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Abstract

Induced pluripotent stem cells (iPSCs) have emerged as a key component of cardiac tissue
engineering, enabling studies of cardiovascular disease mechanisms, drug responses, and
developmental processes in human 3D tissue models assembled from isogenic cells. Since the
very first engineered heart tissues were introduced more than two decades ago, a wide array

of iPSC-derived cardiac spheroids, organoids, and heart-on-a-chip models have been developed
incorporating the latest available technologies and materials. In this review, we will first outline
the fundamental biological building blocks required to form a functional unit of cardiac muscle,
including iPSC-derived cells differentiated by soluble factors (e.g., small molecules), extracellular
matrix scaffolds, and exogenous biophysical maturation cues. We will then summarize the
different fabrication approaches and strategies employed to reconstruct the heart /n vitro at varying
scales and geometries. Finally, we will discuss how these platforms, with continued improvements
in scalability and tissue maturity, can contribute to both basic cardiovascular research and clinical
applications in the future.
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1. Introduction

The human heart is among the most structurally intricate and functionally complex organs of
the body, composed of several distinct cell types of varying developmental origin. Seminal
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discoveries in the field of cardiac development over the years have enabled the identification
of a vast number of genetic, biochemical, and biophysical factors that are spatiotemporally
orchestrated to form a mature heart [1-3]. These studies have provided a molecular roadmap
for engineers to follow in their efforts to build /n vitro cardiac muscle tissue [4,5],
particularly in the differentiation of human iPSCs into various cardiovascular cell types.
More than two decades since the earliest iteration of engineered heart tissue (EHT) was
built using chicken embryonic [6] and rat neonatal [7] cardiomyocytes, iPSC-derived cells
have now emerged as the predominant cell source for cardiac tissue engineering (CTE).

The unique versatility of iPSCs, combined with advancements in engineered biomaterials
and organ-on-a-chip technology, has yielded a wide array of /n vitro cardiac tissue models,
ranging from spheroids and organoids to transplantable cardiac patches and 3D-bioprinted
hearts.

This review aims to first outline the fundamental components required to construct human
cardiac muscle, and to summarize the various engineering strategies used to assemble

the building blocks into organized 3D tissue. We will then briefly outline the various
applications of cTE, from 3D disease modeling to drug development. Finally, we will
examine the common challenges and limitations of current methods and discuss the future
outlook of cTE.

2. The building blocks

While cardiomyocytes occupy up to 70-85% of the mammalian adult heart’s total volume,
they constitute just 20-30% of the total population of cells [8,9]. The remaining 70-80%
are composed of non-myocyte cell types [8] including endothelial cells, vascular smooth
muscle cells, cardiac fibroblasts, and resident immune cells (e.g., macrophages), all of
which interact multilaterally with each other by complex paracrine and/or contact-based
signaling. In the native myocardium, these diverse cell types are embedded within a

robust 3-dimensional (3D) extracellular matrix (ECM) network, which not only provides
mechanical integrity to the overall tissue, but also harbors structural and biochemical signals
that facilitate anisotropic alignment and organization of cells that are critical for cell-cell
electromechanical coupling and efficient force propagation. Importantly, native heart tissue
is extensively vascularized with blood vessels of varying scales to meet the high energetic
demands of densely packed, contractile cardiomyocytes. The highly specialized in vivo
cardiac microenvironment therefore provides an intricate combination of structural and
biochemical signals that promote maturation and function at the molecular, cellular, and
tissue levels.

The principal goal of cTE as a field is to recapitulate the physiological tissue environment
to enable investigation of cardiac muscle function and biology under both normal and
pathological conditions. While strategies and applications of cTE have been wide-ranging,
three common components are deemed critical (and often indispensable) for engineering a
functional unit of human 3D cardiac muscle that faithfully reproduces key features of the
adult myocardium: (i) human iPSCs or iPSC-derived cardiovascular cells differentiated by
soluble factors (e.g., small molecules), (ii) an extracellular matrix (ECM) scaffold, and (iii)
one or more forms of biophysical maturation stimuli (e.g., mechanical and/or electrical). In
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this section, we will summarize the most common ‘building blocks’ of cTE and outline the
various approaches and strategies used to assemble them into functional heart muscle (Fig.
1A).

iPSC-derived cells: differentiation by soluble factors

The ability to reprogram adult somatic cells into iPSCs [10,11] has transformed biomedical
research by enabling: improved modeling of diseases and developmental processes,
development of novel regenerative therapies, human cell-based drug screening platforms,
and, importantly, engineering of tissues and organoid models that can synergize with all of
the above [12,13]. At the core of these new opportunities lies the ability, by definition, to
direct the differentiation of iPSCs into various lineages and functional cell types, including
cardiovascular cells that are the focus of this review (Fig. 1A).

Differentiation of iPSCs into beating cardiomyocytes (iPSC-CMs) has in many ways been
at the forefront of iPSC biology, providing some of the earliest examples of successful

and robust directed differentiation [14-16]. Today, the most common protocols involve
biphasic modulation of canonical Wnt signaling [17,18], wherein early activation promotes
cardiogenic mesoderm specification and subsequent inhibition steers towards cardiac
progenitor differentiation. Regulation of the Wnt pathway is typically achieved through
sequential addition of well-defined small molecules (e.g., GSK3 inhibitor CHIR99201)
[14,16]. Upon cardiac progenitor differentiation, the cells are subsequently subjected

to metabolic selection (e.g., by glucose starvation), which can yield up to >95% pure
populations of robustly beating CMs at manageable cost [19,20].

In addition to iPSC-CMs, differentiation protocols for the three other major cardiovascular
cell types (endothelial cells, iPSC-ECs; cardiac fibroblasts, iPSC-CFs; and vascular smooth
muscle cells, iPSC-vSMCs) have been developed in recent years. De novo derivation

of iPSC-ECs, for example, can be achieved by first inducing cardiogenic mesoderm
formation (e.g., by GSK3 inhibition) [21,22], followed by addition of VEGF [23-25]

and subsequent magnetic-associated cell sorting. High-purity CD31*/VE-cadherin* iPSC-
ECs can also be differentiated without cell sorting, by generating distinct cardiovascular
progenitor cells that give rise to both CMs and ECs from iPSCs [26]. The resulting iPSC-
ECs exhibit characteristic transcription profiles, cobblestone-like morphologies, as well as
functional features (e.g., tube formation) of bona fide ECs, and are increasingly used to
replace traditional cell lines (e.g., HUVECS) for cTE applications. The same mesodermal
progenitors formed by GSK3 inhibition can also be steered towards the epicardial fate
[27-29] and subsequently differentiated into either iPSC-vSMCs by treatment with growth
factors PDGF-BB and TGFB1 [23,28,30,31], or into iPSC-CFs by treatment with FGF2
[32,33]. While the purity and maturity of the resulting iPSC-vSMCs and iPSC-CFs remain
suboptimal, they have been shown to closely resemble primary vSMCs and CFs in their
respective morphologies, transcriptomes, functional properties, and secretory profiles.

The primary advantage of being able to generate various cardiovascular cell types in
addition to iPSC-CMs is that more physiological constructs can be made, as demonstrated
by the improved structural and functional maturity of multi-cell type microtissues [34].
Multi-cellularity further enables researchers to investigate pathogenic mechanisms and
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drug responses in a cell-type specific manner, and provides a versatile toolbox with

which intercellular communication mechanisms (e.g., paracrine or contact-mediated) can be
examined using isogenic lines. While the functional benefits of incorporating multiple cell
types have long been known (e.g., from co-cultured cardiac constructs [35]), the ability to
incorporate isogenic cell lines greatly reduces the potential undesired effects of confounding
factors including species-specificity and cell line dependence. One common challenge for
such approaches, however, is that most iPSC-derived cells are functionally immature and
exhibit fetal-like features. There exists an apparent maturation limit with conventional small
molecule-based differentiation protocols, which can only be overcome with exposure to the
appropriate structural [36—39], mechanical [40,41], and/or electrical cues [42] that more
closely mimic the physiological tissue microenvironment. It is the overarching goal of many
CTE studies to overcome this very limitation, by integrating engineered biomaterials, various
microfabricated devices, and electrical circuits with conventional 2D approaches (Fig. 1B).

Biomaterial scaffold

The cardiac ECM makes up 10-35% of the heart’s proteome [43] and is a critical
component that not only provides structural integrity, but also plays key roles in a wide
range of genetic and metabolic diseases, immune regulation, and responses to acute and
chronic injury. Over the past 15 years, a wide portfolio of ECM-mimicking biomaterials has
been designed for cTE, with varying structural, mechanical, and biochemical properties. In
the following sections, we briefly summarize the most widely used natural, synthetic, and
hybrid biomaterials in cTE.

2.2.1. Natural materials—Materials derived from native cardiac ECM are often the
most logical choice for engineering cardiac muscle, given that they closely mimic,

by definition, the physiological environment and are biocompatible with little to no
immunogenicity. Among the various cardiac ECM components used in cTE, the most
common are collagens and collagen-based hydrogels. Approximately 75-90% of the cardiac
ECM is composed of fibrillar collagens [44], which form well-aligned anisotropic bundles
of fibers that surround and parallel elongated adult CMs. The composition, morphology,
and abundance of fibrillar collagens are known to dynamically regulate cardiac function
in response to injury [45-48]. The expression of collagen-1 in the myocardium also
increases exponentially during embryonic development [49,50] and is tightly coupled to
the heart’s contractile function and maturation [51], suggesting key roles in regulation of
CM alignment, maturation, and function. In addition to mere structural support, collagen-I
thus provides critical biochemical and mechanical cues for resident cells including CMs.

One practical advantage of collagen-based gels is that fibrillar collagens are highly
conserved across species and can be readily isolated from various animal tissues at
substantial quantities. Given their superior biocompatibility and tunable crosslinking/
bundling [52,53], collagens and collagen-based scaffolds also provide important functional
benefits in that they provide an abundance of native heart-like ligands to embedded cells and
promote cell-mediated remodeling of tissue architecture (e.g., alignment) and compaction
[35,54]. However, given the low solubility of collagen at neutral pH and its weak mechanical
properties, collagens are often combined with synthetic polymers or with other naturally
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sourced proteins including fibrin, fibronectin, hyaluronic acid, Matrigel, alginate, silk, and
chitosan. Fibrin gels have been a particularly popular choice for early EHTs and implantable
cardiac patches owing to their ease of use, toughness, and versatility. Alginate has also

been widely used due to its simple gelation method and tunable mechanical properties

[55], which have shown to improve survival of cells in injectable cardiac implants [56]

and presumably provide important stiffness-driven CM maturation cues (as suggested by
2D studies [40,41]). While these biopolymers themselves in the absence of collagens are

not necessarily accurate representations of native cardiac ECM, they can provide an initial
support in which co-cultured fibroblasts can secrete cell-derived native ECM.

To better recapitulate the physiological ECM, many researchers have also taken a top-down
approach by directly decellularizing tissue from both human and animal heart samples
[57,58]. The major advantage of decellularized ECM (dECM) is that it largely preserves the
native structure and composition of the matrix which, at least in theory, provides the closest
representation of the actual tissue microenvironment. Methods employing such dECM have
been explored for different purposes including enhancement of CM maturation, disease
modeling, and engineering transplantable cardiac patches. However, most decellularization
methods rely on surfactants that can damage proteins and strip the ECM of critical

growth factors, cytokines, and other matrix-bound components. Inefficient removal of

such surfactants results in cytotoxicity, and even with thorough washing, it remains a
challenge to properly re-cellularize the dECM with multiple cell types at their physiological
locations within the tissue. New strategies are needed to overcome these limitations in
re-cellularization and seeding efficiency.

2.2.2. Synthetic biomaterials—While synthetic biomaterials generally do not support
cardiac tissue development better than natural hydrogels, they can offer practical advantages
as researchers have tighter control over their biochemical, mechanical, and structural
properties. To date, various synthetic polymers (e.g., polyethylene glycol, polycaprolactone,
poly(lactic acid)) have been employed to build 3D cardiac scaffolds for /n vitro disease
models or implantable therapeutic patches. Most synthetic polymers lack native bioactivity
and require additional processing for ligand functionalization, but many are considered
non-toxic, biodegradable, and mechanically robust, which make them an attractive choice
for designing scaffolds that can be gradually remodeled by resident cells and cell-derived
ECM over time. Importantly, synthetic polymers can be tailored to have specific functional
properties and structures such as anisotropically aligned scaffolds (e.g., by electrospinning
[59], two-photon initiated polymerization [60], and laser ablation [61]), which have shown
to facilitate elongation, uniaxial alignment, and contractile maturation of CMs. One area
that is particularly promising is the development of electrically conductive polymers

for implantable cardiac patches [62—-64]. While these mechanically tunable, electrically
conductive polymers are relatively new and have yet to be tested with multiple cardiac

cell types /n vivo, they have great potential for improving electromechanical coupling and
integration with host tissue.

2.2.3. Hybrid/recombinant materials—Hybrid biomaterials and recombinant
hydrogels offer a reasonable balance between natural and synthetic materials, as they can
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faithfully recapitulate the biochemistry and mechanics of the tissue environment without
compromising tailorability or biocompatibility. Given their well-rounded properties, hybrid
biomaterials and recombinant hydrogels have attracted significant attention in the cTE field
in recent years. Injectable biodegradable hybrid scaffolds [65,66], for example, have been
developed to enhance repair and regeneration of damaged myocardium. PEG—fibrinogen
hybrids designed to generate scaffolds of moderate stiffness (G’ ~ 350 Pa) [65] were seen
to accelerate cardiogenic differentiation in 3D muscle tissues compared to conventional
gelatin-based systems, demonstrating the utility of mechanically tunable hybrid materials.
Given the broad range of materials that can be mixed combinatorically for such natural-
synthetic hybrids, systematic studies are needed to evaluate the effects of varying ECM
composition (e.g., [54,67,68]) on cell differentiation, tissue maturation, and implantation.

In addition to hybrid materials, recombinant hydrogels offer unique opportunities for tissue
engineering and regenerative medicine. Elastic methacrylated tropoelastin hydrogels, for
example, have been synthesized recombinantly [69] to generate a micropatterned elastic
support that promotes CM spreading, alignment, and contractility. Similarly, elastin-like
polypeptides [70,71] and resilin-like polypeptides [72] have been developed either as
standalone hydrogels or recombinant-synthetic hybrids with tunable mechanical properties
and ligand densities. Modulating the crosslinking density of elastin-like hydrogels, for
example, has been shown to regulate the contractility and electrical pacing efficiency of
hESC-CMs in 3D cultures [70]. Continued optimization of such recombinant biomaterials,
combined with rigorous evaluation of their safety and efficacy /n vivo, will likely provide
new avenues for addressing translational needs currently unmet with traditional biomaterials.

2.3. Mechanical and electrical stimuli

Enhancing iPSC-CM maturity to near adult CM levels has been a long-standing challenge
in cTE, and researchers have developed a variety of strategies to improve tissue maturation
and function /n vitro. Early studies have focused primarily on biomimetic materials (see
previous sections), either with or without a rigid/static support system (e.g., casting molds
[73], silicone membranes [74], and Velcro frames [75]). More recently, however, it has
become increasingly clear that externally applied mechanical and electrical stimuli also play
key roles in inducing further maturation of cells and tissue. Exogenous stimulation has been
achieved by various methods involving one or more of the following: (i) an elastic support
that provides resistance against each contraction (e.g., flexible pillars [76,77], deformable
elastic suspensions [78,79], or silicone frames [80]), (ii) mechanical stretching devices
[81,82], and (iii) electrical training systems [83].

Mechanical load is among the most important factors that regulate cardiac development,
maturation, and aging [84,85]. The heart’s inherent mechano-sensitivity is evident not only
at the single-CM level [40,41,86], but also at the tissue and organ levels [51]. Various

CTE platforms developed in recent years have thus focused on application of auxotonic
mechanical strain to mimic the forces that CMs contract against in the myocardium
[78,87,88]. The precise mechanisms by which passive mechanical load facilitates CM
maturation remain incompletely understood, but are thought to involve promotion of cell
alignment, force-mediated sarcomere organization [51,89,90], mechanosensitive activation
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of CM transcription programs [91], and perhaps a metabolic switch induced by increased
contractile work [92,93].

As an electrically active organ, the heart and its resident CMs can also be stimulated
exogenously by electrical currents to trigger, synchronize, and/or pace contractions.
Electrical stimulation has long been known to be a key regulator of hPSC-CM maturation
[42,78,94,95], and the cTE field has capitalized on these findings to develop various
electrical stimulation systems to promote cardiac tissue maturation /n vitro. Early work

in this area demonstrated, for example, that electrical stimulation in neonatal rat CMs in
collagen/Matrigel scaffolds enhances synchronization of contractions, cell-cell alignment,
and ultrastructural organization [42]. A diverse array of stimulation protocols as well

as devices and bioreactors have since been developed [96-99] to enhance excitation-
contraction coupling in engineered cardiac tissue constructs. Such electrical pacing
platforms complement the effects of 3D architectural cues and external mechanical loading,
providing a set of orthogonal stimuli that can create synergy in cardiac tissue formation and
maturation.

More recently, researchers have developed and refined protocols that combine both
mechanical and electrical stimulation for cTE [78,99,100]. For example, combined
electromechanical stimulation of hPSC-CM-based tissues was shown to result in

greater force generation, a positive Frank-Starling effect, and improved force-frequency
relationship [100]. These effects were correlated with the expression of RYR2 and
SERCAZ2, suggesting that combined conditioning can facilitate maturation at both the
transcriptional and functional levels. A recent study also demonstrated that enhanced

tissue maturation can be achieved by electrical conditioning of early-stage iPSC-CMs

with increasing intensity over time against elastic pillars [99]. Intensity training for 4

weeks resulted in adult-like transcriptional and metabolic profiles, improved organization
of subcellular architecture (e.g., sarcomere length), formation of transverse tubules (t-
tubules), a positive force—frequency relationship, and enhanced calcium handling. While
the protocol still does not fully recapitulate the electromechanical properties of human adult
myocardium, physical conditioning was necessary for modeling physiological responses

to drugs and pathological hyper-trophy. Upon further validation and optimization, similar
electromechanical stimulation approaches will likely become increasingly popular in the
cTE field for unmasking cardiac disease and drug responses /n vitro that otherwise cannot be
observed in 2D monolayer cultures.

3. Engineering strategies and approaches

Three fundamentally distinct strategies are commonly used to engineer cardiac tissues:

(i) those that rely primarily on self-assembly of cells and ECM, (ii) those that employ
specialized devices and tools to exogenously promote formation of heart-like, macro-level
tissue structure, and (iii) top-down 3D printing-based approaches that enable maximal
architectural control (Fig. 1C). The various strategies have unique advantages and limitations
in terms of their scalability, biological complexity, and clinical applicability, which are
outlined in the following sections.
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3.1. Cardiac spheroids and organoids

Spheroids and organoids are prime examples of tissue constructs that rely almost entirely
on the self-assembly of cells. Lack of strict terminology often results in confusion

in terms of what should be classified as a spheroid versus an organoid, but several
characteristic features have been used to distinguish the two. Spheroids broadly refer to
small, simple, and usually scaffold-free 3D aggregates of differentiated or primary adult
cells that give rise to primitive tissue-like structures. Organoids, like spheroids, are also
often spherical in nature, but in most cases incorporate multiple organ-specific cell types
derived from stem cells or progenitors, recapitulating at least one key organ function with
some level of lineage-dependent spatial organization. Organoids in general are therefore
structurally and functionally more complex than spheroids, and better recapitulate the /n
vivo microenvironment. Both spheroids and organoids are typically formed by promoting
cellular aggregation on micropatterned surfaces, in low adhesion microwells/pits, or in
hanging droplet format.

One practical advantage of cardiac spheroids and organoids is that they can provide a 3D
microenvironment for cells without significantly compromising throughput and scalability
[101]. Spheroid/organoid fabrication requires few manual steps and relatively low cell
numbers (thousands to tens of thousands of cells), which can allow for simultaneous
characterization of hundreds to thousands of replicates in array format. To date, various
cardiac spheroid and organoid systems have been used for: (i) drug screening [102,103], (ii)
investigation of cardiac developmental processes [104], (iii) /n vitro modeling of myocardial
infarction and response to injury [105,106], (iv) assessment of the impact of environmental
stressors (e.g., iron overload [107]), (v) elucidation of intercellular crosstalk mechanisms
[34,108], and (vi) investigation of coordinated development of multiple tissues [109,110].
More recently, efforts are being geared towards developing protocols for generating
constructs that form chamber-like structures [111], with inner cavities lined by a putative
endocardial-like layer [112,113]. While it remains to be seen whether the cavities are
indeed bona fide cardiac chambers and whether they can be generated reproducibly, such
chamber-forming cardiac organoids will likely have a transformative impact on cTE research
going forward, with rigorous validation and elucidation of mechanisms.

3.2. Engineered heart tissue and heart-on-a-chip models

While cardiac spheroids and organoids require low cell numbers and can be readily
leveraged for higher throughput studies, researchers have limited control over the structure
of the tissue as well as the functional assays that can be used to characterize them. EHTs and
miniaturized microphysiological systems (MPS) provide a set of attractive complementary
strategies, by incorporating custom devices, training systems, and engineered biomaterials
to allow for increased architectural control (e.g., tissue size, shape, cell/fiber alignment) as
well as versatility in terms of compatible assays (e.g., using built-in magnetoresistive force
sensors that can assess contractile function in real-time [114]).

A wide array of tissue models has been designed in various geometries and formats over the
past two decades [5]. Examples introduced in recent years include intensity-trained, hanging
two-post mini EHT systems [99], cardiac biowires [97,98], microwires [115], patches [116],
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ring-shaped EHTs [117,118], and chamber-forming ventricle models [119]. Many of these
EHT models can incorporate genetically encoded calcium and voltage sensors, along with
optical mapping, to enable simultaneous analyses of electrophysiological properties, calcium
dynamics, and contractile force [120]. However, a common limitation for many compact
EHTs is inefficient nutrient supply, which can in some cases result in formation of an
ischemic core [121]. A diameter of ~100 um has generally been considered to be the
maximal thickness for such EHTS, although a lack of hypoxia markers at the core has
suggested that tissue density, rather than thickness per se, is likely the major determinant

of core ischemia and necrosis [122]. New strategies are being developed nevertheless to
enhance nutrient delivery (e.g., by continuous rocking [80]) and vascularization/perfusion to
enable formation of thicker, more densely packed, and scalable EHTS suitable for both basic
and clinical applications.

Miniaturized MPSs [76,123] can circumvent the issue of limited diffusion given their small
dimensions and microfluidic systems which facilitate supply of culture media and washout
of cell debris. While some MPSs do not allow for direct force measurements, one practical
advantage is that most MPS platforms are more imaging-compatible compared to traditional
EHTSs. Continued advancements in MPS technology, particularly in automation and in the
development of parallel functional assays, will likely be key to striking a balance between
throughput and biological complexity in cTE.

3.3. 3D bioprinting-based methods

3D printing offers a fundamentally distinct, top-down approach to cTE, enabling arbitrary
control over macro-scale tissue architecture and cellular distribution. Most 3D printing
studies in the cTE field to date have focused on fabrication of largely acellular scaffolds
and molds [124] onto which cells can be subsequently seeded. Recently, however, 3D
printing has also been used to build instrumented cardiac MPS devices, with piezo-resistive,
high-conductance soft materials that allow for integration of strain sensors within aligned
micro-grooves that promote anisotropic cell organization. The embedded sensors provide
an elegant and generalizable system for non-invasive, electronic measurements of tissue-
generated contractile forces, enabling quantitative analyses of drug responses over extended
durations (>4 weeks) [125].

In addition to scaffolds and custom MPS devices, direct deposition of cells or cell
aggregates by advanced scaffold-free 3D bioprinting technology are also being widely
explored [126,127]. To date, such 3D bioprinting techniques have yielded various cardiac
tissue constructs including heart valves, blood vessels, and the myocardium. Recently, a
versatile technology that enables direct embedding of hydrogel inks within a sacrificial,
thermoresponsive support hydrogel was developed to bioprint all of the abovementioned
components of the human heart, from intricate capillaries to the full intact organ [128].
Embedded bioprinting has also been used for ‘bottom-up’ approaches, enabling the
assembly of highly perfusable cardiac tissues by direct printing of vascular channels into
a living 3D matrix of densely packed iPSC-derived cardiac organoids [129]. The technique
enables rapid construction of patient-specific, perfusable tissues of arbitrary volume and
shape at therapeutic scales, opening up avenues previously unexplored by traditional cTE
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methods. While compaction of the resulting tissue remains an issue, similar 3D bioprinting
technologies with improved fusion and integration of printed organoids are expected to be
developed in the near future for various applications.

4. Applications of cardiac tissue engineering

Engineered human cardiac tissue derived from iPSCs offer unique opportunities for both
basic and clinical research (Fig. 2) by bridging the gap between conventional 2D monolayers
and animal models [130]. The most common applications of cTE include: (i) drug screening
and development, (ii) evaluation of cardiotoxicity of environmental pollutants and stressors,
(iii) disease modeling, and (iv) regenerative therapy.

4.1. Cardiotoxicity screening and drug development

Testing drugs in human iPSC-derived engineered hearts have several advantages over testing
in standard 2D cultures, given that they provide a more physiological /n vitro model

and that they allow functional characterization under defined conditions (e.g., mechanical
load, electrical pacing). Studies have indeed shown that engineered cardiac microtissue
exhibit less variability and hypersensitivity to drugs compared to monolayers with the same
cellular composition [123]. To date, various /7 vitrotissue models have been used to assess
the effects of inotropic compounds at specific concentrations [131,132], and for broader
systematic screening of larger panels of drugs at varying doses [77,102,133,134]. Recent
efforts have also been geared towards performing comparative analyses of drug responses
across multiple control human PSC-lines in EHT format [134]. While the effects of the
drugs tested were qualitatively comparable across 10 different lines, the study revealed
widely varying baseline contractile force, kinetics, and rate among the cohort tested. The
findings underscore the importance of cell line variability and emphasize the need to better
understand the effects of genetic background on tissue formation.

In addition to testing the effects of pharmacological compounds, EHT models are also
increasingly being used to assess the cardiotoxicity of a broad range of environmental
pollutants and stressors with implications for cardiac health and physiology. For example,
normal iPSC-derived cardiac spheroids have been used to model secondary iron-overload
cardiomyopathy, recapitulating key clinical phenotypes including defective calcium handling
and electrophysiological properties [107]. Given that iPSC-derived cells have served as

a popular model system for studying the effects of many environmental factors (e.g.,
e-cigarettes, radiation, particulate matter, and even microgravity [135]), extending these
findings to iPSC-derived 3D tissue models will be the logical next step in characterizing
their health effects.

4.2. Tissue-level disease modeling

For similar reasons mentioned above, engineered 3D heart tissues are increasingly replacing
2D monolayers for modeling of complex diseases. Patient-specific cardiac tissues have been
used, for example, to model genetic diseases such as the mitochondrial cardiomyopathy,
Barth syndrome [136], and PRKAG2 cardiomyopathy [137]. 3D tissues can be particularly
powerful in that they can unmask or accentuate disease phenotypes that are otherwise
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unobserved in standard 2D cultures. Indeed, cardiac microtissues beating against flexible
silicone posts revealed contractility defects that were undetectable in titin (77A) variant-
carrying iPSC-CMs cultured in 2D [138]. As is the case with drug testing, however, such
studies face steep challenges regarding cell line variability, especially when the functional
consequences of genetic variants are subtle and difficult to observe even at the tissue level.
These issues should be addressed by routine inclusion of genome-edited isogenic controls
and sufficient cell lines to account for variable genetic backgrounds.

Engineered tissues for cardiac repair

Due to the limited proliferative capacity of adult cardiomyocytes, remuscularization of

the injured myocardium has been a long-standing challenge in the cardiovascular field.
Various regenerative strategies have been developed with the goal of exogenously promoting
cardiac repair following injury, including direct intramyocardial injection of stem cells,
differentiated CMs, and cell-free patches [139-141]. Many of these approaches have
demonstrated therapeutic potential in large animal studies and are striving towards the clinic,
but have been largely limited by low cell retention rates and inefficient integration into host
tissue. Engineering approaches to date have thus focused on addressing these challenges

by constructing transplantable hydrogel patches or stacked cell sheets that can improve
survival, stimulate endogenous tissue remodeling, and facilitate functional integration
[79,142-144]. Epicardial transplantation of such engineered constructs [145] or injection

of cell-protective biomaterials [146] holds great promise for cardiac regeneration, providing
potential therapeutic advantages over traditional cell-based therapies in cell survival and
retention.

5. Current limitations and challenges

Although iPSC-derived 3D tissue models have proven to be useful platforms for a variety
of applications, the predictive ability of engineered heart constructs remains limited [147].
Three major challenges are currently shared by the cTE community. First, the vast majority
of engineered cardiac tissues reported to date are poorly vascularized (if at all), and

in some cases form a necrotic core due to limited diffusion of nutrients and oxygen.

This can be problematic for long term /n vitro modeling of diseases as well as drug
responses, but can also be consequential when it comes to tissue transplantation due to
limited tissue thickness, poor retention rates, and inefficient integration. Several strategies
have been developed to address these issues, including fabrication of a 3D microchannel
‘AngioChip’ scaffold that supports the assembly of vascularized, millimeter-thick cardiac
tissues [148]. Perfusable microvascular constructs using micropatterned hESC-ECs have
also been developed recently to enhance vascular remodeling and density upon implantation
[149]. Continued improvements in such designs, as well as additional strategies for
vascularization of engineered hearts (e.g., by direct 3D bioprinting of vasculature [129]

or microfluidic systems [150,151]) will be key to the next generation of cTE.

Secondly, despite substantial progress in recent years, engineered constructs still remain
structurally and functionally immature compared to native adult myocardium. More can
always be done to enhance the maturity of engineered tissues, but a common underlying
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challenge for cTE is that it is often unclear what minimal essential features (transcriptomic,
morphological, metabolic, and functional) are sufficient to model a specific disease
phenotype or drug response. Establishing such standards for each target disease or drug
response will be an important task for researchers in the cTE field going forward.

Finally, given the limited proliferative capacity of CMs, generating large, clinically relevant
numbers of iPSC-CMs required for cTE models remains an elusive challenge. Innovative
methods for efficient, massive expansion of iPSC-CMs [152-154] as well as cardiac
spheroids/organoids [153] will likely be key to improving the scalability of cTE models
and accelerating their clinical application.

6. Conclusion and outlook

Significant progress has been made in the cTE field over the past two decades, incorporating
the newest available technologies in iPSC differentiation, engineered biomaterials, and
organ-on-chip systems. A wide array of engineered tissue constructs — at varying scales
and degrees of biological complexity — have demonstrated the promise of cTE in disease
modeling, drug screening, and regenerative cardiology. Although significant challenges
remain to be addressed, ongoing efforts in tissue vascularization, maturation, transplant
integration, and improved scalability are likely to open new avenues in cardiovascular
research. Advancements in these areas are particularly exciting with the emergence of new
technology and analytical tools — from single-cell sequencing [155] to 3D force mapping
techniques — which are expected to create synergy with increasingly physiological in vitro
models. We anticipate that continued improvements in cTE designs will enable, in the
foreseeable future, integration of patient iPSC-derived engineered heart microsystems with
other organ-on-chip platforms, ultimately enabling systems-level analyses of diseases and
drug responses in the age of data-driven precision medicine.
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Fig. 1.

Cardiac tissue engineering using iPSCs. (A) The directed differentiation of patient-specific
iPSCs into various cardiovascular lineages (e.g., iPSC-CMs, iPSC-ECs, iPSC-CFs, and
iPSC-vSMCs) and the subsequent maturation of differentiated cells to near-adult states
require coordinated signals derived from not only soluble (biochemical) factors, but also the
material properties of surrounding ECM as well as exogenous biophysical stimuli. (B) While
conventional culture methods rely solely on the addition of soluble factors on rigid 2D
plastic, tissue engineering approaches bring together diverse devices, tools, and biomaterials
to provide cells with the appropriate microenvironmental cues to generate physiological

3D tissue. (C) Example categories of cTE models reported in recent years, ranging from
spheroids to chamber-forming engineered ventricles.
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Fig. 2.

Applications of cardiac tissue engineering. Engineered human cardiac tissue derived from
iPSCs offer unique opportunities for both basic and clinical research by bridging the gap
between conventional 2D monolayers and animal models. Continued improvements in
the scalability and physiological maturation of engineered cardiac tissues will enable: (i)
complex disease modeling in a dish to unmask pathological phenotypes that are otherwise
difficult to observe in 2D models, (ii) high-throughput systematic investigation of tissue-
level responses to drugs and environmental pollutants/stressors, and (iii) novel cardiac
regenerative therapies with improved cell retention and electromechanical integration.
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