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Abstract: Cardiovascular diseases (CVDs) are the leading cause of death globally, propelling the urgent need for
more effective drug development strategies. Traditional methods, such as two-dimensional (2D) cell cultures and
animal models, fall short due to their limited structural complexity, lack of physiological relevance, and variations
across species. These shortcomings hinder their ability to accurately predict human cardiac responses to
therapeutic agents. Recently, advanced three-dimensional (3D) cardiac models, including cardiac organoids,
multicellular microtissues, engineered heart tissues, and organ-on-chip platforms, have emerged as promising tools
to address these limitations. This review summarizes recent advances in 3D cardiac in vitro modeling technologies,
outlines major cardiac model construction strategies and their technical characteristics, and discusses their
applications in drug toxicity evaluation, high-throughput drug screening, disease modeling, and personalized
medicine. In addition, current challenges associated with these systems are discussed, along with future
perspectives for improving their physiological relevance, scalability, and translational potential in cardiovascular
drug development and precision medicine.
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1. Introduction

Cardiovascular diseases (CVDs) rank as the foremost cause of death across the globe. Recent Global Burden
of Disease estimates indicate that CVDs remained the leading cause of death worldwide in 2023, accounting for
approximately 19.2 million deaths, or about one in three global deaths [1]. Although pharmacological interventions
are considered the primary prevention and treatments for CVDs, the development of new drugs continues to face
significant challenges, such as prolonged timelines, high costs, and elevated failure rates [2]. Cardiotoxicity, in
particular, is a major cause for the discontinuation or withdrawal of drug candidates during safety evaluation.
Notable examples include cisapride [3] and astemizole [4], which were withdrawn from the market due to the risk
of life-threatening arrhythmias. Other medications have encountered usage limitations or warnings due to
comparable issues. Traditional drug screening processes predominantly utilize two-dimensional (2D)
cardiomyocyte models and animal experiments. However, these models have several limitations in replicating
human cardiac responses due to deficiencies in tissue architecture, multicellular interactions, cellular maturity [5],
and interspecies physiological differences such as heart rate [6]. Consequently, these models may not fully capture
human-specific cardiac responses.

In recent years, the emergence of organoid technology has provided new avenues for in vitro disease
modeling. Organoids can be generated from embryonic stem cells (ESCs), induced pluripotent stem cells (iPSCs),
or adult stem cells (ASCs). Considering their developmental plasticity and self-renewal, these stem cells can
differentiate into diverse lineages and organize into three-dimensional (3D) multicellular assemblies under
appropriate culture conditions [7]. Such organoids carry several hallmarks of early human organs, including the
coexistence of multiple cell populations, basic tissue organization, and partial organ-specific functions [8]. To
date, organoid culture methods have been proposed to model several organs, including vasculature [9], heart [10],
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gastrointestinal tract [11,12], brain [13], liver [14] and retina [15]. In contrast to traditional 2D systems, organoids
offer a spatially organized environment that more accurately mimics in vivo signaling interactions. This capability
allows for the reconstruction of microenvironments typical of both physiological and pathological states. Given
that the cellular microenvironment is essential for controlling processes such as proliferation, differentiation, and
morphogenesis, organoids enhance the reliability and relevance of in vitro studies. Additionally, they present a
promising alternative for minimizing the dependence on animal experiments [16].

Cardiac organoids, a significant subset of organoid technology, consist of essential cardiac cell types, including
cardiomyocytes, endothelial cells, and fibroblasts. These organoids are capable of displaying key functional
characteristics, such as spontaneous contractions and electrophysiological activity [10]. Cardiac organoids provide a
more accurate representation of human physiological conditions than traditional models, enhancing their biological
relevance. Additionally, other advanced 3D in vitro cardiac models, including engineered heart tissues (EHTSs) and
organ-on-chip platforms, have emerged. Together, these models significantly advance preclinical drug testing and
disease research. They have shown broad application potential in studies of cardiac development, cardiotoxicity
screening [17], drug testing [18], disease modeling [19] and personalized medicine.

Cardiac organoids represent an important subtype of advanced 3D in vitro cardiac models. In addition, other
engineered systems, including multicellular microtissues, engineered heart tissues (EHTs), and organ-on-chip
platforms, have emerged as complementary approaches for modeling cardiac physiology and pathology. This review
highlights recent advances in 3D cardiac modeling strategies and their applications in drug development, with
particular emphasis on cardiotoxicity screening, disease modeling, and personalized medicine. It also discusses
current limitations and future perspectives, providing insights for both basic research and clinical translation.

2. Three-Dimensional In Vitro Modeling Systems

Recent advances in bioengineering and stem cell technologies have led to the development of multiple types
of 3D in vitro cardiac models. These systems aim to better recapitulate the cellular organization, mechanical
properties, and functional features of human heart tissue compared with traditional 2D cultures. In this review, 3D
in vitro cardiac models are discussed in three major groups: self-assembled 3D cardiac models, EHTs, and organ-
on-chip platforms. This classification is based on their distinct construction strategies, levels of structural control,
and typical experimental applications in cardiovascular research. Although they share the advantage of providing
more physiologically relevant microenvironments, each model type differs in its construction principles, level of
structural complexity, and suitability for specific applications (Figure 1). The following subsections outline these
major 3D cardiac model systems and highlight the unique characteristics of each.
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Figure 1. Strategies for generating human 3D cardiac models in vitro.
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2.1. Self-Assembled 3D Cardiac Models

Self-assembled 3D cardiac models refer to cardiac constructs generated without predefined external scaffolds
or rigid geometric templates. Instead, tissue formation arises through cellular aggregation and cell—cell interactions
within a three-dimensional environment [20].

Within this category, two major types of models can be distinguished based on their underlying biological
mechanisms. The first includes self-organizing cardiac organoids derived from pluripotent stem cells, in which
morphogen-driven developmental programs guide tissue patterning and spatial organization. The second includes
multicellular cardiac microtissues or spheroids formed by assembling pre-differentiated cardiac cell types in
defined ratios.

Although both systems rely on three-dimensional cell aggregation, they differ substantially in their
developmental origin, structural autonomy, and experimental applications.

2.1.1. Self-Organizing Cardiac Organoids

Self-organizing cardiac organoids are PSC-derived 3D aggregates that recapitulate aspects of early cardiac
morphogenesis through intrinsic developmental programs. These models rely on the coordinated differentiation,
lineage specification, and spatial patterning of pluripotent stem cells under temporally controlled signaling
modulation. Typically, PSCs are first aggregated into embryoid bodies (EBs) and subsequently guided toward
cardiac mesoderm and cardiomyocyte lineages through stage-specific regulation of key developmental pathways,
most commonly the WNT/B-catenin signaling pathway [21].

Unlike engineered constructs assembled from pre-specified components, self-organizing organoids undergo
endogenous morphogen-driven pattern formation. Through cell-cell interactions and self-sorting processes,
multiple cardiac-relevant cell types, including cardiomyocytes, endothelial cells, and epicardial-like cells, emerge
and organize into spatially structured 3D tissues.

Several groups have recently developed stem-cell-derived cardiac organoid systems that reproduce key
aspects of early heart development. To model chamber-specific morphogenesis, Hofbauer et al. developed human
pluripotent stem cell-derived cardioids that self-organize into chamber-like cardiac structures and reproduce
fundamental morphogenetic events of early cardiogenesis [22]. Building on this work, Schmidt et al. further
established multi-chamber cardioid models capable of generating distinct cardiac compartments, thereby enabling
the study of inter-chamber interactions and congenital heart defects in vitro [23]. Other organoid models have
focused on reproducing early developmental tissue interactions. Drakhlis et al. reported human heart-forming
organoids that recapitulate early cardiac morphogenesis and heart—foregut interactions through the coordinated
emergence of myocardial and endocardial-like tissues [24]. Extending this platform, Dardano et al. developed
blood-generating heart-forming organoids that model the co-development of cardiac and hematopoietic systems
during early embryogenesis [25]. Additional studies highlight the importance of multi-lineage patterning in cardiac
development. For instance, Rossi et al. demonstrated that mouse ESC-derived gastruloids can reproduce early
cardiogenic patterning events, including the formation of cardiac crescent-like structures and beating cardiac
tissues during early embryonic development [26]. Similarly, Silva et al. generated multilineage human iPSC-
derived organoids in which cardiac and gut tissues co-emerge from mesendoderm progenitors. In this model,
endoderm-derived tissues promote structural and functional maturation of cardiomyocytes through paracrine
signaling interactions, including enhanced sarcomere organization and enrichment of atrial/nodal-like
cardiomyocytes [27]. Lewis-Israeli et al. further demonstrated the generation of self-organizing human heart
organoids derived from pluripotent stem cells and showed their capacity to model aspects of cardiac development
and congenital heart disease under altered metabolic conditions [28,29]. These organoids exhibited spontaneous
contractions, multicellular composition, and structural features reminiscent of early heart tissue. Such systems
provide valuable platforms for studying developmental processes, congenital abnormalities, and early-stage drug-
induced developmental toxicity.

Despite their biological relevance, self-organizing cardiac organoids remain subject to several limitations.
Variability in organoid size, structural heterogeneity, incomplete maturation of cardiomyocytes, and batch-to-
batch inconsistency continue to challenge reproducibility across laboratories. Moreover, the predominantly fetal-
like phenotype of PSC-derived cardiomyocytes restricts the modeling of adult-onset cardiac diseases and mature
electrophysiological disorders.
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2.1.2. Multicellular Cardiac Microtissues

Multicellular cardiac microtissues, also referred to as cardiac spheroids, represent another important class of self-
assembled 3D cardiac models. In contrast to self-organizing cardiac organoids, these systems are typically generated by
assembling pre-differentiated cardiac cell types rather than relying on intrinsic developmental self-organization.

In many cardiac microtissue models, pluripotent stem cells are first directed to differentiate into multiple
cardiac-relevant lineages, including cardiomyocytes, endothelial cells, smooth muscle cells, and cardiac
fibroblasts. These pre-differentiated cells are subsequently combined in defined ratios and cultured within a three-
dimensional environment, where they spontaneously aggregate to form compact spheroids through cell—cell
adhesion and extracellular matrix interactions [30,31]. This “pre-differentiation + co-culture” strategy allows
researchers to reconstruct aspects of the multicellular cardiac microenvironment in a controlled manner.

Importantly, multicellular cardiac microtissues are not restricted to systems composed entirely of iPSC-
derived cell types. In some studies, iPSC-derived cardiomyocytes have been combined with primary supporting
cells, such as endothelial cells and fibroblasts, to better reproduce the native myocardial microenvironment. For
example, Richards et al. [32] developed a 3D cardiac microtissue model using iPSC-derived cardiomyocytes
together with HUVECs and primary ventricular fibroblasts, highlighting the flexibility of this platform in
incorporating mixed cell sources.

In other studies, cardiac spheroids composed of cardiomyocytes together with endothelial cells, smooth
muscle cells, and cardiac fibroblasts derived from human induced pluripotent stem cells have been successfully
generated and shown to exhibit coordinated contractile activity and multicellular interactions [33]. Similar
engineered cardiac spheroid systems have also been proposed as platforms for modeling cardiovascular diseases
and evaluating potential therapeutic strategies [34].

Compared with self-organizing cardiac organoids, multicellular cardiac microtissues offer several practical
advantages. Because the cellular composition and cell ratios can be precisely controlled, these models generally
demonstrate improved experimental reproducibility and reduced batch-to-batch variability. In addition, their
relatively simple architecture makes them compatible with high-throughput experimental formats, which is
particularly advantageous for drug screening and cardiotoxicity assessment [35].

However, because cardiac microtissues are formed through the aggregation of pre-specified cell populations,
they typically lack the morphogen-driven developmental patterning observed in self-organizing cardiac organoids.
As a result, these systems are less suitable for studying early cardiac morphogenesis but remain valuable for
functional studies and pharmacological testing.

2.2. Engineered Heart Tissues

EHTs, as function-oriented, artificially constructed models, serve as a complementary 3D model system to
self-assembling cardiac organoids. Unlike self-organizing cardiac organoids, which arise through intrinsic
developmental programs, and multicellular cardiac microtissues, which are formed by aggregation of pre-
differentiated cells, EHTs are engineered constructs assembled within defined biomaterial scaffolds, allowing
precise control over tissue architecture and mechanical properties. Therefore, 3D bioprinting is often considered
as an advanced fabrication technique within the broader spectrum of engineered heart tissues, although it is
sometimes discussed as a distinct subcategory due to its unique structural controllability. It has been reported that
3D-based EHT construction strategies provide a supportive platform for the maturation of Human pluripotent stem
cell-derived cardiomyocytes (hPSC-CMs).

Several EHT models, including strip- [36,37], ring- [38], and patch-type constructs [39], are established by
embedding hPSC-CMs (with or without supporting cardiac cells) into hydrogels such as collagen, Matrigel, fibronectin,
or fibrin [40]. During this process, a variety of physiological parameters—including long-term culture [41], substrate
stiffness [42], cell patterning and alignment [43,44], electrical and mechanical stimulation [45], mechanical
loading [46] and the interaction with other cell types [47], have all been shown to significantly enhance hPSC-
CMs maturation [48].

EHTs are recognized as optimal models for investigating cardiac contractility and electrophysiological
characteristics because they can replicate specific features of adult human myocardium. Nevertheless, EHTs have
limitations in mimicking the intricate 3D structure and the early developmental processes of native cardiac tissue.
Additionally, the construction of EHTs is both technically challenging and expensive, which limits their scalability
and effectiveness in high-throughput screening applications [20]. Under strict quality control standards, EHTs
exhibit relatively high reproducibility in drug-induced response studies [49]. In the future, efforts to improve
maturity and throughput of EHT systems are advocated to improve therapeutics and facilitate the establishment of
more granular approaches to disease modeling [50].
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2.3. Cardiac Organ-on-Chip Platforms

Organ-on-chip systems represent an advanced class of in vitro models. Utilizing microfluidic technology, these
models facilitate precise control over fluid dynamics and nutrient supply. This capability enables the incorporation
of external stimuli, such as electrical and mechanical signals, while also permitting real-time monitoring of crucial
physiological metrics, including pH, oxygen levels, and metabolite concentrations. As a result, organ-on-chip systems
effectively mimic the intricate in vivo microenvironment [51]. For example, Marsano et al. developed a chip-based
platform that reproduces mechanical conditions relevant to cardiomyocytes and may facilitate the study of
hypertrophic responses induced by combined mechanical and biochemical stimulation [52]. Zhang et al. [53]
constructed a multifunctional microfluidic chip integrating both electrical stimulation and electrophysiological signal
monitoring. This system not only promotes cardiomyocyte maturation but also enables real-time assessment of drug
responses, highlighting its broad potential in cardiovascular toxicity testing and drug screening.

Organ-on-chip platforms can also be integrated with models of various organs, including the kidney, liver,
and pancreas, to develop “multi-organ-on-chip” systems. These innovative platforms have the potential to
accurately replicate the intricate interactions between the cardiovascular system and metabolic or excretory organs.
This capability allows for a more realistic assessment of drug-induced systemic effects and the potential for
cardiotoxicity. For instance, Cody Juguilon et al. [54] pointed out that the cardiorenal-metabolic syndrome is a
progressive condition driven by disrupted signaling among adipose tissue, liver, kidney, and heart, which can
eventually lead to multi-organ dysfunction. Multi-organ chip platforms offer a cutting-edge in vitro model that
facilitates the systematic investigation of inter-organ communication at different stages of the syndrome. These
platforms have the potential to enhance drug discovery processes and improve the translation of findings into
clinical applications.

These features highlight the potential of organ-on-chip systems for studying cardiac physiology, drug
responses, and inter-organ interactions in a more integrated manner. To facilitate a clearer conceptual comparison
of the major 3D cardiac model systems discussed above, their key features, advantages, and limitations are
summarized in Table 1.

Table 1. Comparative features of major 3D cardiac models in drug development, based on representative studies
discussed in this review.

Model Type g:::izg;cmn (S)t:;l:ltllilzr:tlion Maturity Throughput Advantages Limitations Applications
Developmental
. Recapitulate High variability;  studies;
Self- PSC self- . Moderate-high cardiac immature congenital
organizing organization guided (multi-lineage, Low (fetal- Moderate development; phenotype: disease
cardiac by developmental  partial spatial ~ like) mul ticellular’ limited ’ modeling: carly
organoids signaling organization) interactions reproducibility toxicity
assessment
Good Limited structural
Cardiac ) reproducibﬁlity; ct')mpl'exity; Drug _
microtissues A-ggregaFlon of pre- Low-moderate Low-— High cos t-effectlvg; d.lff.uSI.on . screening, |
(spheroids) differentiated cells moderate suitable for high- limitations in cardiotoxicity
throughput larger constructs ~ assessment
screening [55]
. Enhanced Functional
Engineered gﬂﬁ;;g?;‘si({ziﬁn functional Complex pharmacology;
. . High (aligned . Low— maturity; direct fabrication; high  contractility
heart tissues  mechanical/ structure) High moderate measurement of  cell demand; and
(EHTs) electrical e A Do .
stimulation contractility and  limited scalability electrophysiolo
electrophysiology gical analysis
Real-time Techmca'l Mechanistic
o complexity; ..
Cardiac Microfluidic Moderate—high monitoring; ¢ limited studles,l I
organ-on- systems with (dynamic and  Moderate— Low— 1r;lteg'r ation N . standardization; (siystem— eve .
chip controlled perfusable high moderate p 2’51:.3 lcfues, potential drug rulgt_response,
platforms microenvironment  system) po Ttn 1al tor absorption (e.g., mtl L-organ
multi-organ polydimethylsilo interaction
systems xane (PDMS)) studies

3. Applications of 3D Cardiac Models in Drug Development

Drug-induced cardiotoxicity has emerged as a critical issue in both drug development and clinical practice.
While most pharmaceuticals are not specifically designed to affect the heart, many can produce a range of cardiac
adverse events, some of which pose significant risks to patient safety. Despite the adoption of various safety
screening protocols during preclinical trials, new cardiotoxic effects continue to surface after drugs are brought to
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market, highlighting the shortcomings of current detection methodologies. It is estimated that approximately 10%
of drug withdrawals are attributable to cardiovascular adverse drug reactions (ADRs). The consequences of drug-
induced cardiotoxicity, especially in relation to heart failure, are frequently underestimated, with incidence rates
reported between 11.0% and over 20.0% [56]. This not only poses a direct threat to patient safety but also
significantly increases the cost of drug development.

Historically, numerous drugs have been restricted or withdrawn, either globally or in specific regions, due to
cardiac safety concerns. Many of these, including cisapride [3], astemizole [4,57], gatifloxacin [58-60],
grepafloxacin [58,61,62], bepridil [58,63], levomethadyl acetate [58,64], mesoridazine [58,65], probucol [58,66],
sparfloxacin [58,61,62], and terfenadine [57,58,67], were linked to QT interval prolongation or life-threatening
arrhythmias such as Torsades de Pointes (TdP). Ezogabine (retigabine) [58,68,69] was also withdrawn globally,
with a possible risk of TdP and rare cases of QT prolongation and arrhythmias. Droperidol [70,71], though not
withdrawn, carries an FDA black box warning (2001) for QT prolongation and TdP risk. Notably, some drugs with
known cardiotoxic potential are applied in clinical use due to their substantial therapeutic benefits, provided that
dosing and cardiac monitoring are carefully managed. For example, doxorubicin, an anthracycline anticancer
agent, is currently used although it is associated with dose-dependent cardiotoxicity—approximately 4% of
patients develop cardiomyopathy at cumulative doses of 500-550 mg/m?, increasing to 36% when the dose exceeds
600 mg/m? [72].

Traditional cardiac safety assessment relies on multiple approaches, which include in vitro ion channel assays
(such as the hERG test [73]), human cardiomyocyte models (e.g., hiPSC-derived cardiomyocytes) [74], animal
studies, and clinical ECG monitoring [75,76]. However, both 2D hiPSC-CM models and animal models face
significant limitations in structural complexity, functional maturity, and interspecies physiological differences,
which compromise their predictive accuracy.

Although 2D cell culture systems are cost-effective and easy to handle, they do not capture the 3D tissue
microenvironment in vivo, resulting in inaccurate drug responses [77] and limited predictive power. Animal
models are commonly used to assess systemic toxicity, but significant interspecies differences can undermine their
relevance to human health. A retrospective analysis of 108 anticancer drugs revealed that the median positive
predictive value (PPV) of animal studies in predicting human toxicity was merely 0.65. In contrast, the negative
predictive value (NPV) was approximately 0.50—indicating a nearly equal likelihood of encountering false
positives and false negatives [78].

These limitations underscore the pressing necessity for in vitro cardiac models that more accurately replicate
human cardiac physiology while providing better predictive accuracy for cardiotoxicity. Among these systems,
cardiac organoids and other advanced 3D cardiac models have attracted considerable interest owing to their
superior structural and functional biomimicry (Figure 2).
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Figure 2. Applications of 3D cardiac models in drug development.
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3.1. Cardiotoxicity Evaluation and Drug Screening

Advanced 3D cardiac models, particularly cardiac organoids, have emerged as promising in vitro platforms
for evaluating drug-induced cardiotoxicity, owing to their ability to recapitulate multicellular architecture,
contractile behavior, and electrophysiological properties that are difficult to achieve in conventional 2D cultures.
Existing studies have applied cardiac organoids to assess multiple manifestations of drug-induced cardiotoxicity,
particularly structural and cellular injury, electrophysiological disturbances, and functional impairment.

To examine structural and cellular manifestations of cardiotoxicity, Chen et al. [17] used a previously
established human ESC-derived cardiac organoid model to investigate doxorubicin-induced toxicity. The model
reproduced several clinically relevant hallmarks of cardiotoxicity, including impaired cardiac function, apoptosis,
inflammation, and mitochondrial damage, supporting its utility as a physiologically relevant platform for toxicity
assessment. Likewise, integrated single-organ and multi-organoid systems have been used to evaluate FDA-
recalled compounds associated with human toxicity, and these 3D tissue models, including cardiac organoids,
showed sensitivity to toxic agents [79]. Together, these studies support the utility of cardiac organoids for detecting
diverse cardiotoxic phenotypes. Nevertheless, most evidence remains feasibility-based, and rigorous
demonstrations of superior predictive performance over conventional animal or 2D models are still scarce.

For electrophysiological safety assessment and arrhythmogenic risk prediction, Lee et al. [80] used cardiac
organoids to examine the cardiac safety of Echinochrome A (EchA). The organoids expressed characteristic
cardiac markers and displayed electrophysiological activity, with no significant adverse effects across multiple
functional parameters at concentrations ranging from 0.1 to 30 uM. This study highlights the value of cardiac
organoids not only for identifying toxic compounds but also for supporting the preclinical evaluation of candidates
with minimal detectable cardiotoxicity. More recently, Choi et al. developed a deformable shell-shaped
microelectrode array (shell MEA) that conforms to the organoid surface and enables real-time measurement of
global electrical activity [81]. In combination with calcium imaging, this platform detected electrophysiological
responses to isoproterenol and the hERG blocker E-4031 [81], demonstrating its potential for early detection of
drug-induced arrhythmias. Compared with standard 2D electrophysiological assays, these organoid-based systems
may better preserve three-dimensional tissue-level responses. However, the extent to which this translates into
improved prediction of clinical arrhythmia liability remains unclear, given the limited benchmarking across diverse
drug classes and the still immature phenotype of many current cardiac organoid models.

For functional drug screening and contractile assessment, engineered cardiac microtissues and organoid-related
platforms have also shown utility in detecting drug-induced mechanical impairment. Richard J. Mills et al. [18]
established a bioengineered human cardiac tissue platform and performed high-throughput screening of 105 small
molecules, revealing screening outcomes that differed from those obtained in traditional 2D systems. This study
identified two compounds capable of promoting cardiomyocyte proliferation while preserving functional
performance, illustrating the advantage of 3D cardiac models for functional screening and mechanistic studies. In
another study, an engineered heart tissue (EHT) platform composed of hiPSC-derived cardiomyocytes was coupled
with an automated image-based contraction analysis workflow to quantify tissue shortening and PDMS post
deflection under standardized conditions [82], thereby enabling indirect assessment of contractile force. Using this
system, exposure to the hERG inhibitor E-4031 produced detectable alterations in contractile dynamics [82],
supporting its sensitivity for cardiac safety screening. These studies indicate that 3D cardiac models can capture
integrated mechanical outputs that are difficult to resolve in simpler monolayer cultures, although differences in
platform design and analysis pipelines currently limit cross-study comparability. These studies also reflect an
important trend in the field, namely the adaptation of cardiac organoids to higher-throughput and multi-parametric
screening formats. However, most available reports still emphasize technical feasibility and platform
responsiveness, whereas rigorous benchmarking against conventional models across broader compound sets
remains limited.

Importantly, several studies also point to practical limitations and inconclusive aspects that must be addressed
before wider adoption. Standardization remains a major challenge, as parameters such as cell source,
differentiation protocol, generation time, and organoid size can substantially influence beating behavior, calcium
handling, and drug responsiveness. Lee et al. systematically evaluated the beating regularity and calcium signaling
of cardiac organoids generated under different conditions and emphasized the need to define parameters such as
generation time and size to improve the reproducibility and reliability of toxicity assessments [83]. Similarly,
Hoang et al. [84] identified cardiac organoids with a diameter of approximately 600 pm as the most suitable for
drug screening and used this optimized model to assess the embryotoxicity of nine FDA-approved pregnancy-
related drugs with different teratogenic risks. These findings underscore that organoid performance is highly
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condition-dependent and that the lack of standardized production criteria may partly explain why results across
studies are not always directly comparable.

Overall, cardiac organoids are helping to overcome some of the limitations of traditional models by more
closely reproducing human cardiac structure and function. Their particular strengths lie in enabling integrated
assessment of structural injury, electrophysiological disturbances, and contractile dysfunction within a more
biomimetic context. However, the field is still transitioning from promising proof-of-principle studies to robust
validation. Future progress will depend not only on advances in bioengineering and automation, but also on
systematic benchmarking, standardization, and transparent reporting of both positive and negative findings. With
these improvements, cardiac organoids are likely to become increasingly valuable tools for drug screening and
cardiotoxicity risk assessment.

3.2. Disease Modeling

Although 3D cardiac models were initially developed for drug safety assessment and screening, they are
increasingly being used as platforms for studying human cardiac diseases. Recent research has demonstrated the
successful application of cardiac organoids to simulate various cardiac conditions in vitro, such as ischemic heart
disease, metabolic cardiomyopathy, congenital heart defects, and heart failure. These models facilitate targeted
drug screening and play a crucial role in advancing more tailored therapeutic approaches for cardiovascular
disorders. Beyond phenotypic recapitulation, these systems also enable the investigation of disease-relevant
mechanisms, including hypoxia-related injury, metabolic stress, fibrosis-associated remodeling, and abnormal
calcium handling.

In the context of ischemic heart disease modeling, Richards et al. [32] developed a 3D cardiac microtissue-based
model incorporating an internal oxygen gradient and norepinephrine stimulation to mimic the structural and metabolic
characteristics of different myocardial infarction zones (infarct, border, and remote areas). This model effectively
replicated infarction characteristics across transcriptomic, morphological, and functional dimensions, while also
enabling the study of hypoxia-driven injury responses and regional heterogeneity across infarct, border, and remote
zones. It was also used to explore how hypoxic conditions amplify doxorubicin-induced cardiotoxicity, underscoring
the potential of 3D cardiac models for modeling non-genetic cardiovascular diseases. Similarly, Song et al. [85] induced
ischemia—reperfusion injury in cardiac organoids via hypoxic treatment, thereby enhancing apoptosis, impairing
cardiac function, disrupting calcium handling, and elevating fibrosis markers—effectively simulating the
pathological processes of acute myocardial infarction and cardiac fibrosis. Together, these studies suggest that 3D
cardiac models are particularly useful for investigating ischemia-associated mechanisms, including hypoxia-
induced stress, apoptosis, calcium dysregulation, and fibrotic remodeling, within a multicellular, spatially
organized tissue context.

For metabolic cardiomyopathy, Wang et al. [86] established a diabetic cardiomyopathy (DCM) model by
exposing cardiac organoids to a high-glucose, high-lipid environment. They observed that the treatment induced
cellular apoptosis, oxidative stress, mitochondrial dysfunction, and upregulation of cardiac injury markers,
inflammatory mediators, and fibrosis-related factors. Subsequent treatment with metformin significantly improved
these pathological features, highlighting the model’s effectiveness in assessing drug efficacy and exploring
mechanisms associated with diabetic heart disease. These findings indicate that cardiac organoids can capture key
mechanisms of diabetic cardiomyopathy, particularly the interplay among metabolic stress, mitochondrial
dysfunction, inflammatory signaling, and fibrosis-related remodeling.

In congenital disease modeling, Lewis-Israeli et al. [29] simulated pregestational diabetes conditions (high
glucose and high insulin) during organoid culture, successfully recapitulating the morphological and functional
abnormalities of malformed fetal hearts. The associated electrophysiological abnormalities, metabolic
disturbances, and myocardial disorganization provide a useful platform for investigating developmental
mechanisms underlying congenital cardiac defects. However, because these models predominantly reflect early
developmental stages, their ability to reproduce later-stage or adult electrophysiology-driven disease phenotypes
remains limited.

In addition, researchers have developed 3D cardiac models for heart failure with preserved ejection fraction
(HFpEF) that integrate various comorbid conditions, including hypertension, diabetes, and obesity. These models
effectively replicate essential pathological features of HFpEF, such as cellular and tissue hypertrophy, fibrosis,
increased passive stiffness of cardiac tissue, diastolic dysfunction, abnormal calcium handling, and impaired
energy metabolism [19]. This application highlights the potential of advanced 3D cardiac models to integrate
multiple disease-relevant stressors and reproduce complex pathological features of adult heart disease. At the same
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time, whether these in vitro phenotypes fully capture the long-term progression and patient-to-patient
heterogeneity of HFpEF remains to be established.

Collectively, these studies show that 3D cardiac models are not only useful for reproducing disease-
associated phenotypes, but also for probing tissue-level pathological processes that depend on multicellular
crosstalk and three-dimensional microenvironmental context. However, important limitations remain. Many
current cardiac organoid models retain fetal-like characteristics, which constrains their ability to faithfully model
adult-onset disorders and mature electrophysiology-driven diseases. In addition, although several reported
phenotypes are consistent with known human pathological features, systematic validation against clinical patient
data is still limited. Further refinement, benchmarking, and clinical correlation will therefore be essential to
enhance the mechanistic and translational value of these models.

3.3. Personalized Medicine

Patient-specific iPSC-derived cardiac models provide a powerful platform for disease modeling and drug
testing, particularly for developing models that accurately represent individual genetic backgrounds. Unlike
traditional animal models, which often face challenges due to interspecies differences, iPSC-derived organoids
effectively reflect the genetic and phenotypic diversity among individuals. This capability makes them especially
useful for creating and personalizing treatment plans that cater to the specific needs of each patient [10,87].

In studies of genetic cardiac diseases, patient-specific 3D cardiac models derived from iPSCs have been used to
reproduce pathological changes in cell alignment and calcium signaling associated with dilated cardiomyopathy [88].
Advances in gene editing have revealed that correcting disease-causing mutations, such as the F508del mutation
in the CFTR gene using CRISPR to produce functional lung organoids, could inspire similar applications in cardiac
organoid systems [16,89].

With continuous advancements in differentiation efficiency, disease modeling, and phenotypic analysis
techniques, iPSC-derived cardiac organoids are poised to significantly enhance drug target discovery, optimize
individualized dosing, and inform precision therapeutic decisions. This progress opens new avenues for
cardiovascular precision medicine.

4. Perspectives and Challenges

Advanced 3D cardiac models, particularly cardiac organoids, have shown remarkable potential in recent
years across drug toxicity assessment, disease modeling, and personalized medicine. Compared with conventional
2D cardiomyocyte models and animal experiments, these systems provide enhanced biomimicry by more
accurately reflecting tissue architecture and cellular composition. They can partially recapitulate complex human
cardiac functions, including rhythmic contractions, electrophysiological activity, and drug responses, and have
been widely used to model cardiotoxicity, screen therapeutic compounds, and simulate disease conditions. This
progression is gradually shifting these models from fundamental research toward preclinical applications,
positioning them as promising platforms for drug development and precision medicine.

As summarized in Table 1, different 3D cardiac model systems exhibit distinct structural, functional, and
practical characteristics, leading to specific advantages and limitations that influence their translational potential.
Despite their rapid development, 3D cardiac models still face several challenges. First, there is currently no
standardized protocol for organoid generation, leading to significant inter-laboratory variability and reduced
reproducibility and comparability [83]. Such variability complicates cross-study comparisons and may reduce the
reliability of organoid-based drug response predictions. Furthermore, cardiomyocytes within cardiac organoids
often present with a fetal-like phenotype and lack the functional characteristics of mature cardiac tissue [90]. This
immature phenotype limits the ability of current organoid systems to faithfully model adult-onset cardiovascular
diseases, including arrhythmias, hypertrophic cardiomyopathy, and heart failure. Although physiological
interventions such as electrical stimulation have been reported to enhance the maturation of cardiac organoids/EHTs
to some extent [91,92], modeling adult cardiac diseases, such as arrhythmias, remains difficult [93]. Moreover,
accurate replication of the coordinated regulation of the cardiac microenvironment using systems such as the
nervous and immune systems remains to be a critical challenge, although recent advances have partially addressed
this limitation [94]. Finally, significant technological barriers to scalability and high-throughput compatibility limit
the broader implementation of cardiac organoids in industrial-scale drug screening, particularly given the relatively
high cost and time required for organoid generation. In addition, material-related limitations in certain organoid-
on-chip or microfluidic platforms, such as small-molecule absorption by PDMS, may affect drug exposure
accuracy and compromise pharmacological assessments [95].

9 of 15



1JDDP 2026 https://doi.org/10.53941/ijddp.2026.100022

Another major challenge lies in the regulatory acceptance of 3D cardiac model-based assays for drug safety
evaluation, as standardized validation frameworks and benchmarking datasets are still under development [96,97].
While technical guidelines for cardiac organoid manufacturing have recently been established to address quality
control and basic assay requirements [98], these currently serve as preliminary frameworks and highlight the need
for further comparative studies to support regulatory qualification [98]. Regulatory agencies, including the FDA,
are actively working toward incorporating new approach methodologies (NAMs), but formal acceptance pathways
specifically for complex 3D cardiac models have not yet been established [97,99].

The protocol standardization, functional maturation, microenvironmental integration, and regulatory
acceptance, represent major bottlenecks to the broader adoption of 3D cardiac model-based platforms [96]. These
limitations highlight the current lack of clear pathways for integrating 3D cardiac models into established safety
pharmacology frameworks, such as the comprehensive in vitro proarrhythmia assay (CiPA) [97,99]. Recent efforts
have focused on qualifying human iPSC-derived cardiomyocytes within the CiPA paradigm, but these have
predominantly utilized 2D monolayers rather than 3D configurations [100]. This suggests that 3D cardiac models
may serve as complementary platforms to existing CiPA components by providing higher-order tissue-level
readouts. While 3D cardiac models offer enhanced structural complexity, achieving the throughput and
reproducibility required for regulatory standardization remains a significant challenge [97].

To address these challenges, future research is proposed to promote the optimization and application of
cardiac organoids in several key directions. For example, integrating multi-organ-on-chip systems [54] may
expand the capacity to simulate systemic drug effects and toxicity. The application of interventions, such as
electrical stimulation, mechanical loading, and metabolic modulation, has been reported to facilitate
cardiomyocyte maturation toward an adult-like phenotype [101,102]. Artificial intelligence is progressively being
utilized in the quality control of organoids, image analysis, and the evaluation of 3D structures. These advances
may facilitate the integration of cardiac organoid systems into automated drug discovery pipelines and improve
the predictive accuracy of preclinical cardiotoxicity assessment. This advancement significantly enhances the
automation and accuracy of high-throughput screening methods that involve cardiac organoids [103]. Ultimately,
the integration of iPSC-derived cardiac organoids with patient-specific clinical data may offer powerful tools for
individualized drug therapy, disease prediction, and precision cardiovascular medicine [104]. In parallel,
collaborative efforts among academia, industry, and regulatory agencies will be essential to generate robust
benchmarking datasets and standardized validation frameworks, thereby enabling the regulatory qualification and
broader adoption of 3D cardiac model-based assays in drug safety evaluation.

In summary, cardiac organoids and related 3D cardiac models represent a promising advance in drug
screening and cardiotoxicity assessment. Although challenges related to cost, preparation time, maturation,
standardization, and scalability remain, continued progress in stem cell engineering, tissue biomimicry, and digital
technologies is expected to enhance their value in cardiovascular drug development and precision medicine. With
further optimization, these systems may increasingly help bridge the gap between conventional preclinical models
and human clinical responses.
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Abbreviation Full Term

2D Two-dimensional

3D Three-dimensional

ASC Adult stem cell

CiPA Comprehensive in vitro Proarrhythmia Assay

CVD Cardiovascular disease

EHT Engineered heart tissue

ESC Embryonic stem cell

FDA Food and Drug Administration

HFpEF Heart failure with preserved ejection fraction
hPSC-CM Human pluripotent stem cell-derived cardiomyocyte
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iPSC Induced pluripotent stem cell

NAM New Approach Methodology

NPV Negative predictive value

PDMS Polydimethylsiloxane

PPV Positive predictive value

TdP Torsades de Pointes
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