch/strain and compression. To date a variety of 
mechanobiological forces, shown in Figure 1.23A [334]), has been employed in 2D and 3D 
in vitro cultures including (a) matrix stiffness that mimic the respective Young’s moduli of 
native tissue, (b) fluid flow in vascular systems and interstitial tissue, (c) stretch/strain 
mechanisms in the lung, heart and gastrointestinal tract as well as (d) compression in the 
musculoskeletal system [341]–[344]. These mechanobiological systems demonstrated 
improved cell-to-cell and cell-to-matrix interactions resulting in significant progress in 
recapitulating physiological microenvironments in vitro.  

Figure 1.23B shows ways of bridging the in vitro vs in vivo gap on miniaturized systems 
via introducing mechanical cues  [334]). 
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Figure 1. 23 Bridging the in vitro vs. in vivo gap on a "mechanobiology-on-chip" system 

A. A combination of mechanobiological cues in the microenvironment can regulate cell signalling 
and phenotype in physiological or pathological ways. B. A simplified example of a 
mechanobiology-on-a-chip with potential on-chip stimulation strategies for microfluidic 2D/3D cell 
cultures, namely: (i) Shear stress, (ii) Interstitial flow, (iii) Stretching, (iv) Magnetic stimulation, (v) 
Micropatterning, (vi) Compression, (vii) Acoustic stimulation, (viii) Magnetic twisting, (ix) Optical 
tweezers, and (x) Rotation (dielectrophoresis). Adapted from Manuscript 2 Ergir et al. [334]. 
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Several examples of “heart-on-a-chip” models are already being generated that provide the 
possibility to measure cardiomyocyte beating and contractility on-chip [345]. For instance, 
Grosberg et al. have proposed a biohybrid construct of an engineered ventricular 
myocardium on an elastomeric thin-film - “muscular thin film” (MTF)  - to measure 
contractility, action potential, and cytoskeletal architecture on the same experiment [345]. 
For patient-specific “heart-on-a-chip” models using this technology, a good example is a 
model of mitochondrial cardiomyopathy of  Barth syndrome produced by using patient 
specific iPSCs, and performing a cardiotoxicity drug test, utilizing this strategy [346].  

A remarkable example of “mechanobiology-on-a-chip” application for cardiac models is by 
exposing 3D cardiac cell constructs to cyclic mechanical strain to develop a “beating-heart-
on-a-chip” (Figure 1.24) [347]. In this study, hiPSC-CMs were embedded in a fibrin gel 
prior to injection into the microdevice, and subsequently exposed to mechanical stimulation 
using a deformable PDMS membrane (10% uniaxial strain, 1 Hz frequency). Although the 
mechanically stimulated constructs showed similar gene expression levels of non-actuated 
controls, the expression of Myosin Heavy Chain 6 (MYH6) the fetal isoform of myosin 
heavy chain, showed decreased expression, potentially indicating superior maturity 
compared to static controls. The same group employed a similar microdevice to develop a 
model of cardiac fibrosis by applying cyclic mechanical stretch to cardiac fibroblasts in a 
3D fibrin hydrogel. Thanks to this platform, it was possible to model some key steps of 
cardiac fibrosis onset in a timely fashion: early fibroblast proliferation, their phenotype 
switch into myofibroblasts, and ECM stiffening [348]. 
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Figure 1. 24 Beating 3D “heart-on-a-chip” device featuring mechanical actuation. 

A. Design principles of the 3D “heart-on-a-chip” (HoC) microdevice, which utilizes two PDMS 
microchambers separated by a flexible PDMS membrane that could be actuated by applying air 
compression. The middle channel is aimed to accommodate the 3D cell construct made of hiPSC-
CMs and fibrin clot, which could be actuated. The side channels feature culture medium posts. 
Scale bar: 500 µm. B. Uniaxial cyclic mechanical strain results in synchronized beating of the 
cardiac microtissue, calculated by average pixel intensity (N.I.) during contraction period. C. Effect 
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of uniaxial cyclic mechanical strain resulting in more advanced maturation than static culture. TOP: 
Representative immunofluorescence staining for specific cardiac markers (Cardiac troponin I in 
green and gap junction protein as Connexin 43 in red). BOTTOM LEFT: Quantification of Cx43+ 
areas in control vs stimulated microtissues. BOTTOM RIGHT: Quantification of gene expression 
levels for myosin heavy and light chain ratios: MHC7/MHC6 ratio, and MLC2v/MLC2a ratio. 
Modified from [347]. 

 

In addition to mechanical cues, introducing metabolic cues were also shown to improve the 
maturation of cardiomyocytes in microfluidic devices. A recent study by Huebsch et al. 
shows the usage of microfluidic chips that enhanced the alignment and ECM production of 
miniaturized cardiac microtissues from various distinct sources of hiPSC-CMs, and their 
advanced maturation when cultured with a fatty-acid-rich media (Figure 1.25) [349].  
Specifically, these microtissues showed improved mitochondrial structure, calcium 
handling, and cell-source dependent action-potential duration, and thus proposed to provide 
a better prediction platform for response to cardioactive drugs. 

 

Figure 1. 25 Cardiac microtissue-chip used for metabolic maturation 

A. Representative cardiac chips with fluidic inlet & outlet coupled via tubing, plus cell loading 
ports. B. Brightfield image of the cardiac chip, showing cell loading chamber surrounded by media 
channels, with SEM* images of flexible pillars for contraction force measurements (top), and 
fenestrations to enable diffusive transport of nutrients (bottom). C. Confocal side view to depict 
device thickness (nuclei stained with DRAQ5). D. Confocal image of cardiac microtissue showing 
sarcomere alignment (sarcomeric α-Actinin, green) and E. Heatmap motion vectors obtained by 
motion tracking. Adapted from [350], [349]. 
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Additionally, heart-on-a-chip models also provide good platforms for drug screening and 
toxicology. As an example, it could be possible to make a perfused model of tumor cells 
and cardiac cells in a microfluidic co-culture to evaluate the cardiotoxicity of several 
chemotherapeutic agents (Figure 1.26)  [351]–[353].  

 

Figure 1. 26 An example of cardio-breast cancer on-a-chip platform with integrated sensors. 

A. Scheme of the co-culture chip featuring healthy and fibrotic cardiac microtissues for studying 
chemotherapy-induced cardiotoxicity because of breast cancer treatment. B. An example of the 
fabricated microdevice. C. Integration of immuno-chemical aptasensors for monitoring multiple 
secreted biomarkers. Adapted from [354]. 

 

While HoC technologies are very promising tools to develop more physiologically- 
relevant cardiac models, they still only use limited types and numbers of cells and lack self-
organization; hence they fail at reproducing the complex cellular heterogeneity of the 
native heart. Furthermore, cells in “heart-on-a-chip” devices are usually cultured for short 
culture times, thus only achieving limited cardiac maturity.   
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1.3.2.3 Spheroids, Gastruloids and Organoids 

Other efforts to reproduce organ like tissues include spheroids, and scaffold-free 
microtissues.  

Few groups have  generated isogenic cardiac microtissues  by combining purified hiPSC-
derived CMs, CFs and ECs at defined ratios, and induced them to aggregate in low-
attachment plates [32], [39]–[44] (Figure 1.27). The resulting constructs displayed 
spontaneous self-organization and beating activity, and showed structural, functional and 
metabolic signs of maturation. Although being very simple and effective, these models are 
limited by the presence of two or three pre-differentiated cell types not reflecting the true 
cellular heterogeneity of the native human heart.  

 

 

 

Figure 1. 27 Tri-cellular cardiac microtissues derived from pre-differentiated hiPSC-derived 
cell types 

Purified hiPSC-derived CMs, CFs and ECs at controlled ratios, and aggregated resulting in 
enhanced maturation with disease modelling and drug-screening applications. Adapted 
from [42]. 
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Despite the term “organoid” has been widely used in literature for some time, bona fide 
cardiac organoid models have only started to emerge in the last couple of years [13], 
[56]–[58], [62], [63]. As illustrated in Figure 1.28, after tremendous efforts towards 
establishing organoid models of different body parts, examples of cardiac organoid models, 
are still limited in addition to other bioengineered cardiac tissue models in the literature. 

 

Figure 1. 28  Number of publications with keywords related to organoids and other cardiac 
tissue models on Pubmed between years 2011-2022. 

Keywords used: “Organoid” (gray); “Engineered Heart Tissue (EHT, Green); “Cardiac 
microtissue” (CMT, blue); “Heart-on-a-chip” (HoC, Orange); “Cardiac organoid” (CO; red).  

 

Organoids are defined as 3D miniaturized versions of an organ, showing faithful micro-
anatomy, and organ-specific function compared to the organ they are being modelled after 
[13], [56]–[58]. Recently, a consensus among researchers has been reached that specific 
requirements must be fulfilled by an in vitro model in order to be considered as an 
organoid. These criteria include: (1) 3D cellular heterogeneity with organ-specific cell 
types, (2) self-organization and histology similar to the tissue of origin and (3) 
recapitulation of at least one specialized biological function similar to the organ being 
modelled [58]–[60] (Figure 1.29). 
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Figure 1. 29 Spheroids vs Organoids 

Varying cellular complexity of spheroids vs organoids with respect to native tissues and organs. 
Adapted from [355]. 

To this date, well-established organoids have been already generated for many organs such 
as the brain, kidneys, intestines, guts, lungs and many other organs [13], [61] (Figure 1.30).  

 

Figure 1. 30 A brief history of human organoid models 

Although organoid models of almost every human organ were developed, the first attempts at 
generating cardiac organoids only occurred very recently. Adapted from [62]. 
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Of note, early mammalian cardiac organoids showing spontaneous self-organization with 
distinct atrium- and ventricle- like regions were generated from mouse pluripotent stem 
cells (PSCs) [64], [65], or as a part of gastruloids (Figure 1.31) [66], which are defined as 
3D aggregates derived from pluripotent stem cells that recapitulate the axial organization of 
post-implantation embryos in vitro [356].  

 

Figure 1. 31 Capturing cardiogenesis in mammalian gastruloids 

Gastruloids are 3D aggregates of PSCs that recapitulate post-implantation embryos under defined 
differentiation conditions. In this study, gastruloids derived from mouse ESCs were shown to 
generate cardiovascular progenitors that can self-organize into FHF, SHF, crescent and heart-tube-
like beating structures, in addition to vascular-like structures. Adapted from [66].  

 

Subsequently, human PSC-derived cardiac organoid models started to emerge [63], [67]–
[72], which were developed by various approaches such as assembling different cardiac 
cell types at certain ratios (hiPSC-CMs, CFs, ECs) to generate a 3D construct [69], or by 
direct differentiation from 3D embryoid bodies with chemically defined media for Wnt- 
modulation in order to mimic the embryonic heart development, and thus to generate 
intrinsically self-organized models that resemble some features of cardiac development 
[63], [70]–[73] (Figure 1.32, 1.33). 
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Figure 1. 32 Embryo-like Cardiac (Organoid) models vs native embryonic heart. 

A summary of embryonic-heart like models from gastruloids, heart-gut co-forming organoids, and 
heart forming organoids as compared to features of a native embryonic heart. Adapted from [357]. 

 

Recently published human cardiac organoids include single chamber models - i.e. 
“cardioids” modelling the left ventricle [63] - relying on an external ECM scaffold, such as 
Matrigel [68], [70], exhibit chamber-like structures [63], [71], showing the co-emergence 
of gut tissue together with atrial- and ventricular-like regions [70], [72]. A summary of 
recently published “cardiac organoid” models and the protocols adopted to derive them are 
summarized in Figure 1.33. 
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Figure 1. 33 A schematic summary of 2D/3D methodologies to derive human cardiac 
organoids 

TOP: A. Timeline of human cardiac development B. 2D hiPSC-CM differentiation protocol by 
Wnt signalling modulation by small molecules. C. hiPSC-CM differentiation by “embryoid body” 
formation in 3D. D. Cardioid formation in 3D by a scaffold-free aggregation method by Hofbauer 
et al, resulting in a model of left ventricle with a cavity [63]. E. Self-assembling cardiac organoids 
by Lewis-Israeli and colleagues with a modified Wnt-modulation protocol forming chamber-like 
structures [71]. F. Heart forming organoid (HFO) by Drakhlis et al by 3D aggregation and Matrigel 
embedding, resulting in the concomitant formation of cardiac and foregut tissues [70].  
BOTTOM: Representative confocal images for studies depicted in D, E, F, with relevant cardiac 
markers. Adapted from [63], [70], [71], [358]. 

 

One of the first bona fide cardiac organoid studies were published by Drakhlis et al., in 
which heart forming organoids (HFO) were generated via hPSC aggregates embedded in 
Matrigel followed by Wnt- signalling modulation (Figure 1.33F) [70], [73]. The resulting 
HFOs are composed of a myocardial layer lined by endocardial-like cells, and by septum-
transversum-like anlagen. Furthermore, they include distinct foregut endoderm tissues and 
a vascular network. The HFO architecture structurally recapitulates early cardiogenesis 
which involves on interplay between cardiac mesoderm and foregut endoderm. The HFOs 
were used to study a developmental disease model with a NKX2.5-knockout (KO) hESC 
reporter line, where the KO-HFOs displayed a similar phenotype of cardiac malformations 
previously observed in transgenic mice (ie. less organized microstructure, larger 
cardiomyocytes, and decreased cell adhesion).  

In a resource paper by Hofbauer et al, hPSC-derived self-organizing structures called 
“cardioids” were described, with a remarkable cavity formation, the presence of major cell 
types (cardiomyocytes, endothelial cells, epicardial cells) of the heart resembling the left 
ventricular chamber of the human heart (Figure 1.33D) [63]. From day 2.5 of 
differentiation, the aggregates started to resemble cardiac mesoderm and merged into a 
bigger structure with a large cavity inside, whose formation required HAND1 expression. 
The average diameter of the beating cardioids reached to ~2mm after day 5.5~7.5, where 
cardiac specification occurs, reminiscent of the early human left ventricular heart chamber 
where the cavity also displayed markers of endothelial and endocardial cells. Furthermore, 
in order to mimic the presence of the epicardium, the authors have added hPSC-derived 
epicardial cells from day 8 and let them re-organize within the microstructures in a co-
culture setting. The cardioids were further used for developmental disease modelling by 
performing localized cryoinjuries, which induced ECM accumulation by endothelial cells 
and fibroblast-like cells. While the study explores the potential for generating a human 
cardiac organoid model with a cavity, it only models early developmental stages, where the 
later stages such as the compaction of the myocardium, or the maturity of cardiac cells. 
Furthermore, introducing epicardial cells externally as a co-culture setting may not mimic 
an intrinsic organogenesis process.  
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Lewis-Israeli et al. have developed human heart organoids (hHOs) with a two-step 
canonical Wnt signalling modulation strategy using growth factors and chemical inhibitors 
on hPSC aggregates (Figure 1.33E) [71]. The resulting hHOs have developed internal 
chamber-like structures, contained cells of multiple cardiac lineages, with an intrinsic 
organization reminiscent of the heart field with atrio-ventricular-like specification. The 
hHOs were used to mimic congenital heart disease caused by pregestational diabetes, 
highlighting their potential application as an in vitro model for early embryonic heart 
development. On the other hand, the hHOs displayed limited maturity levels, where their 
structural and functional characteristic resemble embryonic fetal hearts, and the authors 
report that the long-term culture of hHOs resulted in a deviation from their normal 
developmental pathway, causing them to become a less relevant model over time.  

In another recent study by Silva et al., hiPSCs were used to co-develop multi-lineage 
organoids that recapitulate cooperative cardiac and gut development and maturation 
(Figure 1.34) [72]. 3D mesodermal progenitor aggregates were differentiated in a cardiac-
specific medium with Wnt-signalling modulation and were supplemented with ascorbic 
acid in dynamic shaking culture. The resulting multi-lineage organoid showed structural 
and functional co-development of cardiac and gut tissues. The cardio-gut organoids could 
be maintained in long-term culture (>1 year) up to ~1mm in diameter, and displayed 
improved physiological and functional maturation of the cardiomyocytes. However, there 
were limitations in imaging the large-size organoids at later stages of culture due to 
significant light scattering during microscopy imaging, and it is not known if the presence 
of gut tissue might have any effects in studies addressing cardiovascular diseases. 
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Figure 1. 34 A schematic summary of developmental co-emergence of cardiac and gut tissues 
in long-term multilineage organoids.   

hPSC-derived 3D mesodermal progenitor aggregates are  differentiated in a cardiac-specific 
medium with Wnt-signalling modulation in dynamic culture setting, with ascorbic acid 
supplementation, resulting in co-emergence of cardiac and gut tissues. The resulting cardio-gut 
microtissues show advanced  structural and functional co-development of cardiac and gut tissues, 
and could be maintained in long-term culture (>1 year). Modified from [72]. 

 

Studies on novel human cardiac organoid models are now rapidly growing, and in Table 
1.3, a comprehensive overview of recently published cardiac microtissue, gastruloid and 
organoid works are summarized.  
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Table 1. 3 Comprehensive overview of cardiac microtissue, gastruloid and organoid models 

 

Model Cell source Formation Scaffold? Stimulation 
Readout 

Application notes Reference 
Morphological Functional 

Human cardiac 
microchamber 

   

hiPSC-CM or 
hESC-CM 

  

Self-formation of 3D 
microchamber when seeded on 
400um-patterned PEG-based 
substrate 

Beating on day 15, culture up to 20 
days  

PEG-Matrigel 
based coating for 
hiPSC stage, 
scaffold-free for 
spontaneous 3D-
MT formation 

  

no 

  

  

Brightfield 
microscopy 

Confocal - IF   

Gene expression (qRT-
PCR)  

Cell proliferation (EdU) 

Single-cell migration 
tracking 

Cardiac specification 

Drug testing  

Ma et al, 2015 [40] 

   

3D Cardiac 
Microtissue 

  

hiPSC-CM 
(iCell™ 
Cardiomyocytes) 

Primary human 
CFs 

Primary human 
cardiac ECs 

Assembly of cell mixture in 4:2:1 
ratio on ULA plates 

Min 14 days of culture 

  

Scaffold-free 

  

  

no 

  

  

Histology 

Confocal  - IF 

  

Gene expression (qRT-
PCR)  

Cell viability (ATP 
content) 

  

Drug testing 

Cardiotoxicity 

  

Archer et al. , 2018 
[359] 

  

  
  

3D Cardiac 
Microtissue 

  

  

hiPSC-CM 
(iCell2™ 
Cardiomyocytes) 

Human 
embryonic CFs 

  

  

Assembly of cell mixture with 4:1 
ratio via hanging drop system  

Culture up to 30 days 

  

  

Scaffold-free 

  

  

  

no 

  

  

  

Histology 

Confocal  - IF 

SEM* 

TEM 

Gene expression (qRT-
PCR)  

Cell viability 
(Live/Dead staining) 

Beating analysis (Ca2+ 
imaging, video motion 
analysis, patch-clamp) 

Western Blot 

Cardiac specification 

  

  

  

Beauchamp et al., 
2015 [360] 

Beauchamp et al., 
2020 [361] 

  

    

Table continued on next page 
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3D Cardiac 
Microtissue 

  

  

  

hiPSC-CM or 
hESC-CM 

Primary human 
CFs or hiPSC-
CFs  

hiPSC or hESC- 
cardiac EC 

  

  

Assembly of cell mixture (70% 
CM, 15% CF,15%EC)  on V-
bottomed plates 

Culture for 21 days after MT-
assembly 

  

  

  

Scaffold-free 

  

  

  

  

no 

  

  

  

  

Brightfield 
microscopy 

Confocal - IF  

TEM 

  

  

Gene expression (qRT-
PCR, bulk RNA-seq, 
scRNA-seq)  

Flow cytometry 

Beating analysis (Ca2+  
imaging, video motion 
analysis, patch-clamp, 
MEA) 

Western Blot 

Metabolic flux 
(Seahorse) 

Cardiac specification 

Maturation 

Disease modelling: 
arrythmogenic 
cardiomyopathy 

  

  

Giacomelli et al, 
2017 [41] 

Giacomelli et al, 
2018 [362] 

Giacomelli et al, 
2020 [42] 

  

  

  

3D MT/Human 
cardiac 
organoid 

  

  

  

  

  

  

hiPSC-CM 
(iCell™ 
Cardiomyocytes) 

Primary human 
cardiac 
ventricular  
fibroblasts 

HUVEC 

hADCS 

  

  

  

  

Assembly of cell mixture with 
50% hiPSC-CMs + 50% non-
myocytes(4:2:1 ratio of FBs, 
HUVECs, hADSCs) on low-
attachment agarose molds 

10 days of culture after MT-
assembly 

  

  

  

  

  

  

Scaffold-free 

  

  

  

  

  

  

  

no 

  

  

  

  

  

  

  

Brightfield 
microscopy 

Confocal - IF  

Two-photon laser 
scanning microscopy 
(2PLSM) imaging 
for Ca2+ transients 

  

  

  

  

  

Gene expression (qRT-
PCR)  

Cell death (TUNEL) 

Mechanical testing 
(Micropipette 
aspiration) 

Hypoxia imaging 

Oxygen diffusion 
mathematical modelling 

Beating analysis (video 
motion analysis, Ca2+ 
transients ) 

Metabolic flux 
(Seahorse) 

L-lactate Assay  

Disease modelling: 
myocardial infarction 
(hypoxia & drug 
induced) 

Cardiotoxicity 

  

  

  

  

  

  

Richards et al., 
2017 [33] 

Richards et al., 
2020 [69] 

  

  

  

  

  

  
  

Table continued on next page 
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Gastruloids 

  

  

mESCs 
aggregates 

hiPSCs 
aggregates 

  

  

mESC or hiPSC aggregates on 
ULA plates exposed to a cocktail 
of cardiogenic factors, followed by 
shaking culture  for more than 7 
days 

  

  

  

Scaffold-free 

  

  

  

Yes - 
shaking 
culture 

  

  

  

Brightfield 
microscopy 

Confocal - IF  

Light-sheet 
microscopy 

  

Gene expression (qRT-
PCR, scRNA-seq, 
RNAscope)  

Flow cytometry and 
FACS 

Angiogenesis assay 

Beating analysis (Ca2+ 
imaging, video motion 
analysis) 

Modelling embryonic 
cardiogenesis 

Co-emergence of 
cardiogenesis-
neurogenesis for the 
human model 

  

  

Rossi et al., 2021 
[66] 

Olmsted et al, 2022 
[363], [364] 

  

  
  

Human heart-
forming 
organoids 
(HFO) 

  

  

hPSC-aggregates 

  

  

  

hPSC-aggregate formation on 
ULA plates, Matrigel embedding, 
differentiation by Wnt- modulation 

Culture for 10 days 

  

  

Matrigel embedded 

  

  

  

no 

  

  

  

Brightfield 
microscopy 

Confocal - IF  

Multiphoton  
microscopy 

TEM 

Gene expression 
(mRNA-microarray, 
scRNA-seq) 

Flow cytometry 

Beating analysis (Ca2+ 
imaging, video motion 
analysis, patch-clamp) 

  

Modelling embryonic 
cardiogenesis (control 
vs NKX2.5-KO) 

Co-emergence of 
embryonic heart and 
foregut 

Distinctly organized 
layers of myocardium, 
endocardium, foregut, 
vessel-like structures 

  

Drakhlis et al., 
2021 [70], [73] 

  

  

  

  

Table continued on next page 
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Cardioids 

  

  

  

hiPSC-CM and 
hESC-CM 

hPSC-derived 
epicardial cells 

  

  

  

hPSC-aggregates on ULA plates 
exposed to chemically defined 
medium (CM specification up to 
d7.5, maintenance up to d27) 

Aligned differentiation and co-
culture of hPSC-derived 
epicardium and cardioids (up to 
d20.5) 

  

  

  

Scaffold-free 

  

  

  

  

no 

  

  

  

  

Brightfield 
microscopy 

Confocal - IF  

Histology 

TEM 

  

Gene expression (qRT-
PCR, bulk RNA-seq, 
scRNA-seq)  

Reporter cell lines 

Flow cytometry 

Beating analysis (Ca2+  
imaging, video motion 
analysis) 

Proteomics (Mass 
spectrometry) 

Cardiac development 

Modelling left 
ventricular chamber 
with a cavity 

Cryoinjury modelling 

  

  

Hofbauer et al., 
2021 [63] 

  

  

  

  

  

Human heart 
organoids 

  

  

hESC and hiPSC 
aggregates 

  

  

  

hPSC-aggregates on ULA plates 
exposed to chemically defined 
medium (3-step Wnt modulation) 

Culture for 15 days 

  

  

Scaffold-free 

  

  

  

no 

  

  

  

Brightfield 
microscopy 

Confocal - IF  

TEM 

Optical coherence 
tomography 

Gene expression ( bulk 
RNAseq)  

Reporter cell lines 

Beating analysis (Ca2+  
imaging, MEA) 

Metabolic flux 
(Seahorse) 

Cardiac development 

Distinct multi-lineage 
cardiac cell types with 
atrioventricular 
specification 

Disease modelling: 
pregestational diabetes-
induced congenital 
heart defects 

  

Lewis-Israeli et al., 
2021 [71] 

  

  

  

  

Table continued on next page 
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Spatial-
organized 
cardiac 
organoid 

  

  

  

 hiPSC-CMs 

  

  

  

  

Self-formation of 3D 
microchamber when seeded on 
patterned PEG-based substrates 
(200-1000 um) under chemically 
defined media (Wnt modulation) 

Culture up to 20 days 

  

  

  

 Scaffold-free 

  

  

  

  

 no 

  

  

  

  

Brightfield 
microscopy 

Confocal - IF  

  

  

  

Gene expression/cell 
type classification  
(bulk RNAseq)  

Reporter cell lines 

Flow cytometry 

Beating analysis (Ca2+ 
imaging, video motion 
analysis) 

  

Drug screening 

Cardiotoxicity 

  

  

  

Hoang et al., 2018 
[365] 

Hoang et al., 2021 
[366] 

  

  

  

  

Multilineage 
organoid: 
cardio-gut 

  

  

  

hiPSC-derived 
mesoderm 
aggregates 

  

  

  

  

hiPSC-derived mesoderm 
aggregation in chemically defined 
media on day 5, followed by 
dynamic 3D culture and addition 
of ascorbic acid 

Persists >1 year in culture 

  

  

  

Scaffold-free 

  

  

  

  

Yes - 
shaking 
culture 

  

  

  

  

Brightfield 
microscopy 

Confocal - IF  

TEM 

Light-sheet 
microscopy 

Histology 

Gene expression/cell 
type classification  
(bulk RNAseq, scRNA-
seq)  

Reporter cell lines 

Beating analysis (Ca2+  
imaging, patch-clamp) 

  

  

Co-emergence of 
multilineage cardiac 
and gut tissues 

Advanced structural 
and functional 
properties 

Maturation 

Gut tissue supports 
atrial/nodal CM 
maturation 

Long term culture >1 
year 

Silva et al., 2021 
[72]  
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Human 
Organotypic 
Cardiac 
Microtissue 

(hOCMT) 

  

  

  

hiPSC-derived 
CM 
differentiation 
aggregates 

  

  

  

  

  

hiPSC-derived CM differentiation 
in 2D in chemically defined media 

2D to 3D switch by aggregation on 
Day 15 

Persists >100 days in culture 

  

  

  

Scaffold-free 

  

  

  

  

  

No 

  

  

  

  

  

Brightfield 
microscopy 

Confocal - IF  

TEM 

Histology 

  

  

Gene expression (bulk 
RNA-seq)  

Flow cytometry 

Beating analysis (video 
motion analysis) 

Cell death (TUNEL) 

Cell Viability (ATP 
content, Live/Dead 
staining) 

Metabolic flux 
(Seahorse) 

Cardiac specification 

Disctinct cardiac cell 
types without gut 

Maturation 

Advanced structural, 
functional, metabolic 
properties 

Long term culture 

Drug testing 

Ergir et al., 2022 
[367] 

(Manuscript I) 

  

  

  

  

  

Human cardiac 
organoid 

  

hiPSC aggregates 

  

  

hiPSC-aggregates (EBs) in agarose 
mold exposed to chemically 
defined media and hypoxia 

Transfer to ULA plates on Day 5 
followed by normoxia and 
dynamic culture 

Long term culture (93 days) 

Scaffold-free 

  

  

Yes - 
shaking 
culture after 
day 5 

  

  

Brightfield 
microscopy 

Confocal - IF  

Histology 

Gene expression (qRT-
PCR, bulk RNA-seq)  

Flow cytometry 

Beating analysis (video 
motion analysis, Ca2+  
transients) 

Cardiac specification 

Long term culture 

Disease modelling: 
Duchenne muscular 
dystrophy 

Marini et al., 2022 
[368] 

  

  
  

Multi-chamber 
cardioids 

  

  

hiPSC-CM and 
hESC-CM 

hPSC-derived 
ECs 

  

  

Differentiation from hPSC 
aggregates or 2D-3D switch after 
36 hrs mesoderm induction under 
chemically defined media 
(Depends on cardioid subtype) 

Co-culture and fusion of cardioid 
subtypes 

Culture for specification 7.5 days, 
max maintenance length n/a  

Scaffold-free 

  

  

  

n/a 

  

  

  

Brightfield 
microscopy 

Spinning Disk 
Confocal - IF  

Histology 

  

Gene expression (qRT-
PCR, bulk RNA-seq, 
RNAscope)  

Flow cytometry 

Beating analysis (video 
motion analysis, Ca2+ 
transients, patch-clamp, 
voltage-sensitive dye) 

Reporter cell lines 

Cardiac development 

Distinct cardioids 
representing all major 
embryonic heart 
compartments 

Developmental disease 
modelling: control vs 
KO models 

Teratogen screening 

Schmidt et al., 
2022 [369] 

(preprint) 
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Human heart 
organoids (HO) 

  

  

  

  

hiPSC aggregates 

  

  

  

  

  

hiPSC-aggregates (EBs) exposed 
to chemically defined media in 
dynamic culture  

Culture up to 21 days 

  

  

  

  

Suspension in 
media + 10% 
Matrigel 

  

  

  

  

  

Yes - 
shaking 
culture since 
day 0 

  

  

  

  

  

Brightfield 
microscopy 

Confocal - IF  

Histology 

  

  

  

Gene expression (qRT-
PCR, bulk RNA-seq, 
scRNA-seq)  

Flow cytometry 

Cell viability 
(Live/Dead staining) 

Sprouting assay 

In vivo vascularization 
on nude mice 

Beating analysis (Ca2+  
transients, video motion 
analysis, MEA) 

Cardiac specification 

Drug testing 

  

  

  

  

Lee et al., 2022 
[370] 

  

  

  

  

  

  

Multilineage 
heart organoids 

  

hPSC aggregates 

  

  

Distinct chemical protocols to 
generate multilineage organoids 
from hPSC aggregates 

Co-culture of 
proepicardium/foregut organoids 
with ventricular CM aggregates 
result in an 
epicardium/myocardium organoid 

  

Scaffold-free 

  

  

no 

  

  

Brightfield 
microscopy 

Confocal - IF  

TEM 

Gene expression (qRT-
PCR, bulk RNA-seq)  

Flow cytometry 

Beating analysis (Ca2+  
transients) 

Cardiac specification 

Modelling embryonic 
cardiogenesis 

Drug testing 

Branco et al., 2022 
[371] 

  

  
  

Note: Studies under the pink box (Manuscript I) were published during or after the revision of our manuscript. 
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At the structural level, the recent cardiac organoid approaches could better represent the 
structure of the native human heart than EHTs and HoC platforms due to their self-
organization capacity, and containing multiple cell types of the heart. On the other hand, 
like many in vitro heart tissue models, despite their structural closeness to the native heart, 
the maturity of CMs in the current organoid models is still limited to resembling the fetal 
heart at histological, transcriptional and functional levels. Furthermore, although extremely 
informative, most of these early cardiac organoid models are generated by short-term 
culture only, whereas longer-term culture, and in the future, bioengineering technologies 
could help them acquire a more mature phenotype, which is desirable for more 
physiologically relevant in vitro tissue models [74], [75].  

Meanwhile, the demand for using in vitro cardiac models for translational medicine and 
pharmaceutical applications could be already noted by an increasing number of start-ups 
and companies with a focus on standardization and commercialization of hiPSC-derived 
EHT, HoC and cardiac microtissue/organoid platforms. Table 1.4 summarizes a non-
exhaustive list of such companies focusing on bioengineered cardiac models with a goal to 
speed up the translation of research from bench to bedside, and to reduce the number of 
animals experiments required for pre-clinical studies.  

Further efforts are still warranted to generate more mature and organotypic cardiac 
microtissues/organoids that could replicate the native heart physiology and function more 
precisely. 

Table 1. 4 Non-exhaustive list of start-ups and companies focusing on in vitro cardiac models 

Company Location Model Proposed 
Applications Reference 

Ncardia Netherlands iPSC-CMs / 
Microtissues 

Disease modelling, 
safety/efficacy 
screening, 
cardiotoxicity 

 [372] 

Valo Health (acquired by 
TARA Biosystems) USA Biowire Cardiac modelling, 

drug discovery  [373] 

Myriamed Germany EHT Drug screening  [374] 

Evotec Germany iPSC-CMs / 
Microtissues 

Personalized drug 
screening  [375] 

Heartbeat.bio Austria Cardioids 
Early disease 
modelling, drug 
screening, automation 

 [376] 

Bio/nd Netherlands Heart-on-a-chip Cardiac tissue 
modelling [377] 

Biomimx Italy Heart-on-a-chip 
(uHeart) 

Cardiac modelling, 
maturation, disease 
modelling,  drug 
discovery and 
screening 

 [378] 

Table continued on next page 
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4D Cell France “SmartHeart” / ring-
shaped microtissue 

Cardiotoxicity/drug 
screening  [379] 

Medera (Novoheart) USA Chamber-forming 
EHT 

Cardiotoxicity and 
drug efficacy 
screening, AI-based 
drug discovery 

 [380] 

Propria USA EHT Predictive cardiac drug 
screening  [381] 

EHT Technologies 
(acquired by Dinaqor) Germany EHT 

Safety & potency 
assesment, disease 
modelling, gene 
therapy 

 [382] 

Cellartis (acquired by 
Takara) Sweden/UK EHT 

Pharmacology, 
toxicology, viral 
infection modelling 

 [383] 

Curibio USA EHT 
Toxicology/Safety 
screening, disease 
modelling 

 [384] 

River Biomedics Netherlands 

3D Cardiac strip 
(EHT), Heart-on-a- 
chip, "mini heart"  
(chamber-formed 
EHT) 

Compound validation, 
compound screening, 
personalized disease 
modelling 

 [385] 

 

 

 

  



 

65 

1.4 Aim of the Dissertation 

This dissertation aims to provide a deeper understanding of microphysiological 
technologies in cardiovascular biology, and demonstrates the establishment of a protocol to 
generate induced pluripotent stem cell (iPSC)-based human 3D cardiac microtissues that 
could be generated in scaffold-free conditions, cultured for extended periods, featuring 
multiple cell types of the human heart with spontaneous proto-tissue organization, preserve 
coordinated contractile activity for several months, and functionally responsive to 
cardioactive drugs – which are hereby referred to as 3D human organotypic cardiac 
microtissues (hOCMTs). By combining RNA-sequencing, ultrastructural and metabolic 
analyses, we demonstrated that the dimensionality and the time in culture are crucial 
mediators of survival, differentiation, collective organization and maturation of hOCMTs. 
Finally, we confirmed our human organotypic cardiac microtissues (hOCMTs) qualify as 
3D human cardiac organoids (hCOs), hence as an in vitro heart model, by proving their 
response to cardioactive and cardiotoxic drugs in long-term culture. 
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2 MATERIALS AND METHODS 

Acknowledgement 

This chapter, including figures and tables, has been reproduced, with or without 
modifications, based on my published Manuscript 1 (Ergir et al., 2022) [367], licensed for 
reuse under Creative Commons Attribution 4.0 International License. To view a copy of 
this licence, visit http://creativecommons.org/licenses/by/4.0/.  

2.1 Stem cell culture and maintenance 

The human iPSC cell line DF 19–9-7 T (iPS, karyotype: 46, XY) was purchased from 
WiCell (Madison, WI, USA), and the Troponin I1 reporter iPSC line (TNNI1-iPS) was 
purchased from Coriell Institute (Cat.no. AICS-0037- 172, Camden, New Jersey, USA). 
All iPSC cells were cultured and maintained in feeder-free conditions as previously 
described[294],[386] on Growth Factor Reduced Matrigel®-coated plates, (1:100 in 
DMEM/F12, Corning) in complete Essential 8™ Medium (E8, Thermo Fisher Scientific) 
containing penicillin/streptomycin (P/S) (0.5%, VWR), incubated at 37℃, 5% CO2.  

2.2 hiPSC-derived monolayer cardiac differentiation and 
maintenance 

Cardiac differentiation from hiPSCs was performed following the Wnt signalling 
modulation protocol by Lian et.al. [17], [18], with slight modifications as previously 
described [294]. Briefly, prior to cardiovascular differentiation, hiPSCs were dissociated 
into single cells (TrypLE Select, Thermo Fisher Scientific) and re-seeded onto 12-well 
Matrigel-coated plates with 2.0 × 105 cells/cm2, with complete Essential 8 medium 
including Y27632 Rock Inhibitor (RI) (1:4000 dilution from 10 μM stock, 2.5 μM final, 
Selleck chemicals, Houston, TX, USA). The next day, the medium was replaced with 
complete Essential 8 medium without RI, and the medium exchange was performed daily 
until the cells reached 100% confluency. On day 0, to start mesoderm differentiation, the 
medium was changed with RPMI 1640 with L-Glutamine (Biosera) media supplemented 
with P/S, B-27™ supplement minus insulin (1×, Thermo Fisher Scientific) and 
CHIR99021 (8 µM, Sigma-Aldrich). On day 2, the medium was exchanged with RPMI 
1640+B-27 minus insulin (RPMI+B27-Ins), supplemented with IWP-2 (5 µM, Selleck 
chemicals). On day 4, the medium was replaced with RPMI+B27-Ins, and medium 
exchange was performed every 2 days until the cells started beating (usually on day 7, but 
may depend on the iPSC line). Once beating clusters started to emerge, the medium was 
replaced with RPMI 1640+B-27™ supplement (RPMI+B27+Ins) (1×, Thermo Fisher 
Scientific), and medium exchange was performed every 2-3 days until day 15 of 

http://creativecommons.org/licenses/by/4.0/
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differentiation. From day 15 on, the cells were used either for generation of 3D hOCMTs 
or were continued to be cultured as 2D monolayers as controls, with medium exchange 
every 3-4 days until the end of experiments. For initial optimization steps, we have also 
included a day 7 timepoint for the generation of 3D hOCMTs. 

2.3 hiPSC-derived 3D organotypic cardiac microtissue 
(hOCMT) generation and maintenance 

On day 15 of monolayer cardiac differentiation, cells were dissociated by putting 0.5 mL 
StemPro™ Accutase™ (Gibco) per well, and incubating in room temperature or in 37℃ 
incubator for 10-20 minutes with occasional mechanical pipetting, until the cells were 
visually dissociated. After sufficient dissociation, Accutase™ was stopped by putting 3mL 
RPMI 1640 with 20% Knockout Serum Replacement (Gibco) per well, and the cells were 
pelleted by centrifugation at 150xg for 3 minutes. The resulting pellet was resuspended 
with RPMI/B27+Ins + P/S + RI (1:2000 dilution from 10 μM stock, 5 μM final), counted 
by LUNA™ cell counter (Logos), and seeded 150,000 cells/well in 96-well round bottom 
ultra-low attachment plates (Corning Costar 7007) at a volume of 150 µL/well. The plates 
were then centrifuged at 200xg for 5 minutes and incubated at 37℃, 5% CO2. As 2D 
control, either 200,000 cells per well were seeded in Matrigel-coated 96-well tissue culture 
plates at a volume of 200 µL/well, or 1.5 x 106 cells were seeded on Matrigel-coated 24-
well tissue culture plates in 1 mL volume per well, or left undetached in 12-well plates. 
After 48 hours, medium was replaced with RPMI/B27+Ins without RI from hOCMTs and 
2D-controls that were re-seeded. From this point on, medium was changed partially every 
2-3 days with RPMI/B27+ Ins +P/S until day 30, then every 3-4 days at least until day 50, 
or longer. For initial optimization steps, we have also included a Day 7 timepoint for the 
generation of 3D hOCMTs, and both for day 7 and day 15 timepoints, we seeded 
increasing numbers of cells: 90,000 cells/well, 150,000 cells/well and 300,000 cells/well on 
the 96-well ultra-low attachment plates. 

2.4 Cell viability with Calcein AM/EthD-1 staining 

3D hOCMT viability was assessed with LIVE/DEAD™ Viability/Cytotoxicity Kit, for 
mammalian cells (Thermo Fisher Scientific), according to manufacturer’s instructions, and 
confocal imaging was performed with Zeiss LSM 780 confocal microscope. 

2.5 Terminal deoxynucleotidyl transferase (TdT) dUTP 
Nick-End Labeling (TUNEL) assay   

The presence of 3D hOCMT apoptotic/necrotic core was assessed on hOCMT cryosections 
with Click-iT Plus TUNEL Assay Kit with Alexa Fluor 647 fluorophore (Thermo Fisher 
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Scientific) according to manufacturer’s instructions. Positive control of cell death was 
performed by DNAse I treatment according to manufacturer’s instructions (Thermo Fisher 
Scientific, Cat.no. 18068015). Confocal imaging was performed with Zeiss LSM 780 
confocal microscope. 

2.6 Histology and Immunofluorescence (IF) 

3D hOCMT fixation, cryosectioning, and immunostaining was modified from Perestrelo et 
al[182]. Briefly, 3D hOCMT s were collected with low binding pipette tips, and fixed in 
4% PFA (Santa Cruz Biotechnology) supplemented with 0.03% eosin (Sigma Aldrich) for 
2 hours at room temperature, followed by washing with 1xPBS (Lonza), and embedding in 
30% sucrose solution at 4℃ until they sink at the bottom (~2 days). The hOCMTs were 
then embedded in OCT solution (Leica), frozen in cassettes embedded in isopentane 
(VWR) cooled with dry ice, and were stored in -80℃ until further processing. The frozen 
hOCMTs were cryosectioned by cryotome (Leica CM1950) onto Menzel Gläser, 
SuperFrost® Plus slides (Thermo Fisher Scientific) at 10µM thickness. 

After organoid fixation and cryosectioning, to assess the overall histology, the sections 
were stained with hematoxylin and eosin (H&E) (Sigma Aldrich), and imaged under slide 
scanner Zeiss Axio Scan Z1 microscope using the bright-field mode. 

In addition to 3D hCO cryosections, 2D monolayer cultures were used as controls. As 2D 
monolayer controls were grown adherently on Matrigel-coated plates, for the IF procedure, 
the samples were fixed with 4% PFA for 15 minutes, and rest of the IF procedures were 
performed as previously described in the main text. The resulting samples were stored in 
PBS with 0.01% Sodium Azide (VWR) at 4℃, and protected from light until confocal 
dimage analysis. 

For IF analysis, the hOCMT sections were washed with PBS for 2x5 min at RT, followed 
by permeabilization with 0.2% Triton X-100 (Sigma Aldrich) for 5 min. Blocking was 
done by 2.5% bovine serum albumin (BSA) (Biowest) in PBS for our at room temperature. 
Primary antibodies were incubated overnight at 4℃ (Table 2.1). The next day, the samples 
were washed with PBS, followed by appropriate Alexa-conjugated secondary antibodies 
(Table 2.1). Counterstaining was done by DAPI (Roche), and hOCMT slides were mounted 
with Mowiol®4-88 (Sigma Aldrich). Confocal imaging was performed with Zeiss LSM 
780 confocal microscope. 
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Table 2. 1 List of antibodies used for immunofluorescence experiments 

IMMUNOFLUORESCENCE 

IF- Primary Antibodies 

Name Host species Dilution Company Catalog no 

Anti- α-SMA (ACTA2)  Rabbit 1:500 Abcam ab5694 

Anti-ACTN2 (sarcomeric α-actinin) Mouse 1:800 Sigma Aldrich A7811 

Anti-ASCL2 Sheep 1:50 Thermo Fisher Scientific PA5-47852 

Anti-Brachyury (T) Goat 1:50 R&D Systems 967332 

Anti-CD31 (PECAM-1) Mouse 1:100 Biolegend 303102 

Anti-CX43 (Connexin 43, GJA1) Rabbit 1:400 Sigma Aldrich C6219-100UL  

Anti-GATA4 Rabbit 1:400 Cell signalling 36966S 

Anti-MESP1 Rabbit 1:200 Abcam ab129387 

Anti-MYL2 (α-MLC2, MLC2v) Rabbit 1:200 Abcam ab79935 

Anti-MYL7 (MLC2a) Mouse 1:200 Santa Cruz sc-365255 

Anti-NFAT2 (NFATc1) Rabbit 1:100 Cell Signalling 8032S 

Anti-SERCA2 (ATP2A2) Mouse 1:100 Novus Biologicals NB300-581 

Anti-SM22a (Transgelin, TAGLN) Rabbit 1:500 Abcam ab14106 

Anti-SOX2 Rabbit 1:400 Cell Signalling 3579 

Anti-TE - 7 Mouse 1:100 Sigma Aldrich CBL271 

Anti-TBX18 Rabbit 1:200 Thermo Fisher Scientific PA5-101921 

Anti-TNNT2 Mouse 1:200 Thermo Fisher Scientific MA5-12960 

Anti-TNNT2 Rabbit 1:3000 Sigma Aldrich HPA015774 

Anti-WT1 Rabbit 1:200 Cell Signalling 83535 

IF- Secondary Antibodies 

Name Dilution Company Catalog no 

Alexa Fluor 488 Donkey anti-Rabbit IgG (H+L) 1:500 Thermo Fisher Scientific A-21206 

Alexa Fluor 488 Donkey anti-Mouse IgG (H+L) 1:500 Thermo Fisher Scientific A-21202 

Alexa Fluor 555 Donkey anti-Rabbit IgG (H+L) 1:500 Thermo Fisher Scientific A-31572 

Alexa Fluor 555 Donkey anti- Mouse IgG (H+L) 1:500 Thermo Fisher Scientific A-31570 

Alexa Fluor 546 Donkey anti-Sheep IgG (H+L) 1:500 Thermo Fisher Scientific A-21098 

Alexa Fluor 647 Donkey anti-Goat IgG (H+L) 1:500 Thermo Fisher Scientific A-21447 

Alexa Fluor 647 Goat anti-Mouse IgG (H+L) 1:500 Thermo Fisher Scientific A-21235 
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2.7 Microscopy and image analysis 

Confocal imaging was performed with Zeiss LSM 780 confocal microscope. Light 
microscopy imaging was performed with Leica DM IL LED inverted microscope, and 
fluorescence images were collected with Leica DMI4000 B inverted fluorescence 
microscope. Image analysis was performed with ImageJ (v1.53o).  

2.8 3D hOCMT dissociation 

For flow cytometry and RNA isolation, hOCMTs were collected in Eppendorf tubes with 
low binding pipettes on day 30 and 50, and dissociated with MACS Multi Tissue 
Dissociation Kit 3 (Miltenyi Biotec, Cat.no.130–110-204) according to manufacturer’s 
instructions. As controls, 2D monolayer cultures were directly dissociated on the plates 
with the same kit.  

2.9 Flow cytometry 

Flow cytometry analyses on 3D hOCMTs and 2D controls were performed on day 15 (for 
2D) , day 30 (for 2D and 3D) and day 50 (for 2D and 3D) timepoints as described 
previously [182], [386] with modifications. Briefly, on each timepoint, samples were 
dissociated with MACS Multi Tissue Dissociation Kit 3, washed with FACS buffer (99.4% 
PBS + 0.1% UltraPure™ 0.5M EDTA pH 8.0 by Invitrogen™ + 0.5% FBS by Sigma 
Aldrich [Cat.no.F9665-500ML]) and surface marker staining with CD90-APC (Exbio; 1:10 
dilution in FACS buffer) and CD31-BV421 (Biolegend; 1:10 dilution in FACS buffer) 
antibodies was performed together with corresponding unstained controls for 30 minutes 
on ice. Afterwards, sample fixation and permeabilization was performed with Intracellular 
Fixation and Permeabilization Buffer Set (eBiosciences) per manufacturer’s instructions, 
followed by intracellular marker staining with TNNT2-FITC (Miltenyi Biotec; 1:50 
dilution in 1 x Permeabilization Buffer) antibody together with corresponding unstained 
controls for 30 minutes in room temperature. Sample acquisition was performed by using 
BD FACSCanto II (Becton, Dickinson and Company, Franklin Lakes, NJ, USA), and cell 
populations were analysed with FlowJo v.10 (Tree Star) (Table 2.2). 

Table 2. 2 List of antibodies used for flow cytometry experiments. 

FLOW CYTOMETRY 

Name Dilution Company Catalog no 

Anti-Cardiac Troponin T-FITC Clone REA400 
(REAfinity™) 1:50 Miltenyi Biotec 130-119-575 

Anti-Hu CD90 APC 1:10 Exbio 1A-652-T100 

Anti-Hu CD31 BV421 1:10 Biolegend 303123 
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2.10 Transmission Electron Microscopy (TEM) sample 
preparation and analysis 

3D hOCMTs were transferred to new well-plates with low binding pipettes, and washed 2 
x with PBS. Fixation was done by 1.5% PFA+ 1.5% glutaraldehyde (Sigma Aldrich) 
diluted in RPMI 1640 culture media for 1 hour, then washed with 0.1 M cacodylate buffer 
(pH 7.4) (Sigma Aldrich) for 3 times 5 minutes each, and incubated overnight at 4℃ in 
cacodylate with glutaraldehyde. The next day, samples were rewashed 3 times with 
cacodylate buffer, and incubated at 4℃ in cacodylate buffer until sending the samples, 
protected from light. The 3D hOCMTs were post-fixed for 1.5 hours with 1% osmium 
tetroxide in 0.1 M cacodylate buffer and washed for 3 times with 0.1 M cacodylate buffer, 
10 minutes each, then stained with 1% uranyl acetate in milli-Q water overnight at 4℃, 
followed by washing in milli-Q water. The samples were then dehydrated in an ascending 
EtOH series using solutions of 70%, 90%, 96% and 3 times 100% for 10 minutes each, 
incubated in propylene oxide (PO) 3 times for 20 minutes before incubation in a mixture of 
PO and Epon resin overnight, and incubated in pure Epon for 2 hours and embedded by 
polymerizing Epon at 68℃ for 48 hours. Ultra-thin sections of 70 nm were cut using a 
Leica Ultracut EM UC 6 Cryo-ultramicrotome. TEM images were collected with a JEOL 
JEM 1011 electron microscope and recorded with a 2 Mp charge coupled device camera 
(Gatan Orius).  

2.11 RNA isolation, bulk RNA-sequencing and differential 
expression (DE) analysis 

2.11.1 RNA isolation and quality control 

For RNA isolation, 3D hOCMTs and 2D controls were dissociated by using MACS Multi 
Tissue Dissociation Kit 3 on day 30 and day 50. After cell dissociation, RNA was extracted 
with High Pure RNA Isolation Kit (Roche) according to manufacturer’s instructions, and 
quantified with Nanodrop 2000 Spectrophotometer (Thermo Fisher Scientific). Quality 
control for RNA integrity number (RIN) was also determined with Agilent 2100 
Bioanalyzer.  

2.11.2 Sequencing library preparation 

500 nanograms of total RNA per sample was used as an input for library preparation using 
QuantSeq FWD 3’mRNA Library Prep Kit (Lexogen). Briefly, RNA was transcribed into 
cDNA using oligodT primer (FS1) at half volume compared to the manufacturer's 
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instructions to minimize the off-target products. Following the first strand synthesis, RNA 
removal and second strand synthesis were performed using the UMI Second Strand 
Synthesis Mix (USS) containing Unique Molecular Identifiers (UMIs) that allow detection 
and removal of PCR duplicates. Finally, sequencing libraries were created by PCR with i5 
Unique Dual Indexing Add-on Kit for Illumina (Lexogen). The quality and quantity of 
libraries was determined using Fragment Analyzer by DNF-474 High Sensitivity NGS 
Fragment Analysis Kit (Agilent Technologies) and QuantiFluor dsDNA System (Promega). 
Final library pool was sequenced on Illumina NextSeq 500 with 75 bp single-ends, 
producing about 10 million reads per library. 

2.11.3 Differential expression (DE) analysis 

High-throughput RNA-Seq data were prepared using Lexogen QuantSeq 3' mRNA-Seq 
Library Prep Kit FWD for Illumina with polyA selection and sequenced on Illumina 
NextSeq 500 sequencer (run length 1x75 nt). Bcl files were converted to Fastq format 
using bcl2fastq v. 2.20.0.422 Illumina software for basecalling. 6-nt long UMIs were 
extracted and subsequently used for deduplication of aligned reads by UMI-tools v. 1.1.1 
[387]. As a next step 6-nt long barcode sequence related to Lexogen QuantSeq Library 
Prep Kit were trimmed using seqtk 1.3-r106 [388]. Quality check of raw single-end fastq 
reads was carried out by FastQC v0.11.9 [389]. The adapters and quality trimming of raw 
fastq reads was performed using Trimmomatic v0.36 [390] with settings CROP:250 
LEADING:3 TRAILING:3 SLIDINGWINDOW:4:5 MINLEN:35 and adaptor sequence 
ILLUMINACLIP:AGATCGGAAGAGCACACGTC. Trimmed RNA-Seq reads were 
mapped against the human genome (hg38) and Ensembl GRCh38 v.94 annotation using 
STAR v2.7.3a [391] as splice-aware short read aligner and default parameters except --
outFilterMismatchNoverLmax 0.1 and --twopassMode Basic. Quality control after 
alignment concerning the number and percentage of uniquely and multi-mapped reads, 
rRNA contamination, mapped regions, read coverage distribution, strand specificity, gene 
biotypes and PCR duplication was performed using several tools namely RSeQC v2.6.2 
[392], Picard toolkit v2.18.27 [393] and Qualimap v.2.2.2 [394] and BioBloom tools v 
2.3.4-6-g433f [395]. 

The differential gene expression analysis was calculated based on the gene counts produced 
using featureCounts tool v1.6.3 [396] with settings -s 2 -T 10 -F GTF -Q 0 -d 1 -D 25000 
and using Bioconductor package DESeq2 v1.20.0 [397]. Data generated by DESeq2 with 
independent filtering were selected for the differential gene expression analysis to avoid 
potential false positive results. Genes were considered as differentially expressed based on 
a cut-off of adjusted p-value <= 0.05 and log2(fold-change) ≥1 or ≤-1. Clustered heatmaps 
were generated from selected top differentially regulated genes using R package pheatmap 
v1.0.10 [398]. Volcano plots were produced using ggplot v3.3.3 package [399] and MA 
plots were generated using ggpubr v0.4.0 package [400]. The data generated were 
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deposited in the NCBI Gene Expression Omnibus repository with the GEO ID 
GSE209997. 

2.11.4 Gene ontology enrichment, clustering, and comparison 
with other datasets 

Gene ontology (GO) enrichment analysis for biological processes was performed with 
EnrichR web-tool [401]–[403]. Clustering analysis of upregulated genes was done with 
Cytoscape [404]. 

RNA-seq data from this study were also compared to adult human heart RNA-seq data 
(from BioProjects PRJNA667310 [405] and PRJNA628736 [406]), and EHT RNA-seq 
data  (from BioProject PRJNA831794 [407], [408]) obtained from the NCBI BioProject 
database (https://www.ncbi.nlm.nih.gov/bioproject/) (Accession numbers: SRR12771050, 
SRR12771052, SRR11620685, SRR11620686, SRR18911472, SRR18911473, 
SRR18911476, SRR18911477 ) by using Biojupies web-tool [409]. 

2.12 Metabolic flux analysis 

Mitochondrial respiration of 3D hOCMTs and 2D controls was assessed using Seahorse 
XFp Analyzer (Agilent) with Seahorse XFp Cell Mito Stress Test Kit (Agilent). On the 
Day 50 timepoint, 8-well XFp Cell Culture Miniplates (Agilent) were coated with Matrigel 
(1:20 dilution), and both 3D hOCMTs (one centered 3D hOCMT per well) and 2D controls 
(dissociated with MACS Multi-tissue dissociation kit 3 and seeded at 200,000 cells/well) 
were plated. The miniplates were cultured for 48 hours in RPMI/B27+Ins + P/S + RI 
(1:2000 dilution from 10 μM stock, 5 μM final) media to allow stabilization, and for the 
next 24 hours in RPMI/B27+Ins + P/S media. For 3D hOCMTs, only beating samples 
located at the center of the well were included in the subsequent statistical analysis. 

One hour before measurement, RPMI/B27+Ins + P/S media was replaced with Seahorse 
XF RPMI Medium pH 7.4 (Agilent) supplemented with 10 mM glucose, 2 mM glutamine, 
and 1 mM pyruvate (Agilent). Metabolic inhibitors were diluted in the supplemented XF 
Medium, loaded into the injection ports of the hydrated Seahorse XFp Sensor Cartridge 
(Agilent), and injected at specified time points to the wells as follows: Oligomycin (3 µM), 
FCCP (4 µM), and Rotenone/Antimycin A (2 µM). The Mito Stress Test was performed 
according to the manufacturer's instructions and included five measurements for basal 
consumption and five measurements after every drug injection. An extra five-minute 
waiting step was included after the Oligomycin injection. 

After the measurement, both 3D hOCMTs and 2D controls were dissociated with MACS 
MultiTissue Dissociation Kit 3 (Miltenyi Biotec), and lysed for 2 hours at 60°C (10 mM 

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE209997
https://www.ncbi.nlm.nih.gov/bioproject/
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Tris, 1mM EDTA, 50 mM KCl, 2 mM MgCl2, 200 µg/mL Proteinase K as described 
previously by Giacomelli et al[42]. Metabolic data were normalized by measuring the 
DNA content of each sample with a Quant-iTTM PicoGreenTM dsDNA Assay Kit (Thermo 
Fisher Scientific) according to the manufacturer's protocol.  Wave software (Agilent), 
Microsoft Excel, and Prism 9 (GraphPad Software) were used for data analysis. 

2.13 Drug treatments 

Isoproterenol hydrochloride (Sigma Aldrich) was dissolved in dimethyl sulfoxide (DMSO) 
(Sigma Aldrich), and Verapamil hydrochloride (Sigma Aldrich) in methanol (VWR) to 
prepare 1 M stock solutions. Each drug solution was 10- fold serially diluted in 
RPMI/B27+Ins media to make final concentrations between 0.0001-1 µM. As untreated 
controls, complete RPMI/B27+Ins media supplemented with DMSO or methanol were 
used. For data collection, the 3D hOCMTs with drug-supplemented media were incubated 
for 10 minutes at 37℃, 5% CO2 each time the drug concentration changed, followed by 
live imaging with video acquisition per condition with Zeiss LSM 780 confocal 
microscope.  Chemotherapy-induced cardiotoxicity was evaluated in 3D hOCMTs treated 
with RPMI/B27+Ins supplemented with doxorubicin (Doxo) (Sigma Aldrich), at 0.1 
µg/mL and 1 µg/mL concentrations, or plain RPMI/B27+Ins as control for 6 days. Growth 
medium was exchanged every 3 days, and 3D hOCMT morphology and beating were 
monitored daily by live video recording with Zeiss LSM 780 confocal microscope for 6 
days. On day 6 of drug treatment, the 3D hOCMTs were collected for evaluating viability.  

2.14 Live video acquisition and contraction analysis 

To evaluate the contractile function of 3D hOCMTs, live image sequences were acquired 
with Zeiss LSM 780 Confocal microscope using transmitted light mode (37℃, 5% CO2), 
as equivalent to 60 fps for 15 seconds; where the image sequences were later turned into 
.avi files with ImageJ. The beating rates were counted and calculated manually from the 
video analysis, and representative contraction graphs were derived with the open-source 
video analysis software MUSCLEMOTION [362], [410] per providers’ instructions. 

2.15 Luminescence-based cell viability assay 

3D hOCMTs viability after 6 days of Doxo treatment was assessed by CellTiter-Glo® 
Luminescent Cell Viability Assay Kit (Promega) according to manufacturer’s instructions. 
After the 3D hOCMTs were dissociated by the assay treatment, the samples were 
transferred to a clear-bottom 96-well white assay plate (Corning Costar 3610) and cell 
viability was quantified with Centro LB 960 Microplate Luminometer (Berthold 
Technologies).  
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2.16 Statistics 

Data are expressed as mean ± SD or mean ± SEM where applicable, unless otherwise 
stated. Statistical analyses were performed using Microsoft Excel 2010 and GraphPad 
Prism 8.0.2 unless otherwise stated, using one-way ANOVA (with Tukey’s multiple 
comparisons test), two-way ANOVA (with Dunnett’s multiple comparisons test), or 
unpaired Student’s t-test (two-tailed) where p<0.05 was considered to be significantly 
different as denoted with asterisks [(*) p ≤ 0.05, (**) p ≤ 0.01, (***), p ≤ 0.001, (****)  p ≤ 
0.0001]. Sample sizes of independent experiments, statistical methods used and the 
significance were described in the figure legends wherever applicable. 

2.17 Data availability 

The RNA-sequencing data obtained and presented in this study were generated at CF 
Genomics of CEITEC, and is available in the NCBI GEO public repository with accession 
no. GSE209997 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE209997). 

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE209997
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3 RESULTS 

Acknowledgement 

This chapter, including figures and tables, has been reproduced, with or without 
modifications, based on my published Manuscript 1 (Ergir et al., 2022)[367], licensed for 
reuse under Creative Commons Attribution 4.0 International License. To view a copy of 
this licence, visit http://creativecommons.org/licenses/by/4.0/.  

 

3.1 2D-to-3D culture switch promotes spontaneous 
cardiac microtissue formation in scaffold-free 
conditions  

Since the 2D monolayer differentiation of induced pluripotent stem cell (iPSC)-derived 
cardiomyocytes is well established in the literature, and long-term cultures of iPSC-derived 
cardiomyocyte monolayers naturally tend to delaminate into beating clusters [272], we first 
performed human iPSC (hereafter hiPSC) differentiation in a 2D system and tested whether 
they could be used to generate 3D cardiac aggregates in the absence of any external ECM 
scaffold. 

Cardiac differentiation was induced in confluent 2D hiPSC monolayers by sequential 
modulation of the WNT pathway with small molecules, in the absence of insulin [271] as 
previously described by Lian et al [17], [18]: Firstly, mesoderm specification was achieved 
by transient WNT activation through chemical inhibition of GSK3, followed by cardiac 
mesoderm differentiation through the inhibition of the WNT palmitoleoyltransferase 
PORCN [17], [18] (Figure 3.1). When beating cell clusters were observed (day 7), insulin 
supplement was added to the media, since it was needed for cell survival after early 
contractile cardiomyocytes emerged during differentiation [271].  

On day 7 or day 15 of differentiation, the monolayer was dissociated into single cells that 
were seeded on round-bottom ultra-low attachment plates. Different cell numbers (90,000 
cells/well, 150,000 cells/well, 300,000 cells/well for 96-well plates) were tested in order to 
evaluate the spontaneous formation of aggregates in the presence of ROCK inhibitor. 
Throughout the study, we used 2D monolayer cultures as control. A graphical 
representation of the protocol used in the study is shown in Figure 3.1. 

 

 

 

http://creativecommons.org/licenses/by/4.0/


 

77 

 

Figure 3. 1 Schematic workflow for the generation and long-term culture of hiPSC derived 
cardiac microtissues. 

Warm colours represent cardiomyocyte lineages, while the rest of the colours represent non-
myocytes. 

 

One day after switching the culture from 2D to 3D, we observed under the light microscope 
a tendency for the spontaneous formation of 3D microtissues without the need for any 
ECM scaffold, which started to show spontaneous beating behaviour upon removing the 
ROCK inhibitor after 48 hours. We set out at assessing the cellular heterogeneity of the 
preparation and their tendency to self-organise in microtissues. For this purpose, samples 
aggregated on day 7 (“D7-induced”; or “D7i”) and day 15 (“D15-induced”; or “D15i”) 
were cultured until day 30 and day 50 timepoints, and histological analyses with 
haematoxylin and eosin (H&E) and IF staining were performed on microtissue 
cryosections. 

While H&E staining for day 30 endpoint samples did not show a major difference between 
D7i and D15i microtissues in terms of histological complexity (Figure 3.2), this has shifted 
towards extended culture times up to the day 50 endpoint. Regardless of cell seeding 
numbers, the D7i microtissues appeared more compact on day 50 endpoint (Figure 3.3). On 
the other hand, D15i microtissues displayed more complex histological structures at higher 
seeding numbers as compared to D7i microtissues at this timepoint. Unlike D7i 
microtissues, chamber-like formations were observed only on D15i microtissues at the core 
of the microtissues at higher initial seeding numbers on day 50 (Figure 3.4).   
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Figure 3. 2 H&E staining on day 30 endpoint for microtissues made on day 7 vs. day 15 of 
differentiation. 

H&E staining showing the histological complexity of D7i- vs D15i-3D microtissue sections on day 
30 endpoint (middle sections). Scale bars = 200µm.  

 

 

Figure 3. 3 H&E staining on day 50 endpoint for microtissues made on day 7 of 
differentiation (D7i). 

H&E staining showing the histological complexity of D7i-3D microtissue top & middle sections on 
day 50 endpoint. Scale bars = 100µm for 90,000cells/well sample at top section; = 200µm for the 
rest.   
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Figure 3. 4 H&E staining on day 50 endpoint for microtissues made on day 15 of 
differentiation (D15i). 

H&E staining showing the histological complexity of D15i-3D microtissue top & middle sections 
on day 50 endpoint. Chamber-like structures are indicated by black arrows. Scale bars = 200µm. 

 

With time in culture from day 30 to day 50, immunofluorescence (IF) analysis showed that 
contractile cardiomyocytes stained with sarcomeric α-actinin (ACTN2) and other cells 
stained with α-smooth muscle actin (α-SMA) were arranged in discrete regions within the 
microtissues. However, this phenomenon was more pronounced in D15i microtissues than 
in D7i microtissues (Figure 3.5). On the other hand, while the higher seeding number of 
300,000 cells/well seemed to yield a reduced percentage of cardiomyocytes at day 50 
timepoint, the seeding number of 90,000 cells/well displayed reduced histological 
complexity, as seen from the H&E stainings (Figure 3.3 - 3.5). 

In light of these observations, we used the microtissues generated on day 15 of 
differentiation by seeding 150,000 cells/well for the following experiments. 
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Figure 3. 5 Representative confocal images on day 30 and day 50 endpoints for D7i and D15i 
microtissue sections. 

Immunofluorescence analysis showing the increasing histological complexity of D7i and D15i 3D 
microtissue sections generated by seeding the indicated cell numbers on day 30 vs day 50 endpoints 
(middle sections). Stainings for cardiomyocytes (alpha actinin 2, ACTN2, red), smooth 
muscle/fibroblastic cells (α-SMA, green) are shown. The nuclei were counterstained with DAPI 
(blue). Scale bars = 200µm.   

 

To monitor this spontaneous cellular organization, we repeated the experiment to generate 
microtissues by using hiPSCs constitutively expressing GFP-tagged cardiac troponin I 
(TNNI1) reporter. As expected, with time in culture we observed the emergence of GFP-
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expressing contractile cardiomyocytes together with non-GFP-tagged non-myocyte cells 
within the microtissues. From day 21 to day 42, the GFP-tagged contractile cardiomyocytes 
and non-myocytes gradually and spontaneously rearranged within the microtissues from a 
random distribution to more discrete regions (Figure 3.6). The diameter of the microtissues 
reached up to 0.9 ± 0.04 mm on day 21 and 1 ± 0.09 mm on day 42, in the absence of any 
external ECM supplementation (Figure 3.7, Online Supplementary Video 1 for day 53). 
The microtissues went on displaying spontaneous contractile activity in long-term culture 
and until at least day 100 (Online Supplementary Video 2 for day 107). 

 

Figure 3. 6 Monitoring the spontaneous self-organization of hiPSC-derived cardiomyocytes 
within 3D microtissues over culture time 

From day 21 to day 42, contractile cardiomyocytes expressing GFP-tagged cardiac troponin I 
(TNNI, green) and non-myocytes gradually and spontaneously rearranged within the microtissues 
from a random distribution to more discrete regions. Scale bars = 200µm. 

 

Figure 3. 7 Average diameter of 3D long-term cultured cardiac microtissues. 

From day 21 to day 42, the diameter of the microtissues reached up to 0.9 ± 0.04 mm on day 21 and 
1 ± 0.09 mm on day 42 in scaffold-free conditions. (n=6, Mean ± SD, Tukey’s multiple 
comparisons test)  
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This observation suggested that modifying a well-established 2D protocol [17], [18] into 
our 3D differentiation protocol could give rise to scaffold-free contractile cardiac 
microtissues that contain not only cardiomyocytes (GFP-tagged), but also other non-
myocyte cell populations (non-GFP tagged), which collectively showed a tendency to be 
spontaneously redistributed in extended culture times. 

A common drawback of 3D cultures is the possibility of apoptotic/necrotic core formation 
due to poor oxygen and nutrient diffusion towards the core of the construct [411]. In order 
to rule out that this occurs in our extended 3D cultures (day 50), we performed whole 
mount cell viability assay on the microtissues and - despite some physiological levels of 
dead cells throughout the structure - we demonstrated no accumulation of non-viable cells 
was visible at the core of the constructs (Figure 3.8).  

 

Figure 3. 8 Cell viability of 3D long-term cultured microtissues with Calcein/AM staining on 
day 50. 

Whole mount analysis of cell viability performed on microtissues at day …Green = live cells, red = 
dead cells, blue = nuclear DAPI counterstain (Scale bar = 200 µm). 

 

Moreover, we complemented this analysis by performing Terminal deoxynucleotidyl transferase 
(TdT) dUTP Nick-End Labeling (TUNEL) assay, which detects the presence of apoptotic cells, on 
cryosections obtained from the edge and the core of the 3D tissues. Here we noticed no 
accumulation of apoptotic cells at either position in the 3D microtissues (Figure 3.9). Finally, we 
confirmed the absence of a necrotic/apoptotic core by ultrastructural analysis of the core of the 
microtissue by transmission electron microscopy (TEM) (Figure 3.10).  
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Figure 3. 9 TUNEL staining of human iPSC-derived microtissue (hOCMTs) cryosections.  

(A.) TUNEL analysis performed to identify apoptotic cells (red) on 3D long-term cultured 
microtissue cryosections on day 30 (A) and day 50 (B). Positive controls were treated with DNAse 
I (edge and center). Nuclei were counterstained with DAPI (blue). (Scale bar = 200 µm). 
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Figure 3. 10 Ultrastructural analysis of the core of the microtissues.  

Transmission Electron Microscopy (TEM) images obtained from the core sections of day 50 iPSC-
derived microtissue ultrastructural organization, performed to identify viable and necrotic areas. 
Scale bars: top left = 1 µm, top right = 0.2 µm, bottom left = 0.5 µm, bottom right = 0.2 µm. 

 

Due to the presence of intrinsic and spontaneous signs of proto-self-organization, cellular 
heterogeneity, and functional beating in our 3D microtissues over extended culture time, 
we will hereafter refer to these constructs as human organotypic cardiac microtissues 
(hOCMTs).  

 

3.2 2D-to-3D culture switch prompts the formation of 
human iPSC-derived organotypic cardiac 
microtissues composed of multiple heart cell types 

As previously stated, one of the key features of bona fide organoids is the presence of 
different cell types typical of the given organ, as well as their ability to self-organize in 
microstructures similar to the organ being modelled [58]–[60].  

To assess the cellular heterogeneity of our 3D hOCMTs, we quantified by flow cytometry 
the presence of the three most represented cell populations in the human heart [118], [412] 
– cardiomyocytes, fibroblasts and endothelial cells - at given time-points (day 15, day 30 
and day 50, Figure 3.11, 3.12). We used 2D cultures as control throughout the experiment. 
On day 15 of differentiation (i.e. the first time-point of microtissue aggregation), the flow 
cytometry analysis of cardiac troponin T2 (TNNT2)-positive population indicated the 
protocol yielded the differentiation into cardiomyocytes in 2D (54.14 ± 9.08 %), while also 
producing a distinct population of CD90-positive non-myocytes (28.87 ± 13.04 %). The 
same analysis proved that 3D extended culture was associated with a significant increase in 
the percentage of TNNT2-positive cardiomyocytes as compared to 2D culture (3D day 50: 
83.27 ± 9.45 % vs 2D day 50: 27.23 ± 15,86 %, p< 0.0001) (Figure 3.12). On the contrary, 
2D culture was shown to favour the overgrowth of CD90-positive cells (2D day 50: 52.97 
± 13.44 % vs 3D day 50: 23.38 ± 7.35 %, p < 0.001) (Figure 3.12). While a very limited 
number of CD31-positive cells was observed in any of the 2D culture timepoints, a 
significant increase in cells expressing the endothelial marker CD31 occurred during 3D 
culture (3D day 50: 12.78 ± 2.71 % vs 2D day 50: 4.07 ± 2.76 % in, p < 0.001) (Figure 
3.12). 
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Figure 3. 11 Long-term 3D cultures of hOCMTs results in the enrichment of the contractile 
cell population. 

Representative flow cytometry histograms depicting the expression of markers typical of cardiac 
cell types in 2D or 3D cultures on day 15, day 30 and day 50. (i) Cardiomyocytes were stained with 
TNNT2-FITC, (ii) Fibroblasts with CD90-APC, (iii) Endothelial cells with CD31-BV421. The 
images are representative of 3 independent experiments.  
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Figure 3. 12 Long-term 3D cultures favour the enrichment of troponin T-positive cells.  

Barplot representation of the expression of the given markers in 2D and 3D cultures at the indicated 
culture times. (i) Cardiomyocytes (TNNT2-FITC+ %), (ii) “Fibroblasts” (CD90-APC+ %), (iii) 
Endothelial cells (CD31-BV421+ %). The percentage indicates the positive cells versus total cells 
(Mean ± SD obtained in three independent analyses, n=9 per condition, Tukey's multiple 
comparisons test). 

 

These results indicate that 2D-to-3D culture switch promotes the generation of 
heterogeneous microtissues and favours the survival of the cardiomyocyte population in 
extended culture. 

To explore the cellular heterogeneity and the spatial distribution of different cell subsets in 
our 3D hOCMTs  in more detail, cryosections were performed at day 50 of culture and 
stained to detect the presence of cells expressing markers specific of the different 
populations in the human heart [118] (Figure 3.13, 3.14). 

Confocal imaging showed that cells located at the periphery of the construct stained 
positive for markers of epicardial cells Wilms tumor protein 1 (WT1) and TBX18, in 
addition to epicardial/fibroblast markers TE-7 and SM22a (Tagln), which suggested the 
presence of these cells primarily forming an outermost layer (Figure 3.13A-D). The center 
of the construct - instead - stained positive for cardiac troponin T2 (TNNT2) and 
sarcomeric α-actinin (ACTN2), thus describing the formation of a discrete cluster of 
cardiomyocytes. This result further confirmed the tendency of contractile cells to re-locate 
to the core of the construct within time in 3D culture, a phenomenon that we noticed by 
using GFP-tagged cardiac troponin I (TNNI1) reporter hiPSC line (see Figure 3.6). 
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Discrete areas could also be stained with endocardial cell markers NFAT2 and endothelial 
cell marker CD31 (Figure 3.14A, B).  

Next, we stained for ventricular (MYL2) or atrial (MYL7) Myosin Light Chain isoforms, 
as specific markers of atrial and ventricular cardiomyocytes or contractile cells at different 
stages of maturation [158]. Here we could identify two distinct pools of cardiomyocytes 
that stained either positive for MYL7 only, or co-stained positive MYL2 and MYL7 
(Figure 3.14C). This result hinted at the possibility that either differentially specified 
cardiomyocytes or contractile cells at different stages of maturation co-existed within the 
contractile core of the 3D constructs. In recent reports, the formation of 3D cardiac 
organoids was associated with the developmental co-emergence of elements of endoderm 
and mesoderm tissues resembling the development of the heart and gut in the embryo [70], 
[72]. We thus stained for markers of embryonic (SOX2) or adult gut tissue (ASCL2) 
together with markers of undifferentiated cells (MESP1, Brachyury) and detected no such 
cells in day 50 3D constructs (Figure 3.15A, B). Furthermore, for cardiac morphogenesis 
(GATA4), Sarcoplasmic/Endoplasmic Reticulum Calcium ATPase 2 (SERCA2), smooth 
muscle/fibroblastic cells (α-SMA), and gap junction proteins (Connexin 43, or Cx43) were 
also observed within the microstructures (Figure 3.15C).  

Altogether, these results confirmed that iPSC-derived 3D hOCMTs favours the survival of 
cardiomyocytes and contain multiple cell types of the human heart organized in distinct 
domains.  
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Figure 3. 13 Long-term 3D culture of hOCMTs recapitulate es advanced cardiac morphology 
and cellular heterogeneity in vitro showing markers for cardiomyocyte, epicardial and 
fibroblast cell types. 

Representative immunofluorescence pictures showing the concomitant expression of the indicated 
markers of different cardiac cell types in 3D long-term cultured hOCMT sections on day 50. 
Cardiomyocytes: ACTN2 in green or red, TNNT2 in red, epicardial cells: WT1 TBX18 SM22a, 
epicardial/fibroblastic and smooth muscle cells: SM22a, fibroblasts TE-7. Nuclei were 
counterstained with DAPI (blue). Full 3D hOCMTs scale bar = 200µm, Detail scale bar = 50 µm. 
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Figure 3. 14 Long-term 3D culture of hOCMTs recapitulates advanced cardiac morphology 
and cellular heterogeneity in vitro showing markers for endocardial, endothelial, and 
cardiomyocyte subtypes. 

Representative immunofluorescence pictures showing the concomitant expression of the indicated 
markers of different cardiac cell types in 3D long-term cultured hOCMT sections on day 50. 
Cardiomyocytes: ACTN2, atrial cardiomyocytes: MYL7 in green), ventricular cardiomyocytes: 
MYL2, endocardial cells: NFAT2, endothelial cells: CD31. Nuclei were counterstained with DAPI 
(blue). Full 3D hOCMTs scale bar = 200µm, Close-up scale bar = 50 µm. 
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Figure 3. 15 Long-term hOCMTs show no evidence of gut tissue emergence. 

A. Representative confocal image showing the staining of day 50 hOCMT sections for early 
mesoderm cell markers including MESP1 (green) and Brachyury (grey). Differentiated 
cardiomyocytes are stained alpha actinin 2 (ACTN2, grey). Nuclei were counterstained with DAPI 
(blue). Scale bar = 100µm.  

B. Representative confocal image showing the staining of day 50 hOCMT sections for 
undifferentiated embryonic and early gut marker SOX2 (green), together with the marker of adult 
gut ASCL2 (red) Differentiated cardiomyocytes are stained alpha actinin 2 (ACTN2, grey). Nuclei 
were counterstained with DAPI (blue). Scale bar = 100µm.  

C. Representative confocal image showing the staining of day 50 hOCMT sections with markers of 
cardiac morphogenesis (GATA4, green), calcium ATPase (SERCA2,  green), gap junction protein 
1 (CX43, red), and smooth muscle/fibroblastic cells (α-SMA, green) in combination with 
cardiomyocyte marker ACTN2 (red). Nuclei were counterstained with DAPI (blue). Scale bar = 
100µm.  

 

3.3 Human iPSC-derived organotypic cardiac 
microtissues display ultrastructural organization and 
maturation in long-term culture 

A key feature of the adult heart is the existence of a highly recognizable three-dimensional 
ultrastructure due to the periodical repetition of the functional units of the contractile 
apparatus, the sarcomere. The length and the alignment of the sarcomeres, together with the 
interspacing of myosin-actin myofilaments and the abundance and shape of mitochondria, 
are considered representative of the maturity of the contractile tissue.  

We analysed the ultrastructure of the contractile core of hOCMTs and assessed how it 
developed with time in culture by transmission electron microscopy (TEM). TEM analysis 
clarified that the prototypical contractile apparatus was hardly recognizable in hOCMTs 
cultured for 21 days, while highly organized sarcomeres with distinct z-disks and evenly 
distributed myofilaments could be detected in those cultured for 50 days (Figure 3.16A, B).  

The same analysis also demonstrated that longer culture times (day 85) led to the assembly 
of t-tubules close to the regularly spaced myofibrils, together with the appearance of 
packed and elongated mitochondria (Figure 3.16C, F and 3.17). The presence of t-tubules, 
extensions of the sarcolemma interspersed around the contractile apparatus to maximize the 
efficiency of calcium exchange, is only found in mature cardiac muscle and was not 
reported in standard 2D monolayer cultures [196]. We found the sarcomere length under 
these experimental conditions to be approximately 1.5 µm (Figure 3.16C, D). This value 
did not change at later time-points (day 85) and is consistent with the values described for 
young mammalian cardiomyocytes [74]. Meanwhile, Z-band was found to increase slightly 
in width, but not significantly, with time in culture (700 ± 250 nm on day 85 vs. 450 ± 100 
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nm on day 50, p <0.0001) as to get closer to the values typical of adult heart [140] (Figure 
3.16E,G).  

Furthermore, TEM also demonstrated a higher amount of mitochondria and glycogen 
accumulation at later time-points (day 50 and 85) compared to day 21 (Figure 3.17), which 
suggests a metabolic shift to advanced maturation of cardiomyocytes [140]. All these 
features indicate hOCMTs undergo structural and metabolic maturation [74] when cultured 
for long time in 3D.  
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Figure 3. 16 Ultrastructural analysis of 3D hOCMTs indicates enhanced maturation in 3D 
environment over time. 

A. TEM images of 3D hOCMTs showing increasing ultrastructural organization over time, from 
day 21 to day 85. Cardiomyocyte myofibers (Myo), Mitochondria (M) Z-band (Z), T-tubules are 
indicated. Scale bars = 200 nm. B. Close-up images on day 50. Scale bars = 200 nm C. 
Representative micrograph showing sarcomere length (SL; white dotted two-headed arrow) and z-
band width (ZW; cross sectional length; white solid two-headed arrow) with the corresponding 
sarcomere length (D; day 50, 1400 ± 300; day 85, 1500 ± 200; N>20, Mean ± SD) and z-band 
width (E; day 50, 450 ± 100 nm; day 85 700 ± 250 nm; N>30, Mean ± SD). Scale bar = 200 nm. F. 
Micrograph showing myofiber organization (white arrow) with their relative organization as 
defined by the plot profile intensity on day 50 vs day 85 (G) of the area indicated by the grey 
dashed box of “figure 3.16F”. Scale bar = 200 nm. 

 

 

Figure 3. 17 Ultrastructural analysis of long-term hOCMTs indicates enhanced 
cardiomyocyte and metabolic maturation in 3D environment over time. 

Transmission Electron Microscopy (TEM) images of hOCMTs increasing ultrastructural 
organization and structural and metabolic maturity over time, from day 21 to day 85. 
Cardiomyocyte myofibers (Myo), Sarcomeres (S), Mitochondria (M) Z-band (Z), T-tubules, Nuclei 
(N), Rough endoplasmic reticulum (RER), Glycogen granules (Gly), Lamellar bodies (LB) are 
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indicated. Scale bars are 1 µm and 0.5 µm for day 21, 0.5 µm for day 85, 0.5 µm for day 50 and 2 
µm for magnified images of day 50. 

 

3.4 3D long-term culture induces human iPSC-derived 
organotypic cardiac microtissue maturation 

Contractile cell maturation can be monitored by tracking the evolution of the expression of 
specific genes encoding for contractile proteins. Hence, we set at investigating the 
transcriptional landscape of hOCMTs in order to assess the impact of time and 
dimensionality on the maturation of the contractile cells. 

To this end, we performed bulk RNA-sequencing and differential expression analysis (DE 
analysis) on day 30 and 50 of the 3D culture and compared them to 2D monolayer cultures 
harvested at the same time-points (GEO: GSE209997), adult heart tissues and Engineered 
Heart Tissues (EHTs) [408] obtained from previously published datasets (NCBI Bioproject 
accession numbers: PRJNA667310 [405] and PRJNA628736 [406] for adult heart, and  
PRJNA831794 [407] for EHTs [alias GEO: GSE201437]). 

A total of 2975 genes were found to be significantly and differentially regulated in 3D 
microtissues compared to monolayer cultures at day 30. This number increased to 6437 at 
day 50 (Figure 3.18 and Online Supplementary Datasets 1, 2), possibly indicating a bigger 
divergence between 2D and 3D cultures over time. 

 

Figure 3. 18 DE analysis for 3D long-term cultures vs standard 2D monolayer cultures on day 
30 and 50 timepoints 
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A. MA plot of the differentially regulated genes between 2D monolayer and 3D on day 30.  
B. MA plot of the differentially regulated genes between 2D monolayer and 3D on day 50. 
(log2 mean, p.adj < 0.05). 

 

The functional gene ontology (GO) annotations at both time-points revealed that the genes 
differentially regulated 3D hOCMTs had a fingerprint for cardiogenesis, which included 
the categories of myofibril assembly and sarcomeric organization, muscle contraction and 
cardiac tissue morphogenesis (Figure 3.19). As an example, the top 20 deregulated genes at 
day 50 between 3D and 2D monolayer cultures included genes which are well known to be 
involved in cardiac muscle maturation and function, namely cardiac muscle -actin 
(ACTC1), sarcomeric -actinin (ACTN2), phospholamban (PLN) and myosin heavy chain 7 
(MYH7) (Figure 3.20). On the contrary, 2D cultures showed an increased expression in 
ECM-related genes, most likely as a result of the predominance of cardiac fibroblast 
population over time in monolayer culture, for both day 30 and day 50 timepoints (Figures 
3.19, 3.20, 3.21).  

 

 

 

Figure 3. 19 GO biological process categories for the top 20 differentially regulated genes 
between 3D hOCMTs vs standard 2D monolayer cultures. 

Barplot representation of significantly upregulated (red) or downregulated (blue) GO Biological 
process categories obtained when comparing 3D hOCMTs and 2D monolayers at day 30 (A)  and 
day 50 (B). The values are expressed as -log2 of p-value. (p.adj <0.05) 
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Figure 3. 20 3D long term culture determines an enrichment in the expression of 
cardiomyocyte-specific genes. 

Heatmap representation of top 20 differentially regulated genes between 2D monolayer and 3D 
hOCMTs on day 30 (A) or day 50 (B) (log2 mean, p.adj < 0.05). Warm colours represent 
upregulated, and cold colours represent downregulated genes. 
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Figure 3. 21 3D culture induces improved cardiac specification and cardiomyocyte 
maturation. 

A. MA plot of the differentially regulated genes between day 30 and day 50 for 3D hOCMTs (left) 
and 2D monolayer culture (right) (log2 mean, p.adj <0.05). 

B. Graph representing the -log2value adjusted p-value of significantly upregulated (red) or 
downregulated (blue) GO Biological process categories when comparing between day 30 and day 
50 of culture for 3D hOCMTs (left) and 2D monolayer culture (right) (p.adj < 0.05) 

C. Heatmap representing the log2fold change for the top 20 differentially regulated genes between 
day 30 and day 50 of culture for 3D hOCMTs (left) and 2D monolayer culture (right) (p.adj < 
0.05). Warm colours represented upregulated, and cold colours represent downregulated genes. 

 

Clustering analysis of the genes upregulated in 3D hOCMTs compared to 2D monolayer 
cultures at day 50 showed a highly interconnected network of genes involved in heart 
contraction and sarcomeric organization, which included important structural proteins of 
the contractile apparatus such as ACTC1, ACTN2, troponins (TNNT2, TNNC1, TNNI1, 
TNNI3), myosin heavy (MYH6, MYH7) and light (MYL2, MYL3) chains, dystrophin 
(DMD), titin (TTN), obscurin (OBSCN) and myozenin 2 (MYOZ2), among many others 
(Figure 3.22).  
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Figure 3. 22 Cluster analysis of the upregulated genes reveals an interconnected network of 
genes involved in heart contraction and sarcomeric organization.  

STRING network representation of the upregulated genes at day 50 hOCMTs as compared to 
monolayer cultures for the indicated GO biological processes categories by Cytoscape. 
(Kappa score = 0.3). Log2fold change for the nodes (genes) is represented using a color-coded 
scale. 

 

In good agreement with the presence of t-tubules in 3D hOCMTs and their drift towards a 
more mature intracellular Ca2+-dependent contraction, we detected the enhanced expression 
of the SERCA Ca-ATPase 2 (ATP2A2) and its inhibitor phospholamban (PLN), triadin 
(TRDN), ryanodine receptors (RYR2 and the Purkinje’s cell specific RYR3), calsequestrins 
(CASQ1, CASQ2), as well as genes related to cardio-renal homeostasis angiotensinogen 
(AGT), atrial natriuretic peptide (NPPA) and corin (CORIN). Interestingly, in accordance 
with the marked increase in the number of mitochondria observed in the TEM images (see 
Figures 3.17A, 3.18), day 50 3D hOCMTs showed an upregulation in the network of genes 
associated with mitochondrial ATP synthesis coupled electron transport, including several 
NADH:ubiquinone oxidoreductase and Cytochrome c oxidase subunits.(Figure 3.23). 



 

101 

 

 

Figure 3. 23 Cluster analysis of the upregulated genes hints at a network of genes involved in 
cardiomyocyte metabolism.  

STRING network representation of the upregulated genes at day 50 hOCMTs as compared to 
monolayer cultures for the indicated GO biological processes categories by Cytoscape. (Kappa 
score = 0.3). Log2fold change for the nodes (genes) is represented using a color-coded scale. 

 

Since long-term 3D cultures seemed to be able to promote the maturation of hOCMTs, we 
set at comparing the transcriptomic landscape of our in vitro constructs with available 
datasets obtained from adult atrial and ventricular heart tissues [405], [406] (Figure 3.24).  

Sample clustering showed that day 50 3D hOCMTs were closer to adult heart at 
transcriptional level, with the most similar levels being associated with the expression of 
several sarcomere-associated genes, including TTN, ACTN2, troponins (TNNT2, TNNI3K, 
TTNC1, TNNI3) and Myosin heavy chains (MYH6, MYH7, MYH7B), as well as important 
components of the calcium handling apparatus (RYR2, ATP2A2, PLN). Consistent with our 
immunostaining results, day 50 3D microtissues displayed both atrial (MYL4, MYL7, 
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MYBHL) and ventricular (MYL2, MYL3, FHL2) chamber markers (Figure 3.24). In 
accordance with the increased number of mitochondria (see Figures 3.16A, 3.17), and the 
upregulation of mitochondrial ATP-synthesis related transcript (Figure 3.23), the 
comparison of day 50 hOCMTs also showed similar clusters on metabolic genes to adult 
heart, such as oxidative phosphorylation (PPPARGC1A, MT-ATP6), fatty acid metabolism 
(FABP3, GPAT3, PAM), lipid metabolism (FITM1, PRKAA2, INPP4B), and glycogen 
metabolism (PPP1R3A).  

 

 

Figure 3. 24 3D long-term cultures show improved cardiac specification and cardiomyocyte 
maturation at transcriptional level than standard 2D cultures. 

Heatmap representation of log2fold changes in selected cardiac genes for the 3D hOCMTs and the 
2D monolayers at the indicated time-points in comparison with available datasets for adult human 
atrial and ventricular tissues (p.adj < 0.05). 
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Finally, we compared the transcriptome of our 3D hOCMTs to Engineered Heart Tissue 
(EHT) [30], [407], a well-established model of 3D cardiac tissue obtained from hiPSCs. 
The analysis demonstrated that 3D long-term culture (day 50) prompted the expression of 
similar levels of genes encoding for sarcomere-associated proteins, which included TTN, 
ACTN2, troponins (TNNT2, TNNI3K, TNNI3), Myosin heavy chain (MYH7), calsequestrins 
(CASQ2) among many others (Figure 3.25). 

 

 

 

Figure 3. 25 3D hOCMT cultures show transcriptional similarities to in vitro engineered 
heart tissues (EHT) with respect to cardiac specification and cardiomyocyte maturation. 

Heatmap representation of log2fold changes in selected cardiac genes for the 3D hOCMTs and the 
2D monolayers at the indicated time-points in comparison with available datasets for in vitro 
engineered heart tissues (EHT).   
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Overall, our transcriptomics analysis confirmed that the long-term 3D protocol set up 
induced hiPSCs cardiac specification and cardiomyocyte maturation at a metabolic, 
calcium handling and sarcomeric level. The maturation of 3D hOCMTs is strongly 
promoted by time in culture. 

 

3.5 Long-term human iPSC-derived organotypic cardiac 
microtissues display enhanced metabolic activity 

The transcriptomic analysis of 3D hOCMTs was further exploited to investigate their 
metabolic maturation as compared to the 2D monolayers. 

The heart is characterized by very high and distinct metabolic demands, with adult 
cardiomyocytes relying on oxidative phosphorylation for ATP production. On the contrary, 
immature hiPSC-derived cardiomyocytes display continued reliance on glycolysis as the 
primary source of energy [163]. Although the healthy heart can oxidize several substrates 
from energy production, classic studies estimate that ATP production comes preferentially 
from fatty acid (FA) oxidation, accounting for around 70% of the total generation. The rest 
is provided by alternative substrates, including glucose, lactate and pyruvate [164].  

Our 3D hOCMTs displayed higher expression of genes related to the FA β-oxidation, 
which has been previously associated with a more mature phenotype in hPSC-CMs (Figure 
3.27) [414]. The expression of key regulator PPARA was - in fact - enhanced in the 3D 
culture. More directly into the lipid metabolism, the heart-type fatty acid binding protein 
(FABP3) and the lipoprotein lipase (LPL) displayed 4 times fold upregulation (Figure 
3.27). The cytosolic fatty acyl-CoA synthase (ACSL1) catabolizing the long-chain acyl-
CoA ester production, and the proteins required for their transfer into mitochondria 
(CPT1A, CPT2, CRAT, SLC25A20) were also found increased in the hOCMTs. Inside the 
mitochondria, most of the genes related to β -oxidation were found significantly 
upregulated as well, including the sequential acyl-CoA dehydrogenases (ACDVL, ACDL, 
ACDM, ACDS), which are highly expressed in the myocardium. The expression of several 
genes associated with peroxisomal FA intake and β-oxidation were also found upregulated.  

Nevertheless, crucial genes related to glucose and pyruvate metabolism were also 
upregulated in the hOCMTs: this list included the glucose transporters SLCA3 (GLUT3) 
and SLCA4 (GLUT4), most of the enzymes associated with glycolysis, the proteins 
transporting the resulting pyruvate into the mitochondria (MPC1, MPC2), and its 
conversion into Acetyl-CoA (PDHA1, DLAT, DLD). Similarly, transcripts encoding for all 
the catabolic steps of the tricarboxylic acid cycle were more abundant in the 3D hOCMTs 
(Figure 3.26). 

In accordance with the increased number of mitochondria (see Figures 3.16A, 3.17), this 
increase in mitochondrial metabolism was combined with an increase in the expression of 
genes associated to ATP synthesis-coupled electron transport. Most of the genes encoding 
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for the proteins composing the four electron transport protein complexes were found 
upregulated, as well as the vast majority of the subunits of the adenosine triphosphate 
(ATP) synthase itself (Figure 3.26, up). Several of the mitochondrial genes associated with 
the electron transport chain were likewise enriched in the hOCMTs, including NADH-
ubiquinone oxidoreductase chain subunits (ND1, ND2, ND3, ND4, ND4L, ND5) and ATP 
synthase subunits (ATP6, ATP8). 

 

 

 

Figure 3. 26 hOCMTs display the upregulation of metabolic genes.  

Diagram showing metabolic genes with significantly upregulated (in red) and downregulated (in 
green) genes between long-term 3D vs 2D monolayer cultures. (log2fold change; p.adj < 0.05). 
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In order to confirm that 3D long-term (over 50 days) culture induces hiPSC metabolic 
maturation, we performed real-time analyses of 2D monolayer and 3D microtissue 
cultures’ energy metabolism using the Seahorse XFp Analyzer and Seahorse Mito Stress 
Test Kit. Results presented in Figure 3.27A indicate a highly energetic phenotype of 3D 
hOCMTs compared to the 2D cultures. The 3D cultures not only exhibited a significantly 
higher oxygen consumption rate (OCR) than the 2D cultures (111.83  17.21 vs 55.43  
2.82 pmol/min/300 ng DNA - the last baseline measurement before Oligomycin injection) 
but also increased extracellular acidification rate (ECAR, 35.09  4.60 vs 12.19  1.24 
mpH/min/300 ng DNA - the last baseline measurement before Oligomycin injection).  

A detailed analysis of the Mito Stress Test data revealed a significantly higher basal 
mitochondrial respiration in the 3D cultures (94.38  16.28 vs 40.22  1.89 pmol/min/300 
ng DNA, p < 0.05; Figure 3.28B). Interestingly, the 2D cultures showed a higher spare 
respiratory capacity than the 3D cultures (125.35  15.52 vs 48.20  10.18 pmol/min/300 
ng DNA, p < 0.01; Figure 3.28B). Notably, despite a relatively high dissipation of the 
mitochondrial proton gradient in hOCMTs (proton leak, 37.37  5.75 vs 8.02  2.13 
pmol/min/300 ng DNA, p < 0.01; Figure 3.28B), the 3D cultures produced significantly 
more ATP via mitochondrial respiration than their 2D counterparts (ATP production, 32.62 
 7.08 vs 2.590.95 pmol/min/300 ng DNA, p < 0.01; Figure 3.28B).  
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Figure 3. 27 3D long-term cultures promote changes in hOCMT metabolic activity. 

A. Graphs for comparing the cellular energy metabolism of long-term 3D hOCMTs vs 2D 
monolayer cultures after day 50 using Seahorse XFp Analyzer and Seahorse Mito Stress Test Kit: 
(i) oxidative phosphorylation (oxygen consumption rate, OCR) and (ii) glycolytic flux 
(extracellular acidification rate, ECAR). (Mean ± SEM obtained in four independent analyses. Total 
sample size: n2D=12, n3D=9) B. Bar graphs providing a detailed analysis of the oxygen consumption 
rate (OCR) Seahorse XFp Analyzer data presented in (A): (i) basal respiration and spare respiratory 
capacity, (ii) proton leak, ATP production. (Mean ± SEM, N=4, n2D=12, n3D=9, unpaired Student’s 
t-test – two-tailed)  

 

In conclusion, our transcriptomics and Seahorse XF metabolic flux data suggest that 
hOCMTs showed an enhanced metabolic activity, which was associated with increased 
metabolic signatures related to FA oxidation, mitochondrial respiration and glycolysis. 
 

3.6 Human iPSC-derived organotypic cardiac 
microtissues functionally respond to drugs in a dose 
dependent fashion in long-term culture 

An essential feature of bona fide organoids is to replicate at least one specialized function 
of the modelled organ [58]–[60], which in the case of heart tissue can be assessed by the 
contractile activity of human cardiac organoids (hCOs). As previously indicated, once our 
3D hOCMTs acquired spontaneous contractile activity early in culture (48h post 
aggregation), the contractility persisted for more than 100 days (Online Supplementary 
Video 2).  

In order to test their physiological significance, 3D hOCMTs were exposed to clinically 
relevant doses of cardioactive drugs[415], [416] in long-term cultures (> day 50). In detail, 
isoproterenol and verapamil were used as positive and negative inotropes, respectively. 
Isoproterenol, a beta-adrenergic agonist, increases the contractile force and beating 
frequency [417], while verapamil, a calcium channel blocker, decreases the beating 
rate[418]. The hOCMTs were incubated with increasing drug doses (0.01 - 1µM) for 15-20 
minutes and further monitored by live imaging using a confocal microscope.  

The response to the treatment was evaluated and quantified based on the contraction 
(Figure 3.28A) and beating rate (Figure 3.28B) of the hOCMTs, analysed through the 
open-source software tool MUSCLEMOTION [362], [410]. The acquired data shows that 
increasing concentrations of isoproterenol resulted in enhanced contraction amplitude and 
beating rate, with the beating rate peak at 1 µM. As expected, increasing concentrations of 
verapamil had the opposite effect, with the beating being completely hindered at 1 µM drug 
dosage (Online Supplementary videos 3-8). These observations are in accordance with 
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those reported in previous studies in cardiac microtissues [419] and confirm that our 
constructs can functionally respond to cardioactive drugs in a dose dependent manner.  
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Figure 3. 28 Long-term 3D hOCMTs show functional response to cardioactive drugs in a dose 
and time dependent manner. 

A. Representative contraction amplitude plots of long-term (>day 50) Long-term 3D hOCMTs in 
response to untreated vs increasing doses of Isoproterenol and Verapamil. B. Average beating rates 
of 3D long-term cardiac microtissues hOCMTs in response to increasing doses of Isoproterenol and 
Verapamil. (n=3, Mean ± SD, Dunnett’s multiple comparisons test) 

 

Finally, we investigated the possibility of modelling drug-induced cardiotoxicity on our 
hiPSC-derived microtissues, by treating them with doxorubicin (Doxo), a well-known 
chemotherapeutic agent widely used in the treatment of several types of cancers [420]. The 
drug is - in fact - also known to have cardiotoxic and pro-fibrotic effects, thus able to cause 
or exacerbate heart failure in vivo [421]–[426].  

The 3D hOCMTs were exposed to 0.1 µg/mL and 1 µg/mL of Doxo and their morphology 
and contractile activity was compared with untreated controls (n=6) for the next 6 
following days. The culture medium was exchanged every 3 days and the cultures were 
monitored on a daily basis. Figure 3.29A shows that the morphology of the constructs 
gradually changed over the course of treatment, and with the occurrence of more irregular 
edges when exposed to higher Doxo doses. In addition, clear changes could also be 
observed in the beating profiles of the constructs treated with Doxo (Figure 3.29B, C, and 
Online Supplementary Videos 9-14).  

We figured the changes in the morphology of the microtissues treated with the 
chemotherapeutics might be due to the induction of cell death by the drug. Therefore, after 
6 days of Doxo treatment, we assessed the viability of the constructs with a luminescence-
based assay. The results in Figure 3.29D and E revealed that the 3D hOCMTs treated with 
1 µg/mL Doxo were significantly less viable than both the control group and the group 
treated with lower drug concentration (0.1 µg/mL) (Average viability on day 6: 100 ± 4.1% 
for ctrl, 86.4 ± 9.3 for 0.1 µg/mL Doxo, 28.3 ± 6.6% for 1 µg/mL Doxo, Mean ± SD, 
p<0.0001). 
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Figure 3. 29 Long-term 3D hOCMTs show functional response to cardiotoxic drugs in a dose 
and time dependent manner. 

A. Morphology of 3D long-term (>day 50) Long-term 3D hOCMTs in response to untreated vs 
increasing doses of Doxorubicin (Doxo) over 6 days. (Scale bar = 500 µm). B. Representative 
contraction amplitude plots of Long-term 3D hOCMTs in response to untreated vs increasing doses 
of Doxo over 6 days (t=15s). C. Average beating rates of Long-term 3D hOCMTs in response 
untreated vs increasing doses of Doxo over 6 days. (n= 6, Lines = Median ± min/max, Dots = Mean 
value, Dunnett’s multiple comparisons test) D. Luminescence-based quantification of cell viability 
Long-term 3D hOCMTs on day 6 of Doxo treatment normalized to untreated samples (untreated vs 
0.1 µg/mL vs 1µg/mL) (n= 6, Mean ± SD, Tukey’s multiple comparisons test). E. Representative 
cell viability of v on day 6 of Doxo treatment (untreated vs 0.1 µg/mL vs 1µg/mL) with 
Calcein/AM staining, green =live, red= dead. (Scale bar = 100 µm).  
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4 DISCUSSION 

In this study, we have established a simple methodology to generate a 3D iPSC-derived 
human cardiac microtissue model – namely human organotypic cardiac microtissues (3D 
hOCMTs) – in scaffold-free conditions that could be cultured for extended time.  

This study has shown that our long-term 3D organotypic cardiac microtissues resemble 
some key characteristics of the human heart, including: (1) spontaneous formation and 3D 
organization in the absence of an external scaffold; (2) long-term spontaneous beating 
without external stimuli; (3) having multiple cell types of the heart with a tendency to 
proto-self –organization into distinct cardiac structures; (4) ultrastructural organization and 
maturation of cardiomyocytes at sarcomere and mitochondria; (5) improved survival, 
cardiac specificity and maturation at transcriptional and metabolic levels; (6) functional 
response to cardioactive and cardiotoxic drugs in a dose- and time-dependent fashion. As 
our long-term cultured 3D cardiac microtissues satisfy the abovementioned characteristics, 
we propose that the hOCMTs could be confirmed as human cardiac organoids (hCOs). 

Compared to standard 2D culture of iPSC-derived cardiomyocytes, 3D hOCMTs showed 
an enhanced survival rate. Notably, their cellular composition was shown to be more 
representative of the cellular heterogeneity of the native human heart, although their overall 
phenotype appeared to be close to foetal heart [419], [427].  

Although the effects of long-term culture in promoting the maturation of PSC-derived 
cardiomyocytes is well established [272], [428], 2D culture remains challenging for 
extended culture periods, as the cardiomyocytes tend to delaminate from the traditional 
tissue culture plates [272], causing non-myocyte cell populations such as fibroblasts to take 
over and overgrow instead.  

A significant advantage of our model is the lack of requirement of an external ECM 
scaffold like Matrigel or similar, as the microtissues self-organize on their own, and can 
survive for extended culture times in static culture conditions as they are. While there are 
other studies of  scaffold-free microtissue models in literature, these usually require the 
differentiation of other stromal cells separately (such as epicardial or fibroblastic cells), 
followed by their manual assembly with cardiomyocytes [42], [63].  

By exploiting the limited efficiency of the original 2D cardiac differentiation protocol by 
Lian et al [17], [18] via simply switching the culture dimensionality from 2D to 3D, we 
were able to generate long-term 3D hOCMTs where epicardial cells, fibroblasts, cardiac 
myocytes, and endothelial/endocardial cells co-emerge and show self-organization 
spontaneously in time, without the need to set up separate lineage differentiation cultures 
and manual assembly. Our histological analyses showed that the 2D-to-3D culture switch 
method yielded more complex results for extended culture times, and when the initial 
microtissue aggregation was performed around day 15 instead of day 7 of iPSC-derived 
cardiac differentiation. This could be because more cell types in addition to 
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cardiomyocytes are expected to emerge on towards day 15, and they can help better with 
the self-organization. Furthermore, the extended spontaneous beating of our hOCMTs was 
observed for more than 100 days. At the time of our manuscript preparation, a similar 
culture time was only reported by Silva et al. with their cardio-gut organoids. Of note, the 
aforementioned study reported the developmental co-emergence of gut tissue together with 
the cardiac tissue [72]. In our model, however, a distinct gut tissue was not observed after 
50 days of culture according to our immunofluorescence analyses. During our manuscript 
revisions, another cardiac organoid study by Marini et al. has revealed a long-term culture 
up to 93 days from patient-derived iPSCs that recapitulated Duchene muscular dystrophy 
cardiomyopathy and disease progression phenotypes [368]. 

We have shown via histological analyses that our 3D hOCMTs manifest distinct 
populations of WT1-, TBX18-positive epicardial cells, TE-7-, SM22α-positive fibroblast-
like cells, NFAT2-positive endocardial cells along with distinct regions of cardiomyocytes. 
CD31-positive endothelial cells could also be detected, although at lower levels. The low 
number of CD31- positive cells might be explained by the fact that endothelial cells have 
different developmental origins in native human heart [429], and the lack of 
supplementation of our culture media with particularly endothelial-lineage favouring 
factors, like VEGF, during the study.  

Another remarkable feature of the hOCMTs is the presence of cardiomyocytes featuring 
both atrial and ventricular cardiomyocyte subtype markers, as revealed by immunostaining 
for MYL2 and MYL7 markers. Although MYL7 is known to be observed on all 
cardiomyocyte subtypes during early development [158], some distinct cardiomyocytes 
that are only MYL7 positive, but not MYL2 positive could be identified, or vice versa, 
suggesting there could be a tendency of commitment to formation of different 
cardiomyocyte subtypes. A similar phenomenon of atrial/ventricular cardiomyocyte 
subtype distinction was also shown by Israeli and colleagues, which appeared to be losing 
their characteristics with long-term culture [71]. Meanwhile, our 3D hOCMTs has revealed 
higher cardiac-specific cellular heterogeneity and maturation in terms of histological, 
ultrastructural, and transcriptional-levels in long-term 3D cultures as compared to shorter 
culture times and standard 2D monolayer culture. 

The ultrastructural maturity and complexity of our constructs could be confirmed by our 
TEM analyses over long culture times. Compared to earlier timepoints, on day 50 and 85, 
our hOCMTs displayed clearly aligned myofibers resulting in well-organized sarcomeres.  
These morphological adaptations are in line with the hallmarks of mature cardiac tissues 
[140], which were further supported by transcriptomic analyses. The 3D hOCMTs showed 
an increased expression of genes related to cardiac contraction and sarcomeric structures at 
transcriptional levels. The maturity of our long-term 3D hOCMTs could also be compared 
with Engineered Heart Tissues (EHTs), a well-recognized 3D model of cardiac tissue in 
vitro, where our day 50 3D constructs share similar transcriptional landscapes with EHTs. 
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In terms of contractility, immature cardiomyocytes have different calcium handling 
properties than their mature counterparts. While immature cardiomyocytes can rely on the 
calcium released at the cell periphery to initiate the contraction of sarcomeres, mature 
cardiomyocytes develop plasma membrane invaginations called “t-tubules” wrapped 
around the myofibrils in order to achieve faster and more efficient  calcium release and re-
uptake [142], [143]. The first polarization triggers the release of calcium stored in the 
sarcoplasmic reticulum by RYR2, which is then pumped back to the sarcoplasmic 
reticulum by SERCA2 (sarco/endoplasmic reticulum Ca2+-ATPase). The ultrastructural 
analysis of hOCMTs by TEM confirmed the presence of t-tubules at extended culture time-
points (> day 50). Additionally, our transcriptional analysis has shown the upregulation of 
some of the genes involved in t-tubule biogenesis (JPH2, ACTN2, NEXN) and sarcomeric 
calcium management (RYR2, PLN, SERCA), thus demonstrating long-term 3D culture leads 
to functional maturation of hOCMTs. 

Additionally, cardiomyocytes also experience several metabolic changes during in vivo 
maturation in order to generate the required amount of ATP, notably by a switch from 
glycolytic to fatty acid oxidation [158],[159]. Our ultrastructural analyses can confirm this 
metabolic switch, showing that long-term hOCMTs acquired elongated mitochondria 
distributed around the contractile apparatus compared to shorter culture times. This 
outcome is further supported by the upregulation of genes related to electron transport 
chain-linked phosphorylation and FA β-oxidation in long-term 3D cultured hOCMTs, 
which was previously linked to a more mature phenotype in hiPSC-CMs [414]. 
Interestingly, the increase in electron transport chain activity is connected to cardiomyocyte 
differentiation and maturation not only by metabolic support, but also by generating 
calcium oscillations though complex III activity [430]. Recent studies have revealed 
alternative formulations that improve pluripotent stem cell-derived cardiomyocyte 
metabolic maturation, and push them closer to adult cardiomyocytes, which rely on 
oxidative phosphorylation for ATP production [163].  

Metabolic flux analyses by using the Seahorse XF technology has shown that 3D hOCMTs 
are highly energetic compared to standard 2D cultures. The 3D hOCMTs consumed higher 
amounts of oxygen, in which a significant proportion of it was needed for producing 
mitochondrial ATP. The proton leak in the mitochondria of 3D hOCMTs might serve as a 
protective mechanism against mitochondrial damage by limiting the production of reactive 
oxygen species [431]. Surprisingly, the maximum respiration capacity induced by FCCP 
stimulation was similar for both 2D and 3D cultures, indicating that that the mitochondria 
of 2D culture cells were also metabolically competent. However, their respiratory capacity 
was only partially used for mitochondrial ATP production under standard culture 
conditions. The extracellular acidification rate was also observed to be increased in the 3D 
cultures, which was consistent with our transcriptomics analyses showing an upregulation 
of metabolic gene expression, including glycolysis genes. Increased glycolysis might 
indicate individual metabolic adaptations of the different cell types in hOCMTs and not 
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just the cardiomyocytes, which could potentially be linked to differential oxygen 
availability inside hOCMTs. Overall, the Seahorse XF analyses reveal that cellular energy 
metabolism strongly differs in the 2D and 3D cultures, and the 3D hOCMTs relies on 
mitochondrial respiration significantly more to meet their energy needs. 

Functional characterization of the hiPSC-derived 3D hOCMTs demonstrated that they were 
responsive to clinically relevant doses of cardioactive and cardiotoxic drugs. This is an 
important first step to consider the generation of patient-specific models of disease for drug 
testing applications.  

As a proof-of-concept for modelling chemotherapy-induced cardiotoxicity, doxorubicin 
was chosen as a well-known chemotherapeutic agent known to cause heart failure as a side 
effect [421]–[426]. Meanwhile, the in vitro modelling of chemotherapy-induced 
cardiotoxicity in cardiac microtissues is still not well-established due to the limitations of  
reproducing the physiological cellular heterogeneity and cardiomyocyte maturity [69]. 
Furthermore, it is crucial to consider the effect of cell-cell interactions of cardiomyocyte vs 
other cardiac cell types - especially fibroblasts - and cell-ECM interactions [182]. Our 
hOCMT platform offers the advantages of long-term viability, cellular heterogeneity, and 
advanced maturity in vitro, making it a physiologically relevant alternative for future 
studies – in addition to the potential or personalized models via patient iPSC-derived 
microtissues. Further clinical parameters such as the cardio-fibrotic potential of 
doxorubicin treatment [424], [425], [432], the secretion of serum cardiac troponins and 
natriuretic peptides as clinically relevant markers of chemotherapy-induced cardiotoxicity 
[433] or simply the potential for personalized medicine could be possible by using our 
hiPSC-derived hOCMTs [434]. 

While promising, our model still has some limitations. In spite of showing features of 
structural and functional maturation in the 3D long-term culture model as compared to 
standard 2D monolayers, 3D hOCMTs still display more foetal characteristics than adult 
heart. For instance, the cardiomyocytes of our hOCMTs have 1.5 µm length of 
sarcomeres (similar to foetal mammalian hearts), while in adult hearts, this length is 
usually 2 µm[140]. To improve the maturity of our constructs, the adoption of additional 
stimuli (i.e.: additional growth factors, dynamic culture, mechanical conditioning and 
electrical stimulation) might be helpful, including leading to even earlier maturation times 
[144]. Additionally, although our 3D hOCMTs show hints of histological similarities to the 
heart tissue – such as cellular heterogeneity of cardiac cell types, and spontaneous re-
organization of these multiple cell types at distinct regions – additional cues and 
optimization steps would be needed to improve the self-organization, and modelling 
different compartments of the heart (eg. chamber formation trabeculation, left/right 
ventricles, atria, aorta, outflow tract, vasculature…)   following similar principles of 
embryonic human heart development. These improvements could additionally help to 
reduce batch-to-batch differences commonly observed in iPSC-derived organoid 
technologies [273]–[276]. The utilization of “organoid-on-a-chip”, mechanobiology and 



 

115 

similar bioengineering technologies could additionally help with the standardization, 
spatio-temporal patterning, scalability and real-time monitoring of cardiac organoid 
generation, culture, and functional applications [334], [435]–[439]. 

As for some technical limitations, the size, density, and spontaneous movement of the 
organoids has limited intact microtissue characterization with whole-mount and live 3D 
imaging with the confocal microscope due to significant light scattering. To overcome this, 
fixed tissues could be characterized by more advanced microscopy techniques such as with 
tissue clearing and light sheet microscopy. Further electrophysiological characterization by 
live calcium imaging was also challenging by conventional staining methods as the dye 
was not visible inside the core of the organoids. To overcome this, iPSC cell lines 
containing genetically encoded calcium reporters could be used [440], or further 
electrophysiological characterization can be performed with multi-electrode arrays (MEA) 
or patch-clamp experiments. Furthermore, if the organoid dissociation protocols could be 
optimized with improved viability, the true cellular heterogeneity could be assessed more 
precisely by single cell sequencing technologies. 

In future studies, in vitro cardiotoxicity studies should also consider the importance of 
multi-organ interactions. Though drugs in their native chemistries may not always cause 
direct cardiac damage [441], their metabolic by-products might lead to cardiotoxicity in 
vivo due to systemic multi-organ interactions [366], [441]. Future pre-clinical studies could 
benefit from high throughput technologies [437], and microphysiological platforms that 
could model multi-organ interactions in vitro (eg. body-on-a-chip [54], [442], [443]). 
While more studies are required to see if in vitro models could fully rule out in vivo 
experiments – as systemic results are still required – they can already help reduce excessive 
animal experimentations by providing more accurate reflections of native human tissues 
faster.  
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5 CONCLUSION AND SCIENTIFIC VALUE  

This doctoral dissertation sets at expanding the possibilities of in vitro microphysiological 
cardiovascular modelling, and to establish a methodology to generate a 3D iPSC-derived 
human cardiac microtissue model that could reflect the physiological complexity, cellular 
heterogeneity and maturity of a human heart, and demonstrate its functionality for 
translational research applications. 

In this regard, we have established a simple procedure to generate such a physiologically 
relevant and miniaturized human cardiac model: human 3D human induced pluripotent 
stem cell-derived organotypic cardiac microtissues – or 3D hOCMTs. 

With our model, we were able to satisfy several important criteria relevant for faithful 
modelling of the native human heart including (1) containing multiple cell types of the 
heart with some distinct self-organization, (2) long-term spontaneous beating without 
external stimuli, (3) ultrastructural, transcriptional and metabolic maturation of 
cardiomyocytes, (4) functional response to cardioactive and cardiotoxic drugs in a dose- 
and time-dependent fashion. Since our long-term cultured 3D cardiac microtissues satisfy 
the abovementioned characteristics, we propose that the hOCMTs could be considered as 
human cardiac organoids (hCOs).  

Additionally, given that they (1) are human iPSC-derived, (2) can be formed without the 
need of any external scaffold and (3) can be maintained in extended culture times (more 
than 100 days), and (4) show signs of tissue maturation, 3D microtissues could be very 
practical and powerful in vitro platforms for translational research applications, such as 
personalized disease modelling and drug screening.  

Furthermore, by using physiologically relevant human tissue models would help reducing 
animal experimentations by providing more accurate characteristics of native human 
tissues, potentially leading to more precise, more ethical and faster approval of drug 
candidates at pre-clinical stages. Indeed, on September 29, 2022, the U.S. Senate has 
passed the FDA Modernization Act 2.0, S.5002, without dissent [444]., which was then 
signed into law in late December 2022 as part of the Consolidated Appropriations Act. This 
means the existing regulations would be updated to allow drug developers to use human-
relevant testing methods in order to replace animal experiments [445]. 

Future studies are now warranted that could further improve the complexity and maturity 
of 3D hOCMT constructs by further bioengineering, developmental biology and 
mechanobiology applications, with a focus on their ability to be used as pre-clinical drug 
screening and personalized cardiac disease modelling platforms. 
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Ergir, E., Oliver-De La Cruz, J., Fernandes, S. et al. Generation and maturation of human 
iPSC-derived 3D organotypic cardiac microtissues in long-term culture. Sci Rep 12, 17409 
(2022). https://doi.org/10.1038/s41598-022-22225-w  

 

7.1 List of Supplementary Videos 
Supplementary video 1– Representative spontaneously beating long-term 3D hiPSC-
derived organotypic cardiac microtissue (hOCMTs) under light microscope (Day 53). Scale 
bar = 100 µm 

Supplementary video 2 – Representative spontaneously beating long-term 3D hOCMT 
under light microscope (Day 107). Scale bar = 100 µm  

Supplementary videos (3-8) – Representative videos of beating long-term hOCMTs 
before (t=0) & after (t=1) maximum dose of cardioactive drugs on day 50; taken under 
transmitted light mode of confocal microscope (Scale bars = 200 µm): 

 3. Control hOCMT (t=0) 

 4. Control hOCMT (t=1) 

 5. hOCMT with 0µM isoproterenol (t=0) 

 6. hOCMT with 1µM isoproterenol (t=1) 

 7. hOCMT with 0 µM verapamil (t=0) 

 8. hOCMT with 1 µM verapamil (t=1) 

Supplementary videos (9-14) – Representative videos of beating long-term hOCMTs 
(Day 53) before & after Doxorubicin (Doxo) treatment on day 0 and day 6 of the 
treatments; taken under transmitted light mode of confocal microscope (Scale bars = 200 
µm): 

 9. Control hOCMT on day 0 

 10. hOCMT with 0.1µg/mL Doxo on day 0 

 11. hOCMT with 1µg/mL Doxo on day 0 

 12. Control hOCMT on day 6 

 13. hOCMT with 0.1µg/mL Doxo on day 6 

 14. hOCMT with 1µg/mL Doxo on day 6 
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7.2 List of Supplementary Datasets 
Online supplementary material could be found at the online version of: 

Ergir, E., Oliver-De La Cruz, J., Fernandes, S. et al. Generation and maturation of human 
iPSC-derived 3D organotypic cardiac microtissues in long-term culture. Sci Rep 12, 17409 
(2022). https://doi.org/10.1038/s41598-022-22225-w 

 

 

Supplementary dataset 1 – log2changes and p-values for the different comparisons 

Supplementary dataset 2 – GO BP clustering analysis for the differentially regulated 
genes at the different comparisons 
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D   Day 
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DE   Differential expression 

DMEM  Dulbecco’s modified Eagle's medium 

DMEM-HG  DMEM with High-Glucose 

DMSO   Dimethyl sulfoxide  
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DNA   Deoxyribonucleic acid 

Doxo   Doxorubicin 

E8   Essential 8 Media 

EC   Endothelial Cell 

ECAR   Extracellular acidification rate 

ECM   Extracellular matrix 

EHT   Engineered heart tissue 

ESC   Embryonic stem cell 

EthD-1   Ethidium Homodimer-1 

FACS   Fluorescence-activated cell sorting 

FBS   Fetal Bovine Serum 

FCCP   Carbonyl cyanide – p – trifluoromethoxyphenyl hydrazone 

FDA    The United States Food and Drug Administration 

FHF   First heart field 

FITC   Fluorescein isothiocyanate 

GATA4  GATA Binding Protein 4 

GEO   Gene Expression Omnibus 

GFP   Green Fluorescent Protein 

GO   Gene Ontology 

GSK3   Glycogen synthase kinase 3 

h   hours 

H&E   Haematoxylin & Eosin staining 

hESC    Human embryonic stem cell 

hiPSC   Human induced pluripotent stem cell 

HoC   Heart-on-a-chip 

hOCMT  Human organotypic cardiac microtissue 

hPSC   Human pluripotent stem cell 

IF   Immunofluorescence 

Ins   Insulin 

iPSC   Induced pluripotent stem cell 
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IWP   Inhibitor of Wnt production 

KSR    Knockout Serum Replacement 

LOC   Lab-on-a-chip 

MESP1  Mesoderm Posterior BHLH Transcription Factor 1 

min   minutes 

mL   milliliters 

mm   millimeters 

mM   millimolars 

ms   milliseconds 

MT   Microtissue 

MYH   Myosin Heavy Chain 

MYL   Myosin Light Chain 

NFAT2  Nuclear Factor of Activated T Cells 2 

Nkx2.5   NK2 Homeobox 5 

nm   nanometers 

OCR   Oxygen consumption rate 

OoC   Organ-on-a-chip 

P/S or Pen/Strep Penicillin/Streptomycin  

PBS   Phosphate Buffered Saline 

PDMS   Polydimethylsiloxane 

PFA   Paraformaldehyde 

PORCN  Protein-serine O-palmitoleoyltransferase “porcupine” 

PSC   Pluripotent stem cell 

RI   ROCK inhibitor 

RNA   Ribonucleic acid 

RNA-seq  RNA sequencing 

ROCK   Rho-kinase inhibitor     

rpm   revolutions per minute 

RPMI   Roswell Park Memorial Institute Medium 

s   seconds 
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SA-CM  Sinoatrial nodal CM (Pacemaker cell) 

SAN   Sinoatrial node 

SD   Standard deviation 

SEM*   Scanning Electron Microscopy (Introduction chapter) 

SEM   Standard error of mean (Methods & Results chapters) 

SERCA2  Sarco/endoplasmic reticulum Ca2+-ATPase 

SHF    Second heart field 

SM22α   Smooth Muscle Protein 22-Alpha (Transgelin; TAGLN) 

SMC   Smooth Muscle Cell 

SOX2   (Sex determining region Y)-box 2 

sSMC   Synthetic Smooth Muscle Cell 

ssRNA-seq  Single cell RNA-sequencing 

T   Brachyury 

t   timepoint 

TBX18  T-Box Transcription Factor 18 

TE-7   Anti-Fibroblasts antibody 

TEM   Transmission Electron Microscopy 

TGF-ß   Transforming growth factor ß 

TNNI   Cardiac Troponin I 

TNNT2  Cardiac Troponin T 2 

TTN   Titin 

TUNEL Terminal deoxynucleotidyl transferase (TdT) dUTP Nick-End 
Labeling  

WNT   Wingless/Integrated 

WT1   Wilms tumor 1 

YAP   Yes-associated protein 
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 Serum isolation / biobanking from brain tumor patients, mammalian cell culture, RNA& Protein 

isolation, SDS-PAGE, Western Blotting, grant proposal writing.  
 

Research Associate (Max Perutz Laboratories, Vienna, AT)  2011 -2012  

 RNA biology at Renée Schroeder Lab. 
 

Master 2 Recherche (Institut Albert Bonniot, Grenoble, FR) 2009 -2010  

 RNAi & Epigenetics at André Verdel Lab. 
 Yeast cell biology (S. pombe), gene silencing, RNA isolation, RT-qPCR 
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 Cassani M., Fernandes S., Vrbsky J., Ergir E., Cavalieri F., Forte G. (2020) "Combining 
Nanomaterials and Developmental Pathways to Design New Treatments for Cardiac 
Regeneration: The Pulsing Heart of Advanced Therapies" Frontiers in Bioengineering and 
Biotechnology, 8, 323. https://doi.org/10.3389/fbioe.2020.00323  (Review Article)   
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ABSTRACTS and PRESENTATIONS 

 

 Ergir.E., “Generation and Characterization of Human iPSC-derived Cardiac Organoids for 
Translational Medicine”. TERMIS-EU Chapter 2022, Krakow, PL. Oral presentation 

 Ergir.E., et al.  “Generation and Characterization of Human iPSC-derived Cardiac 
Organoids for Personalized Medicine” Biomania Student Scientific Meeting 2022, Brno, CZ, 
Poster presentation. 

 Ergir.E., et al.  “Generation and Characterization of Organotypic Cardiac Microtissues for 
Personalized Medicine” TERMIS World Congress 2021, Maastricht, NL (Virtual Meeting) 
Poster presentation. 

 Ergir.E., et al. "Generation and Characterization of Cardiac Microtissues for Establishing a 
Heart Organoid-on-a-Chip Model" Conference: European Organ on a Chip Society Meeting 
2021 (Virtual meeting.) Poster presentation. 

 Ergir.E., “Generation and Characterization of Organotypic Cardiac Microtissues for 
Translational Research” TERMIS-EU Workshop 2021, Brno, CZ (Virtual Meeting) Rapid 
fire presentation. 

 Ergir.E., et al. “Microphysiological Cardiac Spheroids in Translational Medicine” 
Conference: European Organ on a Chip Society Meeting 2020 (Virtual meeting). Poster 
presentation. 

 Ergir.E., et al. “Microphysiological Cardiac Spheroids in Health and Disease” Conference: 
European Organ on a Chip Society Meeting 2019, Graz, AT. Poster presentation. 

 Purtscher M., Ergir E., Monforte-Vila X., Huber-Gries C. “Establishment of an in vitro 
heart tissue model for pre-clinical screening of therapeutic agents using microfluidic 
technology.” Dechema 3D Cell Culture (2016), Freiburg, DE. Poster presentation  

 Purtscher M., Ergir E., Szwarc D., Huber-Gries C. (2016). “Microfluidic-based heart tissue 
model for directed development of cardiac-specific cell types.” Conference: Sellect Bio 
Organ-on-a-Chip Europe 2016, Cambridge, UK. Poster presentation. 

 Purtscher M., Ergir E., Szwarc D., Monforte-Vila X., Rünzler D., Huber-Gries C. “A 
microfluidic-based easy-to-use cardiac tissue model for drug screening applications” 
(2016),  Poster presentation. 

 Ergir E., Perazza D., Todeschini L., Lambert E., Yoshida M., Verdel A . (2010). “A new 
actor in heterochromatin formation in S. pombe?” Conference: 6th Course of Epigenetics, 
Institut Curie, Paris, France. Poster presentation. 
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SKILLS AND INTERESTS 
 

 

 

 Wet-lab:  

 Cell culture: Mammalian cell culture, (2D/3D), human induced pluripotent stem 
cell (iPSC) culture and differentiation techniques, murine stem cell culture and 
differentiation techniques (Embryonic Stem Cells & Cardiovascular Progenitor Cells), 
formation of embryoid and cardiac bodies, generation and handling of 3D microtissues 
& organoids, immunofluorescence staining, live and fixed cell imaging, confocal 
microscopy, flow cytometry  

 Molecular Biology: PCR, RT-qPCR, DNA & RNA isolation, bulk RNA-
sequencing differential expression analysis (basic).  

 Microfluidics: Fabrication of miniaturized systems based on PDMS 
(polydimethylsiloxane), Cell culture handling within microfluidic setups.     

 

 Computational: Microsoft Office (Word, Excel, Powerpoint), ImageJ, FlowJo, 
GraphPad Prism, Adobe Photoshop, AutoCAD, R & Python Languages (beginner, 
self-learner) 

 

 Languages: Turkish (Native), English (C2), German (B1), French (A1), Czech (A1) 

 
 Other: Drawing scientific cartoons, Science communication, VBC Mol Biol Orchestra 

(2011-2013), Piano  

 

 

Vienna, April 2023                   ____________________ 

Signature 
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12 APPENDIX A: Additional Data and Clarifications 
 

12.1 Excerpts from point-by-point responses to reviewers 
 

Explanation for Fig 3.6 – 3.7 : High diameter distribution in microtissues of Day 42. The 
significance of the difference between D30 and D42 is doubtful. 

In order to clarify the diameter distribution and the significance, we have included Table RA1-A 
displaying the raw measurement data from the center diameter of 6 independent microtissues 
calculated via ImageJ (where representative microtissue images were shown on  the manuscript), 
and Tables RA1-B and C for the statistics used to generate Figure 3.7 in the manuscript via 
GraphPad Prism. The diameter variance of the microtissues is stated as: “The diameter of the 
microtissues reached up to 0.9 ± 0.04 mm on day 21 and 1 ± 0.09 mm on day 42 […]” 

The high diameter distribution could be attributed to batch to batch variances of individual iPSC-
derived microtissues in long term culture. Despite the variance, the one-way ANOVA test between 
D30 and D42 was shown as significant, with adjusted p value being 0.0294 (p<0.05 = *), as 
highlighted in Table RA1-B (please see below). Please notice the main scope of this analysis is 
mainly to highlight that the microtissues can reach up to 1 mm in long-term culture without any 
ECM supplementation. 
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Explanation for Figure 3.14:  Staining for CD31 remained poor. The size of the Day50 
microtissues is very different in all three panels– at A is a too small one, at B is too big 
while at C is a middle. 

Figures 3.13 and .14 are organized as to display the whole organoid cryosection in the top image 
and a detail in the bottom for each combination of antibodies. The position of the magnified detail 
is highlighted by a square in the top image. The rather different size of the microtissues in the 
panels can be explained by the position of the section within the construct. We are convinced the 
reader will be able to catch all the information on the size of the microtissues from Figure 3 and 
Table RA1. 

Regarding the staining for CD31 in Figure 4 the signal was validated by using appropriate negative 
and positive controls, including human umbilical vein endothelial cells (HUVEC) and human iPSC-
derived cardiac fibroblasts (iPSC-CFs) (Figure RA1). The antibody signal is acquired by confocal 
microscope and displays a very specific and discrete distribution in given areas of the microtissues. 
The presence of a limited number of CD31-positive cells is acknowledged in our flow cytometry 
results in Figures 3.11 and 3.12: “While a very limited number of CD31-positive cells was 
observed in any of the 2D culture timepoints, a significant increase in cells expressing the 
endothelial marker CD31 occurred during 3D culture (3D day 50: 12.78 ± 2.71 % vs 2D day 50: 
4.07 ± 2.76 % in, p < 0.001).”Meanwhile on Day 50 3D microtissues, TNNT2-positive 
cardiomyocyte population is 83.27 ± 9.45 % and CD90-positive cell population is 23.38 ± 7.35 % 
as shown in Figure 2B. We have also already discussed the low number of CD31-positive cells in 
the Discussion section in the original manuscript: “The low number of CD31-positive cells might 
be explained by the fact that in native human heart endothelial cells have different developmental 
origins (*), and we did not supplement our culture media with endothelial-lineage favouring factors, 
like VEGF, during our study.”  

 

(*) S. M. Meilhac and M. E. Buckingham, “The deployment of cell lineages that form the 
mammalian heart,” Nat. Rev. Cardiol., vol. 15, no. 11, pp. 705–724, Nov. 2018. 
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Figure RA1 – Control immunostaining for the antibody specificity of A. endothelial (primary: mouse anti-CD31, 
secondary: Donkey-anti-mouse Alexa Fluor 488; green), and B. fibroblast (primary: mouse anti—TE-7, secondary: 
Donkey-anti-mouse Alexa Fluor 488; green) markers on HUVEC and iPSC-CFs. C. Secondary antibody-only staining as 
negative control (Donkey-anti-mouse Alexa Fluor 488). Counterstaining was performed with DAPI (blue). Scale bars = 
200µm  
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What changes have taken place in the beating of organoids during long-term culture? 

As for the beating rate change of the microtissues in time, day 15 of the original protocol from Lian 
and colleagues is the timepoint where we generate our 3D microtissues, by enzymatic dissociation 
from the 2D cultures, followed by seeding 150,000 cells/well to round bottom ultra-low attachment 
plates with maintenance medium containing Rock inhibitor. Possibly due to the harsh nature of this 
dissociation and re-aggregation protocol, we could observe no beating until some microtissue and 
cell-cell contact is re-established, and stabilized again. Spontaneous microtissue formation without 
any ECM-supplementation occurs within 24-48 hours, and after the removal of Rock inhibitor from 
the medium, the beating gradually resumes again (could take up to 5-7 days since microtissue 
aggregation) in the following days, and stabilizes for an extended culture time. Please see 
Supplementary videos 1 and  2 to see beating examples on day 50+ and day 100+ microtissues.   

Although not included in the manuscript, we have analysed some beating microtissues at day 23 
and day 57 timepoints to be able to answer the reviewer. Please see Figure RA2 below:   

Here a beating change between day 23 and day 57 timepoints could be observed (16 ± 3.46 bpm  
for day 23 vs 48 ± 15.57 bpm for day 57, mean ± SD, p<0.05). Nevertheless, the value at day 23 
could be affected by the experimental conditions, meaning that the microtissue might still be 
recovering from the dissociation at day 15. More characterization would be required to see the 
effect of cardiomyocyte number vs. beating rate on microtissues.  

As for the request for electrophysiology studies of the microtissues, this is a very challenging 
request which we could not complete at this stage. Considering the short time proposed for the 
revision and the expertise needed to fulfil this request, a longer time would be needed to find expert 
collaborators and set up the appropriate experiment.  

 

 

Figure RA 2- Average beating 
rates of long term 3D hOCMTs 
over time on day 23 and day 57  
(n= 3, Mean ± SD, unpaired 
Student’s t-test – two tailed) 
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13 APPENDIX B: First attempt at hCO-on-Chip 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

«Orthogonal» interstitial fluid flow influences pre-vascular network formation 

(Bachmann et al, 2018) * 

ASC&HUVEC-GFP 
co-culture in fibrin 
hydrogel on-chip 

Translation to Static Miniaturized Setup with Hydrogel 

Medi
um 

outle
t 

Mediu
m inlet 

Cell/hydrogel 
loading 

Beating cardiac 
spheroid on PDMS-

based device 
embedded in 

Matrigel at day 19  

Undetached 2D 
cardiac 

differentiation 
at day 19 

Replated  2D 
cardiac 

differentiatio
n at  

day 19 

3D Cardiac 
spheroid on 

low 
attachment 

plate at day 19 

Calcein-AM BF Merge 

PDMS-chip 
Culture 
plates 

«Tube formation» on-chip 48 hours after loading (Day 21) 

*Bachmann B, Spitz S, Rothbauer M, et al. Engineering of three-dimensional pre-vascular networks within fibrin hydrogel constructs by microfluidic control over 
reciprocal cell signaling. Biomicrofluidics. 2018 Jun 20;12(4):042216. doi: 10.1063/1.5027054. PMID: 29983840; PMCID: PMC6010359. 
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Calcein-AM Brightfield Merge 

Calcein-AM Brightfield Merge 

48 hours after chip seeding (D20) 

D50 on chip 

Beware of cell spreading in classical Matrigel for long term culture 

DAPI WT1 Phalloidin CD31 Merge 

DAPI ASMA Phalloidin ACTN Merge 

Differentiation «on-chip» (Day 50) 

ACTN2: Cardiomyocytes, ACTA2: Smooth muscle, CD31: Endothelial, WT1: Epicardial marker 

Despite cell spreading, cellular heterogeneity is preserved in long-term on-chip static 
culture with maintained beating.  
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Generation and maturation 
of human iPSC-derived 3D
organotypic cardiac microtissues 
in long-term culture
Ece Ergir1,2, Jorge Oliver-De La Cruz1, Soraia Fernandes1, Marco Cassani1, Francesco Niro1,3,
Daniel Pereira-Sousa1,3, Jan Vrbský1, Vladimír Vinarský1, Ana Rubina Perestrelo1, 
Doriana Debellis4, Natália Vadovičová3, Stjepan Uldrijan 3, Francesca Cavalieri5,6, 
Stefania Pagliari1, Heinz Redl7,8, Peter Ertl2,8 & Giancarlo Forte 1,9*

Cardiovascular diseases remain the leading cause of death worldwide; hence there is an increasing
focus on developing physiologically relevant in vitro cardiovascular tissue models suitable for studying
personalized medicine and pre-clinical tests. Despite recent advances, models that reproduce both
tissue complexity and maturation are still limited. We have established a scaffold-free protocol to
generate multicellular, beating human cardiac microtissues in vitro from hiPSCs—namely human
organotypic cardiac microtissues (hOCMTs)—that show some degree of self-organization and can 
be cultured for long term. This is achieved by the differentiation of hiPSC in 2D monolayer culture
towards cardiovascular lineage, followed by further aggregation on low-attachment culture 
dishes in 3D. The generated hOCMTs contain multiple cell types that physiologically compose the
heart and beat without external stimuli for more than 100 days. We have shown that 3D hOCMTs
display improved cardiac specification, survival and metabolic maturation as compared to standard
monolayer cardiac differentiation. We also confirmed the functionality of hOCMTs by their response
to cardioactive drugs in long-term culture. Furthermore, we demonstrated that they could be used 
to study chemotherapy-induced cardiotoxicity. Due to showing a tendency for self-organization,
cellular heterogeneity, and functionality in our 3D microtissues over extended culture time, we could
also confirm these constructs as human cardiac organoids (hCOs). This study could help to develop
more physiologically-relevant cardiac tissue models, and represent a powerful platform for future
translational research in cardiovascular biology.

Cardiovascular diseases (CVD) remain the leading cause of death worldwide1–4, and developing new therapies is
still a major challenge, since a significant number of drug candidates fail to pass clinical trials, or are withdrawn
from the market due to adverse side effects5–7. In order to approve safer and more effective therapies, there is
an increasing demand to develop faithful models of human heart tissue for pre-clinical research7. While recent
technologies provide some insight into how human CVDs can be modelled in vitro, a comprehensive overview
of the complexity of the human heart remains elusive due to the limited cellular heterogeneity, physiological
complexity, or maturity of the constructs produced8. Furthermore, animal models may not always faithfully
reflect the unique features of human biology and disease, and could give rise to ethical concerns9–11.
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Induced pluripotent stem cell (iPSC) technology has revolutionized the differentiation and derivation of
cardiomyocytes for personalized disease modelling and drug testing8,12–20. However, when cultured in 2D as
models for development, disease and toxicology18,21,22, cardiomyocytes do not reflect the 3D complexity of the
native tissue, where the geometry, the presence of different cell types and their interaction with the extracellular
matrix (ECM) play a crucial role.

Early 3D cardiac tissue models called “cardiospheres” were developed by culturing human heart tissue biop-
sies, or by mixing non-isogenic populations of cardiomyocytes, non-myocytes and biocompatible hydrogels23–25;
however, such microtissues generally have limited culture continuity, self-organization and fail to capture the
heterogeneity characteristic of organotypic models. Recently, cardiac tissue engineering technologies have
enabled the development of more physiologically-relevant tissue models, which entail a higher degree of
complexity, organization and dynamics26–29, such as engineered heart tissues (EHTs)27,30,31, isogenic cardiac
microtissues24,32–37, and organs-on-a-chip38–48.

Organoids, defined as 3D miniaturized versions of an organ, are emerging as promising tools showing realistic
micro-anatomy, and organ specific function9,49–51. In order to be considered as an "organoid", an in vitro model
must fulfil specific requirements, including: (1) 3D multicellular composition with organ-specific cell types, 
(2) self-organization and histological resemblance to the tissue of origin and (3) recapitulation of at least one
specialized biological function similar to the organ being modelled51–53.

Well-established organoids have been already generated for the brain, kidneys, intestines, guts, lungs and
many other organs9,54, while organoid models of the heart have only started to emerge in the last couple of
years55,56. Notably, early mammalian cardiac organoids showing spontaneous self-organization with distinct
atrium- and ventricle- like regions were generated from mouse pluripotent stem cells (PSCs)57,58, or as a part
of gastruloids59. Shortly afterwards, human PSC-derived cardiac organoid models were described56,60–65, which
were developed with different approaches varying from assembling different cardiac cell types62, followed by
other self-organized models more faithful to cardiac-specific development56,63–66.

Recently reported human cardiac organoids include single chamber models—namely the left ventricle in
the case of “cardioids”56—, relying on an external ECM scaffold, such as Matrigel61,63, display chamber-like
structures56,64, featuring the co-emergence of gut tissue together with atrial- and ventricular-like regions63,65.
While being extremely informative, most of these models are generated by short-term culture, while long-term
culture could help them acquire a more mature phenotype, a feature which is usually desirable for more physi-
ologically relevant in vitro tissue models67,68.

Here, we aimed to establish a simple protocol to generate induced pluripotent stem cell (iPSC)-based human
3D cardiac microtissues that could be generated in scaffold-free conditions, cultured for extended periods, fea-
turing multiple cell types of the human heart with spontaneous proto-tissue organization, preserve coordinated
contractile activity for several months, and functionally responsive to cardioactive drugs—which are hereby
referred as 3D human organotypic cardiac microtissues (hOCMTs). By combining RNA-sequencing, ultrastruc-
tural and metabolic analyses, we demonstrated that dimensionality and time in culture are crucial mediators of
survival, differentiation, collective organization and maturation of hOCMTs. Finally, we confirmed our human
organotypic cardiac microtissues (hOCMTs) qualify as 3D human cardiac organoids (hCOs), hence as an in vitro
heart model, by proving their response to cardioactive and cardiotoxic drugs in long-term culture.

Results
2D-to-3D culture switch promotes spontaneous cardiac microtissue formation in scaffold-free
conditions and proto-tissue organization in long-term culture. Since the 2D monolayer differ-
entiation of induced pluripotent stem cell (iPSC)-derived cardiomyocytes is well established in the literature,
and long-term cultures of iPSC-derived cardiomyocyte monolayers naturally tend to delaminate into beating
clusters69, we first performed human iPSC (hereafter hiPSC) differentiation in a 2D system and tested whether
they could be used to generate 3D cardiac aggregates in the absence of any external ECM scaffold.

Cardiac differentiation was induced in confluent 2D hiPSC monolayers by sequential modulation of the WNT
pathway with small molecules, in the absence of insulin70 as previously described by Lian et al.13,14: First, meso-
derm specification was achieved by transient WNT activation through chemical inhibition of GSK3, followed
by cardiac mesoderm differentiation through the inhibition of the WNT palmitoleoyltransferase PORCN13,14

(Fig. 1A). When beating cell clusters were observed (day 7), insulin supplement was added to the media, since it
was needed for cell survival after early contractile cardiomyocytes emerged during differentiation70. On day 15 of
differentiation, the monolayer was dissociated into single cells and seeded on round-bottom ultra-low attachment
plates in order to induce the spontaneous formation of aggregates in the presence of ROCK inhibitor (Fig. 1A).
Throughout the study, we used 2D monolayer cultures as controls.

One day after switching the culture from 2 to 3D, we observed under the light microscope a tendency for
the spontaneous formation of 3D microtissues without the need for any ECM scaffold, which started to show
spontaneous beating behaviour upon removing the ROCK inhibitor after 48 h. To monitor this spontaneous
cellular organization, we repeated the experiment to generate microtissues from hiPSC expressing GFP-tagged
cardiac troponin I (TNNI1) reporter. As expected, we observed the emergence of GFP-expressing contractile
cardiomyocytes together with non-GFP-tagged non-myocyte cells within the microtissues. With time in culture
from day 21 to day 42, the GFP-tagged contractile cardiomyocytes and non-myocytes gradually and spontane-
ously rearranged within the microtissues from a random distribution to more discrete regions (Fig. 1B, Sup-
plementary Fig. 1A). The diameter of the microtissues reached up to 0.9 ± 0.04 mm on day 21 and 1 ± 0.09 mm
on day 42, in the absence of any external ECM supplementation (Fig. 1C, Supplementary Video 1 for day 53).
The microtissues went on displaying spontaneous contractile activity in long-term culture and until at least day
100 (Supplementary Video 2 for day 107).
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Figure 1.  Long-term human cardiac microtissues can be spontaneously generated by scaffold-free conditions
in 3D. (A) Schematic workflow for the generation and long-term culture of hiPSC derived cardiac microtissues.
Warm colours represent cardiomyocyte lineages, while the rest of the colours represent non-myocytes. (B)
Monitoring spontaneous self-organization of hiPSC-derived cardiomyocytes within 3D microtissues expressing
GFP-tagged Cardiac Troponin I reporter over culture time (scale bar = 200 μm). (C) Average diameter of 3D
long-term cultured cardiac microtissues over time (n = 6, Mean ± SD, Tukey’s multiple comparisons test). 
(D) Cell viability of 3D long-term cultured microtissues with Calcein/AM staining on day 50, green = live, 
red = dead, blue = DAPI counterstain (Scale bar = 200 µm). (E) TUNEL staining (red) depicting apoptotic cells
on day 50 3D long-term cultured microtissue cryosections, and positive controls with DNAse I treatment (edge
and center). Nuclei were counterstained with DAPI (blue) (scale bar = 200 µm).
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This observation suggested that modifying a well-established 2D protocol13,14 into our 3D differentiation
protocol could give rise to scaffold-free contractile cardiac microtissues that contain not only cardiomyocytes
(GFP-tagged), but also other non-myocyte cell populations (non-GFP tagged), which collectively showed a
tendency to be spontaneously redistributed in extended culture times.

A common drawback of 3D cultures is the possibility of apoptotic/necrotic core formation due to poor oxygen
and nutrient diffusion towards the core of the construct71. In order to rule out that this occurs in our extended 3D
cultures (day 50), we performed whole mount cell viability assay and despite some physiological levels of dead
cells throughout the microtissues, we demonstrated no accumulation of non-viable cells was visible at the core
of the constructs (Fig. 1D). Moreover, we complemented this analysis by performing Terminal deoxynucleotidyl
transferase (TdT) dUTP Nick-End Labeling (TUNEL) assay, which detects the presence of apoptotic cells, on
cryosections obtained from the edge and the core of the 3D tissues. Here we noticed no accumulation of apoptotic
cells at either position in the 3D microtissues (Fig. 1E and Supplementary Fig. 1B). Finally, we confirmed the
absence of a necrotic/apoptotic core by ultrastructural analysis of the core of the microtissue by transmission
electron microscopy (TEM) (Supplementary Fig. 1C).

Due to the presence of intrinsic and spontaneous signs of proto-self-organization, cellular heterogeneity, and
functional beating in our 3D microtissues over extended culture time, we will hereafter refer to these constructs
as human organotypic cardiac microtissues (hOCMTs).

2D-to-3D culture switch prompts the formation of human iPSC-derived organotypic cardiac
microtissues composed of multiple heart cell types. One of the key features of bona fide organoids
is the presence of different cell types typical of the given organ, as well as their ability to self-organize in micro-
structures similar to the organ being modelled51–53.

To assess the cellular heterogeneity of our 3D hOCMTs, we quantified the presence of the three most repre-
sented cell populations in the human heart over time72,73—cardiomyocytes, fibroblasts and endothelial cells—by
flow cytometry at given time-points (day 15, day 30 and day 50, Fig. 2A,B). On day 15 of differentiation (i.e. the
first time-point of microtissue aggregation), the flow cytometry analysis of cardiac troponin T2 (TNNT2)-positive
population indicated the differentiation into cardiomyocytes in 2D (54.14 ± 9.08%) in addition to a distinct
population of CD90-positive non-myocytes (28.87 ± 13.04%). The flow cytometry analysis demonstrated that 3D
extended culture was associated with a significant increase in the percentage of TNNT2-positive cardiomyocytes
as compared to 2D culture (3D day 50: 83.27 ± 9.45% vs 2D day 50: 27.23 ± 15,86%, p < 0.0001) (Fig. 2B). On the
contrary, 2D culture was shown to favour the overgrowth of CD90-positive cells (2D day 50: 52.97 ± 13.44% vs 3D
day 50: 23.38 ± 7.35%, p < 0.001) (Fig. 2B). While a very limited number of CD31-positive cells was observed in
any of the 2D culture timepoints, a significant increase in cells expressing the endothelial marker CD31 occurred
during 3D culture (3D day 50: 12.78 ± 2.71% vs 2D day 50: 4.07 ± 2.76% in, p < 0.001) (Fig. 2B).

These results indicate that 2D-to-3D culture switch promotes the generation of heterogeneous microtissues
and favours the survival of the cardiomyocyte population in extended culture.

To explore the cellular heterogeneity and the spatial distribution of different cell subsets in our 3D hOCMTs
in more detail, cryosections were performed at day 50 of culture and stained to detect the presence of cells
expressing markers specific of the different populations in the human heart73 (Figs. 3, 4).

Confocal imaging showed that cells located at the periphery of the construct stained positive for markers of
epicardial cells Wilms tumor protein 1 (WT1) and TBX18, in addition to epicardial/fibroblast markers TE-7 and
SM22a (Tagln), which suggested the presence of these cells primarily forming an outermost layer (Fig. 3A–D).
The center of the construct—instead—stained positive for cardiac troponin T2 (TNNT2) and sarcomeric
α-actinin (ACTN2), thus describing the formation of a discrete cluster of cardiomyocytes. This result further
confirmed the tendency of contractile cells to re-locate to the core of the construct within time in 3D culture
that we noticed by using GFP-tagged cardiac troponin I (TNNI1) reporter hiPSC line (see Fig. 1B). Discrete
areas could also be stained with endocardial cell markers NFAT2 and endothelial cell marker CD31 (Fig. 4A,B).

Next, we stained for ventricular (MYL2) or atrial (MYL7) Myosin Light Chain isoforms, as specific markers
of atrial and ventricular cardiomyocytes or contractile cells at different stages of maturation74. Here we could
identify two distinct pools of cardiomyocytes that stained either positive for MYL7 only, or co-stained positive
MYL2 and MYL7 (Fig. 4C). This result hinted at the possibility that either differentially specified cardiomyocytes
or contractile cells at different stages of maturation co-existed with the contractile core of the 3D constructs.

In recent reports, the formation of 3D cardiac organoids was associated with the developmental co-emer-
gence of elements of endoderm and mesoderm tissues resembling the development of the heart and gut in
the embryo63,65. We thus stained for markers of embryonic (SOX2) or adult gut tissue (ASCL2) together with
markers of undifferentiated cells (MESP1, Brachyury) and detected no such cells in day 50 3D constructs (Sup-
plementary Fig. 2A,B).

Furthermore, for cardiac morphogenesis (GATA4), Sarcoplasmic/Endoplasmic Reticulum Calcium ATPase
2 (SERCA2), smooth muscle/fibroblastic cells (α-SMA), and gap junction proteins (Connexin 43, or Cx43) were
also observed within the microstructures (Supplementary Fig. 2C).

Altogether, these results confirmed that iPSC-derived 3D hOCMTs favours the survival of cardiomyocytes
and contain multiple cell types of the human heart organized in distinct domains.

Human iPSC-derived organotypic cardiac microtissues display ultrastructural organization
and maturation in long-term culture. A key feature of the adult heart is the existence of a highly recog-
nizable three-dimensional ultrastructure due to the periodical repetition of the functional units of the contrac-
tile apparatus, the sarcomere. The length and the alignment of the sarcomeres, together with the interspacing of 
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Figure 2.  Long-term 3D cultures of hOCMTs contain multiple cardiac cell populations. (A) Representative
flow cytometry histograms for analysis of cardiac cell types on day 15, day 30 and day 50, with a comparison of
2D and 3D cultures. (i) Cardiomyocytes (TNNT2-FITC), (ii) “Fibroblasts” (CD90-APC), (iii) Endothelial cells
(CD31-BV421). Red group represents unstained cells, blue group represents 2D cultures, and orange group
represents 3D long-term cultured microtissues, and the gating with the black line depicts the percentage of
populations for 3D long-term cultured microtissues. (B) Composite average of cardiac cell populations from all
flow cytometry experiments: (i) Cardiomyocytes (TNNT2-FITC+ %), (ii) “Fibroblasts” (CD90-APC+ %), (iii)
Endothelial cells (CD31-BV421+ %), on day 15, day 30 and day 50, with a comparison of 2D and 3D cultures.
The percentage indicates the positive cells versus total cells (mean ± SD obtained in three independent analyses,
n = 9 per condition, Tukey’s multiple comparisons test).
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Figure 3.  Long-term 3D culture of hOCMTs recapitulates advanced cardiac morphology and 
cellular heterogeneity in vitro showing markers for cardiomyocyte, epicardial and fibroblast cell types.
Immunofluorescence analysis showing the representative co-specification of multiple cell type markers in
3D long-term cultured hOCMT sections on day 50 including cardiomyocytes ([A–D] ACTN2 in green or
red, TNNT2 in red), epicardial cells ([A] WT1 in red, [B] TBX18 in green, [C] SM22a in green), epicardial/
fibroblastic and smooth muscle cells ([C] SM22a in green), “fibroblasts” ([D] TE-7 in green). Nuclei were
counterstained with DAPI (blue). Full 3D hOCMTs scale bar = 200 µm, Detail scale bar = 50 µm.
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Figure 4.  Long-term 3D culture of hOCMTs recapitulates advanced cardiac morphology and cellular
heterogeneity in vitro showing markers for endocardial, endothelial, and cardiomyocyte subtypes.
Immunofluorescence analysis showing the representative co-specification of multiple cell type markers in 3D
hiPSCs-derived cardiac microtissue/hOCMT sections on day 50 including endocardial ([A,B] NFAT2 in green),
endothelial cells ([B] CD31 in red), pan-cardiomyocytes ([A] ACTN2 in red), atrial ([C] MYL7 in green) and
ventricular ([C] MYL2 in red) cardiomyocyte subtypes. Nuclei were counterstained with DAPI (blue). Full 3D
hOCMTs scale bar = 200 µm, Close-up scale bar = 50 µm.
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myosin-actin myofilaments and the abundance and shape of mitochondria, are considered representative of the
maturity of the contractile tissue.

We analysed the ultrastructure of the contractile core of hOCMTs and assessed how it developed with time
in culture by transmission electron microscopy (TEM). TEM analysis clarified that the prototypical contractile
apparatus was hardly recognizable in hOCMTs cultured for 21 days, while highly organized sarcomeres with
distinct z-disks and evenly distributed myofilaments could be detected in those cultured for 50 days (Fig. 5A,B).

The same analysis also demonstrated that longer culture times (day 85) led to the assembly of t-tubules close
to the regularly spaced myofibrils, together with the appearance of packed and elongated mitochondria (Fig. 5F
and Supplementary Fig. 3). The presence of t-tubules, extensions of the sarcolemma interspersed around the
contractile apparatus to maximize the efficiency of calcium exchange, is only found in mature cardiac muscle
and was not reported for standard 2D monolayer cultures75. We found the sarcomere length to be approximately
1.5 µm (Fig. 5C,D). This value did not change at later time-points (day 85) and is consistent with the values
described for young mammalian cardiomyocytes67. Meanwhile, Z-band was found to increase slightly in width,
but not significantly, with time in culture (700 ± 250 nm on day 85 vs. 450 ± 100 nm on day 50, p < 0.0001) as to
get closer to the values typical of adult heart67 (Fig. 5E–G).

Furthermore, TEM also demonstrated a higher amount of mitochondria and glycogen accumulation at later
time-points (day 50 and 85) compared to day 21 (Supplementary Fig. 3), which suggests a metabolic shift to
advanced maturation of cardiomyocytes67. All these features indicate hOCMTs undergo structural and metabolic
maturation67 when cultured for long time in 3D.

3D long-term culture induces human iPSC-derived organotypic cardiac microtissue matura-
tion. Contractile cell maturation can be monitored by tracking the evolution of the expression of specific
genes encoding for contractile proteins. Hence, we set at investigating the transcriptional landscape of hOCMTs
in order to assess the impact of time and dimensionality on the maturation of the contractile cells.

To this end, we performed bulk RNA-sequencing and differential expression analysis (DE analysis) on day
30 and 50 of the 3D culture and compared them to 2D monolayer cultures harvested at the same time-points
(GEO: GSE209997), adult heart tissues and Engineered Heart Tissues (EHTs) obtained from previously pub-
lished datasets (NCBI Bioproject accession numbers: PRJNA66731076 and PRJNA62873677 for adult heart, and
PRJNA83179478 for EHTs [alias GEO: GSE201437]).

A total of 2975 genes were found to be significantly and differentially regulated in 3D microtissues compared
to monolayer cultures at day 30. This number increased to 6437 at day 50 (Fig. 6A and Supplementary Dataset
1, 2), possibly indicating a bigger divergence between 2 and 3D cultures over time.

The functional annotation at both time-points revealed that the genes differentially regulated 3D hOCMTs
had a fingerprint for cardiogenesis, which included the categories of myofibril assembly and sarcomeric organi-
zation, muscle contraction and cardiac tissue morphogenesis (Fig. 6B). As an example, the top 20 deregulated
genes at day 50 between 3D and monolayer cultures included genes which are well known to be involved in car-
diac muscle maturation and function, namely cardiac muscle α-actin (ACTC1), sarcomeric α-actinin (ACTN2),
phospholamban (PLN) and myosin heavy chain 7 (MYH7) (Fig. 6C). On the contrary, 2D cultures showed an
increased expression in ECM-related genes, most likely as a result of the predominance of cardiac fibroblast
population in monolayer culture (Fig. 6B,C and Supplementary Fig. 4).

Clustering analysis of the genes upregulated in 3D hOCMTs compared to 2D monolayer cultures at day 50
showed a highly interconnected network of genes involved in heart contraction and sarcomeric organization,
which included important structural proteins of the contractile apparatus such as ACTC1, ACTN2, troponins
(TNNT2, TNNC1, TNNI1, TNNI3), myosin heavy (MYH6, MYH7) and light (MYL2, MYL3) chains, dystrophin
(DMD), titin (TTN), obscurin (OBSCN) and myozenin 2 (MYOZ2), among many others (Fig. 6D).

In good agreement with the presence of t-tubules in 3D hOCMTs and their drift towards a more mature
intracellular Ca2+-dependent contraction, we detected the enhanced expression of the SERCA Ca-ATPase 2
(AT2A2) and its inhibitor phospholamban (PLN), triadin (TRDN), ryanodine receptors (RYR2 and the Purkin-
je’s cell specific RYR3), calsequestrins (CASQ1, CASQ2), as well as genes related to cardio-renal homeostasis
angiotensinogen, atrial natriuretic peptide and corin (AGT, NPPA, CORIN). Interestingly, in accordance with
the marked increase in the number of mitochondria observed in the TEM images (see Fig. 5A, Supplementary
Fig. 3), day 50 3D hOCMTs showed an upregulation in the network of genes associated with mitochondrial ATP
synthesis coupled electron transport, including several NADH:ubiquinone oxidoreductase and Cytochrome c
oxidase subunits (Fig. 6D).

Since long-term 3D cultures seemed to be able to promote the maturation of hOCMTs, we set at comparing
the transcriptomic landscape of our in vitro constructs with available datasets obtained from adult atrial and
ventricular heart tissues76,77 (Fig. 6E).

Sample clustering showed that day 50 3D hOCMTs were closer to adult heart at transcriptional level, with the
most similar levels being associated with the expression of several sarcomere-associated genes, including TTN,
ACTN2, troponins (TNNT2, TNNI3K, TTNC1, TNNI3) and Myosin heavy chains (MYH6, MYH7, MYH7B), as
well as important components of the calcium handling apparatus (RYR2, ATP2A2, PLN). Consistent with our
immunostaining results, day 50 3D microtissues displayed both atrial (MYL4, MYL7, MYBHL) and ventricular
(MYL2, MYL3, FHL2) chamber markers (Fig. 6E). In accordance with the increased number of mitochondria
(see Fig. 5A, Supplementary Fig. 4), and the upregulation of mitochondrial ATP-synthesis related transcript
(Fig. 6D), the comparison of day 50 hOCMTs also showed similar clusters on metabolic genes to adult heart,
such as oxidative phosphorylation (PPPARGC1A, MT-ATP6), fatty acid metabolism (FABP3, GPAT3, PAM),
lipid metabolism (FITM1, PRKAA2, INPP4B), and glycogen metabolism (PPP1R3A).
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Figure 5.  Ultrastructural analysis of 3D hOCMTs indicates enhanced maturation in 3D environment over
time. (A) TEM images of 3D hOCMTs s showing increasing ultrastructural organization over time, from day
21 to day 85: Cardiomyocyte myofibers (Myo), Mitochondria (M) Z-band (Z), T-tubules. Scale bars = 200 nm. 
(B) Close-up images on day 50. Scale bars = 200 nm. (C) Representative micrograph showing sarcomere length
(SL; white dotted two-headed arrow) and z-band width (ZW; cross sectional length; white solid two-headed
arrow) with the corresponding sarcomere length (D); day 50, 1400 ± 300 nm; day 85, 1500 ± 200 nm; N > 20,
Mean ± SD)- and z-band width (E); day 50, 450 ± 100 nm; day 85 700 ± 250 nm; N > 30, Mean ± SD). Scale 
bar = 200 nm. (F) Micrograph showing myofiber organization (white arrow) with their relative organization as
defined by the plot profile intensity on day 50 vs day 85 (G) of the area indicated by the grey dashed box of (F).
Scale bar = 200 nm.
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Figure 6.  3D long-term cultures induce improved cardiac specification and cardiomyocyte maturation at
transcriptional level. (A) MA plot of the differentially regulated genes between 2D monolayer and 3D hOCMTs
at day 30 (up) and day 50 (down) (log2 mean, p.adj < 0.05). (B) Graph representing the − log2value adjusted
p-value of significantly upregulated (red) or downregulated (blue) GO Biological process categories when
comparing 3D hOCMTs and 2D monolayers at day 30 (up) and day 50 (down) (p.adj < 0.05). (C) Heatmap
representing the log2fold change for the top 20 differentially regulated genes between 2D monolayer and 
3D hOCMTs at day 50 (p.adj < 0.05). (D) STRING network of the upregulated genes at day 50 hOCMTs as
compared to monolayer cultures for the indicated GO biological processes categories by Cytoscape (Kappa
score = 0.3). Log2fold change for the nodes (genes) is represented using a color-coded scale. (E) Heatmap
encoding for log2fold changes in selected cardiac genes for the 3D hOCMTs and the 2D monolayers at both
time-points in comparison with available datasets for adult human atrial and ventricular tissues (p.adj < 0.05).
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Finally, we compared the transcriptome of our 3D hOCMTs to Engineered Heart Tissue (EHT)31,78, a well-
established model of 3D cardiac tissue obtained from hiPSCs. The analysis demonstrated that 3D long-term
culture (day 50) prompted the expression of similar levels of genes encoding for sarcomere-associated proteins,
which included TTN, ACTN2, troponins (TNNT2, TNNI3K, TNNI3), Myosin heavy chain (MYH7), calseques-
trins (CASQ2) among many others (Supplementary Fig. 5).

Overall, transcriptomics analysis confirmed that our long-term 3D protocol induced hiPSCs cardiac speci-
fication and cardiomyocyte maturation at a metabolic, calcium handling and sarcomeric level. The maturation
of 3D hOCMTs is strongly promoted by time in culture.

Long-term human iPSC-derived organotypic cardiac microtissues display enhanced metabolic
activity. The transcriptomic analysis of 3D hOCMTs was further exploited to investigate their metabolic
maturation as compared to the 2D monolayers.

The heart is characterized by very high and distinct metabolic demands, with adult cardiomyocytes relying
on oxidative phosphorylation for ATP production. On the contrary, immature hiPSC-derived cardiomyocytes
display continued reliance on glycolysis as the primary source of energy79. Although the healthy heart can oxidize
several substrates from energy production, classic studies estimate that ATP production comes preferentially from
fatty acid (FA) oxidation, accounting for around 70% of the total generation. The rest is provided by alternative
substrates, including glucose, lactate and pyruvate80.

Our 3D hOCMTs displayed higher expression of genes related to the FA β-oxidation, which has been pre-
viously associated with a more mature phenotype in hPSC-CMs (Fig. 7A)81. The expression of key regulator
PPARA was—in fact—enhanced in the 3D culture. More directly into the lipid metabolism, the heart-type fatty
acid binding protein (FABP3) and the lipoprotein lipase (LPL) displayed 4 times fold upregulation (Fig. 7A).
The cytosolic fatty acyl-CoA synthase (ACSL1) catabolizing the long-chain acyl-CoA ester production, and
the proteins required for their transfer into mitochondria (CPT1A, CPT2, CRAT, SLC25A20) were also found
increased in the hOCMTs. Inside the mitochondria, most of the genes related to β-oxidation were found signifi-
cantly upregulated as well, including the sequential acyl-CoA dehydrogenases (ACDVL, ACDL, ACDM, ACDS),
which are highly expressed in the myocardium. The expression of several genes associated with peroxisomal FA
intake and β-oxidation were also found upregulated.

Nevertheless, crucial genes related to glucose and pyruvate metabolism were also upregulated in the hOCMTs:
this list included the glucose transporters SLCA3 (GLUT3) and SLCA4 (GLUT4), most of the enzymes associated
with glycolysis, the proteins transporting the resulting pyruvate into the mitochondria (MPC1, MPC2), and its
conversion into Acetyl-CoA (PDHA1, DLAT, DLD). Similarly, transcripts encoding for all the catabolic steps of
the tricarboxylic acid cycle were more abundant in the 3D hOCMTs (Fig. 7A).

In accordance with the increased number of mitochondria (see Fig. 5A, Supplementary Fig. 3), this increase
in mitochondrial metabolism was combined with an increase in the expression of genes associated to ATP
synthesis-coupled electron transport. Most of the genes encoding for the proteins composing the four electron
transport protein complexes were found upregulated, as well as the vast majority of the subunits of the adenosine
triphosphate (ATP) synthase itself (Fig. 7A, up). Several of the mitochondrial genes associated with the electron
transport chain were likewise enriched in the hOCMTs, including NADH-ubiquinone oxidoreductase chain
subunits (ND1, ND2, ND3, ND4, ND4L, ND5) and ATP synthase subunits (ATP6, ATP8).

In order to confirm that 3D long-term (over 50 days) culture induces hiPSC metabolic maturation, we per-
formed real-time analyses of 2D monolayer and 3D microtissue cultures’ energy metabolism using the Seahorse
XFp Analyzer and Seahorse Mito Stress Test Kit. Results presented in Fig. 7B indicate a highly energetic phe-
notype of 3D hOCMTs compared to the 2D cultures. The 3D cultures not only exhibited a significantly higher
oxygen consumption rate (OCR) than the 2D cultures (111.83 ± 17.21 vs 55.43 ± 2.82 pmol/min/300 ng DNA—the
last baseline measurement before Oligomycin injection) but also increased extracellular acidification rate (ECAR,
35.09 ± 4.60 vs 12.19 ± 1.24 mpH/min/300 ng DNA—the last baseline measurement before Oligomycin injection).

A detailed analysis of the Mito Stress Test data revealed a significantly higher basal mitochondrial respiration
in the 3D cultures (94.38 ± 16.28 vs 40.22 ± 1.89 pmol/min/300 ng DNA, p < 0.05; Fig. 7C). Interestingly, the 2D
cultures showed a higher spare respiratory capacity than the 3D cultures (125.35 ± 15.52 vs 48.20 ± 10.18 pmol/
min/300 ng DNA, p < 0.01; Fig. 7C). Notably, despite a relatively high dissipation of the mitochondrial proton
gradient in hOCMTs (proton leak, 37.37 ± 5.75 vs 8.02 ± 2.13 pmol/min/300 ng DNA, p < 0.01; Fig. 7C), the
3D cultures produced significantly more ATP via mitochondrial respiration than their 2D counterparts (ATP
production, 32.62 ± 7.08 vs 2.59 ± 0.95 pmol/min/300 ng DNA, p < 0.01; Fig. 7C).

Our transcriptomics and Seahorse XF metabolic flux data suggest that hOCMTs showed an enhanced meta-
bolic activity, which was associated with increased metabolic signatures related to FA oxidation, mitochondrial
respiration and glycolysis.

Human iPSC-derived organotypic cardiac microtissues functionally respond to drugs in a dose
dependent fashion in long-term culture. An essential feature of bona fide organoids is to replicate at
least one specialized function of the modelled organ51–53, which in the case of heart tissue can be assessed by
the contractile activity of human cardiac organoids (hCOs). As previously indicated, once our 3D hOCMTs
acquired spontaneous contractile activity early in culture (48 h post aggregation), the contractility persisted for
more than 100 days (Supplementary Video 2).

In order to test their physiological significance, 3D hOCMTs were exposed to clinically relevant doses of
cardioactive drugs82,83 in long-term cultures (> day 50). In detail, isoproterenol and verapamil were used as posi-
tive and negative inotropes, respectively. Isoproterenol, a beta-adrenergic agonist, increases the contractile force
and beating frequency84, while verapamil, a calcium channel blocker, decreases the beating rate85. The hOCMTs 
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Figure 7.  3D long-term cultures promote changes in metabolic activity towards maturation. (A) Diagram
showing metabolic genes with significantly upregulated (in red) and downregulated (in green) genes between
long-term 3D hOCMTs vs 2D monolayer cultures (log2fold change; p.adj < 0.05). (B) Graphs for comparing
the cellular energy metabolism of long-term 3D hOCMTs vs 2D monolayer cultures after day 50 using
Seahorse XFp Analyzer and Seahorse Mito Stress Test Kit: (i) oxidative phosphorylation (oxygen consumption
rate, OCR) and (ii) glycolytic flux (extracellular acidification rate, ECAR) (Mean ± SEM obtained in four
independent analyses. Total sample size: n2D = 12, n3D = 9). (C) Bar graphs providing a detailed analysis of the
oxygen consumption rate (OCR) Seahorse XFp Analyzer data presented in (B): (i) basal respiration and spare
respiratory capacity, (ii) proton leak, ATP production (Mean ± SEM, N = 4, n2D = 12, n3D = 9, unpaired Student’s t
test—two-tailed).
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were incubated with increasing drug doses (0.01–1 µM) for 15–20 min and further monitored by live imaging
using a confocal microscope.

The response to the treatment was evaluated and quantified based on the contraction (Fig. 8A) and beating
rate (Fig. 8B) of the hOCMTs, analysed through the open-source software tool MUSCLEMOTION86,87. The
acquired data shows that increasing concentrations of isoproterenol resulted in enhanced contraction amplitude
and beating rate, with the beating rate peak at 1 µM. As expected, increasing concentrations of verapamil had
the opposite effect, with the beating being completely hindered at 1 µM drug dosage (Supplementary Videos
3–8). These observations are in accordance with those reported in previous studies in cardiac microtissues88

and confirm that our constructs can functionally respond to cardioactive drugs in a dose dependent manner.
Finally, we investigated the possibility of modelling drug-induced cardiotoxicity on our hiPSC-derived micro-

tissues, by treating them with doxorubicin (Doxo), a well-known chemotherapeutic agent widely used in the
treatment of several types of cancers89. The drug is—in fact—also known to have cardiotoxic and pro-fibrotic
effects, thus able to cause or exacerbate heart failure in vivo90–95.

The 3D hOCMTs were exposed to 0.1 µg/mL and 1 µg/mL of Doxo and their morphology and contractile
activity was compared with untreated controls (n = 6) for the next 6 following days. The culture medium was
exchanged every 3 days and the cultures were monitored on a daily basis. Figure 8C shows that the morphology
of the constructs gradually changed over the course of treatment, and with the occurrence of more irregular edges
when exposed to higher Doxo doses. In addition, clear changes could also be observed in the beating profiles of
the constructs treated with Doxo (Fig. 8D,E, and Supplementary Videos 9–14).

We figured the changes in the morphology of the microtissues treated with the chemotherapeutics might be
due to the induction of cell death by the drug. Therefore, after 6 days of Doxo treatment, we assessed the viability 

Figure 8.  Long-term 3D hOCMTs show functional response to cardioactive and cardiotoxic drugs in a dose
and time dependent manner. (A) Representative contraction amplitude plots of long-term (> day 50) Long-
term 3D hOCMTs in response to untreated vs increasing doses of Isoproterenol and Verapamil. (B) Average
beating rates of 3D long-term cardiac microtissues hOCMTs in response to increasing doses of Isoproterenol
and Verapamil (n = 3, Mean ± SD, Dunnett’s multiple comparisons test). (C) Morphology of 3D long-term 
(> day 50) Long-term 3D hOCMTs in response to untreated vs increasing doses of Doxorubicin (Doxo) over 
6 days (scale bar = 500 µm). (D) Representative contraction amplitude plots of Long-term 3D hOCMTs in
response to untreated vs increasing doses of Doxo over 6 days (t = 15 s). (E) Average beating rates of Long-term
3D hOCMTs in response untreated vs increasing doses of Doxo over 6 days (n = 6, Lines = Median ± min/max,
Dots = Mean value, Dunnett’s multiple comparisons test). (F) Luminescence-based quantification of cell viability
Long-term 3D hOCMTs on day 6 of Doxo treatment normalized to untreated samples (untreated vs 0.1 µg/mL
vs 1 µg/mL) (n = 6, Mean ± SD, Tukey’s multiple comparisons test). (G) Representative cell viability of v on day 6
of Doxo treatment (untreated vs 0.1 µg/mL vs 1 µg/mL) with Calcein/AM staining, green = live, red = dead (Scale
bar = 100 µm).
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of the constructs with a luminescence-based assay. The results in Fig. 8F,G revealed that the 3D hOCMTs treated
with 1 µg/mL Doxo were significantly less viable than both the control group and the group treated with lower
drug concentration (0.1 µg/mL) (Average viability on day 6: 100 ± 4.1% for ctrl, 86.4 ± 9.3 for 0.1 µg/mL Doxo,
28.3 ± 6.6% for 1 µg/mL Doxo, Mean ± SD, p < 0.0001).

Discussion
In this study we present a simple method to generate 3D iPSC-derived human cardiac microtissues in the absence
of an external scaffold that could be cultured for extended periods.

Our study has demonstrated that long-term cultured 3D cardiac microtissues reveal some characteristics
resembling native human heart, such as: (1) spontaneous 3D organization in scaffold-free conditions; (2) pres-
ence of multiple cell types of the heart with a tendency to re-organize into distinct and discrete structures; (3)
ultrastructural organization and maturation of cardiac muscle sarcomeres and mitochondria; (4) improved sur-
vival, cardiac specificity and maturation at transcriptional and metabolic levels; (5) long-term functional beating
in the absence of external stimuli; (6) functional response to cardioactive and cardiotoxic drugs in a dose- and
time-dependent fashion. Given that long-term cultured 3D cardiac microtissues possess the abovementioned
characteristics, we propose that the hOCMTs can be defined as human cardiac organoids (hCOs).

When compared to standard 2D cardiomyocytes culture, 3D hOCMTs showed an enhanced survival rate.
More importantly, their cellular composition appeared to be more representative of the physiological conditions
in the heart, although their overall phenotype appeared to be close to foetal heart88,96.

While the effects of long-term culture in promoting the maturation of PSC-derived cardiomyocytes is well
established69,97, 2D culture is usually challenging in the long run, as the cardiomyocytes tend to delaminate from
the traditional tissue culture plates69, leaving non-myocyte cell populations such as fibroblasts to overgrow.

One of the greatest advantages of our model is that there is no need for an external scaffold as the microtis-
sues self-organize and survive for a long time in static culture conditions. Other models have been developed in
the absence of an external ECM, however they usually require the differentiation of other stromal cells (such as
epicardial or fibroblastic cells) separately, followed by their assembly with cardiac myocytes35,56.

On the contrary, by exploiting the limited efficiency of the original 2D cardiac differentiation protocol by
Lian et al.13,14 and simply switching the dimensionality from 2 to 3D, we have generated long-term 3D hOCMTs
in which epicardial cells, fibroblasts, and endocardial cells emerge spontaneously together with cardiomyo-
cytes, without the need to set up separate lineage differentiation protocols and further assembly. In addition,
the spontaneous beating of our hOCMTs was observed for more than 100 days as, to this date, only reported by
Silva et al. as well. The latter paper, though, reported that the developmental co-emergence of gut also occurred
together with the heart tissue65.

In our model, a distinct gut tissue was not observed after 50 days of culture through immunofluorescence
analysis. Histological analysis of the hOCMTs has shown distinct populations of WT1-, TBX18-positive epicar-
dial cells, TE-7-, SM22α-positive fibroblast-like cells, NFAT2-positive endocardial cells along with a distinct core
of cardiomyocytes. CD31-positive endothelial cells could also be detected. The low number of CD31- positive
cells might be explained by the fact that in native human heart endothelial cells have different developmental
origins98, and we did not supplement our culture media with endothelial-lineage favouring factors, like VEGF,
during our study.

Another interesting feature of the hOCMTs is the occurrence of cardiomyocytes expressing both atrial and
ventricular markers, as identified by confocal imaging of MYL2 and MYL7. Although MYL7 is known to be
observed on all cardiomyocyte subtypes during development74, we could identify cardiomyocytes that are MYL7
positive, but not MYL2 positive, or vice versa, suggesting there could be a tendency of commitment to formation
of different cardiomyocyte subtypes. Despite significant differences, a similar phenomenon of atrial/ventricular
cardiomyocyte subtype distinction was also shown by Israeli and colleagues, which appeared to be blunted with
long-term culture64. Instead, the herein reported hOCMTs revealed higher cardiac-specific cellular heterogene-
ity and maturation in terms of histological, ultrastructural, and transcriptional-levels in long-term 3D cultures
compared to shorter culture times and standard 2D monolayer culture.

The maturity and complexity of our construct could be shown at the ultrastructural level by our TEM analysis
over long culture times. On day 50 and 85, our hOCMTs displayed clearly aligned myofibers resulting in well-
organized sarcomeres, as compared to earlier time points. These morphological adaptations, which are hall-
marks of mature cardiac tissues67, were further supported by transcriptomics analysis, where hOCMTs showed
an increased expression of genes related to cardiac contraction and sarcomeric structures. The maturity of our
long-term 3D hOCMTs could also be demonstrated by comparison with Engineered Heart Tissues (EHTs), a
well-recognized 3D model of cardiac tissue in vitro, by showing our 3D constructs share with EHTs a similar
transcriptional landscape.

The calcium handling properties of immature cardiomyocytes diverge from their mature counterpart. While
immature cardiomyocytes can rely on the calcium released at the cell periphery to initiate sarcomere contrac-
tion, mature cardiomyocytes develop plasma membrane invaginations (t-tubules) which are wrapped around
the myofibrils as to make the process of calcium release and re-uptake faster and more efficient99,100. The first
polarization triggers the release of calcium stored in the sarcoplasmic reticulum by RYR2, which is pumped back
to the sarcoplasmic reticulum by SERCA2 (sarco/endoplasmic reticulum Ca2+-ATPase). The analysis of hOCMTs
confirmed the presence of t-tubules at the longer time-points (> day 50), the upregulation of some of the genes
involved in their biogenesis (JPH2, ACTN2, NEXN) and sarcomeric calcium management (RYR2, PLN, SERCA
), hence demonstrating long-term 3D culture determines functional maturation of hOCMTs.

Furthermore, cardiomyocytes also experience several metabolic adaptations during in vivo maturation in
order to generate the required amount of ATP74,101. Our ultrastructural results are compatible with this metabolic 
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switch, showing that hOCMTs acquired elongated mitochondria distributed around the contractile apparatus
with time in culture. This idea is further reinforced by the upregulation of genes related to electron transport
chain-linked phosphorylation and FA β-oxidation in long-term 3D cultured hOCMTs, which has been previ-
ously linked to a more mature phenotype in hPSC-CMs81. Interestingly, the increase in electron transport chain
activity has been linked to the cardiomyocyte differentiation and maturation not only through metabolic support,
but also by generating calcium oscillations though complex III activity102. Recent protocols have been devised
that improve pluripotent stem cell-derived cardiomyocyte metabolic maturation, and push them closer to adult
cardiomyocytes, which rely on oxidative phosphorylation for ATP production79.

Our analyses of cell energy metabolism using the Seahorse XF technology revealed hOCMTs as highly ener-
getic compared to the 2D cultures. The 3D hOCMTs consumed much more oxygen, a significant proportion
of which was used for mitochondrial ATP production. The proton leak in the mitochondria of hOCMTs might
serve as a protective mechanism against mitochondrial damage by limiting reactive oxygen species production103.
The surprisingly similar levels of maximal respiration in the 3D and 2D cultures induced by FCCP stimulation
indicated that the mitochondria of 2D culture cells were also metabolically competent and possessed a high
respiratory capacity. However, their respiratory capacity was only partially used for mitochondrial ATP pro-
duction under standard culture conditions. We also observed an increased extracellular acidification rate in the
3D cultures that nicely correlated with the results of transcriptomics analyses showing a general upregulation
of metabolic gene expression, including glycolysis genes. This increase in glycolysis might reflect individual
metabolic adaptations of various cell types and subpopulations in hOCMTs and could potentially be linked to
differential oxygen availability inside hOCMTs. Together, our Seahorse XF analyses showed that cellular energy
metabolism strongly differs in the 2D and 3D cultures, and the 3D hOCMTs relied significantly more on mito-
chondrial respiration to satisfy their energy needs.

Functional analysis of the 3D hOCMTs proved that they were responsive to clinically relevant doses of
cardioactive and cardiotoxic drugs. This is the first step required to consider the generation of patient-specific
models of disease for drug testing.

As for modelling chemotherapy-induced cardiotoxicity, while doxorubicin is a well-established chemothera-
peutic known to cause heart failure as a side effect90–95, the in vitro modelling in cardiac microtissues is still not
well-established due to the limitations so far encountered in reproducing the physiological cellular heterogeneity,
and cardiomyocyte maturity62. Furthermore, it is crucial to consider the influence of cell–cell interactions of
cardiomyocyte vs non-myocytes—especially fibroblasts—and cell-ECM interactions104. Our hOCMT platform
offers the advantages of long-term viability, cellular heterogeneity and advanced maturity in vitro, rendering it a
physiologically relevant alternative for future studies. For instance, further clinical parameters such as the cardio-
fibrotic potential of doxorubicin treatment93,94,105, the secretion of cardiac troponins and natriuretic peptides as
clinically relevant markers of chemotherapy-induced cardiotoxicity106 or simply the potential for personalized
medicine could be exploited by using this iPSC-derived hOCMT107.

Although promising, our study shows some limitations. Despite the structural and functional maturation
in the long-term culture model as compared to traditional monolayers, hOCMTs still display features of the
foetal rather than the adult heart. For example, myocytes of our hOCMTs have ~ 1.5 µm length of sarcomeres
(as in foetal mammalian hearts), whereas in adult hearts, this length is usually 2 µm67. We believe the adoption
of additional stimuli (i.e.: dynamic culture, mechanical conditioning and electrical stimulation) might in the
future help further improve the model here described108. Furthermore, despite showing hints of histological
similarities to the heart tissue, cellular heterogeneity of cardiac cell types, and spontaneous re-organization of
these multiple cell types at distinct regions, additional cues would be needed to establish true self-organization
following the same principles of embryonic human heart development.

In a longer perspective, in vitro cardiotoxicity studies should not underestimate the importance of multi-
organ interactions. While drugs in their native chemistries may not always result in direct cardiac damage109,
their metabolic by-products might cause cardiotoxicity in vivo109,110.

In conclusion, we have established a simple procedure to prepare human induced pluripotent stem cell-
derived organotypic cardiac microtissues. We propose that hOCMTs could be considered as cardiac organoids,
for their ability to recapitulate different key features of the human heart, and display improved maturation and
functionality in long-term culture, thus enhancing the potential of in vitro platforms to be used in translational
research applications.

Methods
Stem cell culture and maintenance. The human iPSC cell line DF 19-9-7 T (iPS, karyotype: 46, XY)
was purchased from WiCell (Madison, WI, USA), and the Troponin I1 reporter iPSC line (TNNI1-iPS) was
purchased from Coriell Institute (Cat. no. AICS-0037-172, Camden, New Jersey, USA). All iPSC cells were
cultured and maintained in feeder-free conditions as previously  described111,112 on Growth Factor Reduced
Matrigel®-coated plates, (1:100 in DMEM/F12, Corning) in complete Essential 8™ Medium (E8, Thermo Fisher
Scientific) containing penicillin/streptomycin (P/S) (0.5%, VWR), incubated at 37 °C, 5% CO2.

hiPSC-derived monolayer cardiac differentiation and maintenance. Cardiac differentiation from
hiPSCs was performed following the Wnt signalling modulation protocol by Lian et al.13,14, with slight modifi-
cations as previously described111. Briefly, prior to cardiovascular differentiation, hiPSCs were dissociated into
single cells (TrypLE Select, Thermo Fisher Scientific) and re-seeded onto 12-well Matrigel-coated plates with
2.0 ×  105 cells/cm2, with complete Essential 8 medium including Y27632 Rock Inhibitor (RI) (1:4000 dilution
from 10 μM stock, 2.5 μM final, Selleck chemicals, Houston, TX, USA). The next day, the medium was replaced
with complete Essential 8 medium without RI, and the medium exchange was performed daily until the cells 
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reached 100% confluency. On day 0, to start mesoderm differentiation, the medium was changed with RPMI
1640 with L-Glutamine (Biosera) media supplemented with P/S, B-27™ supplement minus insulin (1 ×, Thermo
Fisher Scientific) and CHIR99021 (8 µM, Sigma-Aldrich). On day 2, the medium was exchanged with RPMI
1640 + B-27 minus insulin (RPMI + B27-Ins), supplemented with IWP-2 (5 µM, Selleck chemicals). On day 4,
the medium was replaced with RPMI + B27-Ins, and medium exchange was performed every 2 days until the
cells started beating (usually on day 7, but may depend on the iPSC line). Once beating clusters started to
emerge, the medium was replaced with RPMI 1640 + B-27™ supplement (RPMI + B27 + Ins) (1 ×, Thermo Fisher
Scientific), and medium exchange was performed every 2–3 days until day 15 of differentiation. From day 15 on,
the cells were used either for generation of 3D hOCMTs or were continued to be cultured as 2D monolayers as
controls, with medium exchange every 3–4 days until the end of experiments.

hiPSC-derived 3D organotypic cardiac microtissue (hOCMT) generation and mainte-
nance. On day 15 of monolayer cardiac differentiation, cells were dissociated by putting 0.5 mL StemPro™
Accutase™ (Gibco) per well, and incubating in room temperature or in 37 °C incubator for 10–20 min with
occasional mechanical pipetting, until the cells were visually dissociated. After sufficient dissociation, Accutase™
was stopped by putting 3 mL RPMI 1640 with 20% Knockout Serum Replacement (Gibco) per well, and the
cells were pelleted by centrifugation at 150×g for 3 min. The resulting pellet was resuspended with RPMI/
B27 + Ins + P/S + RI (1:2000 dilution from 10 μM stock, 5 μM final), counted by LUNA™ cell counter (Logos),
and seeded 150,000 cells/well in 96-well round bottom ultra-low attachment plates (Corning Costar 7007) at a
volume of 150 µL/well. The plates were then centrifuged at 200×g for 5 min and incubated at 37 °C, 5% CO2. As
2D control, either 200,000 cells per well were seeded in Matrigel-coated 96-well tissue culture plates at a volume
of 200 µL/well, or 1.5 × 106 cells were seeded on Matrigel-coated 24-well tissue culture plates in 1 mL volume
per well, or left undetached in 12-well plates. After 48 h, medium was replaced with RPMI/B27 + Ins without RI
from hOCMTs and 2D-controls that were re-seeded. From this point on, medium was changed partially every
2–3 days with RPMI/B27 + Ins + P/S until day 30, then every 3–4 days at least until day 50, or longer.

Cell viability with Calcein AM/EthD-1 staining. 3D hOCMT viability was assessed with LIVE/DEAD™
Viability/Cytotoxicity Kit, for mammalian cells (Thermo Fisher Scientific), according to manufacturer’s instruc-
tions, and confocal imaging was performed with Zeiss LSM 780 confocal microscope.

Terminal deoxynucleotidyl transferase (TdT) dUTP nick-end labeling (TUNEL) assay. The pres-
ence of 3D hOCMT apoptotic/necrotic core was assessed on hOCMT cryosections with Click-iT Plus TUNEL
Assay Kit with Alexa Fluor 647 fluorophore (Thermo Fisher Scientific) according to manufacturer’s instructions.
Positive control of cell death was performed by DNAse I treatment according to manufacturer’s instructions
(Thermo Fisher Scientific, Cat. no. 18068015). Confocal imaging was performed with Zeiss LSM 780 confocal
microscope.

Immunofluorescence (IF). 3D hOCMT fixation, cryosectioning, and immunostaining was modified from
Perestrelo et al.104. Briefly, 3D hOCMT s were collected with low binding pipette tips, and fixed in 4% PFA (Santa
Cruz Biotechnology) supplemented with 0.03% eosin (Sigma Aldrich) for 2 h at room temperature, followed
by washing with 1×PBS (Lonza), and embedding in 30% sucrose solution at 4 °C until they sink at the bottom
(~ 2 days). The hOCMTs were then embedded in OCT solution (Leica), frozen in cassettes embedded in iso-
pentane (VWR) cooled with dry ice, and were stored in − 80 °C until further processing. The frozen hOCMTs
were cryosectioned by cryotome (Leica CM1950) onto Menzel Gläser, SuperFrost® Plus slides (Thermo Fisher
Scientific) at 10 µM thickness.

For IF analysis, the hOCMT sections were washed with PBS for 2 × 5 min at RT, followed by permeabilization
with 0.2% Triton X-100 (Sigma Aldrich) for 5 min. Blocking was done by 2.5% bovine serum albumin (BSA)
(Biowest) in PBS for our at room temperature. Primary antibodies were incubated overnight at 4 °C (SI—Sup-
plementary Table 1). The next day, the samples were washed with PBS, followed by appropriate Alexa-conjugated
secondary antibodies (SI—Supplementary Table 1). Counterstaining was done by DAPI (Roche), and hOCMT
slides were mounted with Mowiol®4-88 (Sigma Aldrich). Confocal imaging was performed with Zeiss LSM 780
confocal microscope.

Further histological procedures can be found in Supplementary Methods.

Microscopy and image analysis. Confocal imaging was performed with Zeiss LSM 780 confocal micro-
scope. Light microscopy imaging was performed with Leica DM IL LED inverted microscope, and fluorescence
images were collected with Leica DMI4000 B inverted fluorescence microscope. Image analysis was performed
with ImageJ (v1.53o).

3D hOCMT dissociation. For flow cytometry and RNA isolation, hOCMTs were collected in Eppendorf
tubes with low binding pipettes on day 30 and 50, and dissociated with MACS Multi Tissue Dissociation Kit 3
(Miltenyi Biotec, Cat. no. 130-110-204) according to manufacturer’s instructions. As controls, 2D monolayer
cultures were directly dissociated on the plates with the same kit.

Flow cytometry. Flow cytometry analyses on 3D hOCMTs and 2D controls were performed on day 15
(for 2D), day 30 (for 2D and 3D) and day 50 (for 2D and 3D) timepoints as described  previously104,112 with
modifications. Briefly, on each timepoint, samples were dissociated with MACS Multi Tissue Dissociation Kit 
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3, washed with FACS buffer (99.4% PBS + 0.1% UltraPure™ 0.5 M EDTA pH 8.0 by Invitrogen™ + 0.5% FBS by
Sigma Aldrich [Cat. no. F9665-500ML]) and surface marker staining with CD90-APC (Exbio; 1:10 dilution in
FACS buffer) and CD31-BV421 (Biolegend; 1:10 dilution in FACS buffer) antibodies was performed together
with corresponding unstained controls for 30 min on ice. Afterwards, sample fixation and permeabilization
was performed with Intracellular Fixation and Permeabilization Buffer Set (eBiosciences) per manufacturer’s
instructions, followed by intracellular marker staining with TNNT2-FITC (Miltenyi Biotec; 1:50 dilution in 1 ×
Permeabilization Buffer) antibody together with corresponding unstained controls for 30 min in room tempera-
ture. Sample acquisition was performed by using BD FACSCanto II (Becton, Dickinson and Company, Franklin
Lakes, NJ, USA), and cell populations were analysed with FlowJo v.10 (Tree Star) (see SI—Supplementary Table 1
for detailed antibody information).

Transmission electron microscopy (TEM) sample preparation and analysis. 3D hOCMTs were
transferred to new well-plates with low binding pipettes, and washed 2 × with PBS. Fixation was done by 1.5%
PFA + 1.5% glutaraldehyde (Sigma Aldrich) diluted in RPMI 1640 culture media for 1 h, then washed with 0.1 M
cacodylate buffer (pH 7.4) (Sigma Aldrich) for 3 times 5 min each, and incubated overnight at 4 °C in cacodylate
with glutaraldehyde. The next day, samples were rewashed 3 times with cacodylate buffer, and incubated at 4 °C
in cacodylate buffer until sending the samples, protected from light. The 3D hOCMTs were post-fixed for 1.5 h
with 1% osmium tetroxide in 0.1 M cacodylate buffer and washed for 3 times with 0.1 M cacodylate buffer,
10 min each, then stained with 1% uranyl acetate in milli-Q water overnight at 4 °C, followed by washing in
milli-Q water. The samples were then dehydrated in an ascending EtOH series using solutions of 70%, 90%, 96%
and 3 times 100% for 10 min each, incubated in propylene oxide (PO) 3 times for 20 min before incubation in
a mixture of PO and Epon resin overnight, and incubated in pure Epon for 2 h and embedded by polymerizing
Epon at 68 °C for 48 h. Ultra-thin sections of 70 nm were cut using a Leica Ultracut EM UC 6 Cryo-ultrami-
crotome. TEM images were collected with a JEOL JEM 1011 electron microscope and recorded with a 2 Mp
charge coupled device camera (Gatan Orius).

RNA isolation, bulk RNA-sequencing and DE analysis. For RNA isolation, 3D hOCMTs and 2D
controls were dissociated by using MACS Multi Tissue Dissociation Kit 3 on day 30 and day 50. After cell disso-
ciation, RNA was extracted with High Pure RNA Isolation Kit (Roche) according to manufacturer’s instructions,
and quantified with Nanodrop 2000 Spectrophotometer (Thermo Fisher Scientific). Quality control for RNA
integrity number (RIN) was also determined with Agilent 2100 Bioanalyzer.

Bulk RNA-sequencing and DE analysis procedures are further described in Supplementary Methods.
Data were deposited in the NCBI Gene Expression Omnibus repository with the GEO ID GSE209997.
Gene ontology (GO) enrichment analysis for biological processes was performed with EnrichR web-tool113–115. 

Clustering analysis of upregulated genes was done with Cytoscape116.
RNA-seq data from this study were also compared to adult human heart RNA-seq data (from BioProjects

PRJNA66731076 and PRJNA62873677), and EHT RNA-seq data (from BioProject PRJNA83179478) obtained from
the NCBI BioProject database (https://www.ncbi.nlm.nih.gov/bioproject/) (Accession numbers: SRR12771050,
SRR12771052, SRR11620685, SRR11620686, SRR18911472, SRR18911473, SRR18911476, SRR18911477) by
using Biojupies web-tool117.

Metabolic flux analysis. Mitochondrial respiration of 3D hOCMTs and 2D controls was assessed using
Seahorse XFp Analyzer (Agilent) with Seahorse XFp Cell Mito Stress Test Kit (Agilent). On the Day 50 time-
point, 8-well XFp Cell Culture Miniplates (Agilent) were coated with Matrigel (1:20 dilution), and both 3D hOC-
MTs (one centered 3D hOCMT per well) and 2D controls (dissociated with MACS Multi-tissue dissociation kit 3
and seeded at 200,000 cells/well) were plated. The miniplates were cultured for 48 h in RPMI/B27 + Ins + P/S + RI
(1:2000 dilution from 10 μM stock, 5 μM final) media to allow stabilization, and for the next 24 h in RPMI/
B27 + Ins + P/S media. For 3D hOCMTs, only beating samples located at the center of the well were included in
the subsequent statistical analysis.

One hour before measurement, RPMI/B27 + Ins + P/S media was replaced with Seahorse XF RPMI Medium
pH 7.4 (Agilent) supplemented with 10 mM glucose, 2 mM glutamine, and 1 mM pyruvate (Agilent). Metabolic
inhibitors were diluted in the supplemented XF Medium, loaded into the injection ports of the hydrated Sea-
horse XFp Sensor Cartridge (Agilent), and injected at specified time points to the wells as follows: Oligomycin
(3 µM), FCCP (4 µM), and Rotenone/Antimycin A (2 µM). The Mito Stress Test was performed according to the
manufacturer’s instructions and included five measurements for basal consumption and five measurements after
every drug injection. An extra five-minute waiting step was included after the Oligomycin injection.

After the measurement, both 3D hOCMTs and 2D controls were dissociated with MACS MultiTissue Dis-
sociation Kit 3 (Miltenyi Biotec), and lysed for 2 h at 60 °C (10 mM Tris, 1 mM EDTA, 50 mM KCl, 2 mM
MgCl2, 200 µg/mL Proteinase K as described previously by Giacomelli et al.35. Metabolic data were normalized
by measuring the DNA content of each sample with a Quant-iT™ PicoGreen™ dsDNA Assay Kit (Thermo Fisher
Scientific) according to the manufacturer’s protocol. Wave software (Agilent), Microsoft Excel, and Prism 9
(GraphPad Software) were used for data analysis.

Drug treatments. Isoproterenol hydrochloride (Sigma Aldrich) was dissolved in dimethyl sulfoxide
(DMSO) (Sigma Aldrich), and Verapamil hydrochloride (Sigma Aldrich) in methanol (VWR) to prepare 1 M
stock solutions. Each drug solution was 10- fold serially diluted in RPMI/B27 + Ins media to make final con-
centrations between 0.0001–1 µM. As untreated controls, complete RPMI/B27 + Ins media supplemented with
DMSO or methanol were used. For data collection, the 3D hOCMTs with drug-supplemented media were incu-
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bated for 10 min at 37 °C, 5% CO2 each time the drug concentration changed, followed by live imaging with
video acquisition per condition with Zeiss LSM 780 confocal microscope. Chemotherapy-induced cardiotoxic-
ity was evaluated in 3D hOCMTs treated with RPMI/B27 + Ins supplemented with doxorubicin (Doxo) (Sigma
Aldrich), at 0.1 µg/mL and 1 µg/mL concentrations, or plain RPMI/B27 + Ins as control for 6 days. Growth
medium was exchanged every 3 days, and 3D hOCMT morphology and beating were monitored daily by live
video recording with Zeiss LSM 780 confocal microscope for 6 days. On day 6 of drug treatment, the 3D hOC-
MTs were collected for evaluating viability.

Live video acquisition and contraction analysis. To evaluate the contractile function of 3D hOCMTs,
live image sequences were acquired with Zeiss LSM 780 Confocal microscope using transmitted light mode
(37 °C, 5% CO2), as equivalent to 60 fps for 15 s; where the image sequences were later turned into .avi files
with ImageJ. The beating rates were counted and calculated manually from the video analysis, and representa-
tive contraction graphs were derived with the open-source video analysis software MUSCLEMOTION86,87 per
providers’ instructions.

Luminescence-based cell viability assay. 3D hOCMTs viability after 6 days of Doxo treatment was
assessed by CellTiter-Glo® Luminescent Cell Viability Assay Kit (Promega) according to manufacturer’s instruc-
tions. After the 3D hOCMTs were dissociated by the assay treatment, the samples were transferred to a clear-
bottom 96-well white assay plate (Corning Costar 3610) and cell viability was quantified with Centro LB 960
Microplate Luminometer (Berthold Technologies).

Statistics. Data are expressed as mean ± SD or mean ± SEM where applicable, unless otherwise stated. Sta-
tistical analyses were performed using Microsoft Excel 2010 and GraphPad Prism 8.0.2 unless otherwise stated,
using one-way ANOVA (with Tukey’s multiple comparisons test), two-way ANOVA (with Dunnett’s multiple
comparisons test), or unpaired Student’s t test (two-tailed) where p < 0.05 was considered to be significantly
different as denoted with asterisks [*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001]. Sample sizes of independ-
ent experiments, statistical methods used and the significance were described in the figure legends wherever
applicable.

Data availability
The RNA-sequencing data obtained and presented in this study were generated at CF Genomics of CEITEC,
and is available in the NCBI GEO public repository with accession no. GSE209997 (https://www.ncbi.nlm.nih.
gov/geo/query/acc.cgi?acc=GSE209997). The data that support the findings of this study are available from the
corresponding author upon reasonable request.

Received: 3 March 2022; Accepted: 11 October 2022

References
1. Abbafati, C. et al. Global burden of 369 diseases and injuries in 204 countries and territories, 1990–2019: A systematic analysis

for the Global Burden of Disease Study 2019. Lancet (London, England) 396(10258), 1204 (2020).
2. Namara, K. M., Alzubaidi, H. & Jackson, J. K. Cardiovascular disease as a leading cause of death: How are pharmacists getting

involved?. Integr. Pharm. Res. Pract. 8, 1 (2019).
3. Roth, G. A. et al. Global burden of cardiovascular diseases and risk factors, 1990–2019: Update from the GBD 2019 study. J. Am.

Coll. Cardiol. 76(25), 2982–3021 (2020).
4. Heidenreich, P. A. et al. Forecasting the impact of heart failure in the United States a policy statement from the American Heart

Association. Circ. Heart Fail. 6(3), 606–619 (2013).
5. Seruga, B., Ocana, A., Amir, E. & Tannock, I. F. Failures in phase III: Causes and consequences. Clin. Cancer Res. 21(20),

4552–4560 (2015).
6. McNaughton, R., Huet, G. & Shakir, S. An investigation into drug products withdrawn from the EU market between 2002 and

2011 for safety reasons and the evidence used to support the decision-making. BMJ Open 4(1), e004221 (2014).
7. Khakoo, A. Y., Yurgin, N. R., Eisenberg, P. R. & Fonarow, G. C. Overcoming barriers to development of novel therapies for

cardiovascular disease: Insights from the oncology drug development experience. JACC Basic Transl. Sci. 4(2), 269–274 (2019).
8. Cho, S., Lee, C., Skylar-Scott, M. A., Heilshorn, S. C. & Wu, J. C. Reconstructing the heart using iPSCs: Engineering strategies

and applications. J. Mol. Cell. Cardiol. 157, 56–65 (2021).
9. Kim, J., Koo, B. K. & Knoblich, J. A. Human organoids: Model systems for human biology and medicine. Nat. Rev. Mol. Cell Biol.

21(10), 571–584 (2020).
10. Marshall, J. J. & Mason, J. O. Mouse vs man: Organoid models of brain development and disease. Brain Res. 1724, 146427 (2019).
11. Gorzalczany, S. B. & Rodriguez Basso, A. G. Strategies to apply 3Rs in preclinical testing. Pharmacol. Res. Perspect. 9(5), e00863

(2021).
12. Takahashi, K. et al. Induction of pluripotent stem cells from adult human fibroblasts by defined factors. Cell 131(5), 861–872

(2007).
13. Lian, X. et al. Robust cardiomyocyte differentiation from human pluripotent stem cells via temporal modulation of canonical

Wnt signaling. Proc. Natl. Acad. Sci. U.S.A. 109(27), E1848–E1857 (2012).
14. Lian, X. et al. Directed cardiomyocyte differentiation from human pluripotent stem cells by modulating Wnt/β-catenin signaling

under fully defined conditions. Nat. Protoc. 8(1), 162–175 (2013).
15. Sadahiro, T., Yamanaka, S. & Ieda, M. Direct cardiac reprogramming: Progress and challenges in basic biology and clinical

applications. Circ. Res. 116(8), 1378–1391 (2015).
16. Burridge, P. W. et al. Chemically defined generation of human cardiomyocytes. Nat. Methods 11(8), 855–860 (2014).
17. Burridge, P. W. et al. Modeling cardiovascular diseases with patient-specific human pluripotent stem cell-derived cardiomyocytes.

Methods Mol. Biol. 1353, 119–130 (2014).
18. Burridge, P. W. et al. Human induced pluripotent stem cell-derived cardiomyocytes recapitulate the predilection of breast cancer

patients to doxorubicin-induced cardiotoxicity. Nat. Med. 22(5), 547–556 (2016).

197



19

Vol.:(0123456789)

Scientific Reports |        (2022) 12:17409  | https://doi.org/10.1038/s41598-022-22225-w

www.nature.com/scientificreports/

19. Sharma, A. et al. Derivation of highly purified cardiomyocytes from human induced pluripotent stem cells using small molecule-
modulated differentiation and subsequent glucose starvation. J. Vis. Exp. 97, e52628 (2015).

20. Sharma, A. et al. Use of human induced pluripotent stem cell-derived cardiomyocytes to assess drug cardiotoxicity. Nat. Protoc.
13(12), 3018–3041 (2018).

21. Lan, F. et al. Abnormal calcium handling properties underlie familial hypertrophic cardiomyopathy pathology in patient-specific
induced pluripotent stem cells. Cell Stem Cell 12(1), 101–113 (2013).

22. Sharma, A. et al. Human induced pluripotent stem cell-derived cardiomyocytes as an in vitro model for coxsackievirus
B3-induced myocarditis and antiviral drug screening platform. Circ. Res. 115(6), 556–566 (2014).

23. Li, T.-S. et al. Cardiospheres recapitulate a niche-like microenvironment rich in stemness and cell-matrix interactions, rational-
izing their enhanced functional potency for myocardial repair. Stem Cells 28(11), 2088–2098 (2010).

24. Nguyen, D. C. et al. Microscale generation of cardiospheres promotes robust enrichment of cardiomyocytes derived from human
pluripotent stem cells. Stem Cell Rep. 3(2), 260–268 (2014).

25. Richards, D. J. et al. Inspiration from heart development: Biomimetic development of functional human cardiac organoids.
Biomaterials 142, 112–123 (2017).

26. Zimmermann, W.-H. Tissue engineering of a differentiated cardiac muscle construct. Circ. Res. 90(2), 223–230 (2001).
27. Weinberger, F., Mannhardt, I. & Eschenhagen, T. Engineering cardiac muscle tissue: A maturating field of research. Circ. Res. 

120(9), 1487–1500 (2017).
28. Dhahri, W., Romagnuolo, R. & Laflamme, M. A. Training heart tissue to mature. Nat. Biomed. Eng. 2(6), 351–352 (2018).
29. Hirt, M. N., Hansen, A. & Eschenhagen, T. Cardiac tissue engineering. Circ. Res. 114(2), 354–367 (2014).
30. Schaaf, S. et al. Human engineered heart tissue as a versatile tool in basic research and preclinical toxicology. PLoS One 6(10),

e26397 (2011).
31. Vunjak Novakovic, G., Eschenhagen, T. & Mummery, C. Myocardial tissue engineering: In vitro models. Cold Spring Harb.

Perspect. Med. 4(3), a014076 (2014).
32. Mathur, A. et al. Human iPSC-based cardiac microphysiological system for drug screening applications. Sci. Rep. 5(1), 1–7

(2015).
33. Ma, Z. et al. Self-organizing human cardiac microchambers mediated by geometric confinement. Nat. Commun. 6, 7413 (2015).
34. Giacomelli, E. et al. Three-dimensional cardiac microtissues composed of cardiomyocytes and endothelial cells co-differentiated

from human pluripotent stem cells. Development 144(6), 1008–1017 (2017).
35. Giacomelli, E. et al. Human-iPSC-derived cardiac stromal cells enhance maturation in 3D cardiac microtissues and reveal non-

cardiomyocyte contributions to heart disease. Cell Stem Cell 26(6), 862-879.e11 (2020).
36. Giacomelli, E., Sala, L., van Oostwaard, D. W. & Bellin, M. Cardiac microtissues from human pluripotent stem cells recapitulate

the phenotype of long-QT syndrome. Biochem. Biophys. Res. Commun. 572, 118–124 (2021).
37. Tsan, Y. C. et al. Physiologic biomechanics enhance reproducible contractile development in a stem cell derived cardiac muscle

platform. Nat. Commun. 12(1), 1–16 (2021).
38. Grosberg, A., Alford, P. W., McCain, M. L. & Parker, K. K. Ensembles of engineered cardiac tissues for physiological and phar-

macological study: Heart on a chip. Lab Chip 11(24), 4165–4173 (2011).
39. Shim, J., Grosberg, A., Nawroth, J. C., Parker, K. K. & Bertoldi, K. Modeling of cardiac muscle thin films: Pre-stretch, passive

and active behavior. J. Biomech. 45(5), 832–841 (2012).
40. Wang, G. et al. Modeling the mitochondrial cardiomyopathy of Barth syndrome with induced pluripotent stem cell and heart-

on-chip technologies. Nat. Med. 20(6), 616–623 (2014).
41. Marsano, A. et al. Beating heart on a chip: A novel microfluidic platform to generate functional 3D cardiac microtissues. Lab

Chip 16(3), 599–610 (2016).
42. Ugolini, G. S. et al. On-chip assessment of human primary cardiac fibroblasts proliferative responses to uniaxial cyclic mechani-

cal strain. Biotechnol. Bioeng. 113, 859–869 (2016).
43. Ugolini, G. S., Visone, R., Redaelli, A., Moretti, M. & Rasponi, M. Generating multicompartmental 3D biological constructs

interfaced through sequential injections in microfluidic devices. Adv. Healthc. Mater. https://doi.org/10.1002/adhm.201601170
(2017).

44. Occhetta, P. et al. A three-dimensional in vitro dynamic micro-tissue model of cardiac scar formation. Integr. Biol. 10(3), 174–183
(2018).

45. Schneider, O., Zeifang, L., Fuchs, S., Sailer, C. & Loskill, P. User-friendly and parallelized generation of human induced pluri-
potent stem cell-derived microtissues in a centrifugal heart-on-a-chip. Tissue Eng. Part A 25(9–10), 786–798 (2019).

46. Khademhosseini, A. et al. Microfluidic patterning for fabrication of contractile cardiac organoids. Biomed. Microdevices 9(2),
149–157 (2007).

47. Skardal, A. et al. Multi-tissue interactions in an integrated three-tissue organ-on-a-chip platform. Sci. Rep. 7(1), 8837 (2017).
48. Zhang, Y. S. et al. From cardiac tissue engineering to heart-on-a-chip: Beating challenges. Biomed. Mater. 10(3), 034006 (2015).
49. Lancaster, M. A. & Knoblich, J. A. Organogenesis in a dish: Modeling development and disease using organoid technologies.

Science 345(6194), 1247125 (2014).
50. Clevers, H. Modeling development and disease with organoids. Cell 165(7), 1586–1597 (2016).
51. Lancaster, M. A. & Huch, M. Disease modelling in human organoids. DMM Dis. Model. Mech. 12(7), dmm039347 (2019).
52. Sasai, Y. Next-generation regenerative medicine: Organogenesis from stem cells in 3D culture. Cell Stem Cell 12(5), 520–530

(2013).
53. Sasai, Y. Cytosystems dynamics in self-organization of tissue architecture. Nature 493(7432), 318–326 (2013).
54. Schutgens, F. & Clevers, H. Human organoids: Tools for understanding biology and treating diseases. Annu. Rev. Pathol. Mech.

Dis. 15, 211–234 (2020).
55. Corrò, C., Novellasdemunt, L. & Li, V. S. W. A brief history of organoids. Am. J. Physiol. Cell Physiol. 319(1), C151–C165 (2020).
56. Hofbauer, P. et al. Cardioids reveal self-organizing principles of human cardiogenesis. Cell 184(12), 3299-3317.e22 (2021).
57. Andersen, P. et al. Precardiac organoids form two heart fields via Bmp/Wnt signaling. Nat. Commun. 9(1), 1–13 (2018).
58. Lee, J. et al. In vitro generation of functional murine heart organoids via FGF4 and extracellular matrix. Nat. Commun. 11(1),

4283 (2020).
59. Rossi, G. et al. Capturing cardiogenesis in gastruloids. Cell Stem Cell 28(2), 230-240.e6 (2021).
60. Voges, H. K. et al. Development of a human cardiac organoid injury model reveals innate regenerative potential. Development

144(6), 1118–1127 (2017).
61. Mills, R. J. et al. Functional screening in human cardiac organoids reveals a metabolic mechanism for cardiomyocyte cell cycle

arrest. Proc. Natl Acad. Sci. U.S.A. 114(40), E8372–E8381 (2017).
62. Richards, D. J. et al. Human cardiac organoids for the modelling of myocardial infarction and drug cardiotoxicity. Nat. Biomed.

Eng. 4(4), 446–462 (2020).
63. Drakhlis, L. et al. Human heart-forming organoids recapitulate early heart and foregut development. Nat. Biotechnol. 39(6), 

737–746 (2021).
64. Lewis-Israeli, Y. R. et al. Self-assembling human heart organoids for the modeling of cardiac development and congenital heart

disease. Nat. Commun. 12(1), 5142 (2021).

198



20

Vol:.(1234567890)

Scientific Reports |        (2022) 12:17409  | https://doi.org/10.1038/s41598-022-22225-w

www.nature.com/scientificreports/

65. Silva, A. C. et al. Co-emergence of cardiac and gut tissues promotes cardiomyocyte maturation within human iPSC-derived
organoids. Cell Stem Cell 28(12), 2137–2152.e6 (2021).

66. Drakhlis, L., Devadas, S. B. & Zweigerdt, R. Generation of heart-forming organoids from human pluripotent stem cells. Nat.
Protoc. 16(12), 5652–5672 (2021).

67. Yang, X., Pabon, L. & Murry, C. E. Engineering adolescence: Maturation of human pluripotent stem cell-derived cardiomyocytes.
Circ. Res. 114(3), 511–523 (2014).

68. Murphy, S. A., Chen, E. Z., Tung, L., Boheler, K. R. & Kwon, C. Maturing heart muscle cells: Mechanisms and transcriptomic
insights. Semin. Cell Dev. Biol. 119, 49–60 (2021).

69. Pasqualini, F. S., Nesmith, A. P., Horton, R. E., Sheehy, S. P. & Parker, K. K. Mechanotransduction and metabolism in cardio-
myocyte microdomains. Biomed Res. Int. 2016, 4081638 (2016).

70. Lian, X., Zhang, J., Zhu, K., Kamp, T. J. & Palecek, S. P. Insulin inhibits cardiac mesoderm, not mesendoderm, formation during
cardiac differentiation of human pluripotent stem cells and modulation of canonical Wnt signaling can rescue this inhibition.
Stem Cells 31(3), 447 (2013).

71. Zuppinger, C. 3D cardiac cell culture: A critical review of current technologies and applications. Front. Cardiovasc. Med. 6, 87
(2019).

72. Pinto, A. R. et al. Revisiting cardiac cellular composition. Circ. Res. 118(3), 400 (2016).
73. Litviňuková, M. et al. Cells of the adult human heart. Nature 588(7838), 466–472 (2020).
74. Guo, Y. & Pu, W. T. Cardiomyocyte maturation. Circ. Res. 126, 1086–1106 (2020).
75. Ahmed, R. E., Anzai, T., Chanthra, N. & Uosaki, H. A brief review of current maturation methods for human induced pluripotent

stem cells-derived cardiomyocytes. Front. Cell Dev. Biol. 8, 178 (2020).
76. A novel approach for the diagnosis of dilated cardiomyopathy (DCM), ID 667310—BioProject—NCBI [Online]. https://www.

ncbi.nlm.nih.gov/bioproject/PRJNA667310. Accessed 09 Dec 2021.
77. RNA-seq of heart tissues from healthy individuals and DMD patients, ID 628736—BioProject—NCBI [Online]. https://www.

ncbi.nlm.nih.gov/bioproject/?term=PRJNA628736. Accessed 09 Dec 2021.
78. Physiological calcium combined with electrical pacing accelerates maturation of human engineered heart tissue, ID 831794—

BioProject—NCBI [Online]. https://www.ncbi.nlm.nih.gov/bioproject/PRJNA831794. Accessed 12 Jul 2022.
79. Feyen, D. A. M. et al. Metabolic maturation media improve physiological function of human iPSC-derived cardiomyocytes. Cell

Rep. 32(3), 107925 (2020).
80. Lionetti, V., Stanley, W. C. & Recchia, F. A. Modulating fatty acid oxidation in heart failure. Cardiovasc. Res. 90(2), 202 (2011).
81. Drawnel, F. M. et al. Disease modeling and phenotypic drug screening for diabetic cardiomyopathy using human induced

pluripotent stem cells. Cell Rep. 9(3), 810–820 (2014).
82. Guo, L. et al. Estimating the risk of drug-induced proarrhythmia using human induced pluripotent stem cell-derived cardio-

myocytes. Toxicol. Sci. 123(1), 281–289 (2011).
83. Mannhardt, I. et al. Human engineered heart tissue: Analysis of contractile force. Stem Cell Rep. 7(1), 29–42 (2016).
84. Vandecasteele, G. et al. Muscarinic and beta-adrenergic regulation of heart rate, force of contraction and calcium current is

preserved in mice lacking endothelial nitric oxide synthase. Nat. Med. 5(3), 331–334 (1999).
85. Schwinger, R. H. G., Böhm, M. & Erdmann, E. Negative inotropic properties of isradipine, nifedipine, diltiazem, and verapamil

in diseased human myocardial tissue. J. Cardiovasc. Pharmacol. 15(6), 892–899 (1990).
86. Sala, L. et al. Musclemotion: A versatile open software tool to quantify cardiomyocyte and cardiac muscle contraction in vitro

and in vivo. Circ. Res. 122(3), e5–e16 (2018).
87. van Meer, B. J. et al. Quantification of muscle contraction in vitro and in vivo using MUSCLEMOTION software: From stem

cell-derived cardiomyocytes to zebrafish and human hearts. Curr. Protoc. Hum. Genet. 99(1), 1–21 (2018).
88. Thavandiran, N. et al. Functional arrays of human pluripotent stem cell-derived cardiac microtissues. Sci. Rep. 10(1), 1–13

(2020).
89. Thorn, C. F. et al. Doxorubicin pathways: Pharmacodynamics and adverse effects. Pharmacogenet. Genom. 21(7), 440 (2011).
90. Octavia, Y. et al. Doxorubicin-induced cardiomyopathy: From molecular mechanisms to therapeutic strategies. J. Mol. Cell. 

Cardiol. 52(6), 1213–1225 (2012).
91. Takemura, G. & Fujiwara, H. Doxorubicin-induced cardiomyopathy. From the cardiotoxic mechanisms to management. Prog. 

Cardiovasc. Dis. 49(5), 330–352 (2007).
92. Silva, D., Santos, D., Coeli, R. & Goldenberg, S. Doxorubicin-induced cardiotoxicity: From mechanisms to development of

efficient therapy. Cardiotoxicity. (ed. Tan, W.) 3 - 24. (IntechOpen, 2018) https://doi.org/10.5772/intechopen.79588 (2018).
93. Tanaka, R. et al. Reactive fibrosis precedes doxorubicin-induced heart failure through sterile inflammation. ESC Heart Fail. 7(2),

588–603 (2020).
94. Levick, S. P. et al. Doxorubicin-induced myocardial fibrosis involves the neurokinin-1 receptor and direct effects on cardiac

fibroblasts. Heart Lung Circ. 28(10), 1598–1605 (2019).
95. Page, R. L. et al. Drugs that may cause or exacerbate heart failure. Circulation 134(6), e32–e69 (2016).
96. Gilsbach, R. et al. Dynamic DNA methylation orchestrates cardiomyocyte development, maturation and disease. Nat. Commun.

5, 5288 (2014).
97. Grancharova, T. et al. A comprehensive analysis of gene expression changes in a high replicate and open-source dataset of dif-

ferentiating hiPSC-derived cardiomyocytes. Sci. Rep. 11(1), 1–21 (2021).
98. Meilhac, S. M. & Buckingham, M. E. The deployment of cell lineages that form the mammalian heart. Nat. Rev. Cardiol. 15(11),

705–724 (2018).
99. Zhang, X. H. et al. Regionally diverse mitochondrial calcium signaling regulates spontaneous pacing in developing cardiomyo-

cytes. Cell Calcium 57, 321 (2015).
100. Karbassi, E. et al. Cardiomyocyte maturation: Advances in knowledge and implications for regenerative medicine. Nat. Rev. 

Cardiol. 17(6), 341 (2020).
101. Schaper, J., Meiser, E. & Stammler, G. Ultrastructural morphometric analysis of myocardium from dogs, rats, hamsters, mice,

and from human hearts. Circ. Res. 56(3), 377–391 (1985).
102. Spitkovsky, D. et al. Activity of complex III of the mitochondrial electron transport chain is essential for early heart muscle cell

differentiation. FASEB J. 18(11), 1300–1302 (2004).
103. Cadenas, S. Mitochondrial uncoupling, ROS generation and cardioprotection. Biochim. Biophys. Acta Bioenerg. 1859(9), 940–950

(2018).
104. Perestrelo, A. R. et al. Multiscale analysis of extracellular matrix remodeling in the failing heart. Circ. Res. 128, 24–38 (2021).
105. Rodrigues, P. G. et al. Early myocardial changes induced by doxorubicin in the nonfailing dilated ventricle. Am. J. Physiol. Heart 

Circ. Physiol. 316(3), H459–H475 (2019).
106. Dolci, A., Dominici, R., Cardinale, D., Sandri, M. T. & Panteghini, M. Biochemical markers for prediction of chemotherapy-

induced cardiotoxicity systematic review of the literature and recommendations for use. Am. J. Clin. Pathol. 130(5), 688–695
(2008).

107. Ho, B. X., Pek, N. M. Q. & Soh, B. S. Disease modeling using 3D organoids derived from human induced pluripotent stem cells. 
Int. J. Mol. Sci. 19, 936 (2018).

199



21

Vol.:(0123456789)

Scientific Reports |        (2022) 12:17409  | https://doi.org/10.1038/s41598-022-22225-w

www.nature.com/scientificreports/

108. Marchianò, S., Bertero, A. & Murry, C. E. Learn from your elders: Developmental biology lessons to guide maturation of stem
cell-derived cardiomyocytes. Pediatr. Cardiol. 40(7), 1367–1387 (2019).

109. Xu, T., Wu, L., Xia, M., Simeonov, A. & Huang, R. Systematic identification of molecular targets and pathways related to human
organ level toxicity. Chem. Res. Toxicol. 34(2), 412–421 (2021).

110. Hoang, P. et al. Engineering spatial-organized cardiac organoids for developmental toxicity testing. Stem Cell Rep. 16(5), 1228–
1244 (2021).

111. Pagliari, S. et al. YAP–TEAD1 control of cytoskeleton dynamics and intracellular tension guides human pluripotent stem cell
mesoderm specification. Cell Death Differ. 28(4), 1193–1207 (2020).

112. Vrbský, J. et al. Evidence for discrete modes of YAP1 signaling via mRNA splice isoforms in development and diseases. Genomics 
113(3), 1349–1365 (2021).

113. Chen, E. Y. et al. Enrichr: Interactive and collaborative HTML5 gene list enrichment analysis tool. BMC Bioinform. 14, 128
(2013).

114. Kuleshov, M. V. et al. Enrichr: A comprehensive gene set enrichment analysis web server 2016 update. Nucleic Acids Res. 44(W1), 
W90–W97 (2016).

115. Xie, Z. et al. Gene set knowledge discovery with Enrichr. Curr. Protoc. 1(3), e90 (2021).
116. Shannon, P. et al. Cytoscape: A software environment for integrated models of biomolecular interaction networks. Genome Res. 

13(11), 2498–2504 (2003).
117. Torre, D., Lachmann, A. & Ma’ayan, A. BioJupies: Automated generation of interactive notebooks for RNA-Seq data analysis in

the cloud. Cell Syst. 7(5), 556–561.e3 (2018).

Acknowledgements
We thank Václav Hejret, Boris Tichý, Jana Vašíčková, and Jana Bartoňová for scientific advice and technical
assistance. We acknowledge the CF Genomics of CEITEC supported by the NCMG research infrastructure
(LM2018132 funded by MEYS CR) Bioinformatics for their support with obtaining scientific data presented in
this paper. We are grateful to Ivana Andrejčinová, Marco de Zuani and Jan Frič for the NFAT2 and ASCL1 anti-
bodies. We also thank Romana Vlčková, Hana Duľová, and Helena Ďuríková for their support on continuation
of the study. Ece Ergir, Giancarlo Forte, Stefania Pagliari and Vladimír Vinarský were supported by the European
Regional Development Fund—Project ENOCH (No. CZ.02.1.01/0.0/0.0/16_019/0000868). Jorge Oliver-De La
Cruz and Soraia Fernandes were supported by the European Social Fund and European Regional Development
Fund-Project MAGNET (CZ.02.1.01/0.0/0.0/15_003/0000492). Marco Cassani, an iCARE-2 fellow, has received
funding from Fondazione per la Ricerca sul Cancro (AIRC) and the European Union’s Horizon 2020 research and
innovation programme under the Marie Skłodowska-Curie Grant Agreement No. 800924. Francesco Niro and
Daniel Pereira-Sousa were supported by the European Union’s Horizon 2020 Research and Innovation Program
under grant agreement No. 860715 (SINERGIA).

Author contributions
E.E. conceptualized the study, designed and performed the experiments, analysed the data and drafted the manu-
script. J.O.D.L.C., S.F., M.C., V.V., A.R.P. and S.P. provided essential information and techniques, and assisted
in designing, planning, carrying out and interpreting experiments. F.N. and D.P.S. performed experiments and
analysed the data. J.V. and J.O.D.L.C. assisted with bioinformatics analysis. M.C. and D.D. performed the TEM
analysis. N.V. and S.U. performed the Seahorse XF experiments and metabolic data analysis. F.C. and H.R.
assisted in funding acquisition and manuscript revision. P.E. provided study supervision and manuscript revi-
sion. G.F. provided study supervision, funding acquisition, paper conceptualization and manuscript finalization.
All authors contributed in interpretation, and presentation of data as well as manuscript editing. All authors
reviewed and approved the final version.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/ 
10.1038/s41598-022-22225-w.

Correspondence and requests for materials should be addressed to G.F.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

200



Supplementary Information 1 / 10 E
 
rgir, et al. 2022 

SUPPLEMENTARY INFORMATION 
 

Generation and Maturation of Human iPSC-derived 3D 
Organotypic Cardiac Microtissues in Long-Term Culture 
 

Ece Ergir
1,2

, Jorge Oliver-De La Cruz
1
, Soraia Fernandes

1
, Marco Cassani

1
, Francesco 

Niro
1,3

, Daniel Pereira-Sousa
1,3

, Jan Vrbský
1
, Vladimír Vinarský

1
, Ana Rubina Perestrelo

1
, 

Doriana Debellis
4
, Natália Vadovičová3, Stjepan Uldrijan3, Francesca Cavalieri

5,6
, Stefania 

Pagliari
1
, Heinz Redl

7,8
, Peter Ertl

2,8
, and Giancarlo Forte

1,9 

 

1 Center for Translational Medicine (CTM), St. Anne’s University Hospital, International Clinical
Research Centre (FNUSA-ICRC), CZ-62500, Brno, Czech Republic 

2 Faculty of Technical Chemistry, Institute of Applied Synthetic Chemistry & Institute of Chemical 
Technologies and Analytics, Vienna University of Technology, AT-1040, Vienna, Austria 

3 Faculty of Medicine, Department of Biomedical Sciences, Masaryk University, CZ-62500, Brno, Czech
Republic. 

4 Electron Microscopy Facility, Fondazione Istituto Italiano Di Tecnologia, Via Morego 30, IT-16163,
Genova, Italy 

5 Department of Chemical Engineering, The University of Melbourne, Parkville, Victoria 3010, Australia;  
6 Dipartimento di Scienze e Tecnologie Chimiche, Università degli Studi di Roma Tor Vergata, via della 

Ricerca Scientifica 1, 00133, Rome, Italy  
7 Ludwig Boltzmann Institute for Experimental and Clinical Traumatology, AUVA Research Center, AT-

1200, Vienna, Austria  
8 Austrian Cluster for Tissue Regeneration, AT-1200, Vienna, Austria 
9 Department of Biomaterials Science, Institute of Dentistry, University of Turku, FI-20014, Turku,

Finland 
 

 

 
Corresponding author: 

Giancarlo Forte, PhD 
Center for Translational Medicine (CTM)
International Clinical Research Center (ICRC)
St. Anne's University Hospital  
Studentska 6, Brno 
Czech Republic, 62500  
Tel: +420-543185449
giancarlo.forte@fnusa.cz  
  

201



202



203



Supplementary Information 4 / 10 
 

Ergir, et al. 2022 

 

 

 
 

Figure SI-3 – Ultrastructural analysis of long-term hOCMTs indicates enhanced cardiomyocyte and 
metabolic maturation in 3D environment over time 

TEM images of hOCMTs increasing ultrastructural organization and structural & metabolic maturity over time, 
from day 21 to day 85: Depicted: Cardiomyocyte myofibers (Myo), Sarcomeres (S), Mitochondria (M) Z-band 
(Z), T-tubules, Nuclei (N), Rough endoplasmic reticulum (RER), Glycogen granules (Gly), Lamellar bodies 
(LB). Scale bars are 1 µm and 0.5 µm for day 21, 0.5 µm for day 85, 0.5 µm for day 50 and 2 µm for magnified 
images of day 50. 
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Supplementary Methods 

 
Histology and Immunofluorescence (IF) 

After organoid fixation and cryosectioning, to assess the overall histology, the sections were stained with 
hematoxylin and eosin (H&E) (Sigma Aldrich), and imaged under slide scanner Zeiss Axio Scan Z1 microscope 
using the bright-field mode. 

In addition to 3D hCO cryosections, 2D monolayer cultures were used as controls. As 2D monolayer controls 
were grown adherently on Matrigel-coated plates, for the IF procedure, the samples were fixed with 4% PFA for 
15 minutes, and rest of the IF procedures were performed as previously described in the main text. The resulting 
samples were stored in PBS with 0.01% Sodium Azide (VWR) at 4℃, and protected from light until confocal 
image analysis. 

See Supplementary table 1 for full list of antibodies used in the study. 

RNA-sequencing and Differential Expression analysis (DE analysis) 
 
Sequencing library preparation 

500 nanograms of total RNA per sample was used as an input for library preparation using QuantSeq FWD 
3’mRNA Library Prep Kit (Lexogen). Briefly, RNA was transcribed into cDNA using oligodT primer (FS1) at 
half volume compared to the manufacturer's instructions to minimize the off-target products. Following the first 
strand synthesis, RNA removal and second strand synthesis were performed using the UMI Second Strand 
Synthesis Mix (USS) containing Unique Molecular Identifiers (UMIs) that allow detection and removal of PCR 
duplicates. Finally, sequencing libraries were created by PCR with i5 Unique Dual Indexing Add-on Kit for 
Illumina (Lexogen). The quality and quantity of libraries was determined using Fragment Analyzer by DNF-474 
High Sensitivity NGS Fragment Analysis Kit (Agilent Technologies) and QuantiFluor dsDNA System 
(Promega). Final library pool was sequenced on Illumina NextSeq 500 with 75 bp single-ends, producing about 
10 million reads per library. 
 
Data analysis 

High-throughput RNA-Seq data were prepared using Lexogen QuantSeq 3' mRNA-Seq Library Prep Kit FWD 
for Illumina with polyA selection and sequenced on Illumina NextSeq 500 sequencer (run length 1x75 nt). Bcl 
files were converted to Fastq format using bcl2fastq v. 2.20.0.422 Illumina software for basecalling. 6-nt long 
UMIs were extracted and subsequently used for deduplication of aligned reads by UMI-tools v. 1.1.1 [1]. As a 
next step 6-nt long barcode sequence related to Lexogen QuantSeq Library Prep Kit were trimmed using seqtk 
1.3-r106 [2]. Quality check of raw single-end fastq reads was carried out by FastQC v0.11.9 [3]. The adapters 
and quality trimming of raw fastq reads was performed using Trimmomatic v0.36 [4] with settings CROP:250 
LEADING:3 TRAILING:3 SLIDINGWINDOW:4:5 MINLEN:35 and adaptor sequence 
ILLUMINACLIP:AGATCGGAAGAGCACACGTC. Trimmed RNA-Seq reads were mapped against the human 
genome (hg38) and Ensembl GRCh38 v.94 annotation using STAR v2.7.3a [5] as splice-aware short read aligner 
and default parameters except --outFilterMismatchNoverLmax 0.1 and --twopassMode Basic. Quality control 
after alignment concerning the number and percentage of uniquely and multi-mapped reads, rRNA 
contamination, mapped regions, read coverage distribution, strand specificity, gene biotypes and PCR 
duplication was performed using several tools namely RSeQC v2.6.2 [6], Picard toolkit v2.18.27 [7] and 
Qualimap v.2.2.2 [8] and BioBloom tools v 2.3.4-6-g433f [9]. 
 
The differential gene expression analysis was calculated based on the gene counts produced using featureCounts 
tool v1.6.3 [10] with settings -s 2 -T 10 -F GTF -Q 0 -d 1 -D 25000 and using Bioconductor package DESeq2 
v1.20.0 [11]. Data generated by DESeq2 with independent filtering were selected for the differential gene 
expression analysis to avoid potential false positive results. Genes were considered as differentially expressed 
based on a cut-off of adjusted p-value <= 0.05 and log2(fold-change) ≥1 or ≤-1. Clustered heatmaps were 
generated from selected top differentially regulated genes using R package pheatmap v1.0.10 [12]. Volcano plots 
were produced using ggplot v3.3.3 package [13] and MA plots were generated using ggpubr v0.4.0 package [14]. 
 
See Supplementary dataset 1 for log2changes and p-values for the different comparisons, and Supplementary 
dataset 2 for GO BP clustering analysis for the differentially regulated genes at the different comparisons. 
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IMMUNOFLUORESCENCE 
IF- Primary Antibodies 

Name 
Host 

species Dilution Company Catalog no 
Anti- α-SMA (ACTA2)  Rabbit 1:500 Abcam ab5694 
Anti-ACTN2 (sarcomeric α-actinin) Mouse 1:800 Sigma Aldrich A7811 
Anti-ASCL2 Sheep 1:50 Thermo Fisher Scientific PA5-47852 
Anti-Brachyury (T) Goat 1:50 R&D Systems 967332 
Anti-CD31 (PECAM-1) Mouse 1:100 Biolegend 303102 
Anti-CX43 (Connexin 43, GJA1) Rabbit 1:400 Sigma Aldrich C6219-100UL  
Anti-GATA4 Rabbit 1:400 Cell signalling 36966S 
Anti-MESP1 Rabbit 1:200 Abcam ab129387 
Anti-MYL2 (α-MLC2, MLC2v) Rabbit 1:200 Abcam ab79935 
Anti-MYL7 (MLC2a) Mouse 1:200 Santa Cruz sc-365255 
Anti-NFAT2 (NFATc1) Rabbit 1:100 Cell Signalling 8032S 
Anti-SERCA2 (ATP2A2) Mouse 1:100 Novus Biologicals NB300-581 
Anti-SM22a (Transgelin, TAGLN) Rabbit 1:500 Abcam ab14106 
Anti-SOX2 Rabbit 1:400 Cell Signalling 3579 
Anti-TE - 7 Mouse 1:100 Sigma Aldrich CBL271 
Anti-TBX18 Rabbit 1:200 Thermo Fisher Scientific PA5-101921 
Anti-TNNT2 Mouse 1:200 Thermo Fisher Scientific MA5-12960 
Anti-TNNT2 Rabbit 1:3000 Sigma Aldrich HPA015774 
Anti-WT1 Rabbit 1:200 Cell Signalling 83535 

IF- Secondary Antibodies 
Name Dilution Company Catalog no 

Alexa Fluor 488 Donkey anti-Rabbit IgG (H+L) 1:500 Thermo Fisher Scientific A-21206 
Alexa Fluor 488 Donkey anti-Mouse IgG (H+L) 1:500 Thermo Fisher Scientific A-21202 
Alexa Fluor 555 Donkey anti-Rabbit IgG (H+L) 1:500 Thermo Fisher Scientific A-31572 
Alexa Fluor 555 Donkey anti- Mouse IgG (H+L) 1:500 Thermo Fisher Scientific A-31570 
Alexa Fluor 546 Donkey anti-Sheep IgG (H+L) 1:500 Thermo Fisher Scientific A-21098 
Alexa Fluor 647 Donkey anti-Goat IgG (H+L) 1:500 Thermo Fisher Scientific A-21447 
Alexa Fluor 647 Goat anti-Mouse IgG (H+L) 1:500 Thermo Fisher Scientific A-21235 

FLOW CYTOMETRY 
Name Dilution Company Catalog no 

Anti Cardiac Troponin T-FITC Clone REA400 
(REAfinity™) 1:50 Miltenyi Biotec 130-119-575 

Anti-Hu CD90 APC 1:10 Exbio 1A-652-T100 
Anti-Hu CD31 BV421 1:10 Biolegend 303123 

 
 

 
Supplementary Table 1. List of antibodies used in the study. 
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List of Supplementary Videos 
 

Supplementary video 1– Representative spontaneously beating long-term 3D hiPSC-derived organotypic 
cardiac microtissue (hOCMTs) under light microscope (Day 53). Scale bar = 100 µm 

Supplementary video 2 – Representative spontaneously beating long-term 3D hOCMT under light microscope 
(Day 107). Scale bar = 100 µm  

Supplementary videos (3-8) – Representative videos of beating long-term hOCMTs before (t=0) & after (t=1) 
maximum dose of cardioactive drugs on day 50; taken under transmitted light mode of confocal microscope 
(Scale bars = 200 µm): 

 3. Control hOCMT (t=0) 

 4. Control hOCMT (t=1) 

 5. hOCMT with 0µM isoproterenol (t=0) 

 6. hOCMT with 1uM isoproterenol (t=1) 

 7. hOCMT with 0 µM verapamil (t=0) 

 8. hOCMT with 1 µM verapamil (t=1) 

Supplementary videos (9-14) – Representative videos of beating long-term hOCMTs (Day 53) before & after 
Doxorubicin (Doxo) treatment on day 0 and day 6 of the treatments; taken under transmitted light mode of 
confocal microscope (Scale bars = 200 µm): 

 9. Control hOCMT on day 0 

 10. hOCMT with 0.1µg/mL Doxo on day 0 

 11. hOCMT with 1µg/mL Doxo on day 0 

 12. Control hOCMT on day 6 

 13. hOCMT with 0.1µg/mL Doxo on day 6 

 14. hOCMT with 1µg/mL Doxo on day 6 

 

List of Supplementary Datasets 
 

Supplementary dataset 1 – log2changes and p-values for the different comparisons 

Supplementary dataset 2 – GO BP clustering analysis for the differentially regulated genes at the different 
comparisons 
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Mechanobiology-on-a-chip is a growing field focusing on how mechanical inputs

modulate physico-chemical output in microphysiological systems. It is well known

that biomechanical cues trigger a variety of molecular events and adjustment of

mechanical forces is therefore essential for mimicking in vivo physiologies in organ-

on-a-chip technology. Biomechanical inputs in organ-on-a-chip systems can range

from variations in extracellular matrix type and stiffness and applied shear stresses

to active stretch/strain or compression forces using integrated flexible membranes.

The main advantages of these organ-on-a-chip systems are therefore (a) the control

over spatiotemporal organization of in vivo-like tissue architectures, (b) the ability to

precisely control the amount, duration and intensity of the biomechanical stimuli, and

(c) the capability of monitoring in real time the effects of applied mechanical forces

on cell, tissue and organ functions. Consequently, over the last decade a variety of

microfluidic devices have been introduced to recreate physiological microenvironments

that also account for the influence of physical forces on biological functions. In this

review we present recent advances in mechanobiological lab-on-a-chip systems and

report on lessons learned from these current mechanobiological models. Additionally,

future developments needed to engineer next-generation physiological and pathological

organ-on-a-chip models are discussed.

Keywords: microfluidics, mechanobiology, organ-on-a-chip, lab-on-a-chip, in vitro organ models, mechanical

cell actuation

INTRODUCTION

Conventional mammalian cell culture systems are predominantly based on two-dimensional (2D)
monolayer cultures to study cellular mechanisms in pharmaceutical research, toxicology and
biomedicine. Even though 2D cell culture models are routinely used, they fail to recapitulate
the spatiotemporal dynamics that cells encounter in vivo. The discrepancy between in vitro
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monolayers and native tissue structures leads in many cases
to altered phenotype, cell morphology and behavior, thus
rendering results from 2D cell-based assays questionable (Baker
and Chen, 2012). To overcome the drawbacks associated
with 2D monocultures, recent cell cultivation setups aim to
re-engineer the physiological cellular microenvironment of
native tissues. This can be accomplished by moving toward
three-dimensional (3D) culture systems through cultivating cells
in hydrogels, scaffolds or aggregates (Chen et al., 2002; Drury
and Mooney, 2003; Griffith and Swartz, 2006; Fennema et al.,
2013). The implementation of 3D cell culture systems by itself
allows for indirect mechanical stimulation by controlling the
rigidity and stiffness of the extracellular matrix, which has
shown to modulate cellular responses (Engler et al., 2006;
Kumar, 2014). Additionally, 3D-tissue models can be further
subjected to dynamic mechanical stimuli including fluid flow,
stretch/strain and compression. The application of indirect and/
or direct mechanical stimuli in tissue cultures has become
a rapidly growing research field that is commonly known
as mechanobiology (Eyckmans et al., 2011). It is important
to highlight that almost every tissue of a human body is
subjected to either constant or temporary mechanical stimuli.
This means that the application of mechanobiological forces
represents a vital step toward the establishment of physiological
microenvironments in vitro (Wang and Thampatty, 2006; Jansen
et al., 2015). To date a variety of mechanobiological forces,
shown in Figure 1A, have been employed in 2D and 3D in vitro

cultures including (a) matrix stiffness that mimic the respective
Young’s moduli of native tissue, (b) fluid flow in vascular
systems and interstitial tissue, (c) stretch/strain mechanisms
in the lung, heart and gastrointestinal tract as well as (d)
compression in the musculoskeletal system (Lovett et al., 2009;
Riehl et al., 2012; Shachar et al., 2012; Ahearne, 2014). These
mechanobiological systems demonstrated improved cell-to-cell
and cell-to-matrix interactions resulting in significant progress
in recapitulating physiological microenvironments in vitro.
Although these tissue models led to substantial advances in
understanding mechanobiology on a macroscale, common tissue
engineering-based approaches require sizeable amounts of cells
as well as reagents but lack precise control over location and
amount of the stimulus. A commonly accepted solution in
fostering our understanding of biomechanical effects is taking
the tissue to the microscale. This can be accomplished by
mimicking cellular microenvironments in microfluidic devices,
which not only offer a decrease in cell numbers and consumables
but also allow precise control over spatio-temporal stiffness
and growth factor gradients as well as mechanical stimulus
type, amount and location (Huh et al., 2011; Bhatia and
Ingber, 2014; Rothbauer et al., 2015; van Duinen et al.,
2015). In other words, microdevices can be used to investigate
contractility, cell confinement and micropatterning, all of which
are crucial in gaining deeper insights into mechanobiological
phenomena. Moreover, microfluidic chips are compatible with
high resolution microscopy for cell observation and also allow
the integration of actuators and sensors, which provides the
opportunity to trigger and monitor cellular behavior in situ.
Overall this review focuses on emerging physiologically relevant

micro-tissue models in mechanobiology-on-a-chip setups in
both culture environments since 2012, shortly summarized in
Table 1.

MICROFLUIDIC MECHANOBIOLOGY IN

MONOLAYERS AND BARRIER MODELS

Shear Stress
Microfluidic devices with their laminar flow regimes have widely
been used to expose cells to fluid flow induced shear stress.
This has led to substantial improvements in understanding
the mechanobiological effect of shear stress variations on
endothelial cells in vascular models but also in osteocyte,
cardiomyocyte and epithelial cell biology. In particular, fluid
flow plays a major role in vascular biology as the endothelial
cell lining layer inside blood vessels is constantly exposed to
pulsatile blood flow (Baratchi et al., 2017). Subjecting endothelial
cells to physiological unidirectional or disturbed shear stress
patterns has been shown to significantly alter cell morphology
and phenotype. For example, it has been shown that shear
stress influences nanoparticle uptake of endothelial cells where
higher flow rates led to reduced uptake. Using an in vitro

as well as in silico approach, Charwat et al. (2018) found
that clathrin-mediated uptake of nanoparticles is drastically
reduced when exceeding shear forces of 1.8 dyn/cm2, implying
an important role of shear stress when investigating in vitro

nanoparticle uptake. Another study, published by Griep et al.
(2013), successfully recreated the smallest unit of the blood
brain barrier using immortalized brain endothelial cells to
study barrier integrity in the presence of physiological shear
force. While unidirectional shear stress plays an important
role in assessing healthy vessel physiology, microfluidic devices
can also be utilized to create bi- and multidirectional flow
patterns for mimicking endothelial pathology. Such disturbed
flow patterns allow for flow type-dependent gene expression
profiling of endothelial cells (Zheng et al., 2017) as well
as observation of leucocyte – endothelial cell interactions
(Venugopal Menon et al., 2018) and the role of glucose
uptake in endothelial dysfunction (Patibandla et al., 2014) for
modeling inflammation and hyperglycemia in atherosclerosis.
The effect of shear stress on endothelial cells and microfluidic
technologies have recently been extensively reviewed elsewhere
(Smith and Gerecht, 2014; Haase and Kamm, 2017; Kim
et al., 2017). Furthermore, microfluidic devices have also been
used outside of endothelial research to record phenotypic
transformations of aortic valve interstitial cells during applied
shear stress and to monitor morphological changes of osteocytes
during application of flow. Additionally, Middleton et al.
(2017a) showed that in the presence of shear stress, cell to
cell interactions of osteocytes co-cultured with osteoclast are
enhanced, leading to the improved mechanical response of
bone cells. A more detailed review on monitoring cell-cell
interaction using microfluidic devices was recently published by
Rothbauer et al. (2017). Altogether, microfluidic devices are an
important tool to study shear stress, but while the effects on
endothelial cells have been studied extensively, other cell types
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FIGURE 1 | Bridging the in vivo/in vitro gap in mechanobiology. (A) A combination of mechanobiological cues in the microenvironment can regulate cell signaling and

phenotype as well as physiological and pathological tissue response. (B) A simplified demonstration of a mechanobiology-on-a-chip, and potential on-chip

stimulation strategies for microfluidic 2D/3D cell cultures: (i) Shear stress, (ii) Interstitial flow, (iii) Stretching, (iv) Magnetic stimulation, (v) Micropatterning, (vi)

Compression, (vii) Acoustic stimulation, (viii) Magnetic twisting, (ix) Optical tweezers, and (x) Rotation (dielectrophoresis).
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TABLE 1 | Summary on recent reports on mechanobiological approaches for cell manipulation in microfluidic devices.

Biomechanical stimulus Organ culture Cell type Environment Reference

Interstitial flow Vasculature Primary 3D Hsu et al., 2013; Jeon et al., 2014; Kim S. et al., 2016

Interstitial flow Brain Primary 3D Park et al., 2015; Wang et al., 2018

Interstitial flow Liver Primary 3D Lee et al., 2013

Substrate stiffness − Cell line 2D García et al., 2015

Electromechanical − Primary 2D Pavesi et al., 2015

Shear stress Vasculature Primary 2D Charwat et al., 2018

Shear stress − Cell line 2D Soffe et al., 2017

Shear stress Blood brain barrier Cell line 2D Griep et al., 2013

Shear stress Aortic valve Primary 2D Wang et al., 2017

Shear stress Blood brain barrier Primary 2D/3D Brown et al., 2015

Shear stress Blood brain barrier Cell line 2D/3D Sellgren et al., 2015

Shear stress Extravasation Primary 3D Jeon et al., 2015

Shear stress Vasculature Primary 3D Kim et al., 2013

Shear stress Bone Cell line 2D Middleton et al., 2017a,b

Shear stress Bone Primary 3D Altmann et al., 2014

Shear stress Vasculature Primary 2D Zheng et al., 2017

Shear stress Vasculature Primary 2D Venugopal Menon et al., 2018

Shear stress Vasculature Primary 2D Patibandla et al., 2014

Stretching Lung Primary and cell line 2D Huh et al., 2010, 2012; Benam et al., 2016; Hassell et al., 2017;

Jain et al., 2018

Stretching Gut Primary and cell line 2D Kim H.J. et al., 2016; Villenave et al., 2017

Stretching Heart Primary 2D Ugolini et al., 2016, 2017

Stretching Muscle Primary and cell line 2D Michielin et al., 2015

Stretching Vasculature Primary 2D Zhou and Niklason, 2012

Stretching − Primary 3D Liu et al., 2016

Stretching Heart Primary 3D Marsano et al., 2016; Occhetta et al., 2018

Stretching − Cell line 3D Li et al., 2016

Stretching − − 2D/3D Gizzi et al., 2017

Stretching Artery Primary 2D van Engeland et al., 2018

Compression Bone Primary 2D Park et al., 2012

Compression Vasculature Primary 2D Sticker et al., 2017

The dashes (−) identify studies with devices without a defined target organ, tissue or cell culture.

and different co-culture models would certainly benefit from
further research.

Stretching
In contrast to shear-dependent mechanobiological effects,
microfluidic devices have recently come into focus for their
ability to engineerminiaturized functional barrier units. Different
from the aforementioned models where cells are grown in
monolayer in microchannels, these systems aim to recreate
the smallest possible unit of an organ by mimicking the
barrier between two monolayers. An overview of such a
microfluidic device including the respective cell actuation can
be found in Figure 1B. The cells are cultivated back-to-back on
cyclically stretched flexible membranes emulating organotypic
movements. With the most famous example still being the
Lung-on-a-Chip published by Huh et al. (2010), a number of
similar systems have since been used to investigate a variety
of different barrier models. For example, using the same
microdevice containing a flexible membrane that is stretched
by applying vacuum to two air channels on either side of the
cultivation chamber, different pathological scenarios have been

recapitulated, including pulmonary edema (Huh et al., 2012),
small-airway inflammation (Benam et al., 2016), orthotopic
lung cancer extravasation, growth and therapy (Hassell et al.,
2017) and intravascular thrombosis assessment (Jain et al.,
2018). A similar device has also been used to mimic bacterial
overgrowth, inflammatory bowel disease (Kim H.J. et al., 2016)
and virus infection (Villenave et al., 2017) in a gut-on-a-chip
system and to study the effect of cyclic strain on proliferation
and adaptive responses of cardiac fibroblasts (Ugolini et al.,
2016, 2017) and to study endothelial cell and smooth muscle
cell signaling under hemodynamic loading (van Engeland et al.,
2018). A different design approach to exert stretch/strain forces
in microfluidic cell cultures employ pressurized air to deflect
a membrane on which cells are cultured. Cyclic mechanical
actuation of a myoblast cell line and primary myoblasts using
such a device is demonstrated in a muscular dystrophy model
(Michielin et al., 2015) and to recreate the cyclic strain of blood
vessels (Zhou and Niklason, 2012). While most examples in
the literature focus on uniaxial stretching, a computationally
informed, vacuum-actuated multi-axial microfluidic chip device
has recently been developed that allows programmable actuation

Frontiers in Physiology | www.frontiersin.org 4 October 2018 | Volume 9 | Article 1417

215



Ergir et al. Biomechanical Cues in Organ-on-a-Chip Systems

along different directions (Gizzi et al., 2017), further advancing
the opportunities for mechanobiological on-chip investigations
from the broadly used uniaxial strain barrier model devices.

Compression and Other Novel Methods
A relatively new approach for mechanobiological stimulation in
microfluidic devices is cellular compression. Even though this has
been shown to stimulate the osteogenic differentiation of stem
cells (Park et al., 2012) and used to investigate wound healing
(Sticker et al., 2017), further studies need to be conducted to
improve our understanding of compression-based biomechanical
stimuli. Other methods to incorporate mechanobiological signals
in microchips exploit the fact that microfluidics is ideally
suited to create and monitor spatiotemporal gradients. For
example, Soffe et al. (2017) showed that human embryonic
kidney cells respond to shear stress gradients using trapezoid
microchannel geometries, while García et al. (2015) investigated
the effects of substrate stiffness gradients on cell behavior
(Soffe et al., 2017). A sophisticated approach is reported
by Pavesi et al. (2015): cells were subjected to multiple
mechanical stimuli by adding the possibility of simultaneous
electrical stimulation. The dual-stimulation strategy led to
morphological and phenotypical cellular changes as well as
altered cytoskeletal fiber orientation in mesenchymal stem
cells. Nonetheless, while all the mentioned studies report an
increase in physiological behavior of the cultured cells upon the
exposure to mechanobiological cues, recreating of physiological
microenvironment in a two-dimensional cultivation setup
remains challenging.

MICROFLUIDIC MECHANOBIOLOGY IN
THE THIRD DIMENSION

Even though the above described microfluidic 2D models seem
suitable for recreating lining layers and barrier models, they
still do not resemble physiological tissue architecture since
most cells reside in a three-dimensional tissue matrix in their
native environment. Hence, the third dimension remains an
important issue that needs to be considered when aiming to re-
engineer organ models in vitro. It is important to note that the
physiological tissue microenvironment is composed of a variety
of complex physical properties ranging from cell-cell interactions
to the extracellular matrix composition and biomechanical
stimuli such as dynamic stretching and compression. This
biological complexity, to date, poses a significant challenge,
since only a limited number of studies incorporating 3D
mechanobiology on microfluidic chips have been reported.

Interstitial Flow
Additional to utilizing microfluidic devices in endothelial biology
for investigating the effect of shear stress on monolayers,
microchips are routinely used to determine the effects of
interstitial flow on 3D vasculo- and angiogenesis. One approach
involves the combination of vasculature with fluid flow where
endothelial cells are co-cultured with supporting mural cells
in hydrogels to generate blood vessels via vasculogenesis or

angiogenesis. Hsu et al. (2013) developed a microfluidic device
that is based on a resistive circuit concept to create an array
of vascularized microtissue chambers. Interstitial fluid flow in
the physiological range of 0.5 to 10 µm/s showed enhanced
vessel-like structure formation corroborating similar studies
from Jeon et al. (2014) for blood angiogenesis and from Kim S.
et al. (2016) for lymphangiogenesis (Hsu et al., 2013). A more
detailed review of recent advances in on-chip vascularization
was recently published by Haase and Kamm (2017). However,
microfluidics not only provides the perfect tool for exploring
the importance of interstitial flow in endothelial cell biology
but also for bone and brain organ-on-a-chip devices. In a
recent study by Altmann et al. (2014), the morphogenesis of 3D
cultured human primary alveolar bone osteoblasts under static
andmicrofluidic growth conditions was compared. The cells were
allowed to form aggregates in 300 µm cavities with fibronectin
coating in poly (methyl methacrylate)-based chips and exposed
to perfusion of 15, 30, and 60 µl/min flow rates. It was found
that fluid flow lead to more distinct morphogenesis and more
bone-specific gene expression and extracellular matrix formation
after 7 days of culture. Additionally, Park et al. (2015) reported
the design of a microfluidic chip-based 3D neurospheroid culture
consisting in concave microwell arrays in which interstitial flow
was generated by an osmotic micropump system. The results
of the study showed that when neurospheroids are cultured
under flow conditions, larger and more complex neural networks
were formed compared to static culture. In a more recent
3D brain model, human induced pluripotent stem cell derived
organoids were integrated into a microdevice using three-
dimensional Matrigel. The on-chip cultured organoids showed
improved neural differentiation and cortical organization under
perfusion culture as well as enhanced expression of cortical
layer markers, thus demonstrating the importance of 3D culture
and mechanical fluid flow in enhancing brain organogenesis
(Wang et al., 2018). Furthermore, Brown et al. (2015) created
a complex physiologically relevant blood-brain-barrier model
based on a back-to-back culture of endothelial cells that mimic
blood vasculature with a co-culture of astrocytes, pericytes
and hydrogel-embedded neurons that showed improved tight-
junction formation under fluid flow conditions. These examples
show that interstitial flow plays a crucial role for recreating
physiological microenvironments and call for further research
including a variety of other organ models.

Stretching and Compression in 3D
Other than the sophisticated stretch/strain devices for monolayer
barrier models, compression and stretching of 3D microfluidic
organ models is still in its infancy. One of the first applications
involve a 3D cell construct that is exposed to cyclic mechanical
strain to develop a beating heart-on-a-chip (Marsano et al., 2016).
In this study, human induced pluripotent stem cell-derived
cardiomyocytes were embedded in a fibrin gel prior to injection
into the microdevices, and subsequently exposed to mechanical
stimulation using a deformable PDMS (Polydimethylsiloxane)
membrane (10% uniaxial strain, 1 Hz frequency). Interestingly,
the mechanically stimulated constructs showed similar gene
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expression levels of cardiac markers when compared to
non-actuated controls. However, the mechanical stimulus
resulted in decreased expression of MYH6 (a marker for less
developed phenotype), thus indicating superior cardiac maturity
compared to static conditions. Furthermore, elongated cardiac-
like morphology was observed in the mechanically stimulated
constructs. Recently, the same group employed a similar concept
to propose a model of cardiac fibrosis by applying cyclic
mechanical stretch to cardiac fibroblasts embedded in a 3D fibrin
hydrogel. By exploiting this strategy, the authors claim to be
able to mimic some of the key steps of cardiac fibrosis onset in
a timely fashion: early fibroblast proliferation, their phenotype
switch intomyofibroblasts, extracellular matrix deposition and its
final stiffening (Occhetta et al., 2018). An alternative microfluidic
device containing deformable membranes was developed to
investigate differentiation associated matrix production using a
real-time stiffness sensor. The authors showed that mesenchymal
stromal cells embedded in hydrogels and subjected to dynamic
mechanical stimulation undergo myofibroblast differentiation
and synthesize collagen, leading to gel stiffening (Liu et al.,
2016). In another study, 3D responses of cells were quantified
in the presence of extreme strain within 3D hydrogel matrices.
Here, micro-magnetically actuated synthetic tissue cultures were
developed and consisted of a polyethylene glycol dimethacrylate
hydrogel layer containing iron microspheres, and a stiffness
tunable gelatin methacryloyl hydrogel containing a population
of fibroblasts. Using this magnetic field focusing device, strain-
dependent proliferation, spreading, polarization, differentiation,
and matrix adhesion was studied (Li et al., 2016). Although the
system can be used to readily adjust mechanical strain within
3D hydrogel cell cultures, some limitations remain concerning
extracellular matrix porosity and non-fibrous matrices not being
representative of the cell environment in a real tissue. Table 1

lists currently available technologies according to applied stimuli,
organ culture and cell type using microfluidic 2D as well as 3D
cell culture systems.

CONCLUDING REMARKS AND
FURTHER PERSPECTIVES

The combination of microfabrication-based technologies with
complex biology has enabled the development of advanced
in vitro models capable of culturing and analyzing cell and
tissue constructs under physiologically relevant conditions (Ertl,
2015; Rothbauer et al., 2015, 2017). While microfluidic models
for 2D mechanical stimulation involving stretch and strain
has been widely investigated, the application of physiologically
relevant axial strain in 3D cell culture systems is still

in its infancy. To date only few microdevices have been
developed that are capable of recreating mechanobiological
relevant three-dimensional cellular microenvironments. Current
mechanobiology-on-a-chip advances are hindered by both
technological shortcomings and the limited reliability of current
in vitro 3D cell culture systems. One possible solution to
improve fabrication speed, precision, material selection, and
(bio)compatibility could be stereolithography, which already
enables (a) additive manufacturing of microchannels down
to 300 µm and (b) the integration of pneumatic valves for
automated cell handling and manipulation of complex biological
structures on chip. Next generationmicrofluidic devices will need
to contain computer-controlled valves andmicropumps for fluid-
mechanical stimulation of cells (Rogers et al., 2015; Chen et al.,
2016) and integrated actuators to reliably regulate and modify
mechanical forces on tissue constructs. Furthermore, future
microfluidic devices will need to address current limitations
in microdevice operation to minimize the need for bulky off-
chip equipment such as pumps, heaters, microscope, gas-supply,
and connectors. While the incorporation of micropumps and
-valves or alternative approaches for on-chip fluid handling
have already been demonstrated in state-of-the-art devices (Sung
et al., 2010; Kim et al., 2012; Hasenberg et al., 2015), integrated
sensing solutions that replace off-chip detection methods are
still scarce. The integration of micro- and nanosensors will
ultimately enable the investigation of dynamic cellular responses
to any imaginable physical, chemical and biological stimuli,
thus providing detailed information on tissue behavior down
to the molecular level. In conclusion, given the complexity
of in vivo biological architectures of tissues and organs, next
generation mechanobiology-on-a-chip systems will need to
significantly increase the similarity of in vitro 3D biologically
inspired constructs using highly integrated, fully automated and
miniaturized cell analysis systems.
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The research for heart therapies is challenged by the limited intrinsic regenerative

capacity of the adult heart. Moreover, it has been hampered by the poor results

obtained by tissue engineering and regenerative medicine attempts at generating

functional beating constructs able to integrate with the host tissue. For this reason,

organ transplantation remains the elective treatment for end-stage heart failure, while

novel strategies aiming to promote cardiac regeneration or repair lag behind. The

recent discovery that adult cardiomyocytes can be ectopically induced to enter the

cell cycle and proliferate by a combination of microRNAs and cardioprotective drugs,

like anti-oxidant, anti-inflammatory, anti-coagulants and anti-platelets agents, fueled the

quest for new strategies suited to foster cardiac repair. While proposing a revolutionary

approach for heart regeneration, these studies raised serious issues regarding the

efficient controlled delivery of the therapeutic cargo, as well as its timely removal or

metabolic inactivation from the site of action. Especially, there is need for innovative

treatment because of evidence of severe side effects caused by pleiotropic drugs.

Biocompatible nanoparticles possess unique physico-chemical properties that have

been extensively exploited for overcoming the limitations of standard medical therapies.

Researchers have put great efforts into the optimization of the nanoparticles synthesis

and functionalization, to control their interactions with the biological milieu and use as

a viable alternative to traditional approaches. Nanoparticles can be used for diagnosis

and deliver therapies in a personalized and targeted fashion. Regarding the treatment of

cardiovascular diseases, nanoparticles-based strategies have provided very promising

outcomes, in preclinical studies, during the last years. Efficient encapsulation of a large

variety of cargos, specific release at the desired site and improvement of cardiac
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function are some of the main achievements reached so far by nanoparticle-based

treatments in animal models. This work offers an overview on the recent nanomedical

applications for cardiac regeneration and highlights how the versatility of nanomaterials

can be combined with the newest molecular biology discoveries to advance cardiac

regeneration therapies.

Keywords: nanoparticles, cardiac regeneration, cardiomyopathy, targeted delivery, Hippo pathway, YAP

GRAPHICAL ABSTRACT | Learning from heart development
and diseases to develop novel nano-therapeutics.

INTRODUCTION

For the last decades, cardiologists and researchers in the field
have been fascinated by the idea of treating cardiomyopathies
by inducing adult cardiomyocytes (CMs) to proliferate and
generate new contractile force (Hashmi and Ahmad, 2019). The
regenerative potential of mammalian heart is an age-dependent
process and is already limited in newborns (Porrello et al., 2011b).
After a few studies reported the limited potential of CMs to
regenerate in human hearts during physiological aging and after
injury (Bergmann et al., 2009; Senyo et al., 2013), a consensus
was recently reached that their capacity is insufficient to restore
heart function in case of injury (Eschenhagen et al., 2017). Also,
cardiac muscle regenerative potential remains elusive due to the
poor understanding of the biology of resident progenitor cells
(Tzahor and Poss, 2017).

When damage occurs, rather than producing new functional
muscle mass, the human heart is prone to protect its integrity by
depositing a non-compliant scar, while inducing cardiomyocyte
hypertrophy. Consequently, these two processes lead to the
insurgence of arrhythmias and eventually to heart failure (HF).
Therefore, overcoming this limitation would revolutionize the
good clinical practice by finding a measure to counteract HF
(Foglia and Poss, 2016).

To date, several clinical trials have been proposed to test
cardiac repair stimulation in adults. However, no satisfactory
outcomes were achieved (Banerjee et al., 2018), mainly due to
either the poor understanding of resident cardiac progenitor
(CPCs) biology in adult heart or by the lack of appropriate

delivery tools (Smith et al., 2014; Vicinanza et al., 2017; Cianflone
et al., 2018; Marino et al., 2019).

The proposed therapies entailed the transplantation of CPCs
or the application of human induced pluripotent stem cells
(hiPSCs), mainly delivered through cell injections (Bartunek
et al., 2017; Butler et al., 2017), cell-matrix inoculation
(Traverse et al., 2019; U.S. National Library of Medicine,
2019a), cell sheets (Miyagawa et al., 2017) and cell patches
(Dolan et al., 2019). Despite the amount of work done in this
direction, the lack of robust pre-clinical mechanistic studies
remains the main hurdle for the failure of cardiac treatment
(Menasché, 2018).

In this context, the design of nanoparticles (NPs) targeting
the contractile component of the heart may offer interesting
solutions to overcome the limitations of current therapeutics,
by selective modulation of developmental pathways in cardiac
cells. Currently, nanoparticles properties can be tuned and
designed opportunely for different medical applications, thus
offering the possibility for loading and delivering different
kinds of cargos, according to the desired therapy. In this
work, the current state-of-the-art of NP-based system for
cardiac therapy and their therapeutic cargos such as microRNAs
(miRNAs), cardioprotective drugs or growth factors is reported
and critically discussed.

In conclusion, we point at Hippo pathway, a recently
discovered intracellular axis being involved in fetal heart
growth and cardiomyocyte proliferation (von Gise et al., 2012;
Heallen et al., 2013), as a promising target for nanoparticle-
based therapies.

THE BIOLOGY OF CARDIOMYOPATHIES

Heart failure is either determined by a primary cardiac event,
such as in myocardial infarction (MI), or is chronically
reached over a long time in non-ischemic cardiomyopathies
(Tanai and Frantz, 2015). The treatment options for MI range
from anti-inflammatory, anti-coagulants and analgesic drugs
to angioplasty, coronary bypass or electronic implants, up
to heart transplantation in the most severe cases (Lu et al.,
2015). However, if the ischemic event persists for prolonged
period, the damage to the heart muscle can be irreversible, and
cardiac remodeling, achieved by myocardial fibrosis, results in
impaired cardiac function (Briceno et al., 2016). Non-ischemic
cardiomyopathies refer, instead, tomuscle diseases affecting heart
size, shape and structure, that eventually reduce the pumping
function of the organ (Chan et al., 2018). They – in fact –
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proceed to heart blood pump dysfunction, followed by the
consequent remodeling of cardiac structures and eventually heart
failure (Vikhorev and Vikhoreva, 2018). Based on structural
and functional heart changes, several types of cardiomyopathies,
having a non-ischemic basis, can be identified. Among them,
hypertrophic (HCM), dilated (DCM), restrictive (RC), and
arrhythmogenic right ventricular (ARVC) cardiomyopathies
are inheritable, and caused by mutations in a single gene
(Braunwald, 2017).

HCM is caused by single mutations on different specific genes
encoding for proteins from the cardiac sarcomere and it is
transmitted as a dominant trait (Alfares et al., 2015). Thus, direct
relatives of affected people have 50% probability of acquiring
the disease. Nevertheless, due to its incomplete penetrance at
very young ages, diagnosis of the disease might be delayed till
adulthood (Velzen et al., 2018). HCM is characterized by an
inappropriate left ventricular hypertrophy (LVH) developed in
the absence of pressure overload or infiltration, and, generally, it
results in asymmetric septal hypertrophy, but any LVH pattern
can be associated with the disease (Mazzarotto et al., 2019).
Similarly, gene mutations can result in very distinct LVH patterns
in terms of myocardial fibrosis and susceptibility to arrhythmias.
Several genes that bear pathogenic mutations causing HCM
have been identified. Among them, the combined cardiac
myosin binding protein-C (MYBPC3) and b-myosin heavy chain
(MYH7) account for up 50% of the clinically recognized HCM
cases (Lopes et al., 2015). Histologically, HCM is defined by
interstitial fibrosis, myocyte enlargement and microstructure
disarray (Figure 1, middle panel).

DCM is the most common cardiomyopathy and a leading
cause of heart failure, transplantation and death (Hershberger
et al., 2013). It is caused by the pathological dilation of the
left ventricle, followed by progressive contractile failure. It is
histologically characterized by cardiomyocyte hypertrophy, loss
of myofibrils, and interstitial fibrosis (Figure 1, right panel)
(Cahill et al., 2013). DCM is a progressive disease that can
originate from various factors (acquired or inherited) such
as ischemia, infection, autoimmune disease, collagen vascular
disease, toxins and drugs, nutritional deficiency, and genetic
disease (Watkins et al., 2011; Schultheiss et al., 2019). Although
patients with DCM may be initially asymptomatic, progressive
heart failure or arrhythmia are often responsible for sudden
death cases. DCM has a diverse array of familial or sporadic
genetic causes, where mutations can be found in sarcomeric
proteins and other structural protein genes (Burke et al., 2016).
Mutations in the titin gene (TTN) are the most common causes of
pathogenicity (∼25–27.6% of familial and 11.6–18% of sporadic
cases) (Schafer et al., 2016). Other frequent mutations affect
MYH7 (Colegrave and Peckham, 2014), tropomyosin a1 chain
(TPM1) (England et al., 2017), and the genes of cardiac troponins
(TNNT2) (Hershberger et al., 2009).

ARVC is characterized by a progressive replacement of
right ventricular myocardium by fibro-fatty tissue leading to
ventricular arrhythmias and sudden cardiac death (Xu et al.,
2017). Pathogenic mutations in 13 genes have been identified for
patients with ARVC with genes encoding the cardiac desmosome
accounting for more than 50% of the cases (Xu et al., 2017).

The later include plakoglobin (JUP), plakophilin-2 (PKP2),
desmoplakin (DSP), desmoglein-2 (DSG2), and desmocollin-2
(DSC2) (Xu et al., 2017).

Analogously to DCM, RC – the least common of the
cardiomyopathies – may result from acquired or inherited
predispositions. Themost significant inheritedmutations include
TNNT2, troponin I (TNNI3), α-actin (ACTC), and MYH7

(Muchtar et al., 2017). RC results in increased myocardial
stiffness that ultimately leads to impaired ventricular filling
(Muchtar et al., 2017). Usually RC is manifested from infiltrative
processes, i.e., sarcoidosis, hemochromatosis and amyloidosis, for
which tailored interventions and precise diagnosis are required to
reveal the disease cause (Muchtar et al., 2017).

Other acquired disorders such as stress-induced and
myocarditis cardiomyopathies have been identified. The first
one is defined, according to the World Healt Organization
(WHO) classification of cardiomyopathies, as an inflammatory
disease often resulting from viral infections (Pollack et al., 2015).
Clinically it is manifested by acute heart failure, ventricular
arrythmias or cardiogenic shock, being associated with significant
rates of morbidity and death (Pollack et al., 2015).

Stress or Takotsubo cardiomyopathy is a reversible disorder
associated with transient left ventricular dysfunction and affects
predominantly post-menopausal women (Nef et al., 2010). It
mimics a myocardial infarction but in the absence of coronary
artery occlusion and it is manifested by systolic apical ballooning
(Dhulipala et al., 2018).

Currently available treatments for cardiomyopathies are
mainly focused on the mitigation of the most severe symptoms
instead of solving the pathology and in most cases the
only resolutive intervention is the heart transplantation (U.S.
Department of Health & Human Services).

Conversely, cardiac regeneration therapy looks for the
complete remission of the disease to improve the patient’s life
quality, aiming to re-establish the lost heart functionality by
stimulating the activity of cardiomyocytes.

NOVEL THERAPEUTIC APPROACHES
TO TREAT CARDIOMYOPATHIES

Over the years, different kinds of therapies have been used
to repair or regenerate the damaged heart. These include:
(1) cell-based therapies (Behfar et al., 2014; Madonna et al.,
2016); (2) direct reprogramming of resident cardiac fibroblasts
into contractile cells (Fu et al., 2015; Engel and Ardehali,
2018); (3) endogenous cardiomyocyte proliferation induction via

modulation of cardiomyocyte cell cycle regulators, e.g., the Hippo
signaling pathway (Mohamed et al., 2018); (4) gene therapy
via adeno associated viruses (AAVs) (Chamberlain et al., 2017).
Since most of these approaches have been exploited when using
nanoparticles for cardiac repair, we will briefly introduce them in
the following paragraphs.

Cell-Based Therapies
Cell-based therapies envision the transplantation of cells to
restore cardiac function. Implanted cells need to be able to
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FIGURE 1 | HCM and DCM as the most common cardiomyopathies. (A) Schematic representations of the anatomy of normal (left), hypertrophic (hypertrophic

cardiomyopathy, HCM, middle) and dilated (dilated cardiomyopathy, DCM, right) heart. HCM is characterized by left ventricle thickening, while DCM is defined by the

dilation of the left ventricle. AO, aorta; SVC, superior vena cava; MPA, main pulmonary artery; RA, right atrium; RV, right ventricle; TV, tricuspid valve; PV, pulmonary

valve; LA, left atrium; LV, left ventricle; MV, mitral valve; AOV, aortic valve; IVC, inferior vena cava. (B) Hematoxylin-eosin (H&E, top) staining in longitudinal and

transversal (inset) sections of the cardiac muscle. Normal heart shows the organized and parallel alignment of cardiomyocytes (dashed black line) with preserved cell

body and sarcomeric structures. Disorganized cellular structures are highlighted in HCM and DCM sections. Nuclei appear in violet, cytoplasm in pink. Masson’s

trichrome (MT, bottom) staining in longitudinal and transversal (inset) sections of cardiac muscle. The homogeneity, the continuity and organization of the healthy

tissue (pink) is perturbed by the accumulation of fibrotic non-contractile tissue (blue) in HCM and DCM hearts. Missing scale bars were not provided in the original

article. H&E healthy: Reprinted and adapted from Marian and Braunwald (2017) under the terms of the Creative Commons Attribution License. MT healthy:

Reprinted and adapted from Wang et al. (2014) under the terms of the Creative Commons Attribution License. H&E HCM: Reprinted and adapted from Jain et al.

(2017) under the terms of the Creative Commons Attribution License. MT HCM: Reprinted and adapted from: Guo et al. (2017) under the terms of the Creative

Commons Attribution License. H&E DCM: Jain et al. (2017) under the terms of the Creative Commons Attribution License. MT DCM: Reprinted and adapted from:

Mitrut et al. (2018) under the terms of the Creative Commons Attribution License.

engraft and differentiate into functional cardiomyocytes in vivo

(Sanganalmath and Bolli, 2013). Several types of cells including
skeletal myoblasts (Gavira et al., 2010), bone marrow-derived
cells and mesenchymal stem cells (MSCs), cardiac progenitors
and pluripotent stem cells [i.e., human embryonic (hESCs)
and human induced pluripotent (hiPSCs) stem cells], have
been proposed as suitable candidates for cardiac cell therapies
(Psaltis et al., 2010; Müller et al., 2018). Despite the promising
in vitro results and the beneficial short-term outcomes in in vivo

tests, controversial evidence regarding long term side effects,

like arrhythmias or possible tumor growth due to ineffective
differentiation, together with inconsistencies in the reported
cell engraftment rate and differentiation, have impaired the
translation of such approaches into clinics (Rikhtegar et al., 2019).
Nevertheless, different clinical trials featuring the delivery of cells,
deemed to be beneficial to the heart, are currently undergoing.
Most of these studies are based on the direct injection of different
preparations of bone marrow-derived cells and are either in the
recruitment phase – with estimated completion dates on May
2020 (NCT02032004) and March 2030 (NCT02503280) (Borow

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org 4 April 2020 | Volume 8 | Article 323

224



Cassani et al. Nanoparticles for Heart Regeneration

et al., 2019; U.S. National Library of Medicine, 2019b, 2020a) – or
with completion dates expected on June 2021 (NCT02438306),
January 2023 (NCT02408432) and July 2023 (NCT02962661)
(Raval et al., 2018; U.S. National Library of Medicine, 2019c,d).
The outcomes of these clinical trials are likely to clarify the
potentiality of cell-based therapy and mark the future direction
for the application of this technique in cardiac regeneration.

Direct Reprogramming of Resident
Cardiac Fibroblasts
Recently, the possibility that cardiomyocytes can be generated
by direct cardiac reprogramming of non-contractile cells has
gained momentum (Isomi et al., 2019). This approach consists
in converting fully differentiated fibroblasts into cardiomyocytes.
It combines the beneficial potential of increasing the contractile
workforce of the heart with the reduction of the scar tissue
formation (Ieda et al., 2010). The protocols currently in use
utilize the forced expression of cardiac-specific transcription
factors (e.g., GATA4, HAND2, MEF2C, TBX5) (Song et al., 2012)
and relevant cardiac miRNAs to hijack the genetic program of
non-contractile cells (Jayawardena et al., 2012). Several studies,
both in vitro and in vivo, have reported the use of different
combinations of transcription factors, miRNAs or chemical
compounds to engineer mouse or human cardiac fibroblasts
into cardiomyocyte-like cells, proving functional improvements
in MI models (Nam et al., 2013; Wada et al., 2013; Cao
et al., 2016). However, problems like inadequate reprogramming
efficiency, uncertainty of the molecular mechanisms involved,
and the heterogeneous population of induced cardiomyocyte-
like cells still need to be addressed before the clinical
application of this methodology can be foreseen (Engel and
Ardehali, 2018). More details on the use of transcription factors
used in cardiac repair have been reported in the literature
(Hashimoto et al., 2018).

In the following paragraph, we will describe the role of
miRNAs, growth factors and other cardioprotective drugs, in
connection with their use as cargos in nanoparticle-driven
cardiac regeneration.

Endogenous Cardiomyocytes
Proliferation Induction
miRNA Regulation

Because of their regulatory role in cell fate, miRNAs are
considered interesting molecular tools and new potent drugs
for a number of diseases (Raso and Dirkx, 2017). miRNAs
are small endogenous non-coding RNAs (∼23 nucleotides)
that play gene-regulatory roles in plants and animals by
directing the post-transcriptional repression of protein-
coding mRNAs (Bartel, 2009). Over the last two decades,
different cardiac miRNAs have been described. Here we refer
to heart-specific microRNAs known together as myomiRs
(myo = muscle + miR = microRNA), such as mir-128,
miR-19a/19b, and other miRNAs with known effects on the
heart. They were recently found to play a role in pivotal cell
functions involved in cardiac regeneration, i.e., proliferation,

reprogramming and differentiation (Huang et al., 2018;
Gao et al., 2019).

Additionally, high throughput screening analysis recently
performed by different laboratories identified a handful of
miRNAs (Table 1) able to induce cardiomyocyte proliferation
and stimulate cardiac regeneration in mice and rats (Giacca and
Zacchigna, 2015). Following on these studies, miRNAs have also
been found to be involved in the cardiac regulation of Hippo
pathway, an evolutionarily conserved signaling pathway known
for its role in proliferation and apoptosis control during organ
development (Meng et al., 2016). This pathway and its impact on
cardiac regeneration are described later in this review.

Growth Factors

Biologically active compounds (i.e., growth factors, cytokines)
that act at different levels of regulatory processes can be exploited
for cardiac repair. They can, for example, (1) activate resident
progenitors to attract and differentiate them at the injury site, (2)
induce cardiomyocyte dedifferentiation and proliferation, or (3)
induce circulating progenitor cells to trigger neovascularization
(Hastings et al., 2015). Unfortunately, growth factors and
cytokine have usually pleiotropic effects and very short half-life
in vivo.

A number of growth factors has been recently conjugated to
nanoparticles for a controlled delivery at the heart (Table 2).
Vascular endothelial growth factor (VEGF) and fibroblast
growth factor (FGF) are among the most potent regulators
of neo-vascularization and their efficacy has been tested
in pre-clinical applications for improving cardiac function
after heart failure (Unger et al., 2000; Simons et al., 2002;
Henry et al., 2003). However, neither of them has been yet
successfully used in clinical practice (U.S. National Library of
Medicine, 2020c; Taimeh et al., 2013), due to their pleiotropic
effects and limited half-life in vivo (Epstein et al., 2001;
Henry et al., 2001).

Furthermore, insulin-like growth factor I (IGF-1) regulates
contractility, metabolism, hypertrophy, autophagy, senescence,
and apoptosis in the heart and its deficiency in humans
and animal models has been associated with an elevated
risk of cardiovascular disorders (Troncoso et al., 2014). More
specifically, low levels of circulating IGF have been related to
the development of heart diseases in patients diagnosed with
ischemic heart (Juul et al., 2002). These evidences on the roles
of IGF-1 explain the interest on developing new IGF-1-based
treatments for heart repair.

Noteworthy, two drugs have been approved by food and
drug administration (FDA) for the treatment of IGF1 deficiency:
mecasermin (Increlex1) and mecasermin rinfabate (IPLEX1)
(Table 2; Troncoso et al., 2014). Nevertheless, the safety of
chronic systemic IGF-1 therapy is still open to debate due to the
possibility of severe adverse effects such as cancer risk (Troncoso
et al., 2014). In order to solve these problems, scientists have
selectively overexpressed IGF-1 in the heart, revealing that IGF-
1 in cardiomyocytes protects the heart from oxidative stress and
promotes functional recovery after MI (Troncoso et al., 2014).

Despite the promising evidence supporting the use of growth
factors for cardiac therapy, the development of delivery strategies
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TABLE 1 | Cardiac function associated miRNAs with references to heart human orthologs.

MyomiRs gene family Stem-loop sequence

(human orthologs)

Mature sequence (human

orthologs)

Heart linked function Cardiac pathology

associated function

mir-1 hsa-mir-1-1 hsa-miR-1-3p Regulators of cardiac muscle

growth and differentiation (Zhao

et al., 2005, 2007; Liu et al.,

2007, 2008; Callis et al., 2009;

Sluijter et al., 2010).

Depletion induces myocyte

hyperplasia (Zhao et al., 2007)hsa-mir-1-2 hsa-miR-1-3p

mir-133 hsa-mir-133a hsa-miR-133a-3p Reduced in patients with

hypertrophic cardiomyopathy

(Carè et al., 2007)

mir-208 hsa-mir-208a

hsa-mir-208b

hsa-miR-208a-3p

hsa-miR-208b-3p

Possible cardio protective effect

of miR-208 inhibition in heart

failure patients (Kakimoto et al.,

2016)

mir-499 hsa-mir-499a hsa-miR-499a-5p N.A.

mir-21 hsa-mir-21-5p N.A. Enhancement of fibroblast

survival, interstitial fibrosis and

consequent myocyte

hypertrophy (Thum et al., 2008)

N.A.

mir-15 hsa-mir-15a hsa-miR-15a-5p Persistence of CM mitosis

beyond the normal

development window of cell

cycle arrest and prolonged

cellular proliferation of mouse

CMs (Porrello et al., 2011a;

Botting et al., 2012)

N.A.

hsa hsa

hsa hsa

hsa hsa

mir-497 hsa-mir-497 hsa-miR-497-5p

mir-126 hsa-mir-126 hsa-mir-126-5p Embryonic heart development

(Fish et al., 2008)

N.A.

hsa-mir-126-3p

mir-128 hsa-mir-128-1 hsa-miR-128-1-5p Regulator of cell cycle-related

genes (Huang et al., 2018)

Deletion promotes cardiac

regeneration in adults by

activating CM proliferation

(Huang et al., 2018)

mir-19 hsa-mir-19a

hsa-mir-19b

hsa-miR-19a-5p

hsa-miR-19b-1-5p

Cardiac protection-mediated

expression induced in heart

failure (Gao et al., 2019)

Enhancement of

cardiomyocytes proliferation in

response to cardiac injury (Gao

et al., 2019)

mir-138 hsa-mir-138-1

hsa-mir-138-2

hsa-miR-138-5p

hsa-miR-138-5p

Required to establish

appropriate chamber-specific

gene expression pattern,

contributes to CM maturation in

zebrafish (Morton et al., 2008)

N.A.

mir-143 hsa-mir-143 hsa-miR-143-3p Chamber morphogenesis,

heartbeat (Miyasaka et al.,

2011)

N.A.

mir-195 hsa-mir-195 hsa-miR-195-5p Ventricular

hypertrophy-regulated miRNA

(van Rooij et al., 2006)

N.A.

mir-218 hsa-mir-218-1 hsa-miR-218-5p Heart patterning during

embryonic development

(Chiavacci et al., 2012)

N.A.

mir-302 hsa-mir-302a hsa-miR-302a-3p Heart specific miRNA found in

human tissue screening (Lee

et al., 2008; Tian et al., 2015)

N.A.

Has hsa

Has hsa

mir-367 hsa-mir-367 hsa-miR-367-5p

hsa-miR-367-3p

Heart specific miRNA found in

human tissue screening,

contributes to proliferation of

mouse cardiomyocyte (Tian

et al., 2015)

N.A.

mir-486 hsa-mir-486-1 hsa-miR-486-5p Embryonic heart development

via PI3K/Akt signaling (Small

et al., 2010)

N.A.

(Continued)
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TABLE 1 | Continued

MyomiRs gene family Stem-loop sequence

(human orthologs)

Mature sequence (human

orthologs)

Heart linked function Cardiac pathology

associated function

mir-25 (mir-92a family) hsa-mir-25 hsa-miR-25-3p N.A. Inhibition improves cardiac

contractility in the failing human

heart by boosting intracellular

calcium handling (Wahlquist

et al., 2014)

Inhibition of miR-25 in mouse

reactivates Hand2 that is crucial

for embryonic heart

development (Dirkx et al., 2013)

hsa-mir-92a hsa-miR-92a-3p N.A. Reduces endothelial

inflammation and promotes

angiogenesis and functional

recovery in ischemic

myocardium (Bonauer et al.,

2009; Loyer et al., 2014)

mir-34 hsa-mir-34a hsa-miR-34a-5p N.A. Anti-apoptotic and telomere

protective effect after MI in mice

(Boon et al., 2013)

mir-199mir-590 hsa-mir-199a-1

hsa-mir-590

hsa-miR-199a-3p

hsa-miR-590-5p

hsa-miR-590-3p

N.A. Upregulation in rodent heart

upon myocardial infarction

re-induces mitosis that helps to

preserve cardiac function

(Eulalio et al., 2012)

N.A., not assessed.

able to increase the biocompatibility, the circulation time and
the release efficiency of these molecules at the injured site
must be considered before foreseeing their clinical translation
(Rebouças et al., 2016).

Selective Regulation of Hippo Pathway to Promote

Adult Cardiomyocyte Proliferation

The Yes-associated protein one (YAP) is the core downstream
effector of Hippo pathway. The role of Hippo signaling pathway
will be discussed further in the present section. For a more
detailed review in cellular mechanobiology, see the review from
Martino et al. (2018). The activation of the Hippo pathway
results in YAP phosphorylation at Ser127 by upstream LATS
kinases (LATS1/2 in human) (Varelas, 2014), which further leads
to cytoplasmic sequestration of YAP according to ubiquitin-
mediated protein degradation. Conversely, repression of Hippo
kinases induces YAP reactivation and accumulation in the
nucleus (Boopathy and Hong, 2019) (content Box 1). In the adult
organism, YAP is involved in numerous key biological processes
where it acts either as repressor or activator in combination
with context-specific transcription factors (Figure 2A). From the
analysis of almost four hundred direct protein interactors of
YAP, it is clear that many biological effects remain unexplored
(thebiogrid.org, 2019). Among the most studied functions YAP
exerts are stemness maintenance and tumorigenesis (Chen et al.,
2019), cell mechanic control via focal adhesions (Nardone et al.,
2017) and the regulation of organ size (Watt et al., 2015). The
Hippo–YAP pathway regulates heart growth during prenatal
life and is considered important for adult heart homeostasis
(Figure 2B; Wang et al., 2018). Noteworthy, overexpression of

YAP was proven to be sufficient for stimulating proliferation
of post-natal rat cardiomyocytes (von Gise et al., 2012). In
particular, inducible YAP overexpression in rat embryos and
new-born individuals caused an increase in cardiomyocyte
proliferation leading to hyperplasia and 20% gain in heart weight
in 10 days. This happened due to the increase in cell number,
whereas cell size remained unchanged.

Similarly, blocking the Hippo pathway upstream
components MST1/2, LATS2 or SAV1 (WW45)
enhanced cardiomyocytes proliferation during heart
development (Heallen et al., 2013). Odashima et al.
(2007) reported the occurrence of several “pro-
regenerative” effects able to inhibit the development of
heart failure after myocardial infarction in transgenic
mice overexpressing MST1 dominant negative (resulting
in downregulation of endogenous MST1 and subsequent
YAP upregulation). These effects promoted the
reduction of contractile cell apoptosis, intensification of
proinflammatory cytokines, inhibition of cardiac dilation,
and attenuation of cardiac dysfunction without inhibiting
compensatory hypertrophy.

Although progresses in myocardial regeneration in
Hippo-deficient heart was reported by Tao et al. (2016),
restoration of overall cardiac function by tuning Hippo-pathway
components seems to be a more complex task, which requires
additional research and validation. In fact, Ikeda et al. (2019)
described that long term activation of YAP facilitates the
progression of heart failure, in response to pressure overload,
in transgenic mice model lacking WW45 Hippo component.
Despite homozygous knockout of WW45 (WW45cKO) in
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TABLE 2 | Drugs and small molecules as cardioprotective agents in nanomedicine applications.

Molecule class Properties Heart repair

properties

Clinical trial References

Simvastatin Statin Reduces LDL-C levels Reduced

cardiovascular

morbidity and mortality

in high risk patients

Heart failure Heart Protection Study

Collaborative and

Group, 2002; Feringa

et al., 2006; Cannon

et al., 2015

VEGF Growth factor Promoting

neovascularization

Enhanced angiogenesis Ischemic heart disease

and other cardiac

conditions

Henry et al., 2001,

2003; U.S. National

Library of Medicine,

2020c; Epstein et al.,

2001; Taimeh et al.,

2013

IGF-I Growth factor Regulates contractility,

metabolism,

hypertrophy,

autophagy,

senescence, and

apoptosis in the heart.

IGF-1 in

cardiomyocytes

protects the heart from

oxidative stress and

promotes functional

recovery after MI.

FDA approved drugs:

Increlex1 and IPLEX1

Troncoso et al., 2014

AMO-1 Anti-miRNA

oligonucleotide

Inhibition of miR-1 Reduce apoptosis of

cardiomyocytes

N.A. Xue et al., 2018

CoPP Anti-oxidant Suppresses the

inflammatory activity of

macrophages by

induction of heme

oxyenase-1 (HO-1)

expression

Reduces adverse heart

remodeling by

controlling the

inflammatory activity of

macrophages

N.A. Bulbake et al., 2017

SB431542 Inhibitor TGFβ inhibitor Reduces fibrosis,

decreases

hyperthrophy and

improves cardiac

function.

N.A. Ferreira et al., 2018

CHIR99021 Inhibitor GSK3 inhibitor Upregulates Wnt

signaling resulting in

significant increase of

mature cardiomyocyte

proliferation.

N.A. U.S. National Library of

Medicine, 2020c

Berberine Alkaloid Anti-inflammatory,

anti-microbial,

anti-diharreal,

anti-oxidative,

vasorelaxant,

cholesterol lowering

Reduces rate of MI Study showed to

improve survival of CHF

patients when given

oral or intraperitoneal

Zeng et al., 2003; Allijn

et al., 2017

LDL-C, low density lipoprotein-C; CHF, congestive heart failure; Increlex1, mecasermin, a human recombinant IGF-1 analog; IPLEX1, mecasermin rinfabate, a binary

protein complex of human recombinant IGF-1 and human recombinant IGBP-3; IGBP-3, insulin-like growth factor binding protein-3; HO-1, heme oxygenase-1; TGFβ,

transforming growth factor β; GSK3, glycogen synthase kinase-3. N.A., not assessed.

BOX 1 | Hippo pathway overview.

Like every tissue of the human body, the heart tissue is subjected to either constant or temporary mechanical stimuli. The cell-extracellular matrix (ECM) interactions

dynamically remodel the mechanical properties of the myocardium, and actively respond to extrinsic mechanical cues. Hippo pathway is a mechanosensitive

signaling pathway transducing external mechanical stimuli into biochemical responses. The pathway functions as a negative regulator of the effectors YAP/TAZ, two

paralog proteins acting as transcriptional co-activators. Here are the main components of Hippo pathway and their role in brief:

• YAP: Yes-associated protein. The effector of the pathway. It acts as a transcriptional co-activator (Boopathy and Hong, 2019);

• TAZ (WWTR1): WW domain-containing transcription regulator protein 1. Together with YAP, is the effector of the pathway. It acts as a transcriptional co-activator

(Boopathy and Hong, 2019);

• LATS1/2: Large Tumor Suppressor Kinase 1. It is a serine/threonine protein kinase directly phosphorylating YAP/TAZ. The phosphorylation inhibits YAP/TAZ

translocation to the nucleus (Tang et al., 2019);

• MOB1: MOB Kinase Activator 1A. It functions as a co-factor of LATS1/2 (Kulaberoglu et al., 2017);

• MST1/2 (STK3/4): Mammalian STE20-Like Protein Kinase 2. It acts upstream of LATS1/2 (Qin et al., 2013);

• SAV1 (WW45): Salvador Family WW Domain Containing Protein 1. It forms a heterodimer with MST1/2 (Bae et al., 2017);

• TAOK1: TAO kinase 1. It is a serine/threonine protein kinase acting upstream of MST1/2 (Plouffe et al., 2016);

• B-TrCP: Beta-Transducin Repeat Containing E3 Ubiquitin Protein Ligase (Fuchs et al., 2004);

• TEAD: transcription factor family forming an active transcriptional complex in association with YAP/TAZ (Boopathy and Hong, 2019).
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FIGURE 2 | The role of Hippo pathway in heart development and homeostasis. (A) When Hippo pathway is on, the mammalian MST1/2 (STE20-like protein kinase

1/2) and SAV1 (protein salvador homolog 1) complex activates LATS1/2 (large tumor suppressor homolog 1/2) that phosphorylates, in association with MOB1 (MOB

kinase activator 1), YAP (Yes-associated protein 1) and TAZ (WW domain-containing transcription regulator protein 1), thus promoting their degradation. Conversely,

when Hippo signaling is off, YAP and TAZ shuttle into the nucleus where they bind TEADs (TEA domain transcription factor family members) and regulate the

transcription of genes involved in cell proliferation, survival and migration (Henry et al., 2001). By regulating the activity of YAP and consequently the proliferation of

prenatal cardiomyocytes, Hippo pathway regulates heart size during development. YAP inhibitory kinase TAOK1 (TAO kinase 1) and E3 ubiquitin ligase β-TrCP

(β-transducin repeats-containing protein) are involved in YAP degradation. Their silencing has been reported to increase YAP activity in cardiomyocytes (Torrini et al.,

2019). (B) Increased YAP activity has been associated with several pro-regenerative effects in developed heart to prevent cardiac diseases or promoting restoration

after MI, as indicated in the table (Watt et al., 2015).

mice exhibited greater cardiomyocytes cell cycle re-entry,
adverse effects such as interstitial fibrosis, partial increase of
infiltrating inflammatory cells and reduction in contractility
were also observed.

Considering the very different effects Hippo pathway
has on the contractile and structural components of the
heart, pros and cons of targeting such a pathway in the
whole organ need to be balanced. Also, the crosstalk
with other regulatory pathways such as WNT/β-catenin
signaling should be considered (Wang et al., 2018). In fact,
β-catenin heterozygous mutation (the major effector of
WNT pathway) in SAV1 KO mice was able to normalize
the proliferation rate of ventricular cardiomyocytes and
myocardial thickness, thus confirming the crucial role of WNT
pathway in cardiac overgrowth induced by Hippo inactivation
(Heallen et al., 2011).

Regarding cardiomyocyte homeostasis, the group of Mauro
Giacca lately demonstrated that somemiRNAs work in a network
that preside over cardiomyocyte homeostasis by converging in
the activation of nuclear translocation of YAP (Torrini et al.,
2019). In particular, the authors proved that miR-199a-3p, miR-
302d, miR-373, miR-590-3p, andmiR-1825 can target the TAOK1
and β-TrCP (content Box 1), thus driving E3 ubiquitin ligase-
mediated YAP degradation.

These results highlight the crucial role of Hippo pathway
in cardiomyocyte homeostasis and the possible cardiac therapy
horizons emerging from the regulation of YAP activity in the
contractile figures of the heart.

Adeno-Associated Viruses (AAVs) for
Targeted Gene Therapy
Another methodology proposed to treat the failing heart
relies on the use of engineered viruses as vectors for
transfection, given their natural ability to deliver nucleic
acids into replicating host cells (Chen et al., 2017). In this
direction, the intra-cardiac administration of miRNA-199a
through adeno-associated viral vectors restored contractility
and increased pig muscle mass by sustaining cardiomyocyte
proliferation and de-differentiation (Gabisonia et al., 2019).
Nevertheless, the long-term uncontrolled expression of the
miRNA resulted in arrythmia events which led the animals to
premature death, most likely due to the proliferation of poorly
differentiated cardiac cells.

AAV technology is being used in clinics for several
applications. A quick look at the website www.clinicaltrials.gov
returns three clinical studies employing AAVs aiming to
improving the function of the failing heart in patients with
HF with reduced ejection fraction (HFrEF). The studies
(CUPID and MYDICAR) relied on the intracoronary or
the anterograde epicardial coronary artery infusion delivery
of AAV1-encoding sarcoplasmic reticulum Ca2+-ATPase
(SERCA2a). Although encouraging, with favorable safety profile
in terms of immunogenic responses and arrhythmias, the efficacy
of the CUPID trial was not confirmed by the larger CUPID 2
study (Penny and Hammond, 2017).

As a general consideration, the use of AAVs still faces
important limitations. In particular, several issues remain
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unsolved, such as (1) long manufacturing processes and
scalability; (2) strictly defined cDNA packaging capacity (∼5
kb) that dramatically limits the number of genes that can be
carried; (3) the demanding screening of AAV variants suitable
for the specific aim; (4) pre-existing immunological sensitivity
along with the insurgence of immune response after repeated
administrations (Chamberlain et al., 2017).

As an alternative to the use of AAVs, NPs, which can
be “custom-made” by using different nano-constructs carrying
therapeutic/regenerative drugs/miRNAs, have been proposed,
thus opening the way to the application of nanomedicine in the
cardiac regeneration field (Amezcua et al., 2016).

NANOPARTICLES DESIGN FOR
CARDIAC REGENERATION

Generally, the term nanomedicine is applied to a number of
innovative therapeutic approaches entailing the use of precisely
bioengineered nanostructured materials (Figure 3A), with at
least one dimension in the 1–100 nm range (Zhang et al.,
2008). However, a broader definition is now accepted for
structures above the 100 nm, such as sub-micrometer and
nanostructured microparticles, which are commonly regarded as
nanomaterials and used for nanomedical applications (Boverhof
et al., 2015). Nanomedicine can be defined as the application
of nanotechnology to medicine for diagnosis and therapy

(Pelaz et al., 2017). It aims to minimize the side effects of
therapeutic drugs while increasing their selective accumulation,
thus enhancing the efficacy of the treatment in clinics (Davis
et al., 2008). Conventional therapies are – in fact – often
associated with tremendous side effects due to the intrinsic
toxicity of the drugs, their broad spectrum of activity and
the poor control over delivery (Jabir et al., 2012). Due to
their tunable properties that potentially allow any kind of
application, NPs can overwhelm the design limitations associated
with AAVs described above. To date, various types of NPs
have been loaded with miRNAs and drugs and used to
vehiculate therapeutic agents via different administration routes,
providing several advantages when compared to the standard
therapies (Figure 3B). Remarkably, a major limitation in the
therapeutic use of miRNAs is their fast clearance and rapid
degradation in blood circulation and cellular cytoplasm mainly
by ribonucleases, resulting in a short half-life (Sioud, 2005).
Furthermore, these molecules cannot freely penetrate into the
cell efficiently (Zhang et al., 2007). Extracellular miRNAs are
physiologically carried inside the cell by membrane-derived
vesicles, lipoprotein and ribonucleoprotein complexes (Boon and
Vickers, 2013). Among these systems, exosomes are the main
effectors of miRNA carriage and exosome miRNA-loaded release
has been found to be involved in intercellular communications
(Valadi et al., 2007). Therefore, the use of engineered miRNA
nanocarriers represents a nature-inspired approach overcoming
the previously described limitations. Several NP-based systems

FIGURE 3 | Therapy at the nanoscale. (A) Representation of the nanosize, scaling down from the organ size (swine heart) to single cells and intracellular organelles,

the latter being the group in which NPs are included. (B) Illustrative scheme of the different modalities of drug delivery. NPs as drug delivery systems have plenty of

advantages if compared to systemic drug administration, such as targeted release and dosage reduction, thanks to the combination of several functional blocks

within the same tool.
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for miRNA delivery were so far developed, as recently reviewed
in (Lee et al., 2019).

Along with the miRNA delivery, the use of bioengineered
nanocarriers can enhance the circulation time, biodistribution
and bioavailability of different drugs and proteins, as well
as protecting them from degradation and inactivation (Patra
et al., 2018). Indeed, many of the drugs currently available
are lipophilic and their systemic administration is challenged
by their scarce aqueous solubility, with consequent poor
delivery and therapeutic efficiency (Kalepu and Nekkanti, 2015).
Consequently, the encapsulation of these molecules inside
amphiphilic systems may enhance their efficacy and promote
their long lasting and sustained release at the desired site
(Din et al., 2017).

Protein therapy offers higher specificity, greater activity,
and less toxicity compared to standard drugs. However, the
maintenance of their structural complexity and activity, which
are crucial for achieving high therapeutic performances, can be
challenged by (1) their enzymatic degradation/inactivation, (2)
their short circulation half-lives and (3) their poor membrane
permeability (Yu et al., 2016). Therefore, the use of nanoparticles
may also protect therapeutic proteins from proteolysis while
improving their delivery efficiency and sustaining their release at
the target site (Zhao et al., 2016).

As a result, the use of nanotechnology to deliver
cardioprotective drugs and assist the prolonged release of
growth factors has arisen in the last years as a promising
tool to restore compromised heart function, as it will be
discussed below. Different administration routes, based on
the physico-chemical properties of the drug/nanoparticle,
on the predicted effect and desired target have been
pursued for obtaining an optimal delivery of NPs to treat
cardiomyopathies. Intravascular, including intra-cardiac
(i.c.) and intravenous (i.v.) injection, and extravascular like
inhalation (Figure 4A) are the most common administration
routes used for this purpose. They all provide different
advantages, and intrinsic disadvantages (Figure 4B; Dib et al.,
2011; Yildirimer et al., 2011; Chenthamara et al., 2019), for
the treatment of several pathological conditions, such as
compromised vascularization, fibrosis and inflammation, while
attempting to improve cardiac functionality (Figure 4C).
However, despite the encouraging premises, the use of NP-
based system for direct cardiac repair is still lagging at the
preclinical stage.

In the next chapter we will provide an overview of the state-of-
the-art in the field of nanomedicine for cardiac regeneration, and
revise the main properties of the NPs – and their cargos – used to
this aim (Table 3).

FIGURE 4 | NPs for cardiac diseases. (A) The administration routes currently evaluated for delivery therapy at heart include inhalation (in.), intra-cardiac injection (i.c.)

and intra-venous injection (i.v.). (B) Table showing advantages and disadvantages of the different administration routes. (C) The infarcted area typically shows loss of

vessels and various degrees of fibrotic scar formation with limited contractility and functionality that dramatically compromise heart functions. NPs can be conceived

to help restoring vascularization by promoting angiogenesis (1), locally transdifferentiating fibroblasts into CMs, resolving the fibrotic scar (2), and promoting the

anti-inflammatory polarization of immune system cells, like macrophages (Mϕ) and monocytes (Mo). The main text provides detailed discussion for each of the points

here briefly described.
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TABLE 3 | NPs for cardiac regeneration.

NPs type Composition Cargo Hydrodynamic size

and surface charge

Targeting

moiety

Application Stage of research References

Polymeric DSPE-PEG-NH2,

DSPE-PEG-Maleimide,

PBFT

miR-199a 110 nm, ∼15–20 mV TAT Targeted miR-199a delivery for

reducing scar size while

maximizing muscle and vessel

restoration and promote CMs

proliferation.

In vivo: Rat MI model Yang et al., 2019

PEG-DGL AMO-1 ∼200 nm, ∼4 mV AT1 Targeted delivery of miR-1

inhibitor (AMO-1) to attenuate

cardiomyocytes apoptosis.

In vivo: C57BL/6 mice MI model Xue et al., 2018

HA-sulfate miR-21 130 nm, -10 mV N.A. Delivery of miRNA-21 to

cardiac macrophages after MI

for inducing their modulation

toward an anti-inflammatory,

reparative state.

In vivo: C57BL/6 mice MI model Bejerano et al., 2018

PLGA Simvastatin ∼160 nm, -4 mV

(referred in a different

work for similar NPs)

N.A. Local recruitment of

statin-PLGA-NPs-loaded

AdSCs to the infarcted site and

gradual release of the drug to

improve neovascularization and

cardiac regeneration.

In vivo: BALB/c nu/nu mice Katsuki et al., 2014;

Yokoyama et al., 2019

PLGA VEGF 113 nm, -55 mV N.A. Local release of reduced

dosage of VEGF to favor

angiogenesis and reduce risks

associated with higher dosage

therapy.

In vivo: NOD/SCID MI mice Oduk et al., 2018

AcDXSp SB431542 CHIR99021 ∼350 nm, ∼10 mV ANP pH-triggered delivery of

combined poorly water-soluble

small drug molecules for

promoting cardiac

regeneration.

In vitro: primary cardiac cells

isolated from neonatal rats

Ferreira et al., 2018

DSPE-PEG-Maleimide,

PCPDTBT

N.A. ∼50 nm CPP Photoacustic imaging (PAI) In vivo: NOD/SCID mice Qin et al., 2018

Liposomes HSPC, cholesterol,

DSPE-PEG-OH,

DSPE-PEG- Maleimide

VEGF 180 nm, N.A. Anti-P-selectin Targeted delivery of VEGF to

the infarcted site to enhance

vascularization.

In vivo: rat MI model Scott et al., 2009

DSPE-PEG-carboxy,

HSPC, cholesterol

N.A. 142 nm, N.A. AT1 Targeted delivery of NPs (48%

accumulation in 24 h) to the left

ventricle after MI.

In vivo: C57BL/6 mice MI model Dvir et al., 2011

PS, PC, cholesterol N.A. 1.2 µm, -98 mV PS Apoptotic cell-like treatment for

reducing inflammation at

infarcted heart and promoting

angiogenesis.

In vivo: Balb/c mice MI model Harel-Adar et al., 2011

(Continued)
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TABLE 3 | Continued

NPs type Composition Cargo Hydrodynamic size

and surface charge

Targeting

moiety

Application Stage of research References

Liposomes PMPs CoPP 100 nm, -2.25 mV N.A. Promote biomimicked platelet

like proteoliposomes interaction

with monocytes, which serve

as vehicle for enhanced

liposome accumulation at the

injured area for local release of

therapeutic cargo.

In vivo: BALB/c mice Cheng et al., 2016

DPPC, DSPE-PEG-OH,

cholesterol

Berberine 110 nm, N.A. N.A. EPR effect for liposome

accumulation and local release

of berberine after macrophage

uptake, reducing inflammatory

damage.

In vivo: C57BL/6 mice MI

model

Allijn et al., 2017

Inorganic Core Shell

SiO2 IRIS3-APTS N.A. 50 nm, -25 mV N.A. Promoting hMSCs engraftment Ex vivo: Wistar rat infarcted

hearts

Popara et al., 2018

Ca2(PO4)2 Citrate Hemagglutinin

or mimetic

peptide

∼200 nm, ∼31 mV N.A. Accumulation of nanoparticles

at the myocardium via

inhalation for local therapy

aiming to restore heart

contractility.

In vivo: Landrace pigs Miragoli et al., 2018

Fex−1Ox/SiO2 SiO2 N.A. 60 nm, N.A. N.A. Magnetic nanoparticles

internalization on endothelial

cells for their guidance to the

ischemic heart resulting in

improved remodeling and

cardiac function.

In vivo: rat MI model Zhang et al., 2019

Fe2O3 DMSA, APTs, Glu N.A. 10/35 nm,

-43.1/28.9/-2.1 mV

N.A. Cardioprotective activity via

inhibition of intracellular ROS

and decrease of peroxidation

injury.

In vivo: Sprague-Dawley

rats and Guinea pigs

Xiong et al., 2015

Au PEG-SH, OPSS-PEG-SVA N.A. 80 nm, N.A. CNA35 Myocardial scar detection with

CT imaging

In vivo: Sprague-Dawley rat

MI model

Kee and Danila, 2018

TAT, transactivator of transcription peptide; AT1, angiotensin II type 1 ligand; ANP, atrial natriuretic peptide; CPP, cell-penetrating peptide; AMO-1, Anti-miRNA-oligonucleotide; VEGF, vascular endothelial growth factor;

TGFβ inhi, transforming growth factor β inhibitor; GSK3 inhi, glycogen synthase 3 inhibitor; DSPE-PEG, 1,2-distearoylphosphatidyl-ethanolamine-PEG; PBFT, poly(9,9-dioctylfluorene-alt-benzothiadiazole); PEG-DGL,

pegylated dendrigraft poly-L-lysine; HA-sulfate, Hyaluronan sulfate; PLGA, Poly lactic-co-glycolic acid; AcDXSp, spermine-acetalated dextran; PCPDTBT, Poly [2, 6- (4,4-bis- (2- ethylhexyl) – 4H -cyclopenta [2,1-b;3,4-

b’] dithiophene) –alt -4,7 (2,1,3 – benzothiadiazole)]; AT1, angiotensin II type 1 ligand; CoPP, cobalt protoporphyrin IX; D–PE-PEG, 1,2-distearoylphosphatidyl-ethanolamine-PEG; HSPC, L-α-phosphatidylcholine; PS,

phosphatidyl serine; MPs, platelet membrane proteins; IRIS3-APTS, aminopropyltrietoxysilane derivative of IRIS3 cyanine; DMSA, dimercaptosuccinic acid: PEG-SH, PEG-thiol; OPSS-PEG-SVA, orthopyridyldisulfide-

polyethylene glycol-succinimidyl valerate; CNA35, collagen binding adhesion protein 35. N.A, not assessed.
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FIGURE 5 | Polymeric NPs for cardiac repair. (A) Schematic representation of polymeric NPs with overall composition and structure. The use of amphiphilic building

block allows the formation of micelle-like structures in aqueous media. (B) Advantages and disadvantages associated with the use of polymeric nanoparticles in term

of synthesis, long-term stability and clinical translation of the material. (C) Top. Polymeric nanoparticles carrying miRNAs (miNPs) are significantly less toxic for

human embryonic stem cell-derived cardiomyocytes when compared to lipofectamine (lipo). Alpha-actinin (green) stains the contractile structure and Ki67 (red)

accounts for the proliferation capacity. Nuclei are counterstained by DAPI (blue). Bottom. Picro Sirius Red ex vivo staining of heart transversal tissue sections

showing a clear reduction of the scar size and fibrosis in left ventricle for the heart treated with miNPs (right) in comparison to the same particles carrying a scramble

miRNA (left). (D) Left. miRNA-21 NPs myocardial infarction treatment causes increased levels of anti-inflammatory cytokine TGF-β both at infarction border zone

(top) and in remote myocardium (bottom) when compared to saline-treated or control. Center. miRNA-21 NPs induce neovascularization in infarcted mouse

myocardium, as shown by CD31 + blood vessels in cross-sections of the heart (dotted black box) and quantified in the graph by comparing it with saline and control

NPs-treated groups *p < 0.05. Right. Histological analysis shows the presence of macrophages in infarcted heart treated with miRNA-21 NPs, as shown by

CD11b-positive cells positive cells (black arrow), but no macrophage accumulation as compared to saline and control NPs as shown in the graph. Reprinted from:

(C) (Yang et al., 2019) with permission from American Chemical Society; (D) (Bejerano et al., 2018) with permission from American Chemical Society.

POLYMERIC NANOPARTICLES

Polymeric NPs have recently caught attention by virtue of their
versatility and higher tunable properties, which make them
extremely interesting tools for controlled drug encapsulation and
release (Figures 5A,B). Indeed, their physico-chemical properties
(i.e., surface charge, surface functionalities, hydrophobicity) can
be finely tuned for accommodating nucleic acids, drugs and
proteins to promote their efficient release inside the cells (Patil
and Panyam, 2009; Fortuni et al., 2019). This large class of NP-
based system include amphiphilic micelles, vesicles, dendrimers
and polymersomes possessing unique structures and properties,
which can be efficiently adjusted during synthesis for hosting
different kind of cargos (Chandarana et al., 2018). Most of
the designed polymeric NPs propose new synthetic copolymers
able to combine different functionalities such as targeting and
selective cargo delivery systems (El-Say and El-Sawy, 2017).
Moreover, given the emerging use of miRNAs for cardiac
regeneration, it is not surprising that many studies developed
polymeric NPs as miRNA carriers, alone or in combination with
targeting moieties or therapeutic drugs (see Table 2).

Recently, Yang and colleagues have reported the
use of polymeric NPs composed by a combination of
poly(9,9-dioctylfluorene-alt-benzothiadiazole) (PBFT) and
1,2-distearoylphosphatidyl-ethanolamine-PEG-amino (DSPE-
PEG-NH2), for the conjugation with miRNA molecules, or
DSPE-PEG-maleimide for the binding of transactivator of
transcription (TAT) peptide, in order to deliver therapeutic
miRNA to the infarcted myocardium (Figure 5C) (Yang et al.,
2019). The polymeric matrix provided by these miRNA NPs
(miNPS) protects miR-199a against enzymatic degradation
and facilitates the functionalization with TAT for improved
cell uptake. In vitro experiments, performed by using hESCs-
derived cardiac cells, revealed that the miNPs are less cytotoxic
than commercially available lipocomplexes, while exhibiting
comparable transfection efficiency, both in normoxia and
hypoxia. Interestingly, miNPs were shown to selectively trigger
the proliferation of both hESC-derived cardiomyocytes and
endothelial cells, but not human cardiac fibroblasts (hCFs).
This strategy was able to reduce scar size and maximize
muscle and vessel restoration, giving good results in vivo

when miNPs were injected into mice beating hearts in
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combination with an injectable hydrogel. Indeed, cardiac
function of the neo-vascularized myocardium was restored for
over 3 months, indicating the long-term therapeutic effects
of this treatment.

In another study the authors pursued targeted delivery
of NPs carrying a miRNA inhibitor instead of a therapeutic
miRNA. In detail, Xue et al. (2018) developed a pegylated
dendrigraft poly-L-lysine (PEG-DGL) dendrimer functionalized
with an early myocardium targeting peptide (AT1) and an
antisense oligonucleotide able to inhibit miR-1 (AMO-1) (AT1-
PEG-DGL-AMO-1). In vivo results showed that the nanovector
was able to target the infarcted mouse heart within 30–
60 min after a single i.v. injection and significantly reduced
the infarcted area. The inhibition of miR-1 successfully
attenuated cardiomyocytes apoptosis, thus reducing cell death
and promoting cardiac repair.

Other than targeting directly cardiomyocytes, immune system
cells can be programmed to enhance cardiac repair. The
myocardium is – in fact – the site of massive immune cell
infiltration during the acute phase of the infarction. In this
context, co-assembled miR-21, Ca2+ and hyaluronan-sulfate NPs
(HASCa2+-miRNA)were used to targetmacrophages in the heart
(Figure 5D) (Bejerano et al., 2018). After i.v. injection, NPs
promoted the switch of macrophages from the pro-inflammatory
to the reparative phenotype, thus promoting angiogenesis
while reducing fibrosis and cell apoptosis. However, the poor
understanding of the mechanism by which the interaction
betweenNPs andmacrophages occurs remains themajor obstacle
to the translation of this appealing procedure.

By using a different approach, Yokoyama et al. (2019)
combined nanomaterials and stem cell therapy. The capacity
of adipose-derived stem cell (ADSCs) for promoting
neovascularization and inhibiting cell death after MI was
exploited. The authors reported that simvastatin-conjugated
PLGA NPs loaded in vitro on ADSCs induce spontaneous
recovery of infarcted myocardium and increase vascularity.
Indeed, statin-PLGA-NPs-loaded ADSCs were shown to be
recruited to the ischemic myocardium to locally release the
payload. This combined approach is bound to increase the
cardiac regeneration potential of a very limited number of cells
(10,000 cells per mouse), since the effect would be amplified by
statin gradual release. This research work interestingly pointed
out the therapeutic benefits emerging from the combination of
NP-based and cell-based therapies for treating cardiac diseases.

Additionally, Oduk et al. (2018) described the use of PLGA
NPs VEGF-loaded to restore the vascularization at the infarcted
heart. The particles were able to continuously release VEGF
for at least 31 days after injection in a mice model of MI,
with improvements in cardiovascular system being still detected
4 weeks after the treatment. Noteworthy, the controlled release of
the growth factor, due to the continuous biodegradation of PLGA
matrix, effectively increased the delivery of VEGF at the target
site, while reducing its systemic side effects.

In the context of cell reprogramming, spermine-modified
acetylated dextran (AcDXSp) nanoparticles have been designed
to encapsulate poorly water-soluble drugs (SB431542 –
transforming growth factor β (TGFβ) inhibitor – and CHIR99021

– Glycogen synthase kinase-3 (GSK3) inhibitor) used to
reprogram fibroblasts (Ferreira et al., 2018). These NPs were
also tagged with a targeting peptide (atrial natriuretic peptide,
ANP) specific for cardiac fibroblasts. The authors claimed
the dual targeting and therapeutic effect might be exploited to
circumvent the limitations of local injection. Nevertheless, in vivo

experiments to prove this theory were not carried out so far.
Along with the efforts spent for developing therapeutic

nanomaterials, NPs can also be designed as diagnostic tools
allowing for superior performance in imaging cardiomyocytes
in the failing heart or to monitor the progress of therapeutic
protocols. Among the diagnostic techniques available at present,
photoacoustic imaging (PAI) is a non-invasive diagnostic tool
which provides high sensitivity and helps overcoming the limited
depth penetration and spatial resolution of the conventional
optical imaging (Wang and Hu, 2012). In order to increase
the image contrast when using this technique, nanoparticles
have been successfully employed as contrast agent material
(Calcagno et al., 2019).

Qin et al. (2018) recently reported the use of NPs composed
by a semiconductor polymeric contrast agent (PCPDTBT)
encapsulated in a FDA approved lipid-based copolymer (DSPE-
PEG-Maleimide). NPs functionalized with cell-penetrating
peptide (CPP) were able to target and label hESCs-derived
cardiomyocytes (hECS-CM). This labeling technique was
suitable for cell detection using PAI both ex vivo and in vivo. In
the latter case, the resolution obtained was as low as 2,000 injected
cells, twenty-five times lower than what can be achieved with
fluorescent imaging. Photoacoustic imaging was also successfully
applied to monitor hECS-CMs transplantation in living mouse
heart. Although being able to detect NPs-labeled cells, PAI
sensitivity was lower for imaging the host myocardium, as
recognized by the same authors. Nevertheless, this strategy holds
great promises for monitoring cardiac regenerative processes and
for live imaging of heart in the future. However, its application
in monitoring cardiac disease and cardiac regeneration is still
poorly investigated.

Despite the invaluable properties of polymeric NPs, their
toxicity and biodegradability have to be carefully considered
during their design. The use of non-biodegradable polymers has
been associated with chronic toxicity and, as general warning,
the long-term toxicity of these materials is still largely unknown
(Banik et al., 2016). Consequently, the use of well-know and
established biocompatible polymers is instead more likely to
facilitate and improve the clinical translation of polymeric NPs
(Ferrari et al., 2018).

LIPOSOMES

Another type of widely studied carrier for drug
delivery/transfection applications is represented by liposomes
(Figures 6A,B). Liposomes are artificial vesicles of phospholipids
and cholesterol mixture, able to encapsulate drugs,
proteins/peptides, and DNA (Akbarzadeh et al., 2013). Although
they may face long-term stability issues in blood circulation,
liposomes are extremely interesting for their cost-effective and
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FIGURE 6 | Liposomes for active targeting of infarcted heart. (A) Schematic representation of liposomes with overall composition and structure. (B) Advantages and

disadvantages associated with the use of liposomes. (C) Top. In vivo bioluminescence images of infarcted mouse hearts injected either with AT1 or scrambled (S)

liposomes and analyzed at the indicated timepoints indicate AT1-liposomes preferential accumulation in the tissue (orange/red signal). The graph shows the

quantification of the fluorescence due to AT1- and scramble-liposomes accumulation at the given timepoints. (D) Top left. Dil-labeled-Platelet-like proteoliposomes

(PLPs) selectively interact with RAW264.7 monocytic cell line and macrophages (Mφ) but not with SVECs endothelial cells, as indicated by the red signal. Scale bar

10 µm. Dil = 1,1′-Dioctadecyl-3,3,3′,3′-Tetramethylindocarbocyanine Perchlorate. Bottom left. Intravenously injected PLPs accumulate in the heart more efficiently

than liposomes 72 h post-infarction *p < 0.05, **p < 0.01. Right. The persistence of Dil-labeled PLPs in the infarction area in a mouse model of

ischemia/reperfusion (I/R + PLPs, red square) as compared to Dil-labeled liposomes (I/R + Liposomes, white square) and sham control. Troponin I (TnI, green), stains

the heart muscle, Dil (red) injected liposomes, cell nuclei are counterstained with DAPI (blue), Scale bar were not reported in the original article. Reprinted and

adapted from: (C) (Dvir et al., 2011) with permission from American Chemical Society; (D) (Cheng et al., 2016) with permission from Wiley.

scalable synthesis. These features have favored their clinical
development (Doxil was the first FDA-approved nanodrug) as
compared to other kinds of NPs (Sercombe et al., 2015). One
of the first examples of liposomes applied to cardiomyopathy
treatment was represented by anti-P-selectin-conjugated
liposomes containing VEGF, as reported by Scott et al. (2009).
The authors attempted to enhance neovascularization in a rat
model of myocardial infarction. Targeted delivery through
P-selectin antibody, overexpressed at the infarcted inflammatory
site, promoted the selective and efficient delivery of VEGF, thus
enhancing the fractional shortening and systolic function, with a
21% increase in anatomical vessels and 74% increase in perfused
vessels in MI area. Conversely, systemic administration of VEGF
resulted in no significant improvement in cardiac function.

In another study, PEGylated liposomes containing a targeting
ligand against angiotensin II type 1 (AT1), a receptor which is
widely expressed in infarcted heart were reported (Figure 6C;
Dvir et al., 2011). In vivo experiments have confirmed particles
accumulation in the left ventricle after MI (48% within 24 h
post-i.v. injection), thus revealing a specific delivery at injured
myocardium. No detail on the functional therapeutic cardiac

regeneration potential of the nanovector was given, as the
main rationale of the authors was to demonstrate the targeting
efficiency of NPs at the heart after MI. Nevertheless, this study
provides crucial information for understanding the accumulation
of NP-based system at the diseased heart, as discussed below.

The use of liposomes for targeting the immune system cells,
which regulates the inflammatory response at the infarcted heart,
has also been studied. Targeting the immune system cells at the
site of inflammation can be indeed an alternative and effective
solution for increasing the targeting and delivery of NP-based
therapy, due to the natural tendency of the innate components
to recognize and internalize external materials administered in
the body such as nanoparticles (Fadeel, 2019). The group of
Cohen S. reported the use of phosphatidylserine (PS)-presenting
liposomes, mimicking the anti-inflammatory effects of apoptotic
cells (Harel-Adar et al., 2011). The uptake of PS-liposome
induced the secretion by macrophages of high levels of anti-
inflammatory cytokines (i.e., TGFβ and interleukin 10, IL-10)
both in vitro and in vivo. The i.v. injection in a rat model of
acute MI promoted angiogenesis, while preserving small scars
and preventing ventricular dilatation and remodeling.
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More recently, an alternative approach was presented by
Cheng and collaborators (Figure 6D; Cheng et al., 2016). The
authors developed biomimicking platelet-like proteoliposomes
able to interact with monocytes. This methodology foresees
the interaction between the immune system cells and platelet
membrane proteins (PMPs) for promoting the accumulation
of liposomes at the injured heart, where monocytes are
recruited. Proteoliposomes were loaded with therapeutic cobalt
protoporphyrin IX (CoPP), a compound able to suppress the
inflammatory activity of macrophages and were “dragged” by the
monocytes to the infarcted zone. This system showed promising
results in vivo when compared to systemic administration
of free CoPP. However, the randomization of the surface
coating may jeopardize the reproducibility of this synthetic
technique, as raw material, i.e., the PMPs derived from
different samples or batches, could give different results
in term of composition and biophysical features of the
final particles. Moreover, the poor understanding of the
interaction with monocytes, which can reduce the effective
control over this mechanism, makes the clinical translation of
proteolioposomes unlikely.

Furthermore, the group of Schiffelers have developed a
liposomal carrier for berberine delivery, a natural product which
is known for its anti-inflammatory, anti-oxidative and cardio-
protective functions (Allijn et al., 2017). In its free form,
berberine is poorly soluble in aqueous medium and have a
short half-life time in circulation. The liposomes encapsulated
with the dug tested in vivo in C57BL/6J mice showed to
preserve the cardiac function by 64% at day 28 post-MI, in
comparison to control liposomes and free drug. Liposomes
administered I.V. targeted the inflammatory site and release
the drug after macrophage uptake, reducing both inflammatory
damage and systemic adverse effects. This study appears
particularly promising because of the reproducible synthesis of
the liposome formulation and for its effective targeting and
long-term stability.

So far, liposomes have been the most tested NP-based system
in clinical trials, encountering several cases of successful clinical
translation, and many liposome formulations are currently
available on themarket for several therapies (Bulbake et al., 2017).
However, their application in heart diseases therapy is still limited
and needs further investigation.

INORGANIC NANOPARTICLES

Inorganic NPs are known for exhibiting appealing physical
properties that can be potentially exploited for simultaneous
diagnosis and therapy (i.e. theranostic) of several pathologies
(Figures 7A,B; Giner-Casares et al., 2016). They are
generally composed by an inorganic core surrounded
by an organic/inorganic shell, which aim to increase the
biocompatibility of the system and the interactions of the
NP with the biological environment (Conde et al., 2014).
Recently, Popara et al. (2018) showed that SiO2-NPs passively
interacted with human MSCs (hMSCs) mediating important
molecular processes (Figure 7C; Popara et al., 2018). More

specifically, the internalization of the SiO2-NPs affected focal
adhesions by promoting cell adhesive phenotype both in vitro

and ex vivo upon injection in the infarcted rat heart. In addition,
NPs internalization contributed to cell cross-talk between
transplanted cells and the host, which is essential for an effective
engraftment and tissue regeneration. However, the transient
inhibition of lysosomal function by SiO2-NPs was reported,
pointing out the need for a thorough evaluation of NPs long-
term toxicity and possible side effects due to their sustained
intracellular accumulation (Croissant et al., 2017).

Biodegradable inorganic particles have been also proposed
to improve myocardial function after heart failure (Miragoli
et al., 2018). Miragoli and co-workers demonstrated that
biodegradable negatively charged calcium phosphate NPs (CaP-
NPs) accumulated at the myocardium 60 min after inhalation in
a mice model. The NPs functionalized with a non-penetrating
mimetic peptide (NPs-MP) were shown to cross the alveolar-
capillary barrier in the lung and translocate to the myocardium
where the loaded peptide can be release for therapy. Despite the
great potential, there are still some limitations to the use of such
therapy. One above all, the mechanisms through which the NPs
cross alveolar-capillary barrier are still unclear and unlikely to be
accepted for clinical translation.

Interestingly, also the exploitation of hybrid materials, i.e.,
NPs composed by different inorganic core-shell structures, have
been reported. Zhang et al. (2019) described the use of silica-
coatedmagnetic nanoparticles for labeling endothelial progenitor
cells (EPCs) for their magnetic guidance at the ischemic heart
(Figure 7D), since EPCs are the most used cells for cell therapy
after MI due to their mobilization, homing, and angiogenic
effects (Zhang et al., 2019). In this study the authors showed the
increased retention of EPCs at the infarcted border zone and
the consequent attenuation of myocardial apoptosis associated
to improved remodeling and cardiac function. Nevertheless, the
evidenced improvements only lasted for a very limited term,
claiming for the necessity of multiple administrations of the NP-
cell system and possibly limiting the advantages obtainable with
a NP-based therapy in comparison with other treatments.

Iron oxide nanoparticles have also been investigated as
cardioprotective agents, as shown by Xiong et al. (2015).
The authors demonstrated the potential of maghemite NPs
for protecting the heart from ischemic damage both in vivo

and in vitro. More specifically, Fe2O3 NPs coated with
dimercaptosuccinic acid (DMSA) were demonstrated to
efficiently inhibit calcium influx, which is responsible for the
reactive oxygen species (ROS) production, therefore decreasing
the peroxidation injury of membrane lipids. In addition, these
NPs were able to increase the level of S-nitrosothiols and then
to participate in nitric oxide (NO)-mediated protection against
ischemia and reperfusion injury. However, the mechanisms
which regulate the crosstalk between ROS, NO and calcium
influx pathways and NPs remain unknown and possible
long-term side effects of this activity has not been elucidated.

Diagnostic tools were also developed using inorganic
nanoparticles. In particular, gold nanoparticles have been
demonstrated to be promising tools for computed tomography
(CT), an X-ray-based image diagnostic technique able to
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FIGURE 7 | Inorganic NPs for cardiac regeneration. (A) Schematic representation of inorganic NPs used for cardiac regeneration. (B) Table listing the advantages

and disadvantages associated with the use of inorganic nanoparticles. (C) Representative hematoxylin/eosin (cell nuclei and cytoplasm) and Prussian blue (iron oxide

nanoparticles) images of infarcted myocardium (MI) injected with endothelial progenitor cells loaded with iron oxide nanoparticles (Fe-EPCs) and exposed (+M) or not

to external magnetic field. The graph quantifies the retention of EPCs and Fe-EPCs in the presence or not of magnetic field *p < 0.05. (D) Representative Masson’s

trichrome staining of infarcted myocardium (MI) injected with endothelial progenitor cells loaded (Fe-EPCs) or not (EPCs) with iron oxide nanoparticles and exposed

(+M) or not to external magnetic field. Blue color and black arrow identify the fibrotic area. The graph quantifies the infarction area as obtained by image analysis.

*p < 0.05 versus the control Sham operated group (not shown), #p < 0.05 versus the other group shown in the graph. Reprinted and adapted from: (C,D) (Zhang

et al., 2019) with permission of Wiley.

exploit the differences in the absorption from different human
tissues in order to produce images of body structures and
tissues (Xi et al., 2012). In this context, Kee and Danila (2018)
reported the use of gold nanoparticles coated with collagen-
binding adhesion protein 35 (CNA35) for CT imaging of
infarcted heart at molecular level. Thanks to their ability to
target collagen I, abundant at myocardial scar, CNA35-Au
NPs were able to enhance the signal from the infarcted site
at 6 h after injection. Conversely, no detectable enhancement
was noted when non-functionalized AuNPs was injected into
rats with or without MI or CNA35-AuNPs in control rats
without MI. These results highlighted the preferable use of
gold nanoparticles as contrast agents compare to iodinated
agents in terms of functionalization and blood circulation
time, which ultimately could improve the in vivo targeting
and detection of infarcted heart. However, some issues such as
the relatively high amount of nanoparticles required and the
inefficiency to enhance the contrast of the entire infarcted area
may wane the application of Au NPs for CT-imaging, as stated
by the same authors.

Currently, several clinical trials using inorganic nanoparticles
are under investigation for applications in cardiovascular
diseases (U.S. National Library of Medicine, 2020b). However,
with regard to MI, only magnetic resonance imaging (MRI)
applications were assessed, mainly via Ferumoxytol –
a ultrasmall superparamagnetic iron oxide nanoparticles

(USPION) formulation – and all of them were discontinued
or did not provide acceptable outcomes (U.S. National Library
of Medicine, 2013, 2014a,b). Indeed, as far as we know, the
overall application of this kind of nanoparticles for MRI did
not obtained the expected results and Ferumoxytol is now only
used as iron replacement therapy for deficiency anemia in adult
patient with chronic kidney diseases (Bobo et al., 2016).

Consequently, despite the long-dated use of inorganic
nanoparticles in nanomedical applications, relatively few
examples were reported for cardiac regeneration purposes and
efficient clinical translation is still missing.

NANOMEDICINE IN CARDIAC
REGENERATION: WHERE ARE WE
HEADING TO?

Multi-therapies aiming to combine the regeneration potential
of undifferentiated cells, the in situ reprogramming of cardiac
fibroblasts and the simultaneous release of drugs appear
promising, especially when fueled by the potential of cell-
based therapies. Indeed, the use of different smart nanomaterials
in combination with other technologies may lead to the
development of advanced therapeutic strategies, which may
strengthen the applicability of nanomedicine in the treatment of
cardiac diseases.
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As an example, hiPSC-derived cardiomyocytes (hiPSC-CMs)
were recently combinedwith injectable nanostructured hydrogels
loaded with erythropoietin (EPO), resulting in reduced cell death
and increased remodeling post-MI (Chow et al., 2017). Also,
injectable biomaterials have been used as stand-alone scaffolds for
promoting endogenous repair or delivering therapeutics such as
cells, growth factors or small molecules.

In this context, Nguyen et al. (2015) used matrix
metalloproteinase (MMP)-responsive hydrogels that displayed
the ability to be retained at the infarcted site upon enzymatically
triggered bio-transformation, thus being potentially suitable
for the sustained delivery of therapeutic molecules. Another
recently developed strategy called THEREPI relies on the use
of a biocompatible patch, which is placed epicardially at the
border zone of the infarcted heart to achieve the sustained
delivery of drugs, macromolecules and possibly cells for
cardiac therapy (Whyte et al., 2018). Ideally, THEREPI can be
efficiently used for the in situ administration of therapeutic
nanoparticles, thus increasing their retention at the diseased site
and improving cargo delivery.

In the case of ischemic cardiomyopathies, improved cargo
delivery can be potentially obtained by relying on the enhanced
permeability and retention effect (EPR). Similar to the blood
vessels originated during tumor development, also those formed
at the initial stages after MI are typically aberrant, marked by
capillary sprouting, excessive vessels branching, abnormal levels
of endothelial cell proliferation, distorted and enlarged vessels,
resulting in weak and leaky vasculature (Paulis et al., 2012; Lundy
et al., 2016). For those reasons, EPR phenomenon has been
exploited for promoting the targeting of NPs at the diseased area,
limiting their accumulation in healthy tissues (Golombek et al.,
2018). However, while EPR occurring at tumor sites has shown
poorly reproducible results, thus jeopardizing the applicability of
NPs to cancer therapy (Danhier, 2016), the same phenomenon
has been proven to be stable and reproducible following MI in
the heart (Weis, 2008). Although mature fibrotic scar is known to
be poorly vascularized (van der Meel et al., 2017) the exploitation
of EPR phenomenon in the heart, soon after infarction, appears
as a promising approach to be translated to the clinics in future
for MI treatment (Kalyane et al., 2019).

Besides the pursue of innovative materials and strategies
for enhancing therapeutics delivery, the investigation of
new pathways involved in cardiac homeostasis is of utmost
importance, due to the possibility to target their components for
ultimately improving therapeutic outcomes, hence delaying or
reversing cardiac dysfunction. In particular, the modulation of
cardiac metabolism, gene expression, pharmacological therapy
and miRNA-mediated regulatory network represent new and
appealing opportunities for the treatment of cardiovascular
diseases (Rochette et al., 2015).

In this direction, Hippo pathway has emerged as a possible
switch in cardiomyocyte proliferation (Torrini et al., 2019),
being tightly connected to the onset and progression of
cardiomyopathies (Clippinger et al., 2019), as explained above.
Its specific manipulation in the contractile figures of the heart
may become a novel therapeutic option for treating cardiac
diseases. Nevertheless, to the best of our knowledge, the only

NP-based formulation for targeting YAP is at present represented
by siRNA-lipid nanoparticles for silencing the protein expression
in hepatocellular carcinoma cells and promote tumor regression
(Fitamant et al., 2015). Therefore, research for developing NPs
able to modulate the YAP activity in cardiomyocytes is at its
infancy and may revolutionize the treatment of cardiac diseases
and the applicability of NPs in the near future.

Furthermore, it is worth to highlight the potential held by
gene editing in the restoration of cardiac function. The discovery
that the clustered regularly interspaced short palindromic repeats
(CRISPR)/CRISPR-associated (Cas) system could be used to
introduce sequence-specific dsDNA cleavage in human cells
has revolutionized the research worldwide (Jinek et al., 2012).
CRISPR is involved in bacteria and archaea’s adaptative immune
system against viruses and their engineering for biological
applications has enabled their application in different areas of
investigations (Doudna and Charpentier, 2014). Nanomedicine-
related sciences are of course included in this development
and different systems have been engineered for carrying
CRISPR/CAS9 machinery components and guide the genetic
reprogramming inside the cells, based on lipid and inorganic
nanoparticles (Lee et al., 2017; Liu et al., 2019). Therefore,
although the exploitation of this technique in nanomedicine
applied to cardiac regeneration can be attractive in the case
of genetically-determined cardiomyopathies, technical challenges
connected to its specificity must be considered. Indeed, while
few studies have already shown that cardiomyocytes can be
edited in the post-natal murine heart by CRISPR/Cas9 system
components, the efficiency and safety of this strategy is still far
from being characterized (Carroll and Olson, 2017). Moreover,
the carriage of multiple components (Cas9 ribonucleoprotein,
donor DNA and guide RNA) required for this therapy
need complex nanoparticle-based systems, hardly scalable and
possibly expensive.

Finally, in developing new therapies it is important to
consider more practically physiological-like tissue models, not
only for a more effective in vitro to in vivo transition of
pharmacological studies, but also for disease modeling and
studying the potential toxicity of nanomaterials. Traditional pre-
clinical screenings are either made with monolayer cells on
top of two dimensional (2D) and often rigid substrates, or
in animal models which may not always reflect the human
physiology precisely. Instead, a promising strategy to overcome
these limitations involves utilizing organ-on-a-chip technologies,
where recent microfluidic advances are combined with complex
three-dimensional (3D) cell biology that provides organ-like
physiology and pathophysiological cellular and tissue level
responses (Ergir et al., 2018; Rothbauer et al., 2019).

CONCLUSION

Despite any progresses based on healthier life styles,
cardiovascular diseases remain the major cause of death
globally, according to the WHO (World Health Organization,
2019). Therefore, the development of new therapies to induce
cardiac protection and repair are required to help reducing
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undesirable drugs’ side effects and ultimately improving the life
quality of the patient.

In this scenario, material scientists need to exploit the
physico-chemical properties of nanomaterials to develop suitable
nanotools for smart delivery, targeting proteins and pathways
involved in cardiomyocytes protection, differentiation and/or
proliferation. Notwithstanding the great progresses made in
the direction of a clearer comprehension of the nanoparticles
behavior in biological environments, major challenges remain
(Heath, 2015). The bioavailability, accumulation at the desired
site and efficient release of the therapeutic cargo are just
a small part of the challenges nanodrugs must face once
administered to the body.

The poor understanding of the biological barriers, the
misinterpretation of drug delivery concepts, the cost-
effectiveness, manufacturing, scaling up, and regulatory issues
have affected the clinical translation of nanomedicine so far,
as well as its application for cardiac regeneration purposes
(van der Meel et al., 2017).

Different NP-based systems were developed aiming to
restore heart function. However, it is still difficult to deduct
general guidelines describing the type of material, the class
of drugs, the targeting strategies that may be more promising
for the given purpose. The successes liposomes obtained in
clinical outcomes and in different applications, make them
suitable candidates for the treatment of cardiac diseases.
However, it is undeniable that polymeric materials display
higher tunable properties combined to superior capability of
accommodating cargos.

Therefore, nanotechnologists, together with cell/molecular
biologists and clinicians, have the duty of finding a

common ground with pharmaceutical companies in order to
bring potential therapeutic nanomedical devices for cardiac
regeneration closer to their clinical translation.
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