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Abstract: Cardiovascular research has heavily relied on
studies using patient samples and animal models. However,
patient studies often miss the data from the crucial early
stage of cardiovascular diseases, as obtaining primary tis-
sues at this stage is impracticable. Transgenic animalmodels
can offer some insights into disease mechanisms, although
they usually do not fully recapitulate the phenotype of car-
diovascular diseases and their progression. In recent years, a
promising breakthrough has emerged in the form of in vitro
three-dimensional (3D) cardiovascular models utilizing
human pluripotent stem cells. These innovative models
recreate the intricate 3D structure of the human heart and
vessels within a controlled environment. This advancement
is pivotal as it addresses the existing gaps in cardiovascular
research, allowing scientists to study different stages of
cardiovascular diseases and specific drug responses using
human-originmodels. In this review,wefirst outline various
approaches employed to generate these models. We then
comprehensively discuss their applications in studying car-
diovascular diseases by providing insights into molecular
and cellular changes associated with cardiovascular condi-
tions. Moreover, we highlight the potential of these 3D
models serving as a platform for drug testing to assess drug
efficacy and safety. Despite their immense potential, chal-
lenges persist, particularly in maintaining the complex
structure of 3D heart and vessel models and ensuring their
function is comparable to real organs. However, over-
coming these challenges could revolutionize cardiovascu-
lar research. It has the potential to offer comprehensive

mechanistic insights into human-specific disease processes,
ultimately expediting the development of personalized
therapies.
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Introduction

Cardiovascular diseases (CVDs) refer to a class of heart and
blood vessel disorders and are the leading cause of death
globally [1]. Advancements in prevention strategies and
interdisciplinary treatments have led to improved outcomes
for CVDs [2]. The development of precise molecular targets
and effective therapies is further accelerated by the
increasing understanding of the etiology, mechanisms, and
progression of CVDs. Preclinical animal studies have shed
light on demonstrating disease causality and elucidating
diseasemechanisms, whereas translation to clinical practice
is often hampered by genetic, molecular and cellular dif-
ferences in the cardiovascular system across species [3–5].
Human primary heart and blood vessel tissues are ideal for
studying pathological processes of CVDs, but limited acces-
sibility of primary tissues and difficulties in long-term cul-
ture and genetic manipulation hinder their applications [6].
Therefore, in vitro humanmulticellular models could bridge
the gap between preclinical animal studies and clinical
patient studies. With negligible ethical concerns and the
opportunity to generate patient-specific models, human
induced pluripotent stem cells (hiPSCs) hold great potential
for applications in disease modeling and drug develop-
ment [7]. Since hiPSCs were first generated by the research
team of Shinya Yamanaka in 2007 [8], a variety of protocols
for differentiating cells into the heart and vessels have been
reported [9, 10]. The availability of hiPSC-derived car-
diomyocytes (hiPSC-CMs) and other cell types provides a
versatile toolkit for cardiac regenerative therapy, disease
model development, and drug screening [3, 7]. However,
conventional two-dimensional (2D) monomorphic cellular
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models lack cellular heterogeneity and three-dimensional
(3D) heart structure. To circumvent this hurdle, multiple 3D
models mimicking the human heart have been developed.

In this review, we first summarize the current state-of-
the-art of cardiovascular 3D models, including spheroids,
organoids, engineered cardiacmicrotissues, and organ-on-a-
chip systems. We then discuss the research and medical
applications of different 3D models and highlight their
advantages and limitations in the context of translational
and innovative cardiovascular research. Lastly, we outline
the current challenges and future achievable goals in the
field (Figure 1).

3D heart models

Overall, scaffold-based and scaffold-free approaches are
the two major culture methods for engineering 3D cardio-
vascular tissues. In scaffold-based methods, hydrogels or
other materials mimic the extracellular matrix (ECM) sur-
rounding cells. In contrast, scaffold-free methods rely on
the ability of cells to produce their own extracellular
matrix and to form 3D structures [11]. Each strategy has its
unique advantages and limitations, including cell number

requirement, manipulation difficulty, and relative cost, etc
(Figure 2), which are outlined in the following sections.

Cardiac spheroids and organoids

Cardiac spheroids broadly refer to scaffold-free 3D aggre-
gates of differentiated or primary adult cells [12]. In general,
cardiac spheroids are formed by cardiomyocytes (CMs)
alone or in combination with stromal cells in a defined ratio,
giving rise to tissue-like structures [13]. Different from
spheroids, organoids are typically defined as “3D structures
derived from stem cells and consisting of organ-specific cell
types that self-organize through cell sorting and spatially
restricted lineage commitment” [14]. Organoids often exhibit
a lineage-dependent spatial organization, making them
resemble native tissuemore closely than spheroids [15]. Both
spheroids and organoids are typically formed in low adhe-
sion multi-well plates or bioreactors, and their fabrication
requires low cell number (1,000–10,000 cells per specimen),
allowing for simultaneously generating hundreds to thou-
sands of replicates in an array [12]. To date, cardiac spher-
oids and organoids have been shown to serve as useful tools
for disease modeling, cardiotoxicity studies, drug discovery,

Figure 1: Perspectives regarding applications
and future directions of in vitro 3D
cardiovascular models. Various 3D
cardiovascular models have distinct culture
platforms, analysis tools, and applications. The
future directions should focus on overcoming
existing limitations to generate the replica of
human primary heart tissues, including but
not limited to the integration of vascular and
immune cells into the 3Dmodels, as well as the
development of chamber-specific organoids
to enhance their physiological relevance. The
figure was drawn using BioRender.

Yang et al.: The new era of cardiovascular research 69



as well as regenerative research [16]. The distinct advantage
of cardiac organoids over other 3D heart models lies in their
crucial role in exploring developmental biology and in
modeling congenital heart disease [17].

Since 2021, there have been multiple studies describing
the generation of cardiac organoids to validate themimicry
of cardiac structures such as chambers, epicardium/
myocardium, and atrium/ventricle-reminiscent regions
(see reviews for more details [18, 19]). In this section, we
will highlight the recent major advances and perspectives
in this field.

Drakhlis et al. encapsulated hiPSC aggregates in Matri-
gel followed by directed cardiac differentiation via Wnt
pathwaymodulationwith smallmolecules to generatemulti-
lineage and highly organized heart-forming organoids
(HFOs) [20]. During differentiation, HFOs developed three
layers: the inner layer containing endothelial cells (ECs) and
foregut-like cells with microvilli; the middle layer predom-
inantly consisting of CMs and some epicardial cells; the outer
layer containing mesenchymal cells and liver cells. These
structures resembled the aspects of early heart and foregut
anlagen in the developing embryo. Additionally, the
appearance of liver cells within theHFOs presented a unique
platform to study multi-organ interactions during cardiac
development. Regarding the generation ofmultiple cell types
and structurally relevant self-assembling cardiac organoids,
other studies like cardiac-gut organoids from hiPSCs have
also been reported, with co-emergence of cardiac tissues and
endodermal-derived tissues (e.g., gut and intestine) [21].

Another cardiac organoid model termed “Cardioid” con-
tained a large internal chamber surrounded by CMs, ECs,
and epicardial cells [22]. These approaches yield multi-
cellular and structural cardiac organoids, but they can only
mimic a certain degree of the physiological and metabolic
functions of the human heart. To overcome this limitation,
more complex and physiologically relevant cardiac organo-
ids were generated by the sequential modulation of Wnt
signaling (activation/inhibition/activation) [23]. These car-
diac organoids are comparable to human fetal cardiac tis-
sues at the transcriptomic, cellular, and structural levels.
Importantly, these organoids displayed robust beating
and electrophysiological activity with well-defined action
potential (AP) waves reminiscent of QRS complexes, T, and P
waves detected by a multielectrode array (MEA) system.
Additionally, this type of organoid was successfully used to
model pregestational diabetes (PGD) -induced congenital
heart defects, showing structural, metabolic, and functional
changes in organoids under diabetic conditions [17, 24].
Another recent study developed an “epicardioid” with an
inner core of ventricular CMs and a thick envelope con-
taining epicardial cells [25]. Interestingly, in epicardioid
slices, the AP duration was significantly shorter in CMs
closest to the epicardial layer than in the middle of the
ventricular layer. This is consistent with a conserved feature
known as the transmural voltage gradient in vivo to increase
the ventricular contraction efficiency [26]. These studies
strongly support the idea that these structurally and func-
tionally relevant cardiac organoids will likely serve as a

Figure 2: A schematic diagram depicts current models used for cardiovascular research. The array of models include 2D hiPSC-CMs, 3D models, animal
models, and human primary tissues. Eachmodel comes with its own set of advantages and limitations. Thesemodels differ in various aspects such as the
requirement of cell number, manipulation difficulty, relative cost, high-throughput capability, the extent of cell-cell interaction, CM maturity, micro-
environment control, and ethical consideration. These factors play a crucial role in determining the suitability and effectiveness of eachmodel for specific
research objectives in the field of cardiovascular research. The figure was drawn using BioRender.
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powerful tool for studying heart development, disease, and
regeneration.

Despite the fact that some studies have reported high
reproducibility of the cardiac organoids across multiple
hiPSC lines, all of which displayed similar differentiation
efficiency, growth rate, and size [22, 23], variations still exist
in the cardiac organoid shape, architecture, cellular
composition, as well as chamber formation (i.e., the number
and size of the cavities per organoid). These variations may
affect modeling cardiogenesis and heart disease, as well as
drug testing. Therefore, improvement in the reproducibility
of the generation of cardiac organoids remains a crucial area
that needs significant enhancement.

Engineered heart tissues (EHTs)

While cardiac spheroids and organoids benefit from the
requirement of small cell number, making them suitable for
high-throughput studies, researchers face limitations in
controlling the tissues’ morphology as well as functional
assays available for characterization [15]. EHTs provide an
attractive complementary strategy by integrating custom-
ized devices and engineered biomaterials to achieve a tissue-
level structure with a defined size and geometry [27]. The
most common method used to generate EHTs is a hydrogel-
based approach. In general, hPSC-CMs are mixed with
fibroblasts (and/or other cardiac cells) in hydrogels and then
poured into casting molds [27, 28]. Since the development of
the first EHTs two decades ago, a series of tissuemodels have
been produced with diverse geometries and formats such as
cardiac biowires [29, 30], microwires [31], patches [32], tube-
shaped EHTs [33], ring-shaped EHTs [34, 35], and chamber-
forming ventricle models [36, 37]. Many of these EHTmodels
can incorporate genetically encoded calcium and voltage
indicators with laser-confocal microscopy and optical map-
ping technology to enable simultaneous analyses of con-
tractile force, electrophysiological properties, and calcium
dynamics [27]. Aside from functional analyses, an impor-
tant advantage of EHTs for regular use in studying car-
diotoxicity is their high reproducibility. In a recent blinded
multi-center study, 36 compounds with known effects on
cardiac physiology were utilized to evaluate the capability
of EHTs to predict cardiotoxic effects across different
institutions [38]. They reported up to 93 % accuracy in pre-
diction when using EHTs, and 85 % for monolayers, whereas
animalmodels only displayed 78 % accuracy. A similar study
using EHTs to test several compounds with known car-
diotoxic effects was published recently [39]. Consistent with
previous studies, EHTs again faithfully exhibited the expected
drug responses.

One of the major challenges associated with EHTs is
their limited extent of maturation. Although the structure
of EHTs closely resembles that of neonatal heart tissue, the
contractile force of EHTs (0.05–2.00 mN/mm2 [40]) is still
smaller than the force generated by native tissues (about
50 mN/mm2 [41]), and the stiffness of EHTs is approximately
half that of native tissue [42]. This may be caused by the
insufficient mechanical properties of the matrix and by
the casting-based fabrication approach [43]. In the future,
the development of newmaterials suitable for EHTs will be
necessary. Despite this limitation, EHTs are expected to be a
promising tool for disease modeling and pharmaceutical
drug/toxicity screening.

Heart-on-a-chip

Although 3D organoids hold great potential as valuable tools
in disease modeling and drug screening, most of these
studies are conducted in static culture, which hinders oxy-
gen and nutrient perfusion to the core of the organoids,
leading to necrosis [44]. This limitation not only restricts the
long-term culture of organoids but also affects studies in the
context of perfusion-related diseases, such as ischemia-
reperfusion injury. To overcome this limitation, the concept
of “organ-on-a-chip” has emerged by integrating organoids
with the microfluidic system [44]. This platform offers the
following advantages: (1) The organ-on-a-chip system pro-
vides a controlled environment, ensuring optimal conditions
such as temperature, pH, nutrient, oxygen supply, andwaste
removal through a continuous flow of fresh culture me-
dium [45]; (2) It provides a perfusion condition which may
mimic blood flow and the microenvironment. For example,
Arslan et al. established a vascularized cardiac microtissue
on-chip (VMToC) by integrating pre-vascularized cardiac
MTswith amicrofluidic system [46].Within days, the VMToC
formed lumenized and perfusable vascular networks;
(3) Incorporating biosensors into microfluidic organ-on-a-
chip devices using minimally- or non-invasive techniques
facilitates the real-timemonitoring of culture conditions and
functional parameters [47]. Some of these capabilities have
already been demonstrated. A recent study reported a bio-
electronic heart-on-a-chipmodel [48]. This innovativemodel
enables control of the oxygen concentration in the micro-
fluidic channel as well as the continuous monitoring of the
cardiac electrophysiological responses to acute hypoxia;
(4) More importantly, the microfluidic system allows for the
integration of multiple organ compartments within a single
microfluidic circuitry for the study of interactions between
different tissues, such as heart-breast cancer on-a-chip [49]
and heart/liver-on-a-chip [50].
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Advancements in organoid-on-a-chip technology could
largely reduce the cost and duration of drug discovery [51]. In
August 2022, the world’s first investigational new drug (IND)
application entirely based on organoid-on-a-chip data was
approved (NCT04658472) [52]. Following this, the US president
signed a bill in December 2022 that allows the United States
Food and Drug Administration (FDA) to approve new drugs
without them being tested on animals and specifically states
that alternative testing methods should be included, such as
cell-based assays, organ chips, and micro-physiological sys-
tems [53]. This milestone indicates that incorporation of
the organoid-on-chip platform in drug development pipelines
is feasible and promising, suggesting that this innovative
platform will be increasingly used in the future.

Applications of 3D models in
cardiovascular research

The complexity and limited accessibility of the human heart
and blood vessel tissues make it difficult to study molecular
mechanisms and the pathophysiology of cardiovascular
diseases. With the advancement of human in vitro 3D car-
diovascular models, these are now extensively utilized in
disease modeling, regenerative medicine, and cardiotoxicity
testing. In this section, we will discuss the various applica-
tions using 3D cardiovascular models (Table 1).

Congenital heart disease

Congenital heart disease (CHD) is one of the most common
types of birth defects, affecting approximately 1 in 100 live
births worldwide [54, 55]. Generally, CHD is defined as a
structural abnormality of the heart and/or great vessels [56].
Although the etiology of CHD is largely unknown, studies
have suggested that the cause of CHD is multifactorial, and
both genetic and environmental factors contribute to the
development of CHD [57, 58]. The combination of genetic
technologies (such as CRISPR/Cas9) and organoid modeling
allows studies of disease mechanisms, as the process of
differentiating cardiac organoids can recapitulate the key
steps of heart development [59]. Drakhlis et al. demonstrated
that NKX2-5-knockout cardiac organoids showed a pheno-
type reminiscent of cardiac malformations including
decreased cardiomyocyte adhesion, disorganized sarco-
meres, and altered gene expression as previously observed
in transgenic mice [20]. Owing to the rapid pace of advances
in the development of cardiac organoids in recent years,

other CHD syndromes like hypoplastic left heart syndrome
(HLHS), Ebstein’s anomaly, and Noonan syndrome have
also been successfully modeled using cardiac organo-
ids [22, 25, 60]. Additionally, environmental factors such as
PGD-induced CHD can also bemimicked in organoids under
defined conditions [17, 23, 24]. As one of the most common
non-genetic factors causing CHD, PGD results in a 12-fold
increase in the occurrence of CHD, fetal hypertrophic
cardiomyopathy, and impaired cardiac function in
infants [61, 62]. Aguirre’s group cultured cardiac organoids
under PGD-like conditions (high insulin and glucose) and
found that the organoids had decreased oxygen consump-
tion, increased glycolysis, accumulation of lipid droplets,
and an increased propensity for arrhythmias, suggesting
altered glucose and lipid metabolism [17, 23]. The same
research group recently used this model to further eluci-
date the underlyingmechanisms of PGD-induced CHDs [24].
Interestingly, they found that endoplasmic reticulum (ER)
stress and very long chain fatty acid (VLCFA) lipid meta-
bolism imbalance were two critical factors that gave rise to
cardiac defects. Therefore, restoring VLCFA levels either by
inhibiting ER stress or through the dietary administration
of VLCFAs has the potential to significantly mitigate the
harmful effects of PGD. This study paves the way for novel
clinical strategies to prevent and treat PGD-associated
CHDs.

Overall, these studies demonstrate the basic founda-
tion for developing cardiac organoids as a promising tool
for studying the molecular pathology of CHDs. However,
current cardiac organoid models are not suitable for
studying common CHDs such as atrial septal defects and
some valvular diseases due to the lack of key structural
components of the heart. Moreover, some aspects of heart
physiology such as blood flow cannot be mimicked in car-
diac organoids, which limits their applications in CHDs.
Structural defects in CHD patients are frequently linked
to mutations in genes involved in early cardiogenesis,
including transcription factors, chromatin remodeling
factors, and developmental signaling pathways [63]. These
genetic regulators have beenwidely studied using hiPSC-CMs,
but there is a paucity of studies using 3D heart models. A
recent study investigated NOTCH1 deficiency-induced HLHS
in hiPSC-CMs [64], using cardiac organoids to elucidate
detailed mechanisms of cardiac cell lineage commitment
under the NOTCH1 deficiency condition is expected to be a
future research direction. Additionally, the combination of
cardiac organoids with lineage tracing tools, such as TBX5/
MYL2 [65] or TBX5/NKX2-5 [66] fluorescent reporter systems,
will be useful for tracing cell fate under both normal and
diseased conditions.
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Inherited cardiomyopathy

Cardiomyopathies are a group of disorders characterized
by heart muscle damage, resulting inmyocardial disorders,
diminished cardiac function, heart failure, and even sud-
den death [67]. Based on morphological and structural
phenotype, cardiomyopathies can be divided into five

types: hypertrophic cardiomyopathy (HCM), dilated car-
diomyopathy (DCM), restrictive cardiomyopathy (RCM),
arrhythmogenic right ventricular cardiomyopathy, and
unclassified cardiomyopathy [68]. EHTs are a suitable
miniaturized platform to assess CM contractility, making
them useful in modeling various cardiomyopathies, such
as HCM [69–75], RCM [76], DCM [77, 78], and Duchenne

Table : Applications of D cardiovascular models.

Disease classes Diseases Mutations/stress D models Ref.

Congenital heart
diseases (CHD)

Cardiac malformations NKX- knockout Cardiac organoids []
Hypoplastic left heart
syndrome

HAND knockout Cardiac organoids []

Ebstein’s anomaly NKX- mutation Cardiac organoids []
Noonan syndrome PTPN mutation Cardiac organoids []
Pregestational diabetes-
induced CHD

High insulin and high glucose Cardiac organoids [, , ]

Inherited
Cardiomyopathy

Hypertrophic
cardiomyopathy

ACTN mutation EHTs []
MYH mutation EHTs [, ]
MYBPC mutation EHTs [, , ]
FLNC mutation EHTs []

Restrictive
cardiomyopathy

SCNA mutation Heart-on-a-chip []

Dilated cardiomyopathy KLHL mutation EHTs []
PLN mutation EHTs []

Barth syndrome TAZ mutation Heart-on-a-chip []
Duchenne muscular
dystrophy

DMD mutation Cardiac organoids []
DMD mutation EHTs []

Cardiac fibrosis Hypoxia and norepinephrine Cardiac spheroids []
TGF-β Heart-on-a-chip [, ]

Infectious diseases SARS-Cov- infection Cardiac spheroids [, ]
EHTs []
Heart-on-a-chip []
Blood vessel
organoids

[, ,
]

Cardiac arrhythmias Atrial or ventricular
arrhythmias

Lidocaine/Vernakalant EHTs []

Atrial fibrillation Metabolites (e.g., C:AC) EHTs []
Cardiotoxicity Doxorubicin Cardiac spheroids []

Heart-on-a-chip [, ]
Cadmium Cardiac organoids []
Polystyrene microplastics Cardiac organoids []
Bisphenol A Cardiac organoids []

Regenerative medicine Cardiac spheroids [–,
, ]

Vascular cell
spheroids

[]

Exosomes from
cardiac spheroids

[, ]

Atherosclerosis Vessel-on-a-chip [, ]
Diabetic vasculopathy Vessel organoids were cultured in diabetic

medium (high glucose) or transplanted into
streptozotocin-induced diabetic mice

Vessel organoids []
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muscular dystrophy (DMD) [79]. Prondzynski et al. demon-
strated that EHTs generated from hiPSCs harboring an
alpha-actinin 2 (ACTN2) mutation (p.T247M) recapitulated
several hallmarks of HCM, such as hypertrophy, hyper-
contractility, sarcomere disarray, prolonged AP duration,
and enhanced L-type calcium current [70]. In a following
study, the same group found that microtubule tyrosination
and detyrosination played an important role in HCM pro-
gression bymodulating CM contraction [69]. Awell-balanced
level of detyrosination in microtubules is important for
proper CM contraction as microtubules bind to sarcomeres
and form a physiological resistance to contraction [80].
Decreasing microtubule detyrosination improved contrac-
tility and reduced stiffness in both HCM mice and EHTs,
providing cues that targeting the regulatory mechanism
controlling microtubule detyrosination could be a new
inotropic strategy for improving cardiac function in
HCM [69]. In addition, EHTs were used to model RCM, which
is defined functionally as restricted ventricular filling
characterized by increased myocardial wall tension and
failure to relax during diastole [81]. However, measuring
these parameters in 2D cells is challenging due to their
adherence to a plastic substrate. In this study, EHTs gener-
ated using hiPSC-CMs from patients carrying a mutation in
filamin C exhibited RCM-like phenotypes including sarco-
mere disorganization, decreased active force, and increased
passive tension [76]. Following small molecule drug
screening, trequinsin, a phosphodiesterase 3 inhibitor, was
identified as a promising candidate for alleviating the phe-
notypes associated with RCM. These studies indicated that
EHTs have great potential in revealing the biological mech-
anism of and developing new drugs for cardiomyopathy.

In contrast to HCM, DCM is characterized by left ven-
tricular dilatation and impaired contractility, and ventricu-
lar arrhythmias [82]. Mutations in the SCN5A gene, encoding
the cardiac voltage-gated sodium channel NaV1.5, are
reported in 2–4% of patients with DCM, often in association
with arrhythmias [83]. One of the mutations (R222Q) is
exclusively found in adult splice variants of the SCN5A
gene [84, 85], making it difficult to study in hiPSC-CMs due to
their fetal-like phenotype. To address this, a 3D heart-on-a-
chip was engineered using hiPSCs carrying the R222Q
mutation [86]. In accordance with the phenotypic character-
istics observed in some DCM patients, the disease-specific
heart-on-a-chip exhibited arrhythmogenic features, including
shortened AP duration, reduced Na+ current, and decreased
contractility. Furthermore, the R222Q heart-on-a-chip dis-
played reduced expression levels of sarcomeric proteins,
accompanied by severe sarcomere disarray compared with
isogenic control. Notably, these phenotypes were not
observed in 2D hiPSC-CMs, suggesting that the differential

manifestations might be attributed to the enhanced align-
ment and maturation of CMs in the heart-on-a-chip. In
addition to DCM, a heart-on-a-chip was used to study Barth
syndrome, a mitochondrial cardiomyopathy caused by a
mutation of TAZ gene encoding tafazzin [87]. hiPSC-CMs
carrying the TAZ mutation in the heart-on-a-chip showed
irregular sarcomere assembly and weakened contraction
strength, recapitulating the Barth syndrome phenotype
in patients, while the disease phenotype could be rescued by
treatment with isoproterenol, verapamil, metoprolol, or
E4031 (hERG blocker) [87]. These studies highlight the ability
of heart-on-a-chip models to recapitulate features of car-
diomyopathies and to facilitate mechanistic investigation.

Compared with EHTs and heart-on-a-chip, fewer studies
have employed organoids to model cardiomyopathies. DMD,
an X-linked neuromuscular disorder caused by mutations in
the dystrophin gene, leads to severe reduction of sarcogly-
cans and is not curable [88]. Until recently, cardiac organoids
generated from DMD patients’ hiPSCs were used to study
DMD-related cardiomyopathy [89]. Cardiac organoids
exhibited manifestations of DMD-related cardiomyopathy
and disease progression during long-term culture (up to
93 days). RNA sequencing analysis showed a distinct tran-
scriptomic profile in DMD cardiac organoids, characterized
by enrichment in pathways related to hypertrophy,
arrhythmias, adipogenesis, and fibrosis. Notably, DMD car-
diac organoids exhibited a loss of α, β, γ, and δ-sarcoglycan
expression over time, likely due to the lack of connection to
dystrophin. After correcting the genetic mutation using
CRISPR/Cas9, the function of isogenic cardiac organoids was
restored. The advantages of 3D models over 2D hiPSC-CMs
were further underscored by a previous study from the same
group [90], which demonstrated the immaturity of 2D
hiPSC-CMs because they lacked α-, γ-, and δ-sarcoglycan
protein expression, making it challenging to use these cells
to replicate the DMD-associated phenotype. In this case, the
3D cardiac organoids mimicked some of the pathological
findings in DMD cardiomyopathy [89]. Although studies
involving cardiac organoid modeling of cardiomyopathies
remain limited, cardiac organoids hold great potential for
future disease modeling. As mentioned earlier, epicardioids
have epicardial and ventricular layers, and the latter can be
further subdivided into compact and trabecular layers due
to different CMdensities [25]. Importantly, the thickness of the
two distinct layers is altered under exogenous simulations,
which makes the epicardioid an ideal model to mimic trabe-
culation- and compaction-related diseases such as left ven-
tricular noncompaction (LVNC). The distinct features of LVNC
are challenging to replicate in EHTs and heart-on-a-chip
models, pointing to a future direction for cardiac organoids in
cardiomyopathy modeling.
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Cardiac fibrosis

Cardiac fibrosis is a common condition in various heart
diseases and is characterized by the excessive deposition of
ECM [91]. Cardiac fibroblasts (CFs) are the essential cell type
responsible for myocardial ECM homeostasis and secrete
paracrine factors that regulate the function of CMs, ECs, and
immune cells in the heart [92]. During fibrosis, myofibro-
blast activation and excessive collagen deposition by CFs
cause increased ventricular stiffness and decreased cham-
ber compliance, leading to diastolic dysfunction [91, 93].

Cardiac fibrosis can be triggered by myocardial injury,
mechanical stretch, and inflammatory stimuli [94]. Cardiac
spheroids have been used for modeling cardiac fibrosis
subject to an infarction injury [95]. Cardiac spheroids
composed of hiPSC-CMs, CFs, human umbilical vein endo-
thelial cells (HUVECs), and human adipose-derived stem cells
were cultured under hypoxia and norepinephrine stimula-
tion to mimic myocardial infarction (MI) in vitro. After
10 days of stimulationwith noradrenaline, cardiac spheroids
showed an up-regulation of the fibrosis-related genes and
the presence of myofibroblast-like cells, as well as changes
in stiffness and calcium handling [95]. Moreover, by incor-
porating a human cardiac fibrosis-on-chip (hCF-on-a-chip)
modelwith a live imagingmodality, researchers canmonitor
organoid contraction in real-time [96]. Under the stimulation
of transforming growth factor-β (TGF-β), the hCF-on-a-chip
displayed hallmarks of cardiac fibrosis, including increased
collagen deposition, higher tissue stiffness, and loss of con-
tractile function. Interestingly, treatment of hCF-on-a-chip
with pirfenidone, an FDA-approved medication for the
treatment of idiopathic pulmonary fibrosis, significantly
decreased tissue stiffness and B-type natriuretic peptide
(BNP) secretion, suggesting a potential application in cardiac
fibrosis. Besides phenotypic switching of CFs, the change in
the ratio of hiPSC-CMs to CFs from 3:1 to 1:3 in a biowiremodel
mimicked a transition from the healthy state to the fibrotic
condition [97]. Increased passive tension and diminished
active contractile forcewere observed in thefibrotic biowires,
accompanied by a significant accumulation of fibrillar
collagen, along with abnormal calcium transients and altered
electrophysiological properties.

One key limitation of the aforementioned fibrosis
studies is the absence of immune cells. Immune cells play
an important role in regulating cardiac tissue homeostasis
and the fibrotic process [98]. Macrophage proliferation is
stimulated by increased tissue stiffness, thus promoting a
continuous positive feedback loop which further exacer-
bates cardiacfibrosis [99]. Given the importance of immune
cells, the incorporation of immune cells such as macro-
phages or peripheral blood mononuclear cells (PBMC) into

EHTs [100] or heart-on-a-chip [101] could represent a great
improvement in the ability to recapitulate the complexity
of the tissue microenvironment when modeling cardiac
fibrosis.

COVID-19-associated myocarditis

Coronavirus disease 2019 (COVID-19) is an infectious dis-
ease caused by severe acute respiratory syndrome coro-
navirus 2 (SARS-CoV-2) whichmainly affects the respiratory
system, causing interstitial pneumonia and acute respira-
tory distress syndrome [102]. Although the lungs are the
first organ affected by SARS-CoV-2, accumulating evidence
indicates that the virus can infect other organs, including
the heart, blood vessels, kidneys, gut, and brain [103]. The
most common cardiovascular complications are myocar-
ditis, myocardial injuries, arrhythmias (ventricular tachy-
cardia and atrial fibrillation), coagulopathies, and heart
failure [104]. Cardiac spheroids [105–107], heart-on-a-
chip [101], and EHTs [108] have been used to study
SARS-CoV-2 infection in the cardiovascular system. Upon
exposure to signature cytokines in response to SARS-CoV-2,
the proportion of apoptotic hPSC-CMs in cardiac spheroids
significantly increased, along with the decreased contrac-
tility and altered electrophysiological function, calcium
handling, and sarcomere organization [106, 107]. In a recent
study, bromodomain and extraterminal domain family in-
hibitors were demonstrated to alleviate the cardiac dysfunc-
tion caused by SARS-CoV-2-induced cytokine storm [106].
However,whether cardiacmanifestations of SARS-CoV-2 are a
result of direct viral infection or systemic inflammation and/
or microvascular thrombosis remains unclear [108]. Some
studies have highlighted the dysfunction of monocytes and
macrophages in COVID-19 and suggested that the inflamma-
tory response is a major contributor to SARS-CoV-2-induced
cytokine storm [109]. To understand which types of cells in
the heart are being targeted by SARS-CoV-2, a recombinant
SARS-CoV-2 virus expressing a NeonGreen fluorescent
reporter was incubated with hiPSC-CMs, fibroblasts, macro-
phages, andECs [108]. After 3 days of infection,flowcytometry
analysis revealedNeonGreenonly inCMs, indicating that only
hiPSC-CMs were susceptible to infection. To assess the func-
tional impact on CMs, researchers generated novel EHTs
composed of CMs, fibroblasts, and macrophages, infected
EHTs with SARS-CoV-2 virus, and showed that they displayed
reduced contraction amplitude, slower contraction, sarco-
mere disassembly, and cell death. Consistently, flow cytom-
etry analysis showed that only hiPSC-CMs were infected by
the virus. This study provides evidence that SARS-CoV-2 is
capable of directly infecting CMs, partly because CMs express
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angiotensin-converting enzyme 2 (ACE2) through which
SARS-CoV-2 can enter CMs. However, since ACE2 is also
expressed in other cardiac cell types such as ECs [110] and
pericytes [111], the reason why these two types of cells are
not infected remains unclear. In contrast to direct infec-
tion, another study proposed that systemic inflammation
secondary to SARS-CoV-2 infection led to cardiac compli-
cations [101]. To mimic systemic inflammation in vitro, the
author engineered a vascularized heart-on-a-chip by inte-
grating hiPSC-CMs and HUVECs with PBMCs to model
SARS-CoV-2-induced acute myocarditis. After SARS-CoV-2
infection, PBMCs infiltrated the cardiac tissue from the
vascular compartment, creating a hyper-inflammatory
microenvironment that resulted in myocarditis. Impor-
tantly, they found that extracellular vesicles (EVs) derived
from HUVECs substantially attenuated the pro-inflammatory
response andmitochondrial impairment through the toll-like
receptor-NF-κB axis, suggesting the potential of EVs as a
promising therapeutic agent.

Cardiac arrhythmias

Inherited cardiac arrhythmias are caused by pathogenic
variants in genes encoding components or accessory elements
of ion channels or desmosomes [112]. Despite notable
advances in using hiPSC-CMs to study cardiac arrhythmias
over thepast twodecades, their immaturephenotype in terms
of lower ion channel expression highlights the necessity of 3D
models for studying cardiac arrhythmias [113].

Atrial and ventricular CMs in the human heart have
different electrophysiological properties due to different
expression levels of ion channels [114]. Thus, the specific
disease mechanisms and therapeutic approaches for atrial
and ventricular arrhythmias are different. To better mimic
the chamber-specific tissues, ring-shaped chamber-specific
EHTs were generated and displayed distinct atrial vs. ven-
tricular phenotypes and drug responses [34]. When EHTs
were treated with the anti-arrhythmic drug lidocaine (a
sodium channel blocker), only ventricular EHTs, not atrial
EHTs, displayed a slower electrical conduction velocity. In
contrast, when EHTs were treated with vernakalant (a drug
used for treating atrial fibrillation), only atrial EHTs
showed increased AP duration. In addition to different drug
responses, the ventricular EHTs generated a higher con-
tractile force compared to the atrial EHTs, similar to the
human heart [115]. Therefore, these chamber-specific EHTs
recapitulate structural and functional properties ascribed to
specific cardiac chambers and provide a proof-of-concept for
their potential inmodeling diseases such as atrialfibrillation
(AF).

AF affects up to 2 % of the general population and
causes a considerable public health burden affecting mil-
lions of people worldwide [116, 117]. The pathology of AF is
complex and is still not completely understood. Some evi-
dence suggests that metabolic alterations contribute to the
pathogenesis of AF [118, 119]. In the heart, long-chain fatty
acids (FA) are the major energy source. To investigate the
impact of long-chain acyl-carnitine (AC) C18:1AC on AF,
Krause et al. developed atrial EHTs and observed that
C18:1AC led to impaired contractile force, disrupted calcium
handling, and altered mitochondrial metabolism in the
atrial EHTs [120]. Moreover, high serum concentrations of
C18:1AC were linked to the onset and prevalence of AF,
suggesting C18:1AC’s potential role as a novel circulating
biomarker for AF prediction. These studies position EHTs
as suitable and highly sensitive screening tools for anti-
arrhythmic compounds.

Cardiotoxicity

Since cardiotoxicity is one of the leading causes of post-
approval withdrawal of drugs [121], the prediction of car-
diotoxicity is of utmost importance. Additionally, evaluating
the cardiotoxicity of chemotherapeutic agents, including
some anthracyclines, tyrosine kinase inhibitors (TKIs), and
monoclonal antibodies can significantly assist healthcare
providers in choosing themost appropriatemedications for
their patients, thus potentially reducing adverse effects and
enhancing treatment outcomes [122]. While determining
toxicity profiles during pharmaceutical development is
costly and requires animal studies and clinical trials, uti-
lizing hiPSC-CMs for early detection not only enhances the
predictive accuracy but also reduces in both financial and
time costs [123]. In one of the studies utilizing hiPSC-CMs
for cardiotoxicity testing, a high-throughput toxicity screen
was performed to assess the cardiotoxicity of TKIs by estab-
lishing a “cardiac safety index” (CSI) using cell survival and
contractility parameters [124]. Notably, they found that the
in vitro CSI was consistent with the drugs’ clinical cardiotox-
icity profiles. Moreover, hiPSC-CMs from breast cancer
patientswith andwithout doxorubicin-induced cardiotoxicity
in clinics can recapitulate the patient-specific phenotype of
cardiotoxicity [125]. Due to the severe doxorubicin-induced
cardiotoxicity, targeted delivery of doxorubicin to tumors
may reduce cardiac side effects. Arzt et al. developed a non-
cardiotoxic doxorubicin delivery system – single protein
encapsulated doxorubicin (SPEDOX-6) [126]. This innovative
approach minimized cardiotoxicity in both hiPSC-CMs and
cardiac spheroids while preserving doxorubicin’s anti-cancer
effect. In addition to investigating the cardiotoxic effects
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induced by anti-cancer drugs, cardiac organoids have also
recently become a vital tool in exploring the cardiotoxicity
arising from environmental pollutants [127–129]. Following
exposure to polystyrene microplastics with a dose equivalent
to the exposure level in humans, cardiac organoids exhibited
increased oxidative stress, inflammatory response, apoptosis,
and collagen accumulation which were consistent with an
in vivo study [128]. These studies demonstrated that the 3D
heart models can fully recapitulate the manifestations of
cardiotoxicity in vitro.

While the human body comprises a complex, multi-
systemic entity, it is imperative to acknowledge that repli-
cating a single organ may not adequately capture the sys-
temic effects of drugs [130]. In this case, organ-on-a-chip
models have a distinct advantage in mimicking multi-organ
interactions in response to drugs. For example, a heart-
breast cancer on-a-chip containing hiPSC-derived cardiac
tissues and breast cancer SK-BR-3 spheroids was designed to
mimic doxorubicin-induced cardiotoxicity in vivo [49]. This
platform was combined with electrochemical immune-
aptasensors, enabling the monitoring of the secretion of bio-
markers including troponin T, creatine kinase-MB, and
human epidermal growth factor receptor 2 over time.
Upon doxorubicin treatment, biomarkers for cardiotoxicity
and cancer simultaneously provide evidence for both
chemotherapy-induced cardiotoxicity (CIC) and breast cancer
progression. This platform will allow early detection and
prediction of CIC in patients in the future. While many drugs
are metabolized by the liver, replicating this process in vitro
remains a challenge. To address this, a heart/liver-on-a-chip
(HLC) microfluidic device was designed, specifically utilizing
HepG2 hepatocellular carcinoma cells and H9c2 rat CMs to
study doxorubicin-induced cardiotoxicity [50]. As a result, the
HLC exhibited more damage to CMs compared to conven-
tional static 3D culture, primarily due to the exposure of cells
to both doxorubicin and its cardiotoxic metabolite, doxor-
ubicinol. Moreover, the organ-on-a-chip can be further
improved by the integration of sensors and robotics. To
facilitate long-term monitoring of contractile forces and the
beating frequency of CMs, a living anisotropic structural color
hydrogel has been generated and integrated into the heart-on-
a-chip [131]. These hydrogels exhibited synchronous struc-
tural alterations with the color transitioning from green to
blue, corresponding to the contraction and relaxation of
hiPSC-CMs, respectively. This provides a real-time and visu-
alizable platform for monitoring cardiotoxicity screening.

In summary, 3D heart models have emerged as a pivotal
tool for cardiotoxicity research. However, accurately repli-
cating the crucial influence of the vascular endothelial layer
on drug effects within themyocardium remains a significant
challenge.

Regenerative medicine

Ischemic heart disease continues to be the leading cause of
death globally, with an estimated 8.9 million deaths each
year [132]. Due to the limited regenerative capacity of adult
human hearts after injury [133], hPSC-CMs represent an
attractive cell source to promote cardiac repair [134].
Currently, hPSC-CMs have been proven to remuscularize
infarcted hearts and restore contractile function in
mice [135], rats [136], guinea pigs [137], and non-human pri-
mates [138, 139]. However, preclinical studies have shown that
the low survival and engraftment rates of injected hPSC-CMs
have hindered their clinical applications [140, 141]. Thereby,
the fabrication of cardiac grafts offers a promising strategy
for therapy. In recent years, EHTs and cardiac patches have
been successfully developed by several groups to treat MI in
rats [142–144] and pigs [137, 145]. More recently, a clinical trial
at Osaka University reported the implantation of allogeneic
hiPSC-CM patches in a patient with ischemic cardiomyopathy
(ClinicalTrials.gov Identifier: NCT04696328) [146]. hiPSC-CM
patches were implanted via thoracotomy into the left
ventricular epicardium of the patient and showed
improved wall motion 6 months post-implantation without
anymajor adverse events, suggesting that the patches were
well-tolerated. However, cardiac patches often require
complicated fabrication and the delivery requires invasive
surgical procedures, which could trigger an undesirable
inflammatory response [147]. Alternatively, 3D cardiac
microtissues like cardiac spheroids may overcome this
hurdle as they can be delivered throughminimally invasive
approaches (e.g., catheters) due to their injectable size [148,
149]. Transplantation of cardiac spheroids in combination
with gelatin hydrogel led to an overall improved cell sur-
vival, engraftment, and cardiac function in cryo-injured rat
and swine hearts [150]. Moreover, transplanted spheroids
mixed with gelatin hydrogel into beating porcine hearts
using a transplant injection device resulted in better dis-
tribution and retention of the transplanted spheroids than
conventional needle-based intramyocardial injection pro-
cedures [151]. While cardiac spheroids offer significant
potential for restoring the cardiac function of infarcted
hearts, the relatively immature phenotype of hiPSC-CMs
usually results in unsynchronized contraction, potentially
increasing the risk of arrhythmias [152, 153]. To overcome
this challenge, electrically conductive materials and mul-
tiple cell types can be incorporated into cardiac spher-
oids [154, 155]. For example, incorporating silicon
nanowires into cardiac spheroids containing hPSC-CMs,
CFs, ECs, and stromal cells markedly improves therapeutic
angiogenesis in ischemic tissues, leading to a significant
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increase in cell retention and survival [154]. In addition to
CMs, vascular cells also have a pivotal role in cell regen-
eration. Transplanting vascular cell spheroids has been
reported to not only enhance cardiac function but also
ameliorate cardiac fibrosis following MI [156].

In recent years, exosomes isolated from cardiac
spheroids have been explored as a cell-free therapy in
cardiac regeneration [157]. One of the potential advantages
of exosomes over cardiac spheroids is that they are acel-
lular and therefore are likely to be less immunogenic than
cardiac spheroids [157]. Gallet and coworkers indicated that
exosomes from cardiosphere-derived cells delivered by
intramyocardial injection decreased acute ischemia-
reperfusion injury, attenuated left ventricular remodel-
ing, and improved cardiac function in pig MI models, sug-
gesting that the therapeutic effect is mediated via paracrine
effects instead of direct remuscularization [158]. Generally,
these studies provide evidence of the therapeutic potential
of exosomes, but the exact constituents of exosomes and the
mechanisms through which exosomes exert their thera-
peutic effects, remain unclear.

Vessel organoids and vessel-on-a-chip and
their applications

In 2019, Wimmer et al. developed a protocol for the directed
differentiation of hPSCs into blood vessel organoids by
embedding hPSC aggregates into collagen I/Matrigel sub-
strate followed by the step-wise modulation of bone
morphogenetic protein, vascular endothelial growth factor,
and fibroblast growth factor signaling pathway activ-
ities [159, 160]. These organoids comprised networks of ECs
surrounded by pericytes, mesenchymal stem-like cells, and
hematopoietic cells [159]. Building on this method, a YAP
inhibitor, vestigial-like family member 4 (VGLL4) has been
demonstrated to promote vessel organoid formation [161].
This is particularly noteworthy given that the Hippo-YAP
signaling pathway has been previously established as a
critical mediator in cardiovascular development and
regeneration [162]. To date, blood vessel organoids have
been widely used in disease modeling (e.g., diabetic vascul-
opathy, COVID-19) [111, 160, 163, 164]. Moreover, the multi-
cellular feature of vessel organoids makes them a valuable
tool for investigating the mechanisms of diseases [165]. For
instance, one study demonstrated that SARS-CoV-2 can
directly infect kidney and blood vessel organoids and the
infection can be prevented by soluble recombinant human
ACE2 (hrsACE2) antibodies, although which specific cell types
are susceptible to SARS-CoV-2 infection remains unclear [163].
Another recent study provides evidence that stimulation of

vascular organoids with SARS-CoV-2 antigen could increase
pericyte uptake of SARS-CoV-2 over ECs, leading to pericyte
apoptosis [111]. Coupled with the greater loss of pericytes in
vessel organoids, subsequent in vitro studies revealed that the
SARS-CoV-2 spike glycoprotein can trigger pericyte dysfunc-
tion and therebypromote EC death [166]. This ultimately leads
to the disruption of the vascular network and alterations in
vascular permeability, thereby contributing to vasculopathy.
These studies suggest that severe microvascular endothelial
injury in COVID-19 might be a bystander effect of pericyte
injury, and provide evidence for further clinical therapeutic
targeting of pericytes in treating COVID-19.

Although vessel organoids provide a promising platform
for disease modeling and mechanistic studies, they face a
limitation in terms of nutrient and oxygen diffusion, because
as organoids grow, extensive cell death occurs in the core of
organoids [167, 168]. One of the methods to circumvent this
hurdle is to transplant organoids into live organs. Following
transplantation into the renal capsule of immunodeficient
mice, the vessel organoids were capable of anastomosing
with the host vasculature and became fully perfusable [160].
However, this method is not suitable for high throughput
studies. To overcome this issue, a vessel-on-a-chip has been
developed [169]. The incorporation of flow provides precise
mechanical stimulation through fluid flow, enhancing our
comprehensive understanding of shear stress and its
impact on vascular biology and function [170]. Accurately
modeling the various stages of atherosclerosis progression
is crucial and facilitated by the advancements in vessel-on-
a-chip technology. To model atherosclerosis progression, a
shear gradient-activated microfluidic device has been
created [171, 172]. This device is capable of inducing lumen
occlusion or stenosis, effectively replicating the increased
shear stress regions typically observed in developing
atherosclerotic plaques. As such, these vessel-on-a-chip
platforms designed for modeling atherosclerosis are poised
to play a pivotal role in advancing our understanding of the
disease and in the discovery of novel drug candidates for
future treatments.

Current challenges and future
directions

The versatile toolkit offered by hPSC-derived cardiac and
vascular tissues holds immense potential for biomedical
research. However, the translation of this potential into
clinical applications faces significant challenges. One of the
major challenges of hPSC-heart models is that the force
generated by hPSC-CMs is much smaller than that generated
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by adult CMs [113]. Therefore, it is imperative to establish
standardized criteria for the maturation of hPSC-CMs.
These criteria should encompass important factors such as
sarcomere organization, maturity markers, electrophysi-
ology, metabolic function, and gene expression profiles.
Rigorous attention to these parameters is essential to
ensure the consistent and dependable development of
hPSC-CMs for both research and clinical applications, as
emphasized in Ref. [173]. Furthermore, the field of cardiac
and vessel organoids faces a significant challenge due to the
inherent variability. This variability stems from different
hiPSC lines and differentiation protocols, leading to differences
in morphology and developmental progression [174, 175].
Therefore, it is crucial to employ multiple hiPSC lines and
optimize protocols to robustly generate cardiac or vessel
organoids, addressing the challenges associated with vari-
ability and ensuring the reliability of research outcomes
and potential clinical applications.

As previously mentioned, the generation of cardiac or
vessel organoids requires ECM such as collagen, Matrigel,
and gelatin for tissue assembly. However, the current ECM
is poorly defined and exhibits batch-to-batch variability,
restricting its usefulness in drug screening and other
downstream applications. To tackle this issue, researchers
are actively working towards creating mechanically and
chemically defined, Good Manufacturing Practice (GMP)-
grade xeno-free ECM, such as recombinant vitronectin and
Laminin-511 [176]. These efforts aim to enhance the consis-
tency and reliability of ECM for various applications, such as
culturing hiPSCs [177], but the effectiveness and consistency
of the ECM in 3D models still require thorough evaluation
and testing before being widely used.

Creating organoids that replicate the complexity of a
four-chambered heart is indeed a significant goal in the
field. To achieve greater fidelity in modeling heart devel-
opment and physiology, generating organoids with distinct
atrial and ventricular lineages on both left and right sides is
crucial. Future advancements may involve refining differ-
entiation methods to allow the formation of atrial-like
CMs alongside ventricular ones. This could be achieved by
tweaking the environmental cues, growth factors, or genetic
manipulations to guide specific cell populations toward
simultaneous atrial and ventricular differentiation. Another
approach may involve assembling chamber-specific organo-
ids, each differentiated to represent a particular lineage-
specific chamber, and then coaxing these specialized orga-
noids to merge or interact in a controlled environment. This
strategy could lead to the construction of more anatomically
accurate four-chambered organoids, mirroring the complex-
ities of the human heart. Developing these four-chambered

organoids will not only advance our understanding of heart
development but also provide more accurate models for
studying cardiac diseases and testing potential therapies.

Insufficient vascularization prevents the growth and
function of 3D heart tissues, which presents a significant
obstacle to their clinical applications. Recently, the incorpo-
ration of ECs or 3D-printed vessels has shown promising
advancements in achieving vascularization-like characteris-
tics within 3D heart tissues. Nevertheless, these approaches
have often yielded vascular-like features rather than fully
functional vasculatures. Transplanting 3D cardiac or vascular
tissues into animals enhances the vascularization of implan-
ted tissues, effectively addressing issues such as nutrient
gradient disparities and the accumulation of waste in long-
term 3D culture. Moreover, enhancement of angiogenesis
by local blood perfusion could drastically improve the
survival and size of post-transplanted cardiac organoids.
After 75 days of transplantation, the diameter of cardiac
organoids remarkably increased to 8 mm, similar to the
size of themouse heart [178]. Besides transplantation, there
are several innovative approaches to enhance vasculari-
zation in various 3Dmodels. Examples include co-culturing
brain organoids with ECs [179], co-culturing brain organo-
ids with vessel organoids [180], and overexpressing the
angiogenic transcription factor human ETS variant 2 (ETV2)
in brain organoids [181] or kidney organoids [182]. These
strategies outlined above can be implemented in cardiac
organoid research, pointing toward future directions for
advancing this field.

Another significant challenge in current 3D heart and
vesselmodels is the absence of immune and nervous systems.
A research group has made progress in addressing this issue
by developing neuro-cardiac lineages within a single orga-
noid, referred to as elongatingmultilineage organized cardiac
gastruloid (EMLOC) [183]. These EMLOCs successfully repli-
cate various interconnected developmental aspects of car-
diogenesis. Notably, neurons surrounding the EMLOCs are
co-developed in a spatially organized pattern, resembling the
innervated heart. Therefore, the EMLOC model presents an
attractive opportunity to investigate the mechanisms under-
lying simultaneous neurogenesis and cardiogenesis. In addi-
tion, the immune system also plays an important role in the
pathogenesis of cardiovascular disease. Single-cell RNA
sequencing data indicates that immune cells constitute 10.4 %
of all cell types in adult heart atrial tissue [184]. The presence
of immune cells is critically important for precisemodeling of
cardiovascular inflammation and infectious diseases. Despite
this importance, most published 3D cardiovascular disease
models lack immune cells. Therefore, integrating immune
cells into 3D models of cardiovascular diseases emerges as a
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pivotal research avenue. In other organoid fields, to address
the absence of immune cells involves establishing co-culture
of retinal organoids with hiPSC-derived macrophage precur-
sor cells [185] or co-differentiation of immune cells during the
brain organoid differentiation process [186]. Similar strate-
gies could be applied to cardiac organoids, but with some
caution, as immune cells exhibit significant heterogeneity in
terms of morphology, gene expression profile, physiological
properties, and function, which are determined by their
developmental origin and tissue microenvironment [187].

Lastly, advancing 3D cardiovascular models face chal-
lenges in 3D imaging and electrical recording techniques,
primarily due to the deeper z-plane depth compared to 2D
cells. However, recent progress in imaging technologies,
including the introduction of tissue-clearing protocols and
the creation of multiple fluorescent reporter cell lines, has
started to address these challenges [188]. Moreover, the
advancement of 3D electrical recording tools like 3D MEA
has improved the detection of electrical signals within the
core of cardiac organoids [189]. Nevertheless, the current
3D MEA techniques could benefit from refinements. The
key hurdle involves inserting electrode arrays into the
organoids, risking disruption of their growth and function.
Looking ahead, the prospect of developing non-invasive,
high-throughput, long-term live-cell imaging alongside
electrophysiological recording tools offers significant
potential to extend the applications of 3D cardiovascular
models.

In conclusion, 3D cardiac and vascular models offer a
more accurate and complex in vitro representation of the
cardiovascular system, allowing for detailed exploration of
disease mechanisms and drug screening. With ongoing
technological advancements and further refinement, these
models are on the path to becoming standard tools in car-
diovascular research. They hold the potential to significantly
enhance drug development and therapeutic interventions,
promising a brighter future for cardiovascular healthcare.
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