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Abstract

The high organ specification of the human heart is inversely proportional to its
functional recovery after damage. The discovery of induced pluripotent stem cell-
derived cardiomyocytes (iPSC-CMs) has accelerated research in human heart
regeneration and physiology. Nevertheless, due to the immaturity of iPSC-CMs,
they are far from being an representative model of the adult heart physiology.
Therefore, number of laboratories strive to obtain a heart tissues by engineering
methods by structuring iPSC-CMs into complex and advanced platforms. By using
the iPSC-CMs and arranging them in 3D cultures it is possible to obtain a human
heart muscle with physiological capabilities potentially similar to the adult heart,
while remaining in vitro. Here, we attempt to describe existing examples of heart
muscle either in vitro or ex vivo models and discuss potential options for the
further development of such structures. This will be a crucial step for ultimate
derivation of complete heart tissue-mimicking organs and their future use in drug
development, therapeutic approaches testing, pre-clinical studies, and clinical ap-
plications. This review particularly aims to compile available models of advanced
human heart tissue for scientists considering which model would best fit their

research needs.

KEYWORDS
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1 | INTRODUCTION

Cardiovascular diseases (CVDs) are the leading cause of death
globally. According to the WHO report, it is estimated that CVDs
take approximately 17.9 million lives each year (https://www.who.
int/health-topics/cardiovascular-diseases/#tab=tab_1]). They are a

group of heart and blood vessels disorders and include coronary

heart disease, cerebrovascular disease, and rheumatic heart disease.
Most heart failures are connected with impaired activity of car-
diomyocytes (CMs). Although amphibians and fish are able to
regenerate their heart after infarction (Poss et al., 2002), human
adult heart is terminally differentiated organ, consequently, the po-
tential for repair through cardiomyocyte proliferation is extremely

low. Thus adult cardiomyocytes lose their ability to undergo cell
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division and proliferation after a narrow proliferative window at the
neonatal stages (Payan et al., 2020; Wu et al.,, 2021). To study the
biology of CMs and the development of new therapeutic strategies
for CVDs, reliable and advanced heart models are needed. For needs
of the manuscript we define a model as a complex structure that have
a very close physiological functions, mimic the environment and may
respond to medical test or treatment in similar way as the organ/
tissue of interest. In our opinion the perfect heart model should:

- be patient-specific
- carry the genetical background (in case of genetic diseases)
- recreate the environment of the tissue in physiological or patho-

logical conditions.

Such models allow for an improved understanding of the healthy
heart's molecular processes as well as disease mechanisms and
therapeutic strategies.

During the development and testing of new therapeutic com-
pounds, cardiotoxicity remains a major cause of failure. It is estimated
that only 8% of new drugs will successfully transit from clinical trials to
market launch, and even then, several will be withdrawn after pre-
liminary approval (Ferri et al., 2013; McNaughton et al., 2014). Thisis in
part due to the fact that conventional in vitro cell cultures and in vivo
animal models of the heart failure are ineffective in modeling human
diseases and predicting drug responses, which is caused by limited
relevance and scalability. Moreover development of new heart models
may solve the problem regarding maturation of the iPSC-CMs. This will
be a milestone to obtain the perfect environment for testing the new
therapeutic approaches in the field of regenerative medicine. Heart
tissue engineering may also provide models for treatment genetic
diseases that involve myocardial pathologies. Certainly creation of
patient-specific fully matured and vascularized patched will push the
personalized medicine forward.

However, human cardiac conditions may be more precisely re-
flected by developing engineered, physiologically relevant 3D
models. Human pluripotent stem cells, and their potential for dif-
ferentiation into CMs, provided an appropriate starting point and
reasonable background for the development of human cardiac
models that allow improved recapitulation of the human heart
physiology and pathology.

In this review, we focus on innovative techniques for cardiac tis-
sues engineering in both two and three dimensions that closely repli-
cate the human heart. We discuss why reliable cardiac models are
needed, which cells have been already used for model generation, and
how iPSC-derived cardiomyocytes could be maturated. Next, we pro-
vide an overview of the selected models, including cell-based models,
such as organoids, muscular thin films and cell sheets, followed by
engineered heart tissues, heart-on-a-chip systems, and decellularized
heart approaches. For each system, we describe its usefulness, as well
as its advantages and disadvantages, possible application, and future
directions for technology development. Moreover, we also show a
comparison of the selected models in terms of cardiac muscle features,

metabolic supply, and readiness for use.

2 | WHY DO WE NEED HUMAN HEART IN VITRO
MODEL

An ideal model of cardiac tissue should mimic the physiological
conditions of cardiomyocytes in adult human heart such as:
morphology; contractility and hemodynamics properties of whole
heart that is associated with proper electrophysiology of cells; cal-
cium distribution within the contractions. Unfortunately, animal
models do not fully fulfill these criteria. In models of small animals,
the resting heart beats approximately tenfold faster, while the QT
interval is fourfold shorter than in a typical human heart (Passier, van
Laake, & Mummery, 2008). In the case of models of large animal, they
more closely resemble the human heart. For example, the ratio of
heart weight to body weight in 20- to 30-kg pigs, which are used
frequently in cardiovascular studies, is identical (5 g/kg) to that of
adult humans whereas in dogs it is approximately 7 g/kg. The porcine
heart anatomy is more similar to humans then dogs: the number of
orifices for the left atrium-in pigs the left atrium receives oxygenated
blood from two pulmonary veins, in dogs from five or six, and in
humans from four or five; the tricuspid valve of swine has three
leaflets as in humans, whereas dogs typically have two. Therefore
during past couple of decades, pigs have gained favor over dogs,
mostly because of marked differences in coronary anatomy between
dogs and humans and in part due to ethical and social concerns
regarding their use in biomedical research (Lelovas et al., 2014). On
the other hand, the adolescent human heart is similar to a porcine
heart, while the older heart with ischemic heart disease is considered
to have more dog-like characteristics. However, for example,
ischemia-reperfusion induced arrhythmias are still more frequent in
animals than in humans (Camacho et al., 2016). Models of large an-
imals are also less suitable for the genetic selection and production of
transgenic strains and disease modeling. Finally, models of large an-
imals are difficult to manage and require specialized infrastructure
and trained personnel, which vastly increases the already enormous
costs of pre-clinical studies, putting additional strains on the already
decreasing effectiveness of the drug discovery field (Camacho
et al,, 2016).

In terms of newly developed drug testing, animal models do not
allow for a full prediction of cardiotoxicity due to differences in ion
channels expression, biological pathways as well as in pharmacoki-
netic properties. In addition to heart function, CVD modeling often
requires additional stimulation, such as mimicking the immune sys-
tem or hormone response mechanisms, thus defining the complicated
nature of CVDs. Although a fully mature human heart model still
does not exist, no species or animal model will present an accurate
simulation of human cardiac disease; this will remain an approxima-
tion. However, the development of a reliable in vitro models (either
2D or 3D) using iPSC-CMs may be crucial to study some important
parameter that reflect the physiology of cardiomyocytes such as:
morphology, calcium handling and contractility. Moreover generation
of adequate pathological model that mimic some abnormalities in
physiology of the cardiomyocytes (genetic disease, ischemia, hyper-

tropia etc.) will allow to investigate alterations in cells for example-
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abnormal sarcomere organization, cellular hypertrophy, and altered
calcium handling.

So far there are a few models based on iPSC-CMs that enable
studies on the disease and the physiology of the cardiomyocytes. Lan
et al. presented an elegant model regarding hypertrophy of car-
diomyocytes. This model enable to investigate the impairment in the
calcium transient caused by reorganization in contractile apparatus
(Lan et al, 2013). Some models allow the study of the molecular
pathways underlying cardiomyocyte physiology. For example, the
genetic disorder such as Duchenne Muscular Dystrophy affects
contractile dysfunction due to the degeneration of cardiac muscle
(Kamdar et al,, 2020). iPSC-CMs based models are also convenient
and reliable tool to describe aberrant features in arrhythmic diseases
and electrophysiological properties of cardiomyocytes. The genera-
tion of such models enable to recapitulated the disease phenotype,
including sodium or potassium current abnormalities (Shinnawi
et al,, 2019).

Presented studies are commonly based on patient-specific
models what is important in developing personalized treatment
systems.

Taking all together, hPSC-CMs system could play a pivotal role in
discovering new therapeutic approaches by drug testing, gene ther-
apy application and significantly facilitate the study of the CMs

biology under physiological and pathological conditions.

3 | FACTORS UNDERLYING THE UNIQUENESS OF
CARDIAC TISSUE MODELS

To construct the human adult heart muscle, several components are
necessary. The proper organization of specific cell types and matu-
ration factors are among them. A brief summary of currently
exploited materials and methods to reconstruct the human heart
model is presented below.

3.1 | Cells currently used for cardiac tissue models
An adult human heart is a complex organ, composed of four
morphologically and functionally distinct chambers. The cellular
landscape of the human heart contains many cell types, such as atrial
and ventricular cardiomyocytes, fibroblasts, endothelial cells, peri-
cytes and smooth muscle cells (mural cells), immune cells, adipocytes,
and mesothelial cells. Moreover, the distributions of these main cell
types differ between heart chambers, including atrial and ventricular
tissues. In the atrium, there are fewer CMs and mural cells, but more
fibroblasts, endothelial and immune cells compared to the ventricle
(Litvifiukova et al., 2020).

CMs, being the major element of heart force production ma-
chinery, account for approximately 75% of the heart volume yet
represent only 33% of the total cell number, as estimated from nu-
cleus numbers. The remaining 60% comprises fibroblasts and

approximately 10%, pacemaker cells, endothelial cell, pericytes, and

others (Litvifiukova et al., 2020). Fibroblasts, as the most common cell
type in the heart, play a pivotal role in maintaining the heart's
structure as well as its mechanical and electrical functions (Doppler
et al, 2017). The last group of different cell types, although the
smallest, is also essential for normal cardiac function, such as vascular
formation, stabilization, remodeling, and signal transduction (Armulik,
Abramsson, & Betsholtz, 2005). Of note depending on the context,
the ratio and percentage of cell types may wary. When considering
the heart structure we only provide the information about cells that
are exactly involve in heart itself, without the ones that are associ-
ated to the vasculature structure. When we will consider the whole
structure of the organ along with the blood vessels obviously the
endothelial cells or pericytes will also be the major groups of the non-
myocyte cell type (Pinto et al., 2016).

The derivation of CMs in vitro is important in the context of
developing cardiac models. There is a need for robust and renewable
cell sources. Previously, common sources of CMs were animals;
however, the differences in physiology have prompted scientists to
search for more reliable cells to build human-like cardiac tissue.
Human CMs can be derived directly from myocardium. Coppini et al.
optimized the protocol for the isolation of human ventricular CMs
from patients undergoing cardiac surgery. They showed that isolated
cells stay viable for the time needed for analysis, display an adapta-
tion of action potential duration and electrophysiological responses
(calcium transient, sarcomere organization). This suggests the pres-
ervation of the functionality and overall structural integrity of ion
channels. Using patient samples may provide important information
on disease-related changes in cardiomyocyte function. The main
disadvantage of this approach, however, is that during isolation, cell
to cell connections as well as association with cardiac ECM are lost. It
is difficult to keep cells in culture for long time. As the heart is
postmitotic organ, the cardiomyocytes proliferation potential is very
limited. During the time they rather increase their size then number.
Till now the process that drives cardiomyocytes into cell cycle arrest
and switch them from proliferative state into hypertrophy remains
unknown (van Amerongen and Engel, 2008). As it was mentioned,
CMs undergo significant remodeling with time, which may affect the
relevance of the studies (Coppini et al., 2014). Therefore, currently,
the main approach for obtaining a relatively homogenous CM pop-
ulation is focused on human pluripotent stem cells, including hESCs
and hiPSCs (Dell’Era et al., 2015). Studies show that hiPSC-CM-based
models are reliable and seem to be the most relevant to human
physiology for pharmacological purposes (Mathur et al, 2015;
Takasuna et al., 2017). Their differentiation process resembles that
occurring under in vivo conditions.

During gastrulation, CMs emerge from mesodermal tissue. Their
fate is influenced by proteins produced by the adjacent endoderm,
whereas WNT-mediated signals from the underlying neural tube and
notochord act against CM specification. The addition of molecules
that may suppress or activate the aforementioned signaling pathways
drive hiPSC differentiation into mesoderm, cardiomyogenic meso-
derm, cardiac precursors, and cardiomyocytes. In widely employed

protocols, the initial step relies on mesodermal induction by the
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initial addition of Wnt pathway agonists, including CHIR99021 and
CHIR98014, which leads to an increase in beta-cathenin accumula-
tion in cell cytosol. The second step focuses on early cardiac pro-
genitor cell differentiation by subsequent WNT pathway inhibition
(IWP2 or IWR1). Finally, cardiac fitted medium leads to the matu-
ration of sarcomeres thanks to the insulin-induced Akt pathway, by
exploiting RepSox, forskolin, and valproic acid signaling (Kolanowski,
Antos, & Guan, 2017). iPSCs-derived cardiomyocytes are immature
and have prenatal or newborn-like phenotype (Feric & Radisic, 2016).
The maturation process drives cardiomyocytes into two subtypes-
atrial (aCMs) and ventricular (vCMs). Starting from the morphology
of both subtypes the aCMs are smaller in size and surface area than
vCMs. Transcriptomic analysis conducted by Cyganek et al. reveal
some crucial differences in gene expression profile. Based on NGS
studies ventricular CMs found to have a higher expression of
following genes: HAND1, HEY2, and IRX4; MYL2, MYH7, and GJA1,
as well as KCNJ2 and KCNJ4 for instance atrial CMs were expressed
HEY1, TBX5, and NR2F2; MYL7, MYHé6, and GJA5; as well as
KCNA5, KCNJ3, and KCNK3. Presented key transcription factors,
structural proteins, and ion channels, are considered as a major de-
terminants of these two subpopulations. Due to the distinction in
expression profile these two subtypes are characterized by different
electrophysiological properties. In aCMs predominantly Kv1.5
(KCNAS5), Kir3.1 (KCNJ3), and K2p3.1 (KCNK3) ion channels are
expressed. In turn for vCMs Kir2.1 (KCNJ2) ion channel is charac-
teristic (Cyganek et al., 2018).

Cardiac tissue models, regardless of type, often follow heart
muscle complexity in terms of cell types and organization. It was
shown that the combination of non-CMs and CMs enhance tissue
formation and maturity processes (Fennema, Rivron, Rouwkema, van
Blitterswijk, & de Boer, 2013; Giacomelli et al., 2017). In the organoid
model of Buono et al., three types of cells, hiPSC-CMs, human cardiac
microvascular endothelial cells (HCMECs), and human cardiac fibro-
blast (HCFs), were used to improve organoid characteristics (Filippo
Buono et al., 2020). Cell sheets designed as a mixture of iPSC-CMs,
endothelial cells, and vascular smooth muscle cells (VSMCs) show
increased vascularization and thus survival of the tissue after grafting
into the heart in vivo (Ishigami et al., 2018). Engineered heart tissues
(EHTs) consisting of CMs, endothelial cells, and fibroblasts develop
stabilized microstructures that align with CM orientation, with fi-
broblasts being essential for proper extracellular matrix organization
(Caspi et al., 2007). It is important to bear in mind that only the
addition of non-CMs in physiological ratios and within structured
tissue organization allows proper CM-fibroblast coupling and avoids
arrhythmic events often occurring in cardiac models (Sridhar, Van-
dersickel, & Panfilov, 2017; V. Balashov et al., 2018).

3.2 | Maturation factors

CM maturity can be assessed by analysis of the expression of char-
acteristic genes (RyR2, SERCA, Myh6, Myh7, NCX, Hey1, Hey2, Mlc2yv,

Mlc2a, etc.), as well as analysis of the composition and organization of

the cytoskeleton and contractile apparatus, oxidative metabolism, and
electrophysiological features (Kolanowski et al., 2017).

Currently 2D protocols of in vitro iPSC-CMs differentiation
generates the immature fetal-like cells. It is probably due to the
absence of physical and environmental stimuli. Number of ap-
proaches have been proposed to advance iPSC-CMs toward a mature
stage (Zhao, Ye et al, 2020 and; Zhao, Rafatian et al., 2020). An
optimal in vitro tissue model should incorporate iPSC-CMs into in
vivo-like tissue structures with an ECM composition and appropriate
cell types that resemble cell-cell interaction as well as microenvi-
ronment geometry. Nowadays the most efficient method to obtain
more mature cardiomyocytes is based on generation of 3D EHT
(engineered heart tissue). It appears that the protocols for 3D cul-
tures reconstruct the biophysical stimuli and intercellular crosstalk
which are essential for the physiological hypertrophy of postnatal
cardiomyocytes (Feric & Radisic, 2016; Scuderi & Butcher, 2017). A
great advancement in the cell-ECM interaction field was achieved by
the group of Agladze. They showed that fibroblasts interact with
ECM elements by creating focal adhesion clusters interconnecting
piles and polymers of ECM. Simultaneously, CMs “envelop” single
polymers, forming “sheathed” structures. Based on this work, it is
clear that only by applying the appropriate ECM composition and
CM:fibroblast ratio can a tissue mimicking model resemble the
original heart tissue (V. Balashov et al., 2018). According to
Ronaldson-Bouchard et al., 2018 supporting iPSC-CMs by fibroblasts
can advance them to an adult myocardial-like state after a few weeks
of 3D culture under physical conditioning and electrical stimulation
(Ronaldson-Bouchard et al., 2018). They show adult-like gene
expression profiles, well-organized sarcomere structures, presence of
transverse tubules, a positive force-frequency relationship and high-
density mitochondria. Moreover, using a Biowire chip seeded with
cell-hydrogel mixture, Zhao et al. (2019) have constructed a platform
which can generate atrial- and ventricular-specific cardiac tissue by
combining the directed cell differentiation and electric field condi-
tioning, which is very close to the simulation of distinct electric
signaling in adult heart chambers (Zhao et al., 2019).

The spontaneous contractions that appear as a result of the
differentiation process are considered as a functional effect of car-
diac ion channels and transporter presence, with many related mainly
to action potential generation. However, hiPSC-CMs generated with
available protocols are still immature due to the lack of humoral
factors as well as mechanical and electrical stimuli (Tu, Chao, &
Wu, 2018 Tu et al, 2018). In the literature, there are many ap-
proaches stimulating maturity of cardiac tissue. They can be divided
into biochemical and physical stimulation. Biochemical stimuli include
adrenergic signaling agonists, such as isoproterenol, norepinephrine
and phenylephrine, and are used in a time- and dose-dependent
manner. For instance, the addition of triiodo-L-thyronine is crucial
for later stages of maturation and increases force output (Yang,
Rodriguez et al., 2014). In the case of physical stimulation, mechanical
stretching (Liaw & Zimmermann, 2016), flow stimulation (dynamic
culture conditions) (Jackman, Carlson, & Bursac, 2016), electrical

stimulation (Baumgartner et al.,, 2015), and magnetic fields (Sapir,
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Polyak, & Cohen, 2014 Sapir et al., 2014), have been successfully
employed as maturation factors. The relative hiPSC-CM immaturity
is a general challenge in the field, and many newly developed ap-
proaches are currently being tested to improve this issue, such as
molecular modifications, including miRNAs or selected gene over-
expression (Yang, Pabon et al.,, 2014).

4 | CURRENTLY DEVELOPED CARDIAC TISSUE
MODELS

Although each model consists of specific components, they still need to
be adequately organized. Cardiac tissue engineering methods rely
mainly on the use of heart cells together with the synthetic or bio-
logical matrix to mimic a cardiac-like tissue environment. These ap-
proaches have been developed in order to regenerate or replace
diseased myocardia in vivo as well as a reliable model for drug testing.
Engineered cardiac tissue should mimic a tissue-like structure, show
efficient contractility, remain electrophysiologically stable, be flexible
(in terms of size expansion), and be prone to vascularization. To ensure
reliability, systems should also recapitulate conditions of the human
heart, such as the 3D anisotropic structure, extracellular matrix (ECM)
network, vascularization, and circulation (Mathur, Ma, Loskill,
Jeeawoody, & Healy, 2016). Thus, an optimal approach would include
the incorporation of iPSC-CMs into an vivo-like tissue structure with
an organized ECM and required cell types that resemble cell-cell
interaction as well as microenvironment geometry. Cardiac tissue
engineering methods can be divided into matrix based and non-matrix
based. The first group can be further subdivided based on matrix
constitution of solid (gelatin mesh, collagen mesh, polystyrene beads,
and polyglycolic acid) and liquid/gel (collagen/matrigel). Moreover,
different types of equipment for environment control are used in order
to provide metabolic advancement and mechanical stimulation (Zim-
mermann, Melnychenko, & Eschenhagen, 2004).

Thus far, cardiac engineering techniques have been focused on
three main aims: (1) development of advanced cardiac muscle fea-
tures (e.g., Frank-Starling mechanism; force-frequency relationship)
to model heart tissue development and diseases; (2) improvement of
nutrition supply (microfluidic devices, heart-on-chip systems, etc.); (3)
development of application-oriented strategies, such as tissue
patches for heart regeneration, decellularized hearts scaffolds for
engineering of artificial heart, and muscular thin films or micro-
structures for pharmacological screening. However, these aims are
often overlapping; thus, many models can be used interchangeably,
for example, heart-on-chip systems are integrated with matrix-based
approaches to improve the positive force-frequency relationship for
detecting a precise pharmacological drug interaction with the heart
muscle.

Defining a comprehensive classification for cardiac tissue models,
due to a number of existing approaches, is challenging. Nevertheless,
for the purpose of this manuscript, we proposed two crucial factors
that are often used to make an initial decision to develop a particular

tissue technology for a defined application. These are as follows: (1)

the potential for increased throughput in conducted research within
a reasonable cost and (2) the system complexity that defines struc-
tural potential for mimicking the physiological characteristics of the
human heart (see Tables 1 and 2; Figures 1 and 2). Potential for
scaling varies between models and depends highly on the costs and
effort needed to create a model unit (machines, controlling units, and
manufacturing efforts) and availability of the substrates (e.g., heart
tissue for decellularization). On the other hand, the potential for
mimicking physiological characteristics is directly connected to the
purposes for which the system is developed. Although lab-on-a-chip-
based approaches are often highly complex and could allow forma-
tion of mature tissues, they often do not have a clinical approach as
their first goal (e.g., preferably small sizes that increase throughput),
whereas cardiac de-/re-cellularization is particularly designed for
heart mimicking and in vivo applications.

The attention should also be paid on a novel techniques involving
tissue and organs 3D bioprinting. This novel technology still requires
refinement and effort, but there are some studies that prove the
method is forward looking. The group of Tal Davir were able to
obtain personalized patient-specific hydrogels that were used as a
bioink to further studies on bioprinting (Edri et al., 2019). The group
developed personalized strategy to prepare patch that fully match
the immunological, biochemical and anatomical properties of the
patient. They prepared 3D-print thick, vascularized, and perfusable
cardiac patches using patient-specific iPS-CMs. The result of their
study demonstrate a great potential of this novel approach (Noor
et al.,, 2019).

In this section, we provide an overview of available in vitro
cardiac models along with their advantages and disadvantages and
possible applications. We stratified the presented approaches on the
basis of cell-oriented model formation complexity (Figure 1 a, b).

4.1 | Human cardiac cellular models

41.1 | Organoids

Human cardiac organoids (hCOs) were proposed as a physiologically
relevant model of the human heart, which has several applications,
from drug screening to studying heart biology, including its regen-
erative potential. hCOs are created by the self-organization of
pluripotent cells into structures that should resemble the organo-
genesis of native cardiac tissue. Usually, they are small in size,
approximately 100 um, and contain multiple cardiac lineages (Filippo
Buono et al., 2020; Voges et al., 2017).

Richards et al. showed that hCOs are promising models of
myocardial infraction (MI) and drug cardiotoxicity. To model the
organotypic response of the myocardium after infraction, they
designed 3D microtissues with oxygen gradient diffusion and chronic
adrenergic stimulation. Transcriptomic meta-analysis of human con-
trol and infract organoids together with data on ischemic hearts from
multiple species revealed the relevance of organoids, especially

regarding acute post-infarct ventricular tissue. Moreover, performed
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(Continued)

TABLE 1

Action potential

References

Metabolism/Maturation

Calcium dynamics Action potential (AP) duration (APD90)

Model

e Increases in the expression of
different cardiac channels, such as

SNCAS5, KCNJ2, KCNA4,

KAEUZNA ET AL

CACNA1C, SERCA2, KCNQ1, and

KCNQ2.

Das & Muniyappa, 2013

e Basal respiration in young mice
(2-3 months old)-450 625 pmol/

min; in old mice (22-28 months

20-50 ms (atrial) and

e Differences in ion channels

e Full functional

In vivo mouse
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development of calcium
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heart

(ventricular);
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Ying et al., 2016

analyses (such as calcium dynamics inside 3D cardiac microtissues,
gene expression analysis, immunofluorescence staining, and micro-
pipette aspiration tests) showed that this model recapitulates certain
aspects of the metabolism observed in the human infracted
myocardium and may display pathological fibrosis. Taken together,
the model proposed by the authors seems, to an extent, to recapit-
ulate major hallmarks of the acute post-MI cardiac state at the
transcriptomic, structural, and functional level (Richards et al., 2020).
Nevertheless, several important limitations of the model have been
also reported. These limitations include the immature state of hiPSC-
CMs, lack of developed extracellular matrix, and limited possibilities
of mimicking organ physiological characteristics. Finally, the lack of
inflammatory cells, which play an important role in the activation of
fibrotic response in terms of MI modeling, is a factor that limits hCO
implementation (Forte, Furtado, & Rosenthal, 2018).

Voges et al. developed hCOs in order to provide insight into the
endogenous repair processes of the immature human heart, which
cannot be investigated in vitro. Cardiac tissue was obtained from
human ESCs differentiated into cardiomyocytes and stromal cells.
They showed that myocytes in presented in vitro model have an
endogenous ability to recover contractile force after injury, not being
impacted by surrounding cells. The designed hCO model in many
aspects corresponds to neonatal heart regeneration in vivo, for
example, lack of fibrosis and hypertrophy, and high rate of prolifer-
ation. Based on the obtained results, authors confirmed that imma-
ture human heart tissue has an intrinsic capacity to regenerate in
response to injury (Voges et al., 2017).

Buono et al., in turn, adapted hCOs for the modeling of genetic
hypertrophic cardiomyopathy, caused by heterozygous missense
mutation (G- > A in position 2156) in the B-myosin heavy chain
(MYH?7) gene. To mimic adult human heart tissue, their model con-
sisted of three types of cells: hiPSC-CMs, human cardiac microvas-
cular endothelial cells (HCMECs), and human cardiac fibroblast
(HCFs). HiPSCs for the generation of hCOs were derived from
healthy human donors and patients with hypertrophic cardiomyop-
athy. Authors showed that hCOs represent significant phenotypical
features of the healthy as well as hypertrophic human heart in vitro.
They observed different beating behavior between the two groups
studied, suggesting that hCOs may serve as a platform for the design
and testing of patient-tailored treatment as well as for drug devel-
opment, particularly in the case of diseases caused by mutations in
major CM contractile proteins (Filippo Buono et al., 2020).

Taken together, hCO models may, to an extent, mimic human
tissue and bring significant advances for the establishment of inno-
vative therapies. Organoids may be used for studies that cannot be
performed in animal models or humans. However, despite the
aforementioned advances, many challenges remain. The main limi-
tation of hCOs is the relatively low maturity of CMs derived from
pluripotent cells as well as other cells used for co-culture. The
maturity of CMs is pivotal for studies on drug toxicity and heart
regeneration potential. The small number of cells and analyte volume
(need for more sensitive biosensors) as well as the limitation of im-

aging depth (small size and compact structure) should also be taken
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(a)

Model Cardiac muscle Metabolic Application
features supply readiness

Organoids + + +++
Muscular Thin Films (MTFs) + + ++
Cell sheets ++ + ++
Heart-on-a-chip ++ ++ +++
Engineered Heart Tissues (EHTSs) +++ +++ +
De-/Recellularized heart +++ + +

(b)

A
1l
De-/Recellularized i

> heart L g

=] e

3 EHTs ICILIC

E‘ [ ‘ [e o e el .,

8 Cardiac cell * %

= ShEets - = Heart-on-a-chip

2

7

>

« MTFs

Organoids
High-throughput

FIGURE 1 Characteristics of the described cardiac tissue models (a). Comparison of selected fea-tures of models: + represents the level of
recapitulation of selected heart tissue features, that is, +: low; ++ moderate; +++ high (b). Graph discriminating the models based on their

complexity and high throughput (created with BioRender.com)

into account when hCOs are considered. Another important issue is
the minimal control over the arrangement of organoids in terms of
their structure and function. External stimuli may be considered to
enhance cell maturation and improve control over hCO development.
Studies suggest that hCO models are still relatively immature, and
they do not resemble the characteristics of the adult heart, but still
show potential to expand our knowledge on human biology (Mills
et al., 2017).

4.1.2 | Muscular thin films and microstructures

Muscular thin film (MTF) models have been developed to reca-
pitulate the ventricular microarchitecture in vitro. They can be
engineered using both CMs (cMTFs) and vascular smooth muscle
cells (vMTFs). Feinberg et al. showed the generation of MTFs,

which included the seeding of dissociated muscle cells on a
multilayer construct consisting of ECM proteins on multilayer
cantilevers substrates. At a temperature below 35°C, MTFs are
released from the surface and free float (Feinberg et al., 2007).
During muscle contraction, the cantilever bends proportionally to
the stress generated by the tissue. Changes in contractile stress
can be quantified, enabling drug testing and disease modeling (G.
Wang et al., 2014). Nishimura et al. showed that MTFs allow local
changes in the radius of curvature, together with its length during
the cardiac cycle, to be tracked. Cardiac MTFs, generated from
neonatal rat ventricular myocytes, were developed to mimic ven-
tricular lamellae, which recapitulated the anisotropic alignment of
normal cardiac muscle and systolic stress levels (Nishimura
et al., 2004).

Balashov et al. designed MTFs suitable for the dye-free mapping

of excitation waves in cardiac tissue cultures with little technical
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Engineered heart tissue (EHT)

Heart-on-a-chip
Orygenator  Cellculture  poiser  Preumatic Seeding port
e bt Hemodynamic Deflected
Membrane p————— Membrane
Inflow
0.25mm 0.75mm
Cells

FIGURE 2

Decellularized heart

Terasaki Generation

2000

Images showing each described cardiac tissue model in vitro. Modified from MTFs (Brandenburger et al., 2012), decellularized

Muscular thin films (MTFs)

L1
e B
> J \
- =

Organoids

Poly-L-lysine pre-coated plate

heart (Bejleri & Davis, 2019), heart-on-a-chip (Kolanowski et al., 2020), organoids (Filippo Buono et al., 2020), and cell sheets (Inui et al., 2019).
License no. 5025300023207 (heart-on-a-chip) and 5033880066840 (decellularized heart)

effort. This approach can be used for the study of the influence of
chemical compounds on cardiac tissue, mechanisms underlying ar-
rhythmias as well as maturation processes of hiPSC-derived cardiac
tissue. The main novelty of the approach is the use of a flexible cell/
tissue film that generates off-axis illumination during CM contrac-
tion. Inflection of the membrane creates bright/dark areas that could
be used for consistent contraction wave tracking. System flexibility
facilitates the larger displacements of cells during their contraction,
which is beneficial for detection purposes (V. A. Balashov, Gorbunov,
Guria, & Agladze, 2020).

Mathur et al. presented a cardiac microphysiological system
generated from hiPSC-CMs, which can be used for drug car-
diotoxicity prediction, general drug testing, and disease modeling.
In this system, the reported half maximal inhibitory/effective
concentration values (IC50/EC50) were more consistent with the
data on tissue-scale references, in comparison to cellular-scale
studies. In the system, cells were aligned in the microtissue,
which allowed efficient and continuous nutrient exchange, and
cultured in a serum-free medium. It was shown that the use of
serum in culture medium may cause variations in the result due to
variations in the serum composition as well as the possibility of
serum contamination (Mathur et al, 2015; van der Valk
et al, 2010). Moreover, authors reported that treatment with
isoproterenol increased the beat rate with an EC50 of 315 nM.
This value is in line with values observed for isolated human tis-
sues, and higher than values observed for 2D hiPSC-CMs. Simi-
larly, good concordance with the contractility measurements of
human ventricular heart tissue slices was also found (Branden-
burger et al., 2012). Taken together, the aforementioned system
seems to exhibit several advantages over conventional 2D systems.
The possibility to combine it with microfluidic devices makes it a

promising tool with a wide range of applications in pharmaceutical

and biological studies. The microfluidic system ensures drug supply
in a precise concentration continuously throughout the analysis
(Mathur et al., 2015).

Expanding the MTF system, Lind et al. designed a multiwell cMTF
platform with integrated flexible strain gauges. The platform allows
for the continuous electronic readout of the contractile stress and
beat rate of cardiac tissues. Considering that the platform has an
open-well format and provides simultaneous measurement for 24
different tissues, it seems to be a simple and convenient tool for drug
testing as well as analyzing temporal drug transport across the bar-
riers (Lind et al, 2017). Undoubtedly, the system developed by
Parkers lab paves the way for high-throughput preclinical research,
based on human stem cell-derived cardiac tissues.

Distinct in vitro model of myocardium was presented by Watson
et al. They developed a robust and reproducible method to obtain
thin ventricular myocardial slices from the myocardia of human and
small mammals. Slices may be used as in vitro models allowing for the
analysis of the myocardial structure and function at the cellular level.
This model represents a hybrid approach between CM 2D culture
after isolation from patients and advanced engineered heart tissues
(EHTSs). Within the slices, all cardiac cell populations are present in a
proper ratio, with cell-to-cell interactions maintained within intact
cells. Thus, the main advantage of slices is retaining the native
multicellularity and microphysiology of the heart. Watson et al.
demonstrated that slices obtained with their protocol are viable, and
have maximum contractility, Ca2+ handling, and structure. They can
be used for pharmacological studies, such as drug efficacy and
toxicity screening (Watson et al., 2017, 2019). Miller et al. proposed a
slice model of 300 um thick that could be maintained as viable for up
to 6 days. The major problem of native tissue explants is, however,
their long-term viability and low availability of the human tissue
(Miller et al., 2020).
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Stem cell-derived cell sheets have been developed as a treatment
strategy for tissue repair. In the case of heart tissue, this approach
was used for MI treatment and reported to have many advantages
compared to direct stem cell transplantation as well as conventional,
scaffold tissue engineering methods. Many studies have reported
that cell sheets improve cardiac function in patients after MI,
including perfusion, angiogenesis, and enhanced regenerative po-
tential (Xu, Ding, Zhao, Pu, & He, 2014). Moreover, it was also shown
that stem cell transplantation may increase the chance of graft sur-
vival, by induction of blood vessel formation (Segers & Lee, 2008).
Whereas the direct injection may have a drawbacks. For example,
this method is proved to be less efficient, there are also some con-
cerns over the graft survival within the site of intervention. There-
fore application of polymers and preparation of cell sheets takes
advantages over classical
et al,, 2021).

Cell sheets can be obtained from different cell types: skeletal

injection of the cells (Augustine

myoblast (SkMbs), mesenchymal stem cells (MSCs), autologous
marrow mononuclear cells (MNCs), cardiac progenitor/stem cells
(CPCs/CSCs), hiPSC-CMs and hESC-CMs, etc. (Guo et al., 2020).
To obtain cell sheets, temperature-responsive culture dishes
covered with polymers are used. One of the commonly used
temperature-responsive substance is poly (N-isopropylacrylamide)-
PNIPAmM. The polymer is in a hydrophobic state at 37°C and be-
comes hydrophilic at temperatures below 32°C. Therefore, at room
temperature, cells detach from the surface and can be collected
without losing cell to cell contact and the extracellular matrix. This
feature of cell sheets provides an advantage over techniques
based on scaffolds, for example, solves the problem of scaffold
degradation during cell or tissue construct transfer [47] (J. Yang
et al.,, 2007).

Increasing evidence has demonstrated that cell sheet treatment
improves the ejection fraction and thickness of the heart wall, en-
hances angiogenesis, and decreases fibrosis (Miyagawa et al., 2017;
Sawa et al,, 2012; Sawa & Miyagawa, 2013; Yamamoto et al., 2019;
Yoshikawa et al., 2018).

For MI treatment, cell sheets can be used in both the acute and
chronic phases. It was shown that neonatal rat cardiomyocyte cell
sheets can contract synchronously after transplantation, with host
(nude rats) myocardium (Matsuura, Masuda, & Shimizu, 2014). In the
chronic phase of MI, cell sheets significantly improve systolic and
diastolic function in animal models. In addition, in rats, they amelio-
rate cardiac regenerative potential by enhancing paracrine effects
and neovascularization (Hoashi et al., 2009; Matsuura et al., 2014;
Matsuura, Haraguchi, Shimizu, & Okano, 2013; Sawa & Miya-
gawa, 2013). Stimulation of angiogenesis occurs via increasing cyto-
kine secretion (Hoashi et al, 2009). Several studies have
demonstrated that cell sheets composed solely of CMs derived from
pluripotent cells are able to enhance heart regenerative potential and
show synchronous beating in small animal models of acute MI.

However, sheets composed of mixed stem cell-derived cells (CMs,

endothelial cells, and VSMCs) have a superior impact on cardiac
function due to neovascularization and longer retention in Ml animal
models, especially in the chronic phase (Kawamura et al., 2013;
Masumoto et al., 2012; Sekine et al., 2011). Another function of cell
sheets is an attenuating inflammatory response in Ml. Inflammatory
modulation is a significant element of the healing process but also
ventricular remodeling, leading to alterations in the heart's structure
and function. It was shown that cell sheets can decrease inflamma-
tion and increase the expression of anti-inflammatory genes (Ima-
nishi et al., 2011; Park et al., 2019).

Although there are many promising results on the usage of cell
sheets, several important limitations and obstacles should be also
considered. In the case of SkMbs, fatal arrhythmias were reported.
CMs sheets, in turn, were shown to create gap junctions with con-
nexin 43 and contract synchronously with the host heart (Matsuura
et al., 2014). To avoid immunological rejection the stem cell source
should be host specific-it could be either autologous or obtained from
the homozygous (best possible donor) human leukocyte antigen or
autologous cells. The approach to obtain autologous hiPSCs, although
justified from an immunological point of view, generates higher costs,
then preparation of the stable hiPSC cell line for allogenic trans-
plantation (Matsuura et al., 2014).

4.2 | Engineered heart tissue (EHT)

The first system, which can now be considered as the earliest version
of engineered heart tissue (EHT) was developed by Eschenhagen
et al., in 1997 (Eschenhagen et al., 1997). They created a cardiac 3D
model consisting of mixed embryonic chicken CMs and collagen,
which was placed between two Velcro-coated glass tubes. This group
was the first that used the collagen | in cardiac tissue formation. The
designed platform made it possible to anchor constructs and
generate static force during tissue formation (Eschenhagen
et al,, 1997).

In general, EHTs are composed of heart cells together with a
liquid matrix, including collagen type | or fibrin, which can be sup-
plemented with extracellular basement membrane proteins (e.g.,
Matrigel®) and serum-containing medium. The mixture is further
loaded into circular molds, and after 5-7 days, spontaneously and
synchronously contractile EHTs are transferred into metal spacers
to impose mechanical stimuli for an-other 10 days. Stretching plays
an important role in maturation of EHTs and improves their func-
tional and mechanical properties (Fink et al., 2000). The cell
composition of EHTs includes cardiac and non-cardiac cells in order
to mimic the in vivo environment. It was reported that EHTs
generated from unpurified heart-cell mixtures exhibit advanced
structures as well as increased contractile and passive forces in
comparison to EHTs containing only the cardiac myocyte population
(Zimmermann et al., 2001). The shape and size of EHTs can be
modified by adjusted casting molds, and 3D structures may be
generated by the stacking and merging of multiple EHTs in vitro
(Yoshikawa et al., 2018).
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Regarding functional properties, studies from Eschenhagen and
Zimmermann showed that EHTs respond to mechanical and phar-
macological treatments in an organotypic manner (Matsuura
et al, 2014; Yamamoto et al,, 2019; Yoshikawa et al., 2018). Con-
structs were generated by mixing cardiac myocytes from neonatal
Fisher 344 rats with collagen type |, Matrigel, and serum-free media.
The implantation of developed EHTs in healthy rats showed that this
approach requires immunosuppression. Under immunosuppression,
EHTs were viable and contractile for at least 8 weeks, becoming
vascularized and innervated (Zimmermann et al., 2002). For clinical
testing, the source of cells used for EHT formation should be autol-
ogous, possible to obtain in a large quantity, and high quality
(differentiated and functional). The most important limitation of using
myocytes for EHTs is their inability to proliferate (Pasumarthi &
Field, 2002). On the contrary, hESC and certain adult stem cells show
proliferation capacity, and could be useful cell sources for cardiac
replacement therapy; however, they give rise to ethical issues
together with required long-term immunosuppression (Fandrich
et al., 2002). Therefore, iPSCs have fewer ethical issues and enable
autologous treatment options. Without a doubt, autologous hiPSCs
are a highly promising cell source for the development of patient-
specific cell-based organ repair strategies. However, as mentioned
before, this approach is relatively time consuming due to the need for
cell generation and then differentiation into the desired cell type.
This obstacle can be omitted by using prefabricated allogeneic cell or
tissue products. However, in the case of allogenic cells, immuno-
suppression treatment must also be implemented. Considering short
immunosuppression, the main drawback is the short period of cell
survival, but for long-term suppression, there is a risk of renal
toxicity, allograft vasculopathy, etc (Jabbour, Owen, Pandey, & Har-
ding, 2020). Recently, Deuse et al. reported interesting data on
hiPSC-derived EHTSs after the activation of certain MHC class | and Il
markers and overexpression of CD47, using the CRISPR-Cas9
method. After inactivation, cells still showed pluripotency and dif-
ferentiation potential as well as proliferation capacity. After im-
plantation in mice, constructs were able to evade immune rejection,
in fully MHC-mismatched allogeneic recipients, and were retained
long term without the use of immunosuppression (Deuse et al., 2019).

Goldfracht et al. developed a novel, combined EHT model,
generated with hiPSC-CMs and chitosan-enhanced ECM hydrogel,
derived from decellularized pig hearts. The model showed an aniso-
tropic muscle structure with a more mature CM state than 2D-
cultured hiPSC-CMs. Authors used fluorescent reporters and
unique mapping technologies to perform detailed molecular and ul-
trastructural characterization of the model at the cellular and tissue
resolution. Moreover, the generated model also allowed the obser-
vation of drug-related changes in morphology, contraction rate, tis-
sue conduction properties, and cell arrhythmogenicity. The ECM-EHT
model can be subjected to high-resolution, long-term serial functional
phenotyping with possible application for cardiac disease modeling
and drug testing (Goldfracht et al., 2019). The same group also pre-
sented ring-shaped EHTs derived from hPSC-CMs. The model

included differentiated CMs into atrial and ventricular subtypes,

which were further mixed with a collagen-hydrogel matrix. Authors
revealed that aCMs and vCMs display significant differences,
confirmed by immunostaining, gene expression analysis, the evalua-
tion of conduction velocity, mechanical force, and the response to
pharmacological treatments. They also developed an atrial EHT-
based arrhythmia model, the usefulness of which was confirmed by
pharmacological testing (Goldfracht et al., 2020). Here, it is worth
emphasizing that in order to develop a reliable cardiac tissue plat-
form for drug screening, physiological differences in atrial and ven-
tricular CMs need to be considered. These differences include gene
and protein expression, electrophysiology, and ion channel activities.
For instance, atrial CMs show differences in potassium current, and
are smaller in size and surface area (Asp, Synnergren, Jonsson,
Dellgren, & Jeppsson, 2012Asp et al.,, 2012). Moreover, they are
distinguished by the presence of the potassium channels which are
major determinants of electrophysiological differences between
atrial and ventricular CMs—Kv1.5 and Kir3.1/3.4, respectively
(Schram, Pourrier, Melnyk, & Nattel, 2002). Therefore, to study the
cardiotoxicity and off-target effect of drugs in humans, chamber-
specific tissue platforms are needed. The limited progress on
obtaining atrial CMs has been caused by the low efficiency of avail-
able differentiation protocols. Several groups are working on the
improvement of generation, culture, and maturation engineered
atrial tissues, but to date, it remains a challenge (Zhao, Rafatian
et al., 2020; Zhao, Ye et al., 2020).

EHTs seem to be promising and reliable models for cardiac dis-
ease modeling and regeneration medicine. Thus far, EHTs are one of
the most advanced models in terms of mimicking heart structure and
physiological properties in vitro. Development of new 3D models
certainly is beneficial for the preclinical cardiology and regenerative
therapies. Tissue heart models are crucial for studying the physiology
and pathology of designated organs thereby brings us closer to
recreate the perfect environment for testing new approaches. So far
it is impossible to obtain the fully functional bioartificial heart,
however MacQueen et al. presented an elegant tissue-engineered
scale models of the human left ventricle, combined of nanofibrous
scaffolds that promote native-like anisotropic myocardial tissue
genesis and stimulate chamber-level contractions (MacQueen
et al., 2018). This proves that scientist are able to recreate step by
step the functional parts of the heart. As a general cardiac tissue
model problem, for EHTs, the main limitation is still the inadequate
the level of CM maturity regarding the subcellular structure, how-
ever this is significantly improved compared to other systems. This
immaturity implicates limited mechanical forces and relatively slower
conduction velocity in comparison to the adult heart. Thus, the in-
clusion of reliable references of fresh human tissue patches is of
great importance. Chamber-specific human tissue explants would
provide the extensive control of maturation state and set reference
for each particular functional parameter. This would clearly provide
further EHT development pathways. To an extent, maturation issues
can be addressed by EHT incorporation into microdevices, which
would then generate another cardiac in vitro system—heart-on-a-

chip, described in the next section.
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4.3 | Heart-on-a-chip

Organ-on-a-chip (OOC) technology combines tissue models with
microfluidic platforms that provides a circulation system and mimics
the physiology of a heart/organ system. This group of models en-
compasses a wide variety of systems that differ in complexity,
throughput, and physiology-mimicking abilities. Nunes et al. pre-
sented an elegant model of Biowire platform that combines archi-
tectural and electrical cues. Construction was generated by seeding
the human iPSC-CMs into template polydimethylsiloxane (PDMS)
channel, around a sterile surgical suture in type | collagen gels. The
platform was also electrically stimulated. Such construction enabled
to obtain more mature cardiomyocytes. Biowire improved their
morphology (induced physiological hypertrophy), architecture of
contractile apparatus (induced sarcomere maturation) and electro-
physiological properties in a stimulation frequency dependent
manner (Nunes et al., 2013). On the other hand Xiao et al. generated
cardiac constructs by mixing neonatal rat CMs and hESC-CMs and
seeding cells into a polytetrafluorethylene (PTFE) tubing template,
integrated with electrical stimulation using a carbon rod. The
designed Biowire platform enables the assessment of a drug's phar-
macological effects on cardiac tissue in vitro by perfusion that pro-
vides high physiological relevance (Xiao et al., 2014). This effort was
more recently updated by Zhao et al. who created an updated version
called Biowire-2 (Zhao et al., 2019). Biowire-2 is one of the first at-
tempts to combine atrial and ventricular CMs in one organized tissue.
With the ECM matrix involved and more environmental parameters
controlled (e.g., electrical stimulation), the system combines both
ECM and organ-on-chip, which is an example of the remaining
problems associated with cardiac tissue system classification at-
tempts (Zhao et al., 2019).

Chen et al., 2013. Attempted to create a model that reflects cell
to cell and cell to ECM interactions and mimics vascular/valvular 3D
environments observed in vivo. To this end, they developed a bilayer
microfluidic device that incorporates different cells seeded on a
hydrogel. The system included fluid flow over an endothelial mono-
layer and a porous membrane that provided cell interactions as well
as simultaneously maintained their compartmentalization. Authors
proved that their model is a useful tool for mechanistic vascular and
valvular biology studies and may also be used for the assessment of
drug effects on cardiac tissue in physiologically relevant 3D micro-
environments (Chen, Srigunapalan, Wheeler, & Simmons, 2013).

Kim et al. designed and investigated a biosensor that allows for
the real-time monitoring of cardiotoxicity. They inserted a specific
device in the bottom of the chamber in order to monitor the behavior
of ESC-CMs under different drug treatments. This approach is cost
effective, does not need a lens, has a compact size, and seems to be
highly useful for high-throughput drug screening (Kim et al., 2011).
Cardiotoxicity examination is also important during the anti-cancer
drug screening. Platforms such an OOC are reliable models for
physiological studies, therefore can be use during the development of
new strategies for cancer treatment. Chramiec et al. conducted

studies with bone Ewing Sarcoma tumor and heart muscle-both using

OOC platforms and subjected to a clinically used linsitinib dosage.
Then measured anti-tumor efficacy and cardiotoxicity were
compared with the results obtained from the clinical trial (Chramiec
et al., 2020). Kolanowski et al. proposed a microfluidic system that
allows for the control of the oxygen concentration in the cell cham-
ber, ensuring both physiological and hypoxic O, amounts suitable for
heart development and disease modeling. This chip combined with
video-based CM activity monitoring and analysis delivers a complete
system for drug screening purposes (Kolanowski et al., 2020). Saka-
miya et al. developed and validated a heart-on-a-chip platform that
enables the online monitoring and analysis of 3D cardiac tissue fea-
tures, such as contraction force, frequency, and synchronization.
Authors concluded that their system is reliable and can be used in
cardio-related drug screening applications (Sakamiya, Fang, Mo,
Shen, & Zhang, 2020). Van Dijk et al. presented a new microfluidic
(heart) vessel-on-a-chip system that allows for the monitoring of
vascular structure and cell interactions in a 3D biological matrix. The
model included endothelial cells, pericytes and an ECM under
controlled, continuous, and unidirectional flow. The interaction of the
mentioned cells allowed for the creation of a human cell-derived
blood vessel. Authors revealed that new vessels show natural
vascular response under thrombin stimulation and can be used for
assessing the interaction between the cells in response to TNFa. The
developed model seems to be biologically functional and could be a
useful tool for the in vitro analysis of the human microvasculature in
physiological and pathological conditions (van Dijk et al., 2020).
Moreover Parsa et al. invented a microfluidic model that enables
monitoring of cardiomyocytes hypertrophy induced by volume
overload. This platform provides reliable and feasible method for
mechanical stimulation of 3D cardiac tissues (Parsa et al., 2017).
Therefore, it opens new possibilities to study the pathological pro-
cesses that lead to heart failure. Additionally tissue engineered
models promotes maturation of iPSC-CMs therefore are suitable for
physiological studies. For example, examination of ischemia-
reperfusion injury was conducted mainly on animal models, howev-
er nowadays the 3D EHT may perfectly replace the in vivo studies
(Chen & Vunjak-Novakovic, 2018).

4.4 | Decellularized heart
A decellularized extracellular matrix (dECM) of the heart has been
developed and used as a natural scaffold for cardiac tissue. It is a
relatively new approach aimed to increase the global supply for
transplantation organs. The first protocol for the whole heart
decellularization process was published in 2008 and concerned the
rat heart. Two years later, a whole porcine heart was decellularized.
In 2013, the first recellularization of a mouse heart with hiPSC-
derived cardiac progenitor cells was described. Concerning the hu-
man heart, the first decellularization occurred in 2015, and one year
later, recellularization was reported (Kc, Hong, & Zhang, 2019).

The main purpose of human heart decellularization is to mimic

the native microenvironment for cardiac cells and stimulate iPSC-
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CMs to maturation. Although there are some evidences that matu-
ration of iPSC-CMs may be driven by heart itself. In the literature
there are studies that involves transplantation of fetal-like differen-
tiated cardiomyocytes at the early stages if differentiation. The re-
sults clearly indicates that the transplanted cardiomyocytes are
mature following the seeding in heart (Cho et al., 2017; Funakoshi,
et al,, 2016). However, scaffold, which is obtained after cell removal,
offers many mechanical and biochemical advantages that ameliorate
cell attachment, integrity, growth, and proliferation as well as car-
diovascular differentiation during subsequent recellularization
(Gilbert, Sellaro, & Badylak, 2006; lop, Dal Sasso, Menabo, Di Lisa, &
Gerosa, 2017). It was shown that the decellularized heart consists of
major cardiac ECM components, such as collagen, laminin, elastin,
and glycosaminoglycans (Johnson et al., 2016). Methe et al. reported
that the dECM of the porcine heart also includes cytokines and
growth factors, such as fibroblast growth factor, endoglin,
interleukin-8, etc. These molecules play an important role in cardiac
regeneration and remodeling and can significantly modulate inflam-
mation and heart healing (Methe et al., 2014). The dECM was also
shown to be a robust platform for cardiac stem cell differentiation
and maturation, which can be used for the rapid production of human
heart grafts (K. M. Lee et al., 2015; Garreta et al., 2016). Wang B.
et al. Generated 3D porcine myocardial scaffolds that were seeded
with mesenchymal stem cells and then treated with biochemical and
electrical stimuli. By immunofluorescence staining, authors proved
that the differentiated cells possessed a cardiomyocyte-like pheno-
type and expressed sarcomeric a-actinin, myosin heavy chain, cardiac
troponin T, connexin-43, and N-cadherin (B. Wang et al., 2013).
Wang Q. et al. Developed functional human cardiac patches using
hiPSC-CMs and a decellularized natural rat heart ECM as scaffolds.
They showed that the generated patches had similar to normal
contractile and electrical physiology in vitro. Moreover, they
improved the heart function of rats with acute myocardial infarction
in vivo after patching on the infarct area. Improvement was shown as
reduction in infract size and recovery of the left-ventricular ejection
fraction (Q. Wang et al., 2016).

The dECM derived from the heart gained a large amount of
interest, especially in the context of cardiac engineering, regener-
ation, and repair. However, it is important to emphasize that
obtaining a dECM is extremely complicated and needs to be opti-
mized (method, agents, and time) in order to maintain a balance
between cell removal and ECM preservation. Achieving an optimal
dECM scaffold is crucial for minimizing the immunogenicity and risk
of rejection. Another important issue is the recellularization of the
dECM. Scaffolds must be fully populated with suitable cell numbers
and distribution. The non-cardiac dECM has been also studied in
clinical trials for myocardium regeneration (Yanagawa, Rao, Yau, &
Cusimano, 2013). It seems that the cardiac scaffold will be a more
appropriate choice in terms of heart failure treatment, but several
problems still need to be solved, for example, batch to batch var-
iations (individual differences), and assessment of long-term effi-
cacy and safety. Other important issues include the in situ cell

differentiation procedure, which is challenging and must be

performed precisely, likewise further CM maturation within the
model. The human heart is a complex and multilayered structure;
thus, it is a great challenge to train and maturate the whole heart
ex vivo. The many heart layers also make it difficult to recapitulate
cell to cell interactions, vascular and nervous systems, proper
channel distribution, and the generation of contractile force.
Nevertheless, the cardiac dECM, after recellularization, is an
interesting and complex model, which in the long term may be
promising candidates for clinical trials. Details on cardiac model
maturation states are shown in Table 1, and advantages and pitfalls
are summarized in Table 2.

5 | CONCLUSIONS AND FUTURE PROSPECTS

Cardiac tissue engineering is a promising and evolving field that aims
to develop a model for drug testing as well as regeneration and
replacement strategies for the human heart. During the last decade,
significant progress in the development of relevant and functional
models of cardiac tissue has been made. Different approaches have
been implemented to increase CM maturity, and iPSC-differentiated
cells have been used to obtain functional cardiac tissue, surpassing
troublesome human cardiac cell supply shortages. Introducing
structural scaffolds and microfluidic systems further shifted re-
searchers toward more physiologically relevant human heart model
development. Another important milestone in cardiac tissue engi-
neering was the generation of CMs in high purity from hiPSCs. Here,
it should be emphasized that generated CMs are mainly ventricular,
and obtaining atrial CM populations requires a large amount of effort
and, additionally, the optimization of the protocol. It is important to
develop models of chamber-specific tissues in order to achieve
proper disease modeling. Thus, refining efficient methods for the
direct differentiation of hiPSCs toward atrial-, ventricular-, and
pacemaker-like cells within the tissue model remains a major chal-
lenge in the field.

Due to the extremely widespread work currently being per-
formed by a number of groups worldwide, this review was tar-
geted to be only an introduction to help readers distinguish
between different model-specific functionalities. Thus, we focused
on summarizing the models that have been already established.
Nevertheless, there are several important differences among the
described model systems (Tables 1 and 2, Figures 1 and 2), with
advantages and disadvantages that are often dependent on the
physiological or pathophysiological condition being studied. These
differences should be taken into account when deciding on a
model type suitable for a particular application. Of particular in-
terest are physiological data that could support clinical output
comparisons between models; thus, this remains extremely difficult
due to their different functions. From these data, the action po-
tential duration (APD) is shown in Table 1. It is worth mentioning
that although more robust methods, such as MTFs and organoids,
provide the highest throughput, their physiological relevance might

be reversely proportional when compared with systems such as
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EHTs and decellularized hearts. On the other hand, EHTs not only
allow for atrial and ventricular chamber specification but also
present highly similar results to the referential human heart
chambers. Nevertheless, each model is designed for its desired
functionality (image of each model is shown in Figure 2); which
one should be picked depends on the application. For instance, in
cardiotoxicity studies, MTFs are now used rather than organoids
as they offer more reliable results and robust data output, despite
the simplicity of hCO excel formation. In more advanced drug
effect screening, organ- and body-on-a-chip are favored due to
their automatization techniques. For disease modeling, EHTs seem
to be the most reliable source of data, whereas in heart regen-
eration, the most intriguing sources are cell sheets and decellu-
larized hearts, although this is the specific scope of other reviews
(Zhang, Zhu, Radisic, & Vunjak-Novakovic, 2018).

Future directions of cardiac tissue engineering field develop-
ment will undoubtedly include advances in 3D bioprinting tech-
nologies that have a huge potential for improving many systems,
such as EHTs and decellularized scaffolds. The incorporation of
this technology may help to combine the atrial/ventricular cells
with the relevant chamber-specific structures. The development of
more capable subtype differentiation protocols would have a
tremendous effect on chamber-specific disease modeling. Regulator
and funding agency support for the development of in vitro organ
models that is currently more often observed, and should lead to
the popularization of cardiac tissue models among culture systems
in research laboratories. This would put more strain on animal use
in preclinical studies (over 30 million of laboratory animals used
yearly in the EU and US only), ultimately altering drug develop-
ment processes.

To date, the EHT models are certainly the most advanced plat-
forms for studying the physiology, pathology of the cardiomyocytes.
However preparation of the classical engineering heart tissue require
extremely large number of cells, what may be considered as some
limitation. Due to this also the cost of the EHT preparation may be
high. Approaches to miniaturize the EHT models are promising to
overcome such inconvenience (Huebsch et al., 2016).

Advanced method of tissue engineering are promising for
personalized/targeted medicine development. The iPSC technology
generates unlimited source of patient-specific cells. That enables to
preparation of engineered cardiac tissues for autologous trans-
plantation in treatment of heart failure. Moreover, generation of
heart models affected with genetic alterations will be prospective for
testing new possible gene therapies. Additionally, preparation of
engineered tissues opens a new perspectives for screening of new
drugs and testing the cardiotoxicity for example, during application of
new chemotherapeutics in oncology. In vitro cell cultures are not
sufficient for mentioned aspects. Verification of new drugs and
therapies should be conducted in a complex models, that can mimic
the accurate environment of selected organ/tissue. Therefore by
using the advanced platforms it is possible to recreate the physio-
logical or pathological states. Obtained results will be more reliable

for further clinical application. It is also worth to point out that tissue

engineering methods omits the ethical issues considered during in
vivo studies using animal models.

Taken together, organ models are on the intensive development
track that, each year, achieves improved results, and heart tissue
models are at the forefront of these advances, leading to tremendous
changes in many biomedical research applications.
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