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Medical research in the recent years has achieved significant progress due to the
increasing prominence of organoid technology. Various developed tissue organoids
bridge the limitations of conventional 2D cell culture and animal models by
recapitulating in vivo cellular complexity. Current 3D cardiac organoid cultures have
shown their utility in modelling key developmental hallmarks of heart organogenesis,
but the complexity of the organ demands a more versatile model that can investigate more
fundamental parameters, such as structure, organization and compartmentalization of a
functioning heart. This review will cover the prominence of cardiac organoids in recent
research, unpack current in vitro 3D models of the developing heart and look into the
prospect of developing physiologically appropriate cardiac organoids with translational
applicability. In addition, we discuss some of the limitations of existing cardiac organoid
models in modelling embryonic development of the heart and manifestation of cardiac
diseases.
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1 INTRODUCTION

Congenital heart defects (CHD) affects approximately 0.4–5% of live births worldwide, making it the
most common form of congenital disease (Kloesel et al., 2016). Despite advances to understand the
molecular basis of CHD, limited knowledge of the aetiology is known. Despite use of complex animal
models, such as pigs and mice to model CHD, species-to-species variability limits their translational
potential. Hence, new models of CHD are required to improve our understanding of the conditions
and explore potential therapeutic interventions.

The advent of pluripotent stem cells (PSCs), of both embryonic stem cells (ESC) and induced
pluripotent stem cell (iPSC) origins differentiated into various cell lineages, provides novel insights to
embryonic development and regenerative biology (Murry and Keller 2008; Zhu and Huangfu 2013;
Tabar and Studer 2014). Human iPSCs offer a unique platform to study genetic mutations and
developmental pathways associated with CHD. These iPSCs enabled advancements in cardiac
embryogenesis research and helped uncover the critical roles morphogens such as BMP, Wnt, FGFs,
TBX5 and GATA4 play in gastrulation and mesodermal patterning in vivo (Andersen et al., 2018).
These finding have enabled the understanding of how diverse lineages and anatomical structure of
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the heart arise from the specification of two cardiac progenitor
origins, the first heart field (FHF) and the second heart
field (SHF).

More recently, organoids, characterized as three-dimensional
(3D) in vitro tissue cultures have been widely used in multiple
research fields to model their in vivo organ counterparts. Self-
organized from stem cell populations, these organoids have the
potency to undergo multiple divisions and differentiate into
various appropriate cell types to confer structural and cell
composition resembling in vivo organs (Lancaster and
Knoblich 2014; Yin et al., 2016). Kidney, brain, intestinal,
lung, retinal organoids amongst others have been used to
study organ development as well as the effect of genetic
modifications, disease onset and drug efficacy and toxicity,
further enabled by the development of reprogramming
techniques and CRISPR (Takahashi et al., 2007; Sun and Ding
2017). Cell-cell and cell-matrix cues presented within 3D
organoids enable the differentiation, migration and self-
organization properties of PSCs, overcoming the limitations of
2Dmonolayer cultures (Langhans 2018). As such, organoids hold
the promise to revolutionize research on embryonic

development, onset of diseases and drug development, thereby
reducing our dependence on expensive animal and in vivo
models. This review will focus on some key aspects of
embryonic development of the heart, using 2D iPSC derived
cardiomyocytes and 3D cardiac organoid models that serve to
enhance our understanding of the genetic basis of development
and pathophysiology of heart diseases. We also highlight some of
the potential applications of existing cardiac organoid systems in
modelling development, cardiac associated diseases and drug
screening in vitro. Lastly, we discuss some of the key
limitations of current in vitro models.

2 CURRENT 3D TISSUEMODELSOF THE IN
VIVO HEART

The human heart is highly complex, with a mixed population of
cardiomyocytes (CM), epicardial cells, endocardial cells, smooth
muscle cells, cardiac fibroblasts (CF) and endothelial cells (EC)
with compositions that can vary with age or due to myocardial
damage and remodelling (van den Berg et al., 2015). PSC-derived

FIGURE 1 | Illustrations of the different 3D cardiac modelling platforms that have been reported.
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CMs (PSC-CMs) alone often exhibit immature metabolic
capabilities, electrophysiological characteristics, sarcomere
organization and contraction force compared with adult CMs
(van den Berg et al., 2015). An in vitro model that can capture
such a complex system, maintain, and mature the various cell
types will be even harder to achieve. While cardiac organoid
technology is still in its infancy, a number of research groups have
developed methods to generate 3D cardiovascular tissue using
either a pure CM starting population or a mixture of CMs, CFs
and ECs and aggregating them into Engineered Heart Tissues
(EHT) or on scaffolds (Figure 1) (Eschenhagen et al., 1997;
Kraehenbuehl et al., 2008; Lee et al., 2008; Morizane et al.,
2015; Polonchuk et al., 2017). A summary of recent cardiac
systems adapted to provide biophysical, bioelectrical and
biochemical cues to model cardiac related diseases and
developmental defects are as summarized in Table 1.

2.1 Embryoid Body Derived CMs, Spheroids
and Organoids
Embryoid bodies (EBs) are aggregate masses of PSCs cultured in
suspension and are widely used for differentiation into various

tissue lineages. CMs were first derived using EBs generated using
murine stem cells (Maltsev et al., 1993). Since then, various
optimizations have been made to reliably generate contracting
EB-CMs from PSCs. However, the main shortcoming of PSC
derived disease models using the EB-CM approach is immaturity.
The immaturity manifests in phenotypes such as smaller cell
sizes, differentially expressed electrophysiological and
cytoskeletal genes, lower resting membrane potential and
weaker spontaneous contractions (Mummery et al., 2003;
Kang et al., 2012; Yang et al., 2014). In other PSC derived
tissue systems, maturation has been achieved by either
transplantation into animal hosts or co-culture with additional
cell types to supply biochemical cues in the form of paracrine
signaling (Takebe et al., 2013; Finkbeiner et al., 2015; Dye et al.,
2016; Asai et al., 2017; van den Berg et al., 2018). EB-CMs do
contain tissue specific microenvironments and therefore CMs
cultured within achieve some maturation and have been used as
material for other 3D CM tissue models (Burridge et al., 2007;
Zhang et al., 2009; Lee et al., 2011; Schaaf et al., 2011; Pesl et al.,
2014; Mannhardt et al., 2016) or for disease modelling (Table 1).

To overcome the stochastic nature of EB-CMmodels resulting
in widely varied cell compositions and cell number, cardiac

TABLE 1 | List of heart conditions modelled using various 3D cardiac models.

Condition Model Parameters assessed Loci studied/Drug used

CPVT EB - Sarcomere alignment RYR2, CASQ2 (Novak et al., 2015)
- Ca2+ signaling
- Contraction rhythm

LQTS EB - Action potentials KCNH2 (Itzhaki et al., 2011)
- Electrophysiology

EB - Action potentials SCN5A (Ma et al., 2013)
HCM EB - Cell size and structure MYH7 (Lancaster et al., 2013)

- Multinucleation
- Transcriptome
- Electrophysiology
- Ca2+ signaling

EHT, Nanopatterned Monolayer - Ca2+ signaling MYH7 (Yang et al., 2018)
- Contractile force

DCM EB - Apoptotic tendencies LMNA (Siu et al., 2012)
ARVD/C EB - Ca2+ signaling PKP2 (Kim et al., 2013)

- Bioenergetics
- Transcriptome

AF Atrial EHT - Electrophysiology Verankalant (Goldfracht et al., 2020)
- Action potentials
- Conduction velocity

CHD Developmental organoid - Cardiomyocyte compaction NKX2.5 (Drakhlis et al., 2021)
- Cardiomyocyte and organoid size
- Transcriptome
- Contractility

PGD Developmental organoid - Organoid size Diabetic-like media (Lewis-Israeli et al., 2021)
- Electrophysiology
- Bioenergetics
- Gene expression analysis
- Morphological organization

Cardiotoxicity Microtissues, Heart-on-chip - Cardiomyocyte morphology Sotalol, Verapamil (Visone et al., 2021)
- Electrophysiology
- Interbeat variability
- Field potential duration
- Gene expression analysis

CPVT, catecholaminergic polymorphic ventricular tachycardia; LQTS, Long QT syndrome; HCM, hypertrophic cardiomyopathy; DCM, dilated cardiomyopathy; ARVD/C, arrhythmogenic
right ventricular dysplasia/cardiomyopathy; AF, atrial fibrillation; PGD, pregestational diabetes.
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spheroids have been aggregated using specific cell composition
and number. A number of research groups have explored
aggregating tissues of varying compositions appropriate to
study specific archetypes of cardiac developmental diseases or
health. Hanging drop culture has been used to aggregate CMs,
ECs and CFs in a 3:1:6 ratio for spheroids to measure the
cardiotoxicity of doxorubicin, a widely used cancer drug (Cao
and Poss 2018). Another group showed that fusing CM and CF
spheroids resulted in the migration and self-assembly of CMs and
CFs within, giving rise to the intermixed morphology found in
healthy myocardium (Polonchuk et al., 2017). Giacomelli et al.
(2017) were able to generate cardiac microtissues by co-culturing
purified CMs and ECs at an 85–15% ratio in a restricted culturing
space, and show improved maturation and response to drug
stimulation. They later show that these microtissues can also be
formed including CFs, highlighting the microtissues utility in
modelling cell-type specific diseases (Campostrini et al., 2021).
These multi-lineage spheroid systems are highly applicable for
cardiotoxicity drug screens and disease modelling due to their
controlled nature leading to high reproducibility.

On the other hand, cardiac organoids are more strictly defined
as 3D cardiac structures that were self-organized from either
PSCs or multipotent progenitors. This direction is highly popular
of late, with many recent works on utilizing either murine and
human PSCs to generate cardiac organoids attempting to
recapitulate cardiogenesis (Lee et al., 2020; Drakhlis et al.,
2021; Lewis-Israeli et al., 2021; Rossi et al., 2021).
Interestingly, work by Drakhlis et al. utilized lineage tracing to
highlight extensive self-organization in their heart-forming
organoid (HFOs) derived using an EB platform, which
typically struggles to exhibit meaningful organization. HFOs
exhibit many similar aspects of heart morphogenesis to the in
vivo early heart and foregut endodermal anlagen of the
developing embryo, with layered myocardium and
endocardium, vascular network, and anterior-posterior foregut
patterning (Drakhlis et al., 2021). By nature of its self-
organization properties, these organoids are useful
developmental models, but have not been widely adopted for
disease modelling.

A popular method to overcome the maturation limitation of
these spheroid and organoid models is long-term culture within
bioreactors. Bioreactors supply biochemical signals by improving
media circulation around the organoids to ensure higher mass
transfer, physiological relevant gradient of nutrients and
sufficient removal of waste products (Van Winkle et al., 2012).
In addition, the flow of media around the organoids induce
shearing forces which has been shown to act as a mechanical
stretching stimuli, promoting CM maturation (Phelan et al.,
2018). Therefore, long term bioreactor culture can potentially
improve the maturation status of organoids to match that of adult
heart tissue. However, the most prominent advances in bioreactor
culture of PSC-CMs lie in the use of engineered heart tissues.

2.2 Engineered Heart Tissues
Engineered heart tissues are amongst the oldest and most utilized
3D tissue construct made up of aligned CMs with the ability to
propagate contractions along a plane (Eschenhagen et al., 1997;

Zimmermann et al., 2002; Schaaf et al., 2011; Mannhardt et al.,
2016; Voges et al., 2017; Lemme et al., 2018). While the concept of
EHTs was originally proven using animal CMs, human PSC-CM
EHTs have been used for pharmacological studies (Schaaf et al.,
2011). EHT constructs utilize hydrogels to cast PSC-CMs into
molds with supporting post structures to align them in their
longitudinal orientation. In the typical EHT setup, CMs aligned
along two silicone posts can be subjected to mechanical tensile
load and electrical stimulation while being simultaneously
assessed for contraction forces and spontaneous rhythm (Hirt
et al., 2012; Mannhardt et al., 2016; Yang et al., 2018). Tensile
forces applied to the aligned CMs simulate hemodynamic load,
and EHTs take advantage of synergistic electrical and mechanical
stimulation to enhance CM maturation for extended durations
(Hove et al., 2003; Reckova et al., 2003). Increasing the intensity of
the tensile forces over time further enhances maturation as PSC-
CMs were shown to exhibit adult-like gene profiles, organized
ultrastructures, sarcomeric lengths, mitochondrial density,
transverse tubules, oxidative metabolism, positive force-
frequency relationship and functional calcium handling
(Ronaldson-Bouchard. 2018). Bioreactors have been adapted to
provide a cardiac biomimetic environment by perfusing media
and biochemical factors while also providing paced electrical
stimulation and mechanical stretching (Hirt et al.,2014;
Hülsmann et al., 2017). EHTs in bioreactors with chemical,
electrical, and mechanical stimuli exhibit better
interconnectivity and alignment of CMs, stronger contractile
forces and increased expression of cardiac-specificity proteins
(Lu et al., 2012; Maidhof et al., 2012; Morgan and Black 2014;
Visone et al., 2018).

EHTs have also been adapted to contain the appropriate cell
composition for modelling specific diseases. ECs and/or CFs have
been aggregated to study neovascularization and cardiac fibrosis
(Caspi et al., 2007; Gabisonia et al., 2019). Purified atrial or
ventricular cardiomyocytes have also been used to generate
EHTs, which exhibit distinct atrial versus ventricular
molecular and functional phenotypes, to be used for chamber-
specific disease modelling and drug testing (Goldfracht et al.,
2020).

However, there are limitations to EHTs as a modelling
platform. It requires a high initial cell count for aggregation,
within a complex equipment setup that prevents high throughput
screens (Schaaf et al., 2011; Eder et al., 2016; Mannhardt et al.,
2016). In addition, drug response studies suggest a limit to EHT
achieved maturation (Turnbull et al., 2013). Therefore, whilst
EHTs are a useful 3D platform to model contraction force as a
parameter that cannot be easily quantified in monolayer CMs, the
data generated may not be fully physiologically relevant for
studies on the adult myocardium.

2.3 Micropatterned CM Cultures
EHT constructs of 3D CM tissues was popularized alongside
several other hydrogel/polymer based matrixes for patterning
(Camelliti et al., 2006; Khademhosseini et al., 2007; Cimetta et al.,
2009; Kim et al., 2010; Morizane et al., 2015). Conceptually, the
idea of micropatterning is similar to EHTs in that the geometric
space for cell population is restricted to encourage cell
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organization and alignment. There are diverse protocols of
generating these patterned cultures, each suited to the
requirements for the desired treatments and measurements
needed. It is out of the scope of this review to introduce and
address the pros and cons of these micropatterned protocols for
cardiac disease modelling, as micropatterned cultures are mostly
2D and do not sufficiently recapitulate the architecture of a 3D
human heart. However, one research group has developed a
cardiac differentiation protocol of micropatterned human
iPSCs to generate a self-organized, 3D cardiac microchamber
with a developing heart phenotype. They also demonstrated
microchamber utility by modelling a cardiac developmental
defect due to thalidomide treatment, a known chemical that
causes cardiac birth defects (Morizane et al., 2015). While
useful to model developmental defects, the cardiac
microchamber, like the other 3D models discussed above, is
not adapted for modelling of the adult heart.

2.4 Scaffold-Based CM Cultures
Similarly, hydrogels and polymers have been utilized to create 3D
scaffolds as a biomimetic approach to recapitulate human cardiac
tissue (Kraehenbuehl et al., 2008; Grayson et al., 2009; Maidhof
et al., 2012). While EB and EHT models listed above are 3D
cardiac cultures, they are not more environmentally controlled as
their monolayer counterparts. Another crucial need of cardiac
tissue research is a controlled and replicable differentiation
program for regenerative medicine, such as tissue transplants
for hearts damaged by myocardial infarction. Specific organ-
derived decellularized scaffolds have been shown to retain
defining features of the organs and contain functionally and
structurally relevant molecules such as growth factors,
fibronectin and collagen, which all play a part in directing cell
distribution, organization and attachment within the scaffold
(Brown et al., 2006; Badylak et al., 2011). In the cardiac field,
human CM progenitors were shown to repopulate a mouse
decellularized heart scaffold by spontaneous migration,
proliferation and differentiation. These repopulated hearts
exhibited measurable electrophysiological and mechanical
properties and responded appropriately to chemical treatments
to induce tachycardia and arrhythmia (Lu et al., 2013). However,
as with most organ research, obtaining human organs for use is
difficult and would exacerbate the world organ shortage issue. On
the other hand, there are a handful of protocols developed to
synthetically create or bioprint 3D scaffold structures, which
utility is currently being looked into for generating 3D
organized CMs (Kraehenbuehl et al., 2008; Hockada et al.,
2012; Gaetani et al., 2015; Zhang et al., 2016; Ong et al., 2017).

While cardiomimetic scaffolds have been developed to provide
a geometrically and environmentally appropriate 3D architecture
for CM seeding, simple folded scaffolds have also been developed
to promote cardiac chamber formation (Lee et al., 2008; Li et al.,
2018). These human ventricle-like cardiac organoid chamber
termed by Li et al. were generated by immersing a balloon
core into an EB-CM suspension for CMs to aggregate on the
balloon surface, essentially serving as a curved surface scaffold for
a cardiac chamber. Eventually, the balloon core is removed and a
hollow chamber with CMs forming the chamber wall remains.

This surface scaffold set-up is indeed useful as the hollow
chambers are unique and allows ejection fraction and pressure
to be monitored. However, these hollow chambers might not
truly model the adult heart chambers as it is no more than an
aggregation of heterogeneous EB-CMs on a curved 2D surface,
and not a result of self-organized CMs.

Alternatively, precise control of cellular composition and
spatial distribution of individual cells can be achieved via 3D
bioprinting. Hydrogels and decellularized extracellular matrix
have been developed into bioinks that serve as a scaffold for
individual cell types to be printed on (Lepilina et al., 2006; Caspi
et al., 2007; Sekine et al., 2008;Weeke-Klimp et al., 2010). Of note,
a research group recently utilized 3D bioprinting with
personalized hydrogels to construct cardiac patches matching
the patient’s myocardium. They also printed out a whole
miniature heart that contained the major blood vessels (Zhou
and Pu 2008). While these approaches allow for highly controlled
generation of cardiac constructs, they tend to be expensive, not
readily scalable and do not accurately capture developmental cues
present for embryonic heart development.

3 RECAPITULATING CARDIOGENESIS
USING CARDIAC ORGANOID MODELS

Congenital heart defects occurring during the first 8 weeks of
embryonic development are detrimental to the growing embryo’s
ever-increasing metabolic demands during embryogenesis.
However, inaccuracies in the in vitro heart models limit
research in understanding these disorders. While much effort
has been poured into generating the 3D CM models described in
Section 2, not all are applicable for studying developmental
pathways. In particular, models populated with externally
derived CMs such as the spheroids, EHTs or scaffold-based
systems cannot recapitulate human cardiogenesis. Organoids
on the other hand, exhibit self-organization and patterning
properties and are thus of interest for studying these earlier
developmental processes. An extensive review that
characterizes current organoid models and their required
developmental morphogens was recently published by
Miyamoto et al. (2021), offering an interesting perspective on
the importance of organogenesis aligned with in vivo
development.

There have been significant recent advances in the field of
developmental cardiac organoids, which were intrinsically
formed by taking advantage of the self-organizing and
patterning capabilities of either murine or human hPSCs.
These in vitro models were shown to recapitulate various
aspects of cardiogenesis. Earlier work by Soh et al. (2016),
demonstrated the critical role of WNT3A in expansion of the
SHF progenitors, resulting in the intrinsic ability of vascular
progenitors to develop and self-organise into cardiac tissues.
Similarly, Andersen et al. (2018), provided insights to the
critical role of BMP/WNT signalling into heart field
specification using both mouse and human PSCs, which may
be leveraged for modelling developmental defects during
gastrulation. This study recapitulated early stages of heart field
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development, based on the formation of two distinct heart fields
using mouse ESCs differentiated into precardiac organoids.

Consistently, Rossi et al. (2021) generated axially patterned
organoids termed gastruloids using mouse ESCs with the
capability of supporting cardiovascular progenitor FHF and
SHF cells. These gastruloids exhibited spatially organized
structure, mimicking the development of cardiac crescent like
structures, and formed contracting cardiac tissues near a putative
primitive gut-like tube separated by an endocardial layer. Thus,
this platform highlights the ability of mouse ESCs to coordinate
the organization potential of multiple tissue types to model heart
development at an unprecedented detail.

Developmental organoids can also possess the capability to be used
as a disease modelling tool, particularly for drug testing. Heart
organoids were generated using mouse ESCs by utilizing FGF4
and extracellular matrix, emulating the developmental processes of
the in vivo heart (Lee et al., 2020). These heart organoids would
therefore be of a later developmental stage than the gastruloid model,
as they possess atrium- and ventricle-like structures, conducting
tissues, smooth muscle and endothelial cells organized similarly to
a mammalian chambered heart. The authors highlighted that the
ECM microenvironment plays the key role to induce in vitro organ/
tissue formation to mimic cardiogenesis from the early to mid-
gestation stages, and thus does not require complex differentiation
protocol. Therefore, the heart organoids represent a promising
research tool to study developmental diseases for drug testing.

3.1 Cardiac Organoids for Disease
Modelling and Drug Screening
As mentioned, several organoid platforms have focused
particularly on the disease modelling and drug screening

purposes of the model (Spence et al., 2011; Mae et al., 2013;
Xia et al., 2013). These modelling organoids have been used to
mimic embryonic development, but have also been used for
extensive maturation, regenerative medicine and studying
chamber specific diseases. Table 2 summarizes a list of
increasingly popular organoid models for disease modelling.

Of note, Lewis-Israeli et al. (2021) recently generated self-
assembling human heart organoids (hHOs) differentiated via
Wnt signaling modulation, and extensively detailed its capability
in modelling cardiac development and diabetes-induced
congenital heart disease. These hHOs were mainly comprised
of myocardial tissue, with epicardial tissue organized near the
exterior surface of the organoids. In addition, these hHOs
recapitulate the functional and structural features of the
developing fetal heart, exhibiting robust contraction and action
potential waves reminiscent of the PQRST waves, and expressed
well defined sarcomeres surrounded by gap junctions,
mitochondria and t-tubules. As a proof of concept,
pregestational diabetes impacted the cardiac development of
these hHOs, resulting in irregular arrhythmic contraction,
metabolic dysfunction and structural organization in
accordance with the phenotype observed in vivo.

Myocardial infarction and drug cardiotoxicity has been
recently modelled in a cardiac microtissue organoid model as
well (Richards, 2020). The unique property of organoids being a
3D model allows for accurate modelling of diffusion gradients,
which is particularly useful for an infarctionmodel. Richards et al.
utilized an oxygen-diffusion gradient with noradrenaline to
mimic the zoning aspects of infarction, and then recapitulating
aspects of infarction at the transcriptomic, structural and
functional levels. The authors also demonstrated image-based
functional analysis to screen for drug cardiotoxicity.

TABLE 2 | Summary of recent developed organoid systems and their contribution to cardiogenesis and disease modelling research.

Applications Model Observed phenotype References

Development Human PSCs Heart organoids exhibited comparable transcriptomic, structural, and cellular level as age-matched
human fetal cardiac tissues

Lewis-Israeli et al.
(2021)

Human PSCs Cardiac organoids mimics human early heart and foregut development Drakhlis et al. (2021)
Mouse and human
PSCs

Critical role of BMP/WNT signalling in the formation of two heart fields, such as FHF and SHF in
precardiac organoids

Andersen et al. (2018)

Mouse ESCs Critical role FGF4 and extracellular matrix for the formation of functional murine heart organoids Lee et al. (2020)
Mouse ESCs Gastruloids supports differentiation of cardiac progenitors, such as FHF and SHF Rossi et al. (2021)
Human PSCs Chamber-like cardioids recapitulates heart lineage architecture to specify, pattern, and morph into a

cavity in vitro
Hofbauer et al. (2021)

Human PSCs Development of a 96-well platform to functionally screen human cardiac organoids to enhance
maturation of hPSC-CMs

Mills et al. (2017)

Human PSCs Generation of spatial-patterned early developing 3D cardiac microchambers using a combination of
biomaterials-based cell patterning with stem cell organoid engineering

Hoang et al. (2018)

CHD Human PSCs Modelling pregestational diabetes-induced congenital heart defects Lewis-Israeli et al.
(2021)

Drug screening Human PSCs Bioengineered human cardiac organoids present a platform for identifying pro-regenerative drug
compounds

Mills et al. (2019)

Human PSCs Micropatterned engineered spatially organized cardiac organoids for assessment of drug-induced
developmental cardiac toxicity

Hoang et al. (2021)

Myocardial
infarction

Human PSCs Modelling of myocardial infarction and doxorubicin induced cardiotoxicity in cardiac organoids Richards et al. (2020)

Regeneration Human PSCs Human cardiac organoids exhibited regenerative capacity towards cryoinjury, with full functional
recovery after 2 weeks

Voges et al. (2017)
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4 LIMITATIONS OF PSC-DERIVED
CARDIAC ORGANOIDS FOR MODELLING
CONGENITAL HEART DEFECTS AND
HEART DISEASES

Collectively, developments in 3D cardiovascular disease models
have demonstrated the ability of patient-derived cardiac
organoids to recapitulate developmental processes of
cardiogenesis, as shown by ultrastructural, gene expression,
histochemical characteristics with resemblance to the
developing heart in vivo. However, current cardiac organoid
models fall short in developing important structural and
morphological elements unique to the heart. Particularly,
cardiac architecture, most notably being the heart chambers
are absent, and thus related elements such as the septa and
valves are also missing. As such, CHD affecting these missing
elements in the in vivo developing heart cannot be accurately
modelled.

Cardiac progenitors within the embryonic heart specifies
their subtype early in development, primarily during heart field
specification (Lescroart et al., 2014). However, current cardiac
organoid models do not recapitulate this specification event
and fail to develop organization at the level of chamber
subtypes. This limitation is due to current differentiation
protocols favoring the generation of ventricular CMs, with
small populations of atrial cells mixed in Lian et al. (2012).
To enrich for atrial specification, recent differentiation
protocols have incorporated retinoic acid (Zhang et al.,
2011). As the methodology to encourage self-organization
and specification into chamber specific organoids have not
been discovered, the current workaround is for researchers
to generate and purify atrial or ventricle specific CMs to model
chamber specific diseases (Lemme et al., 2018; Zhao et al., 2019;
Goldfracht et al., 2020). Taking a step towards overcoming this
limitation, recent work demonstrated that cardiac spheroids
could be generated using FHF or SHF cell populations, which
developmentally contribute to the different heart chambers in
vivo (Andersen et al., 2018). Further advances into developing
chamber specific organoid models would be required for in-

depth modelling of heart field related or chamber-
specific CHD.

Lastly, the missing structural elements of current cardiac
models results in the failure to model mechanical functional
changes such as myocardial wall thickness, pressure loading
and ejection fraction. Heart disease often present with
pathological cardiac remodeling, causing hypertrophic
growth, irreversible decompensation and thinning of the
myocardium and dilatation of the failing heart (Chien 1999;
Hill and Olson., 2008). Classically, these mechanical
parameters are assessed in animal models or
echocardiography (Sasayama et al., 1976; Alpert et al.,
1985). Cardiac organoids would be an ideal system to
recapitulate the human heart in vitro, working in tandem
with classical models for accurate phenotyping of disease
and drug effects. However, the lack of functional cardiac
chambers limits the utility of these organoids in the disease
modelling space. The closest model in achieving self-organized
chambers currently available is the hHO model by Lewis-
Israeli et al., detailed previously in Section 3.1, which
exhibit intrinsic development of multiple cardiac
microchambers lined with NFATC1+ endocardial cells
(Lewis-Israeli et al., 2021). However, functional disease
modelling data utilizing the chamber contraction or wall
thickness is still absent. An alternative would be the human
ventricle-like cardiac organoid chamber by Li et al., which
contains an artificially generated chamber by forced
aggregation of CMs to line a hollow surface (Lee et al.,
2008; Li et al., 2018). Such an artificially generated platform
would be the closest system to assess cardiac ejection fraction,
in the absence of a fully self-organized cardiac chamber model.

5 FUTURE DIRECTION OF PSC-DERIVED
CARDIAC ORGANOID MODELS

Drawing from the approaches of the tissue organoid systems
currently generated, intrinsically formed chambered cardiac
organoids should theoretically be achievable. Judging by the
rapid pace of advances in the space of cardiac organoid

FIGURE 2 | Schematic summarizing the generation of a multicellular chambered cardiac organoid, and its maturation process and applications.
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development in recent years, there is promise that such an
organoid model will soon be developed and be scalable for
high-throughput disease modelling. Figure 2 illustrates the
possible methodology behind generating a physiologically
representative chambered cardiac organoid—by allowing the
self-organization of multiple cardiovascular cell types followed
by long-termmaturation in a bioreactor system. Adapting these
theoretical cardiac organoids for high throughput disease
modelling will require analysis platforms that can assess
multiple facets of cardiac function in real time, including
electrophysiological measurements, contractile mechanical
forces and ejection fraction.

Lately, there has been increasing interest in utilizing
microfluidic systems such as organ-on-a-chip platforms for
use in preclinical analysis. These chip-based systems are the
preferred platform for industry-level research—completely
automated high throughput derived organ-models are
screened within highly reproducible fabricated chips. Organ-
chip systems have been adapted to allow for vascularization in a
number of tissue types, recently reviewed by Osaki et al. (2018),
which is an additional advantage over traditional cultures
lacking vascularization. A number of heart-on-a-chip systems
have been developed, utilizing either EHTs or cardiac
microtissues (Grosberg et al., 2011; Wang et al., 2014;
Marsano et al., 2016; Nawroth et al., 2018; Visone et al.,
2021). These heart-on-a-chip platforms embody the
necessary screening platform of the future, with the ability to
supply simultaneous electrical and mechanical stimulation for
maturation and long-term culture, while also probing for
functional electrical and mechanical abnormalities. The next
breakthrough of cardiac disease modelling will thus likely
revolve around the development of cardiac organoid disease
models utilized in high-throughput analysis microchips for
accurate modelling of CHDs and cardiovascular diseases.

6 CONCLUSION

While 3D CM cultures currently exist and are routinely used for
studying development, drug screening and disease modelling, they
often portray an incomplete picture of associated effects on a
human heart. The strong demand required to bridge the
technology and knowledge gap will enable researchers to better
study heart development and cardiovascular diseases for research
and translational purposes. Hence, future direction for cardiac
organoid research is currently focused on generating
physiologically appropriate chambered cardiac organoids paired
with an appropriate high-throughput modelling platform that can
simultaneously assessmultiple cardiac functional parameters.With
more faithful models of the in vivo heart in place, future in vitro
cardiac modelling will be able to better support downstream
preclinical pharmaceutical research in discovering cures and
preventing cardiotoxic drugs from slipping through.

AUTHOR CONTRIBUTIONS

Conceptualization, JP and B-SS; Literary search, JP, BH;
Writing—Original draft preparation, JP, B-SS;
Writing—Review and editing, JP, BH, WK-C, B-SS. All
authors have read and agreed to the published version of the
manuscript.

FUNDING

This work is supported by the Agency for Science, Technology
and Research (Singapore) and by a grant to B-SS (HBMS IAF-PP
Grant No. H19H6a0026). JP and BH are supported by the
National University of Singapore graduate scholarships.

REFERENCES

Alpert, M. A., Terry, B. E., and Kelly, D. L. (1985). Effect of Weight Loss on Cardiac
Chamber Size, wall Thickness and Left Ventricular Function inMorbid Obesity.
Am. J. Cardiol. 55 (6), 783–786. doi:10.1016/0002-9149(85)90156-0

Andersen, P., Tampakakis, E., Jimenez, D. V., Kannan, S., Miyamoto, M., Shin, H.
K., et al. (2018). Precardiac Organoids Form Two Heart fields via Bmp/Wnt
Signaling. Nat. Commun. 9 (1), 3140. doi:10.1038/s41467-018-05604-8

Asai, A., Aihara, E., Watson, C., Mourya, R., Mizuochi, T., Shivakumar, P., et al.
(2017). Paracrine Signals Regulate Human Liver Organoid Maturation from
Induced Pluripotent Stem Cells. Development 144 (6), 1056–1064. doi:10.1242/
dev.142794

Badylak, S. F., Taylor, D., and Uygun, K. (2011). Whole-Organ Tissue Engineering:
Decellularization and Recellularization of Three-Dimensional Matrix Scaffolds.
Annu. Rev. Biomed. Eng. 13 (1), 27–53. doi:10.1146/annurev-bioeng-071910-
124743

Brown, B., Lindberg, K., Reing, J., Stolz, D. B., and Badylak, S. F. (2006). The
Basement Membrane Component of Biologic Scaffolds Derived from
Extracellular Matrix. Tissue Eng. 12 (3), 519–526. doi:10.1089/ten.2006.12.519

Burridge, P. W., Anderson, D., Priddle, H., Barbadillo Muñoz, M. D., Chamberlain,
S., Allegrucci, C., et al. (2007). Improved Human Embryonic Stem Cell
Embryoid Body Homogeneity and Cardiomyocyte Differentiation from a
Novel V-96 Plate Aggregation System Highlights Interline Variability. Stem
Cells 25 (4), 929–938. doi:10.1634/stemcells.2006-0598

Camelliti, P., Gallagher, J. O., Kohl, P., and McCulloch, A. D. (2006).
Micropatterned Cell Cultures on Elastic Membranes as an In Vitro
Model of Myocardium. Nat. Protoc. 1, 1379–1391. doi:10.1038/
nprot.2006.203

Campostrini, G., Meraviglia, V., Giacomelli, E., van Helden, R. W. J., Yiangou, L.,
Davis, R. P., et al. (2021). Generation, Functional Analysis and Applications of
Isogenic Three-Dimensional Self-Aggregating Cardiac Microtissues from
Human Pluripotent Stem Cells. Nat. Protoc. 16 (4), 2213–2256. doi:10.1038/
s41596-021-00497-2

Cao, J., and Poss, K. D. (2018). The Epicardium as a Hub for Heart Regeneration.
Nat. Rev. Cardiol. 15 (10), 631–647. doi:10.1038/s41569-018-0046-4

Caspi, O., Lesman, A., Basevitch, Y., Gepstein, A., Arbel, G., Habib, I. H. M., et al.
(2007). Tissue Engineering of Vascularized Cardiac Muscle from Human
Embryonic Stem Cells. Circ. Res. 100 (2), 263–272. doi:10.1161/
01.res.0000257776.05673.ff

Chien, K. R. (1999). Stress Pathways and Heart Failure. Cell 98 (5), 555–558.
doi:10.1016/s0092-8674(00)80043-4

Cimetta, E., Pizzato, S., Bollini, S., Serena, E., De Coppi, P., and Elvassore, N.
(2009). Production of Arrays of Cardiac and Skeletal Muscle Myofibers by
Micropatterning Techniques on a Soft Substrate. Biomed. Microdevices 11 (2),
389–400. doi:10.1007/s10544-008-9245-9

Drakhlis, L., Biswanath, S., Farr, C. M., Lupanow, V., Teske, J., Ritzenhoff, K., et al.
(2021). Human Heart-Forming Organoids Recapitulate Early Heart and
Foregut Development. Nat. Biotechnol. 39, 1–10. doi:10.1038/s41587-021-
00815-9

Frontiers in Cell and Developmental Biology | www.frontiersin.org December 2021 | Volume 9 | Article 7889558

Pang et al. Insights to Heart Development

https://doi.org/10.1016/0002-9149(85)90156-0
https://doi.org/10.1038/s41467-018-05604-8
https://doi.org/10.1242/dev.142794
https://doi.org/10.1242/dev.142794
https://doi.org/10.1146/annurev-bioeng-071910-124743
https://doi.org/10.1146/annurev-bioeng-071910-124743
https://doi.org/10.1089/ten.2006.12.519
https://doi.org/10.1634/stemcells.2006-0598
https://doi.org/10.1038/nprot.2006.203
https://doi.org/10.1038/nprot.2006.203
https://doi.org/10.1038/s41596-021-00497-2
https://doi.org/10.1038/s41596-021-00497-2
https://doi.org/10.1038/s41569-018-0046-4
https://doi.org/10.1161/01.res.0000257776.05673.ff
https://doi.org/10.1161/01.res.0000257776.05673.ff
https://doi.org/10.1016/s0092-8674(00)80043-4
https://doi.org/10.1007/s10544-008-9245-9
https://doi.org/10.1038/s41587-021-00815-9
https://doi.org/10.1038/s41587-021-00815-9
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


Dye, B. R., Dedhia, P. H., Miller, A. J., Nagy, M. S., White, E. S., Shea, L. D., et al.
(2016). A Bioengineered Niche Promotes In Vivo Engraftment and Maturation
of Pluripotent Stem Cell Derived Human Lung Organoids. Elife 5, e19732.
doi:10.7554/eLife.19732

Eder, A., Vollert, I., Hansen, A., and Eschenhagen, T. (2016). Human Engineered
Heart Tissue as a Model System for Drug Testing. Adv. Drug Deliv. Rev. 96,
214–224. doi:10.1016/j.addr.2015.05.010

Eschenhagen, T., Fink, C., Remmers, U., Scholz, H., Wattchow, J., Weil, J., et al.
(1997). Three-dimensional Reconstitution of Embryonic Cardiomyocytes in a
Collagen Matrix: a New Heart Muscle Model System. FASEB j. 11 (8), 683–694.
doi:10.1096/fasebj.11.8.9240969

Finkbeiner, S. R., Hill, D. R., Altheim, C. H., Dedhia, P. H., Taylor, M. J., Tsai, Y. H.,
et al. (2015). Transcriptome-wide Analysis Reveals Hallmarks of Human
Intestine Development and Maturation In Vitro and In Vivo. Stem Cell Rep.
4, 1140–1155. doi:10.1016/j.stemcr.2015.04.010

Gabisonia, K., Prosdocimo, G., Aquaro, G. D., Carlucci, L., Zentilin, L., Secco, I.,
et al. (2019). MicroRNA Therapy Stimulates Uncontrolled Cardiac Repair after
Myocardial Infarction in Pigs. Nature 569 (7756), 418–422. doi:10.1038/
s41586-019-1191-6

Gaetani, R., Feyen, D. A. M., Verhage, V., Slaats, R., Messina, E., Christman, K. L.,
et al. (2015). Epicardial Application of Cardiac Progenitor Cells in a 3D-Printed
Gelatin/hyaluronic Acid Patch Preserves Cardiac Function after Myocardial
Infarction. Biomaterials 61, 339–348. doi:10.1016/j.biomaterials.2015.05.005

Giacomelli, E., Bellin, M., Sala, L., van Meer, B. J., Tertoolen, L. G., Orlova, V. V.,
et al. (2017). Three-dimensional Cardiac Microtissues Composed of
Cardiomyocytes and Endothelial Cells Co-differentiated from Human
Pluripotent Stem Cells. Development 144 (6), 1008–1017. doi:10.1242/
dev.143438

Goldfracht, I., Protze, S., Shiti, A., Setter, N., Gruber, A., Shaheen, N., et al. (2020).
Generating Ring-Shaped Engineered Heart Tissues from Ventricular and Atrial
Human Pluripotent Stem Cell-Derived Cardiomyocytes. Nat. Commun. 11 (1),
75. doi:10.1038/s41467-019-13868-x

Grayson, W. L., Martens, T. P., Eng, G. M., Radisic, M., and Vunjak-Novakovic, G.
(2009). Biomimetic Approach to Tissue Engineering. Semin. Cell Dev. Biol. 20
(6), 665–673. doi:10.1016/j.semcdb.2008.12.008

Grosberg, A., Alford, P. W., McCain, M. L., and Parker, K. K. (2011). Ensembles of
Engineered Cardiac Tissues for Physiological and Pharmacological Study:
Heart on a Chip. Lab. Chip 11 (24), 4165–4173. doi:10.1039/c1lc20557a

Hill, J. A., and Olson, E. N. (2008). Cardiac Plasticity. N. Engl. J. Med. 358 (13),
1370–1380. doi:10.1056/nejmra072139

Hirt, M. N., Boeddinghaus, J., Mitchell, A., Schaaf, S., Börnchen, C., Müller, C., et al.
(2014). Functional Improvement and Maturation of Rat and Human
Engineered Heart Tissue by Chronic Electrical Stimulation. J. Mol. Cell
Cardiol. 74, 151–161. doi:10.1016/j.yjmcc.2014.05.009

Hirt, M. N., Sörensen, N. A., Bartholdt, L. M., Boeddinghaus, J., Schaaf, S., Eder, A.,
et al. (2012). Increased Afterload Induces Pathological Cardiac Hypertrophy: a
New In Vitro Model. Basic Res. Cardiol. 107 (6), 307. doi:10.1007/s00395-012-
0307-z

Hoang, P., Kowalczewski, A., Sun, S., Winston, T. S., Archilla, A. M., Lemus, S. M.,
et al. (2021). Engineering Spatial-Organized Cardiac Organoids for
Developmental Toxicity Testing. Stem Cell Rep. 16 (5), 1228–1244.
doi:10.1016/j.stemcr.2021.03.013

Hoang, P., Wang, J., Conklin, B. R., Healy, K. E., and Ma, Z. (2018). Generation of
Spatial-Patterned Early-Developing Cardiac Organoids Using Human
Pluripotent Stem Cells. Nat. Protoc. 13 (4), 723–737. doi:10.1038/
nprot.2018.006

Hockaday, L. A., Kang, K. H., Colangelo, N. W., Cheung, P. Y. C., Duan, B.,
Malone, E., et al. (2012). Rapid 3D Printing of Anatomically Accurate and
Mechanically Heterogeneous Aortic Valve Hydrogel Scaffolds. Biofabrication 4
(3), 035005. doi:10.1088/1758-5082/4/3/035005

Hofbauer, P., Jahnel, S. M., Papai, N., Giesshammer, M., Deyett, A., Schmidt, C.,
et al. (2021). Cardioids Reveal Self-Organizing Principles of Human
Cardiogenesis. Cell 184 (12), 3299–3317. doi:10.1016/j.cell.2021.04.034

Hove, J. R., Köster, R. W., Forouhar, A. S., Acevedo-Bolton, G., Fraser, S. E., and
Gharib, M. (2003). Intracardiac Fluid Forces Are an Essential Epigenetic Factor
for Embryonic Cardiogenesis. Nature 421, 172–177. doi:10.1038/nature01282

Hülsmann, J., Aubin, H., Wehrmann, A., Lichtenberg, A., and Akhyari, P. (2017).
The Impact of Left Ventricular Stretching in Model Cultivations with Neonatal

Cardiomyocytes in a Whole-Heart Bioreactor. Biotechnol. Bioeng. 114 (5),
1107–1117. doi:10.1002/bit.26241

Itzhaki, I., Maizels, L., Huber, I., Zwi-Dantsis, L., Caspi, O., Winterstern, A., et al.
(2011). Modelling the Long QT Syndrome with Induced Pluripotent Stem Cells.
Nature 471, 225–229. doi:10.1038/nature09747

Kang, J., Chen, X.-L., Ji, J., Lei, Q., and Rampe, D. (2012). Ca2+ Channel Activators
Reveal Differential L-type Ca2+ Channel Pharmacology between Native and
Stem Cell-Derived Cardiomyocytes. J. Pharmacol. Exp. Ther. 341 (2), 510–517.
doi:10.1124/jpet.112.192609

Khademhosseini, A., Eng, G., Yeh, J., Kucharczyk, P. A., Langer, R., Vunjak-
Novakovic, G., et al. (2007). Microfluidic Patterning for Fabrication of
Contractile Cardiac Organoids. Biomed. Microdevices 9 (2), 149–157.
doi:10.1007/s10544-006-9013-7

Kim, C., Wong, J., Wen, J., Wang, S., Wang, C., Spiering, S., et al. (2013). Studying
Arrhythmogenic Right Ventricular Dysplasia with Patient-specific iPSCs.
Nature 494, 105–110. doi:10.1038/nature11799

Kim, D.-H., Lipke, E. A., Kim, P., Cheong, R., Thompson, S., Delannoy, M., et al.
(2010). Nanoscale Cues Regulate the Structure and Function of Macroscopic
Cardiac Tissue Constructs. Proc. Natl. Acad. Sci. 107 (2), 565–570. doi:10.1073/
pnas.0906504107

Kloesel, B., DiNardo, J. A., and Body, S. C. (2016). Cardiac Embryology and
Molecular Mechanisms of Congenital Heart Disease: A Primer for
Anesthesiologists. Anesth. Analgesia 123 (3), 551–569. doi:10.1213/
ane.0000000000001451

Kraehenbuehl, T. P., Zammaretti, P., Van der Vlies, A. J., Schoenmakers, R. G.,
Lutolf, M. P., Jaconi, M. E., et al. (2008). Three-dimensional Extracellular
Matrix-Directed Cardioprogenitor Differentiation: Systematic Modulation of a
Synthetic Cell-Responsive PEG-Hydrogel. Biomaterials 29 (18), 2757–2766.
doi:10.1016/j.biomaterials.2008.03.016

Lancaster, M. A., and Knoblich, J. A. (2014). Organogenesis in a Dish: Modeling
Development and Disease Using Organoid Technologies. Science 345 (6194),
1247125. doi:10.1126/science.1247125

Lancaster, M. A., Renner, M., Martin, C.-A., Wenzel, D., Bicknell, L. S.,
Hurles, M. E., et al. (2013). Cerebral Organoids Model Human Brain
Development and Microcephaly. Nature 501 (7467), 373–379.
doi:10.1038/nature12517

Langhans, S. A. (2018). Three-Dimensional In Vitro Cell Culture Models in Drug
Discovery and Drug Repositioning. Front. Pharmacol. 9, 6. doi:10.3389/
fphar.2018.00006

Lee, E. J., Kim, D. E., Azeloglu, E. U., and Costa, K. D. (2008). Engineered Cardiac
Organoid Chambers: Toward a Functional Biological Model Ventricle. Tissue
Eng. A 14 (2), 215–225. doi:10.1089/tea.2007.0351

Lee, J., Sutani, A., Kaneko, R., Takeuchi, J., Sasano, T., Kohda, T., et al. (2020). In
Vitro generation of Functional Murine Heart Organoids via FGF4 and
Extracellular Matrix. Nat. Commun. 11 (1), 4283. doi:10.1038/s41467-020-
18031-5

Lee, M. Y., Cagavi Bozkulak, E., Schliffke, S., Amos, P. J., Ren, Y., Ge, X., et al.
(2011). High Density Cultures of Embryoid Bodies Enhanced Cardiac
Differentiation of Murine Embryonic Stem Cells. Biochem. Biophys. Res.
Commun. 416 (1), 51–57. doi:10.1016/j.bbrc.2011.10.140

Lemme, M., Ulmer, B. M., Lemoine, M. D., Zech, A. T. L., Flenner, F., Ravens, U.,
et al. (2018). Atrial-like Engineered Heart Tissue: An In Vitro Model of the
Human Atrium. Stem Cell Rep. 11 (6), 1378–1390. doi:10.1016/
j.stemcr.2018.10.008

Lepilina, A., Coon, A. N., Kikuchi, K., Holdway, J. E., Roberts, R. W., Burns, C. G.,
et al. (2006). A Dynamic Epicardial Injury Response Supports Progenitor Cell
Activity during Zebrafish Heart Regeneration. Cell 127 (3), 607–619.
doi:10.1016/j.cell.2006.08.052

Lescroart, F., Chabab, S., Lin, X., Rulands, S., Paulissen, C., Rodolosse, A., et al.
(2014). Early Lineage Restriction in Temporally Distinct Populations of Mesp1
Progenitors during Mammalian Heart Development. Nat. Cell Biol 16 (9),
829–840. doi:10.1038/ncb3024

Lewis-Israeli, Y. R., Wasserman, A. H., Gabalski, M. A., Volmert, B. D., Ming, Y.,
Ball, K. A., et al. (2021). Self-assembling Human Heart Organoids for the
Modeling of Cardiac Development and Congenital Heart Disease. Nat.
Commun. 12 (1), 5142. doi:10.1038/s41467-021-25329-5

Li, R. A., Keung, W., Cashman, T. J., Backeris, P. C., Johnson, B. V., Bardot, E. S.,
et al. (2018). Bioengineering an Electro-Mechanically Functional Miniature

Frontiers in Cell and Developmental Biology | www.frontiersin.org December 2021 | Volume 9 | Article 7889559

Pang et al. Insights to Heart Development

https://doi.org/10.7554/eLife.19732
https://doi.org/10.1016/j.addr.2015.05.010
https://doi.org/10.1096/fasebj.11.8.9240969
https://doi.org/10.1016/j.stemcr.2015.04.010
https://doi.org/10.1038/s41586-019-1191-6
https://doi.org/10.1038/s41586-019-1191-6
https://doi.org/10.1016/j.biomaterials.2015.05.005
https://doi.org/10.1242/dev.143438
https://doi.org/10.1242/dev.143438
https://doi.org/10.1038/s41467-019-13868-x
https://doi.org/10.1016/j.semcdb.2008.12.008
https://doi.org/10.1039/c1lc20557a
https://doi.org/10.1056/nejmra072139
https://doi.org/10.1016/j.yjmcc.2014.05.009
https://doi.org/10.1007/s00395-012-0307-z
https://doi.org/10.1007/s00395-012-0307-z
https://doi.org/10.1016/j.stemcr.2021.03.013
https://doi.org/10.1038/nprot.2018.006
https://doi.org/10.1038/nprot.2018.006
https://doi.org/10.1088/1758-5082/4/3/035005
https://doi.org/10.1016/j.cell.2021.04.034
https://doi.org/10.1038/nature01282
https://doi.org/10.1002/bit.26241
https://doi.org/10.1038/nature09747
https://doi.org/10.1124/jpet.112.192609
https://doi.org/10.1007/s10544-006-9013-7
https://doi.org/10.1038/nature11799
https://doi.org/10.1073/pnas.0906504107
https://doi.org/10.1073/pnas.0906504107
https://doi.org/10.1213/ane.0000000000001451
https://doi.org/10.1213/ane.0000000000001451
https://doi.org/10.1016/j.biomaterials.2008.03.016
https://doi.org/10.1126/science.1247125
https://doi.org/10.1038/nature12517
https://doi.org/10.3389/fphar.2018.00006
https://doi.org/10.3389/fphar.2018.00006
https://doi.org/10.1089/tea.2007.0351
https://doi.org/10.1038/s41467-020-18031-5
https://doi.org/10.1038/s41467-020-18031-5
https://doi.org/10.1016/j.bbrc.2011.10.140
https://doi.org/10.1016/j.stemcr.2018.10.008
https://doi.org/10.1016/j.stemcr.2018.10.008
https://doi.org/10.1016/j.cell.2006.08.052
https://doi.org/10.1038/ncb3024
https://doi.org/10.1038/s41467-021-25329-5
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


Ventricular Heart Chamber from Human Pluripotent Stem Cells. Biomaterials
163, 116–127. doi:10.1016/j.biomaterials.2018.02.024

Lian, X., Hsiao, C., Wilson, G., Zhu, K., Hazeltine, L. B., Azarin, S. M., et al. (2012).
Cozzarelli Prize Winner: Robust Cardiomyocyte Differentiation from Human
Pluripotent Stem Cells via Temporal Modulation of Canonical Wnt Signaling.
Proc. Natl. Acad. Sci. 109 (27), E1848–E1857. doi:10.1073/pnas.1200250109

Lu, L., Mende, M., Yang, X., Körber, H. F., Schnittler, H. J., Weinert, S., et al. (2012).
Design and Validation of a Bioreactor for Simulating the Cardiac Niche: A
System Incorporating Cyclic Stretch, Electrical Stimulation, and Constant
Perfusion. Tissue Eng. Part A 19 (3-4), 403–414. doi:10.1089/ten.tea.2012.0135

Lu, T.-Y., Lin, B., Kim, J., Sullivan, M., Tobita, K., Salama, G., et al. (2013).
Repopulation of Decellularized Mouse Heart with Human Induced Pluripotent
Stem Cell-Derived Cardiovascular Progenitor Cells. Nat. Commun. 4, 2307.
doi:10.1038/ncomms3307

Ma, D., Wei, H., Zhao, Y., Lu, J., Li, G., Sahib, N. B. E., et al. (2013). Modeling Type
3 Long QT Syndrome with Cardiomyocytes Derived from Patient-specific
Induced Pluripotent StemCells. Int. J. Cardiol. 168 (6), 5277–5286. doi:10.1016/
j.ijcard.2013.08.015

Mae, S.-I., Shono, A., Shiota, F., Yasuno, T., Kajiwara, M., Gotoda-Nishimura, N.,
et al. (2013). Monitoring and Robust Induction of Nephrogenic Intermediate
Mesoderm from Human Pluripotent Stem Cells. Nat. Commun. 4, 1367.
doi:10.1038/ncomms2378

Maidhof, R., Tandon, N., Lee, E. J., Luo, J., Duan, Y., Yeager, K., et al. (2012).
Biomimetic Perfusion and Electrical Stimulation Applied in Concert Improved
the Assembly of Engineered Cardiac Tissue. J. Tissue Eng. Regen. Med. 6 (10),
e12–e23. doi:10.1002/term.525

Maltsev, V., Rohwedel, J., Hescheler, J., and Wobus, A. (1993). Embryonic Stem
Cells Differentiate In Vitro into Cardiomyocytes Representing Sinusnodal,
Atrial and Ventricular Cell Types. Mech. Dev. 44 (1), 41–50. doi:10.1016/
0925-4773(93)90015-p

Mannhardt, I., Breckwoldt, K., Letuffe-Brenière, D., Schaaf, S., Schulz, H., Neuber,
C., et al. (2016). Human Engineered Heart Tissue: Analysis of Contractile Force.
Stem Cell Rep. 7 (1), 29–42. doi:10.1016/j.stemcr.2016.04.011

Marsano, A., Conficconi, C., Lemme, M., Occhetta, P., Gaudiello, E., Votta, E., et al.
(2016). Beating Heart on a Chip: a Novel Microfluidic Platform to Generate
Functional 3D Cardiac Microtissues. Lab. Chip 16 (3), 599–610. doi:10.1039/
c5lc01356a

Mills, R. J., Parker, B. L., Quaife-Ryan, G. A., Voges, H. K., Needham, E. J., Bornot,
A., et al. (2019). Drug Screening in Human PSC-Cardiac Organoids Identifies
Pro-proliferative Compounds Acting via the Mevalonate Pathway. Cell Stem
Cell 24 (6), 895–907. doi:10.1016/j.stem.2019.03.009

Mills, R. J., Titmarsh, D. M., Koenig, X., Parker, B. L., Ryall, J. G., Quaife-Ryan, G.
A., et al. (2017). Functional Screening in Human Cardiac Organoids Reveals a
Metabolic Mechanism for Cardiomyocyte Cell Cycle Arrest. Proc. Natl. Acad.
Sci. USA 114 (40), E8372–E8381. doi:10.1073/pnas.1707316114

Miyamoto, M., Nam, J., Kannan, S., and Kown, C. (2021). Heart Organoids and
Tissue Models for Modeling Development and Disease. Semin. Cell Dev. Biol.
118, 119–128. doi:10.1016/j.semcdb.2021.03.011

Morgan, K. Y., and Black, L. D., 3rd (2014). Mimicking Isovolumic Contraction
with Combined Electromechanical Stimulation Improves the Development of
Engineered Cardiac Constructs. Tissue Eng. Part. A. 20 (11-12), 1654–1667.
doi:10.1089/ten.TEA.2013.0355

Morizane, R., Lam, A. Q., Freedman, B. S., Kishi, S., Valerius, M. T., and Bonventre,
J. V. (2015). Nephron Organoids Derived from Human Pluripotent Stem Cells
Model Kidney Development and Injury. Nat. Biotechnol. 33 (11), 1193–1200.
doi:10.1038/nbt.3392

Mummery, C., Ward-van Oostwaard, D., Doevendans, P., Spijker, R., van den
Brink, S., Hassink, R., et al. (2003). Differentiation of Human Embryonic Stem
Cells to Cardiomyocytes. Circulation 107 (21), 2733–2740. doi:10.1161/
01.cir.0000068356.38592.68

Murry, C. E., and Keller, G. (2008). Differentiation of Embryonic Stem Cells to
Clinically Relevant Populations: Lessons from Embryonic Development. Cell
132 (4), 661–680. doi:10.1016/j.cell.2008.02.008

Nawroth, J. C., Scudder, L. L., Halvorson, R. T., Tresback, J., Ferrier, J. P., Sheehy, S.
P., et al. (2018). Automated Fabrication of Photopatterned Gelatin Hydrogels
for Organ-On-Chips Applications. Biofabrication 10 (2), 025004. doi:10.1088/
1758-5090/aa96de

Novak, A., Barad, L., Lorber, A., Gherghiceanu, M., Reiter, I., Eisen, B., et al. (2015).
Functional Abnormalities in iPSC-derived Cardiomyocytes Generated from
CPVT1 and CPVT2 Patients Carrying Ryanodine or Calsequestrin Mutations.
J. Cell. Mol. Med. 19 (8), 2006–2018. doi:10.1111/jcmm.12581

Ong, C. S., Fukunishi, T., Zhang, H., Huang, C. Y., Nashed, A., Blazeski, A., et al.
(2017). Biomaterial-free Three-Dimensional Bioprinting of Cardiac Tissue
Using Human Induced Pluripotent Stem Cell Derived Cardiomyocytes. Sci.
Rep. 7 (1), 4566. doi:10.1038/s41598-017-05018-4

Osaki, T., Sivathanu, V., and Kamm, R. D. (2018). Vascularized Microfluidic
Organ-Chips for Drug Screening, Disease Models and Tissue
Engineering. Curr. Opin. Biotechnol. 52, 116–123. doi:10.1016/
j.copbio.2018.03.011

Pesl, M., Acimovic, I., Pribyl, J., Hezova, R., Vilotic, A., Fauconnier, J., et al. (2014).
Forced Aggregation and Defined Factors Allow Highly Uniform-Sized
Embryoid Bodies and Functional Cardiomyocytes from Human Embryonic
and Induced Pluripotent Stem Cells.Heart Vessels 29 (6), 834–846. doi:10.1007/
s00380-013-0436-9

Phelan, M. A., Lelkes, P. I., and Swaroop, A. (2018). Mini and Customized Low-
Cost Bioreactors for Optimized High-Throughput Generation of Tissue
Organoids. Stem Cell Investig 5, 33. doi:10.21037/sci.2018.09.06

Polonchuk, L., Chabria, M., Badi, L., Hoflack, J.-C., Figtree, G., Davies, M. J., et al.
(2017). Cardiac Spheroids as Promising In Vitro Models to Study the Human
Heart Microenvironment. Sci. Rep. 7 (1), 7005. doi:10.1038/s41598-017-
06385-8

Reckova, M., Rosengarten, C., deAlmeida, A., Stanley, C. P., Wessels, A., Gourdie,
R. G., et al. (2003). Hemodynamics Is a Key Epigenetic Factor in Development
of the Cardiac Conduction System. Circ. Res. 93 (1), 77–85. doi:10.1161/
01.res.0000079488.91342.b7

Richards, D. J., Li, Y., Kerr, C. M., Yao, J., Beeson, G. C., Coyle, R. C., et al. (2020).
Human Cardiac Organoids for the Modelling of Myocardial Infarction and
Drug Cardiotoxicity. Nat. Biomed. Eng. 4 (4), 446–462. doi:10.1038/s41551-
020-0539-4

Ronaldson-Bouchard, K., Ma, S. P., Yeager, K., Chen, T., Song, L., Sirabella, D.,
et al. (2018). Advanced Maturation of Human Cardiac Tissue Grown from
Pluripotent Stem Cells. Nature 556 (7700), 239–243. doi:10.1038/s41586-018-
0016-3

Rossi, G., Broguiere, N., Miyamoto, M., Boni, A., Guiet, R., Girgin, M., et al. (2021).
Capturing Cardiogenesis in Gastruloids. Cell Stem Cell 28 (2), 230–240 e236.
doi:10.1016/j.stem.2020.10.013

Sasayama, S., Franklin, D., Ross, J., Kemper, W. S., and McKown, D. (1976).
Dynamic Changes in Left Ventricular wall Thickness and Their Use in
Analyzing Cardiac Function in the Conscious Dog: a Study Based on a
Modified Ultrasonic Technique. Am. J. Cardiol. 38 (7), 870–879.
doi:10.1016/0002-9149(76)90800-6

Schaaf, S., Shibamiya, A., Mewe, M., Eder, A., Stöhr, A., Hirt, M. N., et al. (2011).
Human Engineered Heart Tissue as a Versatile Tool in Basic Research and
Preclinical Toxicology. PLOS ONE 6 (10), e26397. doi:10.1371/
journal.pone.0026397

Sekine, H., Shimizu, T., Hobo, K., Sekiya, S., Yang, J., Yamato, M., et al. (2008).
Endothelial Cell Coculture within Tissue-Engineered Cardiomyocyte Sheets
Enhances Neovascularization and Improves Cardiac Function of Ischemic
Hearts. Circulation 118 (14_Suppl. l_1), S145–S152. doi:10.1161/
CIRCULATIONAHA.107.757286

Siu, C.-W., Lee, Y.-K., Ho, J. C.-Y., Lai, W.-H., Chan, Y.-C., Ng, K.-M., et al. (2012).
Modeling of Lamin A/C Mutation Premature Cardiac Aging Using Patient-
specific Induced Pluripotent Stem Cells. Aging 4 (11), 803–822. doi:10.18632/
aging.100503

Soh, B.-S., Ng, S.-Y., Wu, H., Buac, K., Park, J.-H. C., Lian, X., et al. (2016).
Endothelin-1 Supports Clonal Derivation and Expansion of Cardiovascular
Progenitors Derived from Human Embryonic Stem Cells. Nat. Commun. 7,
10774. doi:10.1038/ncomms10774

Spence, J. R., Mayhew, C. N., Rankin, S. A., Kuhar, M. F., Vallance, J. E., Tolle, K.,
et al. (2011). Directed Differentiation of Human Pluripotent Stem Cells into
Intestinal Tissue In Vitro. Nature 470 (7332), 105–109. doi:10.1038/
nature09691

Sun, Y., and Ding, Q. (2017). Genome Engineering of Stem Cell Organoids for
Disease Modeling. Protein Cell 8 (5), 315–327. doi:10.1007/s13238-016-0368-0

Frontiers in Cell and Developmental Biology | www.frontiersin.org December 2021 | Volume 9 | Article 78895510

Pang et al. Insights to Heart Development

https://doi.org/10.1016/j.biomaterials.2018.02.024
https://doi.org/10.1073/pnas.1200250109
https://doi.org/10.1089/ten.tea.2012.0135
https://doi.org/10.1038/ncomms3307
https://doi.org/10.1016/j.ijcard.2013.08.015
https://doi.org/10.1016/j.ijcard.2013.08.015
https://doi.org/10.1038/ncomms2378
https://doi.org/10.1002/term.525
https://doi.org/10.1016/0925-4773(93)90015-p
https://doi.org/10.1016/0925-4773(93)90015-p
https://doi.org/10.1016/j.stemcr.2016.04.011
https://doi.org/10.1039/c5lc01356a
https://doi.org/10.1039/c5lc01356a
https://doi.org/10.1016/j.stem.2019.03.009
https://doi.org/10.1073/pnas.1707316114
https://doi.org/10.1016/j.semcdb.2021.03.011
https://doi.org/10.1089/ten.TEA.2013.0355
https://doi.org/10.1038/nbt.3392
https://doi.org/10.1161/01.cir.0000068356.38592.68
https://doi.org/10.1161/01.cir.0000068356.38592.68
https://doi.org/10.1016/j.cell.2008.02.008
https://doi.org/10.1088/1758-5090/aa96de
https://doi.org/10.1088/1758-5090/aa96de
https://doi.org/10.1111/jcmm.12581
https://doi.org/10.1038/s41598-017-05018-4
https://doi.org/10.1016/j.copbio.2018.03.011
https://doi.org/10.1016/j.copbio.2018.03.011
https://doi.org/10.1007/s00380-013-0436-9
https://doi.org/10.1007/s00380-013-0436-9
https://doi.org/10.21037/sci.2018.09.06
https://doi.org/10.1038/s41598-017-06385-8
https://doi.org/10.1038/s41598-017-06385-8
https://doi.org/10.1161/01.res.0000079488.91342.b7
https://doi.org/10.1161/01.res.0000079488.91342.b7
https://doi.org/10.1038/s41551-020-0539-4
https://doi.org/10.1038/s41551-020-0539-4
https://doi.org/10.1038/s41586-018-0016-3
https://doi.org/10.1038/s41586-018-0016-3
https://doi.org/10.1016/j.stem.2020.10.013
https://doi.org/10.1016/0002-9149(76)90800-6
https://doi.org/10.1371/journal.pone.0026397
https://doi.org/10.1371/journal.pone.0026397
https://doi.org/10.1161/CIRCULATIONAHA.107.757286
https://doi.org/10.1161/CIRCULATIONAHA.107.757286
https://doi.org/10.18632/aging.100503
https://doi.org/10.18632/aging.100503
https://doi.org/10.1038/ncomms10774
https://doi.org/10.1038/nature09691
https://doi.org/10.1038/nature09691
https://doi.org/10.1007/s13238-016-0368-0
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


Tabar, V., and Studer, L. (2014). Pluripotent Stem Cells in Regenerative Medicine:
Challenges and Recent Progress. Nat. Rev. Genet. 15 (2), 82–92. doi:10.1038/
nrg3563

Takahashi, K., Tanabe, K., Ohnuki, M., Narita, M., Ichisaka, T., Tomoda, K., et al.
(2007). Induction of Pluripotent Stem Cells from Adult Human Fibroblasts by
Defined Factors. Cell 131 (5), 861–872. doi:10.1016/j.cell.2007.11.019

Takebe, T., Sekine, K., Enomura, M., Koike, H., Kimura, M., Ogaeri, T., et al.
(2013). Vascularized and Functional Human Liver from an iPSC-Derived
Organ Bud Transplant. Nature 499 (7459), 481–484. doi:10.1038/nature12271

Turnbull, I. C., Karakikes, I., Serrao, G. W., Backeris, P., Lee, J. J., Xie, C., et al.
(2013). Advancing Functional Engineered Cardiac Tissues toward a Preclinical
Model of Human Myocardium. FASEB j. 28 (2), 644–654. doi:10.1096/fj.13-
228007

van den Berg, C. W., Okawa, S., Chuva de Sousa Lopes, S. M., van Iperen, L.,
Passier, R., Braam, S. R., et al. (2015). Transcriptome of Human Foetal Heart
Compared with Cardiomyocytes from Pluripotent Stem Cells.Development 142
(18), 3231–3238. doi:10.1242/dev.123810

van den Berg, C. W., Ritsma, L., Avramut, M. C., Wiersma, L. E., van den Berg, B.
M., Leuning, D. G., et al. (2018). Renal Subcapsular Transplantation of PSC-
Derived Kidney Organoids Induces Neo-Vasculogenesis and Significant
Glomerular and Tubular Maturation In Vivo. Stem Cell Rep. 10 (3),
751–765. doi:10.1016/j.stemcr.2018.01.041

VanWinkle, A. P., Gates, I. D., and Kallos, M. S. (2012). Mass Transfer Limitations
in Embryoid Bodies during Human Embryonic Stem Cell Differentiation. Cells
Tissues Organs 196 (1), 34–47. doi:10.1159/000330691

Visone, R., Talò, G., Lopa, S., Rasponi, M., and Moretti, M. (2018). Enhancing All-
In-One Bioreactors by Combining Interstitial Perfusion, Electrical Stimulation,
On-Line Monitoring and Testing within a Single Chamber for Cardiac
Constructs. Sci. Rep. 8 (1), 16944. doi:10.1038/s41598-018-35019-w

Visone, R., Ugolini, G. S., Cruz-Moreira, D., Marzorati, S., Piazza, S., Pesenti,
E., et al. (2021). Micro-electrode Channel Guide (ΜECG) Technology: an
Online Method for Continuous Electrical Recording in a Human Beating
Heart-On-Chip. Biofabrication 13, 035026. doi:10.1088/1758-5090/
abe4c4

Voges, H. K., Mills, R. J., Elliott, D. A., Parton, R. G., Porrello, E. R., and Hudson,
J. E. (2017). Development of a Human Cardiac Organoid Injury Model Reveals
Innate Regenerative Potential. dev, 144, 143966. doi:10.1242/dev.143966

Wang, Y., Liang, P., Lan, F., Wu, H., Lisowski, L., Gu, M., et al. (2014). Genome
Editing of Isogenic Human Induced Pluripotent Stem Cells Recapitulates Long
QT Phenotype for Drug Testing. J. Am. Coll. Cardiol. 64 (5), 451–459.
doi:10.1016/j.jacc.2014.04.057

Weeke-Klimp, A., Bax, N. A. M., Bellu, A. R.,Winter, E. M., Vrolijk, J., Plantinga, J.,
et al. (2010). Epicardium-derived Cells Enhance Proliferation, Cellular
Maturation and Alignment of Cardiomyocytes. J. Mol. Cell Cardiol. 49 (4),
606–616. doi:10.1016/j.yjmcc.2010.07.007

Xia, Y., Nivet, E., Sancho-Martinez, I., Gallegos, T., Suzuki, K., Okamura, D., et al.
(2013). Directed Differentiation of Human Pluripotent Cells to Ureteric Bud
Kidney Progenitor-like Cells. Nat. Cell Biol 15 (12), 1507–1515. doi:10.1038/
ncb2872

Yang, K.-C., Breitbart, A., De Lange, W. J., Hofsteen, P., Futakuchi-Tsuchida, A.,
Xu, J., et al. (2018). Novel Adult-Onset Systolic Cardiomyopathy Due to MYH7
E848G Mutation in Patient-Derived Induced Pluripotent Stem Cells. JACC:
Basic Translational Sci. 3 (6), 728–740. doi:10.1016/j.jacbts.2018.08.008

Yang, X., Pabon, L., and Murry, C. E. (2014). Engineering Adolescence. Circ. Res.
114 (3), 511–523. doi:10.1161/circresaha.114.300558

Yin, X., Mead, B. E., Safaee, H., Langer, R., Karp, J. M., and Levy, O. (2016).
Engineering Stem Cell Organoids. Cell Stem Cell 18 (1), 25–38. doi:10.1016/
j.stem.2015.12.005

Zhang, J., Wilson, G. F., Soerens, A. G., Koonce, C. H., Yu, J., Palecek, S. P., et al.
(2009). Functional Cardiomyocytes Derived from Human Induced Pluripotent
Stem Cells. Circ. Res. 104 (4), e30–41. doi:10.1161/CIRCRESAHA.108.192237

Zhang, Q., Jiang, J., Han, P., Yuan, Q., Zhang, J., Zhang, X., et al. (2011). Direct
Differentiation of Atrial and Ventricular Myocytes from Human Embryonic
Stem Cells by Alternating Retinoid Signals. Cell Res 21 (4), 579–587.
doi:10.1038/cr.2010.163

Zhang, Y. S., Arneri, A., Bersini, S., Shin, S.-R., Zhu, K., Goli-Malekabadi, Z., et al.
(2016). Bioprinting 3D Microfibrous Scaffolds for Engineering Endothelialized
Myocardium and Heart-On-A-Chip. Biomaterials 110, 45–59. doi:10.1016/
j.biomaterials.2016.09.003

Zhao, Y., Rafatian, N., Feric, N. T., Cox, B. J., Aschar-Sobbi, R., Wang, E. Y., et al.
(2019). A Platform for Generation of Chamber-specific Cardiac Tissues and
Disease Modeling. Cell 176 (4), 913–927. doi:10.1016/j.cell.2018.11.042

Zhou, B., and Pu, W. T. (2008). More Than a Cover: Epicardium as a Novel Source
of Cardiac Progenitor Cells. Regenerative Med. 3 (5), 633–635. doi:10.2217/
17460751.3.5.633

Zhu, Z., and Huangfu, D. (2013). Human Pluripotent Stem Cells: an Emerging
Model in Developmental Biology. Development 140 (4), 705–717. doi:10.1242/
dev.086165

Zimmermann, W.-H., Schneiderbanger, K., Schubert, P., Didie´, M., Mu€nzel, F.,
Heubach, J. F., et al. (2002). Tissue Engineering of a Differentiated Cardiac
Muscle Construct. Circ. Res. 90 (2), 223–230. doi:10.1161/hh0202.103644

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Pang, Ho, Chan and Soh. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Cell and Developmental Biology | www.frontiersin.org December 2021 | Volume 9 | Article 78895511

Pang et al. Insights to Heart Development

https://doi.org/10.1038/nrg3563
https://doi.org/10.1038/nrg3563
https://doi.org/10.1016/j.cell.2007.11.019
https://doi.org/10.1038/nature12271
https://doi.org/10.1096/fj.13-228007
https://doi.org/10.1096/fj.13-228007
https://doi.org/10.1242/dev.123810
https://doi.org/10.1016/j.stemcr.2018.01.041
https://doi.org/10.1159/000330691
https://doi.org/10.1038/s41598-018-35019-w
https://doi.org/10.1088/1758-5090/abe4c4
https://doi.org/10.1088/1758-5090/abe4c4
https://doi.org/10.1242/dev.143966
https://doi.org/10.1016/j.jacc.2014.04.057
https://doi.org/10.1016/j.yjmcc.2010.07.007
https://doi.org/10.1038/ncb2872
https://doi.org/10.1038/ncb2872
https://doi.org/10.1016/j.jacbts.2018.08.008
https://doi.org/10.1161/circresaha.114.300558
https://doi.org/10.1016/j.stem.2015.12.005
https://doi.org/10.1016/j.stem.2015.12.005
https://doi.org/10.1161/CIRCRESAHA.108.192237
https://doi.org/10.1038/cr.2010.163
https://doi.org/10.1016/j.biomaterials.2016.09.003
https://doi.org/10.1016/j.biomaterials.2016.09.003
https://doi.org/10.1016/j.cell.2018.11.042
https://doi.org/10.2217/17460751.3.5.633
https://doi.org/10.2217/17460751.3.5.633
https://doi.org/10.1242/dev.086165
https://doi.org/10.1242/dev.086165
https://doi.org/10.1161/hh0202.103644
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

	Insights to Heart Development and Cardiac Disease Models Using Pluripotent Stem Cell Derived 3D Organoids
	1 Introduction
	2 Current 3D Tissue Models of the In Vivo Heart
	2.1 Embryoid Body Derived CMs, Spheroids and Organoids
	2.2 Engineered Heart Tissues
	2.3 Micropatterned CM Cultures
	2.4 Scaffold-Based CM Cultures

	3 Recapitulating Cardiogenesis Using Cardiac Organoid Models
	3.1 Cardiac Organoids for Disease Modelling and Drug Screening

	4 Limitations of PSC-Derived Cardiac Organoids for Modelling Congenital Heart Defects and Heart Diseases
	5 Future Direction of PSC-Derived Cardiac Organoid Models
	6 Conclusion
	Author Contributions
	Funding
	References


