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Abstract

In vitro cardiac model systems have rapidly advanced as complementary platforms to conventional two-dimensional
(2D) cultures and animal models, which, despite their long-standing contributions, exhibit inherent limitations in
predicting human cardiac responses. This review highlights recent progress in biomimetic platforms that more
faithfully recapitulate the structure and function of the human myocardium, including engineered three-dimensional
(3D) tissues, chambered ventricular constructs, self-organizing cardiac organoids, and microphysiological systems.
These models are increasingly being applied as Drug Development Tools (DDTs) for safety pharmacology, efficacy
testing, and cardiotoxicity assessment, offering improved predictive performance compared to traditional assays. By
incorporating key features, such as three-dimensional tissue architecture, multicellular composition, electromechanical
coupling, and physiological loading, these platforms enhance the translational relevance of preclinical studies. Recent
innovations include maturation-enhanced organoids, vascularized engineered heart tissues, chamber models with
physiological pressure—volume dynamics, and chip-based platforms that enable the real-time assessment of
contractility and electrophysiology. Importantly, the integration of immune and vascular components, as well as multi-
organ connectivity, further extends their applicability to systemic drug evaluations and disease modeling. Collectively,
these advances bridge the gap between reductionist in vitro assays and clinical studies and align with emerging
regulatory paradigms that emphasize human-relevant and non-animal testing methods. By enabling mechanistic
insights into human cardiogenesis, cardiomyocyte maturation, and patient-specific disease modeling, advanced
in vitro cardiac platforms hold great promise for precision pharmacology and regenerative medicine. Overall, in vitro
cardiac models represent a transformative paradigm for advancing drug discovery, improving safety predictions, and
reducing the reliance on animal testing in cardiovascular research.

Introduction limitation underlying these failures is the poor predictive

Cardiovascular disease (CVD) is the leading cause of
mortality worldwide, accounting for approximately one-
third of all global deaths’. Despite this substantial disease
burden, the development of new cardiovascular ther-
apeutics continues to face high attrition rates during
Phase II and III clinical trials, largely due to insufficient
efficacy and unexpected toxicities”®. A fundamental
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accuracy of conventional preclinical models, which fail to
faithfully recapitulate key aspects of human cardiac phy-
siology and pharmacodynamics®. Although animal models
have long served as the backbone of preclinical cardio-
vascular research, they differ markedly from humans in
heart size, ion channel expression profiles, metabolic
pathways, and drug responses. These differences result in
significant interspecies variability and limit translational
predictability®. Similarly, widely used in vitro assays,
such as hERG ion channel testing in transfected cell lines,
capture only isolated electrophysiological effects. As a
result, these assays often generate false-positive or false-
negative predictions of arrhythmia risk®’. Consequently,
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clinically relevant cardiac safety liabilities, including
proarrhythmic and cardiodepressive effects, may remain
undetected until late-stage development or even after
market approval®. Therefore, drug-induced cardiotoxicity
remains a major cause of late-stage clinical trial failure
and post-marketing withdrawal, underscoring the urgent
need for more predictive, human-relevant cardiac
screening platforms. Human induced pluripotent stem
cell-derived cardiomyocytes (hiPSC-CMs) have emerged
as a promising solution to bridge this translational gap’.
Reprogrammed from adult somatic cells, hiPSC-CMs
retain the human genetic background and recapitulate the
key electrophysiological properties of native cardiomyo-
cytes'>'!. Importantly, they can be generated at scale,
maintained in long-term cultures, and integrated into
reproducible, high-throughput drug screening work-
flows'”. Their intrinsic human relevance enables the
detection of cardiotoxic and arrhythmogenic effects that
are frequently overlooked in animal models'?, represent-
ing a critical advantage over conventional approaches.
Furthermore, patient-specific and gene-edited hiPSC-
CMs enable the modeling of a broad spectrum of cardi-
ovascular diseases, ranging from inherited channelo-
pathies to complex cardiomyopathies, thereby advancing
precision pharmacology’. Contemporary in vitro cardiac
models now span a wide continuum of structural and
functional complexity. These range from simple two-
dimensional (2D) monolayers to three-dimensional (3D)
engineered heart tissues (EHTSs), self-organizing cardiac
organoids (COs), and microphysiological systems (MPSs),
commonly referred to as heart-on-a-chip (HoC) plat-
forms'®'*, Each model class offers a distinct balance
between experimental throughput and physiological
fidelity, providing complementary tools for efficacy test-
ing, safety, and mechanistic interrogation. In this review,
we summarize the current landscape of hiPSC-derived
cardiac model systems, critically evaluate their applica-
tions in preclinical drug development, and discuss per-
sistent challenges, including tissue maturation, scalability,
reproducibility, and regulatory validation of these models.
Particular emphasis is placed on recent micro- and
nanoscale engineering innovations that are driving these
platforms toward enhanced translational relevance and
clinical impacts.

In vitro cardiac model platforms for drug
evaluation

To overcome the inherent limitations of conventional
in vivo animal models and overly reductionist in vitro
assays, a wide range of in vitro cardiac platforms has been
developed to improve the predictive accuracy of pre-
clinical cardiovascular drug evaluation (Fig. 1). Whereas
early cardiac models relied predominantly on animal-
derived cells, such as neonatal rat ventricular myocytes
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(NRVMs), the field has rapidly transitioned toward
human-based systems derived from human induced
pluripotent stem cells (hiPSCs) to recapitulate human-
specific cardiac physiology more closely. Collectively,
these platforms span multiple levels of cardiac organiza-
tion, ranging from single cardiomyocytes to multicellular
engineered tissues and organ-level structures. Each model
class entails a distinct trade-off between physiological
fidelity and experimental throughput, enabling investiga-
tors to select the most appropriate platform based on
their specific pharmacological objectives.

In this section, we systematically categorize and evaluate
the major classes of in vitro cardiac models, including
single-cell assays, geometrically patterned monolayers,
three-dimensional engineered heart tissues, cardiac orga-
noids, and microphysiological systems (MPSs). Particular
emphasis is placed on their applications in drug efficacy
testing, toxicity screening, and cardiac safety pharmacology.

Single-cell, cell-pair, and aligned monolayer
in vitro models

The increasing availability of human-induced pluripotent
stem cell-derived cardiomyocytes (hiPSC-CMs) has sub-
stantially accelerated the development of reproducible and
human-relevant in vitro cardiac models®*. Among the
foundational enabling technologies, microcontact pattern-
ing provides precise control over cell-extracellular matrix
(ECM) interactions and cellular geometries. Early studies
demonstrated that single cardiomyocytes cultured on rec-
tangular micropatterns with a 7:1 aspect ratio preferentially
formed focal adhesions at the corners, thereby promoting
anisotropic actin polymerization and aligned myofibrillar
assembly’® (Fig. 2a). Subsequent comparisons between
circular and rectangular geometries further confirmed that
anisotropic constraints enhanced sarcomere organization'®
(Fig. 2b). Extending these approaches to cell-pair config-
urations enabled a detailed investigation of electro-
mechanical coupling and junctional protein dynamics
under defined substrate stiffness conditions'” (Fig. 20).
Building on this concept, anisotropic monolayer systems,
often referred to as “2.5D tissues,” have been developed. In
these platforms, cardiomyocytes align on linearly patterned
substrates, enabling coordinated contraction, junctional
maturation, and directionally constrained action potential
propagation. The mechanical performance of these aligned
monolayers was quantitatively evaluated using muscular
thin-film (MTF) platforms, initially fabricated on poly-
dimethylsiloxane (PDMS) substrates to measure contractile
bending forces, and later adapted with gelatin-based
materials to improve physiological stiffness and long-term
culture stability'® (Fig. 2d). Subsequent innovations,
including optogenetic pacing—enabled MTFs (Opto-
MTFs), provided spatiotemporal control of contraction
while enabling simultaneous calcium imaging'®. In parallel,
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Fig. 1 Multiscale overview of in vitro cardiac models, spanning single-cell systems to multi-organ platforms, and illustrating structural
hierarchy (top), representative model platforms and their characteristics (middle), and major developmental and technological
milestones in the field (bottom). The top panel depicts cardiac organization across length scales, from subcellular structures and cardiomyocytes to
myocardium, whole heart, and the circulation system. The middle panel summarizes major classes of in vitro cardiac models, including 2D
monolayers, 3D engineered tissues, cardiac organoids, and microphysiological systems, highlighting their representative architectures, advantages,
and limitations. The bottom timeline highlights key milestones in the evolution of in vitro cardiac models and is reproduced with permission from
the indicated references (1991-2025); scale bars are shown for each representative image: (scale bar = 200 um) 191(1991), (scale bar = 100 um)
192(1997), '%3(2000), (scale bar =1 cm) '**(2002), (scale bar = 2 um) '°*(2004), [scale bars =100 um (left), 20 um (right)] '*°(2009), *°(2017), [scale
bars =100 um (right-top), 20 um (rightfbottom)]29 (2018), (scale bar = 0.5 mm)* (2019), (2021), [scale bars =2 mm (left), 50 um (right)}“2 (2022),
(2024), [scale bars =2 mm (left), 1 cm (middle), 2 mm (right-top), 200 um (right-bottom)]** (2025). Red arrows indicate contraction direction; blue
arrows, relaxation direction. SR sarcoplasmic reticulum, ECM extracellular matrix, AP action potential, EHT engineered heart tissue, hiPSC human
induced pluripotent stem cells, CM cardiomyocyte, MPS microphysiological system, MO macrophage, EC endothelial cell

multimaterial three-dimensional printing strategies have
facilitated the integration of embedded strain sensors for
high-content  pharmacological ~analysis®.  Additional
refinements, such as fibronectin-based micropatterns®' and
geometric bilayer constructs incorporating insulated
pacemaker nodes* (Fig. 2e), further advanced studies on
wavefront initiation and propagation dynamics. Narrowed
MTF geometries subsequently improved the precision of
conduction velocity measurements, enhancing their utility
for arrhythmia modeling and drug screening (Fig. 2f).

Beyond geometric and structural control, hiPSC-CM
monolayers constitute a robust and scalable platform for
early-stage in vitro drug testing of human cardiac tissue.
When cultured as confluent, electrically coupled mono-
layers in multiwell plate formats, these systems are highly
amenable to high-throughput screening using automated
imaging, electrophysiological, and impedance-based ana-
lyses. Within the Comprehensive in vitro Proarrhythmia
Assay (CiPA) framework, 2D hiPSC-CM monolayers
serve as the primary human cell-based model. These
systems enable the evaluation of integrated electro-
physiological responses and improve the prediction of
proarrhythmic risk beyond conventional hERG assays™*.
Although these two-dimensional systems cannot fully
recapitulate the biomechanical complexity or three-
dimensional architecture of the native myocardium,
their high reproducibility, scalability, and compatibility
with industrial screening workflows render them indis-
pensable for initial cardiotoxicity assessment™. Accord-
ingly, hiPSC-CM monolayers provide a critical foundation
for preclinical cardiac pharmacology and serve as a
practical entry point for more physiologically sophisti-
cated three-dimensional engineered heart tissues and
chambered cardiac constructs.

Advanced 3D models of engineered heart tissue and
ventricular architecture

Three-dimensional (3D) in vitro cardiac models pro-
vide advanced platforms that more closely recapitulate
human cardiac development and physiology than

conventional two-dimensional (2D) cultures do.
Although 2D monolayers are widely employed for high-
throughput applications, three-dimensional engineered
tissues offer substantially enhanced structural and func-
tional fidelity, enabling the detection of pathophysiolo-
gical phenotypes that are often undetectable in planar
systems. For example, titin (T7N) mutation—associated
contractile dysfunction in hiPSC-CMs has been revealed
exclusively in three-dimensional microtissue models®°.
Based on their architectural and functional design prin-
ciples, advanced 3D cardiac models are broadly classified
into two major categories: engineered heart tissue (EHTSs)
and ventricle-like chamber constructs. Each class offers
distinct advantages for modeling cardiac mechanics,
electrophysiological behavior, and disease-specific phe-
notypes in humans.

Engineered heart tissues (EHTs)

EHTs aim to recapitulate the myocardial micro-
environment by integrating hiPSC-CMs with ECM
components and applying defined mechanical and/or
electrical stimulation®’. Early ring-shaped EHT con-
structs enabled the quantitative measurement of con-
tractile force within looped geometries while promoting
sarcomeric alignment®® (Fig. 3a). Subsequent studies
have demonstrated that electromechanical stimulation
initiated at early developmental stages robustly enhances
EHT maturation, leading to adult-like ultrastructural
features, organized sarcomeres, T-tubule formation, and
more physiological calcium handling® (Fig. 3b). The
Biowire II platform further advances EHT technology by
generating atrial- and ventricular-specific tissues through
spatially confined electrical conditioning, thereby
enabling chamber-specific drug response testing°
(Fig. 3c). Recent efforts have focused on improving tissue
maturity, multicellular complexity, and physiological
relevance. In this context, EHT patches and multilayered
human cardiac muscle patches (hCMPs) have demon-
strated enhanced contractile performance and remuscu-
larization in vivo, achieving functional repair and
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Fig. 2 Single cell, cell pair, and aligned monolayer models. a Actin alignment is regulated by myocyte shape but not matrix elasticity, sarcomere
content is dependent on myocyte shape and matrix elasticity (scale bars = 10 um). Reproduced with permission'®. Copyright 2014, The American

Physiological Society. b CMs on circular and rectangular microcontact printed ECM island (scale bars = 10 um). Reproduced with permission'”. Copyright
2008, John Wiley and Sons. ¢ (Top) cell-cell junctions had sigmoid-like contours. (Bottom) regulation of displacement, traction stress, and focal adhesion
formation by substrate stiffness (scale bars = 10 um). Reproduced with permission'”. Copyright 2012, The National Academy of Sciences. d (Left) Engineering
anisotropic cardiac tissues with micro-molded gelatin hydrogels. (Right) Extended culture of human iPSC-derived cardiac myocytes on micro-molded gelatin
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electromechanical integration in both primate and that epicardial EHT allografts support long-term
human hearts. These results represent a major transla-  engraftment, vascular integration, and recovery of ven-
tional milestone for EHT-based cardiac therapies®"®* tricular function in rhesus macaques without inducing
(Fig. 3d). In parallel, large-animal studies have reported  arrhythmias or tumorigenesis, further reinforcing clinical
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Fig. 3 Engineered heart tissue models. a (Top) EHT condensation around the central Teflon cylinder in casting molds between culture days 1 to 4.
EHTSs after transfer in a stretch apparatus to continue culture under unidirectional and cyclic stretch (10%, 2 Hz) [scale bars =10 mm (top), 20 um
(bottom-1), 100 um (bottom-2), 1 um (bottom-3, 4)]. Reproduced with permissionzs. Copyright 2002, Wolters Kluwer Health, Inc. (Bottom) EHTs
consist of a dense network of mainly longitudinally oriented cell bundles. TEM of sarcomeric structures, cell-cell junctions, and basal membrane of
cardiac myocytes in EHT. b Experimental design: early-stage or late-stage hiPSC-CMs and supporting fibroblasts were encapsulated in fibrin hydrogel
to form tissues stretched between two elastic pillars and made to contract by electrical stimulation. Cross-sections taken to evaluate T-tubules [scale
bars =20 um (left-1, 2, 3, 4), 500 um (middle-top), 10 um (middle-bottom), 10 um (right)]. Reproduced with permissionzg. Copyright 2018, Springer
Nature. ¢ Biowire Il platform generating atrial and ventricular-specific, and heteropolar cardiac tissues [scale bars = 30 um (left-top-1, 2), 0.5 mm (left-
bottom-1), 200 um (left-bottom-2), 2 mm (right)]. Reproduced with permissiom?’OA Copyright 2019, Elsevier. d Large-scale EHT patches restoring heart
function in a dose-dependent manner [scale bars =2 mm (top-left), 20 um (top-middle), 20 um (top-right), 500 um (bottom-1), 50 um (bottom-2),
250 um (bottom-3, 4)]. Reproduced with permission®". Copyright 2021, Wolters Kluwer Health, Inc. @ Human engineered cardiac tissue (hECT)
integrated with cardiac macrophages to enhance contractility (scale bars = 100 pm). Reproduced with permission®*. Copyright 2024, Elsevier. f Pre-
vascularized cardiac patches improving in vivo perfusion and function [scale bars = 1 mm (top), 100 um (bottom-1), 25 um (bottom-2, 3, 4)]. Adapted
with permission®. Copyright 2024, Elsevier. A A-band, CD45 Leukocyte common antigen, CM Cardiomyocyte, cTnT Cardiac troponin T, Cx43
Connexin 43, DAPI 4’ 6-diamidino-2-phenylindole, EC endothelial cell, H H-zone, hECT human engineered cardiac tissue, | I-band, iCF induced cardiac
fibroblast from hiPSC, iCM induced cardiomyocyte from hiPSC, iMO induced macrophage from hiPSC, M M-line, mCherry fluorescent protein (red
marker), MLC2a myosin light chain 2a, MLC2v myosin light chain 2v, SAA serum amyloid A, SR sarcoplasmic reticulum, TT T-tubule, WGA wheat germ

agglutinin, YAP yes-associated protein, Z Z-line, a-actinin alpha-actinin

feasibility and highlighting critical translational con-
siderations, including graft maturity, immune modula-
tion, and Good Manufacturing Practice (GMP)-scale
production®®, Beyond cardiomyocyte-only constructs, the
incorporation of non-myocyte populations, such as car-
diac macrophages, has been shown to enhance hiPSC-
CM alignment and force generation®* (Fig. 3e). In addi-
tion, prevascularization strategies employing endothelial
cells (ECs) and fibroblasts (FBs) have further improved
tissue integration, perfusion, and functional stability after
transplantation®® (Fig. 3f).

Ventricle chamber models

Beyond linear tissue constructs, ventricle chamber
models are designed to recapitulate the macroscopic
geometry and biomechanical pumping functions of the
human heart. These systems enable the quantitative eva-
luation of pressure—volume (P-V) relationships, ejection
fraction (EF), and directionally organized electrical con-
duction, which are essential parameters for translational
and functional assessments. Early examples include
engineered cardiac organoid chambers and miniature
balloon catheter—based constructs that reproduce preload
sensitivity and electrical responsiveness®®?” (Fig. 4a).
Subsequent tissue-engineered ventricular models fabri-
cated using rotational molding, three-dimensional bio-
printing, or hydrogel casting have successfully replicated
the anatomically relevant chamber curvature and wall
architecture®®. Recent advances in three-dimensional
bioprinting have further expanded the structural and
functional control of ventricular models. Notable exam-
ples include freeform reversible embedding of suspended
hydrogels (FRESH)-printed collagen ventricles®®, ven-
tricles fabricated using fiber-reinforced gelatin-based
bioinks*® (Fig. 4b), and the human chambered muscle

pump (hChaMP) constructed using gelatin methacryloyl
(GelMA) and collagen methacrylate (ColMA) bioinks*!
(Fig. 4c). In parallel, rotary jet-spun scaffolds that repro-
duce helical myocardial fiber alignment have enabled
ventricular constructs that exhibit apical twist and base-
to-apex contraction patterns, closely resembling native
cardiac mechanics* (Fig. 4d). More recent studies have
demonstrated that multi-lineage ventricular constructs
incorporating cardiomyocytes (CMs), hiPSC-CMs, ECs,
and FBs can sustain long-term functional stability and
pharmacological responsiveness, supporting their appli-
cation as advanced platforms for drug testing and disease
modeling®. Collectively, these three-dimensional ven-
tricular systems bridge the gap between conventional in
vitro assays and native human myocardium, providing
physiologically relevant tools for drug screening,
mechanistic studies, and regenerative applications.

While engineered heart tissues and chambered ven-
tricular models offer robust macroscopic mimicry of
myocardial structure and pump function, recent advances
in CO technology have enabled the bottom-up generation
of miniaturized, self-organizing cardiac units that closely
emulate early human cardiogenesis and cellular diversity.
Therefore, the following section focuses on the emerging
landscape of cardiac organoids and their potential utility
in preclinical drug evaluation.

Organoids

Organoids are self-organizing 3D cell culture systems
that recapitulate the essential structural and functional
features of native tissues through spontaneous spatial
patterning and intrinsic cell-cell and cell-ECM interac-
tions**, Cardiac organoids, primarily derived from hiPSCs,
emulate the early stages of human heart development by
incorporating multiple cardiac lineages, including CMs,
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Wolters Kluwer Health, Inc. ¢ The optimized bioink formulation was combined with human iPSCs and bioprinted to form a hChaMP [scale

bars =2 mm (top-left), 5 mm (top-right), 5 mm (bottom-left), 5 um (bottom-right)]. Reproduced with permission‘”‘ Copyright 2022, The American
Association for the Advancement of Science. d Focused rotary jet spinning for producing helical structures [scale bars = 20 um (top), 2 mm (bottom)].
Reproduced with permission*’. Copyright 2023, The American Association for the Advancement of Science. COXIV cytochrome ¢ oxidase subunit 1V,
CMs cardiomyocytes, cTnl cardiac troponin I, Cx43 Connexin 43, DAPI 4/,6-diamidino-2-phenylindole, ECM extracellular matrix, FN fibronectin, PIV
particle image velocimetry, GelMA gelatin methacryloyl, CoIMA collagen methacryloyl, LN laminin, Kir2.1 inward rectifier potassium channel, FRJS

ECs, epicardial cells, and mesenchymal stromal cells,
within architecturally organized domains.

These systems exhibit hallmark morphogenetic pro-
cesses, such as lumen formation, chamber-like compart-
mentalization, and coordinated lineage specification,
providing powerful platforms for investigating cardiogen-
esis, congenital heart defects, and interlineage crosstalk
under physiologically relevant conditions®®. Heart-forming
organoids (HFOs) represent some of the earliest cardiac
organoid models that reproduce the spatiotemporal
coordination between the cardiac mesoderm and foregut
endoderm, a critical interaction during primitive heart

tube formation*® (Fig. 5a). Through biphasic WNT sig-
naling modulation and Matrigel embedding, HFOs gen-
erate vascular and septum transversum-like tissues that
mimic early cardiogenic niches.

Cardioids constitute another major milestone, as they
reproduce lumenogenesis, coelomic cavity formation, and
early chamber morphogenesis through intrinsic self-
patterning mechanisms*’ (Fig. 5b). The spatially segre-
gated expression of transcription factors, such as HAND1
and NFATCI, further underscores their utility in dis-
secting the genetic programs governing cardiac morpho-
genesis. Chamber-forming heart organoids further extend
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\ J

this complexity by generating cavitated structures with  lineage organized (EMLOC) neurocardiac gastruloids
atrial-ventricular compartmentalization and stratified advance this paradigm by enabling the coordinated
myocardial and endocardial layers in the absence of development of neuroectodermal and cardiac meso-
externally imposed mechanical cues*®. Elongating multi-  dermal tissues, facilitating investigations into early
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vascularized organoid

Fig. 5 Organoid models. a Cardiac organoid with co-development of cardiac mesoderm and foregut endoderm, mimicking heart tube formation
[scale bars = 200 um (top-left), 100 um (top-right), 200 um (bottom)]. Reproduced with permission. Copyright 2021, Springer Nature. b Self-
organizing cavity-forming cardioid modeling early heart field and lumenogenesis [scale bars =1 um (top), 200 pm (bottom-left), 50 um (bottom-
right)]. Reproduced with permission®’. Copyright 2021, Elsevier. ¢ Epicardioid capturing epicardium formation and EMT processes [scale

bars =200 um (top-left), 100 um (top-middle), 50 um (top-right), 50 um (bottom)]. Reproduced with permissionw. Copyright 2023, Springer Nature.
d Multi-chamber cardiac organoid with spatially patterned atrial and ventricular domains [scale bars = 200 um]. Reproduced with permission®'.
Copyright 2023, Elsevier. e Blood-generating organoid co-developing cardiac and hematopoietic lineages [scale bars = 500 um]. Reproduced with
permission®2. Copyright 2024, Springer Nature. f Vascularized cardiac organoid with integrated hepatic and endothelial precursors [scale bars = 1 mm
(top-left), 0.5 mm (top-right), 0.5 mm (bottom-left), 100 um (bottom-middle), 20 um (bottom-right)]. Reproduced with permissiomi‘b, Copyright 2025,
The American Association for the Advancement of Science. IC inner core, ML middle layer, OL outer layer, WT1 Wilms tumor 1, EPDCs epicardium-
derived cells, EMT epithelial-mesenchymal transition, ID intercalated disk, RA right atrium, LV left ventricle, RV right ventricle, BG-HFO blood-
generating heart-forming organoid, MES mesenchyme, CMs cardiomyocytes, ECs endothelial cells, SMCs smooth muscle cells, VO cardiac

neurocardiac communication*®. Epicardioids represent a
particularly important innovation, as they recapitulate
epicardial sheet formation, epithelial-to-mesenchymal
transition (EMT), and dynamic interactions with the
underlying myocardium and coronary progenitors, which
are central to vascular development and fibrotic remo-
deling®® (Fig. 5c). In parallel, multi-chamber cardioid
systems have demonstrated spatially organized atrial and
ventricular domains, enabling high-resolution modeling
of chamber-specific developmental abnormalities and
disease phenotypes’ (Fig. 5d). To further enhance phy-
siological relevance, blood-forming heart organoids have
been developed that concurrently generate endocardial,
myocardial, and hemogenic endothelial lineages, thereby
recapitulating the integrated development of the cardio-
vascular and hematopoietic systems> (Fig. 5e). Recently,
gastruloid-based cardiac models have expanded the
developmental scope of cardiac organoid technolo-
gies® >, Notably, human gastruloids have been shown to
self-organize into early cardiac and hepatic vascular
domains, recapitulating the coordinated emergence of
mesodermal and endodermal tissues during early cardi-
ogenesis®® (Fig. 5f). This approach provides a powerful
framework for interrogating early vascularization, inter-
organ patterning, and cross-germ layer interactions in
vitro, thereby bridging developmental biology and
regenerative cardiac modeling.

Despite these strengths, cardiac organoids are primarily
suited for modeling early cardiogenesis, congenital cardiac
disorders, and multicellular developmental interactions.
However, organoid morphogenesis remains inherently
stochastic. Limited control over biophysical cues, there-
fore, constrains their utility for standardized pharmacolo-
gical testing and arrhythmia risk assessment. Building on
the developmental insights provided by organoid systems,
MPSs have emerged as complementary platforms that
offer defined microarchitectures, controlled perfusion, and
programmable electrical stimulation. These features
enable precise regulation of mechanical loading and real-
time electrophysiological measurements, making MPSs

particularly well-suited for high-throughput drug screen-
ing and cardiac safety pharmacology (Table 1).

Microphysiological systems (MPSs)

MPSs, often referred to as organs-on-a-chip, represent a
transformative advance over traditional preclinical animal
models. By reducing translational discrepancies, these
systems improve clinical predictability”®. These platforms
integrate living tissues into microfluidic devices engi-
neered to recapitulate the architecture, microenviron-
ment, and dynamic functionality of native organs. In the
cardiovascular field, cardiac-specific MPSs, particularly
HoC systems, are designed to faithfully reproduce key
physiological features, including electrical conduction,
mechanical contraction, and pharmacological respon-
siveness®’. In contrast to self-organizing COs, which are
well-suited for modeling early cardiac morphogenesis and
developmental disorders, HoC platforms offer precise
experimental control. This includes spatiotemporal reg-
ulation of perfusion, electrical pacing, mechanical loading,
and pharmacokinetic microenvironments (Table 1). HoC
systems are especially advantageous for standardized drug
screening, proarrhythmia risk assessment, and real-time
evaluation of contractile and electrophysiological func-
tions under well-defined conditions.

To further capture systemic physiology, multi-organ-
on-a-chip (Multi-OoC) technologies have been developed
to enable controlled inter-organ communication between
cardiac, hepatic, and vascular tissues®. These integrated
platforms are particularly valuable for assessing cardio-
toxicity arising from both direct drug effects and indirect
influences of hepatic metabolism or immune-mediated
responses, thereby enhancing the physiological relevance
of in vitro safety and efficacy testing””°.

Early MPS designs combined MTFs with microfluidic
architectures to enable the real-time measurement of
contractile responses under dynamic flow conditions,
facilitating higher-throughput drug screening®'. The sub-
sequent incorporation of three-dimensional cardiac
microtissues subjected to mechanical stimulation further
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Comparison of cardiac organoid (CO) and heart-on-a-chip (HoC) systems

Aspect Cardiac organoids (COs)

Heart-on-a-chip (HoC) systems

Formation principle

mimic early cardiogenesis and multicellular

interactions

Microenvironment control
biochemical and mechanical cues

Vascularization/Perfusion
networks

Functional readouts
contractility

Throughput/Reproducibility

Representative applications
fibrosis, and multicellular crosstalk

Regulatory relevance
standardization

Long-term/Chronic
modeling

hiPSC-derived, self-organizing 3D assemblies that

Relies on intrinsic patterning; limited control over static

Intrinsic endothelialization; generally non-perfusable

Spontaneous beating, Ca®* flux, morphogenesis, and

Medium throughput, variable morphogenesis

Modeling human cardiogenesis, congenital defects,

Used mainly for developmental toxicology; limited

Suited to developmental or regenerative timescales
but with restricted quantitative endpoints

Engineered constructs within microfluidic chips providing
defined geometry, external mechanical load, and pacing

External modulation of dynamic perfusion, electrical/
mechanical stimulation, and pharmacokinetic gradients (via
microfluidics)

Integrated perfusable channels enabling active flow and
multi-organ coupling

Quantified electrophysiology, contractility, and metabolism
under controlled stimuli

Higher reproducibility with standardized chip formats and
automated assays

Drug screening, proarrhythmia risk assessment, metabolism-
aware toxicity

Aligned with FDA/EMA NAM initiatives and CiPA/ICH S7B-E14
cardiac safety frameworks

Supports repeated dosing and long-term stability for chronic
toxicity analysis

hiPSC human induced pluripotent stem cells, FDA U.S. Food and Drug Administration, EMA European Medicines Agency, NAM new approach methodologies, CiPA
comprehensive in vitro proarrhythmia assay, ICH International Council for Harmonisation

improved cellular alignment, tissue compaction, and con-
tractile force generation®® (Fig. 6a). In parallel, metaboli-
cally driven maturation strategies have enhanced hiPSC-
CM function by improving calcium handling and sarco-
meric organization®’. The advent of direct laser writing
(DLW) has enabled the fabrication of precision-engineered
HoC devices incorporating embedded transducers for real-
time electrophysiological sensing and controlled perfu-
sion®®. Disease modeling capabilities have also substantially
advanced. For example, infarct border zone-on-a-chip
systems recreate spatial oxygen gradients to simulate
ischemia—reperfusion injury, revealing region-specific
physiological and electrophysiological  responses®’
(Fig. 6b). The incorporation of immune components into
vascularized HoC platforms has enabled mechanistic stu-
dies on inflammation-induced cardiac dysfunction. In this
context, extracellular mitochondrial DNA has been iden-
tified as a trigger of pathological inflammatory signaling,
which can be attenuated by exosome-based therapeutic
approaches® (Fig. 6¢). In addition, platforms incorporating
primitive macrophages have demonstrated sustained vas-
cularization and preserved tissue function during extended
culture periods®” (Fig. 6d). Recently, tri-culture systems
comprising ECs, FBs, and hiPSC-CMs have achieved syn-
chronized contraction and long-term functional stability
under continuous perfusion, enabling robust and repro-
ducible functional assessments®®, Concurrently, multi-OoC

platforms have progressed toward greater modularity and
physiological integration in recent years. Early systems
employed plug-and-play designs that allowed the custo-
mizable assembly of individual tissue modules®®. These
architectures have since evolved into integrated platforms
for modeling liver—heart interactions, thereby enabling the
investigation of metabolism-mediated cardiotoxicity”®”".
More advanced designs now incorporate multiple orga-
noids within a single perfusable circuit, permitting simul-
taneous drug testing across interconnected tissues and
yielding comprehensive and human-relevant safety pro-
files”>” (Fig. 6e). hiPSC-derived cardiac—hepatic chips
have proven to be effective in predicting drug-induced
arrhythmias and hepatotoxicity. The most advanced itera-
tions feature vascularized and maturation-enhanced orga-
noids interconnected by functional flow networks that
simulate nutrient delivery, hormonal signaling, and sys-
temic pathophysiology’* (Fig. 6f).

Advances in MPS and multi-OoC technologies are
reshaping preclinical cardiac research by providing phy-
siologically relevant, scalable human-based platforms. In
parallel with these technological developments, regulatory
interest has increased, with agencies such as the U.S. Food
and Drug Administration (FDA) and European Medicines
Agency (EMA) recognize MPS-based approaches as key
New Approach Methodologies (NAMs) for cardiac safety
assessment. Supported by initiatives, including the CiPA



Kim et al. Microsystems & Nanoengineering (2026)12:162

Page 12 of 33

a Engineered tissue with microfluidic platform

3D cell Strain
*Culture J‘COHS"LICTM __1 L >

medium Y »1» i 4_z_t

rt
ports

Y Culture medium

- )
E 14 Stimulated
g
8e7
£= i)
€ 0 L I

@3 0 5 10 15 20

= time (sec)

Microfluidic pECT platform applies cyclic strain to enhance
maturation and support high-throughput use

b A myocardial infarct border-zone-on-a-chip

. e Normoxic %poxm
2 =4 Normoxic ~_channel annel
20% O, (8 channel Gradient i

|gned CM PDMS
Hypoxlc monolayer membrane
channel

S K\“ A &AMIJJ

2 20% - 0% O,
outlet

1,000,000

100,000

(
1
3
g 8

Twitch stress (Pa)

10

-
SR SN o< s

n=96 85 16 15

Models infarct border zone with spatial oxygen gradient and
contractile stress readout

c Vascularized HoC with immune cells for Ml
Media

Alleviated
myocardial injury,é, \
Normal \
mitochondria ™~ %é F= 'HUVECs
SARS-CoV-2 *HUVEC-EVs

SARS-CoV- 2y
+ PBMC

Toll-like receptor
SARS-CoV-2

Vascularized HoC models myocardial inflammation with
immune cells and EVs therapy

d Vascularized HoC with primitive macrophages

Cell -
combinations / $
cM DPSC z:éfy )

g ., &=
Fibrin

Biowire
platform

Vascularized HoC with primitive macrophages models early
cardiac inflammation

e Antidepressant drugs assessment OoC Model
Inlet Inlet Clomipramine Dru
(cardiac (liver ~ - .
organoid) organoid) (clomipramine) CYP450
=< B1818: 8 % enzymes
Outlet =\ Metabolite
Outlet Cardiac Liver
organoid organoid

Co-cultures+
Co-cultures 1uM clomipramine

Liver—heart organoids-on-chip for metabolism-dependent
cardiotoxicity

c
©
o
=

o
=4

2

£

f Vascularly linked tissue OoC Model

Multi-organ system: Tissue-specific niches maintained by Vascular bémer
vascular barrier separation L
Liver Heart Bone _Skin
Tissue, Tissue  Tissue Tissue

Vascular-linked multi-organ chip for barrier and organ crosstalk
studies

Fig. 6 (See legend on next page.)

.

and the revised ICH S7B/E14 Q&A framework, these
efforts emphasize rigorous electrophysiological validation,
metabolic competence, and clinically aligned benchmark
datasets. Ensuring the translational reliability of MPS
platforms requires standardized multiparametric evalua-
tion frameworks that integrate structural, functional,
molecular, and metabolic analyses.

Comprehensive assessment of cardiac models:
structural, functional, molecular, and metabolic
evaluations

Evaluating the translational relevance of in vitro cardiac
models requires a multidimensional framework encom-
passing structural integrity, physiological function, mole-
cular identity, and metabolic competence (Fig. 7, Table 2).
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Fig. 6 Microphysiological systems. a Integration of mechanical stimulation with microfluidics in micro-engineered cardiac tissues to promote
tissue functionality in a beating heart-on-a-chip format [scale bars = 100 um (left), 100 um (right)]. Reproduced with permission®’. Copyright 2016,
Royal Society of Chemistry. b Creation of a myocardial infarct border-zone-on-a-chip system to simulate oxygen gradients and spatial tissue
remodeling after ischemia [scale bars = 10 mm (top), 20 um (bottom-left), 1 mm (bottom-right)]. Reproduced with permission®. Copyright 2022, The
American Association for the Advancement of Science. ¢ Immune-enhanced vascularized HoC model incorporating macrophages to recapitulate
myocardial inflammation and evaluate immunomodulatory therapies [scale bar = 200 um]. Reproduced with permission®®. Copyright 2024, The
American Association for the Advancement of Science. d Long-term vascularization of heart-on-a-chip achieved by incorporating primitive
macrophages, promoting stable perfusion in engineered cardiac tissues [scale bars = 100 um (top-left), 10 um (top-right), 250 um (bottom-left),
100 um (bottom-right)]. Reproduced with permission®”. Copyright 2024, Elsevier. e Multi-organoid chip derived from hiPSCs for assessing
antidepressant-induced systemic toxicity [scale bars = 100 pm (i, i), 200 pm (iii, iv)]. Reproduced with permission”*. Copyright 2020, IOP Publishing.
f A vascularly linked multi-tissue platform that connects matured organ compartments via perfusable vasculature [scale bars =50 um (top), 10 um
(bottom-1), 50 um (bottom-2, 3, 4)]. Adapted with permission”®. Copyright 2022, Springer Nature. uECT micro-engineered cardiac tissue, PDMS
polydimethylsiloxane, Ml myocardial infarction, EVs extracellular vesicles, DPSC dental pulp stem cell, MAC/M® macrophage, ALB albumin, CYP450

endothelial cells, PBMC peripheral blood mononuclear cell

Cytochrome P450, OoC organ-on-a-chip, HoC heart-on-a-chip, hiPSCs human induced pluripotent stem cells, HUVECs human umbilical vein

Together, these complementary dimensions ensure that
engineered cardiac tissues faithfully reflect the key prop-
erties of the native human myocardium.

Structural assessment provides foundational insights
into cellular architecture, focusing on sarcomere organi-
zation, intercalated disc formation, and cytoskeletal
integrity in cardiomyocytes. Structural readouts span
multiple length scales, ranging from macroscopic features,
such as tissue alignment and chamber formation, to
microscopic and subcellular characteristics, including
extracellular matrix composition, sarcomeric proteins,
junctional complexes, and organelle organization. Stan-
dard approaches include immunostaining for o-actinin,
connexin 43 (Cx43), and desmosomal proteins such as
desmoplakin (DSP) and desmoglein (DSG), combined
with confocal or super-resolution microscopy to visualize
myofibrillar alignment and junctional morphology”.

Functional evaluation centers on excitation—contraction
coupling (ECC)’®. Upon membrane depolarization,
voltage-gated calcium channels are activated, triggering
calcium release from the sarcoplasmic reticulum (SR) via
ryanodine receptors. Cytosolic Ca** binding to troponin C
initiates contraction, followed by Ca®* reuptake into the
SR via sarco/endoplasmic reticulum Ca**-ATPase
(SERCA) and extrusion through the sodium-Ca*
exchanger (NCX) and plasma membrane Ca*"-ATPase
(PMCA) to enable relaxation. These processes can be
quantitatively interrogated using patch-clamp electro-
physiology and multielectrode arrays, calcium imaging
with indicators such as Fluo-4 or genetically encoded
sensors (e.g., GCaMP), and mechanical assays, including
muscular thin films, cantilever deflection, or traction force
microscopy. The integration of these functional readouts
provides a composite measure of cardiomyocyte maturity
and electromechanical competence.

Molecular profiling adds further depth to phenotypic
characterization by resolving lineage specification,
maturation states, and disease-associated signatures’’.

Bulk RNA sequencing enables pathway-level analysis,
whereas single-cell RNA sequencing (scRNA-seq) reveals
cellular heterogeneity, rare subpopulations, and develop-
mental trajectories78’79. Spatial transcriptomic approa-
ches, such as Slide-seq and Visium, preserve tissue
architecture while enabling region-specific gene expres-
sion mapping, providing insights into morphogenesis and
disease progression8 Complementary proteomic and
epigenomic analyses further elucidate regulatory networks
and structural protein landscapes that are not accessible
at the transcript level alone.

Metabolic assessment is equally critical because cardi-
omyocyte function is tightly coupled to cellular bioener-
getics®'. During maturation, cardiomyocytes undergo a
metabolic transition from glycolysis to oxidative phos-
phorylation. This shift can be evaluated using extracellular
flux analysis to quantify oxygen consumption and glyco-
Iytic activity (Seahorse OCR/ECAR), mitochondrial ima-
ging to assess morphology, membrane potential, and
reactive oxygen species (ROS) production, and metabo-
lomic and lipidomic profiling to characterize substrate
utilization and mitochondrial efficiency. Integrating mul-
timodal datasets that encompass structural, functional,
molecular, and metabolic information enables rigorous
validation of in vitro cardiac platforms. These datasets
include imaging, electrophysiology, transcriptomics, and
bioenergetic measurements, and lay the foundation for
Al-assisted models optimization and more predictive in
vitro-to-in vivo translation. Advanced deep learning
architectures, including multimodal transformer models
and graph neural networks (GNNs), are increasingly
applied to in vitro cardiac datasets. These approaches
uncover latent relationships between cellular form, func-
tion, and metabolism, enabling automated phenotype
classification and early detection of cardiotoxic liabilities.
For example, deep learning—based imaging pipelines have
enhanced high-throughput screening sensitivity by iden-
tifying subtle cardiotoxic phenotypes across libraries of
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Fig. 7 Multimodal readouts for comprehensive characterization of in vitro cardiac models. Schematic overview of structural, gene expression,
and functional parameters used to evaluate engineered cardiac tissues and organoids. (Top left) Structural readouts span macrostructure (e.g.,, muscle
alignment, chamber formation) and microstructure, including extracellular matrix composition, sarcomeric proteins, junctional complexes, and
subcellular organelles. (Top right) Gene expression analysis integrates spatial and single-cell transcriptomics to map tissue architecture,
spatiotemporal isoform switching, and predict intercellular communication pathways. (Bottom) Functional readouts encompass electrophysiology
(e.g., action potential duration, arrhythmia patterns), mechanics (excitation—-contraction coupling, calcium transients, sarcomere shortening), and
metabolism (mitochondrial respiration, glycolytic activity), enabling holistic assessment of cardiac performance and disease phenotypes. SCN5A
sodium voltage-gated channel alpha subunit 5 (NaV1.5), SER sarcoplasmic endoplasmic reticulum, PLN phospholamban, RYR2 ryanodine receptor 2,
ACTAT1 actin alpha 1, MYBPC3 myosin binding protein C, cardiac, TPM1 tropomyosin 1, MYH6 myosin heavy chain 6 (a-MHC), MYH7 myosin heavy
chain 7 (B-MHQ), TNNT2 troponin T type 2, TNNI3 Troponin | type 3, TTN titin, N2BA/N2B titin isoforms, LMNA lamin A/C, RBM20 RNA binding motif
protein 20, TAZ tafazzin, DNAJC19 DnaJ heat shock protein family member C19, BIN1 bridging integrator 1, JPH2 Junctophilin 2, DSP desmoplakin,
DSG desmoglein, DSC desmocollin, PKG plakoglobin, FPD field potential duration, APDso/APDso/APDg, action potential duration at 30%, 50%, 90%
repolarization, EAD early afterdepolarization, DAD delayed afterdepolarization, SERCA2 sarcoplasmic reticulum Ca®*-ATPase 2, SL sarcomere length,
CaT (F/Fo) calcium transient, Tau decay time constant of Ca’" transient, LTCC L-type calcium channel, NCX Nat/Ca”" exchanger, NKA Nat/K*-
ATPase, ATP adenosine triphosphate, PGC1A peroxisome proliferator-activated receptor gamma coactivator 1-alpha, TFAM transcription factor A,
mitochondrial, CPT1B carnitine palmitoy! transferase 1B, FCCP carbonyl cyanide-p-trifluoromethoxy phenylhydrazone, 2-DG 2-deoxyglucose, ECAR
extracellular acidification rate, OCR oxygen consumption rate, ECM extracellular matrix




Page 15 of 33

1162

(2026)12

gineering

tems & Nanoen,

Kim et al. Microsys

o, (P21221-733)
¥DO paseanul

6(SH19) oS 051-06 o WH L0761
YOO pasnpay oguozlluedesan g, 9Me63U Y44, ed £~ (%) s
2 (SWAd < EINELEN] "B EL~ B LTl awn AexeQg o/ vee100rg UIUNOR
unepab) Aoeded 0U319101d0s| "0BPISL=L g B 8L-0L SWO9L-01 1 £oPANIDSQO (€1XD) -0 DLIBWODIES (41W) Wiy JaKejouow
o8LELL'EE'S aleds Jo1e910) DANISOd 'ssaAs 2|oenuo)  ead 01 W S/WD L €T ~ - panIssqO uonoun( deo paziuebio Uiy Jejnosniy paubiy
LW EL1-59'L
v (BIPRW S g1, UlUROR JaAejouow
uoneiniew ,,,SW 05T~ ,1S/N0SC -0 DUBW0DJes uo painynd
s €D ¥DO paanpu| - ,,Nr g1~ 20104 uondRNUOD  Head 0} dwi| - HEWID/AD AW €08 — dINY PanIasqO - paziuebiQ S910AN  Jakejouopy
spueys!
paniasqo Bulepowal undsuoIqy
@Dl 'uoisaype Jeuonduny  pausanedoniw
aANISod HS4 [B20) (€FXD)  pue uoneziuebio uo s21£00AW
/N - - ‘N 1000~ 22104 UOIDBIUOD) - - - panIRsqO uonoun( deo D1IBWODIRS Jo Jed v Jed |90
p W ETT-69'1
Y S/ 0L X L~ AOJoA oW /77961
uonoenuod , edi 70~ g~
', B 09 L~ 1559135 TS 4o UIUIOR - 31eIsgns D3
ot_ocmauoﬁom_ ElslVle)) §21 2.0~ S SWOLL~ -0 DLBWODIES uo painynd
- PAISO4 ' N |~ 19210 uondenuo)  jead 01 awill - c WI/AYY 1T panIasqO - paziuebio S91L0AN 192 91buIs T
s NG L=L o S/WD00F
HFCRIRN -00¢
‘o NU00L WIISAS
¢, (BWnjoA [.,2D] dljorselg afupung pPaAISSqo
123 9%0%~) ', SWOE-0C  S/Wd 00£-00L sueiquaW
uoM2el) SWN|OA |ojoueidoid sead o1 swi| SayduUeIq juauiaseq pue
elpUOYD0UW ‘Spiuledsyy 50121105030 a|pung ‘pedp ‘uonoun( 20,4B1RY
paseanul  ‘|iwedesan PAneHIN annisod Y44 aAsod :ys4 Wro1-50 S/UD G~ o SW sualaype r:ci 77-81 7S ulwri gl ‘yipm
., UOHEPIXO  sulweINgop ‘Uxobip \%L'19-9'59 HCe)iv) BPOU AV 00F 08AdY ‘S/A 00T PCIp/AP ‘auiosowissp ‘(spueq W 'H ul wrl oz ‘pbus)
pide A1ej :221n0s ‘louasazoidos| 43 apnyjdwe S/UWD G~ ‘AU 06— ‘uondun( y | ‘7) a1auWod.es ur wrl pg1)
S AbBlaua Jofepy BAISOd g, B i~ 1SSRUIS 9]11DRIUOD yead ‘Jeuy {dNY  PaAIsSqo 10N deb ‘singni-|. psziuebiQ adeys poy |9pow [eap|
spunodwod 0} (219 Y44 ‘Ysd ‘43 ‘@210 Buipuey (AD) fdojeA Buneaq
asuodsai didosjou| 3[esuo)) Ajjdenuo) 18D uondnpuod (dV) |enualod uondy snoauejuods juasaid (1S) Yyabus|
sainpnas  pue uoneziuebio ainonans
wsijoqelsy solueydapy AbBojoisAydoads|3 syads aIawodles |opo sinopeal
/s|opow
Jod |euonduny |eandnans OJYA U]

("3u0d) |[9pow deipied OJ4}IA Ul Ydoed J0j Judwssassy ¢ djqeL



Page 16 of 33

1162

(2026)12

gineering

tems & Nanoen,

Kim et al. Microsys

yoNmsod
S |, B G€ issans
12e1U0D  TUSEL-/9

|, 1W 78 BWNjoA LW eot
VAL 0NS IO HWW €8'G 2 S/WD L6~ ewrtorl g
auab sisauaboiq g X BHWW G010~ 31om "S/WD 6L~ LsePONBSAO e cUIUnDe
[elpuoydoNW q.mmgm_ocmauoaog M0NS Nqﬁm,m?ﬁum.owwo ‘mmm\Eu s S 085~ (329)] -0 DlswWodJes Jsquieyd
cr-ovsese 4O Uonenbaidn PAISOd ' 96V6'S g % 0~ ', %6V Y T 43 - 'S/ WD 8~ 06AadV |, SW 66v~ :08AdY panIssqo uonounf deg paziuebio SPLIUSA
(g, UONEUE|dUIl
ul \cPanizsqo
'¢SD3 pue SD 24n1dNAS ewrg i~
0g BT EEL=6C YIM 21Ny nd-03 oo S/WD 'S~ | SW08C~ :06AddV o SW OLY~ MA-BINGNY 1S g 1 UIUIRDR
\elouaioudos| ‘B GL~ iSsans JdenuoD  ul) spnydwe S/WD Ly~ ' SWO0E~ (080dY (S/A0LT~ L e (EPXD) -D JLISWO0DJes
— - BASO4 | [NW 9 13210} UONDRIUOD , BD Paseaiy c¢S/WD 07~ FEUIP/AD AW 0L L~ YdY pPanIasqO uonoun( deg paziuebiQ yoied
0eSWOSL-0LL g ze~
g PN 0N g SW GS51-96 06AdY ‘AU ZLL-S6 pg PPMSSAO TS oo UILIADR
Y4 g N OE~ ", N Ob~ ‘0eSW 08— 1 oS/ 0EL WV S/AM0'801-€'ST (€XD) -D Sldwodles
- gellwedesanaanebaN Ny L~ 122104 uondenuod  ead o swi| -9'G XU /AD AW O/~ dINY panIasqO uonoun( deo paziuebiO almolg
-PaNISsqO
6c%0€ 1S 00T (%) SUIoSOWSap LU 7T
eLIPUOYDONUI -oMusod ysq . anmsod awn AedaQg g SWOYS~ 080dY ¢, SW ¥1/G~ ‘3|ngn1 S g UIUIOR
Jo eaje Juaiad o/|0URIN01dOSI  Ydd B ¥ L~ ‘e B TEC~ SWOEL-06 ¢ S/WD8ST  06A0dY AW /¥~ VdV S/AYEC L g (€9XD) -D DLISWODJ.S JaA9|ued
coveer D0 paseanul BANSOd B 8T~ 1SSOIS Jdenuo)  vead o1 awill ' S/WD (ST FEUP/AR AW 00— dINY pPaAIasqO uonoun( deg paziuebiQ 1s0d Jejid
PSSO
aueiquisw
1UsWaseq pue
g SOABM ‘peAp ‘uonoun(
JURIIUS3) YIM %wztmoa sualaype ,251 €9 1-6¥1
YDO paseasnul \giouidipajiu Y5 5,81 60610 ‘SUI0SOWSaP 7S g rgz(SPUEQ
‘ﬁ@om._ F6'€0) (RN ' g B €0 S5NS 1g15W 0CY—0€T ‘[ingn1 v ' Z Jes|d) ulunoe
SUWIN|OA 2g11g¢/0URIB10IdOS| 3IDRIUOD o NW 800 s S/ YLT 5w kL 06AdY AW 601 VdY R (32e)! -D JLISWO0DJes
- eLIPUOYDOMI DANSOd 92104 UONDRIUOD - -1%  S/A99 X*™Ip/AP AW £/- dINY panIasqO uonoun( deo paziuebio adeys bury 1H3 Qg
PanIasgo
SUIOSOWISaP
‘uonounf ujunoe
S/UD YT suaiaype ‘(gyxD) -0 DlBWOoDIeS paulessuod
c - - - - e - PaAIRsqO uopdun( den paziuebio A|[eo113Wo99
spunodwod 0} (219 Y44 ‘dsd ‘43 ‘92404 Buipuey (AD) fadofdA buneaq
asuodsai didosjou| 3|1desuo)) Ajdenuo) 128D uondnpuod (dV) |enualod uondy snoauejuods juasaid (1S) Yyabus|
sainpnis  pue uoneziuebio aInpnas
wsijogela|y solueydapy A6ojoiskydonds|3 syads aIawodles Iopow synopeal
/s|opow
39y Jeuondung |eanonas OJ)IA U]

panunuod g ajqeL



Page 17 of 33

1162

(2026)12

gineering

tems & Nanoen,

Kim et al. Microsys

XeUp/AD ‘€ UIXBUUOD £4XD ‘A1D0[9A UOIDNPUOD AD ‘9 HUNQNS 3SEPIXO D dWO0IYd0ILd 9x0) ‘ploueblo deipied O ‘@woIpuAs yueg SHig ‘uoneinp jenudlod uonde g4y ‘apniyjdwe jenuslod uonde ydy

Jelpuoydoliw ‘y 10312e) uondudsuell Wy4L ‘wnindnai diwsejdodies Y¥s ‘Yibua| a1awodies 7S ‘lenusiod sueiquaw Bunsal gy ‘uiqojboeld Dyd ‘e1es uondwnsuod uabAxo
DO "Wy ulyl senosnw 4y ‘waisAs [ed1bojoisAydoiniw sqpy ‘diyd-e-uo-uebio-iinw Hoopy ‘|eA1aiul axIdsIalul wnwiuiw [Sjw “sip palejedsalul gy ‘diyd-e-uo-yeay HoH ‘diysuonejas builieis-yuelq ys4 ‘uoneinp jenualod pjay
dd4 ‘diysuoneas £ousnbaiy-32104 Y44 ‘SIISIA Je|N|[D.AIXT |BIDYIOPUS AFF ‘PlOYSSIY) UOIELDXS [T ‘ONSSl) Leay palasulbus JHF ‘UoNdeI) UOIDS[B 47 ‘XUIeW Jejn||92eixs D7 ‘|92 [eljdyiopua 17 ‘A1dojaA ayossdn wnwixew

1nuajod uoide gy

¢ /0,u01dUNy
weay bupoedwi
‘punodwod
DIX010IpIed

01 Brup/Brupoid

(DOOW) @nssi
Jo plouebio
JaAI| pue ueay

$9zI|0ge1aW ?m\c,i 0s~ ‘%m\rcl 4 ,uiunoe  yum pajelbaul
anssiy :A11D0J9A UONDRIIUOD) -D DUBWODJeS W1sAs
wresoreo  /PIOURDIO JOAN - Bl T 1SSRAS 9[1dRIuU0) - 0, S/WD G~ L W/A0L 1T )5 8 L~ IS|w PaNISSqO - paziuebio JIPINPOIIN
xzm\ci G/~ \::W\Ez 86— 2oPNIBSGO (DOH) anssiy 10
go2Uab oS/ 1~/ Aidojen J51120PONIISAO (unsyped-N) plouebio ueay
9x0D urPioid UONDBIUOD (B 8F SyuaIsuer) £oSW 085-097 uonoun( suasaype 4o-zoUIUNOE  yum paresBalul
[BUPUOYIOUW 0 0ro|OURIRI0IOS|  1552A1S 3[R2RIUOD | NI €000 505 Y0~ wned 08AdY ,oWI/A8G~ G2 -0 DLBWOIeS WSAS
sslvslaosabe-zo 30 uonenbaidn 9AIISOd ‘521 8¢~ 19210§ UODRAUOD)  Mead 01 awl| PAZIPUWION ', WD/AB'E-6T ',oWI/ABL0 113 panIRsqO uonoun( deo paziuebiO JIPINYOIIA SdW
g,uonepIXO-¢ 68 GC0~ ", S €0 ‘Ad4
pie c6S/NBE~ "L SW/AW G~ ' sU
Aney ‘@D /AW 8~ PP/ SWOZE~
WD 2v9XOD) |, SW Ty :06AdY | SW 009-05T ,4PIAIBSO HWTELL-1G6  enssi deipied
wisljogelau 080dY 7c0,5W 002< 05AdY BWOSOWSAP TS | cigy 0, UIIUNDR SETERIMalY]
|epuoydoUW Qm\El 1z~ ceSW /LT~ S AW 86~ g AW 0L~ VdY ‘@l (EvXD) -D DUBWODIES po|quIasse
corciogyop 30 uonenbaidn - :QDojaA uonoenuo)  Mead o1 dwil] /WD /170 (AW 0L "0, AU 08— dIAY panIasqO uopdun( den paziuebig  -j|es |eplosayds 0D
spunodwod 0} (219 Y44 ‘dS4 ‘43 ‘2104 Buipuey (AD) fdojPA Buneaq
asuodsai didosjou| 3jdesuo)) Ayjndenuo) 18D uondnpuod (dV) |enualod uondy snoauejuods juasaid (1S) Yyabus|
sainpnais  pue uoneziuebio ainpnns
wsijoqela|y solueydapy ABojoiskydosrds|g sypads aIawodles |opow sinopeal
/s|opow
39y Jeuonduny |eandnas 0J)IA U]

panunuod g ajqeL



Kim et al. Microsystems & Nanoengineering (2026)12:162

more than 1200 compounds®. In parallel, predictive
simulations and in silico modeling approaches are being
used to forecast complex tissue-level dynamics and drug
responses, exemplified by machine learning—optimized
bioinspired cardiac constructs®® and computational mul-
tielectrode array models that integrate heterogeneous
hiPSC-CM populations to improve the predictive accu-
racy of cardiac safety testing®*. These integrative and data-
driven strategies represent a critical step toward estab-
lishing robust human-relevant cardiac platforms that
support next-generation precision pharmacology and
cardiovascular therapies.

Applications
Fundamental research: human cardiogenesis and
cardiomyocyte maturation

The establishment of physiologically relevant in vitro
cardiac models using human induced pluripotent stem
cells (hiPSCs) requires a fundamental understanding of
two key biological processes: human cardiogenesis® and
cardiomyocyte (CM) maturation®. Elucidating these
processes provides the developmental and functional
framework necessary for generating advanced cardiac
organoids, engineered heart tissues (EHTs), and disease-
specific cardiac models. Moreover, such knowledge is
essential for investigating the mechanisms underlying
congenital and acquired heart diseases, enabling the
development of targeted therapeutic strategies and
advancing precision medicine in the field of cardiology.
Collectively, insights into human cardiogenesis and
approaches to promote hiPSC-CM maturation form the
biological foundation upon which next-generation in vitro
cardiac platforms are built.

Advances in human cardiogenesis using cardiac organoids
Cardiac organoid platforms have emerged as powerful
tools for modeling the early stages of human heart
development. These systems recapitulate key processes
of cardiogenesis, including cardiac mesoderm induction,
first and second heart field specification, chamber mor-
phogenesis, and coordinated development of vascular
lineages®”. Their self-organizing capabilities enable
controlled and reproducible investigations of complex
spatial and temporal developmental processes that are
otherwise difficult to study in vivo. Recent innovations
have improved the resolution and mechanistic fidelity of
organoid-based studies on early cardiogenesis*®®®. These
platforms have facilitated mechanistic insights into
lineage specification, spatial patterning, and signaling
dynamics during the development of the heart. Beyond
cardiac-specific models, advanced multi-lineage orga-
noids have been developed to emulate integrated human
embryogenesis in vitro. For instance, the modulation of
Wnt signaling in hiPSC aggregates has yielded organoids
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comprising cardiac, endodermal, and ectodermal tissues,
recapitulating early foregut—heart axis interactions®’.
Gastruloid platforms support the co-development of
cardiac and hepatic vasculature®® and simulate the
simultaneous emergence of hematopoietic and cardiac
lineages®®>. Additionally, epicardioid systems enable
modeling of epicardial sheet formation and myocardial
interactions during vascular development®. These
advanced organoid technologies, including cardioids,
gastruloids, and epicardioids, provide high-resolution
in vitro platforms for studying human cardiogenesis
across germ layers, offering novel insights into tissue
patterning and lineage crosstalk.

Strategies for promoting cardiomyocyte maturation

A major limitation of hiPSC-CMs is their intrinsic
structural and functional immaturity, which constrains
their translational applicability®. Therefore, promoting
cardiomyocyte maturation is essential for enhancing the
physiological relevance of in vitro cardiac models.
Mature hiPSC-CMs closely recapitulate adult myo-
cardial responses, thereby enabling more accurate drug
testing, improved modeling of adult-onset cardiac dis-
eases, and enhanced integration into regenerative ther-
apeutic strategies.

A diverse array of maturation strategies has been
developed to overcome these limitations. Biomaterial-
based scaffolds provide biomechanical cues that promote
sarcomere alignment and contractile development®®. In
parallel, mechanical and electrical stimulation, designed
to mimic physiological loading and pacing, enhances
cytoskeletal organization, mitochondrial biogenesis, and
calcium-handling machinery, collectively driving a more
adult-like electrophysiological ~phenotype®”**.  Co-
culture with supportive non-myocyte populations,
including fibroblasts and endothelial cells, further facil-
itates paracrine and juxtacrine signaling pathways that
improve hiPSC-CM functional maturation and tissue-
level organization®.

Metabolic and hormonal conditioning also play pivotal
roles in the maturation of cardiomyocytes. Induction of
fatty acid oxidation, coupled with hormonal modulation
using triiodothyronine (T3) and glucocorticoids, has
been shown to advance both electrophysiological and
metabolic maturation of hiPSC-CMs®. These integrated
maturation approaches significantly enhance key phe-
notypic features, including sarcomere organization, force
generation, action potential duration, calcium transient
kinetics, and oxidative metabolism in cardiomyocytes.
Consequently, mature hiPSC-CMs exhibit substantially
improved utility for disease modeling, drug screening,
and translational cardiac research’”. Ongoing investiga-
tions into cardiomyocyte maturation pathways continue
to drive the development of increasingly predictive and
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clinically relevant in vitro cardiac platforms. Together,
advances in understanding human cardiogenesis and
strategies for promoting cardiomyocyte maturation
establish the essential biological foundation for next-
generation cardiac model systems, whose ultimate
translational value lies in their ability to model human
cardiovascular diseases with both physiological and
pathological properties.

Cardiac disease modeling

hiPSC-CMs have transformed cardiac disease modeling
by providing patient-specific, ethically acceptable, and
genetically tractable platforms for mechanistic investiga-
tions and drug screening. Unlike embryonic stem cells
(ESCs), hiPSCs are reprogrammed from somatic cell
sources, such as dermal fibroblasts or peripheral blood
mononuclear cells (PBMCs), thereby enabling the gen-
eration of patient-derived cardiac models while avoiding
ethical concerns associated with embryonic tissues”". This
approach allows cardiac disease mechanisms to be studied
in a human cellular context while preserving the unique
genetic background”.

The utility of hiPSC-CM-based disease models is
further enhanced by CRISPR/Cas9-mediated genome
editing, which enables the precise insertion, correction,
or deletion of pathogenic variants. When combined
with isogenic control lines, this strategy allows for the
direct attribution of observed phenotypes to specific
genetic alterations and supports high-resolution
mechanistic analyses®. Such genetic precision is par-
ticularly valuable for modeling monogenic cardiac
disorders and evaluating mutation-targeted therapeutic
strategies.

Broadly, hiPSC-based cardiac disease models can be
classified into inherited and acquired models (Tables 3-7).
Inherited cardiac diseases are typically modeled by gen-
erating hiPSCs from affected patients or by introducing
disease-associated mutations into control lines using tar-
geted genome editing, which recapitulates intrinsic genetic
pathologies. In contrast, acquired cardiac disease models
rely on the application of extrinsic stressors, such as
hypoxia, inflammatory cytokines, electrical pacing, or
metabolic challenge, to otherwise healthy hiPSC-CMs,
mimicking environmental, metabolic, or systemic insults
encountered in vivo.

hiPSC-derived cardiac platforms enable detailed
mechanistic dissection of both inherited and acquired
cardiac disorders, providing genetically defined and
patient-specific models for elucidating arrhythmogenic
mechanisms, disease progression, and therapeutic
responses. These capabilities position hiPSC-based sys-
tems as powerful tools for precision disease modeling
and the development of targeted therapies for cardio-
vascular diseases.
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Modeling inherited cardiac diseases

Inherited cardiac diseases arise from pathogenic muta-
tions affecting ion channels, sarcomeric proteins, devel-
opmental regulators, and metabolic pathways, ultimately
leading to electrical instability, contractile dysfunction,
and abnormal morphogenesis in the heart. Long QT
syndrome (LQTS) (Table 3) is a prototypical ion chan-
nelopathy. KCNQI mutations (LQTS1) reduce the slow
delayed rectifier potassium current (Ig;), prolong action
potential duration and field potential duration (APD/
FPD), and induce arrhythmias that can be rescued by
B-blockers or E-4031°*%°, KCNH2 mutations (LQTS2)
similarly impair Ix,, prolong repolarization, and predis-
pose patients to early afterdepolarization (EAD), partially
reversed by isoproterenol®®~%, whereas SCN5A mutations
(LQTS3) increase Iy, prolong APD, and trigger
arrhythmias that are shortened by mexiletine” %",
Additional variants include KCNJ2 mutations in
Andersen—Tawil syndrome (LQTS7), characterized by
reduced Iy;, prolonged APD, and delayed after-
depolarization (DAD) rescued by flecainide'®?, and
CACNAIC mutations in Timothy syndrome (LQTSS),
which impair Ca®>* channel inactivation, leading to pro-
longed APD that can be improved by roscovitine'%,
Calmodulin mutations (CALMI1-3, LQTS14-16) impair
calcium-dependent inactivation (CDI) of the L-type Ca*
current, prolonging APD and producing severe arrhyth-
mogenicity, which can be reversed by Ca** buffering or
CRISPR-based gene correction'®*'%, Triadin knockout
syndrome (TKOS) caused by TRDN mutations exhibits
prolonged APD, Ca* mishandling, and arrhythmic alter-
nans that are normalized by protein replacement'?’,
whereas short QT syndrome (SQTS1, KCNH2) demon-
strates increased Ig,, abbreviated APD/FPD, and
quinidine-sensitive EADs””'%, Beyond QT syndromes,
catecholaminergic polymorphic ventricular tachycardia
(CPVT) models carrying RYR2 or CASQ2 mutations show
spontaneous Ca®* waves and DADs under adrenergic
stimulation, ameliorated by dantrolene or gene ther-
apy'”'%’, and Brugada syndrome (SCN5A) models display
reduced sodium currents, impaired conduction, and phase
2 reentry-like abnormalities'°.

Inherited cardiomyopathies (Table 4) have also been
extensively explored in vitro. Hypertrophic cardiomyo-
pathy (HCM) caused by mutations in MYH7, MYBPC3,
PRKAG2, ACTN2, or BRAF is associated with sarco-
meric disarray, hypercontractility, increased Ca** sensi-
tivity, and  prolonged  APD''7'? Dilated
cardiomyopathy (DCM), modeled with mutations in
TTN, TPM1, VCL, PLN, and RBM?20, recapitulates sar-
comere disorganization, reduced contractile force,
impaired responses to mechanical and adrenergic stress,
unfolded protein response activation, and defective
calcium handling'*"'?, whereas correction of ABD-1
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Table 3 Inherited in vitro models of cardiac ion channelopathies
Disease Modeling strategy: Electrophysiological Intervention In vitro Ref
hiPSCs-CM genotype phenotype models
LQTS LQTST Patient-derived KCNQ1 Reduced Iy current B-blockers 2D monolayer o4
mutation Prolonged APD E-4031
Prolonged FPD Isoproterenol EHT o
LQTS2 Patient-derived KCNH2 Reduced Ik Isoproterenol 2D monolayer %
mutation Prolonged FPD
Reduced I, Isoproterenol EHT o7
Prolonged FPD
EADs
CRISPR-edited KCNH2 Prolonged APD E-4031 HoC s
mutation Nicorandil
LQTS3 Patient-derived SCN5A Increased Iy, current Mexiletine 2D monolayer #7719
mutation Prolonged APD
EADs
LQTS7 (Andersen-Tawil Patient-derived Reduced Iy, Flecainide 2D monolayer 102
Syndrome) KCNJ2 mutation Prolonged APD
DADs
LQTS8 (Timothy Syndrome)  Patient-derived CACNATC ~ Prolonged lca Roscovitine 2D monolayer %
mutation Prolonged APD
LQTS14 Patient-derived CALM1 Impaired CDI of Ica BAPTA-AM 2D monolayer '
mutation Prolonged APD
LQTS15 Patient-derived CALM2 Impaired CDI of Iy CRISPR silencing of 2D monolayer '
mutation Prolonged APD CALM2
LQTS16 Transfected with the Impaired CDI of Ica - 2D monolayer %

Triadin Knockout Syndrome (TKOS)

CALM3 mutation
Patient-derived TRDN null
mutations,

CRISPR-edited

TRDN mutation

Prolonged APD

Prolonged APD
EADs, APD alternans

Protein replacement
(triadin)

2D monolayer

107

SQTS1 Patient-derived KCNH2 Increased Iy, Quinidine 2D monolayer ~ '%®

mutation Shortened APD/FPD EADs EHT 97

CPVT CPVT1 Patient-derived Reentrant arrhythmias Dantrolene 2D aligned 19
RYR2 mutation tissue

CPVT2 Patient-derived CASQ2 Impaired intracellular Ca* AAV9-CASQ2 2D monolayer %

Brugada syndrome (BrS)

mutation

Patient-derived SCN5A
mutation

regulation

Reduced Iy, current
Abnormal calcium transients
Beating interval variation

gene therapy

2D monolayer

110

KCNQ1 Potassium Voltage-Gated Channel Subfamily Q Member 1, Ix; slow delayed rectifier potassium current, KC(NH2 Potassium Voltage-Gated Channel Subfamily H
Member 2, I, rapid delayed rectifier potassium current, APD action potential duration, FPD field potential duration, EHT engineered heart tissue, HoC heart-on-a-chip,
CRISPR clustered regularly interspaced short palindromic repeats, EAD early afterdepolarization, SCN5A sodium voltage-gated channel alpha subunit 5, Iy, late sodium
current, Iy, peak sodium current, KCNJ2 Potassium Inwardly Rectifying Channel Subfamily J Member 2, Ix; inward rectifier potassium current, DAD delayed
afterdepolarization, CACNATC Calcium Voltage-Gated Channel Subunit Alpha1 C, I, L-type calcium current, CALMT, 2, 3 Calmodulin 1, 2, 3, CDI calcium-dependent
inactivation, BAPTA-AM cell-permeable Ca® chelator, TRDN triadin gene, SQTS7 Short QT Syndrome type 1, CPVT catecholaminergic polymorphic ventricular
tachycardia, RYR2 ryanodine receptor 2, CASQ2 calsequestrin 2, AAV9 adeno-associated virus serotype 9
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Table 4 In vitro models of inherited cardiomyopathies

Disease Modeling strategy: hiPSCs-  Features In vitro models  Ref.
CM genotype

Hypertrophic cardiomyopathy CRISPR-edited MYH7 mutation Increased contractile force EHT B
(HCM) Prolonged relaxation kinetics
CRISPR-edited MYBPC3 Increased contractile force EHT "2
mutation Reduced beating frequency and relaxation time Higher

spontaneous arrhythmic behavior

Patient-derived Increased tissue size and twitch force EHT 3
BRAF mutation Atrial natriuretic peptide gene expression

Patient-derived PRKAG2 Glycogen accumulation EHT 189
mutation Increased twitch force

Increased AMPK activity

CRISPR-edited ACTN2 Myofibrillar disarray EHT 190
mutation Increased contractility

Impaired relaxation

Higher myofilament Ca”* sensitivity

Prolonged APD

Dilated cardiomyopathy (DCM) Patient-derived Shortened sarcomere length and sarcomere disarray EHT e
TNNT2 mutation Abnormal sarcomeric structure
Defective calcium handling
Impaired contractility

CRISPR-edited TNNT2 Reduced contractile force EHT e
mutation Shortened sarcomere length

Patient-derived Sarcomere disorganization EHT 116
TTN mutation Reduced contractile force

Impaired mechano-/-adrenergic stress responses

CRISPR-edited Sarcomere disorganization 2D monolayer "
TPM1 and VCL mutation Reduced contractile force

Patient-derived Reduced contractile force EHT 18
PLN mutation Elevated ER stress with UPR activation

Patient-derived RBM20 Titin splicing abnormality EHT e
mutation Sarcomere disarray

Defective calcium handling

Duchenne muscular dystrophy Patient-derived ABD-1 mutation correction restored 2D monolayer 120

(DMD) DMD mutation contractility and Ca** handling

Increased sensitivity to mechanical stress 121

Defective calcium handling
Impaired contractility EHT 122
(rescued by myoediting)
Lack of initial proliferative capacity Cco 123
Sarcoglycan mislocalization
Elevated ER stress with adipogenesis and fibrosis
Arrhythmogenic cardiomyopathy  Patient-derived Defective calcium handling o 124
(ACM) PKP2 mutation Excessive lipogenesis
Increased apoptosis
Reduced Cx43 EHT 125
High-rate pacing capture failure
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Table 4 continued
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Disease Modeling strategy: hiPSCs-  Features In vitro models  Ref.
CM genotype
Patient-derived Reduced desmoplakin EHT 126
DSP mutation Diastolic lengthening
Defective calcium handling
Impaired contractility
Restrictive Patient-derived Increased passive tension EHT 12/

cardiomyopathy (RCM) FLNC mutation

Impaired relaxation velocity

(rescued by trequinsin)

Patient-derived
TAZ mutation

Mitochondrial
cardiomyopathy
(Barth Syndrome)

Sarcomere disorganization

2D aligned tissue %2

Reduced contractile force
Increased oxidative stress

MYH7 myosin heavy chain 7, MYBPC3 myosin binding protein C, cardiac type, PRKAG2 protein kinase AMP-activated non-catalytic subunit gamma 2, AMPK AMP-
activated protein kinase, ACTN2 alpha-actinin 2, APD action potential duration, TNNT2 troponin T type 2, TTN titin, TPM1 tropomyosin 1, VCL vinculin, PLN
phospholamban, ER endoplasmic reticulum, UPR unfolded protein response, RBM20 RNA binding motif protein 20, ABD-1 actin-binding domain 1, PKP2 plakophilin-2,
Cx43 Connexin 43, DSP desmoplakin, FLNC filamin C, TAZ tafazzin, EHT engineered heart tissue, CO cardiac organoid

Table 5 In vitro models of inherited congenital heart defect (CHD)

Disease Modeling strategy: hiPSCs-CM genotype  Features In vitro models  Ref.

HAND1-associated CHD  CRISPR-edited Deficient cavity formation o 7
HANDT and NKX2-5 KO

ISL1-associated CHD CRISPR-edited Atrial and outflow tract malformation Cco >
ISLT KO Delayed onset of contraction

TBX5-associated CHD CRISPR-edited Impaired CM differentiation Cco o
TBX5 KO Affected heart compartments

Lack of spontaneous beating

FOXF1-associated CHD CRISPR-edited Abnormal cavity formation and differentiation ~ CO >
FOXF1 KO

Ebstein’s anomaly Patient-derived Ventricular-to-atrial fate shift Cco 128

NKX2-5 mutation

Reduced sarcomere organization

HAND1 Heart and Neural Crest Derivatives Expressed 1, NKX2-5 NK2 Homeobox 5, KO knockout, CO cardiac organoid, CM cardiomyocyte, ISLT ISL LIM Homeobox 1,

TBX5 T-box transcription factor 5, FOXF1 forkhead box F1

mutations restores both contractility and Ca® regula-
tion. Duchenne muscular dystrophy (DMD) hiPSC-CMs
carrying DMD mutations exhibit impaired contractile
function, loss of dystrophin, Ca** mishandling, and
stress hypersensitivity, with partial rescue by gene-
editing strategies'**™'*%, Arrhythmogenic cardiomyo-
pathy (ACM) arising from PKP2 or DSP mutations
demonstrates reduced desmosomal integrity, lipogen-
esis, apoptosis, impaired conduction, and spontaneous
arrhythmias, particularly under mechanical load-
ing'?*'®, Restrictive cardiomyopathy (RCM) models
with FLNC mutations display impaired relaxation,
increased passive tension, and diastolic dysfunction127,
whereas mitochondrial cardiomyopathy, such as Barth

syndrome (TAZ), produces sarcomere disorganization,
diminished force, oxidative stress, and contractile
instability”>.

Congenital heart defects (Table 5) have been modeled
by introducing mutations into developmental regulators,
such as HANDI1, TBXS, ISL1, NKX2.5, and FOXFI. COs
carrying these mutations reveal impaired cavity forma-
tion, atrial and outflow tract malformations, delayed
contraction onset, and abnormal chamber morphogen-
esis, thereby highlighting the developmental origins of
arrhythmogenic substrates®”>"1%5,

Inherited metabolic disorders (Table 6) also contribute
to the structural and electrical dysfunction. Fabry disease
(GLA) models show Gb3 accumulation, hypertrophy, Ca*
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Table 6 In vitro models of inherited cardiac metabolic disorders
Disease Modeling strategy: hiPSCs-CM Features In vitro models Ref.
genotype
Fabry Disease  Patient-derived Gb3 accumulation 2D monolayer ~ '¥
GLA mutation Hypertrophy
Increased electrical excitability
Danon Disease  Patient-derived Impairment in autophagic flux 2D monolayer 130
LAMP2 mutation Increased cell size
Increased expression of natriuretic peptides
Defective calcium handling
Increased oxidative stress and apoptosis
CRISPR-edited Sarcomere disarray 131
LAMP2 KO Increased oxidative stress
CaMKII§ overactivation
Defective calcium handling
Pompe Disease Patient-derived Defective LAMP1/2 glycosylation and impaired N-linked EHT 132

GAA mutation synthesis

GLA gene encoding galactosidase alpha, Gb3 globotriaosylceramide, LAMP2 lysosomal-associated membrane protein type 2, KO knockout, CaMKII6 calcium/
calmodulin-dependent protein kinase Il delta, GAA gene encoding acid alpha-glucosidase

mishandling, and heightened excitability'*. Danon dis-
ease (LAMP?2) recapitulates impaired autophagy, oxidative
stress, sarcomere disarray, and hypertrophy'*>'*' and
Pompe disease (GAA) reproduces glycogen overload,
prolonged APD, impaired calcium kinetics, and con-
tractile dysfunction'®”. These inherited cardiac disease
models elucidate direct mechanistic links between genetic
perturbations and arrhythmogenic remodeling and pro-
vide powerful in vitro platforms for testing mutation-
specific therapies and advancing precision cardiology
research.

Modeling acquired cardiac diseases

Acquired cardiac disorders (Table 7) arise from envir-
onmental stressors, systemic diseases, or physiological
overload and are modeled in vitro by exposing hiPSC-
derived cardiac tissues to specific extrinsic stimuli.
Although these conditions are not genetically inherited,
they involve maladaptive remodeling of electro-
physiological and contractile properties, providing clini-
cally relevant systems for studying arrhythmogenesis.

Myocardial infarction (MI) has been modeled using
cryoinjury, which induces fibronectin and collagen
deposition, cardiomyocyte necrosis, and limited regen-
erative responses®’, as well as oxygen-gradient systems
combined with noradrenaline exposure, which triggers
metabolic reprogramming, fibrosis, and Ca** dysregula-
tion'*®>, Chemical hypoxia induced by cobalt chloride
(CoCl,) further reproduces cardiomyocyte death and
arrhythmogenic electrophysiological ~ phenotypes'>*.
Myocardial ischemia has also been simulated in

microfluidic platforms that generate spatial oxygen gra-
dients under continuous perfusion, resulting in impaired
calcium handling, reduced contractile force, and tran-
scriptional activation of inflammatory programs®>'?®,
Similarly, global restriction of oxygen delivery evokes
contractile irregularities, metabolic acidosis, and lactate
normalization upon reperfusion, closely mimicking
ischemia—reperfusion dynamics'®.

Heart failure and pathological remodeling can be
induced by chronic catecholamine overstimulation in
EHTs. These models exhibit progressive contractile
decline, cardiomyocyte hypertrophy, and elevated
natriuretic peptide secretion, consistent with maladaptive
ventricular remodeling observed in vivo'*’. Tachycardia-
induced cardiomyopathy has been modeled through
chronic optical tachypacing of EHTs, which accelerates
contraction kinetics, shortens action potential duration
and refractory periods, and increases susceptibility to
proarrhythmic activity'®®, Diabetic cardiomyopathy is
reproduced by culturing two-dimensional monolayers
under hyperglycemic and lipotoxic conditions supple-
mented with endothelin-1 and cortisol, leading to sarco-
mere disorganization, oxidative stress, lipid accumulation,
cellular hypertrophy, and Ca** handling abnormalities'*.
Finally, inflammatory cardiomyopathy (myocarditis) has
been modeled using proinflammatory cytokine cocktails,
including IL-1B, TNF-a, and IFN-y, or viral mimetics that
induce sarcomeric loss, electrophysiological instability,
and cytokine release. Notably, several pathological phe-
notypes can be partially rescued by endothelial
cell-derived exosomes®®. These acquired disease models
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Table 7 In vitro models of acquired cardiac diseases

Disease Modeling strategy Features In vitro models Ref.

Myocardial Infarction Cryoinjury Fibronectin and collagen co &
accumulation
Necrosis
Limited cardiomyocyte proliferation

Oxygen-diffusion gradient, stimulated with Pathological metabolic shift Cco 133
noradrenaline Fibrosis

Defective calcium handling

Impaired contractility

Chemical hypoxia induction (CoCl, 4 glucose  Cardiac cell death o 134
depletion) Biomarker secretion

Defective calcium handling

Impaired contractility

Myocardial Ischemia Gas-controlled hypoxia induction Loss of cardiomyocyte viability Co 135
Disruption of cellular ultrastructure
Increased angiogenic potential
Increased proinflammatory cytokine

secretion
Spatial oxygen gradients generated via Defective calcium handling HoC o
continuous gas perfusion Reduced contractile force

Transcriptional changes
Activation of inflammation

Gas-controlled hypoxia induction Impaired contractility 136

Abnormal metabolic state
Fibrosis

Lactate normalization after
reperfusion

Heart Failure/ Cardiac Remodeling ~ Chronic catecholamine overstimulation Impaired contractility EHT 137

Hypertrophy
Cardiac cell death
Increased NT-proBNP secretion

Tachycardia-induced Chronic optical tachypacing Faster contraction kinetics EHT 138

cardiomyopathy Shorter action potentials
Shorter effective refractory periods

Diabetic cardiomyopathy Chemical induction of diabetic conditions Sarcomere disorganization 2D monolayer 139

Defective calcium handling
Impaired contractility
Hypertrophy

Lipid accumulation
Increased oxidative stress

Inflammatory cardiomyopathy Proinflammatory stimulation (Cytokines or viral  Impaired contractility EHT e
(Myocarditis) infection) Defective calcium handling

Increased proinflammatory cytokine

secretion

CO cardiac organoid, HoC heart-on-a-chip, NT-proBNP N-terminal pro B-type natriuretic peptide, EHT engineered heart tissue
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capture the multifactorial nature of non-genetic cardiac
pathologies and provide mechanistically relevant in vitro
platforms for investigating arrhythmogenic mechanisms
and evaluating therapeutic interventions.

Cardiotoxicity evaluation and drug screening using multi-
organ platforms

Cardiotoxicity remains a major concern in drug devel-
opment, particularly for compounds that do not primarily
target the cardiovascular system'*. Accurate assessment
of cardiotoxicity risk requires consideration of inter-organ
interactions, such as the influence of hepatic metabolism
on cardiac function, which are often overlooked in con-
ventional monoculture-based in vitro systems®®. To
address these limitations, multi-organ-on-a-chip (Multi-
O0C) platforms have been developed to integrate multiple
tissue types, thereby enabling the physiologically relevant
evaluation of systemic drug responses in human-based
models.

A representative example is a liver—heart micro-
physiological system (MPS) incorporating hiPSC-derived
cardiac and hepatic tissues, which has been used to assess
the metabolism-mediated cardiotoxicity of terfenadine. In
this platform, terfenadine impaired cardiac -electro-
physiology and contractility only in the presence of
functional hepatic tissue, underscoring the critical role of
metabolic coupling in accurate toxicity prediction”®.
Recently, vascularized cardiac MPS platforms have been
used to evaluate the cardiotoxic effects of anticancer
therapeutics on both myocardial and endothelial com-
partments. For instance, vandetanib, a vascular endothe-
lial growth factor receptor (VEGFR) inhibitor, was tested
using a vascularized cardiac spheroid-on-a-chip model,
where it induced impaired contractile performance and
rhythm disturbances'*'. Similarly, a multi-lineage heart-
on-a-chip integrating cardiomyocytes, endothelial cells,
and fibroblasts enabled the assessment of VEGFR/plate-
let-derived growth factor receptor—targeting tyrosine
kinase inhibitors (VPTKIs), capturing their combined
toxicity on vascular integrity and myocardial function**,

While these studies have substantially advanced our
understanding of acute and short-term cardiotoxic effects,
it is increasingly recognized that clinically relevant car-
diotoxicity is predominantly chronic and cumulative in
nature'*’, Most existing in vitro assays evaluate drug
responses over timescales of hours to days, whereas
clinical cardiotoxic manifestations often emerge only after
weeks or months of continuous exposure. This temporal
mismatch represents a critical gap between preclinical
testing and clinical observations in cardiotoxicity assess-
ment. Accordingly, the establishment and systematic
classification of long-term cardiotoxicity models are
essential for improving the predictive accuracy and
translational relevance. Extended culture of hiPSC-
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CM-based tissues within chip-based platforms enables
continuous monitoring of progressive functional dete-
rioration, including declining contractile force, impaired
calcium handling, and increasing electrophysiological
instability, which are hallmarks of chronic cardiomyo-
pathy. Maintaining tissue stability and maturation over
prolonged culture periods provides further insight into
metabolic adaptation, mitochondrial stress, and fibrosis-
like remodeling under sustained pharmacological expo-
sure. Consequently, future cardiotoxicity assessment
strategies should incorporate long-term dynamic culture
conditions and repeated dosing paradigms to more
faithfully reproduce chronic exposure scenarios and
bridge the gap between experimental models and clinical
outcomes.

Regenerative medicine and therapeutic potential of
engineered cardiac tissues

Engineered cardiac tissues developed in vitro are
increasingly being explored for regenerative medicine
applications, particularly for the repair of the damaged
myocardium following myocardial'**~'**, Among the most
extensively investigated platforms, cardiac patches and
cardiac organoids (COs) have demonstrated promising
potential for transplantation-based therapies'*”**®, Cardiac
patches are typically fabricated by combining hiPSC-CMs
with biomaterial scaffolds such as fibrin, collagen, or syn-
thetic polymers. Following transplantation into infarcted
hearts, these constructs have shown partial restoration of
contractile function and evidence of electrical coupling
with the host myocardium'*. COs, which self-organize
into three-dimensional structures that recapitulate early
cardiac development, have also been investigated as
reparative grafts. For example, transplantation of hiPSC-
derived COs into murine models of myocardial infarction
has been shown to promote neovascularization and partial
recovery of myocardial structure and function'*’. To fur-
ther enhance post-transplantation outcomes, recent studies
have emphasized prevascularization strategies, including
co-culture with endothelial cells and the incorporation of
proangiogenic factors, such as vascular endothelial growth
factor (VEGF). These approaches accelerate anastomosis
with the host vasculature, improve graft perfusion, and
reduce ischemic necrosis after implantation'>"'*2,

In parallel, advances in immune engineering have led to
the development of hypoimmunogenic iPSC lines through
the targeted deletion of human leukocyte antigen (HLA)
class I and II genes and the overexpression of immuno-
modulatory molecules, such as programmed death-ligand
1 (PD-L1). These genetic modifications substantially
reduce host immune rejection and prolong graft survival
in allogeneic transplantation settings'®>'**, These devel-
opments highlight the significant translational potential of
engineered cardiac tissues for myocardial repair.
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Nonetheless, critical challenges remain, including
achieving durable graft integration, long-term electrical
synchrony with the host myocardium, clinical-scale
manufacturing, and regulatory feasibility, which are
addressed in the following section.

Challenges
Technical limitations of current hiPSC-derived
cardiac models

Despite substantial advances, current hiPSC-derived
cardiac models remain insufficient for fully recapitulating
the biological complexities of the adult human heart. A
central limitation is the immaturity of hiPSC-derived
cardiomyocytes (hiPSC-CMs), which retain fetal-like
structural, electrophysiological, and metabolic character-
istics rather than adult phenotypes’®. Specifically, hiPSC-
CMs lack mature features, including dense sarcomeric
organization and transverse tubules. They also exhibit
immature calcium handling and metabolic profiles that
favor glycolysis over fatty acid oxidation, which are hall-
marks of an early developmental state. This immaturity
constrains contractile force generation, conduction velo-
city, and responsiveness to physiological stimuli, thereby
limiting the model’s overall fidelity. Cellular heterogeneity
and variability pose additional technical challenges. Even
isogenic hiPSC lines derived from a single donor can
display substantial line-to-line variability, resulting in
inconsistent differentiation efficiency and functional
readouts'>”. Moreover, experiments performed across
different laboratories frequently yield divergent results
because of variations in cell lines, differentiation proto-
cols, and culture conditions. This interlaboratory and
inter-donor variability undermines reproducibility and
complicates cross-study comparison5156, posing a major
obstacle to the standardization of hiPSC-CM-based
platforms. Another key limitation is the incomplete
recreation of the native cardiac microenvironment.
Engineered cardiac constructs often rely on simplified or
artificial matrices that fail to fully replicate the biochem-
ical composition, structural hierarchy, and biomechanical
properties of native extracellular matrix (ECM). Conse-
quently, critical tissue-level features, including anisotropic
fiber alignment, spatial stiffness gradients, and physiolo-
gically relevant cell-matrix signaling, are inadequately
reproduced.

A particularly critical deficiency is the lack of functional
vascularization in most human iPSC-derived cardiac tis-
sues. In the absence of a perfusable capillary network,
three-dimensional constructs are subject to diffusion
limitations, with oxygen and nutrient transport restricted
to a few hundred micrometers in the tissue. This limita-
tion leads to hypoxic cores, metabolic stress, and cell
death in thicker tissues'®” and is widely recognized as the
primary cause of necrotic core formation in cardiac
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organoids and engineered heart tissues. Although sub-
stantial efforts are underway to incorporate endothelial
networks and angiogenic cues into cardiac organoids and
heart-on-a-chip platforms, the generation of stable per-
fusable microvasculature remains a significant engineer-
ing challenge. Multicellular integration complicates
model fidelity. Incorporating multiple cardiac cell types,
including cardiomyocytes, fibroblasts, vascular cells, and
immune cells, into a single construct is technically chal-
lenging, as these populations have distinct maturation
timelines, metabolic requirements, and signaling depen-
dencies. Consequently, one cell type may dominate the
culture or fail to mature appropriately within the engi-
neered niche. These microenvironmental and multi-
cellular integration challenges often result in an
electromechanical mismatch between engineered tissues
and the adult myocardium.

Such mismatches have important functional con-
sequences, particularly in translational and transplanta-
tion contexts. Tissue-engineered grafts frequently struggle
to achieve robust electrical and mechanical coupling with
the host myocardium, in part due to immature ion
channel expression in hiPSC-CMs and mechanical
incompatibility between engineered constructs and native
cardiac tissue. Inadequate electrical integration can lead
to conduction blocks or arrhythmogenesis, whereas
mechanical mismatch arising from disparities in stiffness
or force generation can impair effective force transmis-
sion. Several studies have demonstrated that immature
hiPSC-CMs with limited coupling capacity can provoke
arrhythmogenic events when introduced into adult car-
diac tissue'*®. These technical limitations related to cel-
lular maturity, tissue architecture, vascularization, and
host integration underscore the need for continued
bioengineering innovation to enhance the physiological
fidelity, robustness, and translational utility of hiPSC-
derived cardiac models.

Challenges in translational research and clinical
applicability

Translating hiPSC-based cardiac models from the
bench to bedside introduces a distinct set of translational
challenges. One of the primary hurdles is scalability, the
ability to produce cardiac cells or tissues at the volume,
consistency, and quality required for industrial drug
screening or therapeutic applications. The large-scale
production of hiPSC-CMs with uniform quality remains
difficult, as current differentiation protocols are labor-
intensive and subject to substantial batch-to-batch varia-
bility'*®. Consequently, the routine generation of millions
of mature, functionally consistent cardiomyocytes or
large, clinically relevant tissue constructs for high-
throughput screening or allogeneic cell therapy remains
unachieved.
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The scaling of engineered cardiac tissues presents
additional challenges. Although miniature cardiac orga-
noids or microtissues are relatively straightforward to
culture and manipulate, they often lack adult-level
structural and functional complexity. In contrast, larger
engineered tissues more closely approximate the myo-
cardial architecture but frequently suffer from limited
viability, including core necrosis and insufficient integra-
tion of supporting cell populations. These trade-offs
complicate efforts to balance physiological relevance and
manufacturability.

Another major translational challenge is the inter-donor
and inter-line variability inherent to hiPSC-based models.
Because hiPSC lines retain the genetic background of
their donors, phenotypic differences, such as baseline
electrophysiological properties, maturation states, and
drug responsiveness, can arise even among lines derived
from healthy individuals. Such variability complicates the
interpretation of disease phenotypes and pharmacological
responses, as it can be difficult to distinguish genuine
biological effects from line-specific idiosyncrasies.
Although standardization of differentiation protocols and
comprehensive phenotypic characterization of each hiPSC
line can mitigate some of these issues, a degree of het-
erogeneity remains intrinsic to the system'*”,

Regulatory acceptance is an additional bottleneck for
clinical translation. Although regulatory agencies have
begun to recognize hiPSC-derived cardiac models as
emerging New Approach Methodologies (NAMs), parti-
cularly in the context of cardiac safety pharmacology,
clear regulatory standards and validation frameworks are
still evolving. Recent analyses by U.S. The Food and Drug
Administration (FDA) and the Center for Drug Evaluation
and Research (CDER) indicate that although submissions
incorporating hiPSC-CM-based cardiotoxicity data—
often derived from multielectrode array electrophysiology
assays—are increasing, their influence on regulatory
decision-making has thus far been limited. In many cases,
submitted studies lacked a clearly defined context of use
or failed to convincingly link in vitro phenotypes with
clinically meaningful risks, limiting their regulatory utility.
These observations underscore the need for standardized
performance metrics and systematic validation of hiPSC-
based cardiac assays using well-characterized human
clinical data.

Finally, bridging the gap between in vitro findings and
human pathophysiology remains a challenge. Reductionist
cardiac models, even when engineered with high fidelity,
cannot fully capture the multi-organ and systemic com-
plexities of cardiovascular disease. Neurohumoral reg-
ulation, immune system interactions, and circulatory
feedback mechanisms are largely absent in isolated car-
diac tissues, making it difficult to reproduce disease
manifestations driven by systemic inflammation or
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neuroendocrine remodeling. In addition, the immature
phenotype of hiPSC-CMs limits their ability to faithfully
replicate adult disease states and long-term pharmacolo-
gical response. Addressing these translational barriers will
require continued advances in tissue maturation, multi-
cellular complexity, and long-term culture stability, as
well as the accumulation of large-scale datasets linking
hiPSC-based readouts to the patient outcomes. Until such
correlations are firmly established, caution is warranted
when extrapolating in vitro results to clinical settings, and
hiPSC-derived cardiac platforms are likely to serve as
complementary—rather than replacement—tools along-
side existing preclinical models in the near term.

Limitations in preclinical drug evaluation and safety
testing

hiPSC-derived cardiac platforms play an increasingly
important role in preclinical drug evaluation; however,
clear limitations remain in the predictive power and scope
of these assays. On the positive side, hiPSC-CMs have
substantially improved the detection of certain cardio-
toxic effects in vivo. For example, in the context of
proarrhythmia risk assessment, multielectrode array
(MEA) recordings from hiPSC-CM monolayers can reveal
drug-induced alterations in repolarization and arrhythmic
events, such as early afterdepolarizations, which may be
overlooked in animal models. The incorporation of
hiPSC-CM assays into safety pharmacology pipelines,
most notably through the Comprehensive in vitro
Proarrhythmia Assay (CiPA) initiative, has demonstrated
more human-relevant predictions of QT prolongation and
arrhythmia risk for selected compounds'®®. However, the
reliability of these platforms is not uniform across all
forms of cardiotoxicity. Their predictive performance is
well established for compounds that directly perturb
cardiac ion channels, such as hERG blockers that induce
arrhythmias, but remains less validated for other
mechanisms of cardiac injury. In particular, chronic
structural cardiotoxicities, including anthracycline-
induced cardiomyopathy, or subtle, long-term functional
impairments are difficult to detect using current acute
hiPSC-CM-based assays.

Most hiPSC-CM studies continue to focus on short-
term endpoints, including acute changes in electro-
physiology, contractility, and cell viability following drug
exposure over hours to days after exposure. In contrast,
clinically relevant cardiotoxicity often emerges only after
weeks or months of treatment with these agents.
Although modeling chronic drug responses in vitro is an
active area of investigation, maintaining stable adult-like
cardiomyocyte function during extended culture and
repeated dosing remains technically challenging.

Several advanced three-dimensional (3D) models have
begun to address this limitation by applying sustained
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pathological stress to induce chronic injuries. For
instance, engineered heart tissues exposed to prolonged
afterload or continuous neurohormonal stimulation, such
as norepinephrine or transforming growth factor-p (TGE-
[), exhibit progressive contractile decline, prolonged cal-
cium transients, and arrhythmic bursts, which are char-
acteristic of heart failure and maladaptive remodeling.
While these studies demonstrate that chronic disease
phenotypes can be recapitulated in vitro, such approaches
are not yet routinely adopted in drug testing because of
their experimental complexity and limited throughput.
Consequently, reliable prediction of long-term drug
effects, including fibrosis, hypertrophy, and cumulative
cardiotoxicity, remains a significant challenge in hiPSC-
derived systems.

Another important limitation of preclinical applications
is the incomplete integration of pharmacokinetic (PK) and
multi-organ factors. In vivo, cardiac drug responses are
shaped by metabolism, systemic distribution, and off-
target effects in the organs. To address this, multi-organ
microphysiological systems (MPSs) have been developed,
such as heart-liver co-culture platforms that combine
hiPSC-derived cardiac tissues with liver organoids or
liver-on-a-chip modules, to account for drug bioactivation
and clearance. These systems can uncover cardiotoxic
effects mediated by metabolites that would be missed in
heart-only models. Nevertheless, constructing robust
multi-organ platforms presents practical challenges,
including the need to optimize tissue-specific media,
match physiologically relevant flow rates and scale across
organs, and enable inter-organ communication that
accurately reflects human physiology. At present, no
universally standardized “body-on-a-chip” platform exists,
and many multi-organ systems remain bespoke, limiting
their reproducibility and widespread adoption. Conse-
quently, the routine integration of PK/pharmacodynamic
considerations into in vitro cardiotoxicity testing remains
uncommon.

Beyond the biological and engineering limitations,
computational integration has emerged as an important
complementary dimension in preclinical cardiac safety
assessment. Recent advances in artificial intelligence (Al)
and machine learning (ML) enable multimodal fusion of
imaging, electrophysiology, calcium dynamics, and tran-
scriptomic data to train predictive models for cardio-
toxicity risk and phenotype classification®>'*®'°!, In
particular, self-supervised and transformer-based archi-
tectures have demonstrated superior performance over
traditional ML approaches in detecting subtle morpho-
logical, electrophysiological, and conduction abnormal-
ities in hiPSC-CM systems. These computational
strategies complement organoid and microphysiological
platforms by supporting automated screening, early
detection of drug-induced risk signatures, and patient-
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specific risk stratification in drug-induced cardiotoxicity.
Although widespread adoption will require standardized
data pipelines and benchmarking frameworks, Al-
enhanced cardiac platforms represent a promising ave-
nue for improving predictive accuracy and reducing the
reliance on animal models.

In parallel with advances in biological fidelity and
computational sophistication, regulatory alignment
remains essential for broader clinical and industrial
applications. Recent guidance from regulatory agencies,
including the U.S. FDA and the European Medicines
Agency (EMA) emphasize the qualification of human-
relevant NAMs and the integration of hiPSC-based
assays and MPSs into cardiac safety workflows. Initia-
tives such as CiPA and the revised ICH S7B/E14 Q&A
framework highlight the importance of standardized
electrophysiological validation, reproducible functional
benchmarks, and demonstrated clinical concordance for
regulatory acceptance in investigational new drug (IND)
submissions. Accordingly, future progress will depend
not only on continued bioengineering and computa-
tional innovation but also on the development of har-
monized validation pipelines, reference compound sets,
and cross-laboratory reproducibility standards to sup-
port regulatory qualification and scalable deployment of
these technologies.

Conclusions and future perspectives

Human induced pluripotent stem cell (hiPSC)-derived
in vitro cardiac systems represent a major advance in
nonclinical drug evaluation and regenerative medicine.
Given the intrinsic structure—function dependency of the
heart, physiologically accurate modeling is essential for
developing predictive and reliable platforms. The ability of
hiPSC-based models to recapitulate human cardiac elec-
trophysiology, contractility, and pharmacological respon-
siveness underscores their value as next-generation tools
that address the key limitations of animal studies and
immortalized cell lines. Recent advances in three-
dimensional cardiac tissue engineering, including engi-
neered heart tissues, chamber-like organoids, and heart-on-
a-chip systems, have substantially enhanced the biological
fidelity of these models. These constructs support long-
term culture, multicellular integration, and biomechanical
conditioning, enabling more accurate modeling of chronic
drug responses and patient-specific phenotypes compared
to conventional approaches. In safety pharmacology,
hiPSC-based assays have been incorporated into the
Comprehensive in vitro Proarrhythmia Assay (CiPA) fra-
mework and are increasingly recognized as Drug Devel-
opment Tools by regulatory agencies.

Beyond preclinical testing, hiPSC-derived cardiac tis-
sues are progressing toward clinical applications. Pre-
clinical studies using engineered cardiac patches and
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myocardial grafts have demonstrated partial remuscular-
ization and functional recovery in animal models of
myocardial infarction, and early clinical trials of allogeneic
hiPSC-based cardiac products have reported encouraging
safety profiles. Together, these findings highlight the
therapeutic potential of engineered cardiac tissues in
patients with advanced cardiovascular diseases. Never-
theless, important challenges remain, including incom-
plete cardiomyocyte maturation, limited vascularization,
inter-line variability, and a lack of standardized manu-
facturing and validation pipelines. Ongoing inter-
disciplinary efforts spanning biofabrication, bioreactor
engineering, immune modulation, and Al-driven data
integration actively address these limitations.

Looking forward, the continued integration of advanced
computational and systems-level approaches with biologi-
cally engineered cardiac platforms will be essential to
accelerate clinical translation. The convergence of Al-
enabled multimodal analysis, large-scale biobanks, and
patient-specific genomic information is expected to enhance
predictive cardiotoxicity assessments and precision drug
screening. In parallel, multi-organ and vascularized tissue-
chip circuits will enable the modeling of systemic interac-
tions, such as cardio-hepatic drug metabolism, immune
activation, and neurohumoral regulation, thereby improving
translational robustness beyond single-organ systems.

Emerging directions include: (i) multimodal deep-
learning frameworks that integrate imaging, electro-
physiology, calcium dynamics, and transcriptomics to
detect subtle structural and functional phenotypes; (ii)
generative and self-supervised Al platforms for phenotype
discovery and drug-response prediction; (iii) standardized
data pipelines and cloud-native cardiac data repositories
to support reproducible Al benchmarking; (iv) patient-
matched hiPSC models combined with gene editing and
disease-specific stratification for personalized medicine;
and (v) scalable Good Manufacturing Practice (GMP)
workflows for clinical-grade cardiac tissues and future
autologous and allogeneic cell therapies. The integration
of bioengineering, stem cell biology, computational
modeling, and regulatory science is establishing a next-
generation ecosystem for cardiac drug development and
regenerative therapies. As these technologies continue to
mature, hiPSC-derived cardiac platforms are poised to
complement and ultimately transform conventional
nonclinical testing paradigms, ushering in an era of
human-relevant, precision-engineered, and clinically
actionable cardiovascular innovation.
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