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SUMMARY
The heart, with its complex structural and functional characteristics, plays a critical role in sustaining life by
pumping blood throughout the entire body to supply nutrients and oxygen. Engineered heart tissues have
been introduced to reproduce heart functions to understand the pathophysiological properties of the heart
and to test and develop potential therapeutics. Although numerous studies have been conducted in various
fields to increase the functionality of heart tissue to be similar to reality, there are still many difficulties in re-
producing the blood-pumping function of the heart. In this review, we discuss advancements in cells, bioma-
terials, and biofabrication in cardiac tissue engineering to achieve cardiac models that closely mimic the
pumping function. Moreover, we provide insight into future directions by proposing future perspectives to
overcome remaining challenges, such as scaling up and biomimetic patterning of blood vessels and nerves
through bioprinting.
INTRODUCTION

The heart plays an essential role in maintaining life by supplying

blood to all organs.1 Its pumping function is facilitated by several

key structural and functional components, including the contrac-

tion of the myocardial walls to generate sufficient force for blood

ejection, the conduction system to regulate the timing of con-

tractions, the vascular system to deliver blood, and the valves

to ensure unidirectional blood flow by preventing backflow.

Replicating these complex cardiac functions in vitro enables a

deeper understanding of the pathophysiology of cardiovascular

disease and the development of novel therapeutic strategies.2–4

Three-dimensional (3D) engineered heart tissue (EHT) models,

from self-assembled spheroids to bioprinted chamber-like

tissues, have emerged as a promising platform to recapitulate

the contractility and electrophysiological properties of the

myocardium.5,6

Major components in generating EHT include cells, biomate-

rials, and biofabrication techniques.7,8 Cells serve as the funda-

mental units of function of EHTs. Parenchymal cells directly

execute specific functions, while mesenchymal cells provide

essential support to enhance parenchymal cell function.9 Conse-

quently, the development of cell sources that constitute the heart

forms the foundation for constructing EHT capable of replicating

cardiac function. Biomaterials offer a 3D space where cells can

reside while providing mechanical and biochemical cues that
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affect cellular behaviors.10 When the cells are surrounded by

tissue-specific biomaterials, they reproducemore native-like be-

haviors including functionality and genetic expression. Simulta-

neously, biomaterials must possess suitable shape fidelity to

enable precise fabrication. However, these properties involve

trade-offs, introduced by the concept of biofabrication window,

and ongoing efforts are focused on addressing both proper-

ties.11 Biofabrication provides geometrical cues to cells by repli-

cating the structural patterns inherent to native tissue architec-

ture, thereby regulating cellular functions and facilitating the

formation and maturation of EHTs.12,13 EHTs in strip or ring

shapes produce contractility and electrophysiological proper-

ties; however, EHTs in chamber-like structures, can produce

more chamber-like structures such as volume-pressure relation-

ship or perfusability between chambers.14–17

Advances across various fields have enabled the development

of individual components replicating critical cardiac functions,

including the conduction system, vascular system, and valves,

alongside EHTs that mimic the hierarchical structural character-

istics of the heart.18–23 However, the integration of these ele-

ments into a comprehensive, all-in-one heart model capable of

replicating the actual pumping function remains an unmet

challenge.

In this review, we discuss the current status of cardiacmodels,

focusing on advancements in their functionalities and the devel-

opment of diverse tissue engineering strategies. We explored
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Figure 1. Key elements necessary for

achieving blood-pumping heart model
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various approaches that considered diverse aspects, such as

cellular composition, biomaterials, and geometrical cues (Fig-

ure 1). Finally, we addressed the remaining challenges and key

milestones required to achieve blood-pumping function.

ENHANCED HEART FUNCTIONS OBTAINED BY
REPRODUCING CELLULAR HETEROGENEITY

The heart contains a complex cell population. Litvi�nuková et al.

revealed a cellular atlas of the adult human heart via single-cell

transcriptomes that illustrates the interactions and networks of

various cell types, including cardiomyocytes (CMs), pericytes,

fibroblasts (FBs), cardiovascular, as well as immune cells (Fig-

ure 2A).24 CMs, the functional units of the heart, produce

contractility along with electrophysiological properties and are

categorized as working CMs (e.g., atrial and ventricular CMs),

pacemaker cells, or conducting CMs. They are often derived

from stem cells or primary cells, exhibiting immature character-

istics in in vitro culture compared to adult CMs. In this context,

non-myocytes support working CMs to produce mature func-

tionality by remodeling the extracellular matrix (ECM) and

interacting via paracrine and juxtacrine effects, which enhance

structural, metabolic, and electrophysiological development, re-

sulting in cell alignment, improved calcium ion signaling, and

ultimately greater contractile force.25,26 In addition, the cells

comprising the heart valves, arteries, veins, and coronary ar-

teries not only play distinct roles but also contribute to the heart’s

optimal blood-pumping functionality through their integration

within their structures, preventing backflow, delivering blood

outward, and supplying oxygen to the myocardium. Therefore,

various cardiac cells have been utilized to generate EHT, demon-

strating the cellular ensembles contribute significantly to pre-

cisely replicating cardiac physiology.

Generation of chamber-specific EHT from sub-type CMs
The working CMs, which are characterized by a striated myofi-

brillar actin structure, are essential for generating EHTs because
2 iScience 28, 111664, January 17, 2025
they produce the most important cardiac

functions such as contractile force and

electrophysiological properties. Ventricu-

lar (vCM) and atrial (aCM) CMs exhibit

distinct structural and functional proper-

ties based on their roles in the heart.

vCMs have a larger cell body and longer

sarcomere than aCMs, enabling them to

generate the greater contractile force

needed to pump blood out of the heart.25

Functionally, they display a longer

contraction-relaxation time and slower

beating frequency compared to aCMs.

Additionally, vCMs and aCMs differ in

ion channel types, leading to specific re-

sponses to drugs.31 Given its central
role and unique properties, selecting the appropriate type of

working CM is essential for generating chamber-specific EHT.

Early EHTs were created by culturing CMs isolated from ani-

mals—such as rats, chickens, and pigs—in a 3D environment

to engineer tissue-like functions.26,32–34 However, isolated CMs

show different characteristics, such as susceptibility to contam-

ination with non-myocytes and vulnerability to long-term cul-

ture.35,36 Advances in induced pluripotent stem cell (iPSC) tech-

nology and tissue engineering have enabled the study of CMs as

an unlimited cell source with long-term survival at the tissue

level. Initial differentiation protocols primarily yielded vCMs that

corresponded to the earliest stages of cardiac development.37

Consequently, the EHT models produced using iPSC-derived

CMs (iPSC-CMs) exhibited ventricle-like characteristics, making

them suitable for cardiotoxicity assessment in drug development

and potential therapeutic applications in vitro.

The development of differentiation techniques has enabled

directed differentiation of aCMs. The addition of retinoic acid

at the differentiation stage of the cardiac mesoderm resulted in

the population of aCM becoming dominant, characterized by

the expression of myosin regulatory light chain 2 atrial isoform,

and exhibiting shorter and more frequent contractile activity.38

These distinctive properties of aCMs have been incorporated

into EHTs, enabling them to demonstrate atrial-specific cardiac

functionality. EHTs composed of aCMs exhibited upregulated

atrial genes (GJA5, KCNA5, KCNJ3, NPPA, MYL7, NR2F2) and

downregulated ventricular genes (MYL2, MYH7, HEY2). More-

over, atrial EHTs displayed distinct contractility and electrophys-

iological properties, including action potential amplitude, dura-

tion, and conduction velocity. When ventricular and atrial EHTs

were employed for pharmacological testing, they showed cham-

ber-specific responsiveness following treatment with lidocaine,

a sodium channel blocker used only for treating ventricular ar-

rhythmias.16 Likewise, Zhao et al. utilized the Biowire platform

to produce EHTs compartmentalized into atrial and ventricular

regions using aCMs and vCMs, respectively, demonstrating

distinct chamber-specific functions in each region.39 Each part



Figure 2. Reproduction of cellular heterogeneity by developing engineered heart tissue models consisting of various cardiac cells

(A) Schematic illustrating heterogeneous cellular composition of adult human heart. (Reproduced with permission.24 Copyright 2020, Springer Nature.).

(B) Distinct action potential waveform for different cardiomyocytes (Reproduced with permission.27 Copyright 2020, BioMed Central Ltd.).

(C) Bioprinting of pacemaker cells to control the initial point of contraction (Reproduced with permission.28 Copyright 2019, Elsevier B.V.).

(D) EHT developed using iPSC derived endothelial cells and pericytes and the role of pericytes in pathophysiological properties (Reproduced with permission.29

Copyright 2020, MDPI.).

(E) EHT developed using iPSC derived macrophages, which improves cardiac functions (Reproduced with permission.30 Copyright 2024, Elsevier Inc.).
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exhibited distinct myosin regulatory light chain 2 expressions, as

well as, calcium transient and action potential profiles. Further-

more, serotonin and ranolazine, a 5-HT agonist, increased cal-

cium transients exclusively in atrial regions, while ranolazine, a

rapid voltage-gated sodium channel blocker, selectively

reduced conduction velocity in atrial regions without affecting

the ventricular area.

Protocols for differentiating nodal-like CMs (i.e., pacemaker

cells) have been established through the modulation of complex

signaling pathways.27,28,40,41 These nodal-like CMs were char-

acterized by the expression profile NKX2-5-, cTnT+, and

SHOX2+, as well as their specific action potential characteristics,

such as faster beating rate, gradual depolarization, short action

potential duration, and small action potential amplitude (Fig-

ure 2B).27,28 Moreover, the nodal-like CMs acted as biological

pacemakers when integrated into both the mouse heart and

printed EHT model (Figure 2C).28,41 In CM monolayers lacking

nodal-like cardiomyocytes, the initiation point of electrical activ-

ity shifted continuously. However, it stabilized following the addi-

tion of nodal-like CMs. Furthermore, when human nodal-like

CMs were transplanted into a rat heart, the beating rate slowed

tomatch the typical beating rate of a human heart, indicating that

electrical activity is regulated by nodal-like CM.41 In addition, the

initiation point of electrical activity can be precisely modulated

by strategically positioning nodal-like CMs within EHTs using

bioprinting technology.28

Improved functionality of EHT models by co-culturing
non-myocytes with CMs
In recent years, the significance of non-myocytes has been

increasingly recognized, with studies revealing their indispens-

able roles in cardiac development and disease through their in-

teractions with myocytes.42 Non-myocytes primarily consist of

cardiac FBs and endothelial cells (ECs), along with additional

populations of immune cells and autonomic neurons.43 Inte-

grating these non-myocyte cell populations into cardiac

modeling systems is expected to enhance the structural, meta-

bolic, and electrophysiological development of iPSC-CMs,

contributing to the creation of a microenvironment that closely

resembles physiological conditions.

FBs are representative supporting cells responsible for ECM

remodeling and linkage between CMs, as connective tissues.

Initially, alternative stromal cells such as mesenchymal

stem cells or FBs from other tissues were utilized to replace

FBs.44–47 The addition of these cells resulted in tissue compac-

tion and the emergence of a structurally improved phenotype

compared to that observed with CMs alone. In addition, they

improved cell viability, sarcomeric organization, and contractility

of EHTs. In particular, cardiac FBs showed similar interactions

with CMs compared to other FBs.48 Giacomelli et al. have shown

that cardiac FBs promote greater structural, electrical, and

metabolic maturation than skin FBs. This effect was attributed

to the formation of gap junctions and the activation of the cyclic

adenosine 3,5-monophosphate-pathway.49

ECs and pericytes are responsible for vascular formation in the

heart by supplying oxygen and nutrients to the thick myocar-

dium.29 In addition, ECs secrete various cytokines (e.g., basic

fibroblast growth factor , vascular endothelial growth factor,
4 iScience 28, 111664, January 17, 2025
and hepatocyte growth factor), and signaling factors (e.g., neu-

regulin, PDGF-b, nitric oxide, and endothelin-1), which

affect viability and functionality of CMs and FBs.50–52 Initially, hu-

man umbilical vein endothelial cells, a well-established and

commonly used source of ECs, were employed for cardiac tissue

engineering.53,54 Moreover, adipose-derived stromal and stem

cells and human cardiac microvascular ECs have been used to

create vascular networks.55,56 Recently, research on EHT pro-

duction using iPSC-ECs has been actively conducted, and it

has been reported that ECs and CMs have a synergistic effect

on mutual maturation.49,57,58

Advancements in iPSC differentiation technology have

enabled the development and utilization of various cell types,

including pericytes, epicardial cells, SMCs, and immune cells,

in addition to major non-myocyte FBs and ECs for EHT produc-

tion.3,29,30,59–61 For example, iPSC pericytes support the angio-

genesis of ECs and participate in fibrotic processes alongside

FBs under fibrotic conditions (Figure 2D).29,62 Recently, the

impact of the immune system on cardiac function has been

investigated.30,60,63 Macrophage incorporation has been shown

to enhance the contractile force and contraction kinetics of

EHTs, enabling long-term vascularization (Figure 2E).30 The

mechanism of this phenomenon was elucidated to be the stimu-

lation of the b-adrenergic signaling pathway by cytokines and

calcium signaling, and the reduction of stress by the ingestion

of apoptotic CM.

IMPROVING HEART FUNCTIONS THROUGH
MATURATION STRATEGIES

While the functionality of EHTs has become sophisticated with

the development of diverse cell sources, they still exhibit fetal-

like phenotypes due to the use of iPSC-derived cells. Therefore,

various maturation strategies have been studied to achieve

adult-like functional characteristics.64

Mechanical stress to improve structural properties
Mechanical stimulation replicates the preload and afterload in

the heart, caused by the cardiac cycle, wall stress, myocardial

stretch, and blood pressure.65–67 The mechanical stimuli facili-

tate the structural development of EHTs, as well as load-

dependent ion channels and intracellular ion concentrations,

influencing overall cardiac functions.66,68 To replicate the native

myocardium, many EHT platforms incorporate controlled uni-

axial tension to develop tissues with aligned myofibril struc-

tures. Leonard et al. engineered an EHT system suspended be-

tween a rigid and a flexible post for passive mechanical

stimulation, where afterload conditions could be tuned from

0.09 up to 9.2 mN/mm by adjusting brace lengths.69 Increased

afterload deflected the flexible post, revealing that auxotonic

twitch forces increased with higher afterload levels. Notably,

EHTs subjected to higher afterload exhibited elongated sarco-

meres, increased CM area, and improved calcium handling and

contractile function, thereby promoting cardiac maturation.

However, excessive afterload induced pathological hypertro-

phic response characterized by fibrosis and fetal-like meta-

bolism, suggesting its potential utility as an in vitro cardiac dis-

ease model.
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Electrical stimulation to improve electrophysiological
properties
Electrical stimulation has been widely employed to promote the

maturation of EHTs by developing cell-cell coupling via gap junc-

tions and voltage-gated ion channels.70 Min et al. introduced a

micropillar electrode array platform that delivered intermittent

biphasic electrical pulses mimicking a natural heartbeat.71 Electri-

cally stimulated spheroids elevated the expression of cardiac-

specific markers, such as a-actinin and cTnT, and exhibited

well-defined sarcomeric striations with a prominent expression of

connexin-43, akeycardiacgap junctionprotein.Enhancedmatura-

tion led to a significantly higher normalized peak amplitude

compared to non-stimulated spheroids, as evidenced by the upre-

gulated expression of channel proteins associated with calcium

flux. Ronaldson-Bouchard et al. demonstrated that electrical stim-

ulation was significantly more effective during the early stages of

differentiation (day 12),whenCMsexhibit highplasticity, compared

to later stages (day 28). Furthermore, a protocol involving the

gradual increase of stimulation frequency over time was shown to

be superior to a constant-frequency approach. This strategy facili-

tated the development of adult-like phenotypes in CMs within

EHTs, characterized by mature gene expression profiles, highly

organized ultrastructure, physiological sarcomere length, mito-

chondrial development, the formation of transverse tubules, oxida-

tive metabolism, a positive force-frequency relationship, and func-

tional calcium handling. In addition, the resulting adult-like CMs

demonstrated appropriate physiological responses to isoproter-

enol treatment and pathological hypertrophy induction.72

Biochemical cues for metabolic maturation
Biochemical cues mimic the metabolic and hormonal maturation

of EHT.73–75 Growth hormones, such as tri-iodo-L-tyronine (T3),

which is essential for optimal heart growth, have been shown to

facilitate hiPSC-CM maturation.73 Following T3 treatment,

hiPSC-CMs exhibited larger cell sizes, and longer sarcomere

lengths, resulting in reduced proliferative activity compared to

untreated cells. These translated into significantly improved con-

tractile force and kinetics, as evidenced by higher twitch force

and shorter time to peak contraction. Additionally, regulating

the cardiac energy metabolism has emerged as a promising

strategy for CM maturation. Among the molecular pathways

involved in this process during cardiac development is the tran-

sition of postnatal CMs to higher oxygen tension environments.

This transition is characterized by the downregulation of hypox-

ia-inducible factor 1a (HIF-1a) and the activation of fatty acid

oxidation (FAO), promoting CM maturation.76 In this context,

treating hiPSC-CMs with HIF-1a inhibitors upregulated the

expression of genes involved in FAO. This treatment enhanced

mitochondrial quantity and maturation, resulting in significantly

higher calcium transient rates and improved contraction and

relaxation velocities.74 Feyen et al. developed a metabolic matu-

ration medium enriched with high levels of fatty acids and

reduced glucose concentrations to supply oxidative substrates.

This approach promoted the maturation of EHTs, enhancing

their contractile force. Moreover, the metabolic medium

improved the long-term stability and structural development of

EHTs, facilitating the generation of reliable disease models,

such as long QT syndrome and dilated cardiomyopathy.77
DESIGNING BIOMATERIALS TO INCREASE
STRUCTURAL AND FUNCTIONAL PROPERTIES OF EHTs

Biomaterials are employed to provide necessary biochemical

and biophysical microenvironments to cells that can modu-

late cellular behavior during tissue morphogenesis and regen-

eration.78 Synthetic polymers (e.g., polylactic acid, polygly-

colic acid, polylactic-co-glycolic acid, poly(ethylene glycol),

and polyvinyl alcohol) are commonly used to fabricate 3D

tissue scaffolds that support rigid tissue structures due to

their high mechanical strength, enabling precisely controlled

architectures.79 In addition, they are advantageous for their

tunable properties and well-established structures that allow

for easy modification.80 However, they often lack cell-

interactive characteristics due to their bio-inert nature and

limited surface functional groups for cell adhesion, which

can inhibit cell proliferation and function.81,82 In contrast, nat-

ural biomaterials (e.g., collagen, fibrinogen, gelatin, silk, and

decellularized ECM (dECM)) offer better bioactivities and

have been widely used for cardiac tissue engineering.83 In

particular, type I collagen and fibrin have been employed to

generate EHTs. These biomaterials have the advantage of

creating a 3D matrix by providing a favorable environment

for cells.26,84–86 Moreover, these materials are often supple-

mented with mixtures of basement membrane proteins, such

as Matrigel and Geltrex, to provide a more native-like microen-

vironment.34,87 Nevertheless, they are fall short in reproducing

the intricate constitution and structure of the native heart

ECM.58,88

Providing a tissue-specific microenvironment with
tissue-derived biomaterials
Decellularization of native tissues has attracted significant inter-

est as a promising method for obtaining a microenvironment

that can closely mimic native tissues by eliminating cellular

components while preserving the ECM. This approach not

only offers a straightforward yet intricate environment but

also ensures a tissue-specific microenvironment for incorpora-

tion, given that each tissue constitutes a distinct ECM.89–91 Pati

et al. developed three distinct dECM hydrogels and demon-

strated their tissue-specific gene expression following cell

encapsulation (Figure 3A).88 Moreover, the authors utilized

these dECM hydrogels mixed with cells as a bioink for bio-

printing, marking the first application of these hydrogels in bio-

printing. These dECM hydrogels contained tissue-specific pro-

tein compositions, and their effects were highlighted through an

in-depth analysis of tissue-specific cell behavior and gene

expression profiles during cell culture.92 Specifically, a heart

tissue-derived ECM (hdECM) hydrogel demonstrated efficacy

by upregulating the differentiation and maturation of cells.33

Direct reprogramming of cardiac FBs into CMs was promoted

in 3D cultures encapsulated in hdECM, and recovery was pro-

moted when cells were delivered to the site of myocardial

infarction.93 Moreover, iPSC-derived CMs, FBs, and ECs

showed enhanced structural arrangement and upregulated car-

diac-specific genes in hdECM, as compared to type I collagen

and other types of ECM hydrogels, emphasizing their tissue

specificity (Figure 3B).58
iScience 28, 111664, January 17, 2025 5



Figure 3. Functional biomaterials to provide native-like microenvironment and improve cardiac function

(A) Decellularized extracellular matrix (dECM)-based hydrogel, faithfully replicating the structures and composition of the natural heart ECM, showing high cell

viability and functionality (Reproduced with permission.88 Copyright 2014, Springer Nature.).

(B) Superiority of decellularized extracellular matrix in EHT fabrication compared to other biomaterials (Reproduced with permission.58 Copyright 2024, Springer

Nature.).

(C) Visible-light activated photoinitiator enabling the fabrication of dECM-based bioink into large and complex constructs with high shape fidelity (Reproduced

with permission.94 Copyright 2021, John Wiley & Sons.).

(D) Incorporation of conductive materials enhancing the electrophysiological functions of the tissue (Reproduced with permission.95 Copyright 2021, Elsevier

B.V.).
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Improvement of crosslinking properties for superior
shape fidelity
While natural biomaterials offer superior biofunctionality, they

exhibit inferior mechanical properties, leading to low shape fidel-

ity. Increasing polymer concentration is one method to enhance

shape fidelity; however, the resulting dense polymer network can

impede cell growth and function, creating a trade-off between

these properties.11,96 To simultaneously achieve high shape

fidelity while preserving the biofunctionality of natural polymers,

diverse crosslinking strategies have been developed, including
6 iScience 28, 111664, January 17, 2025
chemical crosslinking (e.g., photo and enzymatic crosslinking)

and physical crosslinking (e.g., ionic and thermal crosslinking).

Ionic crosslinking is a rapid physical crosslinking method, with

alginate being extensively utilized biomaterial. Alginate cross-

links via multivalent ions (e.g., calcium (Ca2+) or magnesium

(Mg2+) ions), forming an ‘‘egg-box’’ structure that imparts gelling

ability and mechanical strength.97 However, it is difficult to

control crosslinking kinetics because they are governed by

intrinsic and rapid binding, resulting in inhomogeneity within

structures.98 Furthermore, alginate lacks cell-binding sites,
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limiting cell migration and adhesion, which affects long-term cell

function.99,100 In addition, the stability of ionically crosslinked hy-

drogels can be disrupted by exchange reactions occurring be-

tween natural monovalent cations and the multivalent ions in

the crosslinked scaffold.97,101 Therefore, the composite of algi-

nate with other natural biomaterials has attracted attention as

a strategy to overcome the limitations of each material.100,102

Optimization of an alginate-dECM composite hydrogel has

achieved both high cell functionality and enhanced mechanical

properties, in which alginate contributes improved mechanical

properties, while dECM provides cell-binding sites and enables

further thermal gelation of the hydrogel, preventing the ionic

disruption of crosslinked structures.20,103

In contrast to ionic crosslinking, light-activated photocros-

slinking enhances gelation kinetics with spatiotemporal control

by simply adjusting the working parameters, including the

light source, light intensity, exposure time, and illumination

area.104–106 Photocrosslinking systems comprise photoinitia-

tors, light sources, and photoreactive polymers. Photoinitiators

(e.g., Irgacure 2959, lithium phenyl-2,4,6-trimethylbenzoylphos-

phinate (LAP), riboflavin, ruthenium/sodium persulfate (Ru/SPS),

and Eosin Y) are compounds that generate reactive species

(e.g., free radicals) by electronic excitation through the absorp-

tion of light within a given spectral range..94,107–112 For instance,

LAP and Irgacure 2959 activate under ultraviolet (UV) exposure,

triggering the crosslinking of methacrylate groups in hydro-

gels.105 Recent studies have focused on the synthesis of meth-

acryloyl groups in various types of biomaterials (e.g., collagen,

gelatin, chitosan, hyaluronic acid, and dECM) to enable UV pho-

tocrosslinking via chemical modifications, thereby improving

shape fidelity.113–117 However, UV light can induce cell damage

by forming reactive oxygen species with oxygen in the environ-

ment.118 In addition, UV light is known to have not only a limited

penetration depth due to its short wavelength but also slow

crosslinking kinetics caused by oxygen inhibition from the high

reactivity of oxygen with UV-induced radicals.119,120 Alterna-

tively, visible light-activated photoinitiators have been devel-

oped, which offer deeper penetration depth and enhanced

biocompatibility without oxygen inhibition, making them more

effective for fabricating thick tissue constructs.118 Lim et al. uti-

lized Ru/SPS, a visible light-activated photoinitiator, to fabricate

thick GelMA hydrogel constructs that exhibited superior cell

viability and metabolic activity, demonstrating the effectiveness

of the Ru/SPS photopolymerization system in comparison to the

conventional UV crosslinking method.118 This strategy has also

been applied to ECM-based hydrogels, such as collagen, fibrin,

and dECM, owing to the presence of phenolic residues (e.g.,

tyrosine) in ECM molecules.94,107–109,121,122 Kim et al. created

large freestanding constructs with high shape fidelity and com-

plex architectures, including a cardiac chamber, using dERS

bioinks, simultaneously securing cell viability and functionality

by utilizing the bioactivity of dECM (Figure 3C).94

Incorporation of conductive materials for enhancing
electrophysiological properties
Another approach to enhancing cardiac functionality is to pro-

vide a conductive microenvironment to stimulate electrophysio-

logical properties and facilitate the transmission of electrical
signals to cells by adding conductive materials (e.g., graphene,

MXene, gold nanorods, and PEDOT:PSS).95,123–126 Roshanbin-

far et al. incorporated PEDOT:PSS in a hydrogel composed of

collagen and alginate to enhance electrical conductivity.127

This results in CM elongation and sarcomere organization, along

with enhanced connexin 43 expression, suggesting maturation

of the tissue. In particular, the sarcomeric length was compara-

ble to that of adult CMs with enhanced contraction speed and

amplitude. Tsui et al. augmented the electroconductivity of

dECM hydrogels by adding reduced graphene oxide (rGO) (Fig-

ure 3D).95 This approach enhances the electroconductivity of the

dECM hydrogel while maintaining its bioactivity. dECM-rGO tis-

sues exhibited significantly increased electrophysiological func-

tions, such as greater Ca2+ influx, longer action potential dura-

tion, and upregulation of expression levels related to ion

channels.

BIOFABRICATION OF STRUCTURAL AND FUNCTIONAL
FEATURES OF THE HEART

Recent studies have suggested that the functionality of living tis-

sues is closely related to their intricate and highly specialized ar-

chitectures, implying the importance of capturing the shape-

function relationship within engineered tissues.11 The heart, in

particular, features complex geometrical structures, integrating

multiple cardiac tissue components across various scales in a

hierarchical spatial arrangement. These structures include

anisotropic myocardial fibers and their orientation within cham-

ber-like structures, along with heart valves and multiscale blood

vessel networks. Advancements in biofabrication technology

allow the production of diverse functional constructs by

mimicking the distinct structural properties of native architecture

(Table 1).128 This section explores the diverse structural compo-

nents of the heart and employs biofabrication methods to recon-

struct them, examining how these structures affect tissue orga-

nization and overall functionality.

Anisotropic myocardial fibers generating contractility
and electrophysiological properties
Uniaxial anisotropic EHT models, such as strip- or ring-shaped

EHTs, replicate theprecisearchitectureofnativemyocardial struc-

tures, applying a unidirectional force of contraction that enhances

cellular alignment and tissue maturation.5,16,17,39,69,134,150 These

structures can be readily fabricated using mold casting methods,

wherein silicone posts or nanowires embedded within the mold

enable cells to remodel and compact along with these constructs,

thereby enhancing cellular alignment.39,150 These EHTs exhibit

CMs thataremorematureandaligned,withsarcomericstructures,

contractility, and electrophysiological properties closely resem-

bling those of human ventricular tissues.17,69,135 Therefore, these

models have been utilized to study the pathophysiological phe-

nomena in cardiac tissues, including the interactions of CMs with

other cells, disease modeling, and drug testing.5,151–153 Further-

more, this anisotropic feature was also demonstrated in the

patch-likeEHTs.Thepatch,whichguided thecellulararrangement

through surface patterning or bioprinting to have an anisotropic

structure, exhibited more physiologically relevant characteristics

and a notable regenerative capacity.135,154
iScience 28, 111664, January 17, 2025 7



Table 1. Advancements in biofabrication strategies for diverse tissue engineered cardiac tissues

Geometries Key features Fabrication technique Reference

Engineered heart tissues Spheroid d Form dense inner structures promoting

cell-cell interaction

d Fewer cells and less culture space

needed

d Efficient tissue fabrication with high

throughput

d High efficiency and reproducibility

d Random and isotropic cell arrangement

Hanging drop Polonchuk et al.129

Ultra-low adhesion plates Giacomelli et al.49, Min et al.58, Kahn-Krell

et al.61, Jin et al.,93, and Tan et al.130

Suspension culture Chen et al.131 and Kahn-Krell et al.132

Bioprinting Khoury et al.133 and Kang et al.107

Strip or ring-shape d Force-generating anisotropic constructs

d High efficiency and reproducibility

d Enhanced cellular alignment

Two-post Mannhardt et al.5, Szepes et al.29, Lock

et al.30, Tulloch et al.85, Tsui et al.95, Schaaf

et al.134, Querdel et al.135, Ruan et al.136,

Ronaldson-Bouchard et al.72, and Hansen

et al.137

Biowire Zhao et al.39

Mold casting (ring) Goldfracht et al.16, Xu et al.17, and

Zimmermann et al.34

Bioprinting Noor et al.21, Finkel et al.138, and Ahrens

et al.139

Tubular structure d Resemble constructs during early

cardiogenesis

d Producing fluid flow

Mold casting Andrée et al.140

Bioprinting Arai et al.44, Bliley et al.141, Kawai et al.142,

and Arai et al.143

Chamber d Hollow and compartmentalized

constructs

d Multiaxial alignment across difierent

layers

d Facilitating the measurement of

functional outputs

d Advanced functionalities (e.g., volume

changes, left ventricular twist)

Mold casting Li et al.144

Fiber-spinning Chang et al.145

Bioprinting Michas et al.14, Lee et al.19, Noor et al.21,

Choi et al.22, Hwang et al.23, and Kupfer

et al.146

Engineered blood vesselsrowhe Micro vessels d Providing oxygen and nutrients within

thick cardiac muscle

Tissue assembly Pretorius et al.147

Macro vessels d Transporting blood throughout the whole

body

d Multi-layered structure

d Great mechanical strength for enduring

hemodynamic stress

Bioprinting Gao et al.20 and Noor et al.21

Engineered heart valvesr d Distributed anisotropic multi-leaflets

d Sufficient coaptation area

d Maintaining unidirectional blood flow

Fiber-spinning Motta et al.18

Melt Electrowriting Saidy et al.148

Bioprinting Lee et al.19 and Jafari et al.149
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Figure 4. Reconstruction of diverse heart chamber structure exhibiting chamber-like functions

(A) Chamber-like model created by using molding method, producing volume-pressure dynamics (Reproduced with permission.144 Copyright 2018, Elsevier

B.V.).

(B) In-bath printed chamber-like model display thick cardiac tissue with perfusable vasculatures (Reproduced with permission.21 Copyright 2019, John Wiley &

Sons.).

(C) Cardiac chamber-like structure formed by rolling cell sheets with diverse orientations, demonstrating volume-pressure dynamics (Reproduced with

permission.157 Copyright 2022, John Wiley & Sons.).

(D) Heart chamber tissue mimicking hierarchical myocardial fiber orientation through bioprinting-assisted tissue assembly, resulting in the reproduction of left

ventricular twists (Reproduced with permission.23 Copyright 2024, John Wiley & Son).
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Mimicking the macro- and micro-structure of the
cardiac chamber to generate volumetric functions
Uniaxial models remain flat and limited to the recreation of cham-

ber-like functions.155 The contraction of CMs comprising the

heart chamber induces changes in the volume and pressure of

the internal space and pumping blood. Therefore, fabricating

CMs into chamber-like structures is essential to reproduce this

function.15 Advancements in biofabrication allow the generation

of chamber-like structures, departing from the flat structures.

Initially, a mold using a balloon was used to fabricate the cham-
ber structure (Figure 4A).144 Moreover, an electrospun cup-like

scaffold was developed, andCMswere seeded onto the scaffold

to create tissue-engineered ventricles.15 The advent of bio-

printing-based approaches has facilitated the development of

chamber structures. Embedded bioprinting promotes the gener-

ation of freestanding constructs with more biomimetic architec-

ture (Figure 4B).21,156 The freeform reversible embedding of sus-

pended hydrogel (FRESH) bioprinting approach has been widely

adopted for fabricating cardiac chambers.138 Lee et al. created a

cup-like chamber that exhibited spontaneous contraction and
iScience 28, 111664, January 17, 2025 9
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calcium propagation throughout the tissue.19 Recently, Kupfer

et al. employed FRESH printing to develop multichambered tis-

sue models, with discrete vessels serving as perfusion conduits

that recapitulated the intricate anatomical structures of the

heart.146 The electrical signal propagated throughout the entire

tissue construct, generating pressure-volume loops. The

maximum volume moved through the chambers was 5.0 mL,

which is approximately 25% of the average stroke volume of

an adult murine heart. The recapitulation of cardiac chamber

structures enables pump-like functions to be performed. This

advancement provided new insights by presenting physiological

properties, such as changes in pressure-volume dynamics with

drug treatment.15,144

In addition to the chamber-like structure, the left ventricle

shows amicroscopic structural feature, myocardial fiber orienta-

tion, gradually changing fiber orientation depending on the depth

of the myocardium. These unique features produce multiaxial fi-

ber contraction, resulting in twisting chambers that play a critical

role in efficient blood pumping.23 Therefore, significant efforts

have been devoted to controlling fiber alignment and creating

multi-oriented fiber structures within chamber-like constructs.

Electrospinning can generate highly aligned fiber scaffolds and

the orientation can be controlled by rotating the collector.158

Chang et al. utilized rotary jet spinning to produce highly aligned

fibers and controlled fiber orientation by adjusting the angle of

the collecting mandrel to create two-chamber models with

circumferential and helical patterns.145 Compared to circumfer-

entially aligned EHTs, the helically aligned chamber exhibited a

rotating apex and improved pressure-volume dynamics. This

approach also creates a multilayer and multichamber structure

that mimics the native architecture of the heart, by rotating the

orientation of the scaffold and stacking fibers layer-by-layer.

Moreover, bioprinting methods have also been devised to guide

the cellular orientation in situ by increasing the shear stress dur-

ing the printing process. The inclusion of fibril-like additives,

such as collagen, gelatin, and anisotropic cellular building

blocks, in bioinks has been demonstrated to generate highly

aligned printed structures following the printing path.22,139,159

Choi et al. incorporated prefabricated gelatin fibers into a 3D bio-

printed scaffold.22 The addition of prefabricated gelatin fibers

not only increased shear stress but also tailored rheological

properties, achieving the printing of freestanding chamber-like

structures without a supporting bath.

Sequential approacheshavebeendeveloped to recreatehierar-

chical orientation changes with myocardial depth. These ap-

proaches involve seeding cells into compartmentalized scaffolds

patterned in different directions, and then rolling them into a

conical shape (Figure4C).157Alternatively, anisotropic tissuemod-

ules can be bioprinted and assembled in multilayer and different

orientations.23 Hwang et al. suggested bioprinting-assisted tissue

assembly to recapitulate hierarchical myocardial fiber orientation

in the left ventricle (Figure 4D).23 Each module exhibited aniso-

tropiccellular structureandcardiac function, and theEHTmodules

were functionally and structurally integrated after the assembly.

Therefore, an intricate ventricular structure, comprising multiple

layers and orientations, was generated, and the resemblance of

the hierarchical structure resulted in the reproduction of left ven-

tricular twists, which is the opposite rotation of the base and apex.
10 iScience 28, 111664, January 17, 2025
Heart valves to control the blood flow direction
Heart valves play a crucial role in ensuring unidirectional blood

flow through the heart chambers and preventing the backward

flow of blood. The repeated opening and closing of the valves

in response to pressure changes during the cardiac cycle main-

tain the pressure gradients necessary within the heart cham-

ber.160 The influence of the heart valve was highlighted by

showing a native-like pressure-volume loop in a microfluidic

chip-based study.14 Therefore, research has increasingly

focused on fabricating engineered heart valves (EHVs) and reca-

pitulating the heart valve functions.

The focused rotary jet spinning utilizing a valve-like collecting

mandrel rapidly fabricated a trileaflet valve that mimics native

valve structure and functions (Figure 5A).18 The dimensions,

including the leaflet curvature, leaflet length, and leaflet height,

were optimized to reproduce an adequate opening-closing

function under pulmonary pressure. The optimized EHV showed

approximately 30% regurgitation, which decreased to approxi-

mately 13% depending on the polymer material. FRESH print-

ing was also employed to create an EHV that closely mimicked

the anatomical structures based on micro–computed tomo-

graphic images.19 This collagen-based EHV showed proper

opening-closing function, achieving regurgitation of less than

15%, and the maximum transvalvular pressure was approxi-

mately 40 mmHg, exceeding the physiologic pressures for the

tricuspid and pulmonary valves but less than the aortic and

mitral valves.

Multiscale vascular systems for blood circulation
The heart has complex and hierarchical vascular networks. The

great vessels, which encompass the aorta, vena cava, and pul-

monary artery and vein, are responsible for transporting blood

to and from the heart, playing a vital role in blood circulation.163

Various tissue-engineered blood vessels (TEBVs) have been

developed to mimic these structures and their function in sub-

stance transport. Techniques such as rolling cell sheets, seeding

cells on electrospun scaffolds, and mold casting have been em-

ployed to generate hollow and perfusable EBVs. Although these

methods can generate multilayered vascular structures by

stacking different types of cell sheets and rolling them into cylin-

drical structures, their shapes differ from those of native vascular

tissues.164 Native blood vessels have geometrical complexities

with varying curvatures and tortuosities that govern the biophys-

ical behavior of circulating blood.165 The introduction of bio-

printing for large vessels allows the creation of blood vessels

of various shapes and geometries. Tabriz et al. created a range

of vascular structures, from simple cylindrical to complex

branched architectures, in a layer-by-layer manner using extru-

sion-based bioprinting techniques.166 In particular, coaxial-

based bioprinting enabled the direct printing of cells to form

vessel walls, facilitating the generation of perfusable and scal-

able vascular structures.20,103,161,162,165 Gao et al. demonstrated

its versatility by mimicking a multilayered blood vessel wall and

increasing the number of coaxial nozzles to form functional

endothelial and smooth muscle layers.20 Moreover, the width

and shape of the EBVs were easily controlled by adjusting print-

ing parameters such as the nozzle diameter, printing path, and

moving speed (Figure 5B).161,162,165



Figure 5. Engineered heart component tissues supporting cardiac function

(A) Electrospun engineered heart valves, showing native valve-like fluidic flow functions under hemodynamic pressures (Reproduced with permission.18

Copyright 2023, Elsevier B.V.).

(B) Scalable and perfusable vascular tissues generated via coaxial-based bioprinting, allowing for diversity in various structures (Reproduced with permission.161

Copyright 2018, John Wiley & Sons. Reproduced with permission; 162 Copyright 2020, John Wiley & Sons.).

(C) Complex microvasculatures created by bioprinting enabling adequate oxygen supply and exhibiting compartmentalized EC layers (Reproduced with

permission.21 Copyright 2019, John Wiley & Sons.).
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While the great vessels are responsible for blood circulation,

the coronary vessels, including coronary arteries and veins,

are responsible for providing oxygen and nutrients to the thick

myocardium. The coronary vessels root into the great vessels,

creating hierarchically branched vascular networks.167 The

microvasculature was generated to evenly supply oxygen and

nutrients to the thick myocardium for improved long-term

viability and functionality.21,168–170 Microfluidic chip-based ap-

proaches have been used to create the microvasculature.

Zhang et al. fabricated 3D microchannel networks by patterning

scaffolds into various intricate structures with bifurcating con-

duits and 3D branching networks.170 ECs were seeded in micro-

porous scaffolds to create endothelialized scaffolds, and EHTs

were generated surrounding these endothelialized structures.

It has been proven that nutrients and oxygen are supplied

through these vascular structures by maintaining a thick muscle

layer. Moreover, a positive chronotropic response of the

myocardium was confirmed by supplying epinephrine through

the microvasculature. Noor et al. created physiologically rele-

vant complex vascular networks using bioprinting approaches.

The blood vessels were generated based on a computed to-
mography image of the coronary arteries, enabling an evenly

distributed oxygen supply to the entire area of the thick cardiac

patch (Figure 5C).21 Recently, successful integration of the

vasculature into bulk cardiac tissue that meets the requisite

cellular density was achieved. Skylar-Scott et al. developed

the sacrificial writing into functional tissue (SWIFT) printing tech-

nique to create tissue constructs with vasculatures, thereby

enhancing overall tissue functionality.171 Perfusable vascular

channels were introduced via embedded printing, which

involved the dense assembly of patient-specific iPSC-derived

organoids to produce bulk vascularized tissue. These cardiac

constructs exhibited spontaneous and synchronous beating,

with rhythmic and rapid calcium wave propagation following

perfusion, ensuring cell viability and tissue functionality

throughout the thick tissue.

CURRENT CHALLENGES AND FUTURE PERSPECTIVES

Key elements to be addressed in the several challenges that

must be overcome in the generation of scalable heart substitutes

for emulating a real heart are as follows.
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Reproducing cardiac cellular heterogeneity and density
for functional cardiac tissues
Achieving physiologically relevant levels of functional cardiac

models necessitates the precise replication of the cellular het-

erogeneity of the heart. In particular, incorporating cardiac-spe-

cific lineage-cell types is essential for fabricating relevant organ

constituents without introducing ectopic genes into tissues.172 In

this context, stem cells have shown great promise for generating

cardiac-specific lineage-cell types. Various differentiation proto-

cols have been developed to produce CMs, pacemaker CMs,

and non-CMs, including FBs, ECs, pericytes, SMCs, epicardial

cells, endocardial cells, and macrophages.3,29,30,39,49,59–61,173

However, further development of currently underrepresented

cardiac cellular compositions, such as Purkinje fibers, myeloid

cells, and lymphoid cells, remains necessary for heart function.

In addition, the differentiated cells exhibit a heterogeneous pop-

ulation, which poses challenges to reproducibility andmay result

in unintended outcomes.174,175 Hence, a cell sorting process is

essential for obtaining a uniform and consistent cell composition,

allowing for the controlled utilization of various cell types in EHT

fabrication. Furthermore, advanced techniques are required to

promote the full maturation of stem cell-derived cells as their bio-

logical and physiological characteristics often remain at an early

fetal stage.136 As immature cells hinder the generation of func-

tional cardiac models, various maturation strategies such as

electrical, mechanical, and metabolic stimulation are required

to enhance cell maturity.69,71,74,130,136,176

Furthermore, the large-scale production of cells to meet the

estimated requirement of 2–3 billion cardiac muscle cells in the

human heart poses another significant obstacle.177 Current

EHTs contain only a few hundred million cells, with the non-pro-

liferative and non-migratory nature of CMs hindering the

achievement of high cell densities.19,146,152 Recently, Ho et al.

successfully developed a scalable production pipeline for iPSC

aggregates using automated bioreactors, yielding approxi-

mately 4 billion cells from a 1 L bioreactor culture.177 Moreover,

a strategy that bioprints stem cells directly to form chamber-like

structures, leveraging their proliferative properties to achieve

sufficient cell numbers before differentiating them into CMs in

situ, has enabled the creation of high-density cardiac con-

structs.146 While this method effectively increases the number

of cells in the tissue, it poses challenges in precisely regulating

the distribution and proportion of the different cell types required

to achieve the correct cardiac configuration. These challenges

may be addressed by incorporating recently developed orthog-

onally induced differentiation methods, which involve printing

stem cells programmed to differentiate into specific lineages in

desired locations, resulting in programming cellular complexity

in bioprinted tissue.178 Continued exploration of differentiation

and large-scale production methods for generating diverse car-

diac-specific lineage cell types are imperative.

Customizing dECM bioinks for mechanical diversity and
its automation
The biochemical and mechanical properties of the heart vary,

based on the tissue regions and their specific functions, with

Young’s modulus ranging from to 8–15 kPa for the adult human

myocardium to 16 MPa for pulmonary valves.179,180 Proper stiff-
12 iScience 28, 111664, January 17, 2025
ness is a critical factor in regulating cellular behavior and func-

tion,181 whereas other mechanical properties such as elasticity,

durability, and toughness are also essential for fabricating suit-

able tissue constructs and maintaining their shapes, thereby ex-

panding the biofabrication window.182 Recently, various strate-

gies have been developed to increase the intrinsic strength

of hydrogels or enhance the crosslinking kinetics of dECM,

leveraging remarkable biochemical advantages to achieve

desired properties. Functionalizing dECMcan enhance and tailor

its mechanical properties to match those of the native heart and

improve printability through several crosslinking strategies, such

as adjusting the degree of crosslinking or employing sequential

crosslinking methods.109,110,183 However, unlike other pure

native polymers, dECMs have a complex protein composition,

which leads to low efficiency and reproducibility in synthesis

for functionalization and batch-to-batch variations in fabrication.

To minimize these variations, the development of an automated

decellularization and synthesis system represents a significant

advancement in improving the consistency of functionalized

dECM production.

Advancing biofabrication techniques for integrated and
scalable cardiac tissue models
Currently, EHTs encounter significant limitations in achieving the

size and intricacy of an actual human heart. They are only a few

centimeters in diameter, whereas the human heart is approxi-

mately the size of a fist. To generate scalable cardiac models,

it is imperative to implement advanced biofabrication strategies.

For instance, a multi-nozzle system can significantly enhance ef-

ficiency within a short time frame.184 Skylar-Scott et al. Devel-

oped a multi-materials multi-nozzle 3D printing technique that

programs the composition, function, and structure of materials

as the voxel scale.184 This approach enables seamless junctions

with high-frequency switching between multiple materials within

multi-nozzle printheads, achieving enhanced complexity and

fabrication speed. Additionally, light-assisted bioprinting tech-

niques, such as digital light processing (DLP) and tomographic

bioprinting, offer notable advantages in effective, volumetric tis-

sue construction.183,185–188 Conventional light-based bioprinting

techniques, such as DLP printing, have limitations requiring

layer-by-layer printing for volumetric tissues. However, a recent

study by Gabriel et al. demonstrated the rapid fabrication of

layerless tissues using tomographic bioprinting, which enhances

design freedom beyond traditional light-based methods.188

Besides, despite substantial technical advancements, the devel-

opment of multiple anatomical components such as blood ves-

sels, multiaxially aligned myocardial fibers, a thick muscular

wall, valves, and chambers have been achieved indepen-

dently.19–21,145,147,149 Integrating these various scale constructs

into a cohesive system remains a formidable challenge. To

advance the fabrication of integrated multicomponent, func-

tional cardiac models, it is essential to refine biofabrication stra-

tegies to achieve the multimodality of diverse micro- and macro-

constructs in a unified system. Potential approaches include the

bioprinting-assisted tissue assembly of diverse components into

a single system or the crosslinking of multiple materials at

various wavelengths to pattern each structural component into

a sophisticated organizational structure.189,190



Table 2. Conduction velocity value in current engineered heart tissues

EHT geometry Cell types Conduction velocity Reference

Spheroid iPSC-CM 9.4 ± 5.7 cm/s Mattapally et al.211

Strip iPSC-CM 2.76 ± 0.61 cm/s Ruan et al.136

hECM-CM

iPSC-CM

5.6 ± 1.0 cm/s (atrial)

13.0 ± 5.5 cm/s (ventricular)

Zhao et al.39

ESC/iPSC-CM, CF 10 cm/s (longitudinal) Bliley et al.212

hiPSC-CM, hiPSC-EC, hCFs 15.98 ± 3.47 cm/s (longitudinal) Finkel et al.138

hiPSC-CM, human dermal fibroblasts 25.0 ± 0.9 cm/s Ronaldson-Bouchard et al.72

hiPSC-CM 41 ± 2 cm/sa Tzatzalos et al.135

hPSC-CM

NRVMs

25.8 ± 2 cm/s

52.5 cm/sa
Jackman et al.213

Ring hESC-CM 4.1 ± 0.2 cm/s (atrial)a

21.4 ± 4.4 cm/s (ventricle)a
Goldfracht et al.16

Tubular hESC-CM, hCFs 5.44 ± 1.04 cm/s Bliley et al.141

Chamber hESC-CM, FB 2.0 cm/s (longitudinal) Lee et al.19

NRVMs 8.3 cm/s (circumferentially aligned)

19.1 cm/s (helically aligned)

Chang et al.145

aUnder electrical pacing.
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Engineering vascular networks to support sustained
cardiac tissue functionality
Developing scalable cardiac substitutes, particularly those

with a robust myocardium, requires effective vascularization

to ensure a sufficient supply of oxygen and nutrients to the

thick myocardial tissue.191 Various vascularization strategies

have been developed to recapitulate the function and physi-

ology of heart tissue. Initial approaches involved biological

methods, where the inclusion of biofactors (e.g., vascular

endothelial growth factor) accelerates vessel formation by

ECs in cardiac tissues and enhances long-term tissue sur-

vival.192,193 These methods attempt to stimulate endogenous

blood vessels to grow within cardiac tissue; however, the

resulting randomly self-assembled networks often exhibit a

highly disorganized architecture.192,194 In this regard, bio-

fabrication technologies allow the creation of vasculature

with defined network patterns using techniques such as soft

lithography and sacrificial molding.169,170 In particular, 3D

bioprinting technology can be used to deposit multiple cells

at precise locations to create larger and more complex

vascular structures.161,165,191 Despite the implementation of

various strategies, the development of a mature and well-orga-

nized vascular network that can adequately support scalable

and contractile thick cardiac tissue with physiological CM

density remains challenging.171 In addition, engineering the

entire vascular hierarchy within cardiac chamber-like struc-

tures remains a significant challenge. Achieving proper distri-

bution of the microvasculature throughout the thick myocardial

tissue, along with the integration of great vessels to allow

blood inflow and outflow within the chamber-like tissue, is

required. Furthermore, recreating the intrinsic hierarchical net-

works between the microvasculature and great vessels such

as the coronary arteries originating from the aorta is essential

for recreating the metabolic features and functions of the

heart.195
Creating a cardiac conduction system for synchronized
contraction in organ-scale cardiac tissue
Functional contraction of the heart is orchestrated by its electri-

cal conduction system, which is crucial for synchronized

heartbeats that are essential for efficient blood pumping and

maintaining consistent blood pressure.196–198 The contraction

process starts with pacemaker cells in the sinoatrial node

(SAN) which initiate the heartbeat spontaneously199,200 and are

transmitted to the atria, where the aCM pushes blood into the

ventricles. The action potential is then transmitted to the atrio-

ventricular node, where it is transmitted via Purkinje fibers, which

constitute the cardiac conduction system and are responsible

for transmitting electrical signals201 to the vCM, which pumps

blood out of the heart.202 They exhibit varying conduction veloc-

ities; the cardiac muscle conducts at approximately 0.3–0.4 m/s,

while Purkinje fibers conduct impulses at significantly higher ve-

locities, around 2–3 m/s throughout the ventricles.203 These

neuronal cells play a significant role in maintaining the overall

cardiac rhythmic function, with Purkinje fibers being crucial in

regulating arrhythmogenesis in heart failure.204

As the size of the cardiac model increases, conduction

velocities must be enhanced to ensure synchronized beating

across the entire tissue. Contemporary approaches, such as

incorporating conductive materials into biomaterials or applying

electrical stimulation to early-stage CM through intensity

training, have demonstrated the potential to enhance electro-

physiological properties.72,95 Recently, the effect of neurons

on CMmaturation and function has been explored through neu-

rocardiac co-culture studies, primarily using 2D models.205–207

However, current EHTs exhibit suboptimal conduction veloc-

ities compared to the native human heart owing to the absence

of conduction systems (Table 2).208–210 Integrating the cardiac

conduction system into large-scale cardiac tissues is necessary

to achieve sufficient conduction velocity for synchronized

contraction throughout the volumetric tissue constructs. In
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this regard, advancements in stem cell technology are required

to produce cardiac-specific neuronal cells such as Purkinje fi-

bers. Furthermore, the development of advanced biofabrication

technology is crucial for creating complex and interconnected

structures between nerves and cardiac tissues by accurately

patterning each tissue in the appropriate positions within

large-scale constructs.

Key elements for practical applications of engineered
heart tissues
EHTs with blood-pumping functionality can be utilized across

various fields of tissue engineering and translational medicine,

including drug screening, disease modeling, and therapeutic ap-

plications. However, the specific demands of each application

require tailored approaches to ensure their effectiveness. For

example, cardiac tissues may serve as advanced in vitromodels

for drug screening, which requires high-throughput system

rather than precisely mimicking construct.137 Thus, EHTs for

this purpose may omit some of its detailed features to provide

fast and accurate readout with reproducibility.

For disease modeling, this can be accomplished by utilizing

patient-derived cells or genetically engineered cell lines, enabling

personalized treatment strategies. Furthermore, more complex

EHTs are capable of replicating intricate pathological character-

istics. However, current methodologies face limitations in accu-

rately interpreting outputs from such complex EHTs.35,214,215

To address this, biohybrid models, which integrate biological tis-

suewith embedded sensors, offer a promising approach for facil-

itating themeasurement and interpretation of data from complex

tissues.

Lastly, therapeutic applications require several safety consid-

erations, such as potential genetic and epigenetic abnormalities

and potential tumorigenicity of the cell and biomaterial sources.

In principle, these risks should be mitigated by manufacturing

biomaterials and cells using GMP-compliant manufacturing fa-

cilities.216 This may also include methods to eliminate the immu-

nogenicity of biomaterials and cells through an engineering

approach.217

CONCLUSION

The heart is essential for survival, and cardiovascular diseases

are the leading cause of death globally. Various approaches

have evolved to emulate the intrinsic structures and functions

of the heart for application in therapeutics, drug screening, and

diseasemodeling. Significant progress hasbeenmade, including

the development of various cardiac cell types co-cultured to

replicate the cellular heterogeneity of the heart, based on stem

cell technology. Biomaterials have also evolved to enhance their

biochemical and mechanical functionality. Tissue-specific bio-

materials have been developed to more accurately represent

microenvironmental cues, and by supplementing themwith other

materials, the mechanical and functional properties of bioinks

have been improved, thereby enabling the fabrication of structur-

ally advanced cardiac models. Advances in biofabrication tech-

nology have made it feasible to replicate the unique geometry

and highly organized hierarchy of the heart, leading to the devel-

opment of diverse cardiac models.
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These interdisciplinary advances have allowed EHTs to

develop into increasingly larger and more complex structures,

thereby attaining the maturity and metabolic properties of fetal

hearts. Furthermore, the implementation of both micro- and

macro-structures of the heart, ranging from myocardial fiber

orientation to chamber-like structures, has enabled the achieve-

ment of heart-specific rotational movements, such as the left

ventricular twist. In addition, advances in 3D bioprinting technol-

ogy have improved structural complexity, allowing for the pro-

duction of diverse heart components such as heart valves and

multiscale vasculatures.

Substantial advancements in multidisciplinary studies have

enabled the creation of large-scale, functional, cardiac tissue.

However, several challenges must be addressed to achieve

blood-pumping function. To generate physiologically relevant

cardiac tissues, further research is required to accurately mimic

the intrinsic cellular heterogeneity and population in the heart.

Additionally, replicating the varied mechanical properties of

heart tissue is essential, necessitating suitable bioinks and auto-

mated large-scale production to ensure bioink quality. More-

over, integrating multiple anatomical components of the heart,

such asmultiaxially alignedmyocardial fibers, thick cardiacmus-

cle tissue, chambers, valves, and vasculatures, into a single

cardiac tissue construct through advanced biofabrication tech-

nology is essential for achieving comprehensive functionality.

In addition, the vascular and nervous systems are key elements

in reproducing the physiological functions of the heart, particu-

larly its ultimate blood-pumping function, making their incorpo-

ration indispensable. Finally, the practical application of EHTs

should be carefully tailored to meet the specific requirements

of drug screening, disease modeling, and therapeutic applica-

tions, ensuring their effective use across diverse fields.
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